Severe Acute Respiratory Syndrome Coronavirus 2:

Susceptibility, Inmunoprophylaxis, and Variant Characterization in Animal Models

Von Lorenz Ulrich






Inaugural-Dissertation zur Erlangung der Doktorwiirde der Tierarztlichen Fakultat der

Ludwig-Maximilians-Universitat Miinchen

Severe Acute Respiratory Syndrome Coronavirus 2:

Susceptibility, Inmunoprophylaxis, and Variant Characterization in Animal Models

Von Lorenz Ulrich
aus Tlbingen

Minchen 2022






Aus dem Veterinarwissenschaftlichen Department der Tierdrztlichen Fakultat der

Ludwig-Maximilians-Universitat Minchen

Lehrstuhl fur Virologie

Arbeit angefertigt unter der Leitung von Univ.-Prof. Dr. Dr. h.c. Gerd Sutter

Angefertigt am Institut fir Virusdiagnostik
des Friedrich-Loeffler-Instituts,

Bundesforschungsinstitut fir Tiergesundheit, Insel Riems

Mentor: Prof. Dr. Martin Beer






Gedruckt mit der Genehmigung der Tierarztlichen Fakultat der

Ludwig-Maximilians-Universitdt Miinchen

Dekan: Univ.-Prof. Dr. Reinhard K. Straubinger, Ph.D.
Berichterstatter: Univ.-Prof. Dr. Dr. h.c. Gerd Sutter

Korreferent/en: Priv.-Doz. Dr. Roswitha Dorsch
Univ.-Prof. Dr. Markus MeilSner
Univ.-Prof. Dr. Heidrun Potschka
Univ.-Prof. Dr. Michael H. Erhard

Tag der Promotion: 12. Februar 2022






Meiner lieben Familie.






Die vorliegende Arbeit wurde gemal § 6 Abs. 2 der Promotionsordnung fiir die Tierarztliche

Fakultat der Ludwig-Maximilians-Universitat Miinchen in kumulativer Form verfasst.

Die folgenden wissenschaftlichen Arbeiten sind in dieser Dissertationsschrift enthalten:

1. Review article:

2. Publication I:

3. Publication II:

4. Publication Ill:

Michelitsch A, Wernike K, Ulrich L, Mettenleiter TC, Beer M: ,,SARS-CoV-

2 in animals: From potential hosts to animal models.”, erschienen in
Advances in Virus Research, 2021, online verfligbhar unter doi:

10.1016/bs.aivir.2021.03.004.

Ulrich L, Wernike K, Hoffmann D, Mettenleiter TC, Beer M:
»EXperimental Infection of Cattle with SARS-CoV-2.”, erschienen in
Emerging Infectious Diseases, 2020, online verfigbar unter doi:

10.3201/eid2612.203799.

Ulrich L, Michelitsch A, Halwe N, Wernike K, Hoffmann D, Beer M:

»EXperimental SARS-CoV-2 Infection of Bank Voles.”, erschienen in
Emerging Infectious Diseases, 2021, online verfiigbar unter doi:

10.3201/eid2704.204945.

Zhou B, Thao TTN, Hoffmann D, Taddeo A, Ebert N, Labroussaa F,
Pohlmann A, King J, Steiner S, Kelly JN, Portmann J, Halwe NJ, Ulrich L,
Trieb BS, Fan X, Hoffmann B, Wang L, Thomann L, Lin X, Stalder H, Pozzi
B, de Brot S, Jiang N, Cui D, Hossain J, Wilson MM, Keller MW, Stark TJ,
Barnes JR, Dijkman R, Jores J, Benarafa C, Wentworth DE, Thiel V, Beer
M: ,,SARS-CoV-2 spike D614G change enhances replication and
transmission.”, erschienen in Nature, 2021, online verfligbar unter doi:

10.1038/s41586-021-03361-1.



5. Publication IV: Ulrich L, Halwe N, Taddeo A, Ebert N, Schon J, Devisme C, Triieb B,
Hoffmann B, Wider M, Fan X, Bekliz M, Essaidi-Laziosi M, Schmidt M,
Niemeyer D, Corman V, Kraft A, Godel A, Laloli L, Kelly J, Calderon B,
Breithaupt A, Wylezich C, Veiga |, Gultom M, Osman S, Zhou B, Adea K,
Meyer B, Eberhardt C, Thomann L, Gsell M, Labroussaa F, Jores J,
Summerfield A, Drosten C, Eckerle |, Wentworth D, Dijkman R,
Hoffmann D, Thiel V, Beer M, Benarafa C: ,,Enhanced fitness of SARS-
CoV-2 variant of concern Alpha but not Beta.”, erschienen in Nature,

2021, online verfugbar unter doi: 10.1038/s41586-021-04342-0.

6. Publication V: Hoffmann D, Corleis B, Rauch S, Roth N, Mihe J, Halwe N, Ulrich L, Fricke
C, Schon J, Kraft A, Breithaupt A, Wernike K, Michelitsch A, Sick F,
Wylezich C, Hoffmann B, Thran M, Thess A, Mueller S, Mettenleiter TC,
Petsch B, Dorhoi A, Beer M:,,CVnCoV and CV2CoV protect human ACE2
transgenic mice from ancestral B BavPatl and emerging B.1.351 SARS-
CoV-2.“, erschienen in Nature Communications, 2021, online verfligbar

unter doi: 10.1038/s41467-021-24339-7.

Weitere wissenschaftliche Arbeiten, die nicht Teil dieser Dissertationsschrift sind:

Koethe S, Ulrich L, Ulrich R, Amler S, Graaf A, Harder TC, Grund C, Mettenleiter TC, Conraths
FJ, Beer M, Globig A: ,,Modulation of lethal HPAIV H5N8 clade 2.3.4.4B infection in AlIV pre-
exposed mallards.”, erschienen in Emerging Microbes & Infections, 2020, online verfligbar

unter doi: 10.1080/22221751.2020.1713706.

Wernike K, Aebischer A, Michelitsch A, Hoffmann D, Freuling C, Balkema-Buschmann A, Graaf
A, Miiller T, Osterrieder N, Rissmann M, Rubbenstroth D, Schon J, Schulz C, Trimpert J, Ulrich
L, Volz A, Mettenleiter T, Beer M: ,,Multi-species ELISA for the detection of antibodies against
SARS-CoV-2 in animals.”, erschienen in Transboundary and Emerging Diseases, 2021, online

verfugbar unter doi: 10.1111/tbed.13926.



CONTENTS

(000 ) =T 01 1
l. INEFOAUCTION et 5
Il. REVIEW Of LITEIatUIE ..cou iiieiiie ettt et e e 9
1. Severe Acute Respiratory Syndrome Coronavirus — 2 (SARS-COV-2)....ccccevvreeriiicnnnnneen. 10
1.1, Virion MOIPROIOZY ...cuuviiiiiiiii ettt e e e e e bbrae e e e e e e e s enannres 10

1.2, GenomMe CharaCteriStiCS . ...cooueruiiriirieeniee et 15

2. SARS-COV-2 Lif@ CYCIO...cciittrreeeiee ettt e e e e e e s abrbe e e e e e e s e snsaseees 18
3. OrigIN ANA HISTOMY oo 20
4.  SARS-COV-2-related DiSEase.......ccceruerruieriieiienieeesiie sttt s 22
5. SARS-COV-2 iN ANIMAlS ..comiiiiieiieiee e e 23
M. STUAY OB ECHIVES ...ceiiiieiireeeeee e e e e e e esabaa e e e e e e e eessbsaaeeesens 71
V. RESUIES .ttt n e e naee e 75
1. Publication I: Experimental Infection of Cattle with SARS-CoV-2......cccovvvvevrieiivinnnnnen. 77
2. Publication II: Experimental SARS-CoV-2 Infection of Bank Voles.........cccccvvvvveeeeennnnns 85
3. Publication Ill: SARS-CoV-2 spike D614G change enhances replication and transmission
....................................................................................................................................... 93

4. Publication IV: Enhanced fitness of SARS-CoV-2 variant of concern Alpha but not Beta
..................................................................................................................................... 113

5. Publication V: CVnCoV and CV2CoV protect human ACE2 transgenic mice from
ancestral B BavPatl and emerging B.1.351 SARS-COV-2 .......ccoevrevmrrerreeeeeiecirreeeeeeennn 139

V. DISCUSSION ...ttt e 165
VI. Y U1 4V 0 0= | VUSSP 177
1. ZUSAMMENTASSUNE.ccciiiiiiiiiiireee e e e eeccctrree e e e e e e ees e eearreeeeeeeesesabbareeeeeseessssreaareeeeeesannnrrens 178
VII. REFEIENCES. ... it st 183
LY AP Ve o 1T o [ PP EUEUEEU 205
O 1 o) il == (U1 YT USRS RROPPP 205
2. LAl PEIMISSIONS wuvveiiiiiiiiiciiiieeie ettt e eererrre et e e e e e sebbbber e e e s eesssbaraeeeeeeeesensrerens 205
3. List Of AbBreviations.......oocuiiiiiiiieeeeee e e 206
IX. ACKNOWIEAZMENTS ...ttt e et e e e e e esaabbereeeeeesesnsbaneeeeens 211






CHAPTER |: INTRODUCTION






Introduction

l. INTRODUCTION

Evolution of live has always been accompanied by pandemics affecting susceptible
populations more or less dramatically (Morens et al., 2020). Just within the last century,
mankind and animal populations have faced numerous (re-)emerging pandemics with a viral
etiology: Influenza A viruses (1918, 1957, 1968, 2009), human immunodeficiency virus (1981-
ongoing), African swine fever virus genotype Il in Europe (2007-ongoing), and coronaviruses
(2002, 2012, 2019-ongoing) are among those with highest fatality numbers (Woolhouse and
Gaunt, 2007, Bean et al., 2013). The latter being the youngest in a long history of pandemics,
but certainly one of the most sweeping: only within months following its first description a
novel coronavirus, which was named severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), has caused a pandemic with worldwide consequences (Dong et al., 2020a, Pak et al.,

2020).

Humans are affected at varying degrees by the SARS-CoV-2-provoked coronavirus disease
2019 (COVID-19); symptoms range from asymptomatic to mild up to severe disease
progression, which may even lead to fatal outcomes in some cases or cause long-term
consequences (Gandhi et al., 2020, Zhu et al., 2020, Carfi et al., 2020, Nalbandian et al., 2021,
Jin et al., 2020). While disease pathogenesis in humans and its consequences for clinical
outcomes are still just about to be understood, it was already early suspected, that the
emerging SARS-CoV-2 originates from an animal host and found its way into human
population via either a putative intermediate host or was directly transmitted to an index

patient (Zhang and Holmes, 2020, WHO, 2020c, Mallapaty, 2021a, Andersen et al., 2020).

Cross-linking between geographic regions and ethnicities living far apart has contributed to
the rapid pan-global spread of SARS-CoV-2 (Bontempi and Coccia, 2021). Contemporaneously
the habitat of wildlife and humans coalesce, which enlarges the wildlife-animal-human
interface boosting the chance for viruses, e.g. SARS-CoV-2, to find their way into a new species

(Jones et al., 2013).

WHO, FAO, and OIE have introduced the concept of One Health, to unite human health, animal
health, and health of the ecosystems in one view (OIE, 2021). They also accept, that these

fields are closely entangled and account for each other.
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Under these assumptions, the distinct contribution of animals in the current COVID-19
pandemic needs to be illuminated on one hand, but also their special suitability to serve as

animal models in research.

In this light, the animal studies presented in this work contribute to an improved
understanding of SARS-CoV-2 by bridging from (i) analyzing and identifying potential animal
hosts for SARS-CoV-2, to (ii) characterizing significant VOCs, and (iii) vaccine-precursor testing

in an animal model.
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II. REVIEW OF LITERATURE

Coronaviridae is a family within the order Nidovirales consisting of two subfamilies:
orthocoronavirinae and letovirinae. Within the orthocoronavirinae four genera are defined:
alpha-, beta-, delta-, and gammacoronavirus. Orthocoronavirinae from all four distinct genera
are associated with acute to chronic disease in a broad variety of Vertebralia (ICTV, 2021).
Virus spread between hosts is either due to direct or indirect transmission, e.g. by
contaminated matter or environment (WHO, 20203, Pusterla et al., 2016, Saif, 2010, Addie et
al., 2003). Disease severity is ranging from subclinical to acute and fatal disease, and can vary
depending on host factors or the virus itself (Nikolai et al., 2020, Su et al., 2016). However,
coronavirus outbreaks have regularly been associated with quite serious epidemics causing

grievous losses among affected animals and humans (Fan et al., 2019).

Although only the genera alpha- and betacoronavirus bear yet known species, that are
pathogenic for humans, relevant vertebrate-harming species are found among all genera; e.g.
alphacoronavirus with feline infectious peritonitis virus and various porcine coronaviruses e.g.
porcine epidemic diarrhea virus (Jung et al., 2020, Tekes and Thiel, 2016, Saif et al., 1994),
betacoronavirus with bovine coronavirus (Clark, 1993, Vlasova and Saif, 2021),
gammacoronavirus with the infectious bronchitis avian coronavirus of mainly gallinaceous
birds (Jackwood, 2012, Cavanagh, 2007, Fadhilah et al., 2020), and the recently described
deltacoronavirus HKU-15, a porcine coronavirus (Woo et al., 2012, Wang et al., 2014). Despite
seven pathogenic human coronaviruses are described (Human coronavirus HCoV-229E, HCoV-
HKU1, HCoV-NL63, HCoV-0C43, SARS-CoV, MERS-CoV, SARS-CoV-2), a particular broad
attention has been put in three of them: the two severe acute respiratory syndrome
coronaviruses (SARS-CoV and SARS-CoV-2), and the middle east respiratory syndrome-related

coronavirus (MERS-CoV) (Ye et al., 2020, Corman et al., 2018, Yang et al., 2020).

Coronaviruses were first identified in the 1960s by group members of a common cold research
unit and named according to their characteristic brink appearance in electron microscopy and
the pleomorphic to round shaping resembling the solar corona (Coronaviruses, 1968). This
morphology is due to embedded membrane proteins in the envelope of the 60 to 220
nanometer virion (Siddell et al., 1982). A wide range of different host and reservoir species for

members of the subfamily Orthocoronavirinae are described, as well as repeatedly the
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overcoming of species barriers and introduction into a new and naive population (Graham and

Baric, 2010, Fan et al., 2019).

With a size of about 27,000 to approximately 32,000 nucleotides they have the largest known
viral RNA genome; the positive sensed, single stranded genome is non-segmented (Weiss and
Leibowitz, 2011, Brian and Baric, 2005). This quite impressive genome size and the high fidelity
in genome replication and hence low mutational rate is associated with a feature within the
replication complex of coronaviruses, which acts as a “proof-reading” 3’ 5’ exoribonuclease

in RNA-replication (Minskaia et al., 2006, Gorbalenya et al., 2006, Drake and Holland, 1999).

1. SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS — 2 (SARS-
CoV-2)
The World Health Organization has officially named the still ongoing pandemic disease COVID-
19 (coronavirus disease-19) (WHO, 2020b). Causing fatal disease in humans, the etiologic
agent, SARS-CoV-2, queues with the 2003-2005 SARS-CoV and the 2012 MERS-CoV as a highly
pathogenic human coronavirus (Coronaviridae Study Group of the International Committee

on Taxonomy of Viruses, 2020).

