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1. INTRODUCTION 

1.1 COVID-19, a new zoonotic disease 

Zoonotic events occurred regularly in human history and are the origin of some of the most 

devastating human diseases. Approximately 61% of all known human pathogens and 

transmissible disease causatives are zoonotic and can be transmitted between humans and 

animals (Taylor et al., 2001), including bacteria, fungi, parasites and prions. Moreover, 

highly pathogenic viruses like Ebola, avian and swine Influenza, rabies, Zika, West Nile and 

the Japanese encephalitis virus can be found in animal reservoirs and regularly cross the 

species border to humans. HIV-1 crossed the species barrier at least four, and HIV-2 at least 

nine times, with HIV-1 M being the causative agent of today’s AIDS pandemic (Faria et al., 

2014; Sharp & Hahn, 2011). Zoonosis is fostered by the interaction between Humans and 

reservoir-carrying animals. There have been several attempts to contain zoonotic pathogens 

in their animal reservoir by vaccination (Alharbi et al., 2019; Maki et al., 2017). However, 

what makes the regular occurrence of new zoonoses unavoidable is that reservoirs of 

zoonosis-associated pathogens are almost impossible to eradicate in the wild (Carlson et al., 

2022; Chakraborty et al., 2013). 

Coronaviruses (CoV) are enveloped, positive-stranded RNA viruses that have been 

identified in all four classes of land vertebrates (Chu et al., 2011). It has been suggested that 

all seven described human CoV originated from zoonotic transmissions (Ye et al., 2020). 

Two α-CoV (229E and NL63) and two β-CoV (OC43 and HKU1) are responsible for up to 

30% of mild respiratory tract infections associated with the symptoms of the common cold 

(Corman et al., 2018a). Genomic analyses indicate that OC43 and 229E have been endemic 

in the human population for several decades, if not hundreds of years (Fig. 1) (Forni et al., 

2021). While possible intermediary hosts are still under debate, bats are the original animal 

reservoir of 229E and NL63, while OC43 and HKU-1 likely emerged from rodent endemic 

CoV strains (Corman et al., 2018b).  

The first recognized emergence of a β-CoV causing Severe Acute Respiratory Syndrome 

(SARS) happened among food and animal handlers in November 2002 in the Guangdong 

(GD) province in China (Skowronski et al., 2005; Xu et al., 2004a). In contrast to the human 

endemic viruses causing common colds, SARS-CoV-1 is associated with severe 

neurotrophic, hepatotropic, nephrotropic symptoms. SARS-CoV was described to replicate 

in both respiratory and enteric tracts as well as in the nervous system causing severe disease 
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(Ding et al., 2004; Lau et al., 2004; Leung et al., 2003; Xu et al., 2004b). Infection of over 

8.000 people from 29 different countries throughout the pandemic lead to over 800 deaths 

(World Health Organization, 2003). Already during the pandemic, the zoonotic origin of 

SARS-CoV was traced back to bats and civets as the intermediate host (L. F. Wang & Eaton, 

2007; Xu et al., 2004a).  

The Middle East Respiratory Syndrome-related Coronavirus (MERS-CoV) was first isolated 

from a resident of Jeddah, located on the Arabian peninsula, in 2012 (Saey, 2013; Zaki et 

al., 2012). Regular transmissions from animal hosts to humans with sporadic human-to-

human transmissions were observed from 2013 to today (Ramadan & Shaib, 2019). Infection 

of humans was soon associated with domestic dromedary camels in whom MERS-related 

CoV are endemic (Alagaili et al., 2014; Haagmans et al., 2014). Similar to SARS-CoV-1, 

MERS is associated with severe inflammation of the respiratory and enteric tract. With 33% 

lethality, MERS causes the highest mortality rates of all human coronaviruses (A. R. Zhang 

et al., 2021).  

In December 2019 a new SARS-associated CoV, termed SARS-COV-2, was identified in 

humans. Early genetic analysis allowed to separate the causative agent of the new COVID-

19 disease from former emerging CoVs, as it shares only 79 % sequence identity with SARS-

CoV-1 (Wu et al., 2020; P. Zhou et al., 2020a). Compared to SARS-CoV-1 and MERS-CoV, 

SARS-CoV-2 is typically causing milder disease and is associated with lower mortality 

(O’Driscoll et al., 2021). The ability to spread from human to human before the onset of 

symptoms contributed to the rapid global spread of this virus (Jones et al., 2021). Since its 

initial zoonotic transmission, SARS-CoV-2 has infected more than 535 million people by 

June 2022 and caused over 6.3 million deaths worldwide (https://covid19.who.int/), being 

responsible for an ongoing global health and socioeconomic crisis. 

 

 

Figure 1: Discovery and emergence of human pathogenic CoV. Shown is a timeline of 

the discovery and emergence of the seven Coronaviruses in the human population. While 

HCoV-229E, -OC43, NL63 and -HKU1 were endemic in humans before their discovery, the 

highly pathogenic SARS-CoV-1, MERS-CoV and SARS-CoV-2 crossed the species barrier 

within the last 20 years. 
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1.2 SARS-CoV-2 emerged from bats in Southeast Asia 

Early after its emergence, SARS-CoV-2-related CoVs were identified in bats (P. Zhou et al., 

2020a). Especially bats in Southeast Asia carry viruses, which share high similarities to 

SARS-CoV-2 and can potentially infect humans (Figure 2) (Wacharapluesadee et al., 2021; 

N. Wang et al., 2019). Early in 2012, miners working in caves in the Yunan province of 

China developed severe pneumonia but were tested negative for most suspected viruses, 

including SARS-CoV-1. During the following years, fecal samples from bats living in the 

cave system were collected, leading to the identification of several hundred Sarbeco alpha- 

and beta-CoV sequences. RaTG13 is one of those bat-associated CoVs that already have 

been sampled in 2013 from Rhinolophus (R.) affinis droppings (Ge et al., 2016; P. Zhou et 

al., 2020b). With 96.1% sequence identity to the original Wuhan SARS-CoV-2 sequence, 

RaTG13 represents one of the closest relatives to the pandemic human pathogen identified 

in bats (Temmam et al., 2021; P. Zhou et al., 2020a). Coronaviruses are notorious for 

recombination, and while RaTG13, throughout its sequence, is closely related to SARS-

CoV-2, parts of the SARS-CoV-2 Spike (S) protein are closer related to sequences of 

Pangolin CoVs than to RaTG13 S. This led to the hypothesis that pangolins might have 

served as intermediary hosts during the zoonotic transmission (Lam et al., 2020a; P. Liu et 

al., 2020). Since the emergence of SARS-CoV-2, several studies have identified 

Sarbecoviruses in bats, all over Southeast Asia (Wacharapluesadee et al., 2021) (Fig. 2), 

including BANAL-52 in Laos, with 96.6% the closest animal relative of SARS-COV-2 

identified to date (Temmam et al., 2022).  

  

Figure 2: SARS-CoV-2 

related Sarbecoviruses 

were identified in bats and 

pangolins in Southeast 

asia. Sarbecoviruses sharing 

>80% sequence identity to 

the original SARS-CoV-2 

Hu-1 sequence have been 

identified in China (orange), 

Laso (turquoise), Thailand 

(yellew), Cambodia (green) 

and Japan (not shown). 
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1.2.1 The versatile CoV Spike proteins 

1.2.2 Structure of the CoV Spike and initial human adaptions 

Like for all Coronaviruses, the SARS-CoV-2 S protein is a class-I fusion protein synthesized 

as a 180 kDa precursor and processed into a receptor recognizing S1 and fusion mediating 

S2 domain. (Fig. 3). The S1 domain contains the structural N-terminal domain (NTD), 

providing a scaffold and directs the receptor-binding domain (RBD) toward the primary 

ACE2 receptor. The RBD with its core, the Receptor Binding Motiv (RBM), interacts with 

the cellular receptor and therefore determines cell tropism of the coronavirus (Zhu et al., 

2021). S2 contains the N-terminal fusion peptide (FP), anchoring the viral particle to the host 

cell membrane. Two heptad repeats (HR1/HR2) provide the driving force of fusion and a C-

terminal transmembrane domain (TM). (Huang et al., 2020; Zhu et al., 2021). During particle 

formation, 26 ±15 S trimers are randomly distributed on the virion (Ke et al., 2020; Yao et 

al., 2020). Activation of the SARS-CoV-2 S is Furin and transmembrane Serinprotease 2 

(TMPRSS2) or Cathepsin H/L dependent (Hoffmann & Pöhlmann, 2021b). Furin primes S 

for further processing by cleaving at the S1/S2 site. During the entry process, TMPRSS2 

processes the S2’ cleavage site directly upstream of the FP, leading to FP liberation and 

allowing anchoring of the FP into the cellular membrane (Bestle et al., 2020). The alternative 

endosomal pathway allows cleavage of the S2’ by Cathepsin L after endosomal uptake of 

the virus (Ke et al., 2020). 

 

Figure 3: Schematic representation of SARS-CoV-2 and S processing. The SARS-CoV-2 particle as EM 

negative stain (kindly provided by Clarissa Read, Ulm University) and schematic (left). SARS-CoV-2 Hu 1 

based on PDB: 7KNB (middle), domains are indicated in different colors. Receptor binding domain (RBD), 

orange. Receptor binding motif (RBM), red. Transmembrane domain (TM), light blue. Schematic 

representation of SARS-CoV-2 and its subunits (right) S1/S2 and S2′ cleavage sites are indicated.  
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Since the beginning of the SARS-CoV-2 pandemic, researchers have investigated the S 

protein for traces of human adaptation, allowing SARS-CoV-2 to become the pandemic virus 

it is today. Mutations that manifest themselves often become defining mutations of new 

SARS-CoV-2 variants and either provide benefits for replication or, observed more recently 

in case of the omicron variant of concern (VOC), facilitate immune evasion (Jung et al., 

2022; Pastorio et al., 2022). One of the earliest described human adaptions being a novel 

680SPRRAR↓SV687 furin cleavage site, which enhanced S proteolytic activation and 

subsequent spread in humans (Peacock et al., 2021). Other human adaptions, like the 

mutation D614G, led to enhanced ACE2 binding (Plante et al., 2021; Yurkovetskiy et al., 

2020; L. Zhang, Jackson, Mou, Ojha, Rangarajan, et al., 2020). P681H/R, a shared defining 

mutation of the Alpha, Delta and Omicron strains, benefits S proteolytic activation and 

increases infectivity (Saito et al. 2021). However, a key prerequisite for successful spread of 

SARS-CoV-2 in the human population was its ability to utilize the human ACE2 receptor 

for cell entry (Hoffmann, Kleine-Weber, Schroeder, et al., 2020a, 2020b; W. Li et al., 2003; 

Walls et al., 2020a). Initially, ACE2 binding was considered a key barrier to human spillover 

(W. Li et al., 2005; Song et al., 2005), promoting the idea of the necessity of an intermediate 

host. However, almost a decade after the SARS-CoV-1 pandemic, primary isolates from bats 

were identified that can utilize both, bat and human ACE2 for entry (Ge et al., 2013). A 

finding that questioned the need of intermediary hosts during CoV related zoonotic events. 

If a intermediary host was involved during the spillover of SARS-CoV-2 remains under 

debate.  

While sharing over 96% sequence with SARS-CoV-2 S, the RaTG13 S protein poorly binds 

human ACE2 (K. Liu, Pan, et al., 2021a; Wrobel et al., 2020). After the combined exchange 

of six amino acid alterations between RaTG13 and SARS-CoV-2 in the RBM, RaTG13 S 

mediated infection increased by two fold (K. Liu, Ang, et al., 2021). The cellular receptor of 

RaTG13 in bats is currently unknown. 

