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Abstract (German) 

SARS-CoV-2 hat im Jahr 2019 eine weltweite Pandemie ausgelöst und eindrücklich gezeigt, 

welchen verheerenden Schaden neu auftretende Infektionskrankheiten anrichten können. 

Neben Maßnahmen wie Abstandhalten und dem Tragen von Masken wurden 

Massentestungen zu einer der zentralen Strategien, um die Verbreitung des Virus 

einzudämmen. Um zuverlässige Diagnostik zu gewährleisten, ist es wichtig den Einfluss 

präanalytischer Faktoren auf die Testergebnisse zu untersuchen. Ein Teil dieser Dissertation 

befasst sich mit den Auswirkungen präanalytischer Faktoren, wie Lagerzeit und Temperatur 

von Abstrichproben, auf die Nachweisbarkeit von SARS-CoV-2. Unsere Untersuchungen 

zeigen, dass sowohl die Wahl des Transportmediums als auch die Lagerzeit und Temperatur 

die RNA-Integrität signifikant beeinflussen. 

Zusätzlich zu den genannten präventiven Maßnahmen wurde mit beispiellosem Tempo an 

therapeutischen Behandlungsansätzen und Impfstoffen geforscht. Der Schwerpunkt dieser 

Dissertation liegt auf der Entwicklung eines Rezeptor-Mimetika, welches für die Expression in 

glykoengineerten Pflanzen optimiert wurde. Der zelluläre Rezeptor ACE2 wurde mit der Fc-

domäne von Immunglobulin G fusioniert und die Proteinsequenz adaptiert, um nicht-humane 

posttranslationale Modifikationen zu minimieren und so potenzielle Antigenizität zu reduzieren. 

Rezeptor-Mimetika bieten den Vorteil weniger anfällig für Escape-Varianten zu sein, da die 

Rezeptorerkennung essenziell für eine effiziente Infektion ist. In in vitro-Tests konnte gezeigt 
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werden, dass in Pflanzen exprimiertes ACE2-Fc, SARS-CoV-2 neutralisiert und zudem robust 

gegenüber Varianten ist. Darüber hinaus wurde die therapeutische Wirksamkeit in einem 

syrischen Goldhamster-Modell nachgewiesen. Die nasale Applikation von ACE2-Fc 

verringerte den Gewichtsverlust infizierter Tiere signifikant. 

Weiters wurden immunmodulatorische Eigenschaften von ACE2-Fc untersucht, insbesondere 

das Potential von Fc-Domäne-vermittelter Infektion von Makrophagen. Unsere Ergebnisse 

liefern keine Hinweise auf ein ACE2-Fc induziert Infektion oder Stimulierung von Makrophagen 

in vitro. 

Zusammenfassend wurde in dieser Arbeit die Bedeutung präanalytischer Faktoren für die 

SARS-CoV-2 Diagnostik und das Potenzial von ACE2-Fc als antivirales Therapeutikum 

gezeigt. Das in Pflanzen produzierte, optimierte ACE2-Fc Protein neutralisiert SARS-CoV-2 in 

sowohl in vitro als auch in vivo Experimenten und ist robust gegenüber Varianten.  

Abstract (English) 

SARS-CoV-2 caused a global pandemic in 2019, demonstrating the devastating impact that 

newly emerging infectious diseases can have. Beyond preventive measures such as social 

distancing and mask-wearing, mass testing became one of the central strategies to control the 

spread of the virus. To ensure reliable diagnostics, it is essential to investigate the influence of 

pre-analytical variables on the detectability of SARS-CoV-2. Our investigations demonstrate 

that both the choice of transport medium and storage conditions including duration and 

temperature, significantly impact RNA integrity. 

In addition to the aforementioned preventive measures, research on therapeutic treatments 

and vaccines progressed at an unprecedented pace. The main focus of this thesis is on the 

development of a receptor mimetic that has been optimized for the expression in 

glycoengineered plants. The cellular receptor ACE2 was fused to the Fc-domain of 

immunoglobulin G and the protein sequence was adapted to minimize non-human post-

translational modifications and thus reduce potential antigenicity. 

Receptor mimetics offer the advantage of being less susceptible to escape variants, as 

receptor recognition is essential for efficient infection. We demonstrated in in vitro assays that 

in planta expressed ACE2-Fc efficiently neutralizes SARS-CoV-2 and is also robust against 

SARS-CoV-2 variants of concern. In addition, the therapeutic efficacy was demonstrated in a 

Syrian golden hamster model where daily nasal application of ACE2-Fc significantly reduced 

the weight loss of infected animals. 
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Furthermore, immunomodulatory properties of ACE2-Fc were investigated, in particular the 

potential of Fc domain-mediated infection of macrophages. Our results showed no evidence 

of ACE2-Fc-induced infection or stimulation of macrophages in vitro.  

In conclusion, this work underscores the significance of pre-analytical factors in SARS-CoV-2 

diagnostics an demonstrates the potential of in planta produced ACE2-Fc as an antiviral 

therapeutic. The, optimized ACE2-Fc variant effectively neutralizes SARS-CoV-2 in both in 

vitro and in vivo experiments and exhibits robustness’s against viral variants. 

1. Introduction 

1.1. Emergence and Evolution of SARS-CoV-2  

Throughout history there have been repeated outbreaks of pathogenic viruses, like the 

Spanish flu in 1918, severe acute respiratory syndrome (SARS-CoV-1) in 2002, Middle East 

respiratory syndrome (MERS) in 2015 or severe acute respiratory syndrome 2 (SARS-CoV-2) 

in 2019, the causative virus of the Coronavirus disease 2019 (COVID-19) pandemic (1). 

Many pandemics were caused by viruses originating from animals, underscoring the significant 

role of zoonotic transmissions. Close contact between animals and humans through livestock 

farming and wildlife markets increases the risk of so-called spillover events, where zoonotic 

pathogens cross multiple barriers to become transmissible to humans (2). For example, the 

Spanish flu, one of the deadliest pandemics in recorded history, was caused by an adapted 

avian influenza virus (3). Similarly, bats have been identified to be the natural reservoir for 

many coronaviruses including those responsible for SARS-CoV-1 and MERS (4).  

From bats, the virus is passed over to intermediate hosts – for example palm civet in case of 

SARS and dromedary camel in case of MERS (4). The emergence of SARS-CoV-2 followed a 

comparable pattern. In the case of SARS-CoV-2, the virus also originated from bats and 

subsequently spilled over to minks. Finally, close contact between market workers and minks 

paved the way to animal-to-human transmission (5).  

Soon after onset of the COVID-19 pandemic, SARS-CoV-2 started to gather mutations in its 

genome, especially in the spike gene. In December 2020 the World Health Organization 

identified the Alpha variant as the first variant of concern (VOC). By early 2021, the Delta 

lineage had emerged and rapidly became the predominant variant globally. Later that year, in 

November 2021, the Omicron started to spread and replaced Delta as the prevailing variant 

(6).  
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During the virus replication cycle, genetic changes naturally occur, and determine the rate at 

which a virus evolves. For SARS-CoV-2 the mutation rate is estimated to be around 1 x 10-6 – 

2 x 10-6 mutations per nucleotide per replication cycle. This rate is lower than that of most RNA 

viruses due to a 3’ exonuclease proofreading mechanism. In contrast, viruses such as hepatitis 

C virus and human immunodeficiency virus lack this mechanism, resulting in higher mutation 

rates (7). 

While most mutations are detrimental and hamper the virus’s ability to replicate, some confer 

advantages. One notable example is the mutation D614G, which emerged in the early months 

of the pandemic and increased infectivity by improving the virus ability to bind to the host cell 

receptor (8). In general, mutations that persisted in the viral genome were associated with two 

main advantages: enhanced binding to the host cell receptor, which increased infectivity and 

transmissibility or mechanisms that facilitated immune evasion (9).  

1.2. Diagnostic strategies & preanalytical challenges 

Reliable, scalable, and widely accessible diagnostic methods were required to effectively 

manage the COVID-19 pandemic. Diagnostics played a crucial role in identifying cases and 

guiding public health interventions. However, the pandemic also exposed major challenges in 

implementing and scaling up these diagnostic strategies.  

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) was recommended 

by the World Health Organization as the gold standard for SARS-CoV-2 diagnostic due to its 

high sensitivity and specificity (10). RT-qPCR allows the detection of low viral loads; however, 

it is time—intensive, requires advanced equipment and trained personnel, which limits its 

accessibility in many regions.  To address this limitations, rapid antigen tests were introduced 

as complementary approach. Their simplicity and rapid available results made them also 

suitable for at-home use, enabling early identification of infections.  However, a study 

conducted between November 2022 and May 2023 reported that rapid antigen tests 

demonstrated a sensitivity of just 47 % compared to RT-qPCR (11). While these tests were 

more convenient, their lower sensitivity meant they were less reliable, particularly for detecting 

cases with lower viral loads. This highlights the trade-off between the easy handling and rapid 

turnaround of antigen tests and their comparatively lower sensitivity.  

The accuracy of test results depends on the sensitivity of the test, as well as on pre-analytical 

factors such as sample collection and handling, shipping and storage conditions, and the 

choice of the transport medium. RNA instability caused by RNases and hydrolysis can lead to 

false-negative results and decays in sample processing could further exacerbate RNA 
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degradation (12). The use of RNA stabilization media in swab tubes has been shown to 

effectively preserve RNA integrity, facilitating reliable and efficient batch testing (13). The 

World Health Organization recommended storing SARS-CoV-2 samples at 2-8°C with long-

term storage requiring temperatures of -70°C (14).  

1.3. SARS-CoV-2 virion structure and replication cycle 

The SARS-CoV-2 virion consists of four structural proteins, namely spike (S), nucleocapsid 

(N), membrane (M) and envelope (E). The positive-sense, single-stranded RNA genome is 

wrapped with N proteins forming a helical structure inside the virion, whereas M, E, and S 

proteins are incorporated in the membrane. The genome is 30 kilobases in size and encodes 

29 proteins, which can be divided in structural and non-structural proteins (15).  

The initial step of host cell infection involves binding of the S protein to the host cell receptor 

angiotensin-converting enzyme 2 (ACE2). Upon binding, conformational changes expose a 

cleavage site in a subunit of the S protein, which can then be cleaved by host proteases. 

Depending on the entry route, the S protein is cleaved by either cellular transmembrane 

protease serine 2 (TMPRSS2) or by endosomal cathepsin L (16). Cell surface entry is 

TMPRSS2-dependent and triggers fusion between the virus and the cell membrane, resulting 

in a direct release of the viral genome into the cytoplasm, where it is uncoated and replicated. 

If TMPRSS2 is not or only weakly expressed, SARS-CoV-2 – ACE2 complexes are internalized 

via endocytosis and the viral S protein is processed by cathepsin L in a pH-dependent manner. 

Once viral RNA is released into the cytoplasm, it is uncoated and translated into polyproteins, 

which are then cleaved into structural and non-structural proteins (16).  

The non-structural proteins form the transcription and the replication complex. The replication 

complex synthesizes complementary negative-sense RNA, which serves as a template to 

produce additional positive-sense genomic RNAs. The newly synthesized proteins are then 

transported to the endoplasmic reticulum and the golgi apparatus where they are assembled 

into new virions and are finally released by exocytosis (17).  

1.4. ACE2 receptor 

ACE2 is a transmembrane glycoprotein composed of an extracellular domain, a 

transmembrane domain, and a short intracellular tail. The extracellular domain consists of a 

carboxypeptidase domain (residues 19-615) and a collectrin-like domain (residues 616-740). 

The collectrin-like domain consists of a neck domain (residues 616-726) and a linker to the 

transmembrane domain (18). The dimeric structure of ACE2 is shown in Figure 1. 
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Figure 1 Structure of dimeric ACE2 [PDB 6M18] and its domains: peptidase domain (grey), collectrin 

like domain (magenta), transmembrane domain (green), intracellular segment (orange). The structural 

model was generated with Pymol.  

The primary physiological role of ACE2 is to regulate the renin-angiotensin system, which is 

essential for controlling blood pressure and electrolyte balance. ACE2 converts Angiotensin 

(Ang) II to Ang 1-7, a peptide that exerts protective effects by promoting vasodilation and 

decreasing fibrosis, inflammation, and cell proliferation (19).  

In addition to its role in the renin angiotensin system, ACE2 also acts as entry receptor for 

several viruses of the Coronaviridae family including the Human Coronavirus NL63, the 

betacoronaviruses SARS-CoV, and SARS-CoV-2 (20).  

The distribution of ACE2 expression is particularly relevant for its role in viral pathogenesis, as 

it determines the susceptibility of different tissues to infection. ACE2 was found to be highly 

expressed on nasal ciliated cells in the upper respiratory tissue and on type II alveolar cells in 

the lungs (16). However, highest expression levels of ACE2 were found in the small intestine, 

testis, kidney, heart, and colon (21). 

Beside different expression levels, the glycosylation of ACE2 profoundly affects its structure 

and interaction with SARS-CoV-2 spike proteins and subsequently virus entry and infectivity 

(22). Human ACE2 contains seven N-glycosylation sites of which the majority is occupied with 

complex-type glycans. These glycans contribute to the proper folding and trafficking of ACE2 

to the cell surface. However, they shield large areas of the protein, including the binding site 

of the receptor binding domain (RBD) of the spike protein (22). Understanding how 

glycosylation affects the binding affinity for viral proteins is crucial for developing therapeutic 

interventions.  
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1.5. Pathophysiology of SARS-CoV-2  

The pathophysiology of COVID-19 is characterized by a spectrum of clinical manifestations, 

ranging from asymptomatic cases to severe acute respiratory distress syndrome (ARDS), and 

multiorgan failure (23). The severity of disease is influenced by factors such as host immune 

response, age, and pre-existing comorbidities like hypertension, cardiovascular disease, and 

diabetes (24). In most individuals SARS-CoV-2 infection is limited to the upper respiratory tract, 

which can be accompanied by fever, dry cough, and malaise (25). 

SARS-CoV-2 initially infects nasal epithelial cells with subsequent local replication and 

propagation. During this early stage of infection, there is a limited immune response. Affected 

individuals develop common-cold symptoms and are highly contagious. If the virus cannot be 

cleared, infection progresses to the lower respiratory tract, where it primarily infects alveolar 

type II cells and triggers immune cell infiltration in the infected pulmonary tissues (23). During 

the early phase of the pandemic, in about 20 % of all infected patients, SARS-CoV-2 

progressed to the lower respiratory tract (23).  

Autopsy tissues from patients with COVID-19 revealed massive infiltration of immune cells, 

such as macrophages, dendritic cells, and natural killer cells (26). Furthermore, increased 

levels of pro-inflammatory cytokines, including interleukin-6 (IL-6), interleukin-1 beta (IL-1β), 

chemokine ligand 10 (CXCL10), interferon gamma (IFN-γ) and tumour necrosis factor alpha 

(TNF-α), have been associated with disease severity (27). While these cytokines are essential 

for mounting an effective immune response, their overproduction can result in a detrimental 

feedback loop also known as “cytokine storm” (28). The produced cytokines attract more and 

more immune cells from the periphery to the site of infection (29). The massive release of 

cytokines by hyperactivated immune cells, cause sever pulmonary inflammation, severe tissue 

damage and contributes to the development of ARDS (25,30).  

ARDS is characterized by impaired gas exchange due to increased capillary permeability and 

alveolar edema, caused by inflammatory lung injury (31). Analysis of lungs from ARDS patients 

revealed a histological pattern known as diffuse alveolar damage, which is associated with 

interstitial and intra-alveolar oedema, alveolar type II cell hyperplasia and dying pneumocytes 

(25).  

1.6. Innate immune response in SARS-CoV-2 infection 

The innate immune system is the first line of defence encountered by invading pathogens and 

must be tightly regulated in order to maintain the balance between protective and pathogenic 

responses. SARS-CoV-2 can trigger excessive release of proinflammatory cytokines through 
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hyperactivation of immune cells, supporting the development of clinical complications such as 

ARDS (31). Complications observed in patients with severe disease progression are closely 

linked to a dysregulated immune response (32,33).  

Role of Macrophages in COVID-19 

Macrophages represent a diverse group of tissue-resident, phagocytic cells within the innate 

immune system and are found in various organs such as the brain (microglia), liver (Kupffer 

cells), and lungs (alveolar and interstitial macrophages) (34). These cells play a crucial role in 

maintaining tissue balance and providing immune defence. During an infection, macrophages 

identify invading pathogens and tissue damage through a wide range of pattern recognition 

receptors. Once macrophages detect a pathogen, they release inflammatory mediators to and 

recruit additional immune cells (35).  

Macrophages can shift between pro-inflammatory and anti-inflammatory states, depending on 

the surrounding signals (36). Macrophages act as a critical link between innate and adaptive 

immunity by detecting and engulfing pathogens, presenting antigens, and producing cytokines. 

Their dual role in inflammation and tissue repair is central to many diseases (37–39).  

In severe cases of COVID-19, macrophages can contribute to the development of 

immunopathology by becoming hyperactivated and producing excessive levels of cytokines, 

which can lead to a cytokine storm. This unchecked inflammatory response can cause 

extensive tissue damage, vascular permeability, and systemic organ failure (35,36). 

Furthermore, macrophage polarization, which encompasses both pro-inflammatory and anti-

inflammatory states, appears to be imbalanced in COVID-19, potentially exacerbating tissue 

damage (40).  

Interferon signalling and complement activation 

Upon infection, various innate immune pathways are activated. Mononuclear phagocytes, 

including dendritic cells, monocytes and macrophages can be activated either directly by 

recognizing pathogen-associated molecular patterns, or indirectly by detecting damage-

associated molecular patterns released from infected epithelial cells (41). 

Pattern recognition receptors, such as Toll-like receptors and retinoic acid inducible gene I – 

like receptors, sense viral RNA replication intermediates and proteins and initiate the 

production of type I & III interferons (IFNs) (42). IFNs secreted by infected cells, confer an 

antiviral state to surrounding cells by triggering the transcription of IFN-stimulated genes, 

thereby further strengthening the host defence (43).  
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SARS-CoV-2 has evolved different mechanisms to evade the innate immune response. These 

include blocking of interferon signalling, evading host recognition by e.g., masking 

inflammatory RNA or blocking recognition by pattern recognition receptors (44). A genetic 

study of COVID-19 patients revealed that mutations in genes involved in type I IFN pathways 

were more prevalent among patients who developed life-threatening symptoms compared to 

those with asymptomatic or mild infections (45). These findings highlight the crucial role of IFN 

signalling in combatting SARS-CoV-2 infection. 