Together with the two other human coronaviruses of high impact, SARS-CoV-2 belongs to the
genus betacoronavirus; SARS-CoV and SARS-CoV-2 are found within the subgenus of SARS-
related betacoronavirus, sarbecovirus (Coronaviridae Study Group of the International
Committee on Taxonomy of Viruses, 2020). However, emergence of both sarbecoviruses has
occurred independently, and SARS-CoV-2 is not a direct descendant of SARS-CoV (Dong et al.,
2020b). Bat populations, mainly in southern Asia are considered the reservoir species for
sarbecoviruses and for a great diversity of other coronaviruses (Gouilh et al., 2011, Drexler et

al., 2014, Wong et al., 2019, Latinne et al., 2020).

1.1. VIRION MORPHOLOGY
The pleomorphic to spherical shape of the SARS-CoV-2 lipid envelope measures approximately

90-100 nanometers in diameter (Ke et al., 2020). Each particle carries about 40 characteristic
trimeric spike proteins (S) in its surrounding lipid bilayer, which are eponymous for
coronaviruses; they are found randomly allotted in the membrane and jut out by

approximately 20 nanometers (Turonova et al., 2020). Two other proteins can be found in the

10
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envelope: the membrane glycoprotein (M) and the envelope (E) protein (Mittal et al., 2020,
Bianchi et al., 2020) (also see Figure 1). The lipid membrane itself is a residue of the cellular
endoplasmic reticulum — Golgi intermediate compartment with embedded viral proteins,
which forms prior to viral budding (Fehr and Perlman, 2015, Plescia et al., 2021). Encapsulated
within the envelope, and in steric contact to its proteins, the nucleocapsid protein or core
domain is found in a bead-on-a-string formation (Fehr and Perlman, 2015) (also see Figure 1).

The embedded genome has a size of around 29.8 to 29.9 kilobases (Khailany et al., 2020, Naqvi

et al., 2020, Lu et al., 2020).

Nucleocapsid protein (N)

Envelope

\— Spike glycoprotein (S)

Figure 1. Virion structure of SARS-CoV-2. (Kumar S. et al., 2020).

STRUCTURAL PROTEINS
Attachment and internalization in cells are mediated by the trimeric SARS-CoV-2 spike protein

(S), a class | fusion glycoprotein (Walls et al., 2020). Two conformations, “pre-“ and “post-
fusion”, are described for S (Turonova et al., 2020). It consists of two subunits (S1 and S2) and
a transmembrane domain; with the S1 subunit carrying the receptor binding domain (RBD)
and the N-terminal domain (NTD), and S2 carrying the actual fusion subunit (Duan et al., 2020,
Huang et al., 2020b). The S1 RBD has two prefusion conformations: in the open conformation
RBD sits exposed at the tip of the fusion core, whereas RBD accessibility is hidden in the closed
conformation (Ke et al., 2020). Conformational changes in the S architecture mediate merging

of the viral envelope and the cell membrane (Luchini et al., 2021). After binding to the cellular

11
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ACE2 receptor (angiotensin-converting enzyme), S1 and S2 are proteolytically cleaved from
each other and thereby activated (Hoffmann et al., 2020). A furin convertase cleaves at the
furin-like S1-S2 and the transmembrane serin-protease TMPRSS2 at the S2’ cleavage site
(Bestle et al., 2020).

Two S1 subunit domains, RBD and NTD, are major epitopes recognized by the vertebrate
immune system and targeted by neutralizing antibodies (Liu et al., 2020). Therefore, many
efforts in vaccine development and in the search for therapeutic substances have focused on
Sitself or its domains and combinations of both (Polack et al., 2020, Yang and Du, 2021, Samrat
et al., 2020). Antibodies against S domains have also proven to be of importance for diagnostic
approaches in the aftermath of a SARS-CoV-2 infection (Wernike et al., 2021, Freeman et al.,
2020, Roy et al., 2020, Krahling et al., 2021, MacMullan et al., 2020).

The M glycoprotein integrated in large numbers into the viral envelope is equipped with three
transmembrane domains (EA and Jones, 2019). It is found in two conformational stages,
“Mcompact” and “Mlong” (Neuman et al., 2011), and in dimers; interactions in between M
form a truss, which ultimately shapes the virion and serves as lattice for S and E in the viral
membrane (Neuman and Buchmeier, 2016, Ujike and Taguchi, 2015). M is presumably also
involved in downregulation of cellular inflammatory responses after viral infection and is
considered a driver of apoptosis, by indirectly fostering the release of caspases 8 and 9 (Fang
et al., 2007, Tsoi et al., 2014).

The viral envelope protein (E) is a rather small protein, additionally modified by
posttranscriptional processes (Liao et al., 2006, Fung and Liu, 2018). The transmembrane
domains of E form so called viroporins, that carry ion channel traits; E also oligomerizes to
pentameric structures (Gupta et al., 2021, Fung and Liu, 2018). Coronavirus’ virulence,
pathogenesis, and membrane formation is associated with the channel activity of viroporins,
and E might therefore be a target to attenuate SARS-CoV-2 (Ye and Hogue, 2007, Nieto-Torres
et al., 2014, To et al., 2017). Interaction of E and cellular tight junction proteins, which can
contribute to increased pathology, has also been observed (Shepley-McTaggart et al., 2021).
Both of these proteins, and especially their interplay, are important in spatial organization,
virion assembly and budding at intracellular organelles and membranes, and release (Kumar
S. et al., 2020, EA and Jones, 2019, Satarker and Nampoothiri, 2020, Schoeman and Fielding,
2019).

12
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A nucleocapsid protein, the fourth structural, and most abundant protein, possesses five
functional domains and interacts with viral RNA (Cubuk et al., 2021). It also critically interacts
with the membrane structural proteins in virion formation; the constitution of a
ribonucleoprotein complex with viral RNA, induces packaging of the very same and fits the
quite large 30 kb genome in a characteristic 3D pattern into the limited space of the virion
(Cubuk et al., 2021, Lu et al., 2011, McBride et al., 2014, Yao et al., 2020). N is also suspected
to impede cell cycle progression, cellular degradation of external proteins, modulate the host
immune-response, and directly activate inflammatory pathways by upregulation of COX-2
gene expression in lungs (Wang et al., 2010, Zeng et al., 2008, Yan et al., 2006). Serologic
response against N is also used as a diagnostic tool (CDC, 2021a, Houlihan and Beale, 2020,
Okba et al., 2020). However, both the sensitivity and specificity of N-specific tests in animal

samples is insufficient (Berguido et al., 2021).

NON-STRUCTURAL PROTEINS
Besides the four structural proteins, an ambiguous number (up to 27 or even more) of non-

structural proteins (nsp) and accessory proteins has been described for SARS-CoV-2 (Finkel et
al., 2021, Redondo et al., 2021, Yoshimoto, 2020). The suspected number of proteins is derived
from data for related coronaviruses, and conventional genome and transcriptome analysis, as
experimental data towards SARS-CoV-2 open reading frame’s (ORF) expression is still limited;
of course, knowledge about SARS-CoV-2 proteins will increase with the ongoing pandemic
(Yoshimoto, 2021, Kim et al., 2020). Non-structural proteins are considered to be obligatory
involved in viral replication, or to act as accessory proteins, which contribute to pathogenesis
and virulence, but are not essential in the cellular life cycle of the virus; however, they are
specific for sarbecoviruses and involved in virus-host interactions, and viral evolution

(Hodgson et al., 2006, Liu et al., 2014, Redondo et al., 2021).

Nsps are derived from ORFla and ORF1b polypeptides (see Figure 2), which encode for the
replicative and transcriptional machinery, and are cleaved into a certain number of smaller
proteins; cleaving of this large peptide is mediated by a viral protease-activity of nsp3 and
nsp5 (Imbert et al., 2008, Kim et al., 2020). Nsps have acquired a wide variety of functions
contributing to efficient viral replication in the host cell. The leader protein nspl is among the
first to become active and for instance interferes with ribosomal subunits and hinders host
translational processes (Yoshimoto, 2020, Clark et al., 2021, Arya et al., 2021). Nsp 2 is known

for its ability to perturb host cellular pathways (Yoshimoto, 2020). Together with others, nsp3,

13
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the largest coronavirus protein, is involved in the viral replication-transcription complex
(Imbert et al., 2008), and it is a viral cysteine-protease, just as nsp5, which, after a self-cleaving
step, cleaves essential proteins from the ORFlab polyprotein (Lei et al., 2018, Yadav et al.,
2021). Nsps 4,6, 7, 8, 9, 10, 12, 13 are also involved in the replication machinery, all having
specific functions, such as RNA processing or elongation (nsp 7, 8, 12), or hindering cellular
antiviral mechanisms, such as autophagy (Cottam et al., 2014, Subissi et al., 2014). The 5’-3’
helicase function during RNA plus-strand synthesis is confirmed for nsp13, which becomes
essential during replication; helicase activity is increased by the cooperative binding of nsp13
to other nsp-complexes; nsp13 is therefore of great interest as a target of direct antiviral
treatment and drug development (Jang et al., 2020, Spratt et al., 2021). Among these proteins
nspl4 is certainly salient. Exoribonuclease activity is associated with this protein, which
contributes to the large coding capacity of SARS-CoV-2 and high fidelity in genome
reproduction (Gorbalenya et al., 2006, Ma et al., 2015). The function of nsp15 and 16 consists
in preventing viral RNA from destruction through host responses, either by masking it or
protecting it by adding RNA-modifications (Decroly et al., 2011, Hackbart et al., 2020).
According to Yoshimoto, nsp enzyme functions can be assigned to the following major
categories: (i) proteases, (ii) RNA capping enzymes, (iii) replication, and (iv) other RNA
modifications, one category (v) should also be added: enzymes targeting host cellular

pathways (Yoshimoto, 2021).

ACCESSORY PROTEINS
The total number of exact ORFs in SARS-CoV-2 coding for accessory proteins is unknown and

needs to be experimentally determined (Mariano et al., 2020). Furthermore, these are highly
diverse in coronaviruses and ORF presence alters even between closely related coronaviruses;
they are considered to be responsible for the observed differences in virulence of related
betacoronaviruses (Gordon et al., 2020, Wu et al., 2020a) (see Figure 2). ORFs are defined as
the regions between a start and stop codon, independently from potential translation
(Jungreis etal., 2021). SARS-CoV-2 possesses a set of nine accessory proteins (Wu et al., 2020b,
Gordon et al., 2020). Like E, ORF3a, the largest accessory protein, oligomerizes to a viroporin
(Azad and Khan, 2021, Hassan et al., 2020). For ORF3a a pro-apoptotic activity has been
determined; in direct comparison to SARS-CoV, however, it is reduced, which might favor the
strategy of the virus to spread relatively well and undetected from cell-to-cell in an early

infection stage (Ren et al., 2020). Mutations in ORF3a and subsequent non-synonymous amino

14
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acid exchanges might contribute to differences in pathogenicity of SARS-CoV-2 strains (Azad
and Khan, 2021). As an initiator of necrosis, ORF3a also contributes to cytopathologic effects
(Yue et al.,, 2018). Finally, this protein also interacts with cellular pathogen defense
mechanisms, such as phagolysosome formation (Miao et al., 2021a). The potency of ORF3b to
act as an interferon antagonist is influenced by its length (Konno et al., 2020). ORF6 is also
involved in suppressing the interferon response and additionally impairs nuclear host-mRNA
transport mechanisms (Kato et al., 2021, Miorin et al., 2020). The ORF7a protein is associated
with suppression of antigen presentation on monocytes and with firing a cytokine storm (Zhou
et al., 2021c). Also, for ORF8, 9b, and 9c downregulating activities of host immune responses
have been described, partially by targeting mitochondrial processes (Shi et al., 2014,
Dominguez Andres et al., 2020, Wong et al., 2018). The functions of ORF3c, d, and ORF7b in
the life-cycle of SARS-CoV-2 are still unknown; nonetheless, ORF3d provokes a solid antibody
response and the ORF7b leucine zipper might be involved in loss of taste and olfaction
(Fogeron et al., 2021, Hachim et al., 2020, Redondo et al., 2021). While the role of ORF10 as
coding region is up for discussion, it was demonstrated that absence of ORF10 in the genome

of SARS-CoV-2 does not attenuate human disease (Pancer et al., 2020).

Recently, Jungreis and colleagues defined a reference gene panel of functional protein-coding
genes for SARS-CoV-2 consisting of the ORFs 1a, 1ab, S, 3a, 3¢, E, M, 6, 7a, 7b, 8, N, and 9b
(Jungreis et al., 2021). In summary, functions of accessory proteins can be abstracted in
sharing one aim: to subdue infected cells in manifold ways to enable unobstructed viral
growth and replication. Hence both, nsps and accessory proteins, are of great interest as
potential drug targets or for creation of live, attenuated SARS-CoV-2 strains lacking certain

OREFs (Silvas et al., 2021, Habtemariam et al., 2020).

1.2. GENOME CHARACTERISTICS
The SARS-CoV-2 genome ranges in size between 29.8 to 29.9 kilobases and encodes for about

9860 amino acids; it is a single stranded, positive sensed RNA genome, meaning viral RNA can
directly be translated by cellular ribosomes, just like mRNA (Pfefferle et al., 2020, Chan et al.,
2020, Khailany et al., 2020, Masters, 2006). The vast genome organization does not differ
between SARS-CoV and SARS-CoV-2, but individual disparity between both viruses is
prominentinS, ORF3b, and ORF8 genes specifically (Chan et al., 2020). Towards the 5’ genome
end two large genes encoding for nonstructural proteins are allocated (ORFla and ORF1b) and

they engross about two thirds of the entire genome; the much smaller genes for the four
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structural proteins are found with orientation towards the 3’ genome end (Masters, 2006).
They are arranged discontinuously between those encoding for accessory proteins (ORF3a-
ORF10) (Khailany et al., 2020). The hemagglutinin-esterase gene is not present in the SARS-
CoV-2 genome (Zandi and Soltani, 2021, Chan et al., 2020). An overview on the genome

organization is given in Figure 2.

Either genomic end is flanked by an untranslated region (UTR) of variable lengths (Chan et al.,
2020, Khailany et al., 2020). UTRs carry specific modifications, such as a 3’ poly a-tail, a 5’ cap,
and structural adaptations (Miao et al., 2021b). Secondary RNA-structures, as stem loops,
long-range RNA-RNA interactions, and double-stranded regions are known and some of these
are involved in modulating transcription efficiency (Vandelli et al., 2020, Rangan et al., 2020,
Plant et al., 2005, Cao et al., 2021, Chan et al., 2020). A well-described structure is the three
stemmed pseudoknot in ORFlab. It is essential for frame-shifting, as it enables translation of
polyprotein (pp) 1 and pp2 from the ORF1ab by circumnavigating ribosomes around the ORFla

stop codon to allow for translation of the downstream ORFlab proteins (Huston et al., 2020).
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Figure 2. SARS-CoV-2 genome organization and annotation of ORFs. Modified after Gordon et al., 2020.

Viral RNA is stowed in the virion in a globular, slightly helical spatial arrangement (Cao et al.,
2021). RNA packaging is mediated by packaging signals and dependent on interactions of N

and M terminal regions (Masters, 2006).