 

1.2.3 The Spike protein, a target for drugs and a template for vaccines 

Shortly after the first SARS-CoV-2 sequence Wuhan-Hu-1 (MN908947.3) was made public, 

VSV particle-based pseudovirus assays allowed to determine ACE2 as the SARS-CoV-2 

cellular receptor (Hoffmann, Kleine-Weber, Schroeder, et al., 2020b). Since then, 

pseudovirus-based assays have become an important tool to determine neutralizing titers of 
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sera from vaccinated individuals, to develop neutralizing antibody therapies, and to evaluate 

immune escape of novel emerging SARS-CoV-2 VOCs (Hoffmann et al., 2021). 

The S protein of SARS-CoV-2 is a suitable target for drugs. In fact, the first FDA-approved 

medications against SARS-CoV-2 were based on antibodies targeting the S protein. First 

treatments based on convalescent sera have later been shown to lack beneficial effect on the 

progression of SARS-CoV-2 infection, as hospitalized patients already have high titers of 

neutralizing antibodies (Gharbharan et al., 2021; V’kovski et al., 2021). Shortly thereafter, 

combinations of monoclonal antibodies targeting the RBD domain of the S protein, like 

Imdevimab, Bamlanivimab or Casirivimab (Baum et al., 2020), were developed and proved 

effective when administered early during infection. However, not only antibody-based 

molecules can be used to target the SARS-CoV-2 S protein. EK1 was developed as a broadly 

active pan-coronavirus inhibiting peptide (Xia et al., 2019). It binds the HR1 region of S, 

interfering with its ability to mediate host membrane fusion. HR1 is highly conserved in 

structure and function throughout the Coronavirus family and EK1 derivatives were active 

against all four common cold CoV, as well as SARS-CoV-1, MERS-CoV and SARS-CoV-

2 (Walls et al., 2020b; Xia et al., 2019) 

It soon became clear that large-scale immunization of the population was needed to slow 

down and weaken the detrimental effects of the SARS-CoV-2 pandemic. First vaccines 

against SARS-CoV-2 were approved by the FDA and the European Commission as early as 

10 months after SARS-CoV-2 was announced a pandemic virus, making it the fastest 

vaccine development in human history (Krammer, 2020). Thereby, the worldwide most 

distributed vaccines are utilizing a wide range of mechanisms to induce the SARS-CoV-2 

neutralizing immune response, ranging from inactivated virus: CoronaVac (Sinovac) & 

Covaxin (Bharat Biotech), (Palacios et al. 2020; Desai et al. 2022), a variety of adeno-

associated viruses as vectors: Vaxzevria/Covishield (Astra Zeneca) & Sputnik V (Gamaleya 

Institute) (Falsey et al., 2021; Logunov et al., 2021), purified S protein incorporated in 

nanoparticles (Heath et al., 2021) and also the relatively new mRNA vaccine technology: 

Comirnaty (Pfizer/BioNTec) & Spikevax (Moderna) (Baden et al., 2021; Polack et al., 

2020). By July 2022 vaccines from over 35 manufacturers have been approved in 197 

countries (COVID19 Vaccine Tracker) and 64% of the world population has received at least 

one dose of the COVID-19 vaccine (Mathieu et al., 2021).  

A high percentage of vaccinated or reconvalent individuals in the population are benefitting 

the emerge of SARS-CoV-2 variants, like the omicron VOC, trading pathogenicity for 
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immune evasion (Jung et al., 2022). As the first companies now started trials on VOC-

adapted COVID-19 vaccines and the virus increasingly behaves human endemic (Forni et 

al., 2021), one should not forget about the zoonotic origin of SARS-CoV-2 and the massive 

animal reservoir of SARS- and MERS-related CoVs endemic in bats and wildlife stock in 

Southeast Asia and the Middle East. 

1.3 Scope of the study 

SARS-CoV-2, the causative agent of the COVID-19 pandemic, emerged either directly or 

with an intermediate host from bats. RaTG13 was sequenced from droppings of Rhinolophus 

affinis in a mining cave in Yunan, China and shares over 96% sequence identity to SARS-

CoV-2. However, the RaTG13 S protein interacts poorly with the human SARS-CoV-2 

receptor ACE2 and does not mediate efficient infection of human cells. 

Here, it is examined a key alteration that is required to allow the RaTG13 S protein to use 

human ACE2 for efficient entry into human cells. 

Vaccines have proven safe and efficient in the fight against the SARS-CoV-2 pandemic. The 

antibody response following COVID-19 vaccination is directed against a wide variety of 

epitopes in the SARS-CoV-2 S protein. It is further examined if vaccination protects us 

against novel distantly related coronaviruses and future zoonotic events.
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2. MATERIALS & METHODS 

2.1 Materials 

2.1.1 Eukaryotic cells 

HEK293T Adherent human embryonic kidney cell line, transformed by 

adenovirus type 5 expressing simian virus 40 (SV40) large T-

antigen. This cell line, used to produce retroviral particles, was 

obtained from the American Type Culture Collection (ATCC). 

Caco 2 Human epithelial lung adenocarcinoma cells, derived from 

metastatic site pleural effusion. Provided kindly by Prof. Barth 

(Ulm University) 

Calu-3 Human epithelial lung adenocarcinoma cells were obtained 

from the ATCC 

A549 Human adenocarcinomic alveolar basal epithelial cells 

provided and validated by Prof. Pöhlmann, German Primate 

Center, Göttingen 

A549 TMPRSS2 Human adenocarcinomic alveolar basal epithelial cells stably 

expressing TMPRSS2, provided and validated by Prof. 

Pöhlmann, German Primate Center, Göttingen 

A549 ACE2 Human adenocarcinomic alveolar basal epithelial cells stably 

expressing ACE2, provided and validated by Prof. Pöhlmann, 

German Primate Center, Göttingen 

A549 ACE2/TMPRSS2 Human adenocarcinomic alveolar basal epithelial cells stably 

expressing ACE2, provided and validated by Prof. Pöhlmann, 

German Primate Center, Göttingen 

I1 Hybridoma Mouse I1 Hybridoma CRL-2700 were obtained from the 

ATCC 

Tb 1 Lu Tadarida brasiliensis derived lung epithelial were provided 

and validated by Marcel A. Müller, Charité-Institute of 

Virology, Berlin 

Ri 1 Lu huACE2 Rhinolophus affinis derived lung epithelial cells expressing 

human ACE2 were provided and validated by Marcel A. 

Müller Charité-Institute of Virology, Berlin 
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2.1.2 Primary cells and tissue 

human stem cells For human stem cells used to generate gut organoids: Robert-

Koch Institute: Approval according to the stem cell law 

29.04.2020/AZ 3.04.02/0084. a more detailed description can 

be found in the Materials & Methods section of the manuscript. 

 

2.1.3 Bacteria 

Escherichia coli XL-2 blue™ recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac 

[F’ proAB lacIqZΔM15 Tn10 (Tetr) Amy Camr] 

(Agilent Technologies) 

Escherichia coli XL-2 blue MRF’ Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 endA1 

supE44 thi-1 recA1 gyrA96 relA1 lac [F´ proAB 

lacIqZΔM15 Tn10 (Tetr)] (Agilent Technologies)] 

 

2.1.4 Viruses 

VSVΔG-eGFP kindly provided by Prof. Klaus Konzelmann, Gene 

Center Munich 

BetaCoV/France/IDF0372/2020 European Virus Archive, Ref-SKU # 014V-03890 

 

2.1.5 Nucleic acids 

pCG_SARS-CoV-2 spike C-V5-tag (codon-opt.HUM) IRES eGFP 

pCG_SARS-CoV-2 spike R403T C-V5-tag (codon-opt.HUM) IRES eGFP 

pCG_PanCovGX spike C-V5-tag (codon-opt.HUM) IRES eGFP 

pCG_batCoV-RaTG13-spike C-V5-tag (codon-opt.HUM) IRES eGFP 

pCG_batCoV-RaTG13-spike T403R C-V5-tag (codon-opt.HUM) IRES eGFP 

pCG_batCoV-RaTG13-spike T403A C-V5-tag (codon-opt.HUM) IRES eGFP 

pCG_SARS-CoV-1-spike C-V5-tag (codon-opt.HUM) IRES eGFP 

pCG_MERS-CoV-spike C-V5-tag (codon-opt.HUM) IRES eGFP 

pCG_NL63-CoV-spike C-V5-tag (codon-opt.HUM) IRES eGFP 
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pCG_OC43-CoV-spike C-V5-tag (codon-opt.HUM) IRES eGFP 

pCG_229E-CoV-spike C-V5-tag (codon-opt.HUM) IRES eGFP 

pCG_HKU1-CoV-spike C-V5-tag (codon-opt.HUM) IRES eGFP 

pNL1_HIV-1 NL4-3-X4-Δenv f-Luc 

 

All used plasmids contain an ampicillin or kanamycin resistance gene for selection in 

bacteria. 

2.1.6 Primers 

Name Sequences 5’ to 3’ 

RaTG13-spike_fwd CGTCTAGAATGTTCGTGTTCCTGGTGCTGC 

RaTG13-spike_rev GCACGCGTCTACGTAGAATCGAGACCGAGGAGAGGGTTAGG

GATAGGCTTACCACCAGAACCGGTGTAGTGCAGCTTCACGC

CCTTC 

SARS-COV-2_S_fwd: CGTCTAGAATGTTTCTGCTGACCACCAAGCGGACCATG 

SARS-COV-2_S_V5_rws: GCACGCGTCTACGTAGAATCGAGACCGAGGAGAGGGTTAGG

GATAGGCTTACCACCAGAACCGGTGTAGTGCAGTTTCACGC

CCTTC 

RaTG13-S_T403R  CTTCGTGATCCGCGGCGACGAGG 

RaTG13-S_T403A  CTTCGTGATCGCAGGCGACGAGG 

SARS-CoV2-S_ R403T CTTCGTGATCACCGGAGATGAAGTGCGG 

ACE2 fwd CTTCTAGAATGTCAAGCTCTTCCTGGCTCC 

ACE2 RWS CGACGCGTCTAAAAGGAGGTCTGAACATCATCAGTG 

ACE2_E37A fwd CAAGTTTAACCACGAAGCCGCAGACCTGTTCTATCAAAGTTC

ACTTGC 

ACE2_E37A rws GCAAGTGAACTTTGATAGAACAGGTCTGCGGCTTCGTGGTTA

AACTTG 

ACE2_D38A fwd CAAGTTTAACCACGAAGCCGAAGCACTGTTCTATCAAAGTTC

ACTTGC 

ACE2_D38A rws GCAAGTGAACTTTGATAGAACAGTGCTTCGGCTTCGTGGTTA

AACTTG 

ACE2_E37-D38AA fwd CAAGTTTAACCACGAAGCCGCAGCACTGTTCTATCAAAGTTC

ACTTGC 

ACE2_E37-D38AA rws GCAAGTGAACTTTGATAGAACAGTGCTGCGGCTTCGTGGTTA

AACTTG 

 

2.1.7 Antibodies 

α-SARS-CoV-2 N     Sino Biologicals #40588-V08B (1:1000) 

α-SARS-CoV-2 S (1A9)    GeneTex #GTX632604 (1:1000) 

α-ACE2      Abcam, #ab166755 

α-V5       Cell Signaling #13202 
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VSV-M (23H12)     Absolute Antibody, #Ab01404-2.0 (1:2000) 

Anti-HSP70      Santa Cruz W27/sc-24 (1:1000) 

Anti-GFP      GenScript A01704-40 (1:1000) 

Anti-mouse-647     Invitrogen A31571 (1:2000) 

Anti-rabbit-647     Invitrogen A21206 (1:2000) 

α-GAPDH      Biolegend #631401 (1:5000) 

α-Rabbit IgG PE (H+L)    Abcam ab97070 (1:50) 

α-Mouse IgG PE (H+L)    Thermo Fischer Cat#1875522 (1:50) 

α-Rabbit IgG (H+L)     HRP Thermo Fischer Cat#32460 (1:20000) 

α-Mouse IgG (H+L)     HRP Thermo Fischer Cat#32430 (1:20000) 

α-Rabbit IgG (H+L) AF 488    Thermo Fischer Cat#A32731(1:20000) 

α-Mouse IgG (H+L) AF 488    Thermo Fischer Cat#A32723(1:20000) 

α-Mouse IgG (H+L), AF 647   Thermo Fischer Cat#A-31571(1:20000) 

IRDye® 800CW Goat anti-Mouse IgG Li-CORE, Cat#926-32210 

IRDye® 800CW Goat anti-Rat IgG  Li-CORE, Cat#926-32219 

IRDye® 680CW Goat anti-Rabbit IgG Li-CORE, Cat#925-68071 

IRDye® 680CW Goat anti-Mouse IgG  Li-CORE, Cat#926-68070 

IRDye® 800CW Goat anti-Rabbit IgG Li-CORE, Cat#926-32211 

 

2.1.8 Enzymes 

Trypsin-EDTA 0.5% (10x)   Thermo Fisher Scientific 

Alkaline phosphatase     Roche  

T4 DNA Ligase     Takara Bio Inc.  