The complement system is also part of the innate immune system, alongside physical barriers, 

and immune cells. Initially synthesized in the liver, complement proteins circulate through the 

bloodstream, ready to respond to pathogens. The complement system contributes to the 

elimination of viruses through several mechanisms, including the direct neutralization of free 

viral particles, the lysis of infected host cells and the induction of an antiviral state in 

surrounding cells (46). However, in the context of SARS-CoV-2 infection, excessive activation 

of the complement system has been associated with disease severity and higher mortality 

rates (47).   

A central player in the complement cascade is C1q, which activates the classical complement 

system and also acts as a bridge between the innate and the adaptive immune response by 

interacting with antibodies. When antibodies opsonize invading pathogens, C1q recognizes 

and binds to the Fc-domains in the immune complexes (48). Subsequent activation of the 

classical pathway leads to the production of opsonin (C3b), potent anaphylatoxins (C3a, C4a 

and C5a) and the formation of the membrane attack complex. C3b can bind to the surface of 

pathogens, marking them for engulfment by phagocytes, whereas anaphylatoxins induce acute 

inflammation by attracting and activating immune cells. The membrane attack complex forms 

pores in the plasma membrane, leading to direct lysis of virions or infected cells, and marks 

the endpoint of the complement cascade. Elevated levels of complement components have 

been found in patients with severe disease. Extensive deposition of C1q was identified in lung 

autopsy material, suggesting a significant role in the inflammatory damage observed in severe 

cases (49,50). Additionally, high levels of C5a in plasma have been found to be a distinct 

feature of severe COVID-19 (51).  

Interplay between viral strategies and host defences underscores the complexity of the 

immune response to SARS-CoV-2 and highlights the need for further investigation of the 

complement system's function during COVID-19.  

Antibody-dependent enhancement  



20 
 

In general, antibodies are elicited upon natural infection or vaccination and protect against re-

infection by targeting epitopes expressed on the surface of invading pathogens. However, not 

all binding antibodies also have a neutralizing capacity, and under certain circumstances they 

can even facilitate virus uptake and replication (52). This mechanism is known as antibody 

dependent enhancement (ADE) and was observed for several viruses, with the most prominent 

example being Dengue virus. ADE can either occur during initial infection or upon re-infection 

when there is already a pre-existing immunity (53). Non-neutralizing antibodies or antibodies 

at sub-neutralizing concentrations can interact with Fc receptors (FcR) expressed on immune 

cells and build a bridge between the cells and the virus, thereby facilitating infection.  

Sera from COVID-19 convalescent and vaccinated individuals, was shown to trigger ADE at 

sub-neutralizing concentrations in in vitro experiments  (54–56). In addition to the direct 

interaction between Fc domains and FcR, the Fc domain of virus-bound antibodies can engage 

with complement factor C1q, promoting C1q receptor mediated uptake. This C1q-mediated 

ADE could have significant clinical implications, as C1q is found at high concentrations in the 

plasma and receptors for C1q are widely expressed on the surface of various cell types (56).  

1.7. Antibody response and mucosal immunity 

Upon infection, the immune system generates specific antibodies targeting viral antigens, 

primarily spike and nucleocapsid proteins present on the virus surface. Within two weeks of 

symptom onset, most individuals develop measurable levels of immunoglobulins (Ig), including 

IgM, IgG and IgA. IgM antibodies are typically the first immunoglobulins that appear, followed 

by IgG. Serum neutralizing antibody titers peak two weeks after symptom onset and then 

gradually decline over time (57) .  

Neutralizing antibodies recognize specific epitopes on invading viruses, preventing them from 

binding to the host cells. However, non-neutralizing antibodies can mediate protective effects 

by activating FcR-dependent pathways, like antibody-dependent cellular cytotoxicity, 

phagocytosis and complement deposition, which lead to the resolution of infected cells. These 

mechanisms can also enhance the potency of neutralizing antibodies (58).  

During antibody-dependent cellular cytotoxicity, the Fc domain of IgG antibodies, which coat 

infected cells or pathogens, engages with FcRs expressed on the surface of natural killer cells. 

This mediates the release of granzymes and perforin, which kill the infected cell. During 

antibody-dependent phagocytosis, pathogens or infected cells that are opsonized with IgA, 

IgG or IgM can be recognized by FcRs present on monocytes, macrophages, or dendritic cells, 

inducing phagocytosis. The Fc domain may also trigger antibody-dependent complement 
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deposition, leading to the lysis of opsonized cells (58). Furthermore, it was shown that adding 

components of the complement system to neutralization assays significantly increases the 

neutralisation titers of vaccinee serum samples  (59).  

While circulating antibodies play an essential role in controlling systemic viral spread, mucosal 

antibodies provide a local protection at the mucosal surface which is the first site that is 

encountered by SARS-CoV-2 (57). Secretory IgA (sIgA) is the most abundant antibody isotype 

in mucosal secretions including saliva, tears, and nasal fluids. It is well-adapted to the mucosal 

environment and is more resistant to enzymatic degradation. It directly neutralizes pathogens 

at the mucosal surface and is considered a non-inflammatory antibody that prevents infection 

via immune exclusion. By binding to multiple epitopes on invading pathogens, sIgA cross-links 

these pathogens facilitating agglutination and trapping within the mucus. Moreover, 

neutralization at mucosal surfaces, minimizing viral shedding (60).   

While IgG transudes from the circulation to mucosal surfaces, IgA is synthesized locally. 

Monomeric IgAs can be linked by J-chains to form polymeric IgA, which is then transported 

across epithelial cells to the mucosal lumen via receptors located on the basal membrane of 

epithelial cells. After reaching the luminal side, parts of the receptor stay attached to the 

polymeric IgA, forming the secretory component. The secretory component provides 

resistance to degradation by proteases present in the harsh mucosal environment (60). 

Viruses opsonized by sIgA are effectively cleared from the upper respiratory tract through 

mucociliary mechanisms (61).   

1.8. Animal models in SARS-CoV-2 research 

Animal models are fundamental to COVID-19 research, providing crucial insights into the 

disease's progression and treatment. While ex vivo, in vitro, and organoid models have 

contributed to understand virological features of SARS-CoV-2, they lack the complexity of 

whole-organism interactions. Therefore, the use of animal models that closely mirror the 

clinical and pathological manifestations of COVID-19 in humans is essential for investigating 

viral pathogenesis, transmission dynamics, and developing effective therapeutics and 

vaccines (62). Several animal species have been evaluated for their susceptibility to SARS-

CoV-2 infection and their ability to develop COVID-19-like symptoms. Each model presents 

distinct advantages and limitations. 

Mice were found to be naturally resistant to SARS-CoV-2 infection due to inappropriate 

receptors. They must either be genetically modified by replacing the viral entry receptor, ACE2, 

with its human homologue, or SARS-CoV-2 must be adapted to bind to the mouse ACE2 (63). 
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However, the emergence of later SARS-CoV-2 variants has altered these dynamics. Later 

evolved Omicron variants gathered the ability to infect wild-type mice without the need for 

genetic modifications. Although Omicron variants can successfully establish infection in mice, 

they typically do not cause major clinical symptoms (64) 

Ferrets have proven to be a valuable model for studying the pathogenicity and transmission of 

human respiratory viruses like respiratory syncytial virus and influenza virus (65). They are 

also susceptible to SARS-CoV-2 and develop mild-to-moderate respiratory symptoms, like 

those observed in humans. They efficiently support viral replication in the upper respiratory 

tract and exhibit viral shedding, making them particularly useful for transmission studies (66). 

Additionally, their immune response to infection shares similarities with that of humans. 

However, ferrets do not consistently develop severe lung pathology and systemic illness, which 

limits their utility for studying severe COVID-19 cases (63). Furthermore, their use may be 

constrained by factors such as higher housing costs compared to that of smaller rodent 

models. 

Non-human primates, including rhesus macaques, cynomolgus macaques, and African green 

monkeys, are among the most suitable models for SARS-CoV-2 research due to their genetic, 

physiological, and immunological similarities to humans (67). In general, infected animals 

develop mild-to moderate disease and are a vital platform for evaluating safety and efficacy of 

vaccines and therapeutic agents before progressing to clinical trials (62). However, the use of 

non-human primates is limited by ethical considerations, high maintenance costs, and the 

necessity of specialized research facilities. Despite these challenges, they remain one of the 

most informative models, as they provide a more accurate prediction of the drug and vaccine 

efficacy compared to small animal models (68). 

The Syrian golden hamster has gained recognition as an important model organism for SARS-

CoV-2 research due to its natural susceptibility to the virus and its ability to develop disease 

manifestations resembling mild-to-moderate human COVID-19. Furthermore, Syrian golden 

hamsters efficiently transmit SARS-CoV-2 through direct contact as well as through aerosols, 

serving as an effective model for researching viral transmission dynamics (69) . Upon infection, 

hamsters experience noticeable weight loss, lung inflammation, and significant viral replication 

in the respiratory tract. Weight loss typically begins within one to two days post-infection, 

reaching its peak at around six days post infection. Maximum weight loss ranges from 6.1 % 

to 15.4 % upon infection with early SARS-CoV-2 strains, depending on the infection dose 

(69,70). After 14 days they return to their original weight. Later emerged VOCs such as Delta 
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still induce significant weight loss, whereas Omicron isolates fail to do so, even when 

administered at high doses (71,72). Additionally, hamsters infected with Omicron variants 

exhibit less severe lung pathology and have lower viral loads in the lungs than those infected 

with Wuhan or Delta strains (71). Their small size, ease of handling, and cost-effectiveness 

further enhance their suitability for preclinical studies. However, one limitation of this model is 

that the disease course remains mild, failing to fully replicate severe COVID-19 cases 

observed in humans (69). 

1.9. Therapeutic antiviral strategies  

The emergence of SARS-CoV-2 has prompted extensive research into therapeutic and 

preventive antiviral strategies. Antivirals against SARS-CoV-2 can be categorized into two 

types: virus-targeting (direct) and host-targeting agents (indirect). Direct acting antivirals 

specifically target viral components and interfere with the viral replication cycle, whereas 

indirect acting agents modulate the host immune response. Both strategies have advantages 

and drawbacks (73).  

Directly acting agents, such as monoclonal antibodies and small molecules are highly selective 

but are also sensitive to escape mutants. By contrast, indirect acting agents target host 

proteins and are considered to have a broad antiviral spectrum and are less prone to emerging 

virus variants. However, their non-specific mechanism of action raises concerns about their 

safety profile (74). 

In general, intervention with direct acting agents like viral RNA polymerase inhibitors (e.g., 

Remdesivir), viral main protease inhibitors (e.g., Nirmatrelvir) and monoclonal antibodies are 

recommended to be administered as soon as possible after infection. In contrast, 

immunomodulators and anti-inflammatory drugs (e.g., corticosteroids, Janus kinase inhibitors, 

cytokine antagonists) should be administered at an advanced stage of disease progression 

(74).  

Monoclonal antibodies directed against SARS-CoV-2 have a dual function.  On the one hand, 

they block virus entry by binding to the viral spike protein and on the other, they can elicit 

antibody effector functions like antibody-dependent cellular phagocytosis supporting clearance 

of opsonized virions and activation of the complement system (75). Several monoclonal 

antibodies have reached market authorization, however as the pandemic progressed, clinical 

use was no longer recommended because newly arising VOCs became resistant against them 

(74). 
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ACE2-based decoys offer a promising alternative to monoclonal antibodies. By mimicking the 

natural target of SARS-CoV-2, they competitively inhibit SARS-CoV-2 infection. These decoys 

can be designed as soluble receptors, loaded onto extracellular vesicles, or designed as 

antibody-based constructs (76). Several ACE2-based decoys have been engineered to 

enhance their affinity towards the spike protein or to improve their pharmacokinetic properties. 

Modifications, such as the removal of specific glycans from ACE2, have been shown to 

significantly increase the binding affinity to the spike protein (77,78). However, the clinical 

applicability of soluble ACE2 is limited by its short serum half-life, which is typically only a few 

hours (79). To address this limitation, the serum half-life of therapeutic proteins can be 

extended by fusion to an Fc domain of human IgG (80). This strategy takes advantage of the 

natural recycling mechanism mediated by neonatal FcR. Endothelial cells internalize serum 

proteins via pinocytosis and within the acidic environment of endosomes, the Fc domain of the 

fusion protein binds to the neonatal FcR. This interaction prevents the protein from being 

degraded by the lysosome and supports its recycling to the cellular surface, where it re-enters 

the circulation (80). 

1.10. Therapeutic protein expression in plants 

Therapeutic protein expression in plants has emerged as a promising platform to produce 

biopharmaceuticals, offering several advantages over traditional expression systems. Plants 

can be rapidly engineered to produce complex proteins, including antibodies, enzymes, and 

vaccine candidates, with proper post-translational modifications. Compared to mammalian cell 

culture systems, plant-based expression systems are more cost-effective, scalable, and pose 

a lower risk of contamination with human pathogens (81).  

The first therapeutic compound produced in plants was approved by the U.S. Food and Drug 

Administration to treat Gaucher disease in 2012. Since then, multiple therapeutics including 

vaccines and antibodies reached clinical trials including an antibody cocktail for the treatment 

of Ebola virus (82) and vaccine candidates against malaria (83) and COVID-19 (84,85).  

Plants can be utilized for recombinant protein production through two primary methods: stable 

transformation and transient expression (86,87). Stable transformation involves cloning of the 

target gene into an expression vector, which is then integrated into the plant genome. This 

results in the development of transgenic plants with the gene permanently integrated into either 

the nuclear or chloroplast genome. These plants pass the transgene to future generations, 

allowing for long-term protein production and seed storage for large-scale manufacturing (87).  
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In contrast, transient expression does not require stable integration into the plant genome. 

Instead, recombinant agrobacterium strains are used to deliver the gene of interest, which is 

also known as agroinfiltration. This method provides the advantage of higher protein yields 

and significantly faster production times. Recombinant proteins can typically be harvested from 

leaves within one to two weeks after infiltration. In comparison, generating and selecting stable 

transgenic plants may take up to a year, making transient expression a much more time-

efficient strategy (86). 

Variouse plant species are utilized for recombinant protein production, each with distinct 

advantages. Tobacco plants, particularly Nicotiana benthamiana (N. benthamiana) and 

Nicotiana tabacum are popular due to their fast growth and suitability for transient expression. 

Crops like maize and rice but also fruits and vegetables including tomatoes, lettuce and 

potatoes are also used for recombinant protein expression (87). 

Advances in glycoengineering have refined the N-glycosylation processes in plant-produced 

proteins, aligning them more closely with human glycosylation patterns and enhancing their 

compatibility for therapeutic applications (88). Plants can generate an N-glycan core structure 

like that of mammalian cells; however, the terminal sugar residues of their N-glycans differ. 

Unlike mammalian complex N-glycans, which contain β1,4-galactose and core α1,6-fucose, 

plant N-glycans contain β1,2-xylose and core α1,3-fucose. Consequently, monoclonal 

antibodies produced in plants tend to have N-glycan profiles enriched with those plant-specific 

residues. The presence of β1,2-xylose and core α1,3-fucose remains a concern due to their 

potential immunogenicity, as they are not found on human proteins. Therefore, 

glycoengineered N. benthamiana plants have been developed, in which the β1,2-

xylosyltransferase and α1,3-fucosyltransferase genes have been knocked out or knocked 

down. These glycoengineered plants enable the expression of recombinant proteins without 

plant-specific N-glycan residues (89).  

1.11. Rationale of the study 

The primary objectives of this dissertation are:  

• Improving the reliability of SARS-CoV-2 detection as prerequisite for specific 

therapeutic intervention 

• Providing proof-of-concept that an ACE2 decoy can block SARS-CoV-2 variants of 

concern from infection 

Secondary objectives are: 
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• Investigating the influence of glycosylation on the neutralization activity of ACE2-Fc, 

with an emphasis on identifying modifications that enhance the neutralization potential. 

• Optimization of ACE2-Fc for expression in glycoengineered N. benthamiana to improve 

its stability, reduce its propensity to form higher oligomers, and to minimize non-human 

post-translational modifications. 

• Examining the neutralization spectrum against SARS-CoV-2 variants of concern. 

• Evaluating the therapeutic applicability of ACE2-Fc in vivo and determine its efficacy, 

safety, and potential as a treatment for SARS-CoV-2 infections. 

• Exploring the impact of ACE2-Fc on the infection of human monocyte-derived 

macrophages, providing insights into its immunomodulatory effects. 

2. Methods 

2.1. Ethics declaration  

The animal experiments were approved by the Institutional Animal Welfare Committee of the 

Institut de Recerca i Tecnologia Agroalimentàries (CEEA-IRTA, registration number CEEA 

365/2023) and by the Ethical Commission of Animal Experimentation of the Autonomous 

Government of Catalonia (registration number CEA-OH/12069/1) and were conducted by 

certified staff. Animal studies were carried out in compliance with the ARRIVE guidelines and 

under the approval of the biosafety committee (registration number CBS 116/2023). 

Convalescent sera were collected at the Medical University of Graz from adult volunteers after 

written informed consent and were approved by the ethics committee of the Medical University 

of Graz (EK number: 34-203 ex 21/22). 

2.2. Biosafety 

All in vitro experiments involving live SARS-CoV-2 were performed in a Biosafety Level-3 (BSL-

3) facility at the Diagnostic and Research Institute of Pathology at the Medical University of 

Graz.  

The BSL-3 laboratory operates under negative pressure and is equipped with a - 30 Pascal air 

lock. Inside the laboratory, the pressure is - 60 Pascal to contain hazardous agents. SARS-

CoV-2 handling requires advanced personal protective equipment consisting of a Tychem 

2000C suite (Cat. III, Type 3/4/5/6) that is impermeable to liquids and particles and provides 

robust protection against biological agents. Chemical-resistant boots as well as the inner layer 

of gloves are attached to the suite with adhesive tape. The second pair of gloves is of a different 

colour to facilitate spotting of holes in the outer layered gloves. Further, powered air-purifying 

respiratory systems with a hood covering head, face, and shoulders were used. The personnel 
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protective equipment worn while working with live SARS-CoV-2 is shown in Figure 2a. 

Personnel exit the BSL-3 laboratory through a chemical shower (Figure 2b), which nebulizes 

2 % peracetic acid solution for decontamination.  

 

Figure 2 Biosafety measures at the BSL-3 laboratory at the Diagnostic and Research Institute of 

Pathology at the Medical University of Graz. a) Personnel protective equipment consisting of a 

Tychem 2000C suite, chemical resistant boots, double layered gloves and a powered air-purifying 

respiratory systems with a hood covering head, face, and shoulders. b) The chemical shower is used to 

exit the laboratory and nebulizes 2 % peracetic acid for decontamination. Adapted from Loibner et al. 

(2022). 