Characteristic for Nidovirales is also the production of a set of nested 3’ subgenomic RNAs
(Fehr and Perlman, 2015). The underlying mechanisms are intricate and likely the
consequence of halted negative RNA strand synthesis (Alexandersen et al., 2020). The
subgenomic RNAs also serve as templates for translation of the 3’ orientated genes, including

the structural genes (Kim et al., 2020, Sola et al., 2015). However, subgenomic RNAs are not
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included in virions, as they do not have any packaging signals (Alexandersen et al., 2020). The

set of subgenomic RNAs is illustrated in Figure 3.

A major driver in both CoV’ evolution and host-switch are genome recombination events,
which occur during RNA-synthesis due to template switch; recombination can result in the
generation of defective viral genomes, or altered subgenomic RNAs, or novel full genomes
(Graham and Baric, 2010, Sola et al., 2015, Gribble et al., 2021). Recombination frequency and
preciseness is depending on the activity of the nsp14 exonuclease (Gribble et al., 2021). Both,
intermolecular trans-recombination events between two co-infecting RNA molecules, which
may result in chimeric viruses, as well as intramolecular cis-recombination events at
transcription-regulating sequences are described (J. G. Keck, 1988, Sola et al.,, 2015). In
addition to recombination, coronaviruses evolve within new hosts or if forced from hosts with
partial immunity, through genomic drift. Accumulation of such drift mutations resulted in a

divergence of SARS-CoV-2 variants and is still in progress.
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2. SARS-CoV-2 LiFe CYCLE

For replication, SARS-CoV-2 virions critically depend on the intracellular milieu and machinery
of eukaryotic cells. First steps in viral infection and hence the viral life cycle are attachment to
and internalization into host cells. With its RBD located in the spike protein the virus particle
attaches to the ACE2 cellular receptor (Wang et al., 2020b). Further uptake of the virion occurs
only after proteolytic activation of the S1 and S2 subunit by cellular proteases (furin and
TMPRSS2) (Jaimes et al., 2020, Ord et al., 2020, Hoffmann et al., 2020). Upon activation, the
S2 domain catalyzes the fusion of viral and cellular membranes by ionic changes, after its self-
insertion into the cell membrane (Millet and Whittaker, 2018, Murgolo et al., 2021). ACE2
receptors and relevant proteases are found on many cell types in mammals, e.g. in lung or
bronchial tree tissues (Lukassen et al., 2020). Internalization may also be achieved by an
alternative, less-favored pathway: endocytic-endosomal intake, and cathepsin L-mediated
fusion of endosomal and viral membranes (Simmons et al.,, 2013, Yang and Shen, 2020).
Besides, also other cellular proteins, as Neuropilin-1, are known to alleviate cell entry (Zhang
et al., 2020b, Cantuti-Castelvetri et al., 2020).

Subsequently, the nucleocapsid-complex is released into the cytoplasm (Kirtipal et al., 2020).
The viral RNA acts similar to host mRNA, hence direct translation of 5’ terminal genes at
cellular ribosomes under the influence of frame-shifting events commences, and polyprotein
1 and 2 (pp) are released (Fehr and Perlman, 2015). After auto-cleavage of the papain-
proteases nsp3 and nsp5 from the pp, these in turn cleave the remnant-pp and allow
formation of the viral replication and transcription complex (RTC); RTC is allocated near the
rough endoplasmic reticulum (rER), and nspl and others subsequently conquer the host-
transcription processes at the rER (Schubert et al., 2020). RTC core units are the RNA-
dependent RNA polymerase with its cofactors, the proof-reading machinery, and RNA
modifying subunits (Romano et al., 2020, Gao et al., 2020).

The following steps, which include synthesis of the initially produced minus-strand RNA,
subgenomic RNAs, and the ultimate viral positive-strand RNA, require the formation of
characteristic, endoplasmic reticulum-derived membrane structures: so-called double
membrane vesicles (DMV) (V'Kovski et al., 2021, Knoops et al., 2008, Perlman and Netland,
2009). Formation of DMV and anchoring of RTC is induced by several nsps (Zhang et al.,
2020a). The DMV are beneficial for viral replication, as they can protect viral RNA, especially

double-stranded intermediates from degradation, they concentrate necessary substrates and
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spatially organize enzyme-systems; hence they are also designated as SARS-CoV-2 replication
factories (Du Toit, 2020, Wolff et al., 2020b, Snijder et al., 2020). Then, positive-strand RNA is
disguised by RNA-capping modifications, to veil its non-cellular origin (Romano et al., 2020).
For egress of newly synthesized RNA, pores are coined in the DMV (Wolff et al., 2020a).
After the RNA-synthesis steps in the DMV microenvironment, viral proteins are produced:
structural and accessory proteins are translated from the subgenomic RNA at the rER, where
they are internalized under synthesis for posttranslational modifications - with one exception:
N is directly released into the cytoplasm following translation, to allow formation of the
ribonuclein-complex and nucleocapsid-formation with the positive RNA strand (V'Kovski et al.,
2021, Hopferetal., 2021, Khade et al., 2021). Encapsidation is driven by RNA packaging signals,
which effectuate accumulation of numerous N proteins and self-organization processes
(Masters, 2019, de Haan CA, 2005). Following translation, the proteins are delivered via the
ER-to-Golgi intermediate compartment ERGIC to finally bud with the nucleocapsid, to form
new virions; these processes are initiated and coordinated by activity of mainly M, but also E,
and N protein (Caldas et al., 2020, de Haan CA, 2005, Plescia et al., 2021, Fehr and Perlman,
2015, Kirtipal et al., 2020, V'Kovski et al., 2021). Structural proteins are sent on their way to
ERGIC by expression of intracellular trafficking signals (Boson et al.,, 2021), and
morphologically distinct membrane vesicles act as a transport receptacle for different types
of proteins; finally these vesicles fuse to allow viral budding and the eventual release (Ulasli
et al., 2010, Mendonca et al., 2021).

In infected cells, the assembly sites are characterized by proximity of membrane structures
resembling ER and Golgi apparatus and high vesicle densities (Klein et al., 2020).

SARS-CoV-2 has several strategies for egress: along with bio-secretion also egress via
lysosomal pathways occurs (Ghosh et al., 2020, Zhang and Zhang, 2021). SARS-CoV-2 manages
to impair normal lysosomal functions: enzymes are inactivated, antigen-presentation is
hindered and the pH is increased, so ultimately virions are released via lysosomal trafficking
(V'Kovski et al., 2021, Ghosh et al., 2020, Miao et al., 2021a).

A schematic overview about the steps in the cellular SARS-CoV-2 replication cycle is given in

Figure 4.
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Figure 4. Overview of SARS-CoV-2 cellular entry, replication, and egress. (Kumar S. et al., 2020).

3. ORIGIN AND HISTORY

SARS-CoV-2 was first identified in late 2019 from swab and bronchoalveolar lavage samples
collected from a diseased person in China (Zhou et al., 2020, Wu et al., 2020b). The majority
of first COVID-19 cases were epidemiologically linked to a seafood market in Wuhan, Hubei
Province, China (Li et al., 2020a, Zhu et al., 2020). Although many theories on the origin of
SARS-CoV-2 exist, the most plausible ones — similar to other coronaviruses - include
transmission of a SARS-CoV-2 ancestral virus from a bat species as reservoir host to an
intermediate host and finally to humans, where it further adapted to maximum replication
and transmission capacity; most likely, trade and consumption of wildlife animals were
involved in the gateway of the pandemic (Holmes et al., 2021, Lam et al., 2020, Dong et al.,
2020b, Cui et al., 2019, Wong et al., 2019, Lundstrom et al., 2020, Andersen et al., 2020, Ge et
al., 2013, Bloom, 2021, Temmam et al., 2021). For the respective seafood market, the sale of

species, which have proved to be highly susceptible for SARS-CoV-2, has been documented
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until November 2019 (Xiao et al., 2021). What is more, just recently the finding of a close SARS-

CoV-2 relative in Chinese bats was reported (Li et al., 2021b).

A more detailed discussion of reservoir and host species is included in the enclosed Review

Article "SARS-CoV-2 in animals: From potential hosts to animal models’.

Although knowledge about contagiousness, transmissibility, and pathogenesis of SARS-CoV-2
was little in the beginning, reports from China indicate that the initial infection wave could be
controlled quickly (Zhu et al., 2020, Kong et al., 2021, Shi et al., 2021). Yet, the virus spread
world-wide and among others, Italy, France, Spain, the United Kingdom, and the United States
faced an enormous first pandemic wave with a critically high number of patients requiring
intensive treatment (Davis et al., 2021, Zeller et al., 2021, Yang et al., 2021, Nadeau et al.,
2021, Dong et al.,, 2020a). In response to the rapid spread and dramatic scenarios, many

countries have launched disease control measures and lock-downs (Fokas and Kastis, 2021).

March 11, 2020, the Director-General of WHO, finally announced a global SARS-CoV-2
pandemic (WHQO, 2020e).

Simultaneously, the SARS-CoV-2 pandemic has been driven by the emergence of new viral
variants. The first to become important, was the so-called variant “D614G”. One nucleotide
exchange in the coding sequence of S resulted in an altered primary structure of the protein
and overtook disease dynamics only shortly after its detection (Korber et al., 2020). In the
aftermath of this first dominant variant also others emerged: the Alpha B.1.1.7 variant and
Delta B.1.617.2 variant, which have both achieved preferred spreading in comparison to the
strains endemic beforehand, and the Beta B 1.351 variant, which is associated with immune-

escape properties (Li et al., 2021a, Reardon, 2021, Kraemer et al., 2021, Wibmer et al., 2021).

To keep track with the rapid viral evolution a classification system was proposed, with the
categories variant of concern (VOC), variant of interest (VOI), and variants of high interest
(WHO, 2021b, CDC, 2021c). First, naming of the variants referred to the country, they were
initially reported from (e.g. the British, South African, Brazilian, Indian variant) (Callaway,
2021). Also, a naming system respecting phylogenetic relatedness was proposed (Rambaut et
al., 2020). In order to simplify and harmonize nomenclature, WHO announced in May 2021 a
new classification system, referring to Greek letters for distinct variants (WHO, 2021c). By end

of August 2021 four variants of concern are defined, which have been, or are, dictating
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epidemics in the past ten months: Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta
(B.1.617.2); they are defined by their specific genomic configuration at certain sites (WHO,
2021b).

4. SARS-COV-2-RELATED DISEASE

Certainly, SARS-CoV-2 is dreaded for its consequences for human health. Most frequently,
SARS-CoV-2 is shed via respiratory droplets from infected patients; transmission occurs either
by direct inhalation of these, or by droplet, or smear infection of mucous membranes (Zhou
et al., 2021b, WHO, 2020d, CDC, 2021e). Upon infection with SARS-CoV-2, a patient may
develop clinical symptoms at varying severity of Coronavirus Disease-19 (COVID-19). The
spectrum of disease includes every stage between mild or even asymptomatic progression
and severe to fatal clinical disease (Schonfeld et al., 2021, Huang et al., 2020a, Oran and Topol,
2020, Nogrady, 2020, Casas-Rojo et al., 2020, NIH, 2021).

Among the commonly reported symptoms are coughing, sore throat, fever, asthenia,
headache, myalgia, loss of smell and taste, and shortness of breath (Tong et al., 2020, Aziz et
al., 2020, Lechien et al., 2020, CDC, 2021d). These studies also show clearly that the subset of
clinical symptoms varies from patient to patient and symptoms can be others than the
mentioned most common signs, e.g. diarrhea or gastro-intestinal symptoms (Ghimire et al.,
2021, Li et al., 2020b).

As disease progression continues, initially mild symptoms can rapidly gain in severity, which
might afford aggressive therapy, e.g. intensive care, artificial ventilation, or even
extracorporeal membrane oxygenation of venous blood (ECMO), that can still result in coma
or death of the patient (Wongtangman et al., 2021, Richardson et al., 2020, Wang et al., 2020c,
Wunsch, 2020, Dreier et al., 2021). Complications, symptoms, and diagnoses in these cases
include pneumonia, lung failure, cyanosis, chest CT abnormalities, lymphopenia and
leukopenia, reduced hemoglobin and platelets, aberrations in blood biochemistry, vasculitis
and haemophagocytic lymphohistiocytosis, coagulopathy and thrombosis, cerebral infarction,
encephalitis and myelitis, myocarditis, glomerulonephritis, cutaneous involvement, and death
(Wang et al., 2020a, Andrikopoulou et al., 2020, Wollina et al., 2020, Ramos-Casals et al., 2021,
Wang et al., 2021).

Time between infection and symptom onset adds up to about 7 days, but can vary depending

on individual factors (Zaki and Mohamed, 2021, Elias et al., 2021, Quesada et al., 2021, Paul
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and Lorin, 2021). Time from symptom onset to a stage, which makes treatment obligatory,
amounts to about 8 days and patients may worsen within a very short period of time, even
quite a while after the onset of symptoms (Wang et al., 2021). Unfortunately, it has to be
noted, that patients are already infectious during the asymptomatic phase (Byambasuren et
al., 2020, Sayampanathan et al., 2021, Wilmes et al., 2021, Johansson et al., 2021).

Most abundant risk-factors for severe disease and lethality include sex and age of the patients,
obesity, diabetes, hypertension, and cardio-vascular diseases (CDC, 2021b, Venkatakrishnan
et al., 2021, Nogueira et al., 2020, Wollenstein-Betech et al., 2020, Pawlowski et al., 2021,
Ahrenfeldt et al., 2021, Green et al., 2021, Peckham et al., 2020).

As more and more patients recovered from SARS-CoV-2 infection, it became clear, that a
certain fraction of patients, independent from disease severity, develops symptoms in the
aftermath of the acute phase; this syndrome has been termed “post-COVID syndrome” or
“Long-COVID” (Fan et al., 2021, Halpin et al., 2021, Wostyn, 2021, Carroll et al., 2020, Lancet,
2020, Nalbandian et al., 2021). However, both, case definition and the pathogenesis of this

syndrome, are still unclear.

5. SARS-CoV-2 IN ANIMALS
Animals play a particular role in the SARS-CoV-2 pandemic. On the one hand SARS-CoV-2, and

the ancestral virus respectively, originates from a reservoir bat species and was transmitted
to humans via an intermediate host. Therefore, SARS-CoV-2 is a zoonotic pathogen, even if
meanwhile most animal infections are of an anthropo-zoonotic origin. Furthermore, also
other animal species, than originally infected, could reveal susceptible for SARS-CoV-2
infection and act as reservoirs or even as ‘recombination vessel’. Human existence is closely
linked to large scale animal production systems — another possible reservoir pool. And,
probably most important in the current phase of the pandemic, animals are irreplaceable as
model species to picture human disease and illness, and to promote evidence in many

research fields, e.g. in vaccine development.