Restriction endonucleases    NEB enzymes (Frankfurt) 

TAKARA SOL I    Takara Bio Inc. 

 

2.1.9 Buffers 

Calcium Chloride Transfection 

10x HBS 8.18% (w/v) NaCl, 5.94% (w/v) HEPES and 0.2% 

(w/v) Na2HPO2 in H2O 

2x HBS 10x HBS diluted five-fold with H2O, adjusted to pH 

7.12, sterilized by filtration 
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2 M CaCl2     prepared with distilled H2O 

SDS PAGE 

Running buffer (1x)   NuPAGE MES SDS (20x) diluted in distilled H2O 

Western Blot 

Transfer buffer  47.9 mM Tris, 38.6 mM glycine, 1.3 mM SDS and 20% 

(v/v) methanol in distilled H2O (final pH 8.3)  

Antibody buffer  0.2% (v/v) Tween 20, 1% (w/v) milk powder in PBS 

Blocking buffer  0.2% (v/v) Tween 20, 5% (w/v) milk powder in PBS 

Washing buffer    0.2% (v/v) Tween 20 in PBS 

Flow cytometry 

FACS buffer    1% FCS in PBS 

Permeabilization solution  300 mM sucrose, 3 mM MgCl2, 50 mM NaCl, 20 mM 

Tris, and 0.5% (v/v) Triton X-100 in H2O 

Washing and antibody buffer  0.1% (v/v) Tween 20 in PBS 

Agarose gel electrophoresis 

50x TAE buffer  2 M Tris-HCl, 1 M acetic acid and 0.1 M EDTA (final 

pH 8.3) 

Agarose gel loading buffer  0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene 

cyanol, 30% (v/v) glycerol in TAE buffer 

2.1.10 Media 

Bacteria culture media 

LB agar 1.5% (w/v) agar with 0.01% (w/v) ampicillin or 

kanamycin in LB medium  

LB medium 1% (w/v) bacto tryptone, 0.5% (w/v) bacto yeast 

extract, 0.8% (w/v) NaCl, 0.1% (w/v) glucose, and 

0.01% (w/v) ampicillin or kanamycin added prior to 

use  

S.O.C. medium   Thermo Fisher Scientific 

Cell culture media 

DMEM culture medium  Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% (v/v) heat-inactivated fetal 

calf serum, 2 mM L-glutamine, 100 units/ml penicillin, 

and 100 µg/ml streptomycin. 
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RPMI-1640 culture medium RPMI-1640 supplemented with 10% (v/v) heat-

inactivated fetal calf serum, 2 mM L-glutamine, 100 

units/ml penicillin, and 100 µg/ml streptomycin.  

MEM culture medium  Minimal essential medium (MEM) supplemented with 

10% (v/v) heat-inactivated fetal calf serum, 2 mM L-

glutamine,1x non-essential amino acids, 100 units/ml 

penicillin, and 100 µg/ml streptomycin.  

ECM culture medium RPMI-1640 supplemented with 13% (v/v) heat-

inactivated fetal calf serum, 2 mM L-glutamine, 1 mM 

sodium pyruvate, 1x non-essential amino acids, 100 

units/ml penicillin, 100 µg/ml streptomycin, 100 µg/ml 

gentamicin, and 2.5 µg/ml amphotericin B 

 

2.1.11 Reagents 

1 kilo base pair Plus DNA Ladder     Thermo Fisher Scientific 

4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI)  Sigma-Aldrich 

Agar         BD Biosciences 

Agarose        Thermo Fisher Scientific 

Ampicillin        Ratiopharm 

Bacto tryptone       Becton Dickinson 

Bacto yeast extract       Becton Dickinson 

Calcium chloride dihydrate       PanReac AppliChem  

Dimethylsulfoxid       Merck KGaA 

Distilled H2O (HPLC grade)      VWR 

Dulbecco's Modified Eagle Medium (DMEM)    Thermo Fisher Scientific 

Ethanol (99.8% purity)       VWR 

Ethidium bromide        PanReac AppliChem  

FACS clean solution       BD Biosciences 

FACS flow solution       BD Biosciences 

FACS shutdown solution      BD Biosciences 

Fetal bovine/calf serum (FCS)      Thermo Fisher Scientific 

fixable viability stain 450 (FVS)      BD Biosciences 

Glucose        Merck KGaA 
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Glutaraldehyde        PLANO 

HEPES        Sigma-Aldrich 

Hypochlorite (1%)        PanReac AppliChem  

Immobilon-FL™ Transfer Membrane    Millipore 

Isopropanol         VWR 

Kanamycin Sulfate       Thermo Fisher Scientific  

L-Glutamine        Thermo Fisher Scientific  

Methanol        Sigma-Aldrich 

MgCl2         Merck KGaA  

minimal essential medium (MEM)     Thermo Fisher Scientific  

Non-essential amino acids       Sigma-Aldrich 

NuPAGE™ MES SDS Running Buffer    Thermo Fisher Scientific 

NuPAGE™ Novex 4-12% Bis-Tris Gel 1.0 mm   Thermo Fisher Scientific 

Paraformaldehyde        Merck KGaA 

Penicillin-Streptomycin       Thermo Fisher Scientific 

Phosphate buffered saline (PBS), no calcium, no magnesium  Thermo Fisher Scientific 

Potassium chloride (KCl)      PanReac AppliChem 

Potassium dihydrogen phosphate (H2KO4P)    PanReac AppliChem  

Precision Plus™ Protein Kaleidoscope Standard   Bio-Rad 

Protein Loading Buffer      LI-COR 

Roswell Park Memorial Institute medium (RPMI-1640)  Thermo Fisher Scientific 

Sodium chloride (NaCl)      Sigma-Aldrich  

Sodium dihydrogen phosphate (NaH2PO4)    Sigma-Aldrich 

Sodium hydrogencarbonate (NaHCO3)    Sigma-Aldrich  

Sodium hydroxide (NaOH)      Merck KGaA 

Sodium pyruvate       Thermo Fisher Scientific 

Sucrose        Carl Roth 

Sulfuric acid (H2SO4)       Merck KGaA  

TAE buffer        5Prime 

Thioflavin T (ThT)       Sigma-Aldrich 

Triton X-100        Sigma-Aldrich 

Tween® 20        Sigma-Aldrich  

Uranyl acetate        Merck KGaA 



MATERIAL & METHODS  

15 

 

β-mercaptoethanol       Sigma-Aldrich 

2.1.12 Consumables 

Cell culture flasks       Sarstedt  

Cryo tubes        Sarstedt 

FACS tubes        BD Biosciences 

Folded capillary cell DTS 1061     Malvern 

Gloves         VWR 

Greiner FLUOTRAC™ 600 black 96 well plates   Sigma-Aldrich 

Nunc-Immuno™ MicroWell™ MaxiSorp™ 96 well flat plate Sigma-Aldrich 

Pipette tips        Sarstedt 

Protran BA85 Nitrocellulose Blotting Membrane   GE Healthcare 

Reaction tubes 1.5 ml       Sarstedt 

Reaction tubes 2.0 ml       Sarstedt 

Reagent reservoirs       VWR 

Serological pipettes       Sarstedt  

Stericup Filter Unit 0.45 µm      Millipore 

Syringe         BD Biosciences 

TC Plate 24 Well, Standard, F     Sarstedt 

TC Plate 6 Well, Standard, F      Sarstedt 

TC Plate 96 Well, Standard, F     Sarstedt 

TC Plate 96 Well, Standard, R     Sarstedt 

TC Plate 96 Well, Standard, U     Sarstedt 

Tubes 15 ml        Sarstedt  

Tubes 50 ml        Sarstedt  

Whatman™ paper       GE Healthcare 

White Nunc™ 96 well polystyrene plates    Thermo Fisher Scientific 

Wipes         Kimberly-Clark 

μ-Slides 8 well        Ibidi  

2.1.13 Kits 

CellTiter-Glo® Luminescent Cell Viability Assay    Promega 

Gal-Screen™ β-Galactosidase Reporter Gene Assay System  

for Mammalian Cells       Thermo Fisher Scientific 
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Luciferase Assay System       Promega 

ProteoStat® Amyloid Plaque Detection Kit    Enzo Life Sciences 

RealStar® Zika Virus RT-PCR Kit     altona Diagnostics 

Restriction endonucleases and respective buffers   New England BioLabs 

Wizard® Plus Midipreps DNA Purification System    Promega 

2.1.14 Technical equipment 

Axio-Observer.Z1 fluorescence microscope    Zeiss 

BD FACSCanto™ II Cell Analyzer     BD Biosciences 

BINDER BD 53 Incubator      Binder 

Centrifuge 5417R Rotor: F 45 30 11     Eppendorf 

Centrifuge 5804R Rotor: 96 well plate A-2-MTP   Eppendorf 

Centrifuge 5810R Rotor: A 4 81     Eppendorf 

Discovery comfort 12-channel pipettes     HTL Lab Solutions 

Discovery comfort pipettes      HTL Lab Solutions 

DM IL LED microscope      Leica microsystems 

Electric glow discharger Edwards High Vacuum   Leica Microsystems 

FiveEasy™ pH meter       Mettler Toledo 

Forma Steri-Cult™ CO2 incubator     Thermo Fisher Scientific 

Gel Doc™ XR System      Bio-Rad 

Hemacytometer cover glasses     VWR 

Hemacytometer Neubauer improved     VWR 

Heracell™ 240 CO2 incubator     Thermo Fisher Scientific 

Herasafe™ KSP laminar flow hood     Thermo Fisher Scientific 

HXP 120 C         Pulch + Lorenz 

Infinite® M1000 PRO Fluorimeter     Tecan 

Invitrogen™ Novex™ XCell™ SureLock™ Mini-Cell  Thermo Fisher Scientific 

KERN ABJ 120 4M scale      Kern & Sohn 

LASOS® RMC Ar-Ion Laser      LASOS 

LSM 710 confocal laser scanning microscope   Zeiss 

NanoDrop 2000 UV-Vis Spectrophotometer   Thermo Fisher Scientific 

Odyssey® Infrared Imaging System      LI-COR  

Orion II Microplate Luminometer     Titertek Berthold 

PowerPac™ Basic Power Supply     Bio-Rad 
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PowerPac™ HC High-Current Power Supply   Bio-Rad 

Rotilabo® mini-centrifuge      Carl Roth 

Sartorius® CERTOMAT® IS      Thermo Fisher Scientific 

Thermomixer comfort      Eppendorf 

Titramax 100 plate shaker      Heidolph Instruments  

Trans-Blot® Turbo™ Tansfer System    Bio-Rad  

UV transilluminator, 366nm      Syngene 

VMax Kinetic ELISA Microplate Reader    Molecular Devices 

Vortex mixer        VWR 

Vortex-Genie 2®       Scientific Instruments 

Zeiss EM 10 transmission electron microscope    Zeiss 

2.1.15 Software 

BD FACSDiva™       BD Biosciences 

CorelDRAW X4       Corel  

FlowJo 7         FlowJo 

GraphPad Prism 5       GraphPad Software 

i-control™ – Microplate Reader Software    Tecan 

LSM 710 Release version 5.5SP1     Zeiss  

Microsoft Office       Microsoft 

Odyssey™ Infrared Imaging       LI-COR 

Quantity One™        Bio-Rad 

Simplicity 4.02       Titertek Berthold  

Softmax Pro™        Molecular Devices 

 

2.1.16  Other External facilities 

 

Company Services provided 

Eurofins Genomics siRNAs, DNA sequencing 

Microsynth AG SeqLab DNA sequencing 

Baseclear Custom nucleotide synthesis 
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2.2 Methods 

2.2.1 Plasmid DNA preparation 

Plasmid DNA was prepared by alkaline lysis of grown bacterial cultures using the Wizard® 

Plus Midiprep Kit as recommended by the manufacturer. Concentration and purity of 

plasmid DNA was determined using the NanoDrop™ 2000 Spectrophotometer.  