In vitro assays involving live SARS-CoV-2 were conducted within a Class II biosafety cabinet 

within the BSL-3 laboratory. Samples processed in the BSL-3 laboratory must be properly 

inactivated before they can be transferred to a lower biosafety environment for further 

processing. The Center for Disease Control and Prevention confirmed that the AVL buffer used 

for viral RNA extraction from cell culture supernatants adequately inactivates SARS-CoV-2 

(90). Welch et al (91) reported on the inactivation properties of the RLT buffer used for 

intracellular RNA extraction. Samples used for Bioplex measurements were inactivated by UV 

irradiation followed by a sterility control. Therefore, 200 µl of cell culture supernatant was 

transferred to a 48-well plate, which was placed on ice. The plate was then irradiated with a 

UV lamp (VL-215.G) at 254 nm for 30 minutes, with the lamp placed approximately 10 cm 
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above the plate. After UV-irradiation, the supernatant was transferred to a clean Eppendorf 

tube and 10 % v/v was used to control for efficient inactivation. Therefore, 20 µL of each sample 

was added to confluent VeroE6 cells in a 96-well plate and monolayers were controlled for 

cytopathic effects (CPE) after 96 hours. UV-inactivated samples were stored at -80°C in the 

BSL-3 laboratory until inactivation was confirmed.  

Inactivated samples were placed in a decontamination lock and decontaminated by 

nebulization of 2 % peracetic acid to prevent contamination of the external environment. 

In-vivo experiments with SARS-CoV-2 were performed at the BSL-3 facilities of the 

Biocontainment Unit of IRTA-CReSA (Barcelona, Spain) by certified staff. 

2.3. SARS-CoV-2 RNA stability testing 

Information on swab collection devices including recommended storage conditions is listed in 

Table 1 and was cited from the suppliers’ homepages including relevant instructions for use.  

Artificial body excretion (BE) was prepared with 2.5 mg/mL BSA (Carl Roth GmbH, Karlsruhe, 

Germany), 3.5 mg/mL tryptone (Becton Dickinson, Le Pont de Claix, France) and 0.8 mg/mL 

mucin (Merck KGaA, Germany) as described previously (92). BE was spiked with SARS-CoV-

2 to achieve final concentrations of 10,000 copies/ml and 1,000 copies/ml collection solution. 

Therefore, 100 µL of spiked BE were applied onto each swab, which was directly transferred 

into the respective collection medium. Spiked swab collection devices were stored at room 

temperature (RT; 20.6°C – 22.4°C) and at 37.0°C – 37.4°C. Directly after spiking (= t0), after 

24 and 96 hours, swabs were vortexed, 140 µl were collected, and viral RNA was quantified 

as described in 2.18 Extracellular virus RNA isolation and quantification. 

A SARS-CoV-2 RNA copy number standard (VR-1986D, ATCC, UK) was used to generate a 

standard curve to calculate viral copy numbers as described in 2.6 Viruses. The limit of 

detection was estimated to be three copies per reaction, which corresponds to 170 copies/ml 

of collection solution.
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Table 1 Transport swab systems and respective manufacturer claims. Taken from Hardt et.al (2022). 

Device Abbreviation Storage Condition Regulatory Status 

Copan eSwab™ 480C + 

Single Regular Size 

Nylon® Flocked Swab 

eSwab INTENDED USE Copan Liquid Amies Elution Swab (ESwab®) Collection and Transport 

System is intended for the collection and transport of clinical specimens containing aerobes, 

anaerobes and fastidious bacteria from the collection site to the testing laboratory. Swab 

specimens for bacterial investigations collected using ESwab® should be transported directly 

to the laboratory, preferably within 2 hours of collection to maintain optimum organism viability. 

If immediate delivery or processing is delayed, then specimens should be refrigerated at 4 – 

8ºC or stored at room temperature (20 – 25°C) and processed within 48 hours. 

EU: CE IVD 

Outside EU: 

FDA cleared 

Copan UTM-RT® 

Universal Transport 

Medium 359C + Single 

Regular Size Nylon® 

Flocked Swab 

UTM INTENDED USE UTM® is an FDA cleared collection and transport system suitable for 

collection, transport, maintenance and long-term freeze storage of clinical specimens 

containing viruses, including COVID-19, chlamydia, mycoplasma or ureaplasma organisms. 

Using the UTM-RT® System, collected specimens can be stored for up to 72h at 2-8°C 

(according to CDC recommendations https://www.cdc.gov/coronavirus/2019-

ncov/lab/guidelines-clinical-specimens.html) 

 EU: CE IVD 

Outside EU: FDA 

cleared 

IMPROVIRAL™ Viral 

Preservative Medium 

(8110111) + 

ImproSwab® (550040A) 

VPM Widely used for the collection, preservation and transportation of nasopharyngeal pathogen 

specimens such as influenza, pneumonia, avian influenza, hand-foot-mouth disease, measles 

and other viruses. Storage and transport under 0-8℃ and no more than 30 days at room 

temperature. 

EU: CE IVD 

Viral transport medium*  VTM As recommended by CDC: Store respiratory specimens at 2 - 8°C for up to 72 hours after 

collection. If a delay in testing or shipping is expected, store specimens at -70°C or below. 

not specified 

*(HBSS (Life Technologies Europe, Bleiswijk, Netherlands) + 2% FCS (Thermo Fisher Scientific, Waltham, US) + 0,2% PenStrep (Thermo Fisher 

Scientific, Waltham, US). Taken from Hardt et al. (2022).
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2.4. Protein expression 

ACE2-Fc proteins were designed and produced by our partners at BOKU University (Vienna, 

Austria) as described previously (93,94). 

Expression in HEK293-6E cells 

Recombinant ACE2-Fc fusion proteins that were used to study the impact of specific N-

glycosylation on the neutralization activity, were expressed using transiently transfected 

HEK293-6E cells following the protocol described in Capraz et. al (77). 

Expression in N. benthamiana ΔXT/FT 

Recombinant ACE2-Fc fusion proteins were produced by agrobacterium-mediated transient 

expression in leaves of N. benthamiana ΔXT/FT (89). Extraction from 30 g wet leaves with 

subsequent purification by affinity chromatography using a protein A column yielded 20 mg 

ACE2-728H-Fc (95). 

2.5. Cells 

African green monkey kidney epithelial cells (VeroE6) were obtained from Biomedica (VC-

FTV6, Vienna, Austria) and were grown in Minimal Essential Medium (MEM) supplemented 

with Earle’s Salts and L-Glutamine (ThermoFisher Scientific, US), 1 % Penicillin-Streptomycin 

(PenStrep, Thermo Fisher Scientific, Waltham, MA, USA) and 5 % fetal calf serum (FCS; 

ThermoFisher Scientific, US). Human lung adenocarcinoma cells (Calu-3) cells were obtained 

from the Center for Medical Research, Medical University Graz, Austria and were grown in 

MEM (Thermo Fisher Scientific, US) supplemented with Earle’s Salts and L-Glutamine, 1 % 

PenStrep and 10 % FCS.  

Human monocytes were kindly provided by Dr. Sabine Wagner-Lichtenegger. Briefly, human 

monocytes were obtained from leukocyte depletion chambers by negative selection using the 

RosetteSep kit (Stemcell Technologies, Germany) according to the manufacturer’s 

instructions. For macrophage differentiation, primary human monocytes were cultivated in 

RPMI-1640 (Gibco, US), supplemented with 100 µg/ml granulocyte-macrophage colony 

stimulating factor (Peprotech, Germany) and 5 % human heat inactivated serum (Sigma 

Aldrich, US). Cells were cultured for six days at 37°C. Differentiated human monocyte derived 

macrophages (hMDMs) were harvested by trypsinization and gentle scratching. hMDMs were 

seeded in OptiPro Serum free medium (Gibco, US) supplemented with 2 % L-glutamine 

(Gibco, US) and were rested overnight before use. 
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2.6. Viruses 

All experimental procedures involving SARS-CoV-2 were performed in a BSL-3 laboratory. 

Wild type SARS-CoV-2 Wuhan-Hu-1 (wh19: Human 2019-nCoV Isolate, Ref-SKU 026V-

03883), was obtained from Charité Universitätsmedizin Berlin, Germany. Omicron isolate 

lineage B.1.1.529 was purchased from EVAg (om21: SKU: 010V-04425).  Delta isolate (de21: 

hCoV-19/Austria/Graz-MUG21/2021) and Omicron isolate (om23, linage EG5.1) were isolated 

at the Medical University of Graz from nasopharyngeal swabs. 

Virus Isolation 

Nasal swabs were collected from volunteers with a SARS-CoV-2 infection confirmed by RT-

qPCR or lateral flow assay. Nasal swabs were stored at -80°C until use. Nasal swab solution 

was filtered through a 0.2 µm syringe filter (ThermoFisher Scientific, US) and subsequently 1 

% PenStrep was added to avoid bacterial growth. 100 µl was added to VeroE6 cells seeded 

in 24-well plates and incubated until CPE was visible. The supernatant was centrifuged for 5 

minutes at 3000 x g to remove cellular debris. SARS-CoV-2 replication was confirmed by RT-

qPCR as described in 2.18 Extracellular virus RNA isolation and quantification. The 

supernatant was stored at -80°C and was used for stock production.  

Virus propagation 

Virus strains were propagated in VeroE6 cells at 37°C and 5 % CO2 for 72 - 96 hours. Cells 

were lysed by a freeze and thaw cycle, followed by a centrifugation step at 10 minutes for 3000 

× g to remove cellular debris. Supernatants were filtered with 0.2 µm syringe (ThermoFisher 

Scientific, US), aliquoted, and stored at − 80°C until use.  

Quantification of infectious virus titer 

SARS-CoV-2 virus titers were determined by calculating the tissue culture infectious dose 50 

(TCID50). The TCID50 describes the dilution factor of a virus stock at which 50 % of the wells 

develop CPE. Therefore,1 x 104 VeroE6 cells were seeded in 96-well plates to reach 100 % 

confluency. VeroE6 monolayers were infected in six replicates with serial 10-fold dilutions of 

virus stock and incubated for 96 hours at 37°C and 5 % CO2. Subsequently, cells were fixed 

with 4 % neutral-buffered formalin (SAV Liquid Production GmbH, Germany) and CPE was 

visualized by crystal violet staining. Therefore, fixed cells were stained with a 1:100 dilution of 

a 0,05 % gentian violet solution (solved in 20 % methanol) for 30 minutes. TCID50 was 

calculated by Reed-Munch method (96). Briefly, the infection rate is calculated as followed: 



32 
 

𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛𝑟𝑎𝑡𝑒(𝐼𝑅) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑤𝑒𝑙𝑙𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑤𝑒𝑙𝑙𝑠 + 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑤𝑒𝑙𝑙𝑠
 

Next, the two dilutions in which the cumulative percentage straddles 50 % are identified (IR1 

< 50 > IR2) and the proportional difference (PD) between those two dilutions is calculated as 

followed: 

𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑃𝐷) =
𝐼𝑅2 − 50%

𝐼𝑅2 − 𝐼𝑅1
 

The PD is used to interpolate the dilution corresponding to the 50 % endpoint, which is 

defined as (ID50) and is calculated as followed: 

𝐼𝐷50 = 10𝑙𝑜𝑔(𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐼𝑅2)+𝑃𝐷∗−𝑙𝑜𝑔(𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟) 

The TCID50 is defined as the reciprocal of ID50 and has to be divided by the volume added to 

each well: 

𝑇𝐶𝐼𝐷50

𝑚𝑙
=

1

𝐼𝐷50

𝑉𝑜𝑙[𝑚𝑙] 𝑝𝑒𝑟 𝑊𝑒𝑙𝑙
  

The virus titer is then defined as TCID50/ml. 

Quantification of virus copy numbers 

SARS-CoV-2 RNA copy number standard (VR-1986D genomic RNA from 2019 Novel 

Coronavirus, Lot: 70035624, ATCC, Glasgow, UK) was used to generate a standard curve to 

estimate virus copies. Ct-values were plotted against the natural logarithm of copy numbers 

followed by linear regression analysis.  

 

Figure 3 Linear regression analysis for the quantification of virus copy numbers   

Viral copy numbers were calculated from the following equations:  
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N1 primer: y = -1.5x + 35.9 

N2 primer: y = -1.6x + 38.9 

Details from virus stock batches produced and used throughout this dissertation are listed in Table 2. 

Table 2 Virus stock characteristics 

 

Viral genome sequencing 

Virus RNA was isolated as described in 2.18 Extracellular virus RNA isolation and 

quantification. Sequencing was performed at the Division of Molecular pathology at the Medical 

University of Graz as described previously (50). 

Primers targeting the entire SARS-CoV-2 genome were designed to produce approximately 2 

kb amplicons. For each sample, 2.5 µl of RNA were used for RT-qPCR reaction using 

oligonucleotide primers at a concentration of 400 nM. The following cycling conditions were 

used: 55°C for 15 minutes, 95°C for 3 minutes; 35 cycles consisting of 95°C for 15 seconds 

and 57°C for 3 minutes; final extension at 72°C for 10 minutes. The PCR products were pooled 

and purified using 1.8X Ampure XP beads (Beckman Coulter), with subsequent washes in 75 

% ethanol and elution. Amplicons were eluted in 30 µL of water and fragmented to a size range 

of 150-250 bp. Ion Torrent barcode and sequencing adapters were attached using the 

NEBNext Fast DNA Fragmentation & Library Prep Set for Ion Torren kit (New England 

Biolabs). Sequencing was carried out on an Ion Torrent S5XL system with a 540 Chip Kit and 

the 200 bp sequencing Kit (ThermoFisher). The obtained sequences were aligned to the 

SARS-CoV-2 reference genome (accession number: NC_045512.2). 

2.7. Antivirals 

ACE2-Fc decoys were produced as described in 2.4 Protein expression and provided by Lukas 

Mach, BOKU University. Main protease inhibitor PF-07321332 (PF-332) was purchased from 

Selleckchem (Catalog No. S9866). Convalescent sera from four different donors were 

Description Passage Date copies/µl TCID50/µl CPE filtered

wuhan 2019 2 18.10.2022 3,59E+07 1609 100% yes

wuhan 2019 2 19.03.2024 3,15E+07 1368 100% yes

delta 2021 2 18.10.2022 9,00E+07 850 100% yes

delta 2021 2 19.03.2024 5,74E+07 426 100% yes

delta 2021 2 30.07.2024 1,26E+07 8518 5% no

omicron 2021 2 18.10.2022 2,92E+07 413 100% yes

omicron 2021 2 19.03.2024 3,17E+07 290 100% yes

omicron 2023 2 19.03.2024 9,17E+07 274 100% yes
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collected at Medical University Graz between August 2021 and July 2022. Sera were heat 

inactivated and pooled for neutralization assays.  

2.8. Enzyme-linked immunosorbent assay 

Enzyme-linked immunosorbent assays were carried out by our cooperation partners at BOKU 

University Vienna, Austria according to standard protocols. Briefly, 96-well plates (Nunc 

MaxiSorp; Thermo Fisher Scientific, Waltham, MA, USA) were coated overnight at 4°C with 

200 ng per well of in-house produced Wuhan RBD (97) in 100 µl phosphate-buffered saline 

(PBS). Plates were then washed three times with PBS containing 0.05 % Tween 20 (PBST). 

From an initial concentration of 1 µg/ml, twofold serial dilutions of the ACE2-Fc samples were 

prepared in PBST containing 1 % bovine serum albumin (dilution buffer), and 50 µl then added 

per well. After incubation for 1 hour at 37°C, the plates were washed three times with PBST 

prior to addition of 50 µl of 0.03 µg/ml peroxidase-conjugated goat antibodies to human Fc 

(Sigma-Aldrich, St. Louis, MO, USA) in dilution buffer prior to incubation for 1 hour at 37°C. 

After washing of the plates, bound peroxidase activity was detected by the addition of 100 µl 

of ELISA substrate solution (0.1 mg/ml tetramethylbenzidine (Sigma-Aldrich) in 100 mM citric 

acid/sodium phosphate buffer (pH 5.0) containing 0.006 % H2O2). After 5-15 minutes, the 

reaction was stopped by addition of 100 µl 0.18 M H2SO4 prior to measurement of the optical 

density at 450 nm (reference wavelength: 620 nm) using a Spark multi-channel 

spectrophotometer (Tecan, Grödig, Austria). 

2.9. Differential scanning calorimetry 

Differential scanning calorimetry experiments were performed by our cooperation partners at 

BOKU University as described in (77). A MicroCal PEAQ-DSC Automated system (Malvern 

Panalytical, Malvern, UK), using 5-10 µM protein solutions in PBS was used. The heating was 

performed from 20°C to 100°C at a rate of 1°C/min. The protein solution was cooled in situ and 

an identical thermal scan was run to generate the baseline for subtraction from the initial scan. 

All measurements were performed in triplicates. Fitting was done with Origin 7.0 for DSC 

software using the non-2-state transition model. 

2.10. Metabolic activity assay 

Cytotoxicity was assessed prior to neutralization assays to ensure that the antivirals do not 

exhibit inherent toxicity to host cells, which could confound the results and lead to 

misinterpretation of their antiviral activity. To assess cytotoxicity, a resazurin-based assay was 

performed. VeroE6 cells were seeded in 96-well plates at a density of 1 x 104 cells per well 

and allowed to adhere overnight. Culture medium was replaced with medium containing 
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serially diluted test compounds and was incubated for 24 hours. A cell control, without any 

compound added and serially diluted DMSO as toxicity control were included. After 72 hours, 

substances were removed, and fresh medium was added to all wells. Subsequently, 20 µl of 

a freshly prepared resazurin solution (final concentration 10 µM) was added using an 

automated dispenser integrated in the plate reader. Plates were incubated for 60 minutes at 

37°C wit 5 % CO2 to allow reduction of resazurin to resorufin by dehydrogenase enzymes from 

metabolic active cells. Fluorescence was measured using a microplate reader at an excitation 

wavelength of 485 nm and an emission wavelength of 590 nm on a Synergy 4 plate reader 

(BioTek, US). Background fluorescence from wells containing medium without cells was 

subtracted from all readings. Metabolic activity was expressed relative to untreated control 

cells. All assays were performed in triplicates. The metabolic activity of VeroE6 cells was not 

altered by any of the compounds within the tested concentration range (Figure 4). 

 

Figure 4 Evaluation of the concentration range of antivirals for neutralization assays. VeroE6 

cells were incubated with serially diluted antivirals for 72 hours. Metabolic activity was measured using 

a resazurin assay. Values were corrected for background signal (medium without cells) and normalized 

to a cell control (cells without substance). Data are shown as mean ± SEM and refer to a single 

experiment performed in triplicates. 