A comprehensive summary embracing the named topics is presented in the following pages
as a Review Article. Figure and table numbering are according to the published chapter and
references are presented in the journal style and do not appear in the reference section of

this thesis.
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Abstract

Within only one year after the first detection of severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), nearly 100 million infections were reported in the human
population globally, with more than two million fatal cases. While SARS-CoV-2 most
likely originated from a natural wildlife reservoir, neither the immediate viral precursor
nor the reservoir or intermediate hosts have been identified conclusively. Due to its
zoonotic origin, SARS-CoV-2 may also be relevant to animals. Thus, to evaluate the host
range of the virus and to assess the risk to act as potential animal reservoir, a large
number of different animal species were experimentally infected with SARS-CoV-2 or
monitored in the field in the last months. In this review, we provide an update on studies
describing permissive and resistant animal species. Using a scoring system based on
viral genome detection subsequent to SARS-CaV-2 inoculation, seroconversion, the
development of clinical signs and transmission to conspecifics or humans, the suscep-
tibility of diverse animal species was classified on a semi-quantitative scale, While major
livestock species such as pigs, cattle and poultry are mostly resistant, companicn
animals appear moderately susceptible, while several model animal species used in
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Advances in Virus Research, Volume 110 Copyright © 2021 Elevier Inc. 59
ISSN 0065-3527 All rights reserved.
https:#/doi.org/10.1016/bs.aivir.2021.03.004

25



Review of Literature — Review article: SARS-CoV-2 in animals: From potential hosts to animal models

60 Anna Michelitsch et al.

research, including several Cricetidae species and non-human primates, are highly
susceptible to SARS-CoV-2 infection. By natural infections, it became obvious that
Arerican minks (Neovison vison) in fur farms, eg., in the Netherlands and Denmark
are highly susceptible resulting in local epidemics in these animals.

1. Introduction

The World Health Organization (WHO) defines a pandemic as a
global spread of a new disease (WHO, 2010) focusing on the human pop-
ulation. However, as it can be seen during the recent pandemic of severe
acute respiratory syndrome coronavirus type 2 (SARS-CoV-2), not only
humans but also a variety of other animal species can be affected by the
spread of this novel pathogen (Abdel-Moneim and Abdelwhab, 2020;
Kiros et al., 2020). From the origin of the virus from a yet unknown animal
reservoir (Zhou et al., 2020) to the appearance of new viral variants in
farmed minks (Elaswad et al., 2020), and the threat of the establishment
of separate transmission cycles in nature (Kiros et al., 2020), animals are
an epidemiological part of this pandemic. Thus, the susceptibility of difterent
animal species needs to be assed in order to fully understand the epidemiol-
ogy of the pandemic (Kiros et al., 2020), and to find suitable animal models
(Munoz-Fontela et al., 2020) to support the development and validation of
efficient vaccines and therapeutics.

To date, seven human coronaviruses are known and all of them likely
originate from an animal source (Cui et al., 2019). HCoV-OC43 and
HCoV-HKU1, which induce only mild upper respiratory disease in immu-
nocompetent humans, likely originated in rodents. Progenitor viruses of
HCoV-229E and HCoV-NL63, which likewise usually cause only mild
human infections, were recently found in African bats (Cui et al., 2019).
The remaining three human coronaviruses, namely the Middle East respi-
ratory syndrome coronavirus (MERS-CoV), the first severe acute res-
piratory syndrome coronavirus (SARS-CoV) and SARS-CoV-2 induce
severe to fatal diseases in infected humans, and all three are suspected to
originate from bats (Cui et al., 2019; WHO, 2003, 2019; Zhou et al.,
2020). In addition, a variety of intermediate hosts is discussed. SARS-
CoV was found, e.g., in four Paguma larvata (Himalayan palm civets) and
a Nyctereutes procyonoides (raccoon dog) in a live-animal market (Guan
et al., 2003) in the province Guangdong, China, which was the center of
the SARS-CoV epidemic in 2002/03 (Zhong et al., 2003). This led to a
mass killing of these animal species. The analysis of sampled civets
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(n=91) and raccoon dogs (n=15) showed that all of them were positive
for SARS-CoV. However, 1n civets from 12 other Chinese provinces
(n=1107) no SARS-CoV genomes were detected (Kan et al., 2005).

Further, a serological study found antibodies against SARS-CoV 1in
civets in another market in Guangdong, but not in civets sampled from farms
and markets outside of Guangdong (Tu et al., 2004). Both studies support
the hypothesis that civets and raccoon dogs are not the original source of
the ancestor virus, but rather a recipient in the local market, that acquired
the virus from an original source and may have acted as an amplifier for
virus spread (Kan et al,, 2005; Tu et al., 2004). For MERS-CoV, the
human-to-human transmission rate appears to be rather low. Therefore,
an animal source for the numerous independent human infections was
suspected (Breban et al., 2013). Initial analyses of the exposure history of
the first human MERS-CoV cases showed that all patients had contact with
livestock animals (WHO, 2013).

Serological studies were conducted in the affected regions of the Arabic
peninsula. They found that Camelus dromedarius (dromedary camels), but
not Bos taurus (cattle), Owis aries (sheep) or Capra aegagrus hircus (goats) had
high antibody prevalence against MERS-CoV (Hemida et al., 2013;
Perera et al., 2013; Reusken et al., 2013). Furthermore, MERS-CoV was
1solated from a camel farm owned by an infected person (Haagmans et al.,
2014). Transmission from dromedary camels to humans also was subse-
quently demonstrated by RT-PCR-based genome detection and sequence
analysis (Azhar et al., 2014). As of now, dromedary camels are seen as the
central intermediate host for MERS-CoV (Cui et al., 2019) and are believed
to be the source of constant re-introduction of MERS-CoV into the human
population (Al-Ahmadi et al., 2020). Nevertheless, the most likely original
hosts of a MERS-CoV ancestor virus are bats (Cui et al., 2019).

The most recent human-pathogenic coronavirus, SARS-CoV-2, also is
suspected to originate from an animal reservoir, potentially through one or
more intermediate hosts. In humans, the clinical presentation of the novel
disease, called “Corona Virus Disease 2019 (COVID-19),” ranges from
asymptomatic infections or mild respiratory symptoms to pneumonia with
acute respiratory distress syndrome, cardiovascular failure, coagulopathy,
multiple organ failure and death, with much higher fatality rates in the
elderly or when certain underlying health conditions exist (Grasselli et al.,
2020; WHO, 2020a; Wu and McGoogan, 2020}. Until January 2021, which
is only one year after the first cases of SARS-CoV-2 were reported to
WHO, about 100 million human infections were reported from 224 coun-
tries, with more than 2 million fatal cases (Dong et al., 2020).
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Since SARS-CoV-2 very likely has a zoonotic origin, it is important to
identify the original animal reservoir to prevent future similar outbreaks.
Therefore, during the last months, a significant number of different animal
species were either sampled in the field or experimentally infected with
SARS-CoV-2, in order to evaluate their susceptibility to infection and to
assess their potential as animal reservoirs.

2. Reservoir and intermediate hosts

SARS-CoV-2, SARS-CoV and MERS-CoV very likely originate
from an animal reservoir. However, it is not known how, where and when
the ancestor virus transferred into the human population. Although highly
important to prevent future similar spill-over transmissions of related viruses
(Wong et al., 2020), neither SARS-CoV-2 nor an immediate precursor
coronavirus in animals has been reported. Nevertheless, given the sequence
similarity of about 96% between SARS-CoV-2 and the betacoronaviruses
RaTG13 found in Rinelophus affinus (intermediate horseshoe bats) in
China (Zhou et al., 2020), and the detection of a wide range of further
coronaviruses in bats (order Chiroptera) (Colunga-Salas and Herniandez-
Canchola, 2020; Lacroix et al., 2020; Lau et al., 2005; Li et al., 2005;
Wacharapluesadee et al., 2021; Yadav et al., 2020), bats are suspected to
be the reservoir host for the progenitor virus of SARS-CoV-2 (Latinne
et al., 2020; Lu et al., 2020a; Wacharapluesadee et al., 2021; Zhou
et al., 2020),

Interestingly, antisera raised against the bat coronavirus RmYNO2
were able to cross-neutralize SARS-CoV-2 (Wacharapluesadee et al.,
2021). Whether the pandemic started by a direct spill-over of the SARS-
CoV-2 ancestor from bats to humans followed by natural selection in
humans, or via another intermediate mammalian host providing further
adaptation to the human host, is still under debate (Andersen et al., 2020;
Wacharapluesadee et al., 2021).

When assessing the relatedness of coronaviruses to identify potential
hosts, the amino acid sequence and structure of the receptor-binding
domain (RBD) within the spike (S) protein is relevant, as it mediates binding
of the virus to the cellular surface protein angiotensin-converting enzyme
2 (ACE2) (Brooke and Prischi, 2020; Damas et al., 2020). The RBD of
the RaTG13 bat coronavirus difters substantially from that of human cor-
onaviruses, suggesting that it may not bind efficiently to the human ACE2
receptor (Andersen et al., 2020; Conceicao et al., 2020). Other bat
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coronavirus RBDs are even less similar, making a direct spill-over to
humans unlikely. Nevertheless, there could be other more closely related
coronaviruses in bats that have not been detected yet, or an intermediate
host. To assess whether bats support replication and transmission of
SARS-CoV-2, Rousettus aegyptiacus (fruit bats) and Epftesicus fuscus (North
American big brown bats) have been inoculated experimentally (Hall
et al., 2020; Schlottau et al., 2020). Big brown bats appear to be resistant,
since neither virus excretion, nor virus detection in tissues, signs of disease
or transmission were found (Hall et al., 2020). In contrast, SARS-CoV-2
inoculation of fruit bats led to efficient replication in the upper respiratory
tract followed by seroconversion in seven out of nine intranasally inoculated
animals. Although no clinical signs were observed, immunohistochemical
analyses detected the presence of rhinitis. Transmission to in-contact bats
of the same species occurred in one out of three animals (Schlottau et al.,
2020). Thus, fruit bats show characteristics of a reservoir host and could help
to model the physiopathology of SARS-CoV-2 infection in a bat host.

Several candidates for potential intermediate hosts have been proposed.
At the beginning of the pandemic, Pholidota spp. (pangolins) were implica-
ted because of the identification of several SARS-CoV-2-related cor-
onaviruses in these animals, including viruses with an RBD similar to that
of SARS-CoV-2 (Lam et al., 2020b; Xiao et al., 2020; Zhang et al.,
2020d). However, the pangolin theory is still up for debate, as it became
clear that the pangolin viruses are even less related to SARS-CoV-2 than
the currently known bat coronaviruses, meaning that the sequence simi-
larity 1s not sufficient to either confirm or rule out a role of pangolins in
the emergence of SARS-CoV-2 (Liu et al., 2020; Malaiyan et al., 2020;
Wacharapluesadee etal., 2021; Wahba et al., 2020). In addition, experimen-
tal infection studies are missing.

A wide range of additional wild animals from Murinae (e.g., house mouse),
Cricetidae (e.g., deer-mouse and bank voles) or Sciuridae species (e.g., squirrels)
to Serpentes (snakes), Feliformia (cat-like carnivorans), Caniformia (dog-like
carnivorans), Viverridae (e.g., civets), Cervidae (deer) and non-human primates
including close relatives (e.g., Chinese tree shrew) were analyzed as potential
missing links between bats and humans or potential animal reservoirs (Deng
et al., 2020b; Zhao et al., 2020b). Some species could be quickly excluded,
while others are still up for debate.

Computational analysis may assist in the prediction of a certain species
as a potential host for a specific virus. However, this theoretical approach
should be viewed with caution and verified by experimental studies.
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Snakes, for example, were hypothesized to be a potential host for
SARS-CoV-2 by comparison of the relative synonymous codon usage of
virus and snake (Ji et al., 2020). However, bioinformatics approaches
based on the analysis of their ACE2 receptor (Luan et al., 2020; Zhang
et al., 2020b) argued against this assumption. Direct experimental evidence
that determines whether snakes can be infected is still missing. By experi-
mental inoculation Sylvilagus sp. (cottontail rabbits), Sciurus niger (fox squir-
rels), Urocitellus elegans (Wyoming ground squirrels), Cynomys ludovicianus
(black-tailed prairie dogs), Mus musculus (house mice), and Procyon lotor (rac-
coons) were found to be not susceptible to SARS-CoV-2 (Bosco-Lauth
et al., 2021).

Carnivora wildlife species that are wide-spread in North America
and often live in close proximity to human dwellings are Mephitis mephitis
(striped skunk) and raccoon. Both species were tested by experimental
inoculation with SARS-CoV-2. Virus replication and seroconversion was
detected in skunks, but not in raccoons. No clinical or gross pathological
signs were observed for either species, but bronchiole associated lymphoid
tissue was found in skunks (Bosco-Lauth et al., 2021).

Three species of Cervids show a high similarity in their ACE2 receptor
to that of humans: Odocoileus virginianus (white-tailed deer), Rangifer tarandus
(reindeer), and Elaphurus davidianus (Pere David’s deer) (Damas et al., 2020).
In addition, deer lung cells were found to be susceptible to SARS-CoV-2,
and the virus replicates to similar titers as in African green monkey (Vero-
E6) cells, although markedly delayed (Palmer et al., 2021). Upon intranasal
inoculation of white-tailed deer all inoculated fawns shed infectious
virus and seroconverted. Noteworthy, also in-contact fawns, separated by
plexaglass, became productively infected, most likely by droplets. Virus
was 1solated from nasal and rectal swabs, and the viral genome was detected
mainly in the upper respiratory tract and corresponding lymphatic organs
of" inoculated animals and deer infected by contact to virus-shedding
conspecifics. Body temperature was transiently elevated in some cases,
but gross lesions were not obvious. Histologically, acute alveolar damage-
related lesions were detected, resembling human infection, but no viral
RNA was detected, suggesting that the virus had already been cleared
(Damas et al., 2020).

Rodentia (Rodents) is the largest order of mammals encompassing more
than 2000 species. Rodents are notorious as hosts for zoonotic viruses. They
occur worldwide and some species live in high numbers in close proximity
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to humans in urban, suburban and rural setting. Moreover, parental viruses
of two human coronaviruses, OC43 and HKU1, have already been found in
rodents (Cui et al., 2019).

Based on comparative sequence and structural analyses of the
SARS-CoV-2-binding receptor ACE2, some rodents were identified as
in a high-risk group for susceptibility (Damas et al., 2020). Though house
mice could be excluded as an amplifying host by experimental infection
(Bosco-Lauth et al., 2021), some species of the family Cricetidae support
virus replication. Neofoma cinerea (bushy tailed woodrats) shed virus
from their oral cavity and developed specific antibodies subsequent to exper-
imental infection, and during necropsy, mild signs indicative for inflam-
mation were found (Bosco-Lauth et al., 2021). Further Cricetidae species
that are susceptible to SARS-CoV-2 include Peromyscus maniculatus
(North American deer mice), Peromyscus leucopus (white-footed mice),
and Myodes glareolus (European bank vole) (Bosco-Lauth et al., 2021;
Fagre et al., 2020; Griffin et al., 2020; Ulrich et al., 2020a). After experimen-
tal intranasal infection, deer mice carry high amounts of infectious virus in
their respiratory organs and also in the intestine, whereas infectious virus
is shed at significantly lower levels in a biphasic pattern from the mouth
and nose (Bosco-Lauth et al.,, 2021;Fagre et al.,, 2020; Griffin et al.,
2020). Transmission to contact animals was successful for deer mice
(Fagre et al., 2020; Griffin et al., 2020) and antibodies were produced by
the animals, in which viral replication took place. Although histopathology
revealed signs of inflammation and pneumonia in the lungs as well as inflam-
matory alterations and presence of viral antigen in head ganglia and cerebral
portions of the brain, clinical disease was not obvious (Bosco-Lauth et al.,
2021; Fagre et al., 2020; Griffin et al., 2020). Expression of cytokines
and inflammatory cells, resembling that of the human COVID-19 disease,
have been described (Fagre et al., 2020; Grithn et al., 2020). Intranasal inoc-
ulation of bank voles with SARS-CoV-2 likewise led to viral replication
in the respiratory tract without inducing any obvious clinical signs, detection
of low amounts of viral genome in the central nervous and lymphatic sys-
tems, and seroconversion (Ulrich et al., 2020a). Intra-species transmission
to direct in-contact animals was not observed (Ulrich et al., 2020a).