2.2.2 Restriction Digest 

Correct size of isolated plasmid DNA was analyzed by restriction digest using appropriate 

endonucleases and buffers according to the New England BioLabs’ instructions followed by 

subsequent gel electrophoresis. 

2.2.3 Agarose gel electrophoresis 

Plasmid DNA and fragments were separated on a 0.7% (w/v) agarose gel containing 

ethidium bromide. To this end, 20 µl digested samples were ran in parallel to 5 µl DNA 

ladder with 20% (v/v) loading dye on the gel in TAE buffer for 30 minutes at 120 V (Voltage 

PowerPAC Basic Power Supply). DNA bands were visualized with the Gel Doc XR. 

2.2.4 Transformation of bacteria 

In order to amplify expression and proviral vectors, bacteria were transformed with plasmid 

DNA. To this end, 0.5 μl of plasmid DNA preparations were incubated with 5 μl Escherichia 

coli XL-2 blue™ or XL-2 blue MRF’ (to avoid recombination in plasmids containing 

proviral T/F HIV-1) for 20 minutes on ice followed by a 30 second heat-shock at 42 °C and 

another 2.5 minutes of cooling on ice. To stimulate bacterial growth, 200 μl of S.O.C. 

medium was added to the transformed bacteria and they were incubated for 40 minutes at 

37 °C under 400 rpm of shaking in a Thermomixer. After incubation, 70 μl of bacteria was 

plated on LB agar plates containing appropriate antibiotics (ampicillin or kanamycin) for 

selection and plates were incubated overnight in an incubator at 37 °C (XL-2 blue) or 30 °C 

(XL-2 blue MRF’). 

2.2.5 Culture of bacteria 

To amplify transformed bacteria for midi preparations, single colonies of bacteria were 

cultured in 150 ml LB medium supplemented with 100 mg/L antibiotic (ampicillin or 
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kanamycin, respectively) and incubated on a shaker for 12-16 hours at 37 °C (XL-2 blue) or 

for 24 hours at 30 °C (XL-2 blue MRF’). 

2.2.6 Cell culture 

All cells were cultured at 37°C in a 5% CO2 atmosphere. Human embryonic kidney 293T 

cells purchased from American type culture collection (ATCC: #CRL3216) were cultivated 

in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% (v/v) heat-

inactivated fetal bovine serum (FBS, Gibco), 2 mM L-glutamine (PANBiotech), 100 µg/ml 

streptomycin (PANBiotech) and 100 U/ml penicillin (PANBiotech). Calu-3 (human 

epithelial lung adenocarcinoma, kindly provided and verified by Prof. Frick, Ulm 

University) cells were cultured in Minimum Essential Medium Eagle (MEM, Sigma) 

supplemented with 10% (v/v) FBS (Gibco) (during viral infection) or 20% (v/v) FBS (Gibco) 

(during all other times), 100 U/ml penicillin (PAN-Biotech), 100 µg/ml streptomycin (PAN-

Biotech), 1 mM sodium pyruvate (Gibco), and 1 mM NEAA (Gibco). Caco-2 (human 

epithelial colorectal adenocarcinoma, kindly provided by Prof. Holger Barth, Ulm 

University) cells were cultivated in DMEM (Gibco) containing 10% FBS (Gibco), 2 mM 

glutamine (PANBiotech), 100 µg/ml streptomycin (PANBiotech), 100 U/ml penicillin 

(PANBiotech), 1 mM Non-essential amino acids (NEAA, Gibco), 1 mM sodium pyruvate 

(Gibco). A549, A549 ACE2, A549 TMPRSS2 and A549 ACE2/TMPRSS2 cells were 

cultured in DMEM (Gibco) supplemented with 10% (v/v) FBS (Gibco), 100 U/ml penicillin 

(PAN-Biotech), 100 µg/ml streptomycin (PAN-Biotech) and 10 µg/ml Puromycin for A549 

ACE2 and A549 ACE2/TMPRSS2 and 10 µg/ml Blasticidin for A549 TMPRSS2 and A549 

ACE2/TMPRSS2. I1-Hybridoma cells were purchased from ATCC (#CRL-2700) and 

cultured in RPMI supplemented with 10% (v/v) heat-inactivated FBS (Gibco), 2 mM L-

glutamine (PANBiotech), 100 µg/ml streptomycin (PANBiotech) and 100 U/ml penicillin 

(PANBiotech). Tb 1 Lu (Tadarida brasiliensis derived lung epithelial) and Ri 1 Lu huACE2 

(Rhinolophus affinis derived lung epithelial cells expressing human ACE2, kindly provided 

by Marcel A. Müller, were cultured in DMEM supplemented with 10% (v/v) heat-

inactivated FBS (Gibco), 2 mM L-glutamine (PANBiotech), 100 µg/ml streptomycin 

(PANBiotech) and 100 U/ml penicillin (PANBiotech), 2 mM sodium pyruvate (Gibco). 

2.2.7 Viruses and viral particles 

Viral isolate BetaCoV/France/IDF0372/2020 (#014V-03890) was obtained through the 

European Virus Archive global. To produce pseudotyped VSVΔG-GFP particles, 6*106 
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HEK293T cells were seeded 18 h before transfection in 10 cm dishes. The cells were 

transfected with 15 µg of a glycoprotein expressing vector using PEI (PEI, 1 mg/ml in H2O, 

Sigma-Aldrich). 24 h post-transfection, the cells were infected with VSVΔG-GFP particles 

pseudotyped with VSV G at a MOI of 3. One h post-infection, the inoculum was removed. 

Pseudotyped VSVΔG-GFP particles were harvested 16 h post-infection. Cell debris were 

pelleted and removed by centrifugation (500 g, 4 °C, 5 min). Residual input particles 

carrying VSV-G were blocked by adding 10 % (v/v) of I1 Hybridoma Supernatant (I1, 

mouse hybridoma supernatant from CRL-2700; ATCC) to the cell culture supernatant. 

For the production of lentiviral HKU1 S pp, HEK293T cells were transfected with spike 

expression plasmids together with a pNL1_HIV-1_NL4-3-Δenv-fluc backbone. 48 hours 

post-transfection, supernatants were harvested and stored at -80°C. 

2.2.8 Transfections 

Plasmid DNA was transfected using either calcium phosphate transfection or 

Polyethylenimine (PEI, 1 mg/mL in H2O, Sigma-Aldrich) according to the manufacturer's 

recommendations or as described previously.  

2.2.9 Molecular dynamics simulation 

Based on the structure of ACE2-bound to SARS-CoV-2 S taken from the Protein Data Bank 

(identification code 7KNB), the initial atomic positions were obtained. Equilibration (300K 

for 0.5 ns) was performed by ReaxFF (reactive molecular dynamic) simulations within the 

Amsterdam Modeling Suite 2020 (http://www.scm.com). Based on the equilibrated 

structure, amino acids from the S protein were replaced with the respective amino acids from 

RaTG13, respectively the modification. After an additional equilibration (300K for 0.5 ns) 

ReaxFF (reactive molecular dynamic) simulations were performed within the NVT 

ensemble over 25 ps, while coupling the system to a Berendsen heat bath (T=300 K with a 

coupling constant of 100 fs). The interaction energy was obtained by averaging over these 

simulations. For all visualizations the Visual Molecular Dynamics program (VMD) was 

used. 

2.2.10 Whole-cell and cell-free lysates 

Whole-cell lysates were prepared by collecting cells in Phosphate-Buffered Saline (PBS, 

Gibco), pelleting (500 g, 4 °C, 5 min), lysing and clearing as previously described. Total 

protein concentration of the cleared lysates was measured using the Pierce BCA Protein 
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Assay Kit (Thermo Scientific) according to manufacturer’s instructions. Viral particles were 

filtered through a 0.45 µm MF-Millipore Filter (Millex) and centrifuged through a 20% 

sucrose (Sigma) cushion. The pellet was lysed in transmembrane lysis buffer already 

substituted with Protein Sample Loading Buffer (LI-COR).  

2.2.11 SDS-PAGE and immunoblotting 

SDS-PAGE and immunoblotting was performed as previously described. In brief, whole-

cell lysates were separated on NuPAGE 4-12% Bis-Tris Gels (Invitrogen) for 90 min at 120 

V and blotted at constant 30 V for 30 min onto Immobilon-FL PVDF membrane (Merck 

Millipore). After the transfer, the membrane was blocked in 1% Casein in PBS (Thermo 

Scientific) and stained using primary antibodies directed against SARS-CoV-2 S (1:1,000, 

Biozol, 1A9, #GTX632604), ACE2 (1:1,000, Abcam, # ab166755), VSV-M (1:2,000, 

Absolute Antibody, 23H12, #Ab01404-2.0), V5-tag (1:1,000, Cell Signaling, #13202), 

GAPDH (1:1,000, BioLegend, #631401) and Infrared Dye labelled secondary antibodies 

(1:20,000, LI-COR IRDye). Proteins were detected using a LI-COR Odyssey scanner and 

band intensities were quantified using LI-COR Image Studio. 

2.2.12 ACE2 interaction assay 

HEK293T Cells expressing the indicated S constructs were collected after 48 hours in 

Phosphate-Buffered Saline (PBS, Gibco), divided for simultaneous immunoblotting and 

ACE2 interaction assay and pelleted (500 g, 4 °C, 5 min). For the ACE2 interaction assay, 

the cells were lysed in NP-40 buffer (150 mM NaCl, 1% (vol/vol) NP-40, 50 mM HEPES 

pH 7.4 and protease inhibitor cocktail (Sigma)) and cell debris pelleted by centrifugation at 

13,000 r.p.m. for 20 min at 4 °C. ACE2 coated wells (COVID-19 S-ACE2 binding assay II, 

Ray Bio) were incubated for 2 hrs with 50 µl of WCLs and washed extensively with the 

provided wash buffer (RayBio, #EL-ITEMB). The wells were incubated 1 hr with 100 µl 

anti-V5(MS) (1:1,000, Cell Signaling, #80076), subsequently washed and incubated for 1 hr 

with 100 µl anti-MS-HRP (1:1,000, RayBio). After washing, the samples were incubated 

with 50 µl of TMB Substrate Solution (RayBio, #EL-TMB) for 30 min. The reaction was 

stopped by adding 50 µl Stop Solution (RayBio, #EL-STOP). Absorption was measured at 

450 nm with a baseline correction at 650 nm. 
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2.2.13 Stem Cell Culture and Intestinal Differentiation 

Human embryonic stem cell line HUES8 (Harvard University, Cambridge, MA) was used 

with permission from the Robert Koch Institute according to the “79. Genehmigung nach 

dem Stammzellgesetz, AZ 3.04.02/0084.” Cells were cultured on human embryonic stem 

cell matrigel (Corning, Corning, NY) in mTeSR Plus medium (STEMCELL Technologies, 

Vancouver, Canada) at 5% CO2, 5% O2, and 37°C. Medium was changed every other day 

and cells were split with TrypLE Express (Invitrogen, Carlsbad, CA) twice a week. For 

differentiation, 300,000 cells per well were seeded in 24-well plates coated with growth 

factor–reduced matrigel (Corning) in mTeSR Plus with 10 mM Y-27632 (STEMCELL 

Technologies). The next day, differentiation was started at 80%-90% confluency, as 

described previously45. 