2.11. Virus neutralization assay by RT-qPCR 

ACE2-Fc decoys were produced as described in 2.4 Protein expression and provided by Lukas 

Mach, BOKU University Vienna, Austria. ACE2-Fc variants were preincubated at the indicated 

concentrations with 60 plaque forming units (pfu) SARS-CoV-2 for 30 minutes at 37°C. VeroE6 
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and Calu-3 cells were seeded in 48-well plates at a density of 3 x 104 cells/well. After 

preincubation, cells were infected for 1 hour at 37°C. Subsequently, virus inoculum was 

replenished with fresh media and 24 hours post infection (hpi) extracellular viral RNA was 

isolated from cell culture supernatants and quantified by RT-qPCR as described in 2.18 

Extracellular virus RNA isolation and quantification. 

2.12. Virus neutralization assay by monitoring of cytopathic 

effects 

Neutralizing activity was assessed by CPE assays, as described previously (95). VeroE6 cells 

were seeded in 96-well plates at a density of 1 x 104. Antiviral compounds were serially diluted 

(4-fold) and incubated with SARS-CoV-2 for 15 minutes at 37°C. Subsequently, compound-

virus mixtures were added to VeroE6 cells in triplicates and incubated for 72 - 96 hours at 

37°C. Cells were fixed with 4 % neutral buffered formalin and CPE was visualized by crystal 

violet staining. Therefore, fixed cells were stained with a 1:100 dilution of a 0,05 % gentian 

violet solution (solved in 20 % methanol) for 30 minutes. After staining, washing and drying, 

plates were scanned before the stain was dissolved in 10 % glacial acetic acid. Optical density 

was read at 595 nm. Data were normalized to a virus control (0 % Inhibition, no-compound) 

and a cell control (100 % inhibition, no virus).  Half-maximal inhibitory concentrations (IC50) 

values were calculated by nonlinear regression analysis with variable slopes in GraphPad 

PRISM Version 9.  

2.13. Virus neutralization assay in air-liquid interface cultures 

Primary human air-liquid interface (ALI) cultures (MucilAir, Epithelix) were washed once with 

PBS prior to infection and the basal medium was replenished with MucilAir culture medium 

containing 20 µg/ml ACE2-Fc. 5 x 103 pfu SARS-CoV-2 (wh19) were incubated with ACE2-Fc 

(20 µg/ml) and subsequently added to the apical side of the ALI culture. After one hour 

incubation at 37°C, the virus inoculum was removed, and the apical side was washed three 

times with PBS to remove residual extracellular virus. Virus release was assessed 24 hpi by 

washing the apical side with 200 µl PBS (apical wash). Viral RNA was then isolated from the 

apical wash and was quantified as described in 2.18 Extracellular virus RNA isolation and 

quantification. 

Transwell membranes were fixed in PAXgene Tissue Fix (PreAnalytiX, Switzerland) for 0.5 - 4 

hours and were maintained in PAXgene Tissue STABILIZER Concentrate (PreAnalytiX, 

Switzerland) for 24 hours. Subsequently, transwell membranes were cut in half. One half was 

used for quantification of intracellular virus loads as described in 2.19 Intracellular RNA 
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isolation and quantitative real-time PCR. The second half was used for immunohistochemical 

analysis. Fixed samples were dehydrated through graded series of ethanol to remove water. 

The histokinet program included the following steps: 70 % ethanol for 30 minutes, 80 % ethanol 

for 30 minutes at 30°C, 90 % ethanol for 1 hour at 50°C, 96 % ethanol for 1h at 60°C, 96 % 

ethanol for 1 h ourat 90°C, 100 % ethanol for 1 hour at 96°C, 100 % ethanol for 1 hour at 98°C, 

xylen for 2 hours and finally 3 hours at 55°C in paraffin. Subsequently membranes were 

embedded in tissue infiltration/embedding medium Paraplast Plus (Leica, US). Blocks were 

stored at room temperature until sectioning. Immunohistochemical staining was performed as 

described in 2.20 Immunohistochemistry. 

2.14. In-vivo experiment 

Six- to eight-week-old Syrian hamsters were housed at the animal BSL-3 facilities at IRTA-

CReSA. After a week of acclimatization, hamsters were challenged intranasally with 104 

TCID50/animal (50 µl/nostril) of SARS-CoV-2 (Human 2019-nCoV – hCoV-

19/France/GE1973/2020, clade G, D614G (S)). To evaluate the in vivo therapeutic efficacy of 

ACE2-Fc, the initial dose of 2.5 mg/ml (~2.5 mg/kg) was administered intranasally 24 hpi. 

Subsequent treatments were given daily for a total of five consecutive days. Virus challenge 

as well as treatment were conducted under anaesthetics (4 % isoflurane). Animals were 

evaluated clinically and weighted daily. At five days post infection all animals were euthanised 

by intraperitoneal administration of sodium pentobarbital (not exceeding a dose of 60 mg/kg). 

Lung, spleen, heart, kidney, and liver were collected for pathological analysis. To quantify the 

viral burden, dilutions from lung homogenates were applied to confluent VeroE6 cells. After 96 

hours CPE was assessed, and TCID50/ml was determined as described in 2.6 Viruses. 

Further, RNA from lungs was isolated as described in 2.19 Intracellular RNA isolation and 

quantitative real-time PCR. Relative expression of CXCL10, MX Dynamin Like GTPase 2 

(MX2), C-C Motif Chemokine Ligand 5 (CCL5) and the viral N gene were analysed using the 

primers listed in Table 3 and Table 4. 

Table 3 RT-qPCR Primer sequences 

Primer Sequence 

hmstr_ActB_fw GGC CAG GTC ATC ACC ATT 

hmstr_ActB_rev GAG TTG AAT GTA GTT TCG TGG ATG 

hmstr_MX2_fw CCA GTA ATG TGG ACA TTG CC 

hmstr_MX2_rev CAT CAA CGA CCT TGT CTT CAG TA 

hmstr_CCL5_3_fw TCAGCTTGGTTTGGGAGCAA 
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hmstr_CCL5_3_rev TGAAGTGCTGGTTTCTTGGGT 

hmstr_CXCL10_fw GCC ATT CAT CCA CAG TTG ACA 

hmstr_CXCL10_rev CAT GGT GCT GAC AGT GGA GTC T 

 

2.15. hMDM infection assay 

hMDMs and Calu-3 cells were seeded in cell culture plates for RNA isolation and were infected 

at a multiplicity of infection (MOI) = 1 TCID50/cell and MOI 0.01 TCID50/cell, respectively. After 

one hour, virus inoculum was replaced with fresh medium. Immediately afterwards, 

intracellular RNA was harvested (= t0), or cells were further incubated for 24 hours, 48 hours 

and 72 hours to monitor viral RNA levels over time. Intracellular virus RNA loads were 

determined as described in 2.19 Intracellular RNA isolation and quantitative real-time PCR. 

For immunofluorescent staining hMDM and Calu-3 cells were seeded on cover slips (Ø 10 

mm) and infected at a MOI = 1 TCID50/cell and MOI = 0.01 TCID50/cell, respectively. Cells were 

incubated for 24 hours without removing the virus inoculum. Cells were fixed with 4 % 

formaldehyde and SARS-CoV-2 nucleocapsid and double-stranded RNA were detected by 

immunofluorescent staining as described in 2.21 Immunofluorescent staining . 

2.16. Fc-receptor mediated uptake of SARS-CoV-2 in hMDMs 

hMDM were infected at a MOI = 0.1 TCID50/cell in the presence of 10-fold serially diluted ACE2-

728H-Fc (0.02 – 20 µg/ml). After 24 hours, intracellular RNA was isolated and viral RNA was 

quantified by RT-qPCR quantified as described 2.19 Intracellular RNA isolation and 

quantitative real-time PCR. 

To examine C1q mediated effect, hMDM were infected in the presence of single compounds 

(ACE2-728H-Fc (5 µg/ml), mutACE2-Fc (5 µg/ml), convalescent serum (1:50)) and in 

combination with C1q (20 µg/ml). After 24 hours, intracellular RNA was isolated and viral RNA 

was quantified by RT-qPCR as described in 2.19 Intracellular RNA isolation and quantitative 

real-time PCR. 

2.17. Treatment with conditioned media 

Production of conditioned media 

Calu-3 and VeroE6 cells were cultivated in DMEM + 10 % FCS + 1% PenStrep and DMEM + 

2 % FCS + 1 % PenStrep, respectively. Before infection, the medium was exchanged with 

OptiPro SFM + 2 % L-glutamine medium. Calu-3 and VeroE6 cells were mock-infected with 

PBS or infected with SARS-CoV-2 at a MOI = 0.01 TCID50/cell and incubated for 24 hours, 
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until a minimal CPE was observed, and cell monolayers were mostly intact. Supernatants were 

harvested and centrifuged at 2,000 x g for 10 minutes to remove cellular debris. Conditioned 

media (CoM) was collected from infected Calu3-cells (CoM Calu3inf), infected VeroE6 cells 

(CoM Veroinf), mock infected Calu-3 cells (CoM Calumock), and mock infected VeroE6 cells 

(CoM Veromock) and were stored at -80°C until use.  

Treatment with conditioned media 

hMDM from three different donors were treated with CoM or OptiPro SFM for 24 hours. 

Intracellular RNA was isolated and quantified as described in 2.19 Intracellular RNA isolation 

and quantitative real-time PCR. Supernatants were collected and UV UV inactivated as 

described in 2.2 Biosafety. 

2.18. Extracellular virus RNA isolation and quantification 

Extracellular RNA was isolated using QIAamp® Viral RNA Mini Kit (QIAGEN GmbH, 

Germany), according to the manufacturer’s instructions. Briefly, 140 µl cell culture supernatant 

was added to 560 µl AVL buffer. Subsequently, 560 µl ethanol (96-100 %) was added, 

vortexed, and loaded on a QIAamp Mini spin column. After centrifugation, the flow-through 

was discarded and the column was washed with 500 µl of AW1 buffer, followed by 500 µl AW2 

buffer. Finally, the RNA was eluted in 40 µl nuclease free water. Isolated RNA was stored at -

80°C until use.  

SARS-CoV-2 RNA was quantified by using N1 or N2 primers and a TaqMan probe with a FAM 

reporter and a BHQ-1 quencher (Eurofines, Germany) together with the one-step QuantiTect® 

Multiplex RT-qPCR Kit (QIAGEN GmbH, Germany) on a Rotor Gene® Q cycler (QIAGEN 

GmbH, Germany). Reactions were performed in a total volume of 25 µl at 50°C for 30 minutes 

followed by 95°C for 15 minutes and 45 cycles of 95°C for 3 seconds and 55°C for 30 seconds. 

Primer and probe sequences are listed in Table 4. 

Table 4 Primers and probe sequences for the SARS-CoV-2 N gene 

Name Sequence (5′ > 3′) Label 

2019-nCoV_N1-F GAC CCC AAA ATC AGC GAA AT none 

2019-nCoV_N1-R GAC CCC AAA ATC AGC GAA AT none 

2019-nCoV_N1-P ACC CCG CAT TAC GTT TGG TGG ACC FAM, BHQ-1 

2019-nCoV_N2-F TTA CAA ACA TTG GCC GCA AA none 

2019-nCoV_N2-R GCG CGA CAT TCC GAA GAA none 

2019-nCoV_N2-P ACA ATT TGC CCC CAG CGC TTC AG FAM, BHQ-1 
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2.19. Intracellular RNA isolation and quantitative real-time PCR  

Intracellular RNA was isolated using RNeasy Mini Kit (QIAGEN GmbH, Germany), according 

to the manufacturer’s protocol. Briefly, cells were directly lysed by the addition of 350 µl RLT 

buffer. The cell lysate was loaded on a QIAshredder spin column for homogenization. 350 µl 

70 % ethanol was added to the homogenate, vortexed, and loaded on a RNeasy spin column. 

The column was centrifuged to bind the RNA to the membrane. Subsequently on-column 

DNase digestion was performed. The bound RNA was washed with RW1 buffer and twice with 

RPE buffer. Finally, RNA was eluted in nuclease free water and stored at – 80°C until use. 

cDNA was synthesized using LunaScript RT SuperMix Kit (New England Biolabs, Germany) 

and RT-qPCR was performed using Luna Universal qPCR Master Mix (New England Biolabs, 

Germany) on a QuantStudio 7 Flex System. Reactions were performed in a total volume of 10 

µl at 50°C for 2 minutes followed by 95°C for 10 minutes and 40 cycles of 95°C for 15 seconds 

and 60°C for 30 seconds. Genes of interest were normalized to Hypoxanthine 

Phosphoribosyltransferase 1 (HPRT1) and relative changes in gene expression were 

determined by the ∆∆Ct method (98). The primers used are listed in Table 5. 

Table 5 Primer sequences for RT-qPCR 

Target Forward sequence  Reverse sequence 

HPRT1 TCAGGCAGTATAATCCAAAGATGGT AGTCTGGCTTATATCCAACACTTCG 

IL6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG 

MX1 GTTTCCGAAGTGGACATCGCA CTGCACAGGTTGTTCTCAGC 

CXCL8 ACTGAGAGTGATTGAGAGTGGAC AACCCTCTGCACCCAGTTTTC 

Siglec-1 CAGGTGACAGAGACTCTTGGGA GGCAATCCTACAGCCAAGAGCT 

SARS-CoV-2 N TTA CAA ACA TTG GCC GCA AA GCG CGA CAT TCC GAA GAA 

 

TNF (qHsaCED0037461), CXCL10 (qHsaCED0046619), IFN1b (qHsaCED0046851), IFIT1 

(qHsaCED0034841), and CCL5 (qHsaCID0011644) qPCR primers were purchased from 

Biorad (US).  

2.20. Immunohistochemistry  

Formalin-fixed paraffin-embedded (FFPE) tissues or PaxGene-fixed paraffin-embedded 

(PFPE) tissues were sectioned at 3 µm. Sections were deparaffinized by immersing the slides 

in xylene for 15 minutes, followed by rehydration through graded ethanol series starting with 

100 % ethanol for 2 minutes, 90 % ethanol for 2 minutes, 70 % ethanol for 2 minutes and 50 

% ethanol for 2 minutes. Subsequently, sections were rinsed in distilled water. Antigen retrieval 
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was conducted in Natriumcitrat-buffer, pH = 6 (Glatt Koller, Austria) in a microwave for 40 

minutes at 270 Watt. Slides were cooled at room temperature for 20 minutes before being 

rinsed with distilled water. Endogenous peroxidases were blocked with 10 % H2O2 (Merck 

KGaA, Germany) in methanol for 10 minutes. SARS-CoV-2 was detected by anti-coronavirus 

nucleocapsid antibody (R019, Sino Biological, China) diluted 1:500 or SARS-CoV-2 spike 

antibody (1A9, GeneTex, US) diluted 1:500 and a horseradish peroxidase (HRP)-conjugated 

secondary antibody (Dako REAL EnVision, HRP Rabbit/Mouse; Agilent Dako, 

Denmark).  DAB+ Chromogen (Agilent Dako, Denmark) was applied for 3 minutes. FFPE and 

PFPE sections were countersained with mayer hematoxylin (Glatt Koller, Austria) and Gill II 

hematoxylin (Merck, Germany), respectively. Sections were washed for 3 minutes, with warm 

running tap water. Sections were dehydrated through graded ethanol series starting with 90 % 

ethanol for 2 minutes, 100 % ethanol for 2 minutes and were cleared in butylacetat for 2 

minutes. Sections were mounted with Entellan (Merck, Germany). 

2.21. Immunofluorescent staining  

hMDM and Calu-3 cells were grown on cover slips (Ø 10 mm) and were fixed with 4 % 

formaldehyde after treatment. Fixed cells were rinsed with PBS and permeabilized with 0.1 % 

Triton-X (Sigma) in PBS for 10 minutes. Following permeabilization, cells were blocked in 2 % 

goat serum (Cell Signalling, MA, USA) for 30 minutes. Primary antibodies were diluted in 1 % 

BSA (Roth, Germany) and incubated for 1 hour. Conjugated secondary antibodies were diluted 

1:400 in 1 % BSA and incubated for 30 minutes. Nuclei were stained with 1 µg/ml DAPI (Life 

Technologies, US) for 5 minutes and subsequently mounted with ProLong Gold antifade 

reagent (Life Technologies, US). The following primary antibodies were used: rabbit anti-

SARS-CoV-2 nucleocapsid (#80026-1-RR, Proteintech, UK) and mouse anti-double stranded 

RNA J2 (# 10010200, Nordic, Denmark). The following secondary antibodies were used: goat 

anti-rabbit IgG Alexa Fluor Plus 594 (#A32740, Thermo Fisher, US) and goat anti-mouse Alexa 

Fluor Plus 488 (#A32723, Thermo Fisher, US). Samples were imaged using an Olympus IX83 

inverted wide field microscope and cellSens Dimension 4.2.1 software. 

2.22. Immunoblotting 

Cells were lysed in M-Per Mammalian Protein Extraction Reagent (Thermo Fisher, US) 

supplemented with 5 µg/ml Pierce protease and phosphatase inhibitor mini tablets (Thermo 

Fisher, US). Protein lysates were pulse sonicated for approximately 10 seconds and total 

protein concentration was assessed by Pierce BCA protein assay kit (Thermo Fisher, US). 

Proteins were boiled in Laemmli buffer (Biorad, US) + 10 % beta mercaptoethanol for 5 minutes 

at 95°C. 6 µg protein were loaded and separated in 4 -12 % Bis-Tris gels (Biorad, US) in 
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running buffer (200 mM glycine, 25 mM Tris, 0.1 % SDS). Proteins were transferred to PVDF 

membranes (Merck, Germany) in transfer buffer (192 mM glycine, 25 mM Tris, 20 % MetOH). 

Subsequently, membranes were blocked with 5 % non-fat milk (ITW Reagents, Italy) in TBS-

T (20mM Tris, 137 mM NaCl, 0,1 % Tween-20, pH = 7.6) for 30 minutes. Washes were 

performed with TBS-T buffer. Antibodies were diluted in TBS-T + 5 % non-fat milk. Primary 

antibodies were incubated overnight at 4°C and a secondary antibody linked to HRP was 

incubated for 1 hour at room temperature. HRP signals were visualized by Clarity Max Western 

ECL Substrate with a Chemidoc MP instrument (Biorad, US). Primary antibodies: ACE2 

(#HPA000288; Sigma, US) 1:100, CD35 (Abcam, UK.) 1:250 and beta actin (#4967S, Cell 

Signaling, US). Secondary antibody: 1:10,000 and Anti-rabbit HRP-linked (#7074, Cell 

Signaling, US). 