When SARS-CoV-2 was detected in a mink farm in the Netherlands
(ProMED-mail, 2020b), fur-bearing animals kept tfor pelt production,
particularly the three main species Neovison vison (mink), foxes (several gen-
era of the family Canidae), and raccoon dogs, became a focus of interest.
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These animals also are held in large numbers in China (ACT Asia, 2019)
and raccoon dogs had already been considered as potential interme-
diate hosts for SARS-CoV. The Netherlands reported its first case of
SARS-CoV-2 in a mink farm at the end of April 2020, which was amid
the first wave of the pandemic. Shortly afterwards, the virus was detected
in a second farm. Both farms reported respiratory symptoms and the latter
an increase in mortality (OIE, 2021b). A first epidemiological investigation
demonstrated that the virus was most likely introduced by infected farm
workers on two separate occasions. In addition, the airborne inhalable dust
on the farm was found positive for viral RNA and suspected to be the source
of transmission within the farm to both mink and workers. On both farms
the outbreak was reported to be self-limiting, as the symptoms disappeared
together with the viral RNA in the dust. Seroconversion was found in nearly
all sampled animals (Oreshkova et al., 2020) indicating a high infection
rate. As of January 6, 2021, the number of infected farms had risen to 69 farms
in the Netherlands alone, of which 29 (42%) reported respiratory clinical
signs in their mink. An evaluation of these cases focusing on virus intro-
duction and transmission is currently under way (OIE, 2021b). Besides
the Netherlands, Denmark, Sweden, the USA, Canada, France, Spain,
Greece, Lithuania and Poland (OIE, 2021b; Rabalski et al., 2020) reported
SARS-CoV-2 infections in mink farms. SARS-CoV-2 positive workers
could be identified in the vast majority of cases as the source of infection
(OIE, 2021b). Like in the Netherlands, respiratory symptoms were reported
in the animals for a subset of farms by the other countries as well, occasionally
accompanied by an increase in mortality (OIE, 2021b). Pathological exam-
ination found an interstitial pneumonia in almost all sampled mink that
supposedly died because of the SARS-CoV-2 infection (Molenaar et al.,
2020; Oreshkowva et al., 2020).

In Denmark, an intensive surveillance program was started after the first
farms tested positive in June 2020, leading to the detection of 25 infected
holdings until the 1st of October 2020 and 67 additional farms until the
16th of October (OIE, 2021b). By the 1st of December, this number had
increased to 289 farms, which represents 20% of the Danish mink farms
(WHO, 2020b). In about a third of the affected farms, no clinical signs were
observed (Boklund et al., 2021). An extensive sampling of the environment
and of numerous animals roaming around the farms did not lead to a con-
clusive explanation of the transmission mode between farms, except for
direct transfer by infected humans (Boklund et al., 2021). Particularly
worrying, mink to human transmission occurred in the affected farms
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and pelting facilities, resulting in at least 982 mink-associated human infec-
tions by November 2020 (Oude Munnink et al., 2020; WHO, 2020b).
Moreover, a new mutation within the viral genome was found in
SARS-CoV-2 of mink-origin, comprising characteristic S-protein changes,
subsequently referred to as cluster V mutations (Frutos and Devaux, 2020;
Koopmans, 2020; Lassauniere et al., 2020; OIE, 2021b). Preliminary find-
ings suggested decreased sensitivity of this variant toward neutralization by
convalescent patient serum that could potentially interfere with vaccine
efficiency (Lassauniere et al., 2020). Furthermore, the deletion of amino
acids 69 and 70 within the S-coding region is likely to perturb detection
by RT-PCR (ECDC, 2020). However, a broadly-based sequencing cam-
paign of positive human patient samples revealed that the proportion of
infection with the mink virus variant continuously decreased from June
to mid-November (from 60% to 31%), and from the 20th of November
onwards no new human cluster V infections were detected (WHO,
2020Db). Hence, this mink-associated virus variant is believed to be extinct
by now (Mallapaty, 2020; WHO, 2020c¢). Overall, mink in fur farms appear
to be highly susceptible for SARS-CoV-2 outbreaks. A high proportion
of mink in the infected premises were infected within a short period of
time, with only a subset of animals, if any, developing clinical signs
(Boklund et al., 2021; Hamer et al., 2020; OIE, 2021b). Both, the high sus-
ceptibility of mink as well as the lack of clinical signs imply a potential hazard
for workers on mink farms and continuous re-emergence of SARS-CoV-2
variants (Koopmans, 2020). Furthermore, mink might play a potential role
as an animal reservoir or intermediate host, especially since natural infection
of wild free-ranging mink also has been reported (ProMED-mail, 2020d).

Another animal species kept for fur production is the raccoon dog
(ACT Asia, 2019). In the aftermath of the first SARS outbreak in China,
raccoon dogs sampled at a wet market were found to carry SARS-CoV
and related viruses (Guan et al., 2003; Kan et al., 2005). Due to this finding
and because of the high similarity of SARS-CoV sequences from raccoon
dogs and humans (Bolles et al., 2011; Gautam et al., 2020; Graham and
Baric, 2010; Lam et al., 2020a), raccoon dogs are considered to be one of
the key amplifying hosts for SARS-CoV, with intra-species spread and
transmission to humans. To investigate their susceptibility for SARS-
CoV-2, raccoon dogs were experimentally infected and co-housed with
uninfected controls (Freuling et al., 2020). Viral replication to relatively high
titers without obvious clinical signs followed by seroconversion could be
observed in six of nine intranasally inoculated animals and two of three
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in-contact animals. Virus distribution and pathological changes resembled a
transient subclinical infection, with a restriction of virus replication to the
nasal cavities (Freuling et al., 2020). Because of the combination of rapid
virus replication and shedding without clinical disease, raccoon dogs could
represent a putative amplifying host and may have served as an intermediate
host in the initial spread of SARS-CoV-2 from a presumed bat reservoir to
humans.

To summarize the current knowledge about potential intermediate
hosts, members of the Feliformia and Caniformia, the same subfamilies as
involved in the SARS-CoV epidemic in 2002—2003, are the mammals that
most likely play a role as intermediate hosts of SARS-CoV-2, since they are
susceptible, replicate the virus to high titers and transmit to other animals
and occasionally to humans. In addition, members of the Cricetidae family
are susceptible to SARS-CoV-2 and shed the virus to an appreciable

amount.

3. Pet animals and their non-domesticated counterparts

Pet animals live in close contact with humans and in most cases share a
common living space. The close interaction between humans and pets poses
a potential risk for the transmission of zoonotic pathogens (Chomel, 2014).
Among companion animals, Felis catus (cats) and Canis familiaris (dogs) are at
the center of attention, since they are the most common pet species and tend
to have contact to humans outside of their own household (Overgaauw
et al., 2020).

Both dogs and cats were shown to be susceptible to an experimental
infection with SARS-CoV-2. In an initial animal trial, subadult dogs
(3 months) showed a low susceptibility to infection, as only two of five
animals seroconverted, and no transmission to uninoculated co-housed dogs
was observed (Shi et al., 2020). Juvenile (<100 days old) and subadult (6-9
months old) cats, on the other hand, proved to be highly susceptible to a
SARS-CoV-2 infection, since all inoculated animals became positive by
RT-PCR in various organs, and developed antibodies. In addition, two
of six in-contact cats became infected through intra-species transmission.
They seroconverted and were positive by RT-PCR in organs of the upper
respiratory tract and nasal washing (Shi et al., 2020). A subsequent experi-
mental study confirmed these results for adult animals. Additionally, several
of the infected cats were challenged with an additional inoculation of SAR S-
CoV-2 after 28 days. No shedding of virus was detected after the second
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inoculation, indicating an effective protection against a secondary virus
infection (Bosco-Lauth et al., 2020). None of the experimental studies to
this date described clinical signs in any of the infected animals
(Bosco-Lauth et al., 2020; Gaudreault et al., 2020; Halfmann et al., 2020;
Shi et al., 2020). However, histopathological analyses revealed lesions in
the nasal and tracheal mucosa epitheliums and lungs (Bosco-Lauth et al.,
2020; Gaudreault et al., 2020; Shi et al., 2020).

The susceptibility of cats and dogs was further confirmed by serosur-
veillance studies. The first surveillance study was conducted in Wuhan dur-
ing the initial outbreak. Out of 102 randomly sampled cat sera, antibodies
against SARS-CoV-2 were found by ELISA in 15 sera (14.7%). In addition,
11 of the ELISA-positive sera tested positive in serum neutralization assays
(Zhang et al., 2020a). In Italy, a similar survey was conducted during a time
of frequent human infections. In that study, 11 out of 191 cats (5.8%) and 15
out of 451 (3.3%) dogs tested positive for neutralizing antibodies (Patterson
et al., 2020). Another surveillance study performed in Germany during the
first wave of the pandemic found 6 out of 920 randomly sampled cat sera
positive for SARS-CoV-2 antibodies by ELISA. The prevalence of 0.7%
in the sampled cat sera corresponded with the estimated prevalence of
human infection of 0.85% during the sampling period. In two of the
six positive sera, neutralizing antibodies could be detected (Michelitsch
et al., 2020). In a study performed in France, two out of 13 dogs (15.4%)
and eight out of 34 cats (23.5%) from households that were known to be
infected with SARS-CoV-2 were found positive for SARS-CoV-2-specific
antibodies. Another positive sample was found among 16 cats from house-
holds with an unknown infection status (Fritz et al., 2021). For details about
seroprevalence studies performed in cats and dogs see Table 1. Overall, these
initial surveillance studies show that infections of cats and dogs with
SARS-CoV-2 occur frequently.

To assess the impact of inter-species transmission on the course of the
pandemic, single case reports need to be investigated, in which transmission
to co-housed pets and re-infection of humans might be observed. In six case
studies, the course of infection was described for two dogs and a total of
14 cats (Barrs et al.,, 2020; Garigliany et al.,, 2020; Neira et al., 2020;
Newman et al., 2020; Sailleau et al., 2020; Segalés et al., 2020; Sit et al.,
2020). While the dogs remained free of clinical signs, six of the cats were
described to have clinical signs similar to COVID-19 disease in humans.
The cats were reported to show mild respiratory signs, sneezing and ocular
discharge. In none of the studies was transmission from an infected pet to a
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human or a co-housed pet described (Barrs et al., 2020; Garighany et al.,
2020; Neira et al., 2020; Newman et al., 2020; Sailleau et al., 2020;
Segalés et al., 2020). Further, additional cases are constantly reported to
the world organization for animal health (OIE) and displayed on their
official website (OIE, 2021b). The tollowing analysis is based on the reports
that were submitted until January 15, 2021. Seventeen countries had
reported SARS-CoV-2 infection in a pet animal.

Altogether 103 SARS-CoV-2 infected animals, 57 cats and 46 dogs were
reported to the OIE. The reports mentioned symptoms that could be linked
to a SARS-CoV-2 infection in 26 cats (45.6%) and 21 dogs (45.7%), of
which 7 cats (26.9%) and 2 dogs (9.5%) were reported to have preexisting
comorbidities. Clinical signs in cats were mostly described as respiratory
(13/265 50.0%), of which 38.5% (5/13) were defined as very mild or mild,
or as nasal (7/26, 26.9%) or ocular discharge (2/26, 7.7%). Dogs were also
reported to show respiratory signs (9/21; 42.9%), of which 44.4% (4/9) were
classified as mild, sneezing (8/21; 38.1%) and nasal discharge (5/21; 23.8%).
The majority of cases were found through screening pet animals from
households that were confirmed to be SARS-CoV-2 positive. In addition,
the USA reported 53 pet animals that were found to be positive for
antibodies against SARS-CoV-2 (OIE, 2021b). Although the reported cases
hint at frequent inter-species transmission events, a study performed on
SARS-CoV-2-infected veterinary students, that tracked their pet animals
closely during the course of infection found no signs of infection in the
studied nine cats and 12 dogs (Temmam et al., 2020).

In summary, the transmission of SARS-CoV-2 to animals from infected
humans happens on a regular basis. Since clinical signs are mostly described
as mild or in the context of severe comorbidities, and considering the exper-
imental infection studies, the course of infections in cats and dogs seems to
be mild. To date, no transmission of SARS-CoV-2 from an infected pet to
its owner, to another house pet or a human was described (Barrs et al.,
2020; Garigliany et al., 2020; Neira et al., 2020; Newman et al., 2020,
Sailleau et al., 2020; Segalés et al., 2020). However, hygienic standards
should be applied when interacting with a potentially infected animal
and quarantine requirements should be extended to animals that had exten-
sive contact with an infected human. Recommendations can be found
from the various official institutions (ABCD (Advisory Board on Cat
Diseases), 2021; CDC (Centers for Disease Control and Prevention),
2021; WSAVA (World Small Animal Veterinary Association), 2020).
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Given the regular transmission of SARS-CoV-2 from infected owners to
their pet cats and dogs, 1t was to be expected that the virus might also be
spread to non-domesticated felines or canines. Infections of felines in zoos
were indeed reported to the OIE (OIE, 2021b). Early in the pandemic, the
Bronx Zoo in New York reported the infection of four Panthera tigris
(tigers), and three Panthera leo (lions), which exhibited mild respiratory clin-
ical signs for up to 2 weeks. A fifth tiger remained asymptomatic (Bartlett
et al., 2020). Sequence analysis from samples of the affected animals showed
that the tiger SARS-CoV-2 belonged to a different genotype than the lion
viruses. Both genotypes were also found in the corresponding animal care-
takers. Therefore, a transmission from the attending humans to the cared-for
animals seems to have happened on two different occasions (McAloose et al.,
2020). Three other zoos in the United States reported SARS-CoV-2 infec-
tions in large felids, three additional tigers and a Panthera uncia (snow leopard)
with mild respiratory symptoms (OIE, 2021b). In South Africa, a Puma
concolor (puma) acquired a SARS-CoV-2 infection from a zookeeper.
No symptoms were reported, and the contact animals were negative by
RT-PCR (OIE, 2021b). In addition, news outlets reported the infection
of four additional lions in a zoo in Barcelona, Spain, and a tiger and four lions
in a zoo in Sweden. They showed mild respiratory symptoms and were most
likely infected by an asymptomatic zookeeper in whom an infection with
SARS-CoV-2 was subsequently diagnosed (ProMED-mail, 2020a,c).

Tigers, snow leopards and lions are members of the genus Panthera,
and pumas belong to the genus Puma. Both genera are part of the phyloge-
netic family Felidae, the same family to which the genus (Felis) of the domes-
tic cat belongs. Keeping in mind the several reports of SARS-CoV-2
infections in cats (Barrs et al., 2020; Garigliany et al., 2020; Neira et al.,
2020; Newman et al., 2020; Sailleau et al., 2020; Segalés et al., 2020), it
is no surprise that large cats were also found to be infected in zoos.
Although, reverse transmission from zoo animal to human has not been
observed until know, strict hygiene rules should be implemented in the
management of zoo animals.