2.2.14 Intestinal organoids 

To prepare in vitro differentiated organoids for transduction, matrigel was dissolved in 

Collagenase/Dispase (Roche, Basel, Switzerland) for 2 h at 37°C and stopped by cold 

neutralization solution (DMEM, 1% bovine serum albumin, and 1% penicillin-

streptomycin). Organoids were transferred into 1.5-mL tubes and infected in 300 μL 

pseudoparticle containing inoculum. Organoids were then resuspended in 35-μL cold growth 

factor–reduced matrigel to generate cell-matrigel domes in 48-well plates. After 10 minutes 

at 37°C, intestinal growth medium (DMEM F12 [Gibco, Gaithersburg, MD], 1× B27 

supplement [Thermo Fisher Scientific], 2-mM L-glutamine, 1% penicillin-streptomycin, 40 

mM HEPES [Sigma-Aldrich], 3 μM CHIR99021, 200 nM LDN-193189 [Sigma-Aldrich], 

100 ng/mL hEGF [Novoprotein, Summit, NJ], and 10 μM Y-27632 [STEMCELL 

Technologies]) was added and organoids were incubated at 37°C. The organoids were 

imaged using the Cytation 3 cell imaging system and processed with Gen 5 and ImageJ 

software. For FACS preparation, the matrigel was dissolved and the extracted organoids 

were dissolved in Accutase (Stemcell technologies). The cells were fixed with 1% PFA in 

PBS for 10 min at 4°C and washed with cold PBS containing 2% FBS. Flow cytometry 

analyses were performed using a FACS CANTO II (BD) flow cytometer. Transduction rates 

were determined by GFP expression and analyzed with DIVA and Flowjow10 software.HIV,  
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 Pseudoparticle inhibition 

VSVpp inhibition experiments were performed as previously described46. In brief, Caco-2 

cells were infected with 100 µl freshly produced VSVΔG-GFP pseudo particles, which were 

preincubated (30 min, 37°C) with the indicated amounts of Casivirimab (REGN10933, 

orange), EK-1 (Core Facility Functional Peptidomics (UPEP), Ulm University) or Sera of 

with BNT162b2 vaccinated donors. GFP positive cells were automatically quantified using 

a Cytation 3 microplate reader (BioTek). 

2.2.15 Sera from vaccinated individuals and ethics approval 

Blood samples of ChAdOx1-nCoV-19/BNT162b2 and BNT162b2 vaccinated individuals 

were obtained after the participants information and written consent. Samples were collected 

13-30 days after the second dose using S-Monovette Serum Gel tubes (Sarstedt). Before use, 

the serum was heat-treated at (56°C, 30 min). Ethics approval was given by the Ethic 

committee of Ulm University (vote 31/21 – FSt/Sta).  

2.2.16 Treatment with ATN-161 

Caco-2 cells were preincubated with the indicated amounts of α5β5 integrin Inhibitor ATN-

161 (Sigma) for 2 h and infected with 100 µl freshly produced VSVΔG-GFP pseudo 

particles. Sixteen h post-infection, GFP positive cells were automatically quantification 

using a Cytation 3 microplate reader (BioTek). Calu-3 cells were preincubated with the 

indicated amounts of ATN-161 (Sigma) for 2 h and infected with SARS-CoV-2 isolate 

BetaCoV/France/IDF0372/2020 (MOI 0.05, 6 h). 48 h post-infection supernatants were 

harvested for qRT-PCR analysis. 

2.2.17 Sequence logo and alignments. 

Alignments of primary bat sequences (GU190215.1, QPD89842.1, KY417145.1, 

KY938558.1, KU182964.1, KJ473811.1, MN996532.1, KY417152.1, MK211376.1, 

KY417146.1, KY417150.1, KT444582.1, MG772933.1, MG772934.1, KY770858.1, 

KY770859.1, KJ473816.1, MK211374.1, JX993987.1, KJ473814.1, DQ648856.1, 

KY770860.1, KJ473812.1, KJ473813.1, JX993988.1, KY417143.1, MK211378.1, 

DQ412043.1, DQ648857.1, KY417148.1, MK211375.1, KY417147.1, KY417142.1, 

MK211377.1, KJ473815.1, GQ153542.1, GQ153543.1, KF294457.1, GQ153547.1, 

DQ084199.1, GQ153548.1, DQ022305.1, DQ084200.1, GQ153545.1, GQ153546.1, 

GQ153539.1, GQ153540.1, GQ153541.1, GQ153544.1) were performed using ClustalW 
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with a gapOpening penalty of 80. Sequence logos were generated using R packages ggplot2 

and ggseqlogo. 

2.2.18 Statistics  

Statistical analyses were performed using GraphPad PRISM 9.2.0 (GraphPad Software). P-

values were determined using a two-tailed unpaired Student’s t test. Unless otherwise stated, 

data are shown as the mean of at least three independent experiments ± SEM. 

 



RESULTS 

25 

 

3. RESULTS 

3.1 RaTG13 S pp poorly infect SARS-CoV-2 permissive Caco-2 cells 

VSVΔG pp infection assays are a well-established method to mimic the entry of various 

enveloped viral pathogens into their host cells. To investigate entry of the human pathogenic 

SARS-CoV-2, SARS-CoV and MERS-CoV, as well as the pangolin CoV (PCoV GX) and 

Bat CoV RaTG13, we pseudotyped VSVΔG eGFP particles with the various S proteins and 

infected ACE2 expressing colorectal adenocarcinoma (Caco-2) cells (Fig 4a). While ACE2 

is the receptor of SARS-CoV, SARS-CoV-2 and PCoV-GX, MERS utilizes the human DPP4 

receptor. The human receptor for RaTG13 is unknown, but high sequence similarity between 

RaTG13 and SARS-CoV-2 made it tempting to speculate that RaTG13 S can also utilize 

human ACE2 for cell entry. SARS-CoV-2, SARS-CoV-1, PCoV GX and MERS S mediated 

Caco-2 infection to a simlar extent. However, it came as surprise that RaTG13 S was hardly 

able to mediate infection of Caco-2 cells and automated quantification of the infection 

events/well revealed a ~15x drop between SARS-CoV-2 S and RaTG13 S mediated 

infection events (Fig. 4b)  

 

Figure 4: Infection of Caco-2 cells with SARS-CoV-2, SARS-CoV-1, PCoV GX, MERS and RaTG13 S 

pseudotyped particles. a, Schematic presentation of the assay to assess S-mediated VSVpp infection. b Binary 

images of Caco-2 cells transduced with VSVΔG-GFP pseudotyped with SARS-CoV-2, SARS-CoV-1, RatG13, 

PCoV GX and MERS S. Successful infection events (=GFP positive cells) displayed as black dots. Scale bar, 

1.5mm (upper panel) and automatic quantification of the titration of the indicated pseudotyped particles on 

Caco-2 clles by counting GFP positive cells. Bars represent the mean of three independent experiments (±SEM) 

(lower panel). 

3.2 SARS-COV-2 S R403 contributes to ACE2 binding 

Previously published in silico simulations identified S residue R403 to be involved in 

intramolecular interactions, stabilizing the SARS-CoV-2 S trimer interfaced. To further 

narrow down interaction partners of R403 in the ACE2 receptor, ReaxFF based 
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computational modelling was performed. A positively charged residue at position 403 

distinguishes the S proteins of PCoV (K403), SARS-CoV-1 (K403) and SARS-CoV-2 

(R403) from the bat CoV RaTG13 S protein (T403) (Fig. 5a). Notably, R403 is highly 

conserved in SARS-CoV-2 S sampled and sequenced from infected humans: only 585 of 

~9.5 million S sequences recorded on GSAID contain a conservative change of R403K and 

just 203 other amino acids.  

The modeling further supported S/ACE2 interaction and the establishment of close 

proximity with putative charge interactions between R403 in the SARS-CoV-2 S and a 

Glutamic Acid at position 37 (E37) in the human ACE2 receptor (Fig. 5b). The contribution 

of this interaction was quantified to an average of 3 eV during 150 ps simulation time (Fig. 

5c). 

 

Figure 5: Modelling of the interaction of Coronavirus spike residue 403 with human ACE2. a, Schematic 

representation of the SARS-CoV-2 S protein (top panel), domains are indicated in different colors. Receptor 

binding domain (RBD), light green. Receptor binding motif (RBM), dark green. Transmembrane domain (TM), 
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orange. R403, pink. S1/S2 and S2’ cleavage sites are indicated. Sequence alignment of SARS-CoV-2, SARS-

CoV-1, Pan-CoV and RaTG13 S RBD (bottom panel). Sequence conservation is indicated. grey arrows denote 

important residues for ACE2 binding. b, Reactive force field simulation of SARS-CoV-2 S in complex with 

human ACE2 (PDB: 7KNB) (left panel) and focus on position 403 in SARS-CoV-2 S (R) or RaTG13 S (T) or 

respective exchange mutants at position 403 (right panel). ReaxFF based computational analysis was 

performed by C. J. c, Exemplary energy curve of the reactive molecular dynamics simulation for SARS-CoV-

2 S and SARS-CoV-2 S R403T (top panel) and RaTG13 and RaTG13 T430R S with human ACE2 (bottom 

panel). d, Sequence logo of the alignment of 50 different Sarbecovirus S RBD sequences between sequence 

positions 400 and 414. Position R403 is highlighted by a red box. e, Primary sequence alignment of selected 

bat, pangolin and human CoVs. Position R403 is highlighted in bold. ReaxFF based computational analysis 

was performed by C. J.. From Zech et al., 2021 CC BY 4.0  

3.3 T403R allows RaTG13 spike to use human ACE2 as receptor 

To determine the impact of position 403 on S/ACE2 interaction, Caco-2 cells were infected 

with VSVΔG-eGFP pseudotyped with parental and 403 mutant S proteins. While mutation 

of R403T reduced the ability of the SARS-CoV-2 S protein to infect Caco-2 cells by 40% 

(Fig. 6a), the T403R mutation enhanced the infectiousness of RaTG13 VSVpp for Caco-2 

cells by ~30-fold. The control, RaTG13 S T403A substitution had no enhancing effect (Fig. 