2.23. Cytokine quantification 

Secreted cytokines were measured using the Bio-Plex Pro Human Cytokine 8-plex kit (Biorad, 

US) by the ZMF Core facility Bioimaging and Flow Cytometry according to the manufacturer’s 

instructions. 

2.24. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 10.  Data were assumed to be 

normally distributed and analysed for statistical significance by ANOVA or t-tests. Multiple 

comparisons were corrected with Dunnett’s, Tukey or Bonferroni post-hoc-test. Significance 

levels were determined as ns = p > 0.05; * = p 0.01–0.05; ** = p 0.001–0.01; *** = p 0.0001–

0.001; **** = p ≤ 0.0001. 

3. Results 

Parts of this dissertation have been published as original research articles in New 

Biotechnology (99), eLife (77) and Scientific Reports (95). 

3.1. Sample collection system and storage temperature impact 

SARS-CoV-2 RNA integrity 

Quantitative RT-qPCR is considered the diagnostic gold standard for the detection of SARS-

CoV-2 (100), both in terms of sensitivity and specificity. Pre-analytical handling of patient 

specimens is critical to ensure reliable and valid test results. Therefore, the effect of storage 

time and temperature on the quantification of SARS-CoV-2 by RT-qPCR was investigated. 

SARS-CoV-2 RNA stability was monitored in different commercially available sample collection 

systems for nasal/oropharyngeal swabs. Five different collection solutions including PBS, viral 
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transport medium (VTM), universal transport medium (UTM), viral preservative medium (VPM) 

and eSwabs were tested. Collection solutions were spiked with different SARS-CoV-2 loads 

(10,000 and 1,000 copies/ml collection medium) and stored at room temperature or 37°C, 

respectively. Viral copy numbers were determined directly after spiking (= t0), after 24 hours 

(= t24) and 96 hours (= t96) of storage. In PBS, VTM, VPM, and UTM, no significant decrease 

of viral RNA levels was observed over 96 hours when stored at room temperature. In contrast, 

in eSwab solution, viral RNA levels significantly decreased from an average median of 7,800 

copies/ml at t0 to 1,300 copies/ml at t96 hours at room temperature (Figure 5).  

 

Figure 5 Stabilization of SARS-CoV-2 RNA by sample collection systems at room temperature. 

Five different collection solutions were spiked with 10,000 and 1,000 SARS-CoV-2 copies/ml and stored 

at room temperature. Viral copy numbers were determined directly after spiking (= t0), after 24 hours (= 

t24) and 96 hours (= t96) by RT-qPCR. Data shown refer to one to three independent experimental 

series (indicated by symbol shape) with either three or six replicates. Bars represent median values.  P 

values were determined by 2-way ANOVA followed by Dunnett’s post hoc test. ns = p > 0.05; * = p 0.01–

0.05; ** = p 0.001–0.01; *** = p 0.0001–0.001; **** = p ≤ 0.0001. Adapted from Hardt et al. (2022). 
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Sample quality may be compromised if cooling chains are not maintained, and recommended 

storage temperatures are exceeded. Therefore, sample collection systems were stored at 

elevated temperatures and the effect on viral RNA quantification was determined. Increasing 

the storage temperature to 37°C had a profound effect on the integrity of viral RNA in some of 

the collection solutions. After 24 hours at 37°C, viral copies were significantly reduced in 

eSwab and VTM. After 96 hours, viral RNA was undetectable in PBS and eSwab collection 

solution. However, in VPM viral copy numbers remained stable over 96 hours (Figure 6). 

 

Figure 6 Stabilization of SARS-CoV-2 RNA by sample collection systems at 37°C. Five different 

collection solutions were spiked with 10,000 and 1,000 SARS-CoV-2 copies/ml and stored at 37°C. Viral 

copy numbers were determined directly after spiking (= t0), after 24 hours (= t24) and 96 hours (= t96) 

by RT-qPCR. Data shown refer to one to three independent experimental series (indicated by symbol 

shape) with either three or six replicates. Bars represent median values.  P values were determined by 

repeated measures 2-way ANOVA followed by Dunnett’s post hoc test. ns = p > 0.05; * = p 0.01–0.05; 

** = p 0.001–0.01; *** = p 0.0001–0.001; **** = p ≤ 0.0001. Adapted from Hardt et al. (2022). 
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3.2. Antiviral activity of recombinant ACE2-Fc  

3.2.1. Glycosylation of ACE2-Fc impacts the neutralizing activity  

Human ACE2 is heavily glycosylated and comprises seven N-glycosylation sites (N53, N90, 

N103, N322, N432, N546, and N690) (101). Molecular dynamics simulations suggested that 

glycosylation and sialylation critically affect the binding affinity between ACE2 and the RBD of 

the spike protein of SARS-CoV-2 (77). Based on the results obtained from molecular dynamics 

simulations, the glycans at position N90 and N322 were eliminated, and the impact of their 

removal on the neutralization activity was investigated. Therefore, asparagine at position 322 

was substituted with glutamine to prevent glycosylation (ACE2-N332Q-Fc). Glycosylation of 

asparagine at position 90 was eliminated by replacing threonine at position 92 with glutamine 

(ACE2-T92Q-Fc) (78,102). Additionally, a construct carrying both mutations (ACE2-DM-Fc) 

was designed. Further, wild-type (wt)-ACE2-Fc was enzymatically deglycosylated with 

peptide-N4-(N-acetyl-beta-glucosaminyl)asparagine amidase F (DeGlyco ACE2-Fc) or 

desialylated with neuraminidase (Desial ACE2-Fc).  

The impact of deglycosylation and desialylation of ACE2-615-Fc – a fusion protein consisting 

of the soluble protease domain (amino acids 18 - 615) and a human IgG1 Fc domain – on its 

SARS-CoV-2 neutralization activity was assessed by virus neutralization assays. Therefore, 

VeroE6 cells were infected with SARS-CoV-2 in the presence of varying concentrations of 

ACE2-Fc (10 µg/ml, 20 µg/ml, 50 µg/ml) and the neutralization activity was assessed by 

quantification of viral RNA levels in the culture supernatants 24 hpi (Figure 7). We observed 

concentration-dependent neutralization with all ACE2-Fc constructs. Incubation with 50 µg/ml 

wt-ACE2-Fc resulted in an average increase of 3.1 Ct-values, corresponding to an 

approximately 8.5-fold reduction in viral RNA. The single mutant ACE2-N322Q-Fc 

demonstrated enhanced neutralization activity, with a 6.5 Ct-value increase at the same 

concentration, equivalent to a 90-fold reduction in viral RNA. ACE2-T92Q-Fc exhibited even 

greater neutralization activity, with a Ct-value increase of 14.9, which is comparable to the 

neutralization activity of the enzymatically deglycosylated construct ACE2-DeGlyco-Fc. 

Notably, at the lowest tested concentration (10 µg/ml), only ACE2-DeGlyco-Fc significantly 

increased Ct-values by 6.5, equivalent to a 90-fold reduction of viral RNA. 
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Figure 7 Glycosylation of ACE2-Fc affects SARS-CoV-2 neutralization activity. Wild-type ACE2-

Fc decoy (containing ACE2 amino acids 18-615) and glyco-engineered variants thereof were incubated 

with SARS-CoV-2 (wh19) at different concentrations (10 µg/ml, 20 µg/ml, 50 µg/ml) prior to infection of 

VeroE6 cells. Viral RNA loads in cell culture supernatants were quantified by RT-qPCR 24 hpi. DeGlyco, 

deglycosylated wild-type ACE2-Fc; T92Q, mutant ACE2-615L-Fc lacking N-glycans at N90; N322Q, 

mutant ACE2-615L-Fc lacking N-glycans at N322; DM, mutant ACE2-615L-Fc lacking N-glycans at N90 

and N322. Data are presented as mean ± SD of two to three experimental series (symbol shapes) 

performed in triplicates. P values were determined by one-way ANOVA followed by Dunnett’s post hoc 

test. ns = P > 0.05; * = P 0.01–0.05; ** = P 0.001–0.01; *** = P 0.0001–0.001; **** = P ≤ 0.0001. Adapted 

from Capraz et al. (2021). 

Since we observed that glycosylation has a substantial impact on the neutralization activity of 

ACE2-615-Fc, and given that different expression systems produce distinct glycan profiles, we 

compared the neutralization activity of ACE2-615-Fc produced in glycoengineered N. 

benthamiana plants with that expressed in a human embryonic kidney cell line (HEK293).  

At high concentrations, ACE2-615-Fc expressed in N. benthamiana and HEK293 cells 

exhibited comparable neutralization activities. Notably, ACE2-615-Fc derived from N. 

benthamiana showed significantly higher neutralization activity at lower concentrations (Figure 

8). We suggest that this effect could most likely be attributed to different glycosylation patterns 

resulting from the respective expression system.  
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Figure 8 Neutralization activity of ACE2-Fc expressed in N. benthamiana and HEK293 cells. 

ACE2-615H-Fc was pre-incubated with SARS-CoV-2 (de21) prior to infection of Calu-3 cells. 

Supernatants were harvested 48 hpi and viral RNA was quantified by RT-qPCR. Ct-values were 

normalized to the corresponding infected, untreated control. Data refer to five independent experimental 

series (symbol shape), each performed in triplicates. Bars represent median values with 95 % CI. P 

values were determined by repeated multiple unpaired t-test followed by Bonferroni post hoc test. 

ns = P > 0.05; * = P 0.01–0.05; ** = P 0.001–0.01; *** = P 0.0001–0.001; **** = P ≤ 0.0001. 

3.2.2. Optimization of ACE2-Fc for the expression in N. benthamiana 

We observed substantial fragmentation of the ACE2-615-Fc decoy by endogenous proteases 

of N. benthamiana, which cleave the fusion protein within or in close proximity of the linker 

region (Figure 9b). ACE2-615-Fc consists of a truncated ACE2 ectodomain (amino acids 18-

615), that lacks the collectrin-like domain. We hypothesized that expression of the full-length 

ACE2 ectodomain (amino acids 18-740, later referred to as ACE2-740-Fc) could enhance 

resistance to proteolytic cleavage. Furthermore, we evaluated the impact of different linker 

sequences connecting the ACE2 domain to the Fc domain of IgG1, specifically the 

endogenous IgG1 hinge region (H: EPKSCDKTHTCPPCPAPELLGGP) and a synthetic linker 

sequence (L: GGGGSGGGGS).  

We found that the truncated ACE2-615L-Fc decoy containing the synthetic linker, was less 

prone to proteolytic cleavage as compared to ACE2-615H-Fc containing the natural hinge 

region. Moreover, our findings indicate that the ACE2-740-Fc decoy, which includes the 

collectrin-like domain, exhibits significantly greater resistance to proteolytic fragmentation in 

planta compared to the truncated version ACE2-615-Fc (Figure 9b). In addition, ACE2-740-Fc 

has enhanced neutralization activity compared to ACE-615-Fc (Figure 9a). The different linker 

peptides did not affect the neutralization activity. Given that the hinge region is a sequence 
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naturally occurring in humans, it is less likely to provoke immunogenic reactions. Therefore, 

we selected the hinge region as preferred linker peptide. 

 

Figure 9 ACE2-740-Fc demonstrates enhanced neutralization activity and resistance to 

proteolytic cleavage compared to ACE-615-Fc. The constructs differ in the length of the ACE2 

domain (615aa, 740aa) and in the linkers connecting the ACE2 and Fc domain (L, synthetic 

GGGGSGGGGS linker; H, IgG1 hinge region). a) ACE2-Fc decoys were pre-incubated with SARS-CoV-

2 (de21) prior to infection of Calu-3 cells. Supernatants were harvested 48 hpi and viral RNA was 

quantified by RT-qPCR. Ct-values were normalized to the corresponding infected, untreated control. 

Data refer to three independent experiments (symbol shape) performed in triplicates. Bars represent 

median values with 95 % CI. b) Western blot: ACE2-740-Fc is less sensitive to proteolysis than ACE2-

615-Fc, as evident from the reduction in Fc fragments. P values were determined by one-way ANOVA 

followed by Tukey post hoc test. ns = p > 0.05; * = p 0.01–0.05; ** = p 0.001–0.01; *** = p 0.0001–0.001; 

**** = p ≤ 0.0001. The data presented in Figure 9b were kindly provided by Alexandra Castilho (BOKU 

University). 
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Nevertheless, the hinge region and parts of the C-terminal ectodomain of ACE2 are subject to 

unwanted non-human post-translational modifications when expressed N. benthamiana, which 

could lead to adverse immunogenic reactions. Up to three of six proline residues are 

hydroxylated when produced in N.benthamiana (Figure 10), whereas these modifications are 

not observed when the fusion protein is expressed in HEK293 cells. 

 

Figure 10 ACE2-740H-Fc expressed in N. benthamiana contains up to three hydroxylated proline 

residues (hyP). Analysis of ACE2-740H-Fc by tryptic fingerprinting was performed by the BOKU Core 

Facility Mass Spectrometry. The data presented in Figure 10 were kindly provided by Alexandra Castilho 

and Richard Strasser (BOKU University). 

Hence, we developed an ACE2-Fc variant that is optimized for the expression in 

glycoengineered N. benthamiana, namely ACE2-728H-Fc. ACE2-728H-Fc lacks twelve 

structurally flexible amino acids of the full-length ACE2 ectodomain (residues 729-740), which 

include four proline residues (P733, P734, P737, P738) and a potential O-glycosylation site 

(T730). Furthermore, ACE2-728H-Fc also lacks the first seven amino acids of the hinge region 

(EPKSCDK), containing an additional proline (P742) and an unpaired cysteine (C745) residue 

(Sequence 1). The structure of ACE2-728H-Fc with its domains is shown in Figure 11. 

Sequence 1: Sequence of ACE2-740H-Fc. The human IgG1 Fc-domain (italics) and the hinge region 

of human IgG1 (underlined) are highlighted. Proline residues P733, P734, P737, P738, P742, cysteine 

residue C745 and the O-glycosylation site T730 are shown in bold. The residues removed in ACE2-

728H-Fc are highlighted in yellow. 

QSTIEEQAKTFLDKFNHEAEDLFYQSSLASWNYNTNITEENVQNMNNAGDKWSAFLKEQSTLAQMYPL

QEIQNLTVKLQLQALQQNGSSVLSEDKSKRLNTILNTMSTIYSTGKVCNPDNPQECLLLEPGLNEIMA

NSLDYNERLWAWESWRSEVGKQLRPLYEEYVVLKNEMARANHYEDYGDYWRGDYEVNGVDGYDYSRGQ

LIEDVEHTFEEIKPLYEHLHAYVRAKLMNAYPSYISPIGCLPAHLLGDMWGRFWTNLYSLTVPFGQKP

NIDVTDAMVDQAWDAQRIFKEAEKFFVSVGLPNMTQGFWENSMLTDPGNVQKAVCHPTAWDLGKGDFR
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ILMCTKVTMDDFLTAHHEMGHIQYDMAYAAQPFLLRNGANEGFHEAVGEIMSLSAATPKHLKSIGLLS

PDFQEDNETEINFLLKQALTIVGTLPFTYMLEKWRWMVFKGEIPKDQWMKKWWEMKREIVGVVEPVPH

DETYCDPASLFHVSNDYSFIRYYTRTLYQFQFQEALCQAAKHEGPLHKCDISNSTEAGQKLFNMLRLG

KSEPWTLALENVVGAKNMNVRPLLNYFEPLFTWLKDQNKNSFVGWSTDWSPYADQS615IKVRISLKSA

LGDKAYEWNDNEMYLFRSSVAYAMRQYFLKVKNQMILFGEEDVRVANLKPRISFNFFVTAPKNVSDII

PRTEVEKAIRMSRSRINDAFRLNDNSLEFLGIQ728PTLGPPNQPPVS740EPKSCDKTHTCPPCPAPEL

LGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRV

VSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVK

GFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQ

KSLSLSPGK  

 

Figure 11 Structure of ACE2-728H-Fc and its domains: peptidase domain (grey), collectrin like domain 

(magenta), hinge region (blue), IgG1 Fc domain (green). The structural model was generated with 

Pymol.  
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Notably, removal of the 12 amino acids did not affect the neutralization activity of ACE2-728H-

Fc (Figure 12). 

 

Figure 12 ACE2-728H-Fc and ACE2-740H-Fc have similar neutralization activities. ACE2-Fc 

decoys were pre-incubated with SARS-CoV-2 (de21) prior to infection of Calu-3 cells. Supernatants 

were harvested 48 hpi and viral RNA was quantified by RT-qPCR. Ct-values were normalized to the 

corresponding infected, untreated control. Data refer to three independent experiments (symbol shape) 

performed in triplicates. Bars represent median values with 95 % CI. P values were determined by two-

way ANOVA followed by Bonferroni post hoc test. ns = p > 0.05; * = p 0.01–0.05; ** = p 0.001–0.01; 

*** = p 0.0001–0.001; **** = p ≤ 0.0001. 

Moreover, removal of the twelve amino acids significantly increased the proportion of dimeric 

ACE2-728H-Fc while markedly reducing its propensity to form higher oligomers compared to 

ACE2-740H-Fc (Figure 13). This effect is likely due to the elimination of the unpaired cysteine 

residue C745. The dimeric form is advantageous over higher oligomers in terms of product 

stability, in particular in terms of its lower tendency to form precipitates upon prolonged storage 

and repeated freeze-thaw cycles. 
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Figure 13 ACE2-728H-Fc has a significantly lower propensity to form undesirable higher-order 

oligomers compared to ACE2-740H-Fc. Affinity-purified ACE2-728H-Fc and ACE2-740H-Fc 

expressed in N. benthamiana was analyzed using size-exclusion chromatography. The oligomer peak 

elutes in the void volume of the column. These data were kindly provided by Richard Strasser (BOKU 

University). 

We compared the neutralization activity of the oligomeric fraction (containing tetrameric and 

higher oligomeric forms), the dimeric fraction and unfractionated ACE2-728H-Fc. As shown in 

Figure 14, the oligomeric fraction and unfractionated ACE2-728H-Fc have similar 

neutralization activities at higher concentrations (mean delta Ct-value at 0.8 µg/ml and 4 µg/ml: 

unfractionated = 14.5 and 18.8, oligomeric = 13.4 and 17.6), whereas the dimeric form is less 

potent in neutralizing SARS-CoV-2 (mean delta Ct-value at 0.8 µg/ml and 4 µg/ml: 4.0 and 

9.6). Based on the results, we selected, unfractionated ACE2-728H-Fc expressed in N. 

benthamiana as our lead construct for further testing. 
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Figure 14 Unfractionated and oligomeric ACE2-728H-Fc have higher neutralization activity 

compared to dimeric ACE2-728H-Fc. Unfractionated, oligomeric, and dimeric ACE2-728H-Fc were 

pre-incubated with SARS-CoV-2 (de21) prior to infection of Calu-3 cells. Supernatants were harvested 

48 hpi and viral RNA was quantified by RT-qPCR. Ct-values were normalized to an infected, untreated 

control. Data refer to two to three independent experiments (symbol shape) performed in triplicates. 