4, Livestock animals

As the SARS-CoV-2 outbreak evolved rapidly into a global pandemic
and the zoonotic origin of the pathogen became obvious, there were
apprehensions that farmed livestock species could be involved in virus
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transmission. The world livestock population is by far larger than the human
population (Tomley and Shirley, 2009) and livestock demand will continue
to increase with human population growth and socio-economic trends
(Alexandratos and Bruinsma, 2012; Herrero and Thornton, 2013).
Furthermore, close connection between humans and farmed animals exists
in small-scale agriculture as well as in intensified livestock-producing-
systems. This close contact is considered to be a fundamental driver of emer-
ging zoonotic diseases, of which viral diseases have become increasingly
important (Gilbert et al., 2020; Klous et al., 2016; Wiethoelter et al.,
2015). Although the origin of the SARS-CoV-2 pandemic was suspected
to be traced to the Huanan Seafood Market (Huang et al., 2020), concerns
were raised about the susceptibility of major mammalian livestock and poul-
try species, particularly as the first ever described coronavirus was infectious
bronchitis virus (IBV) of chickens in 1931 (Schalk and Hawn, 1931). Besides
IBV, many other livestock-affecting coronaviruses of different genera
have been found (e.g., additional bird, bovine, and porcine coronaviruses)
(Clark, 1993; Wang et al., 2019; Wille and Holmes, 2020). Of these live-
stock species, cattle with an estimated global population of 1.5 billion
(FAO, 2020) were discovered to be the potential intermediate host for
HCoV-0OC43, one of the only two human coronaviruses that were known
until SARS-CoV emerged in 2002/03 (Cui et al., 2019; Drexler etal., 2014;
Forni et al., 2017). Because of the close relatedness of bovine coronaviruses
and human HCoV-0OC43 (Bidokht et al., 2013; Viygen et al., 2005; Vijgen
etal., 2000), and also due to the similarity of the cattle ACE2 receptor to that
of humans (Damas et al., 2020; Luan et al., 2020), concerns about the poten-
tial role of cattle in the SARS-CoV-2 pandemic were raised. Susceptibility
of bovine tracheal and lung ex vivo organ cultures (EVOCs) toward SARS-
CoV-2 was tested in an air-liquid interface system using two difterent
SARS-CoV-2 isolates and viral titers were found to be higher in bovine lung
EVOC:s than tracheal EVOCs (Di Teodoro et al., 2020). In an in vivo study,
experimental SARS-CoV-2 infection of 6-month-old Holstein-Friesian
dairy calves resulted in a short virus replication in the upper respiratory tract
in two out of six animals that subsequently seroconverted. One calf was
found positive in a nasal swab on days two and three after infection, another
one on day three only. Transmission to commingled cattle did not occur.
Despite viral replication and seroconversion, clinical disease was not
observed (Ulrich et al., 2020b). Furthermore, no serological cross-reactivity
of antibodies against bovine coronavirus and SARS-CoV-2 was recorded
(Ulrich et al., 2020D).
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For Sus scrofa (pigs), another major livestock species (Gilbert et al., 2018),
the susceptibility for SARS-CoV-2 was suspected, as they can be infected
with MERS-CoV and were found to host several other coronaviruses
(de Wit et al., 2017; Gong et al., 2017; Opriessnig and Huang, 2020; Pan
et al., 2017; Vergara-Alert et al., 2017a,b; Wang et al., 2019; Widagdo
etal., 2019a). In addition, computational analyses of the porcine ACE2 pro-
tein revealed that it shares significant identity with human ACE2 in residues
contacting the viral spike protein (Wan et al., 2020). In vitro, SARS-CoV-2
bound to HeLa cells expressing the porcine ACE2 instead of the human
orthologue (Zhou et al., 2020). Furthermore, SARS-CoV-2 replicated in
porcine SK-6 and ST cell lines (Meekins et al.,, 2020; Schlottau et al.,
2020), but not in swine tracheal and lung EVOCs (Di Teodoro et al.,
2020). In experimental infections, the outcome seems to be dependent
on the inoculation route and virus titer. Nevertheless, in general the suscep-
tibility of pigs for SARS-CoV-2 appears very low. Intranasal application of
10° plaque forming units (PFU) or 10° tissue culture infectious dose 50%
(TCIDs5g) of SARS-CoV-2 did not lead to virus replication or seroconver-
sion in 40-day old Landrace x Large White pigs of both sexes or 9-week old
German Landrace pigs, respectively (Schlottau et al., 2020; Shi et al., 2020).
Clinical signs as well as pathological lesions were also absent and transmission
to contact animals did not occur (Schlottau et al., 2020; Shi et al., 2020).
Meekins et al. (2020) used younger piglets and simultaneously infected
them intranasally, orally, and intratracheally with a higher TCIDs5, of 10%,
while Vergara-Alert et al. (2020) investigated among other infection routes
intramuscular and intravenous application using 10°®* TCIDs, of culture-
grown SARS-CoV-2. Seroconversion was reported for parenterally infec-
ted animals (Meekins et al., 2020; Vergara-Alert et al., 2020). Remarkably,
one intranasally inoculated piglet was found positive for viral RNA in the
proximal trachea on the day after inoculation (Vergara-Alert et al., 2020).
In another in vivo study, inoculation of 10° PFU of SARS-CoV-2 simulta-
neously into the nostrils and the pharynx of 8-week-old American
Yorkshire crossbred piglets resulted in mild clinical signs in at least 5 out
of 19 animals (Pickering et al., 2021). Ocular discharge, nasal secretion
and cough were observed within the first days after infection, but body tem-
perature remained normal. Nasal, oral, and rectal swab samples tested neg-
ative for SARS-CoV-2 genome. Two pigs, however, tested weakly positive
in a nasal wash sample collected 3 days after infection. In addition, infectious
virus was isolated 13 days after infection from the submandibular lymph
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node of a sacrificed pig. Two other pigs tested positive for serum antibodies
and anti-SARS-CoV-2 antibodies were also detected in saliva recovered
from chewing-ropes (Pickering et al., 2021).

Although mammals were identified as key players in SARS-CoV
and MERS-CoV emergence and distribution (de Wit et al., 2016),
SARS-CoV-2 susceptibility of different bird species was elucidated by sev-
eral groups. Following oculo-oronasal inoculation of Gallus gallus domesticus
(chickens) with high-titer virus preparations, neither virus replication nor
seroconversion or transmission to in-contact chickens could be observed
(Schlottau et al., 2020; Shi et al., 2020). In vivo experimental infection
studies using Anas platyrhynchos domesticus (ducks) led to identical results, i.e.,
neither virus replication nor seroconversion occurred (Shi et al., 2020).
Besides chicken and ducks, Meleagris galloparvo (turkey), Coturnix japonica
(Japanese quail) and Anser cygnoides (Chinese goose) were experimentally
infected. None of the tested poultry species showed any susceptibility toward
SARS-CoV-2 infection (Berhane et al., 2020; Suarez et al., 2020). Further,
the ability of SARS-CoV-2 to replicate in embryonated chicken eggs was
evaluated. Inoculation into the yolk sac, the chorio-allantoic membrane or
the chorio-allantoic sac did not lead to virus replication and embryogenesis
was not impaired (Barr et al., 2020; Berhane et al., 2020; Schlottau et al.,
2020; Suarez et al., 2020).

5. Animal models in SARS-CoV-2 research

Suitable animal models reflecting difterent aspects of SARS-CoV-2
pathogenesis are required to assist in development of antiviral vaccines
and treatment options, and also to study the mechanistic basics of SARS-
CoV-2 infections.

One of the most widely used laboratory animal in biomedical research
is the mouse. For SARS-CoV-2, however, infection studies in wild-type
mice are hampered by the lack of appropriate receptors to initiate viral infec-
tion, as murine ACE2 does not bind the viral spike protein effectively (Wan
et al., 2020). This obstacle might be overcome by either virus adaptation to
mice or by expression of human ACE2 in genetically modified mice. Both
approaches were successful for the closely related MERS-CoV (Kim et al.,
2020a; L1 and McCray, 2020), in which the murine dipeptidyl peptidase 4
receptor failed to support MERS-CoV infection. For SARS-CoV-2, genet-
ically modified mice were generated that express human ACE2, e.g., driven
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by the mouse ACE2 promotor (ACE2-hACE2 mice), by the human keratin
18 promoter (K18-hACE2 mice), by the human lung ciliated epithelial
cell-specific HFH4/FOX]J1 promoter (HFH4-hACE2 mice) or by the cyto-
megalovirus enhancer followed by the chicken B-actin promoter (Bao et al.,
2020a,b; Jiang et al., 2020; Oladunni et al., 2020; Tseng et al., 2007; Winkler
et al., 2020). Human ACE2 was also expressed by insertion into the endog-
enous mouse ACE2 gene locus via CRISPR/Cas9 technology (Sun et al.,
2020b). Another approach to rapidly produce susceptible mice without
additional breeding utilized the transduction of human ACE2 into cells of
the respiratory tract through intranasal, intratracheal or oropharyngeal instil-
lations of adenoviral vectors expressing human ACE2 (Han et al., 2020;
Hassan et al., 2020; Israelow et al., 2020; Sun et al., 2020a). Independent
of the protein expression approach, mouse breed and experimental design,
all mice expressing the human ACE2 receptor instead of the mouse ortho-
logue are susceptible to SARS-CoV-2 as demonstrated by a robust virus rep-
lication in the respiratory tract. However, varying degrees of disease were
observed. Clinical signs ranged from weight loss and pneumonia to patho-
logical alterations also found in human COVID-19 patients and, in some
studies, brain infestation and differing numbers of fatalities (Golden et al.,
2020; Han et al., 2020; Hassan et al., 2020; Israclow et al., 2020; Jiang
et al., 2020; Rathnasinghe et al., 2020; Sun et al., 2020a,b; Yinda et al,,
2021). Hence, human ACE2 expressing mice facilitate investigations of
the pathogenesis of severe COVID-19 by, e.g., histopathological analyses
at varying time points after infection, measuring the cytokine responses
(Israelow et al., 2020; Oladunni et al., 2020) or analyzing the transcriptome
of lungs of diseased mice (Han et al., 2020). However, this mouse model
currently does not reflect all aspects of COVID-19, since unusual features
such as the hyperinflammatory syndromes that are sometimes seen in chil-
dren (Yasuhara et al., 2021) have not been observed in human ACE2 mice.
Nevertheless, as human ACE2 expressing mice shed high viral titers
and efficiently transmit SARS-CoV-2 to naive in-contact animals (Bao
et al., 2020b), they represent a useful model for transmission studies. In
addition, human ACE2 expressing mice provide a suitable tool to evaluate
vaccines and therapeutics, as has been demonstrated by research groups
worldwide (e.g., Hassan et al., 2020; Ku et al., 2020; Li et al., 2020a,b;
Seo and Jang, 2020; Sun et al., 2020a; Zheng et al., 2020a). A further
approach to circumvent the lack of susceptibility of wild-type mice to
SARS-CoV-2 is the use of mice displaying a humanized immune system
induced by infusion of human hematopoietic stem cells, which leads to
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severe COVID-19-like symptoms in the respective mouse line (Brumeanu
et al., 2020). Besides the adaptations of mice to SARS-CoV-2, one could
use a reverse approach and adapt the virus to mice (Dinnon et al., 2020;
Gu et al., 2020; Wang et al., 2020). Mouse-adapted SARS-CoV-2 would
allow the use of more readily available mouse strains. However, a major
disadvantage is the limited suitability for pathogenesis studies, when new
virus mutants that emerge in the field have to be rapidly tested for altered
in vivo behavior. Nevertheless, this animal model of wild-type mouse/
adapted virus is still applicable to test therapeutics and preventive measures
(Dinnon et al., 2020; Wang et al., 2020).

Another widely used small animal model in research of human diseases
is the hamster. In silico comparisons of the ACE2 receptor suggested that
hamsters, in contrast to mice, might be susceptible to SARS-CoV-2 infec-
tion without any further adaptation (Damas et al., 2020). Consequently,
Mesocricetus auratus (golden Syrian hamster), Cricetulus griseus (Chinese ham-
ster), Phodopus roborovskii (Roborovski dwart hamster), Phodopus campbelli
(Campbell’s dwarf hamster) and Phodopus sungorus (Djungarian hamster)
have been explored regarding their suitability to support SARS-CoV-2 rep-
lication and to develop disease similar to human COVID-19 (Bertzbach
et al., 2020; Imai et al., 2020; Osterrieder et al., 2020; Rosenke et al.,
2020; Trimpert et al., 2020). All investigated hamster species are susceptible.
However, the course of disease and the outcome of infection vary dramat-
ically. While Campbell’s or Djungarian dwarf hamsters show either no or
only mild clinical signs, Roborovski dwarf hamsters develop a fulminant
disease characterized by decrease of body temperature, weight loss, snuftling,
dyspnea, ruftled hair and strongly reduced activity within the first three days
following infection. By day four or five after infection, most individuals
reached a pre-defined humane endpoint (Trimpert et al., 2020). In golden
Syrian hamsters, experimental SARS-CoV-2 infection induced weight
loss, ruftled fur, postural changes, labored breathing, damage of the olfactory
epithelium and severe lung pathology mimicking that of COVID-19 in
humans, associated with virus replication to high titers in the upper and
lower respiratory and gastrointestinal tracts followed by a profound immune
response (Bertzbach et al., 2020; Boudewijns et al., 2020; Bryche et al.,
2020; Imai et al., 2020; Osterrieder et al., 2020; Rosenke et al., 2020; Sia
et al., 2020; Tostanoski et al., 2020). Furthermore, microcomputed tomo-
graphic imaging of hamster lung samples revealed severe injury, with char-
acteristics shared with COVID-19-diseased humans (Imai et al., 2020).
Co-infection with influenza A virus led to a more severe course of disease
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(Zhang et al., 2020c). Moreover, older hamsters exhibited more pro-
nounced and consistent weight loss, while young animals launched an
earlier and stronger immune cell influx into the lungs resulting in a faster
recovery from the disease compared with aged hamster (Osterrieder
et al., 2020). Hence, golden Syrian hamsters reflect the age-dependent
disease progression seen in human patients, with the limitation that they
do not develop the fatal course of disease that often occurs in elderly humans.
This obstacle could be overcome by chemically induced immunosup-
pression or by using genetically modified animals, e.g., recombination acti-
vating gene 2-knockout hamster, which develop more pronounced clinical
signs and fatalities (Brocato et al., 2020). Nevertheless, even wild-type golden
Syrian hamsters might be used for comparative preclinical assessments of treat-
ment options in young versus elderly individuals. As golden Syrian hamsters
shed the virus to high titers and efficiently transmit SARS-CoV-2 by direct
contact and via aerosols (Chan et al., 2020; Sia et al., 2020), they are also used
as a model to study the mechanisms of intra-species transmission.