6a). Similar results were obtained in the human lung cancer cell line Calu-3, here the SARS-

CoV-2 R403T VSVpp infection was reduced and albeit low infection rates in CaLu-3 cells, 

RaTG13 S VSVpp infection was increased by ~10-fold (Fig. 6b). VSVpp infection of the 

lung carcinoma cell line A549 depended on ACE2 and TMPRSS2 expression (Fig. 6c; 

Supplementary Fig. 1). While ACE2 expression was strictly required for infection, 

coexpression of TMPRSS2 enhanced infection mediated by the parental and R403T SARS-

CoV-2 S proteins by 4 fold, but had no effect on entry mediated by the RaTG13 T403R S 

(Fig. 6c). Coexpression of parental SARS-CoV-2 S IRES eGFP and human ACE2 IRES 

eGFP in HEK293T cells resulted in the formation of large syncytia, while parental and 

T403A RaTG13 S did not induce detectable cell-cell fusion. However, significant syncytia 

formation was observed for the T403R mutated RaTG13 S (Fig. 6d & 6e). To investigate 

the inductive effect of R403 in a more physiological system, infection was studied on 

intestinal organoids derived from human pluripotent stem cells (hPSC). Similar to the effects 

observed in cell lines, the parental SARS-CoV-2 S protein allowed efficient infection with 

a slightly reduced infection efficiency in the R403T mutant. Parental and T403A mutated 

RaTG13 S protein did not mediate VSVpp entry, while the T403R S allowed significant 

infection of the intestinal organoids (Figs. 6f & 6g, Supplementary Fig. 2). 
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Figure 6: R403 in spike is crucial for ACE2-dependent entry. a, Binary images of CaCo-2 cells transduced 

with VSVΔG-GFP pseudotyped with SARS-CoV-2, RaTG13 or indicated mutant S. Successful infection 

events (=GFP positive cells) displayed as black dots. Scale bar, 1.5mm and automatic quantification of 

infection events by counting GFP positive cells. Bars represent the mean of three independent experiments 

(±SEM). b, Automatic quantification of infection events of Calu-3 cells transduced with VSVΔG-GFP 

pseudotyped with SARS-CoV-2, RaTG13 or indicated mutant S. Bars represent the mean of three independent 

experiments (±SEM). c, Automatic quantification of infection events of A549 ACE2 and A549 ACE2 and 

TMPRSS2 expressing cells transduced with VSVΔG-GFP pseudotyped with SARS-CoV-2, RaTG13 or 

indicated mutant S. Bars represent the mean of three independent experiments (±SEM). d, fluorescence 

microscopy images of HEK293T cells expressing SARS-CoV-2 S, RaTG13 S or the indicated mutant, Human 

ACE2 and GFP (green). Insets are indicated by white boxes. Scale bar, 125μm. The images represent a single 

experiment. e, Automated size quantification of the syncytia represented in (d). Bars represent the mean of 

three independent experiments (±SEM).f, Bright field and fluorescence microscopy (GFP) images of hPSC 

derived gut organoids, cultured and provided by A.H. were infected with VSVΔG-GFP (green) pseudotyped 

with SARS-CoV-2, RaTG13 or indicated mutant S (300 µl, 2 h). Scale bar, 250μm and quantification of the 

percentage of GFP-positive cells of (f). Bars represent the mean of three independent experiments (±SEM) 

From Zech et al., 2021 CC BY 4.0 
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To confirm the enhancing effect of T403R observed in the PP system with a SARS-CoV-2 

backbone, SARS-CoV-2 lacking the S ORF (SARS-CoV-2ΔS, replicon System) was 

complimented with WT or R403T mutant SARS-CoV-2 S in ACE2-expressing HEK293T 

cells, which in both cases led to visible virus-induced cytopathic effects (CPE) (Fig. 7a). 

Unlike complementation with WT or T403A RaTG13, the T403R RaTG13 S resulted in 

significant CPE, which correlated with Gaussia luciferase (GLuc) expression signal (Fig. 

7b). To further asses the relevance of R403 for SARS-CoV-2 replication, bacmids 

specifically containing the R403T mutation and coding for the yellow fluorescent protein 

(YFP) in place of ORF6 were utilized to rescue a replication-competent SARS-CoV-2. 

R403T S was efficiently expressed and incorporated into viral particles, albeit at slightly 

reduced levels compared to the WT SARS-CoV-2 S (Supplementary Fig. 3). Replication 

monitoring of the rescued SARS-CoV-2 R403T in Caco-2 cells after initial infection with a 

low MOI of 0.005 showed significantly lower efficiency than the WT virus (Fig. 7c). Thus, 

data obtained with replication-competent SARS-CoV-2 confirmed the results of S-mediated 

VSVpp infection and the replicon assays. 

 

Figure 7: R403 in spike is relevant for replication-competent SARS-CoV--2 a, Bright field microscopy of 

HEK293T cells transfected with SARS-CoV-2ΔS bacmid, SARS-CoV-2-N, ACE2, T7 polymerase and 

indicated S variants. Scale bar, 125μm. Arrows indicate syncytia. b, Quantification of Gaussia luciferase 

activity in the supernatant of HEK293T cells expressing SARS-CoV-2ΔS-Gaussia bacmids as described in (a). 

Bars represent the mean of three independent experiments (±SEM). c, Replication kinetic of Caco-2 cells, 

infected with either SARS-CoV-2 d6-YFP wild type or SARS-CoV-2 d6-YFP R403T (MOI 0.005 or 0.02). 

Supernatants were collected at the indicated time points post-infection, and replication was determined by RT-

qPCR. Lines represent the mean of three independent experiments (±SEM). A.H. and A.C. performed the 

rescue and replication monitoring of WT SARS-CoV-2 and R403T mutat virus. From Zech et al., 2021 CC BY 

4.0 

3.4 The enhancing effect of T403R depends on E37 in ACE2. 

REAXX based computational analyses suggest that R403 promotes S-mediated infection of 

human cells because of electrostatic interaction of E37 in human ACE2 (Fig. 5c). To further 
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investigate the role of R403 during ACE2 binding, E37 was mutated in ACE2 to Alanine, 

removing the negative charge. Western blot confirmed stable expression levels of the ACE2 

mutants (Fig. 8a). HEK293T cells were transfected with the ACE2 mutants and infected with 

VSVΔG-eGFP pseudotyped with parental and 403 mutant S proteins. Infection of SARS-

CoV-2 WT and R403T VSVpp converge, when E37 was mutated. In agreement with the in 

silico prediction, T403R RaTG13 S VSVpp lost their advantage when E37 in ACE2 was 

mutated. Mutation of the proximal and also negatively charged D38 only reduced R403T 

VSVpp infection by 20%, and WT SARS-CoV-2 kept its advantage over the R403T mutated 

S (Fig. 8b). The increased ability of S R403 to bind human ACE2, was further confirmed by 

an in vitro S/ACE2 interaction assay. HEK293T cells were transfected with S-V5 and lysed. 

Half of the lysate was transferred in ACE2 coated plates (Fig. 8c) and incubated. S protein 

still binding ACE2 after washing is detected by an αV5-Ms and quantified using a secondary 

HRP-conjugated anti-mouse Ab. The remaining lysate was utilized to determine S-V5 

expression. Albeit SARS-CoV-2 S was expressed at lower levels compared to the RaTG13 

S (Fig. 8d) it bound efficiently to human ACE2 (Fig. 8e). R403T in SARS-CoV-2 S reduced 

the levels of S protein bound to ACE2, an effect that may be partly due to reduced S 

expression levels. However, the T403R substitution in RaTG13 S strongly enhanced levels 

of S protein bound to ACE2 without affecting RaTG13 S expression levels (Fig. 8e).  
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Figure 8: The enhancing effect of T403R in RaTG13 S depends on E37 in ACE2. a, Mutations introduced 

into human ACE2 (upper) and exemplary immunoblot of whole cells lysates (WCLs) of HEK293T cells 

expressing the indicated ACE2 constructs. Blots were stained with anti-ACE2 and anti-GAPDH and quantified 

for ACE2 expression (lower panel). Bars represent the mean of three independent experiments (±SEM). b, 

HEK293T cells expressing indicated ACE2 constructs were infected with VSVΔG-GFP pseudotyped with 

SARS-CoV-2, RaTG13 or indicated mutant S. Quantification by automatic counting of GFP positive cells. 

Bars represent the mean of three independent experiments (±SEM) c, Schematic representation of the ACE2 

interaction assay. d, Exemplary immunoblots of WCLs of HEK293T cells expressing SARS-CoV-2 S, 

RaTG13 S or the indicated mutant. Blots were stained with anti-SARS-CoV-2 S, anti-GAPDH and quantified 

for S expression. e, ACE2 binding using whole cell lysates of HEK293T expressing SARS-CoV-2, RaTG13 

or indicated mutant S. Bars represent the mean of three independent experiments (±SEM). From Zech et al., 

2021 CC BY 4.0  

3.5 RaTG13 S T403R increases ACE2-dependent proteolytic processing.  

Coronavirus entry critically depends on the proteolytic processing of the S protein 

(Hoffmann & Pöhlmann, 2021a). Sequential cleavage of SARS-CoV-2 S first by furin at the 

S1/S2 site and subsequently by TMPRSS2 or Cathepsin B/L at the S2` site is required for 

efficient infection. RaTG13 S lacks the poly-basic furin cleavage site, which contributes to 

the high infectivity of SARS-CoV-2, while the presumed TMPRSS2 cleavage site is 

conserved (Fig. 9a). 
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Expression and incorporation of the WT and mutant S proteins into the VSVΔG particles 

was confirmed by western blot analyses (Fig. 9b). As expected, processing at the S1/S2 site 

was less efficient for RaTG13 than for SARS-CoV-2 S, as RATG13 S lacks the highly 

efficient Furin cleavage side. (Fig. 9b). Interaction of the S protein with its human receptor 

ACE2 promotes TMPRSS2/Cathepsin B/L dependant proteolytic processing of the S2’ side. 

Indeed, ACE2 coexpression induced processing of the WT and R403T SARS-CoV-2 as well 

as T403R RaTG13 S2 proteins to the fusogenic S2` subunit. Cleavage of the WT and T403A 

RaTG13 S proteins remained inefficient (Fig. 9b).  

RaTG13 T403R S VSVpp infection of A549 is TMPRSS2 independent (Fig. 6c). It has been 

reported that the cysteine proteases Cathepsin B/L can activate S in the absence of 

TMPRSS2. Indeed, the Cathepsin inhibitor E64-d, but not the TMPRSS2 inhibitor Camostat, 

prevented SARS-CoV-2 and T403R RaTG13 S-mediated VSVpp infection of ACE2-A549 

cells (Fig. 9c). Thus, Cathepsins mediate activation of S2 to S2` during RaTG13 T403R-

dependent infection of ACE2-A549 cells.  

R403 generates a potential RGD integrin-binding motive, which might also be present in 

SARS-CoV-2 S (Fig. 4a). However, the integrin inhibitor ATN-161 had no effect on SARS-

CoV-2 or T403R RaTG13 S-mediated infection of Caco-2 cells, nor on infection of Calu-3 

cells with a Clade 19A WT SARS-CoV-2 isolate (Fig. 9d).  

Further, cell-cell fusion in the presence of specific inhibitors was examined. Furin-inhibitor-

1 prevented and the Cathepsin inhibitor E64-d moderately reduced SARS-CoV-2 and 

RaTG13 T403R S-mediated syncytia formation (Fig. 9e). In contrast, the TMPRSS2 

inhibitor Camostat had little if any effect on the S-mediated cell fusion. Altogether, mutation 

of T403R allows RaTG13 S interaction with human ACE2 and proteolytic activation by 

furin and Cathepsins for both cell-cell fusion and RaTG13 S-mediated VSVpp entry. 
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Figure 9: Interaction with ACE2 enhances S processing. a, Schematic representation of the SARS-CoV-2 

S protein and sequence alignments of the SARS-CoV-2 and RaTG13 S1/S2 and S2’ cleavage sites. b, 

Exemplary immunoblots of whole cells lysates (WCLs) and supernatants of HEK293T cells expressing SARS-

CoV-2 S, RaTG13 S or the indicated mutant that were infected with VSVΔG-GFP in the absence (left) or the 

presence of a vector expressing human ACE2 (right). Blots were stained with anti-SARS-CoV-2 S, anti-

GAPDH, anti-ACE2 and anti-VSV-M. and quantified for S FL, S2 and S2’ expression. Bars represent the mean 

of three independent experiments (±SEM). c, Automated quantification of GFP fluorescence of A549 ACE2 

cells infected with VSVΔG-GFP pseudotyped with indicated SARS-CoV-2 or RaTG13 S in the absence of 

ACE2. The cells were pre-treated (30 min) with 20 µM of E64d or Camostat in the highest concentration and 

further diluted in a 1:2 titration. Lines represent the mean of three independent experiments (±SEM). d, 

Automated quantification by GFP fluorescence of Caco-2 cells preincubated with indicated amounts of α5β5 

integrin Inhibitor ATN-161 and infected with VSVΔG-GFP pseudotyped with SARS-CoV-2, RaTG13 T403R 

mutant or RaTG13 S. Lines represent the mean of three independent experiments (±SEM) and quantification 

of viral RNA copies in the supernatant of Calu-3 cells preincubated with indicated amounts of ATN-161 and 
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infected SARS-CoV-2 (MOI 0.05, 6 h). Lines represent the mean of three independent experiments (±SEM). 

e, Exemplary fluorescence microscopy images of HEK293T cells expressing SARS-CoV-2 S or RaTG13 S, 

Human ACE2 and GFP (green). The cells were incubated with the indicated protease inhibitor. Scale bar, 

125μm. From Zech et al., 2021 CC BY 4.0  

3.6 The ability of T403R RaTG13 S to utilize ACE2 is species-specific. 

To examine whether SARS-CoV-2 and RaTG13 S can utilize bat ACE2 for cell entry, we 

overexpressed human and bat-derived ACE2 in HEK293T cells and examined their 

susceptibility to S-mediated VSVpp infection. As expected, the WT SARS-CoV-2 and the 

T403R RaTG13 S proteins efficiently infected HEK293T cells overexpressing human 

ACE2, while the parental RaTG13 S protein was poorly active (Fig. 10a). The original 

RaTG13 sequence was isolated from dropping of Rhinolophus affinis. Thus, it came as 

surprise that RaTG13 S was hardly able to use Rhinolophus affinis derived ACE2 for 

infection (Fig. 10a). The WT RaTG13 S protein used R. pusillus ACE2 with very poor 

efficiency und was unable to use R. macrotis ACE2 for infection, suggesting that RaTG13 

might use an alternative receptor for infection of bat cells.  