Bars represent median values with 95 % CI. P values were determined by two-way ANOVA followed by 

Tukey post hoc test. ns = p > 0.05; * = p 0.01–0.05; ** = p 0.001–0.01; *** = p 0.0001–0.001; 

**** = p ≤ 0.0001. 

The physical instability of recombinant proteins means that storage conditions can affect the 

extent to which they unfold, aggregate, or degrade, which could hamper their effectiveness 

and raise safety concerns (103). Many recombinant proteins require storage at low 

temperatures ranging from 4°C to -80°C, to preserve their integrity and functionality. However, 

it is challenging to maintain these cooling conditions during transport and storage, and multiple 

freeze-thaw cycles may also compromise protein integrity (103,104).   

Therefore, we examined how the storage temperature affects the neutralizing activity of ACE2-

728H-Fc. ACE2-728H-Fc was stored either at -80°C or at room temperature. After five and 

nine months, IC50 values were determined by CPE assays with VeroE6 cells. ACE2-728H-Fc 

stored at room temperature demonstrated stable neutralization activity for a duration of up to 

nine months (Figure 15).  

 



54 
 

 

Figure 15 ACE2-728H-Fc stored at room temperature, demonstrates stable neutralization activity 

for up to 9 months. ACE2-728H-Fc was either stored at -80°C (blue) or at room temperature (RT, red) 

in the dark. Neutralization activities were determined after five and nine months. a) Dose response 

curves of ACE2-728H-Fc against SARS-CoV-2 (de21) assessed by CPE assays with VeroE6 cells. Data 

are presented as arithmetic mean values ± SD and refer to one experiment performed in triplicates. b) 

IC50 concentrations calculated from dose response curves.  

Next, we examined the antiviral activity of ACE2-728H-Fc in a primary air-liquid interface (ALI) 

culture model. ALI cultures closely simulate the human respiratory epithelium and are 

considered a physiologically relevant model for studying respiratory virus infections. Pre-

treatment of SARS-CoV-2 (de21) with 20 µg/ml ACE2-728H-Fc significantly inhibited viral 

infection in primary ALI cultures. This was evidenced by immunohistochemical detection of the 

SARS-CoV-2 nucleocapsid protein and quantification of both intracellular and extracellular viral 

RNA levels (Figure 16). 
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Figure 16 ACE2-728H-Fc prevents SARS-CoV-2 (de21) infection of primary ALI cultures a) 

Immunohistochemical detection of the viral nucleocapsid protein and b) detection of viral RNA by RT-

qPCR. Extracellular virus RNA levels are presented as ∆Ct. Intracellular virus RNA levels were 

quantified by ΔΔCt analysis of SARS-CoV-2 N gene expression, normalized to the house keeping gene 

HPRT1, and relative to infected, untreated controls. Dots represent independent cultures and bars the 

median values. P values were calculated by unpaired t-tests. ns = p > 0.05; * p < 0.05; ** p < 0.01; *** p 

< 0.001; **** p < 0.0001. Adapted from Föderl-Höbenreich et al. (2025). 

3.2.3. ACE2-728H-Fc broadly neutralizes SARS-CoV-2 variants of 

concern 

A broad neutralization spectrum is crucial for antiviral drugs to ensure a sustainable efficacy 

against emerging variants. We compared the neutralization activity of Nirmetalvir, a viral main 

protease inhibitor (PF-332), a pool of convalescent COVID-19 sera and ACE2-728H-Fc 

against early and late SARS-CoV-2 variants of concern (VOCs). We determined the IC50 

against an ancestral SARS-CoV-2 strain (wh19) and three VOCs: a Delta variant (de21), an 

earlier Omicron variant (om21) and a later Omicron variant (om23).  

ACE2-Fc robustly neutralized all tested VOCs, with even increased neutralization activity 

against later variants compared to the ancestral variant wh19 (Figure 17). In contrast, 

convalescent sera exhibited reduced neutralization activity against the more recent Omicron 

isolates. Nirmatrelvir robustly neutralized all tested VOCs, consistent with its previously 

reported broad efficacy (105).  
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Figure 17 Broad neutralization spectrum of in planta expressed ACE2-728H-Fc against VOCs. 

The antiviral activity of ACE2-728H-Fc, viral protease inhibitor (PF332), and a pool of convalescent sera 

against the ancestral Wuhan strain (wh19), a Delta strain (de21) and two Omicron strains (om21, om23) 

was assessed by CPE assays with VeroE6 cells. IC50 values were determined by inhibitory dose-

response curve analysis. a) Values indicate the fold change of IC50 concentrations, relative to the wild-

type strain (wh19). b) Absolute IC50 values. c) Representative images of CPE assay plates after crystal 

violet staining. Violet-stained wells indicate no CPE, whereas transparent wells indicate CPE. VC: virus 

control, CC: cell control. Adapted from Föderl-Höbenreich et al. (2025). 
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3.2.4. Development of a non-binding ACE2-728H-Fc mutant to control for 

Fc-domain mediated effects in in vivo experiments  

To demonstrate the specificity of the antiviral activity of ACE-728H-Fc in vivo, we designed a 

mutated ACE2-728H-Fc variant (mutACE2-728H-Fc), that allowed us to control for potential 

non-SARS-CoV-2 specific effects induced by the Fc-domain. To do so, eight amino acids of 

the human ACE2 sequence (Q24; D30; K31; H34; L79; M82; Y83; K353) were replaced with 

their mouse counterparts (N24; N30; N31; Q34; T79; S82; F83; H353) (106) (Sequence 2). It 

has been demonstrated that early SARS CoV-2 variants are unable to bind to murine ACE2 

due to a receptor mismatch. This explains why mice are not susceptible to early SARS-CoV-2 

variants (106). Nevertheless, recent studies demonstrated that the affinity of murine ACE2 to 

the RBD of Omicron variants is similar to that of human ACE2 (107).  

Sequence 2. Sequence of non-neutralizing mutACE2-728H-Fc. The changed residues (N24, N30, 

N31, Q34, T79, S82, F83, H353) are marked in red. The hinge region of human IgG1 Fc is highlighted 

by italic letters.  

QSTIEENAKTFLNNFNQEAEDLFYQSSLASWNYNTNITEENVQNMNNAGDKWSAFLKEQSTTAQSFPLQEIQNLT

VKLQLQALQQNGSSVLSEDKSKRLNTILNTMSTIYSTGKVCNPDNPQECLLLEPGLNEIMANSLDYNERLWAWES

WRSEVGKQLRPLYEEYVVLKNEMARANHYEDYGDYWRGDYEVNGVDGYDYSRGQLIEDVEHTFEEIKPLYEHL

HAYVRAKLMNAYPSYISPIGCLPAHLLGDMWGRFWTNLYSLTVPFGQKPNIDVTDAMVDQAWDAQRIFKEAEKFF

VSVGLPNMTQGFWENSMLTDPGNVQKAVCHPTAWDLGHGDFRILMCTKVTMDDFLTAHHEMGHIQYDMAYAA

QPFLLRNGANEGFHEAVGEIMSLSAATPKHLKSIGLLSPDFQEDNETEINFLLKQALTIVGTLPFTYMLEKWRWMV

FKGEIPKDQWMKKWWEMKREIVGVVEPVPHDETYCDPASLFHVSNDYSFIRYYTRTLYQFQFQEALCQAAKHEG

PLHKCDISNSTEAGQKLFNMLRLGKSEPWTLALENVVGAKNMNVRPLLNYFEPLFTWLKDQNKNSFVGWSTDWS

PYADQSIKVRISLKSALGDKAYEWNDNEMYLFRSSVAYAMRQYFLKVKNQMILFGEEDVRVANLKPRISFNFFVTA

PKNVSDIIPRTEVEKAIRMSRSRINDAFRLNDNSLEFLGIQTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEV

TCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIE

KTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYS

KLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK 

Indeed, mutACE2-Fc cannot bind to the Wuhan RBD as shown in enzyme-linked 

immunosorbent assays (Figure 18a) and failed to prevent VeroE6 cells from becoming infected 
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with the Delta and Wuhan strains (Figure 18b-d). By contrast, we observed residual 

neutralizing activity against the two Omicron isolates that were tested (Figure 18d).  

 

Figure 18 Neutralization and binding activity of mutACE2-728H-Fc. a) Binding affinity of wild-type 

ACE2-728H-Fc and mutACE2-728H-Fc for immobilized Wuhan RBD assessed by ELISA. Data shown 

represent arithmetic mean values ± SD of one representative experiment performed in technical 

duplicates. This experiment was repeated two times with similar results. b) Dose response curve of wild-

type ACE2-Fc and mutACE2-Fc against SARS-CoV-2 (de21) assessed by CPE assays with VeroE6 

cells. Data are presented as arithmetic mean values ± SD of one experiment performed in triplicates. c) 

Inhibition of SARS-CoV-2 (de21) replication was assessed by quantification of viral RNA in VeroE6 

supernatants 24 hpi by RT-qPCR. Ct-values were normalized to an infected, untreated control. Data are 

presented as median values of a single experiment performed in triplicates. P-values were calculated 

by ANOVA followed by Dunnett post hoc test. ns = p > 0.05; * p< 0.05; ** p < 0.01; *** p < 0.001; **** p 

< 0.0001. d) Dose response curve of mutACE2-728H-Fc against different SARS-CoV-2 variants (wh19, 

om21, om23) in VeroE6 cells assessed by CPE assays. Data are presented as arithmetic mean values 

± SD of one experiment performed in triplicates.  
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Differential scanning calorimetry revealed that the stability of the ACE2 and the CH2 domains 

of mutACE2-728H-Fc was moderately reduced (Figure 19). However, the enzymatic activity of 

mutACE2-728H-Fc (18.6 ± 0.3 units per mg protein) and ACE2-728H-Fc (17.1 ± 0.4 units per 

mg protein) were comparable. Collectively, these findings establish mutACE2-Fc as an 

appropriate negative control for in vivo studies. 

 

Figure 19 Thermal stability of wild-type and mutant ACE2-728H-Fc. Analysis of wild-type ACE2-

728H-Fc (a) and mutACE2-728H-Fc (b) by differential scanning calorimetry. Raw data (black) were 

smoothened (red) and then fitted using a non-two-state thermal unfolding model (gray). Data are 

presented as mean ± SEM of three independent experiments. Cp, heat capacitance. Adapted from 

Föderl-Höbenreich et al. (2025). 

3.2.5. Intranasal application of ACE2-728H-Fc reduces weight loss in 

SARS-CoV-2 infected hamsters 

Based on the in vitro findings, we evaluated the therapeutic efficacy of plant-derived ACE2-

728H-Fc in a Syrian hamster model. Hamsters were infected with 104 TCID50/ml (50 µl/nostril) 

SARS-CoV-2 (Wuhan D614G, hCoV-19/France/GE1973/2020). In order to simulate a 

therapeutic setting, hamsters received daily intranasal administrations (50 µl/nostril) of either 

2.5 mg/ml ACE2-728H-Fc, 2.5 mg/ml mutACE2-728H-Fc, or vehicle (PBS), starting 24 hpi 

(Figure 20).  

ACE2-728H-Fc mutACE2-728H-Fc

a b
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Figure 20 Experimental scheme for the in vivo efficacy test. Syrian gold hamsters were challenged 

with 104 TCID50 authentic SARS-CoV-2. Starting at 24 hpi animals were daily treated with 100 µl (50 

µl/nostril) of 2.5 mg/ml ACE2-728H-Fc, mutACE2-728H-Fc or vehicle (PBS).  

Hamsters treated with wild-type ACE2-728H-Fc showed significantly reduced weight loss, with 

an average body weight change of -3.9 % five days post-infection compared to day 0. In 

contrast, the vehicle group lost 11.5 %. The group receiving non-binding mutACE2-728H-Fc 

exhibited a weight loss comparable to that of the vehicle group (-10.3 %) (Figure 21a). 

Furthermore, treatment with ACE2-728H-Fc significantly reduced the load of infectious viral 

particles in the lungs of hamsters (2.53 log10 decrease, Figure 21b) and decreased the 

transcriptional levels of pro-inflammatory cytokines (Figure 21c). 
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Figure 21 Intranasal application of ACE2-728H-Fc reduces body weight loss in SARS-CoV-2 

infected hamsters. a) Percent of body weight relative to the day of infection. Data are shown as mean 

± SD (n=6). P-values were determined by ANOVA with matched values followed by Bonferroni post hoc 

test. Asterisks indicate a statistically significant difference to the vehicle (PBS) treated, infected control 

group. b) Infectious virus titers in the lungs were compared five days post-infection and analyzed by 

ANOVA followed by Bonferroni post hoc test. c) Gene expression of inflammatory cytokines and 

chemokines in the lung tissue was quantified by RT-qPCR. Full circles represent male, empty circles 

female animals (n=6, n=3 for each sex). Data were analyzed using ANOVA followed by Bonferroni post 

hoc test. Bars represent median values. ns = p > 0.05; * p< 0.05; ** p < 0.01; *** p < 0.001; **** p < 

0.0001. Adapted from Föderl-Höbenreich et al. (2025). 

Strikingly, analysis of lung tissues stained for the SARS-CoV-2 nucleocapsid protein revealed 

a significant reduction in the number of virus-infected cells in animals that were treated with 

ACE2-728H-Fc. By contrast, the lung tissue of hamsters treated with mutACE2-728H-Fc 
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exhibited a comparable number of SARS-CoV-2-positive cells to those in the vehicle-treated 

group (Figure 22). 

 

Figure 22 Intranasal administration of ACE2-728H-Fc decreases the number of infected cells in 

lung tissue. Representative immunohistochemical images showing SARS-CoV-2 nucleocapsid 
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protein in lung tissues five days post-infection, presented in two magnifications. a) infected vehicle 

group, b) infected ACE2-728H-Fc treated group, c) non-binding mutACE2-728H-Fc treated group 

and d) not infected group. Adapted from Föderl-Höbenreich et al. (2025). 

3.2.6. Class-switching from IgG to IgA does not affect the neutralization 

activity of ACE2-728H-Fc 

IgA is the main antibody class present on mucosal surfaces and is therefore adapted to the 

harsh environment in the upper respiratory tract. In terms of a nasal application route for future 

medical use of ACE2-Fc decoys, class-switching of the fused Fc domain from IgG to IgA might 

be advantageous in terms of degradation in the nasal cavity. We tested an ACE2-728H-Fc 

decoy containing an IgA Fc domain and compared the neutralization activity with that of a 

decoy containing an IgG Fc domain. No substantial differences were found in their 

neutralization activity (IC50 ACE2-728H-Fc (IgA): 0.30 µg/ml; IC50 ACE2-728H-Fc (IgG): 0.21 

µg/ml).  

 

Figure 23 ACE2-728H-Fc (IgA) and ACE2-728H-Fc (IgG) have similar neutralization activity. a) IC50 

values of ACE2-728H-Fc (IgA) and ACE2-728H-Fc (IgG) against SARS-CoV-2 (de21) were determined 

by CPE assays with VeroE6 cells and inhibitory dose-response curve analysis. Data are presented as 

arithmetic mean values ± SD of two experiments performed in triplicates. b) CPE assay plates after 

crystal violet staining. Violet-stained wells indicate no CPE, whereas transparent wells indicate CPE. 

VC: virus control, CC: cell control. 
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3.3. Fc-domain mediated crosstalk with hMDMs 

The Fc domains of antibodies and Fc fusion proteins enable crosstalk with the innate immune 

system by binding to Fc receptors (FcRs). These interactions are critical for triggering effector 

functions such as antibody-dependent cellular phagocytosis, a process that supports the 

clearance of free virions or infected cells by promoting their uptake and degradation by 

phagocytic immune cells. In addition to engaging with FcRs (58), Fc domains can also interact 

with C1q, an essential component of the complement system (108).  

We investigated the functional interplay between the Fc domain of ACE2-728H-Fc and FcRs 

using primary human monocyte-derived macrophages (hMDMs) as an in vitro model. 

Furthermore, we examined the potential role of complement factor C1q in mediating additional 

immune functions.  

3.3.1. SARS-CoV-2 does not replicate in hMDMs 

First, we tested whether SARS-CoV-2 could infect and replicate in hMDMs. Therefore, hMDMs 

were infected at a high MOI (2 TCID50/cell) and intracellular virus loads were assessed over 

time. Additionally, a lung epithelial cell line (Calu-3), which is known to support SARS-CoV-2 

propagation was infected at an MOI = 0.02 TCID50/cell as control for replicative infection. 

Declining levels of intracellular SARS-CoV-2 RNA were observed in hMDMs over time, 

suggesting that these cells are not capable of supporting SARS-CoV-2 replication (Figure 24a). 

In contrast, Calu-3 cells supported the efficient replication of SARS-CoV-2, as evidenced by 

substantial increase in intracellular viral RNA levels (Figure 24a).  

Next, we assessed the presence of intracellular viral proteins and RNA using 

immunofluorescent staining. Therefore, Calu-3 cells and hMDMs were infected at a MOI = 0.1 

TCID50/cell. After 24 hours, the cells were fixed and stained for the SARS-CoV-2 N protein and 

double-stranded RNA with antibodies. Calu-3 cells were positive for both, the N protein and 

double-stranded RNA, confirming viral replication. No double-stranded RNA was detected in 

hMDMs, which correlates with the absence of increasing viral RNA levels over time.  However, 

positive N protein signals were detected in hMDMs, indicating attachment and/or uptake of 

viral particles (Figure 24b).  
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Figure 24 SARS-CoV-2 does not replicate in hMDMs. hMDMs and Calu-3 cells were infected with 

SARS-CoV-2. Cells were harvested 0, 24, 48 and 72 hpi. a) Intracellular virus RNA levels were 

quantified by ΔΔCt analysis. SARS-CoV-2 N gene was normalized to the house keeping gene HPRT1 

and compared to the levels at timepoint t0. hMDMs from three different donors were infected in 

duplicates. Data a presented as arithmetic mean value ± SD. b) SARS-CoV-2 N protein (red) and double 

stranded RNA (green) were detected by immunofluorescence staining. Nuclei were stained with DAPI 

(blue). Arrows highlight positive N-protein signals detected in hMDMs. 