The third frequently used small model animal is rabbit. This species is
used mainly for immunization, but also for implant research (Mapara
et al., 2012) as well as a model for various human infectious diseases, among
them norovirus infections, syphilis, tuberculosis, or human papillomavirus
infections (Esteves et al., 2018). Important for SARS-CoV-2 research,
rabbits were already proven to be susceptible for MERS-CoV (Haagmans
et al., 2015; Houser et al., 2017; Widagdo et al., 2019b) and in silico analyses
using different animal ACE2 receptors predicted rabbits to be also suscepti-
ble for SARS-CoV-2 (Damas et al., 2020). Further, it was shown that
SARS-CoV-2 replicated in the rabbit derived cell-line RK-13 (Chu
etal., 2020). Hence, experimental SARS-CoV-2 infection studies in rabbits
seemed obvious. Surprisingly, to date only one study is published (Mykytyn
etal., 2021). Three-month-old New Zealand white rabbits were intranasally
inoculated, which resulted in virus replication and shedding from the nose
and throat followed by seroconversion. Four days after infection, the olfac-
tory epithelium showed hyperplasia and hypertrophy, along with multifocal
eosinophilic and lymphoplasmacytic infiltration. Antigen was not detected
in immunohistochemical stainings of the lungs. Alveolar macrophages and
neutrophils, however, were increased. In the terminal region of the bron-
chioles, mildly thickened septa and inflammatory cells could be detected.
Alveolar epithelium cells showed mild necrosis and peribronchiolar
and peribronchial lymphoid tissue proliferation, and tracheo-bronchial
lymph nodes were enlarged. Despite the histopathologic abnormalities, clin-
ical disease was not present in rabbits.
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An animal model used especially in studies that investigate the pathogen-
esis and transmission of human respiratory viruses such as influenza virus is
terrets (Mustela putorius), since their lungs share many similarities with that of
humans. As previous studies have shown that ferrets are susceptible to
SARS-CoV infection and readily transmit the virus to in-contact animals
(Martina et al., 2003), this animal model was tested very early during the
pandemic for susceptibility to SARS-CoV-2. After experimental infection
with SARS-CoV-2, high level virus replication was observed in the upper
respiratory tract associated with either no or only mild clinical signs such as
transient loss of appetite or elevated body temperature (Kim et al., 2020b;
Marsh: et al.; 2021; Royan et al., 2021; Schlottaw et al., 2020; 8hi et al.,
2020). Importantly, air-borne transmission via respiratory droplets and/or
aerosols to in-contact animals could be demonstrated (Richard et al.,
2020), making the ferret a highly suitable model for transmission studies
and for testing (mucosal) vaccines and therapeutics for their effect on virus
shedding (Cox et al., 2020; Proud et al., 2020). Moreover, a first natural
infection of a ferret that was kept as a pet in a SARS-CoV-2 positive house-
hold was reported to the OIE at the end of November, further proving the
high susceptibility of ferrets to SARS-CoV-2 infection (OIE, 2021b).

When a severe acute respiratory syndrome emerged as a novel human
infectious disease in 2002 non-human primate models were used to demon-
strate that SARS-CoV was the etiological agent (Fouchier et al.,, 2003).
Based on these studies, non-human primates also were investigated regard-
ing their suitability as animal models to study the pathogenesis of MERS-
CoV-2 (de Wit et al., 2013; Falzarano et al., 2014) and recently also for
SARS-CoV-2. So far Macaca fascicularis (Cynomolgus macaque), Macaca
mulatta (rhesus macaque), Chlorocebus aethiops (African green monkey),
Callithrix jacchus (common marmoset) and Papio hamadryas (baboon)
have been experimentally infected with SARS-CoV-2 (Lu et al., 2020b;
Rockx et al., 2020; Shan et al., 2020; Singh et al., 2021; Woolsey
et al., 2020).

Although a certain variability in clinical manifestations was seen between
“Old World” and “New World” monkeys with Old World monkeys devel-
oping a more severe disease, the virus replicated efficiently in the upper
and lower respiratory tract of all investigated primate species, leading to
pathological features of a viral pneumonia. The clinical course is either
inapparent or mild to moderate, where the symptoms include rise in body
temperature, weight loss, reduced appetite, hunched posture, dyspnea or
increased respiration rate (Blair et al.,, 2020; Deng et al., 2020a; Ishigaki
et al., 2020; Koo et al., 2020; Lu et al., 2020b; Munster et al., 2020;
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Williamson et al., 2020). The high susceptibility of monkeys followed by the
development of mild clinical signs is further supported by natural infections
of Gorilla gorilla (gorillas) that are kept in human care in zoos and that had
contact to infected animal keepers (OIE, 2021b). In some experimentally
infected animals, besides direct clinical symptoms, increased inflammatory
cytokine and chemokine expression, reduced pulse oxygen levels or
alterations of the level of selected plasma proteins, e.g., the release of
acute-phase-proteins like CRP, decreased serum albumin or hemoglobin
and reduced white blood cell and lymphocyte counts could be observed
(Chandrashekar et al., 2020; Deng et al., 2020a; Fahlberg et al., 2020; Lu
et al., 2020b; Singh et al., 2021; Zheng et al., 2020b). Importantly, older
animals were more likely to develop radiological and histopathological
changes than young primates, recapitulating the clinical outcome seen in
the human population. In addition, aged animals shed virus for longer
periods of time, had higher viral loads in lung tissue and showed a delay
in the immune response compared to young animals (Rockx et al., 2020;
Song et al., 2020; Yu et al., 2020b). Notwithstanding, a profound humoral
and cellular immune response that protects from re-infection is induced in
the vast majority of infected non-human primates, independent of species
and age (Chandrashekar et al., 2020; Deng et al., 2020a; Elizaldi et al.,
2020; Ishigaki et al., 2020; McMahan et al., 2020). Therefore and because
monkeys reflect the clinical picture seen in humans, non-human primates
are used by numerous research groups and pharmaceutical companies to test
candidate vaccines and therapeutics against COVID-19 (e.g., Baum et al.,
2020; Corbett et al., 2020; Feng et al., 2020; Guebre-Xabier et al., 2020;
Hoang et al., 2020; Kim et al., 2021; Maisonnasse et al., 2020; van
Doremalen et al.,, 2020; Williamson et al.,, 2020; Yu et al., 2020a).
However, the resources for those complex trials and the available animals
are limited. Therefore, research and testing of therapeutics and vaccines with
SARS-CoV-2 and non-human primates need to be well focused.

A species genetically closely related to non-human primates and recently
increasingly used in pathogenesis studies for many human pathogens is Tupaia
belangeri chinensis (Chinese tree shrew) (Li et al.,, 2018). Experimental
SARS-CoV-2 infection of different age groups resulted in viral shedding
from various sites (nose, oral cavity, rectum), with higher titers in the early
phase after infection in young tree shrews, but longer-lasting in aged indi-
viduals (Zhao et al., 2020a). The highest viral loads were detectable in the
lungs, again in younger animals in the early phase and in older animals at a
later stage after infection, hinting at age-related effects. Clinical signs could
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not be observed, except from an increase in body temperature in some
animals (Zhao et al., 2020a). Evidence tfor inflaimmatory processes in the
lungs were found in all age groups, and infiltrates resembled those observed
in humans and monkeys (Xu et al., 2020).

6. Concluding remarks

Within only a few months, the novel coronavirus SARS-CoV-2
spread around the globe, resulting in tens of millions of infections in the
human population and about two million deaths. The pandemic has affected
public and personal life in manifold spheres with an inconceivable impact.
Unprecedented research efforts have been implemented to keep up with an
exceedingly dynamic virus. To control the pandemic, but also to prevent
future outbreaks that might be caused by similar pathogens, main objectives
are the discovery of the SARS-CoV-2 ancestor virus, its animal host, as
well as potential animal hosts and reservoirs. Moreover, adequate animal
models are needed to understand the dynamics of virus infection and the
human disease “COVID-19,” as well as to test preventive measures
and therapy options. In a global effort, an enormous number of research
groups tested a plethora of animal species regarding their susceptibility to
SARS-CoV-2 and suitability as a COVID-19 animal model resembling
the human disease.

Here, we collected evidence from the literature to establish a scoring
system considering the proportion of animals in which the viral genome
was detectable subsequent to inoculation reflecting virus multiplication,
the seroconversion rate, clinical signs and the ability to transmit the virus
to conspecifics or humans. For each category zero to three points were
awarded. In the category “genome detection” three points were given
for the detection of viral RINA 1n all inoculated or tested animals of a certain
species. Two points indicated a frequent detection and one point a sporadic
event. The same gradation was applied in the category “seroconversion,”
but for the detection of antibodies instead of viral RNA. For the
“transmission” category three points were awarded for an efficient transmis-
sion rate to conspecifics that indicates the potential to develop an indepen-
dent transmission cycle. Two points were given for a regularly observed
intraspecies transmission and one point for an occasional event. The cate-
gory “clinical signs” was scored as follows: Three points stand for severe
pan-respiratory or systemic symptoms that might end in death, two points
for moderate respiratory or vascular symptoms and one point for mild,
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nonspecific symptoms. The sum of all points was taken as a parameter for the
overall susceptibility of each species for SARS-CoV-2. To provide an over-
view about the susceptibility of diverse animal species and their ability to
transmit the virus, we implemented this scoring system whose results are
shown in Table 2 and visually summarized in Fig. 1. Fortunately, livestock
animals that are kept in very high numbers worldwide appear not to play a

Table 2 Susceptibility of different animal species to SARS-CoV-2.

Genome Transmission to %warded
Animal detection Seroconversion conspecifics Clinics points
Chicken 0 0 0 0 0
Duck 0 0 0 0 0
Pig 0 1 0 0 1
Cattle 1 1 0 0 2
Dog 2 1 0 0 3
Rabbit 2 0 0 4
Fruit bat 2 1 2 0 5
Bank vole 3 3 0 0 6
Raccoon dog 2 2 2 0 6
Cat 2 2 1 1 6
Deer mouse 3 2 2 1 8
Ferret 3 3 2 0 8
White-tailled 3 3 3 0 9
deer
Mink 2 3 3 1 9
Non-human 3 3 2 2 10
primate
Hamster 3 3 3 3 12
hACE?2 3 3 3 3 12
transgenic
mouse

By a semi-quantitative scoring system zero to three points were awarded for each of the categories viral
genome detection following SARS-CoV-2 inoculation, seroconversion, transmission to conspecifics
and the development of clinical signs.
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8 9 10 11 12
Fig. 1 Visual depiction of the scoring system for the susceptibility of different animal
species for SARS-CoV-2. Three points each were awarded for the categories genome
detection, seroconversion, transmission to conspecifics and clinical signs. Animal
species were placed according to the sum of the awarded points. Zero peints stand
for no susceptibility and twelve points for a maximal susceptibility to SARS-CoV-2.

noteworthy role in the SARS-CoV-2 pandemics. Although viral replication
was detectable in some of the investigated farm animal species (Table 2,
Fig. 1), long-term virus shedding at relevant levels was not found, nor
did transmission to contact-animals occur in any of these species, which
would also make animal-to-human transmission unlikely. Besides some
rodents, cervids, primates and related species, numerous Carnivora species
have been found to be susceptible not only for experimental, but also for
natural SARS-CoV-2 infection and intra-species transmission. In particular
minks which are farmed in large numbers for fur production are at risk
and mass outbreaks with subsequent culling measures have been seen, e.g.,
in the Netherlands and Denmark.

Finally, SARS-CoV-2 transmission from an animal reservoir, potentially
via intermediate animals hosts, resulting in a global pandemic in the human
population highlights the requirement of more holistic approaches in global
health, considering the dependence and interaction between human health,
animal health and environmental health as incorporated in the “One Health
approach™ (FAQ, 2021; OIE, 2021a; WHOQO, 2021).
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[11. STUDY OBJECTIVES

Living with SARS-CoV-2 and COVID-19 for almost two years has led to increased evidence on
the virus epidemiology, pathogenesis, and strategies to combat it. But as the still high numbers
of infections and re-infections show, this battle has not yet come to an end and needs further
effort. In this present work three objectives have been codified to enhance understanding of

the virus and pandemic.

Objective I: Testing different animal species for their susceptibility towards infection with

SARS-CoV-2.
Publication | & Il

Right from the beginning of the pandemic it was speculated that (wildlife-) animals
harbor SARS-CoV-2, but no naturally SARS-CoV-2 infected animals were found in this
early phase. The risk of an animal species with reservoir properties that could account
for continuous (re-) introduction of this agent into human population, however, was
not eliminated. Furthermore, susceptible species could act as ‘recombination-vessels’
for the emergence of novel recombinant isolates with altered biological traits. Third,
research and control of pandemics, relies on robust animal models. Hence, evaluating
the role of different animal species for susceptibility, and for their eligibility to host,

transmit, and spread SARS-CoV-2 to conspecifics, was aimed.

Objective II: Characterization of SARS-CoV-2 variants in a multi-step, competitive transmission

trial in different animal species.
Publication Ill & IV

Public health actions and precautions, preparedness of stakeholders in health care
service, and vaccine adjustment relies on early detection and warning of virulent
strains. SARS-CoV-2 pandemic, though, has been fueled by the rise of new viral
variants, which displace endemic variants. Moreover, emerging variants bear the risk
of not only increased transmissibility, but also disease severity and immune-evasion.
The chosen approach to test variants one vs. one in a competitive transmission trial

accelerates knowledge on their traits and helps to gain valuable time.
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Objective lll: Developing a challenge-trial in highly SARS-CoV-2 susceptible animals for safety

and efficacy testing of promising vaccine-precursors.
Publication V

Defeating COVID-19, or at least catching up a little with its rapid evolution is critically
depending on the availability of efficacious vaccines. Particularly COVID-19 has brought
back to memory, that vaccine development is a rugged and long way to go. Vaccines
have to be safe, with little risk of adverse effects and have to significantly improve
outcomes of vaccinated people. In turn, public acceptance of vaccines depends on
these factors. For ethical and moral reasons, a challenge study in humans vaccinated
with non-characterized vaccines are strictly excluded. So, to test vaccine-induced
immunity and protection, as well as safety, a highly standardized and highly susceptible

challenge model needs to be found.
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Results

V. RESULTS

Publications appear in a grouped order, according to the related “study objectives”-section.
Figure and table numbering are according to the original paper and references are presented
in the respective journal style and do not appear in the reference section of this document.
The original work can be found under the denoted digital object identifier (doi). Where

supplemental material is not added in this thesis, it can also be found there.
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1. Publication I: EXPERIMENTAL INFECTION OF CATTLE WITH SARS-CoV-2

Publication |

Experimental Infection of Cattle with SARS-CoV-2

Lorenz Ulrich, Kerstin Wernike, Donata Hoffmann, Thomas C. Mettenleiter, Martin Beer

Emerging Infectious Diseases
2020

doi: 10.3201/eid2612.203799
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Experimental Infection of
Cattle with SARS-CoV-2

Lorenz Ulrich, Kerstin Wernike, Donata Hoffmann, Thomas C. Mettenleiter, Martin Beer

We inoculated 6 cattle with severe acute respiratory
syndrome coronavirus 2 and kept them together with 3
in-contact, virus-naive cattle. We observed viral replica-
tion and specific seroreactivity in 2 inoculated animals,
despite high levels of preexisting antibody liters against
a bovine betacoronavirus. The in-contact animals did not
become infected.

fter spilling over from an unknown animal host

to humans, a novel betacoronavirus called severe
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) emerged in December 2019 (1,2) and induced
a global pandemic. This virus, which causes coronavi-
rus disease, was first identified in humans in Wuhan,
China (3). The role of livestock and wildlife species at
the human-animal interface in disease emergence and
dynamics was extensively discussed, focusing on the
identification of susceptible species, potential reser-
voirs, and intermediate hosts. Natural or experimen-
tal infections have demonstrated the susceptibility of
fruit bats (Rousettus aegyptiacus), ferrets, felids, dogs,
and minks to the virus; however, pigs, chicken, and
ducks are not susceptible (4-6). Besides ducks, chicken,
and pigs, other major livestock species, including >1.5
billion cattle (Bos taurus), live with close contact with
humans. Non-SARS-CoV-2 betacoronaviruses are
widespread in bovines (7); seroprevalences reach up
to 90% (8), but these infections are usually subclinical
(7). However, whether any ruminant species are sus-
ceptible to SARS-CoV-2 infection or whether there is
any cross-reactivity of antibodies against bovine coro-
naviruses (BCoVs) and SARS-CoV-2 is unknown. We
examined the susceptibility of cattle to SARS-CoV-2
infection and characterized the course of infection.