To validate the results obtained with human HEK293T cells, we utilized the lung epithelial 

cell line Tb1 Lu1 of Tadarida brasiliensis. As this cell line lacks endogenous ACE2 

expression, it did not support infection by CoV S proteins (Fig. 10b). Engineered expression 

of human ACE2, however, made Lu 1 cells highly susceptible to infection mediated by 

SARS-CoV-2 and the T403R RaTG13 S proteins (Fig. 10b). Entry mediated by R403T 

SARS-CoV-2 S was strongly attenuated and the WT and T403A RaTG13 S proteins were 

unable to mediate VSV-pp infection. 

 

Figure 10: SARS-CoV-2 S and T403R RaTG13 S allow entry with human but not bat ACE2. a, HEK293T 

cells expressing indicated ACE2 variants or b, Tb 1 Lu, Tadarida brasiliensis derived lung epithelial and Ri 1 

Lu huACE2 Rhinolophus affinis derived lung epithelial cells expressing human ACE2 were infected with 

VSVΔG-GFP pseudotyped with SARS-CoV-2, RaTG13 or indicated mutant S. Quantification by automatic 

counting of GFP positive cells. Bars represent the mean of three independent experiments (±SEM). From Zech 

et al., 2021 CC BY 4.0  
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3.7 COVID-19 vaccination cross-neutralizes SARS-CoV-1 spike and 

enhances inhibition of hCoV-OC43 spike-mediated infection 

The S proteins of the SARS-related CoV share 76% sequence identity, and it was previously 

reported that serum of COVID-19 vaccinated individuals can cross-neutralize the SARS-

CoV-1 S protein (Grobben et al., 2021). To further investigate if sera from COVID-19 

vaccinated individuals also neutralize the S protein of other human CoVs, we collected sera 

of six individuals directly before and two weeks after the second BNT162b2 vaccination. 

The collected sera was titered against VSV- or HIV-based pseudo particles containing the S 

proteins of SARS-CoV-1, SARS-CoV-2, MERS-CoV and hCoV-OC43, -NL63 and -229E 

(Fig 11a). While COVID-19 immunization induced immunity against SARS-CoV-2 S 

mediated infection (Fig. 11b), the sera of COVID-19 vaccinated individuals also inhibited 

infection mediated by SARS-CoV-1, but not the MERS-CoV S. COVID19 vaccination 

further enhanced a strong preexisting humoral immunity against pseudovirions carrying the 

hCoV-OC43 S protein (Fig 11b). At the same time, there was no enhancing effect of the 

immunity against NL63 or 229E S mediated infection (Fig 11b). 

 

Figure 11: Neutralization of pseudoparticles containing the spike-proteins of highly pathogenic or 

circulating seasonal CoVs. a, Schematic presentation of S-mediated VSVpp or HIVpp infection. b, 

Neutralization of VSVpp or HIVpp containing the indicated S proteins or the VSV-G for control by sera 

obtained before(Pre) and after (Post) vaccination compared to the untreated control (100%). Shown are mean 

values (±SEM; n=6). From Lawrenz et al., 2022 CC BY-NC-ND 4.0 
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3.8 RaTG13 S T403R is sensitive to sera from vaccinated individuals.  

The increased infectiousness of the T403R RaTG13 S enabled us to examine its sensitivity 

to therapeutic agents and serum neutralization. EK-1 is a fusion inhibitor with reported broad 

panCoV activity (Xia et al., 2019). As expected, EK-1 efficiently inhibited SARS-CoV-2 

and T403R RaTG13 S mediated fusion. Pangolin-CoV S mediated infection, however, was 

only slightly inhibited (Fig. 12a). The highly specific monoclonal antibody Casirivirab was 

only active against SARS-CoV-2 S (Fig. 12b). However, sera from three COVID-19 

vaccinated individuals, collected two weeks after their second vaccination with the 

BNT162b2 vaccine, neutralized T403R RaTG13 S with higher efficiency than the SARS-

CoV-2 S (Fig. 12c). To further analyze the sensitivity of the T403R RaTG13 S to vaccine-

induced serum neutralization, we examined sera from 22 individuals vaccinated 

heterologously with the ChAdOx1 nCoV-19/BNT162b2 vaccine and further nine 

individuals who received homologous BNT162b2 vaccination. As the more efficient 

neutralization of RaTG13 S in the initial experiments might be biased by the high infection 

rate of SARS-COV-2 S particles, VSVpp stocks were normalized for the same infectivity 

(Fig. 12c). All sera inhibited RaTG13 T403R S-mediated infection, albeit with varying 

efficiencies (Fig. 12d). On average, sera obtained after heterologous and homologous 

vaccination regimens showed similar neutralization efficiencies against RaTG13 T403R 

(Fig. 12e) and SARS-CoV-2 (Fig. 12f).  

 

Figure 12: T403R RaTG13 S is sensitive to EK-1 and sera from vaccinated individuals but not 

Casivirimab. a-c, Automated quantification of GFP fluorescence of Caco-2 cells infected with VSVΔG-GFP 

pseudotyped with indicated S variants. The virus was pre-treated (30 min) with the indicated amounts of a, 
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EK-1 b, Casirivimab (orange), and c, Sera of BNT162b2 vaccinated patients. Lines represent the mean of three 

independent experiments (±SEM). d, Sera of AZ/BNT162b2 and 2xBNT162b2 vaccinated patients with 

VSVΔG-GFP pseudotyped with RaTG13 S. Lines represent the mean of three biological replicates. e, f, Mean 

of the inhibition of VSVΔG-GFP pseudotyped with e, RaTG13 S by Sera of AZ/BNT162b2 or 2x BNT162b2 

vaccinated patients and f, RaTG13 S or SARS-CoV-2 by the Sera of AZ/BNT162b2 (left) or 2x BNT162b2 

(right) vaccinated patients. Lines represent the mean of three independent experiments (±SEM). From Zech et 

al., 2021 CC BY 4.0 
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4. Discussion 

Bats and pangolins across Southeast Asia carry viruses with high sequence similarity to the 

first sampled SARS-COV-2 sequences. The bat coronavirus RaTG13 shares 96% sequence 

identity with SARS-CoV-2, which made RaTG13 the closest bat relative of SARS-CoV-2 

during the initiation of my thesis (Ge et al., 2013; P. Zhou et al., 2020a).  

Initial infection experiments revealed low infectiousness of RaTG13 S pseudo particles, 

which, considering the high sequence similarity to SARS-CoV-2, came as surprise (Fig. 4b). 

REAX-based molecular modeling, together with a rational approach, allowed us to 

determine position 403 as a major difference between the S proteins of Sarbecoviruses, 

which efficiently utilize human ACE2 and RaTG13 S (Fig. 5a). The involvement of a 

positive charge at S position 403 in binding human ACE2 by establishing electrostatic 

interaction with E37 was described before (Laurini et al., 2020, 2021; Lim et al., 2020; 

Williams & Zhan, 2021). R403 is positioned 30 amino acids upstream of the defined SARS-

CoV-2 receptor binding motif (Lan et al., 2020). However, REAX based molecular modeling 

confirmed that the Arginine side-chain of R403 reaches into the binding interface between 

SARS-CoV-2 S and ACE2, where it establishes putative charge interactions to the negatively 

charged ACE2 E37 (Fig. 5b). Numerous residues in the SARS-CoV-2 S RBD are involved 

in the interaction with the human ACE2 receptor (Shang et al., 2020). Thus, R403T 

substitution in the SARS-CoV-2 S only moderately reduced VSV pseudo particle infection. 

In contrast, site-directed mutagenesis of RaTG13 S T403R led to a ~30-fold increase of 

pseudoparticle infectivity of human lung- and intestine-derived cell lines as well as hPSC-

derived gut organoids and drastically enhanced syncytia formation after ACE2/S 

cotransfection (Fig. 6) making T403R a requirement of RaTG13 S to mediate efficient 

ACE2-dependent infection. A recent study proposed that residue 501 beneath others in the 

RBM plays a key role in the ability of RaTG13 S to use human ACE2 (K. Liu, Pan, et al., 

2021b). Those changes allowed the RaTG13 S protein to infect human cells almost as 

efficiently as the SARS-CoV-2 S. 

REAX based molecular modeling suggested E37 in ACE2 as the main interaction partner of 

SARS-CoV-2 S 403R. Indeed, mutation of E37 in ACE2 reduced WT SARS-CoV-2 S-

mediated infection levels to those obtained for the R403T SARS-CoV-2 S (Fig. 8b), 

suggesting that the interaction between R403 in the S protein and E37 in the ACE2 receptor 

is relevant for full infectiousness of SARS-CoV-2. However, reduced expression levels and 

incorporation of the R403T mutant SARS-CoV-2 S also seem to contribute. Strikingly, the 
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complete loss of the T403R mediated increased ACE2 binding experimentally confirmed 

E37 as the primary interaction partner of RaTG13 S 403R during ACE2 binding. Some 

individuals show rare polymorphisms of E37K introducing a positive charge at ACE2 

position 37 (frequency: 3.27e-5; gnomAD, https://gnomad.broadinstitute.org), which was 

reported to impair S binding. It is tempting to speculate that these individuals might have a 

reduced risk for infection and/or severe COVID-19. 

The change of 403R completes an RGD motif in the sequence of RaTG13. For several 

viruses, such as Adeno Associated- or Hanta-virus, RGD-dependent Integrin binding and 

thus increased infection have been described (Gavrilovskaya et al., 1998; Summerford et al., 

1999). If the SARS-CoV-2 RGD is accessible to α5β1 Integrin, thereby increasing host cell 

interaction, remains under debate (Beaudoin et al., 2021; Makowski et al., 2021; Othman et 

al., 2022) and, while there was no significant effect of the α5β1 integrin-binding peptide 

ANT-161 on SARS-CoV-2 and RaTG13 T403R as well as WT SARS-CoV-2 

(Supplementary Fig.5), a possible role of the RGD motif for the interaction with other 

integrins cannot be excluded entirely but remains speculative. 

The glycoproteins of many enveloped viruses are activated by proteolytic cleavage. SARS-

CoV-2 S depends on furin-like mediated cleavage during glycoprotein synthesis and 

CathepsinL/TMPRSS2 processing to liberate the N-terminal fusion peptide of the S2’ 

subunit (Jackson et al., 2022). In agreement with published data, SARS-CoV-2 S binding of 

ACE2 strongly enhanced proteolytic processing of SARS-CoV-2 S into its fusogenic S2’ 

subunit (Raghuvamsi et al., 2021). Similarly, cotransfection of ACE2 increased the 

processing of RaTG13 T403R S (Fig. 9b), further underlining the importance of R403 for 

efficient ACE2 binding and subsequent membrane fusion.  