As we found no evidence of SARS-CoV-2 replication in hMDMs, we examined the expression 

of the virus entry receptor ACE2. High levels were detected in both VeroE6 and Calu-3 cells, 

which are susceptible to replicative SARS-CoV-2 infection. However, ACE2 was undetectable 

in hMDMs from three different donors (Figure 25). 
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Figure 25 ACE2 expression in hMDMs, VeroE6 and Calu-3 cells. Immunoblot detecting ACE2 

expression in hMDMs from three donors (hMDM d1, hMDM d2, hMDM d3), VeroE6 and Calu-3 cells. B-

actin is detected as loading control. 

Next, we examined whether hMDMs are stimulated upon exposure to SARS-CoV-2. hMDMs 

were infected at a MOI = 0.1 TCID50/cell. After 24 hours, IFN-γ, IL-6, IL-10 and TNFα 

concentrations were measured in hMDM supernatants. No significant increase in pro-

inflammatory cytokine release was observed following SARS-CoV-2 exposure. In contrast and 

as expected, treatment with 10 µg/ml LPS, induced a significant increase in TNFα levels 

(Figure 26).  

 

Figure 26 SARS-CoV-2 does not trigger cytokine release by hMDMs. hMDMs were infected at a 

MOI = 0.1 TCID50/cell. After 24 hours, cytokine concentrations in hMDM culture supernatants were 

determined by Bioplex assays. Data refer to three different donors (symbol shape). Bars represent mean 

values ± SD. p values were determined by two-way ANOVA followed by Dunnett’s post hoc test. 

ns = p > 0.05; * = p 0.01–0.05; ** = p 0.001–0.01; *** = p 0.0001–0.001; **** = p ≤ 0.0001. 
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3.3.2. ACE2-728H-Fc does not induce Fc-mediated enhancement of 

hMDM infection 

Since ACE2-728H-Fc contains a human IgG1 domain, we investigated whether it could 

enhance the binding or uptake of SARS-CoV-2 via FcRs. To do so, hMDMs were infected in 

the presence of serially diluted ACE2-728H-Fc, ranging from 0.02 µg/ml to 20 µg/ml and 

intracellular viral RNA levels were compared to hMDMs infected in the absence of ACE2-728H-

Fc. No significant changes in viral RNA levels were observed at any of the tested ACE2-728H-

Fc concentrations (Figure 27). These results imply that ACE2-728H-Fc does not promote FcR-

dependent enhancement of SARS-CoV-2 infection or attachment/phagocytosis. 

 

Figure 27 ACE2-Fc does not promote SARS-CoV-2 replication in hMDMs. hMDMs were infected 

with 4 x 104 TCID50/ml (de21) in the presence of different concentrations of ACE2-728H-Fc for 24 hours. 

Intracellular viral RNA levels were quantified by ΔΔCt analysis. SARS-CoV-2 N gene was normalized to 

the house keeping gene HPRT1 and compared to infected, untreated cells.  Data are presented as 

foldchange (2ΔΔCt). hMDMs from three different donors were tested in duplicates. Data are presented as 

arithmetic mean value ± SD. 

3.3.3. Crosstalk between ACE2-728H-Fc and C1q enhances 

attachment/uptake of SARS-CoV-2 to/by hMDMs in vitro 

C1q is a key component of the complement system that can bind to antigen/antibody 

complexes by engaging with Fc domains. We therefore investigated whether adding C1q to 

ACE2-728H-Fc/SARS-CoV-2 complexes increases virus uptake or triggers a response in 

macrophages. 

hMDMs were infected with SARS-CoV-2 in the presence of the following compounds: wild-

type ACE2-728H-Fc (5 µg/ml), mutACE2-Fc (5 µg/ml), convalescent serum (1:50), either alone 
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or in combination with C1q (20 µg/ml). None of the tested compounds altered intracellular viral 

RNA levels in hMDMs. However, the combination of C1q with either ACE2-728H-Fc or 

convalescent serum significantly increased intracellular viral RNA loads by 3-fold. Conversely, 

the combination of C1q with mutACE2-728H-Fc did not increase viral RNA levels. We also 

confirmed the expression of the C1q receptor CD35 on hMDMs from three different donors by 

immunoblotting (Figure 28).  

 

Figure 28 SARS-CoV-2 complexed with ACE-728H-Fc and C1q increases intracellular viral RNA 

levels in hMDMs, suggesting enhanced attachment and/or uptake. a) hMDMs were infected with 

SARS-CoV-2 in the presence of wild-type ACE2-728H-Fc (5 µg/ml), mutACE2-Fc (5 µg/ml), 

convalescent serum (1:50), either alone or in combination with C1q (20 µg/ml). Intracellular virus RNA 

levels were quantified by ΔΔCt analysis. SARS-CoV-2 N gene was normalized to the house keeping 

gene HPRT1 and compared to infected, untreated cells.  Data are presented as fold change (2ΔΔCt) and 

refer to three different donors (symbol shape). Bars represent arithmetic mean values ± SD. Right: 

Immunoblot detecting CD35 expression in hMDMs from three donors (hMDM d1, hMDM d2, hMDM d3), 

VeroE6 and Calu-3 cells. Beta-Actin (b-Actin) was used as loading control. P values were determined 

by one-way ANOVA followed by Dunnett’s post hoc test. ns = P > 0.05; * = P 0.01–0.05; ** = P 0.001–

0.01; *** = P 0.0001–0.001; **** = P ≤ 0.0001. 

However, we found that increased attachment/phagocytosis of SARS-CoV-2/ACE2-728H-

Fc/C1q complexes did not alter the expression of the pro-inflammatory genes CXCL8, TNFα 

and CXCL10 or release of the pro-inflammatory cytokines IL6, TNFα and IL8. This suggests 

that increased attachment/uptake is not accompanied by macrophage activation (Figure 29). 
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Figure 29 Increased attachment/uptake of SARS-CoV-2/ACE2-728H-Fc/C1q complexes does not 

enhance proinflammatory gene expression or trigger cytokine release. hMDMs were infected with 

SARS-CoV-2 in the presence of wild-type ACE2-728H-Fc (5 µg/ml), mutACE2-Fc (5 µg/ml), 

convalescent serum (1:50), either alone or in combination with C1q (20 µg/ml). a) Intracellular RNA was 

isolated 24 hpi and proinflammatory gene expression was quantified by RT-qPCR. Gene expression 

was normalized to the house keeping gene HPRT1 and compared to not infected, untreated cells.  Data 

are presented as fold-change (2ΔΔCt). b) Cytokine concentrations in supernatants of hMDMs were 

measured 24 hpi. Data refer to three different donors (symbol shape). Bars represent arithmetic mean 

values ± SD. p values were determined by two-way ANOVA followed by Dunnett’s post hoc test. 

ns = p > 0.05; * = p 0.01–0.05; ** = p 0.001–0.01; *** = p 0.0001–0.001; **** = p ≤ 0.0001. 

3.3.4. hMDMs respond to paracrine signals released by a infected lung 

epithelial cell line 

Hyperactivated macrophages are supposed to contribute to the cytokine storm observed in 

severe COVID-19 cases (35). However, we found no direct activation of hMDMs by SARS-



70 
 

CoV-2 (Figure 26). We hypothesized that macrophages might be activated by paracrine 

signals released by infected epithelial cells.  

SARS-CoV-2 infection of immune-competent Calu-3 cells triggered the expression of several 

pro-inflammatory genes including IL-6, TNFα, CXCL10 and IFN1b and the level of gene 

induction correlated with the initial infectious dose (Figure 30). 

 

Figure 30 SARS-CoV-2 infection induces the expression of pro-inflammatory genes in Calu-3 

cells. Calu-3 cells were infected at three different MOIs. Intracellular RNA was isolated 24 hpi and gene 

expression was quantified via RT-qPCR. Gene expression levels were normalized to the housekeeping 

gene GAPDH and compared to not infected cells.  Data are presented as foldchange (2ΔΔCt).  Data refer 

to a single experiment performed in quadruplicates. Bars represent arithmetic mean values ± SD.  

To simulate paracrine signalling, we prepared conditioned media using two cell lines: immune-

competent Calu-3 cells and VeroE6 cells, the latter being deficient in IFN production (109,110). 

We hypothesized that supernatants from infected Calu-3 cells would contain not only newly 

released SARS-CoV-2 virions but also high levels of paracrine signals like interferons and 

cytokines. In contrast, supernatants from VeroE6 cells were expected to lack interferons. 

Conditioned media were collected 24 hpi when cell monolayers were still intact, and minimal 

CPE was detected, in order to limit the release of damage-associated molecular patterns. 

Additionally, supernatants from uninfected cells were collected to control for any secretory 

products that might be released independently of SARS-CoV-2 infection. A schematic 

illustration of the preparation of conditioned media is shown in Figure 31. 
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Figure 31 Preparation of conditioned media. Calu-3 cells and VeroE6 cells were mock infected 

(CoMCalu3_mock, CoMVeroE6_mock) or infected at an MOI = 0.005 (CoMCalu3_inf, CoMVeroE6_inf). Cell free 

supernatants were harvested 24 hpi. Conditioned media from infected Calu-3 cells are expected to 

contain not only newly released SARS-CoV-2 virions but also high levels of paracrine signals such as 

interferons. In contrast, VeroE6 cells, which are deficient in interferon production, are expected to 

release newly synthesized SARS-CoV-2 virions, but no interferons. 

Next, hMDMs were treated with the different conditioned media to determine whether paracrine 

signals released by the infected cell lines could stimulate macrophage activation. Incubation 

of hMDMs with conditioned media from infected Calu-3 cells (CoMCalu3_inf), significantly induced 

the expression of IFN-stimulated genes like IFIT1, MX1 and Siglec1. Nevertheless, 

inflammatory genes including TNFα, CXCL8, and CCL5 were not induced. Interestingly, 

treatment with conditioned media from infected VeroE6 cells (CoMVeroE6_inf), induced the 

expression of IFN-stimulated genes in two out of five donors. Importantly, neither conditioned 

media from mock infected VeroE6 cells (CoMVeroE6_mock) nor from mock infected Calu-3 cells 

(CoMCalu3_mock) induced the expression of IFN-stimulated genes in hMDMs (Figure 32).  
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Figure 32 Conditioned media from SARS-CoV-2 infected Calu-3 cells induce expression of IFN-

stimulated genes in hMDMs. hMDMs were treated with conditioned media from infected and mock 

infected Calu-3 and VeroE6 cells. Intracellular RNA was isolated 24 hpi and proinflammatory gene 

expression was quantified by RT-qPCR. Genes were normalized to the housekeeping gene HPRT1 and 

compared to cells treated with unconditioned Optipro SFM medium.  Data are presented as fold-change 

(2ΔΔCt). Data refer to five different donors (symbol shape). Bars represent median values. p values were 

determined by one-way ANOVA followed by Dunnett’s post hoc test. ns = p > 0.05; * = p 0.01–0.05; ** = p 

0.001–0.01; *** = p 0.0001–0.001; **** = p ≤ 0.0001. 
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4. Discussion 

Stability of diagnostic specimens 

Molecular diagnostics, particularly RT-qPCR were the gold standard for detecting SARS-CoV-

2 during the COVID-19 pandemic (100). Maintaining SARS-CoV-2 RNA integrity from 

collection to analysis is critical, to ensure diagnostic accuracy and reliability, and to avoid false-

negative results. Rapid and intensive testing played a pivotal role in revealing the dimensions 

of the COVID-19 pandemic, enabling governments and healthcare systems to respond 

effectively. Furthermore, reliable testing of SARS-CoV-2 infection is a prerequisite for specific 

therapies with drugs (e.g., Paxlovid), therapeutic antibodies or alternative antivirals such as 

ACE2 decoys. 

Pre-analytical factors such as storage temperature, storage time and the choice of collection 

solution can directly impact the quality of the collected specimen. The World Health 

Organization recommends storing specimens intended for SARS-CoV-2 testing at 

temperatures between 2°C and 8°C (14). However, if cold-chain logistics are unavailable or 

overburdened, particularly during the summer months, fluctuations in temperature could affect 

RNA integrity. Inappropriate storage conditions could also facilitate bacterial growth and further 

compromise RNA integrity. Depending on their intended use, commercial swab systems are 

designed to maintain the viability of bacteria, viruses or fungi and usually consist of a buffered 

solution and a sterile swab. Sample collection systems specifically designed for viral samples 

(e.g., UTM, VTM) typically contain antibiotics to suppress bacterial overgrowth and protect viral 

RNA from degradation by bacterial nucleases.  

We tested different swab systems and simulated critical pre-analytical factors including storage 

time and temperature and monitored the detectability of SARS-CoV-2 by RT-qPCR. Our data 

show that the choice of the swab system, in combination with sub-optimal storage conditions 

has significant impact on downstream diagnostic performance. However, since we used a 

sterile spike matrix, it is not possible to draw conclusions regarding the impact of bacterial 

contaminations on the stability of SARS-CoV-2 RNA.  

Although RT-qPCR is considered the gold standard in SARS-CoV-2 diagnostics, it presents 

several challenges. The method requires trained personnel, is both time-intensive and costly, 

and demands specialized equipment. To address these limitations, rapid antigen diagnostic 

tests, such as lateral flow assays, have been developed. These assays are relatively cheap, 

provide results within minutes and are also intended for home use. However, they have a lower 

diagnostic sensitivity (111,112) and improper sampling by untrained individuals may 
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compromise the reliability of the test. However, rapid antigen tests served as a crucial 

complement to RT-qPCR, enabling broader testing coverage and a quicker response in 

pandemic management. 

Advantage of ACE2 decoys versus monoclonal antibody therapies 

Within months after the start of the pandemic, multiple vaccines, small-molecule antiviral 

drugs, and monoclonal antibodies (mAbs) had been authorized for emergency use (74). 

However, the rapid evolution of SARS-CoV-2 posed significant challenges to the efficacy and 

sustainability of these therapies  (113,114). The virus’s mutation rate, driven by selective 

pressure, replication errors, and occasional recombination events has led to changes in 

epitopes targeted by antibodies and rendered many of them ineffective (7,113). Several first-

generation mAbs had to be withdrawn from clinical use because they were ineffective against 

newer VOCs (74). The rapid evolution of the virus has outpaced the development of new mAbs. 

This time lag poses a fundamental challenge, as the process of developing, testing and 

approving mAbs is much slower than the evolution of SARS-CoV-2 variants. These limitations 

highlight the need for more robust antiviral therapies.  

Mutations enhancing the binding affinity to the host cell receptor ACE2 increase viral infectivity 

and transmission and play a crucial role in the emergence of new variants (115). Because an 

increased affinity for host cell ACE2 also implies an increased affinity for ACE2-based decoys 

(76,116), the neutralizing capacity of ACE2-based decoys is largely unaffected by viral escape 

mechanisms.  

We demonstrated the robustness of an ACE2-Fc decoy against recent VOCs and found that it 

exhibited increased neutralization activity against later variants compared to the ancestral 

SARS-CoV-2 (Figure 17). The enhanced neutralization activity of several ACE2-based decoys 

against VOCs has also been reported by others (117–119). However, sera from convalescent 

COVID-19 patients showed reduced neutralizing activity against Omicron variants, in line with 

previous studies (120,121). 

Enzymatic activity of ACE2 decoys 

ACE2 is not only the SARS-CoV-2 entry receptor but also a key regulator of the renin-

angiotensin system (RAS), which regulates blood pressure, fluid balance and cardiovascular 

function. ACE2 targets angiotensin II (Ang II) and converts it into the heptapeptide Ang 1-7, 

which in turn has vasodilatory, anti-inflammatory and antifibrotic properties. In the context of 

COVID-19, elevated levels of Ang II have been observed in plasma samples from patients and 

have been found to correlated with disease severity (122).  
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It has been demonstrated that ACE2 expression is reduced as a result of its interaction with 

the SARS-CoV-2 spike protein. This leads to an imbalance between Ang II and Ang 1-7 

resulting in an accumulation of Ang II (123,124). Ang II promotes the recruitment of 

macrophages and their polarisation towards a pro-inflammatory M1 phenotype, thereby 

supporting the development of ARDS and associated organ damage (125).  

A meta-analysis of sixteen randomized controlled trials evaluated the effects of RAS blockers 

in COVID-19 patients and found no evidence of a beneficial effects (126). There are also 

concerns about the safety of RAS inhibitors due to their potential to increase ACE2 expression, 

which could theoretically enhance infection (126). While studies have not conclusively 

demonstrated that RAS inhibitors worsen the outcomes of patients with SARS-CoV-2 infection, 

this remains a cause for concern.  

Soluble ACE2 decoys, on the other hand, can be expressed in enzymatically active forms and 

do not affect ACE2 expression on host cells. Therefore, in addition to their virus neutralization 

activity, they could be a safe option to counteract SARS-CoV-2-induced downregulation of 

cellular ACE2 and restore the conversion of Ang II to Ang 1-7.  

ACE2 in clinical trials 

Human recombinant soluble ACE2 (hrsACE2) has already been tested in clinical trials. A 

Phase 1 clinical trial (NCT00886353) proved the tolerance and safety of intravenously 

administered hrsACE2 in healthy volunteers (79). In a randomized, double-blinded Phase 2 

clinical trial (NCT04335136), 88 COVID-19 patients were treated intravenously with hrsACE2 

twice daily. Although fewer deaths were observed in the intervention group compared to the 

placebo group, the difference was not significant. The half-life for intravenously administered 

hrsACE2 is ten hours (79), suggesting that systemic delivery might be suboptimal. A phase 1 

dose-escalation study (NCT05065645) demonstrated that administration by inhalation, 

achieved high local ACE2 concentrations in the lung and could increase the plasma half-life to 

up to 52 hours (127). Further, a pharmacokinetic study in mice showed that fusion of an IgG 

Fc-domain to ACE2 greatly extended the half-life from 8.5 hours to 29.2 hours when 

administered intraperitoneally (128).  

These data indicate that delivering hrsACE2 as an Fc-fusion protein via inhalation could 

significantly enhance the therapeutic efficacy of ACE2-based decoys, thereby increasing their 

clinical applicability. Furthermore, targeted optimization of post-translational modifications of 

the ACE2-decoy, could further enhance its performance. Both, ACE2 and the SARS-CoV-2 

spike protein, are extensively glycosylated, which shields large parts of the surface area 
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(129,130). Hence, engineering the glycan patterns on ACE2, can improve its binding affinity to 

the RBD of the virus, further increasing its therapeutic potential. 

Modification of ACE2 glycosylation by site-directed mutagenesis 

Human ACE2 has seven N-glycosylation sites (N53, N90, N103, N322, N432, N546, and 

N690) (101), which mainly contain complex-type glycans with terminal sialic acid residues (22). 

Molecular dynamics simulations suggest that glycosylation and sialylation have a critical 

impact on the binding affinity between ACE2 and the RBD of the spike protein of SARS-CoV-

2 (77).  

We therefore examined the neutralization activity of ACE2-Fc constructs with modified 

glycosylation patterns that were predicted to enhance affinity for the viral RBD. We found that 

removal of the N-glycosylation site at position N90 increased the neutralizing activity of ACE2-

Fc to a similar extent as complete enzymatic deglycosylation. This suggests that removal of 

the N90 glycan is primarily responsible for the enhanced neutralizing activity, which is 

consistent with previous studies (129) (131). While ACE2 variants with mutated N-

glycosylation sites had increased neutralization capacities, enzymatic removal may be 

preferable, as glycosylation is essential for proper protein folding during biosynthesis. 

Furthermore, introducing non-natural mutations potentially increases the immunogenicity of 

ACE2-Fc.  

Modification of ACE2 glycosylation by changing the expression system 

In order to address the challenges of pandemic preparedness, the establishment of flexible 

and scalable production systems capable of meeting the global demand for recombinant 

proteins such as ACE2-Fc is essential. Recombinant proteins are vital not only for therapeutic 

treatment but also for diagnostic assays and test kits to screen for novel antiviral substances.  

Plant molecular pharming has been established as efficient platform for producing 

pharmaceutical proteins. Using plants as expression system has several advantages 

compared to mammalian cell lines that are nowadays commonly used in the biopharmaceutical 

industry. Firstly, plant molecular pharming enables the rapid, large-scale production of 

recombinant proteins (132). Secondly, the production costs of plant biopharming processes 

are typically around 0.1 % of those associated with mammalian cell-based technologies (133). 

Furthermore, human pathogens are unable to replicate in plants, significantly mitigating safety 

risks associated with contaminations (134). 
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Expression systems that are commonly used for the production of recombinant protein 

therapeutics include mammalian cell lines, such as Chinese hamster ovary (CHO) cells and 

human embryonic kidney (HEK293) cells. Although those systems are well established and 

frequently used by industry, the biosynthesis of tailored post-translational modifications 

including glycosylation remains challenging in these systems. This is because mammalian 

cells produce heterogeneous N-glycans, which complicates product characterization 

(135,136). By contrast, plants produce more homogeneous N-glycans. However, these N-

glycans typically contain β1,2-xylose and core α1,3-fucose residues, which are absent on 

mammalian N-glycans. Eliminating the endogenous beta 1,2-xylosyltransferase and alpha 1,3-

fucosyltransferase activities in plants prevents the formation of potentially immunogenic plant-

specific post-translational modifications. This enables the production of therapeutic proteins 

with “humanized” post-translational modifications in plants (89).  

Castilho et al. demonstrated that ACE2-Fc can be expressed efficiently in such 

glycoengineered N. benthamiana plants, and that it is mainly decorated with human-type N-

glycans (93). Given that glycosylation patterns influence the binding affinity of ACE2 to the 

viral RBD, we compared the neutralization activity of sequence-identical ACE2-Fc decoys 

expressed in both HEK293 cells and in glycoengineered N. benthamiana. We found that there 

was no significant difference in the neutralization activity of the two constructs (Figure 8), which 

is consistent with the observation of Castilho et al. (93).  

Modification of ACE2 – optimization of the sequence for the expression in plants 

A previous study reported, that the hinge region of mAbs is susceptible to proteolytic attack by 

endogenous proteases when produced in N. benthamiana (137). To reduce proteolytic 

degradation, we tested a synthetic linker, which is considered to be more resistant to proteolytic 

cleavage, to connect the Fc and ACE2 domains. Although, substituting the hinge region with 

a synthetic linker reduced proteolytic cleavage, a significant proportion of the protein was still 

degraded. As the hinge region occurs naturally in humans, it is less likely to provoke 

immunogenic reactions. For this reason, it was selected as linker sequence connecting the 

ACE2 and Fc domain. 

ACE2-615-Fc consists of a truncated ACE2 ectodomain (amino acids 18-615), that lacks the 

collectrin-like domain. We hypothesized that expressing the full-length ACE2 ectodomain 

(amino acids 18 – 740) would enhance resistance to proteolytic cleavage. Our findings 

revealed that the full-length ACE2-740-Fc decoy exhibited greater resistance to proteolytic 

fragmentation in N.benthamiana and furthermore had enhanced neutralization activity (Figure 

9). These findings align with the results by Torchia et al., who showed that the collectrin-like 
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domain enhances the affinity for the viral S protein and is essential for the in vivo activity of 

ACE2-Fc (138).  

We investigated the differences in post-translational modifications of ACE2-740H-Fc when 

expressed in glycoengineered plants versus human HEK293 cells. We found that the hinge 

region and parts of the ACE2 domain undergo undesirable non-human post-translational 

modifications (Figure 10). To address this issue, we developed a modified ACE2-Fc decoy 

(ACE2-728H-Fc), that lacks several proline residues that are hydroxylated when the protein is 

expressed in N. benthamiana, but not in HEK293 cells. These hydroxyproline residues are 

subject to plant-specific O-glycosylation, which introduces heterogeneity and could contribute 

to immunogenicity (139).  Furthermore, we removed an unpaired cysteine residue in the hinge 

region to reduce the tendency towards higher oligomer formation. Overall, we have designed 

an ACE2 decoy with superior biochemical and biophysical properties compared to the 

canonical variant, ACE2-740H-Fc (95). 

Antiviral activity of ACE2-Fc in vivo  

The next step was to examine the in vivo efficacy of the optimized ACE2-728H-Fc variant in a 

golden Syrian hamster model. Syrian hamsters are considered an appropriate small animal 

model for studying SARS-CoV-2 infection due to their natural susceptibility to SARS-CoV-2 

(62). Syrian hamsters develop a lung pathology that closely resembles human COVID-19 

pneumonia, accompanied by moderate weight loss, which is a key indicator of disease severity 

(69,70). However, more recent variants, such as Omicron, typically do not cause significant 

weight loss in hamsters (71). For this reason, we utilized an ancestral variant of the virus to 

facilitate phenotypic monitoring. Notably, ACE2-Fc was shown to neutralize a wide range of 

VOCs, including Omicron variants, in vitro (Figure 17). This indicates that the in vivo results 

are relevant to both current and emerging VOCs. 

Several other groups have explored the concept of soluble ACE2 decoys in hamsters, using 

different decoy designs and experimental protocols (117,138,140–145). Most studies 

administered ACE2 decoys between two and twelve hpi, thus focusing on the early stage of 

infection (138,140,141,143). In our study the first dose of ACE2-728H-Fc was administered 24 

hpi, when disease progression and viral replication were already advanced.  

Daily intranasal administration of 250 µg ACE2-Fc significantly reduced SARS-CoV-2 

replication, weight loss, and lung infection, although it did not prevent lung damage and edema. 

Similarly, Liu and colleagues (142) reported a 3-log10 reduction in lung viral titers and a 4 % 

decrease in body weight loss in hamsters treated with a daily lung-delivered dose of 4 mg/kg 
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of HH-120 (a mixture of pentameric and hexameric ACE2-Fc). These findings are consistent 

with our results, which showed a 2-log10 reduction in lung virus loads and an 8 % decrease in 

body weight loss with a daily intranasal application of 2.5 mg/kg of ACE2-Fc (Figure 21). 

ACE2-Fc comprises a human IgG1 Fc-domain, that can be recognized by FcRs on immune 

cells, triggering FcR functions that contribute to virus clearance (58). Interestingly, Clark et al. 

found evidence that non-binding antibodies can protect mice through Fc-mediated interaction 

with immune cells and the complement system (146). Torchia et. al observed that ACE2-Fc 

decoys capable of inducing FcR functions provided greater therapeutic benefits in mice than 

those with impaired FcR binding capability (138). Furthermore, Chen and colleagues enhanced 

the in vivo efficacy of an ACE2-Fc decoy by introducing a mutation to the Fc-domain that 

increased its affinity for FcRs (147). Taken together, these data suggest that, in addition to 

extending the half-life, the Fc domain exerts positive effects by inducing FcR functions. 

However, concerns about the potential side effects of therapeutically administered Fc-fusion 

proteins remain a topic of ongoing debate (148,149).  

To address this issue, we generated a mutated ACE2-Fc decoy (mutACE2-728H-Fc), which is 

designed to prevent binding to SARS-CoV-2. This allowed us to control for non-specific binding 

and Fc domain-induced effects in vivo. Specifically, eight mutations were introduced into the 

RBD-binding region of human ACE2 based on the sequence of murine ACE2, given that mice 

are known to be resistant to infection by ancestral SARS-CoV-2 (62). We used mutACE2-

728H-Fc as an in vivo isotype control to demonstrate the specific mode of action of ACE2-

728H-Fc in hamsters. However, the applicability of mutACE2-Fc may be limited to studies 

using the Wuhan variant and early VOCs, such as Delta, since recent studies have shown that 

Omicron variants have acquired the ability to infect mice (64,150). This is consistent with the 

observation that mutACE2-728H-Fc can neutralize the Omicron strains om21 and om23 used 

in our study (Figure 18). Importantly, mutACE2-728H-Fc maintained its enzymatic activity (95). 

However, no significant differences were observed between the sham-treated and mutACE2-

728H-Fc-treated animals, indicating that the effects observed in the group treated with wild-

type ACE2-728H-Fc are exclusively attributed to the virus-neutralization activity of the protein. 

Although FcRs share a high degree of sequence homology (151), it is important to consider 

that ACE2-728H-Fc comprises a human IgG1 domain. Species mismatching with hamster 

FcRs could compromise Fc-domain mediated functions.  

Class switching of the Fc-domain to IgA 

The choice of the Fc domain in antiviral decoys is a critical factor influencing their functionality, 

pharmacokinetics and interaction with immune components. The Fc domain of IgG, the most 



80 
 

abundant antibody class in serum, is commonly used in recombinant proteins due to its robust 

Fc-mediated effector functions and long systemic half-life. However, the predominant antibody 

class found in secretory glands and mucosal tissues is IgA, which primarily neutralizes 

pathogens through immune exclusion by binding to and entrapping them. Another unique 

feature of IgA is its ability to neutralize viruses when it transits through infected epithelial cells. 

Additionally, IgA can modulate inflammatory responses by interacting with CD89 (152). 

When considering nasal delivery and mucosal immunity, substituting the IgG Fc domain with 

that of IgA could present compelling advantages. For example, it has been demonstrated that 

monoclonal IgA antibodies with a secretory component are more stable in saliva than their IgG 

counterparts (153).  

Class switching from IgG-Fc to IgA-Fc represents a promising avenue for future drug 

development, as IgA is reported to have prolonged retention in the nasal cavity and lungs, 

potentially improving drug pharmacokinetics and local efficacy. Ejemel et al. reported that 

isotype switching of a monoclonal antibody from IgG to IgA results in enhanced neutralization 

activity against SARS-CoV-2 (154). However, this effect was not observed with ACE2-728H-

Fc, for which class switching from IgG to IgA had no impact on the in vitro neutralization activity 

(Figure 23).  

Interaction of SARS-CoV-2 with hMDMs 

Although SARS-CoV-2-positive macrophages were detected in lung autopsies and bronchial 

lavage fluid from COVID-19 patients (155,156) we found no evidence of virus replication in 

hMDMs in vitro (Figure 24), consistent with other studies (157–159).  

Although we found no evidence for viral replication, we detected virus-positive foci in hMDMs, 

indicating either viral attachment to the cell surface or phagocytosis (Figure 24). Notably, we 

found no evidence for macrophage activation in response to SARS-CoV-2 exposure (Figure 

26). This observation aligns with the hypothesis proposed by Labzin et al., which posits that 

active replication of SARS-CoV-2 is a prerequisite for effective viral sensing and subsequent 

cytokine release (157).  

The resistance of hMDMs to replicative SARS-CoV-2 infection in vitro suggests that 

macrophages may indirectly take up virions in vivo, either through phagocytosis of infected 

cells or via mechanisms mediated by antibodies or components of the complement system.  

ACE2-Fc – Crosstalk with hMDMs 
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The Fc-domain in ACE2-728H-Fc enables interaction with various components of the immune 

system. Firstly, the Fc domain binds to FcRs expressed on hMDMs, which could facilitate the 

uptake of virus particles complexed with ACE2-728H-Fc (148). Secondly, the Fc domain can 

bind to the complement factor C1q, which interacts with C1q receptors expressed on a wide 

range of cells and potentially modulates cellular responses (160). Additionally, C1q can bind 

directly to the RBD of SARS-CoV-2 (161). Figure 33 shows possible interactions of ACE2-Fc 

and C1q with receptors expressed on hMDMs. 

 

Figure 33 Potential crosstalk of ACE2-Fc and the immune system.  

Despite potential beneficial effects conferred by the Fc domain, FcR-mediated uptake of 

ACE2-Fc or antibody-coated virus into immune cells may carry the risk of enhancing infection. 

This phenomenon is known as antibody-dependent enhancement (ADE) and was described 

for several viruses including dengue (162), but also for Betacoronaviruses like MERS (163) 

and SARS-CoV-1 (164,165). However, the role of ADE in COVID-19 remains a subject of 

controversy, with conflicting findings. While a study by García-Nicolás et al. found no evidence 

for ADE (166), others reported increased infection mediated by convalescent serum or 

monoclonal antibodies (54,56,167).  

Since macrophages naturally express FcR on their surface, we investigated whether SARS-

CoV-2/ACE2-728H-Fc complexes enable replicative infection of hMDMs via FcR–Fc domain 

interactions. RT-qPCR revealed no evidence for increased virus uptake or replication.  

Okuya et al. observed C1q-dependent ADE in addition to FcR-dependent ADE by 

convalescent antibodies (56). As C1q can interact with the Fc domain of ACE2-728H-Fc, we 

investigated whether this interaction impacts viral uptake or supports ADE. Adding C1q to the 

SARS-CoV-2/ACE2-728H-Fc complex, resulted in a significant increase in intracellular viral 

RNA levels in hMDMs was observed (Figure 28). This may be clinically relevant, since 
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receptors for C1q are expressed on various cell types and increased levels of C1q have been 

detected in COVID-19 lungs (50,168). Nevertheless, we found no evidence that the increased 

binding of the SARS-CoV-2/ACE2-728H-Fc/C1q complex triggers cytokine release in hMDMs. 

Further investigations are needed to determine whether the reported 3-fold increase in viral 

RNA loads is due to enhanced attachment and phagocytosis, or occasional replicative infection 

of hMDMs. 

Macrophages are considered a key source of proinflammatory cytokines and their 

hyperactivation has been associated with the development of ARDS (40). Given that hMDMs 

were neither directly activated by SARS-CoV-2 nor indirectly activated via FcR or C1qR, we 

hypothesized that hMDMs might respond to paracrine signals released from epithelial cells. 

Indeed, incubation of hMDMs with conditioned media (CoM) from infected Calu-3 cells induced 

the expression of IFN-stimulated genes, which is in line with previously published data (158). 

However, the expression of pro-inflammatory genes such as TNFα, CXCL8 and CCL5 was not 

induced. Interestingly, García-Nicolás and colleagues demonstrated that phagocytosis of 

SARS-CoV-2 infected cells triggered the secretion of IL-6 and TNFα in hMDMs, a response 

that was further enhanced in the presence of plasmacytoid dendritic cells (169).  

Zheng et. al reported a direct induction of proinflammatory genes by SARS-CoV-2, which 

contradicts our observations (170). However, the virus stock used in that study was prepared 

in Calu-3 2B4 cells, which is an immune-competent cell line. Therefore, the observed effects 

may have been induced by signals released from the cells used for virus propagation. This 

observation is important for virus stock preparations, as contamination with IFNs makes it 

difficult to distinguish between virus-induced effects and paracrine effects triggered by signals 

released from the cell line used for virus propagation.  

Nevertheless, we observed an induction of IFN-stimulated genes in two out of five donors when 

hMDMs were treated with CoM from infected VeroE6 cells that was supposed to be free of type 

I IFNs.  A recent study demonstrated that re-stimulation of hMDMs isolated from convalescent 

patients who had previously experienced mild COVID-19 led to an exaggerated expression of 

multiple IFN-stimulated genes (171). Similar findings were reported in airway-resident 

macrophages from mice previously infected with SARS-CoV-2, where poly(I:C) and LPS 

triggered a hyper-induction of IFN-stimulated genes (172). We hypothesize that a preceding 

SARS-CoV-2 infection of donors might explain the induction of IFN-stimulated genes in 

hMDMs upon treatment with CoM from infected VeroE6 cells.  
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Limitations of the study 

This study has several limitations that should be addressed in future research.  

• Unfractionated ACE2-728H-Fc containing different multimeric forms of the protein was 

used in both in vivo and in vitro experiments. This may have introduced variability to 

the results. The experiments might be repeated with purified dimeric ACE2-728H-Fc to 

confirm the findings.  

• No pharmacokinetic data were collected during the in vivo experiment. The half-life of 

ACE2-728H-Fc in lung tissue following intranasal application should be determined, 

along with the Ang II/Ang 1-7 ratios. 

• For future experiments, an ACE2-728H-Fc construct with abrogated FcR binding 

capacity would be advantageous to further investigate the effects mediated by the Fc 

domain.  

• The antibody-dependent enhancement assay in the hMDM model lacked a positive 

control, which limits the ability to fully validate the assay and interpret the absence of 

ADE in our experiments.  

• The conditioned media produced to study paracrine signalling were not further 

characterized. 

• hMDM donors were characterized only by their date of collection, with no detailed 

patient history available. The absence of donor-specific information, particularly 

regarding recent SARS-CoV-2 infections, limits the interpretation of the results.  

Outlook 

• Future research could focus on further optimization of ACE2-728H-Fc to enhance its 

therapeutic potential and pharmacokinetics. Class switching from IgG-Fc to IgA-Fc 

presents a promising avenue, as IgA is reported to have prolonged retention in the 

nasal cavity and lungs, potentially improving drug pharmacokinetics and local efficacy. 

Therefore, it should be explored whether replacing the IgG-Fc domain with the IgA-Fc 

domain could enhance retention times in the respiratory tract. Pharmacokinetic studies 

should also include monitoring of Ang II and Ang 1-7 levels to analyse the impact of the 

enzymatic activity of the ACE2 domain on the renin-angiotensin system.  

• Co-housing experiments could provide valuable insights into the efficacy of preventive 

application of ACE2-728H-Fc by assessing its ability to limit viral transmission.  

• Additional studies on interactions with the complement system are necessary, with a 

particular focus on the potential formation of the membrane attack complex in the 



84 
 

presence of complement convertases. Further investigations are needed to determine 

whether the observed increase of viral RNA levels in hMDMs results from enhanced 

attachment and phagocytosis or occasional replicative infection. 

These studies will be essential to fully understand the mechanisms underlying ACE2-728H-

Fc activity and to refine its design for both therapeutic and prophylactic applications. 
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