RaTG13 S lacks the polybasic insertion at the S1/S2 site, which promotes furin-mediated 

processing of SARS-CoV-2 S (Hoffmann, Kleine-Weber, & Pöhlmann, 2020; F. Li, 2016). 

Thus, it was expected that the efficiency of proteolytic processing of RaTG13 S proteins at 

the S1/S2 site is reduced (Fig. 9b). It was unexpected, however, that overexpression of 

TMPRSS2 only enhanced VSVpp infection mediated by the SARS-CoV-2 but not by the 

RaTG13 T403R S protein (Fig. 9b) since the S2`cleavage site that is targeted by TMPRSS2 

is identical in these S proteins. Instead, processing of the RaTG13 S at the S2’ site was 

dependent on Cathepsins, which have also been shown to efficiently cleave the SARS-CoV-

2 S in some cell types (Zhao et al., 2021), thus suggesting a primarily endosomal driven 

entry for RaTG13. This possibility is further supported by the inhibition of T403R RaTG13 
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by the Cathepsin B/L inhibitor E64d (Fig. 9c). While Cathepsin L dependency of SARS-

CoV-2 had been described before, the exclusive dependency of a closely related SARS-CoV-

2 precursor on endosomal driven entry suggests that SARS-CoV-2 acquired cell membrane 

fusion somewhen before or during its adaption to humans.  

SARS-CoV-2 is a zoonotic virus and SARS-CoV-2-related bat viruses with sequence 

identity above 90 % have been sampled from bats all across southeast Asia (Fig. 2) (Delaune 

et al., 2021; Mallapaty, 2021; Temmam et al., 2021; H. Zhou et al., 2021). Bat 

Sarbecoviruses that are less related to SARS-CoV-2 but can use the human ACE2 receptor, 

were identified in Japan and eastern Russia (Murakami et al., 2020; Seifert & Letko, 2021). 

It has been shown that the RBD of SARS-CoV-2 S shows higher homology to the 

corresponding region of the pangolin CoV S protein or the recently discovered BANAL-20-

52 isolate from Rhinolophus malayanus in Laos than to RaTG13 (Lam et al., 2020b; 

Temmam et al., 2021; Xiao et al., 2021). Whether or not this is a consequence of 

recombination or convergent evolution is under debate. Notably, both BANAL-20-52 and 

Pan CoV S protein contain a positively charged residue at position 403 and can utilize human 

ACE2 for infection (Fig. 5d, e). BANAL-20-52 is a closer relative to SARS-CoV-2 than 

RaTG13, indicating that a change in residue 403 may have occurred before the emergence 

of SARS-CoV-2. Altogether our results suggest that a positively charged amino acid residue 

at position 403 in the S protein was a prerequisite for efficient zoonotic transmission and 

pandemic spread of SARS-CoV-2. Notably, a positively charged residue at the 

corresponding position is present in S proteins of most RaTG13-related bat coronaviruses 

(Fig. 5d,e). Thus, many bat Sarbecoviruses, including the unknown precursor of SARS-

CoV-2, may be fitter for zoonotic transmission than RaTG13.  

The cellular receptor of RaTG13 in bats is unknown (K. Liu, Pan, et al., 2021b). To further 

investigate whether RaTG13 is able to utilize bat-derived ACE2, we infected HEK293T cells 

expressing the Human, R. affiensis, R. macrotis and R. pussillus ACE2. While SARS-COV-

2 was able to utilize the ACE2 of all listed bat species, RaTG13 S laking the T403R mutation 

was hardly able to utilize human and R. affiensis ACE2, and not able to use the ACE2 of R. 

macrotis and R. pusillus for infection. RaTG13 was isolated from droppings of R. affinis, 

consistent with that, WT RaTG13 can utilize R. affinis ACE2 as a cellular receptor, albeit 

with lower efficiency than human ACE2. Further research is needed on the receptor usage 

of Sarbecoviruses in their host organisms and a potential dependency on alternative 

receptors. This is further underlined by the fact that neither SASR-CoV-2, nor RaTG13 was 
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able to infect the bat-derived lung cell line Tb 1 Lu and artificial expression of Human ACE2 

is a prerequisite for infection of the bat-derived lung cell line Ri Lu 1 (Fig. 10b). 

Sera of individuals fully vaccinated with the BNT162b2 vaccine cross neutralized SARS-

CoV-1 S almost as efficient as the S protein of SARS-CoV-2 (Fig. 11b). Cross neutralization 

of the SARS Coronaviruses was previously observed and is explained by the high sequence 

similarity of the viral S proteins (Dangi et al., 2021). There was no increased neutralization 

against MERS-CoV S mediated infection after COVID-19 vaccination. All six tested sera 

showed preexisting humoral immunity against CoVs OC43, NL63 and 229E (Fig. 11b). 

Neutralisation of NL63 and 229E S before and after vaccination remained similar. However, 

the neutralizing activity against OC43 S increased significantly two weeks after boost 

vaccination. One previous study did not observe differences in the antibody titers against 

seasonal coronaviruses after SARS-CoV-2 infection (Iyer et al., 2020). Our results, however, 

agree with results showing that SARS-CoV-2 infection induces neutralizing antibodies 

against SARS-CoV-1 and hCoV-OC43 and that sera from humans who received SARS-

CoV-2 vaccines exert protective effects against various coronaviruses in mice (Aydillo et 

al., 2021; Dangi et al., 2021; Kaplonek et al., 2021; Secchi et al., 2020). In support of a 

protective role, it has been documented that recent infection with common cold 

coronaviruses (CCC) is associated with less severe COVID-19 (Galipeau et al., 2021) and 

while the increase in immunity is certainly not driven by CCC neutralizing titers, high CCC-

specific CD4+ T cell reactivity is associated with pre-existing SARS-CoV-2 immunity (Yu 

et al., 2022). However, strong cross-protection between CCC and SARS-CoV-2 after 

COVID-19 vaccination seems unlikely. The induced neutralisation was usually modest and 

common cold viruses cause repeated infections despite preexisting immunity (Sagar et al., 

2021). The increase in infectivity of T403R RaTG13 VSV pseudoparticles enabeled us to 

determine inhibition and neutralisation of RaTG13 S by antiviral compounds and sera of 

COVID-19 vaccinated individuals. The pan-CoV fusion inhibitor EK-1 was reported to 

inhibit MERS, SARS, 229E, NL63, and OC43 CoV S proteins as well as the bat SARS-like 

RS3367 and WIV-1 CoV S protein (Fig. 12a) with IC50s in the low µM range (Xia et al., 

2019). Thus, it was not surprising that RaTG13 T403R S-driven entry was blocked by EK-

1. Pangolin CoV S, however, was only slightly inhibited by EK-1. In contrast, Casirivimab, 

a monoclonal antibody approved for COVID-19 therapy in the US and Europe, had no 

activity against RaTG13 T403R S. Epitope binding of neutralizing antibodies is often 

impaired by a single amino acid change and especially the monotherapeutic use of such 
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highly specific antibodies will foster fast escape by mutations. A fact that was impressively 

demonstrated by the recent emergence of the Omicron SARS-CoV-2 variant and it being 

resistant to a vast majority of the clinically approved monoclonal antibodies (Iketani et al., 

2022; Mellott et al., 2021; Pastorio et al., 2022). However, RaTG13 and SARS-COV-2 were 

similarly neutralised by sera of 2x Biontech (BNT162b2) or AZ/BT vaccinated individuals, 

thus indicating that those first-generation vaccines also protect against animal counterparts 

of SARS-CoV 2. The SARS-CoV-2 omicron VOC and RaTG13 S share 96.2 % and 96.7 % 

of its sequence with the original Hu-1 S. However, SARS-CoV-2 omicron almost completely 

evades serum-mediated neutralization after immunisation with vaccines based on the 

original Hu-1 sequence (Pastorio et al., 2022). While adapted SARS-COV-2 vaccines are 

currently in clinical trials (https://www.pfizer.com/news) immunisation with first-generation 

COVID-19 vaccines might still be a valuable tool to avoid future zoonotic events with 

Sarbecoviruses. 
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5. Summary 

While sharing over 96% sequence identity with SARS-CoV-2 S, the RaTG13 S protein 

poorly binds human ACE2. However, a single amino acid change of T403R allowed 

RaTG13 S to efficiently utilize human ACE2 for viral entry. REAX based molecular 

modeling confirmed that the Arginin side-chain of R403 reaches into the binding interface 

between SARS-CoV-2 S and ACE2, allowing putative charge interaction to the negatively 

charged ACE2 E37. Mutation of E37A not only abolished the enhancing effect of the T403R 

change on RaTG13 S-mediated VSVpp infection but also reduced infection mediated by the 

SARS-CoV-2 S. Similarly to SARS-COV-2, cotransfection of ACE2 lead to Cathepsin 

dependent processing of RaTG13 T403R S into its fusogenic S2’ subunit, suggesting a 

primarily endosomal driven and TEMPRSS2 independent entry for RaTG13. A positively 

charged residue at S position 403 is present in most RaTG13-related bat coronaviruses, 

suggesting that many bat Sarbecoviruses, including the unknown precursor of SARS-CoV-

2, are fitter for zoonotic transmission than RaTG13.  

Sera of individuals fully vaccinated with the BNT162b2 vaccine cross neutralized SARS-

CoV-1 S almost as efficient as the S protein of SARS-CoV-2. Neutralizing activity against 

the S protein of the seasonal Coronavirus OC43 increased significantly two weeks after boost 

vaccination. Ultimately, the increased infectiousness of T403R RaTG13 S enabled us to 

examine its sensitivity to serum of AZ/BT or BT/BT COVID-19 vaccinated individuals. The 

efficient neutralisation of RaTG13 S by those sera indicates that first-generation vaccines 

also protect against animal counterparts of SARS-CoV 2 that may emerge in the future
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6. Appendix 

 

 

Supplementary Figure 1. A549 and A549 TMPRSS2 are not permissive for SARS-CoV-2 or RaTG13 S 

mediated infection. Automatic quantification of infection events of A549 and A549 TMPRSS2 expressing 

cells transduced with VSVΔG-GFP pseudotyped with SARS-CoV-2, RaTG13 or indicated mutant S. Bars 

represent the mean of three independent experiments (±SEM). Related to Fig. 2. From Zech et al., 2021 CC 

BY 4.0  
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Supplementary Figure 2. T403R allows RaTG13 S to mediate infection of human intestinal organoids. 

a, Bright field and fluorescence microscopy (GFP) images of hPSC derived gut organoids infected with equal 

amounts of VSVΔG-GFP (green) pseudotyped with SARS-CoV-2, RaTG13 or indicated mutant S (2 h). Scale 

bar, 250μm. Related to Fig. 2. b, Exemplary gating strategy of flow cytometry-based analysis of GFP-positive 

cells shown in panel a. From Zech et al., 2021 CC BY 4.0  

 

 

Supplementary Figure 3. Expression of WT and R403T S proteins by replication-competent SARS-CoV-

2. Immunoblot of whole cells lysates (WCLs) and Supernatants of CaCo-2 cells infected with SARS-CoV-2 

d6-YFP wild type or SARS-CoV-2 d6-YFP R403T. Blots were stained with anti-S, anti-N, anti-GFP and anti-

HSP70 and quantified for spike expression. n=3 (biological replicates). b, quantification of spike in the 

supernatant of SARS-CoV-2 d6-YFP wild type or SARS-CoV-2 d6-YFP R403T infected CaCo-2 cells. Bars 

represent the mean of three independent experiments (±SEM). From Zech et al., 2021 CC BY 4.0  
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