The Study

From a group of 9 dairy calves, we intranasally inocu-
lated 6 with 1 x 10° 50% tissue culture infectious dose
of SARS-CoV-2 (strain 2019_nCoV Muc-IMB-1). We

Author affiliation: Friedrich-Loeffler-Institut, Insel Riems, Germany

DOI: https://doi.org/10.3201/eid2612.203799
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reintroduced the other 3 SARS-CoV-2-naive (hereaf-
ter in-contact) cattle to the 6 infected animals 24 hours
after inoculation. We monitored body temperature
and clinical signs daily. We also obtained and pro-
cessed blood samples and nasal, oral, and rectal swab
samples (Appendix, https://wwwne.cdc.gov/EID/
article/26/12/20-3799-Appl.pdf). The experimental
protocol was assessed and approved by the ethics com-
mittee of the State Office of Agriculture, Food Safety,
and Fisheries in Mecklenburg-Western Pomerania,
Germany (permissionno. MV /TSD/7221.3-2-010/18).

Before infection, all animals tested negative for
SARS-CoV-2 RNA in nasal, oral, and rectal swab
samples and antibodies against SARS-CoV-2 in se-
rum samples. Veterinarians conducted daily physical
examinations and noted that none of the animals (in-
oculated or not) showed signs of clinical SARS-CoV-2
infection (Appendix). Throughout the study, the ani-
mals” body temperatures, feed intake, and general
condition remained within normal limits (Appendix).

We demonstrated viral replication in 2 of the inocu-
lated animals. One animal (no. 776) tested positive for
viral RNA in the nCoV IP4 real-time reverse transcrip-
tion PCR (RT-PCR) on days 2 (quantification cycle [Cq]
value 29.97) and 3 (Cq 33.79) after infection. Another
calf (no. 768) tested positive on day 3 (Cq 38.13) (Fig-
ure, panel A). We confirmed the results with a second
real-time RT-PCR selective for the E gene; we measured
Cq values of 29.26 (no. 776, day 2 after infection), 32.12
(no. 776, day 3), and 36.18 (no. 768, day 3). We verified
the results with real-time RT-PCR using the ID GENE
SARS-COV-2 DUPLEX kit (IDvet, https:/ /www.id-vet.
com) (Cq values 29.17 [no. 776, day 2 after infection],
30.55 [no. 776, day 3], and 36.07 [no. 768, day 3]). These
animals tested positive only in the nasal swab samples.

We tested serum samples with an indirect ELISA
specific to the SARS-CoV-2 receptor binding domain
(RBD-ELISA). An increase in seroreactivity was ob-
served for animal 776 from day 12 onward, indicating
seroconversion (Figure, panel B). On day 20, we took
serum samples that confirmed the positive ELISA find-
ings and used an indirect immunofluorescence assay
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for BCoV. D) Results of virus neutralization test for BCoV. Indirect immunofluorescence and virus neutralization test showed that animal 842,
which tested positive for BCoV in the nasal swab sample by real-time RT-PCR, had an increase in antibody titer against BCoV. Preinfection
antibody titers against BCoV did not affect infection with SARS-CoV-2, as animals 776 and 768, which tested positive for SARS-CoV-2,
showed no infection-related reaction of BCoV antibody titers. BCoV, bovine coronavirus; ND,_, 50% neutralizing dose, RT-PCR, reverse
transcription PCR; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

(ilFA) to measure a low antibody titer of 1:4. In addi-
tion, a virus neutralization test (VINT) (serum dilution
1:2) showed a visible, although incomplete, inhibition
of viral replication. Samples taken on day 20 from ani-
mal 768 showed only slightly increased seroreactivity in
ELISA, whereas ilFA and VNT results remained nega-
tive. These differences might be attributable to varying
test sensitivities or a possible restriction of viral repli-
cation to the upper respiratory tract. Throughout the
study, the other animals tested negative for antibodies
against SARS-CoV-2 by ELISA, ilFA, and VNT.

We also tested the BCoV status of each calf. Before
SARS-CoV-2 infection, all animals had neutralizing
antibodies against BCoV, although the titers differed
substantially among individual animals (Figure, panel
D). Three animals showed an increase in antibody ti-
ters against BCoV by ilFA (no. 842 and 773, which were
directly infected with SARS-CoV-2, and no. 774, an in-
contact animal) and 2 also by VNT (no. 842 and 774)
within the study period (Figure). To show that this in-
crease was caused by a natural BCoV infection and not
SARS-CoV-2, we tested nasal swab samples for BCoV
using RT-PCR selective for the RdRp region (9). Animal
842 tested positive by PCR for BCoV RNA 1 day before
our experimental SARS-CoV-2 infection and 2 days af-
ter infection. We used Sanger sequencing to confirm the
BCoV infection, which had increased the titer of anti-
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bodies against BCoV in this animal (Figure). Animal 842
presumably infected animal 774 with BCoV. However,
we did not observe any cross-reactivity of the bovine
coronavirus with the applied SARS-CoV-2 tests, be-
cause all animals tested negative by the nCoV IP4 PCR
for SARS-CoV-2, the il[FA and VNT specific to SARS-
CoV-2, and the RBD-ELISA (Figure) before infection.
Moreover, 2 animals (nos. 776 and 768) with high BCoV
seroreactivity tested positive for SARS-CoV-2 RNA af-
ter inoculation, whereas those with lower BCoV-specific
titers could not be infected, further confirming a lack of
any cross-reactivity or cross-protection.

Conclusions

Our findings demonstrate that under experimental
conditions cattle show low susceptibility to SARS-
CoV-2 infection. This finding corresponds with a
predicted medium susceptibility of cattle species on
the basis of a computational modelling of their angio-
tensin-I-converting enzyme 2, the cellular receptor for
SARS-CoV-2 (10).

We inoculated 6 cattle with SARS-CoV-2; of these
animals, 2 later tested positive for the virus in PCR
of nasal swab samples and show specific seroconver-
sion by RBD-ELISA. Even though the genome loads
detected in animal 768 at day 3 were low, there is evi-
dence that this animal was confronted with real viral

Emerging Infectious Diseases » www.cdc.gov/eid « Vol. 26, No. 12, December 2020
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replication. RNA residues from inoculation are only
detectable shortly after inoculation; here, the day 2
nasal swab tested repeatedly PCR negative. Further-
more, other studies using the same infection dose and
vaporization device also found no residual RNA on
day 2 (5). In addition, the low-level viral replication
led to a slight, but detectable, serologic reaction in the
applied ELISA (Figure, panel B).

In our study, we did not observe intraspecies
transmission to in-contact cattle. Thus, we have no
indication that cattle play any role in the human pan-
demic, and no reports of naturally infected bovines
exist. Nevertheless, in regions with large cattle popu-
lations and high prevalence of SARS-CoV-2 infection
in humans, such as the United States or countries in
South America, close contact between livestock and
infected animal owners or caretakers could cause
anthropo-zoonotic infections of cattle, as has been
already described for highly susceptible animal spe-
cies such as minks, felids, and dogs (6,11). When as-
sessing the risk for virus circulation within bovine
populations, one should consider the age, husbandry
practices, and underlying health conditions of the an-
imals. Outbreak investigations might include cattle,
particularly if direct contact has occurred between
animals and persons infected with SARS-CoV-2. In
addition to direct detection by PCR, serologic screen-
ings with sensitive and specific ELISAs should also
be taken into consideration. In this context, the wide
distribution of BCoV is of special interest, especially
because the presence of a preexisting coronavirus did
not protect from infection with another betacorona-
virus in this study. Double infections of individual
animals might lead to recombination events between
SARS-CoV-2 and BCoV, a phenomenon already de-
scribed for other pandemic coronaviruses (12). A re-
sulting chimeric virus, comprising characteristics of
both viruses, could threaten human and livestock
populations and should therefore be monitored.

This article was preprinted at https://www .biorxiv.org/
content/10.1101/2020.08.25.254474v1.
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Experimental Infection of Cattle with
SARS-CoV-2

Appendix

Experimental Design and Clinical Examination

Six 4-5 month-old, male Holstein-Friesian dairy calves were intranasally inoculated
under BSL-3 conditions with 1 x 10° tissue culture infectious dose 50% (TCIDso) of SARS-
CoV-2 strain “2019 nCoV Muc-IMB-17 (GISAID ID EPI ISL 406862, designation “hCoV-
19/Germany/BavPat1/2020”) at 1 mL per nostril, using a vaporization device (Teleflex
Medical, Germany). Twenty-four hours after inoculation three contact cattle, that were
separated before infection, were re-introduced. Body temperature was monitored daily and
nasal, oral and rectal swabs were taken on days -1, 2, 3, 4, 6, 8, 12 and 20, and blood samples
on days —1, 6, 12 and 20 afier infection. Extensive physical examination was carried out once
per day by veterinarians considering parameters as general and feeding behavior, liveliness,
body temperature, and posture with a special focus on respiratory disease related signs, such
as nasal and ocular discharge, labored breathing, and respiratory sounds. Additionally, for
each cattle a daily clinical score has been determined. A value of O to 3 points each
representing physiologic conditions to severe disease signs was awarded for liveliness,
posture, motion and feed intake. Body temperature was also scored: a value of 0 was used for
temperatures <39.5°C, 1 for a slightly increased temperature of 39.5° to 40.0°C, 2 for fever
between 40.1° and 40.5°C, and a value of 3 for temperatures exceeding 40.5°C. The
individual values for each category were summarized, and any animal with a clinical score
larger than 3 out of 15 was monitored by a veterinarian at least 3 times a day. Additionally,
the cattle were taken care of in the daily morning and evening routine by staff animal
caretakers. During the entire study, a clinical score of 0 was calculated for all animals and
every day with the exception of animal 771 (scores of | two days before infection, 1 one day
before infection, and 3 on the day of SARS-CoV-2 inoculation, due to increased body
temperature) and the in-contact cattle 774 1 day post co-housing (score of 2 due to an increase
in body temperature) (Appendix Figure). Since no other clinical signs were obvious for
animal 774, and body temperature dropped below 39.5°C within 8 hours, no further measures

were taken. The slight increases in body temperature were not considered to be related to the
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SARS-CoV-2 inoculation, as they occurred either before infection or immediately after co-

housing.

Sample Processing

Swabs (Medical Wire & Equipment, UK) were immediately resuspended in 1.25 mL
serum-free cell culture medium supplemented with penicillin, streptomycin, gentamycin, and
amphotericin B. Nucleic acid was extracted from 100ul of swab fluid using the NucleoMag
Vet kit (Macherey-Nagel, Germany), and subsequently tested by the real-time RT-PCR
“nCoV_IP4” targeting the RNA-dependent RNA polymerase (RdRp) gene (7). Positive
results were confirmed by a second real-time RT-PCR based on an E gene target (2) and a
commercial real-time RT-PCR kit (ID GENE SARS-COV-2 DUPLEX, ID.vet, France).
Serum samples were tested by indirect immunofluorescence (ilFA) and virus neutralization
assays (VNT) against SARS-CoV-2 as described before (3), and by an ELISA based on the
receptor-binding domain (RBD) of SARS-CoV-2 (K. Wernike, unpub. data,
https://www.biorxiv.org/content/10.1101/2020.08.26.266825v1). In addition, the sera were
investigated by iIFA using CRFK cells (L0115, collection of cell lines in veterinary medicine
(CCLV), Insel Riems) infected with BCoV strain Nebraska as antigen matrix and by VNT
against this BCoV strain on MDBK cells (L0261, CCLV).

References

1. World Health Organization. Coronavirus disease (COVID-19) technical guidance: laboratory testing
for 2019-nCoV in humans. 2020 [cited 2020 May 16].
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-

guidance/laboratory-guidance</eref>

2. Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A, Chu DKW, et al. Detection of 2019
novel coronavirus (2019-nCoV) by real-time RT-PCR. Euro Surveill. 2020;25:2000045.
PubMed https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045

3. Schlottau K, Rissmann M, Graaf A, Schén J, Sehl J, Wylezich C, et al. SARS-CoV-2 in fruit bats,
ferrets, pigs, and chickens: an experimental transmission study. Lancet Microbe. 2020 Jul 7

[Epub ahead of print].

Page 2 of 3

83



Results — Publication I: Experimental Infection of Cattle with SARS-CoV-2

A -4 C768 -+ C773 —& C766
41 - C770 -+ C776 v C774
O -0- C771 —e C842 -o- C777
° . 40+
¢
k=
© 39+
Q
=
38-
R,
37=

1 1 I L] 1 I 1 1 1
2 0 2 4 6 8 10 12 14 16 18 20
Time postinfection, d

Total score

T T T T T T T T 1
2 0 2 4 6 8 10 12 14 16 18 20

Time postinfection, d

Appendix Figure. Rectal body temperature curves and clinical scores for cattle infected with SARS-
CoV-2 and in-contact cattle. Animals directly inoculated are shown in black, while in-contact animals
are depicted in blue. A) The daily body temperatures plotted starting 2 days before infection. B) The
clinical scores were determined for every animal on each study day and the total score (from 0 to 15)
was obtained by summarizing the values awarded for liveliness, posture, motion, feed intake, and
body temperature. Any animal with a clinical score >3 (dashed line) was monitored by a veterinarian

23 times a day.
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Experimental SARS-CoV-2
Infection of Bank Voles

Lorenz Ulrich," Anna Michelitsch,! Nico Halwe," Kerstin Wernike, Donata Hoffmann, Martin Beer

After experimental inoculation, severe acute respiratory
syndrome coronavirus 2 infection was confirmed in bank
voles by seroconversion within 8 days and detection of
viral RNA in nasal tissue for up to 21 days. However,
transmission to contact animals was not detected. Thus,
bank voles are unlikely to establish effective transmis-
sion cycles in nature.

evere acute respiratory syndrome coronavirus 2

(SAR5-CoV-2) led to a global pandemic in the hu-
man population within months after its first report-
ing (1). Potential wildlife reservoirs of SARS-CoV-2
remain unknown; susceptibility of various animal
species has been described (2,3). Among rodent spe-
cies, the Syrian hamster (Mesocricetus auratus) (4) and
the North American deer mouse (Peromyscus man-
iculatus) (A. Fagre et al, unpub. data, https://doi.
org,/10.1101/2020.08.07.241810; B.D. Griffin et al., un-
pub.data, https:/ /doi.org/10.1101/2020.07.25.221291),
both Cricetidae species, have proved to be highly sus-
ceptible. These rodents transmit SARS-CoV-2 to co-
housed contact animals and therefore are likely to
develop effective infection chains, which could result
in independent SARS-CoV-2 transmission cycles in na-
ture and sequential reintroduction to the human popu-
lation (4; B.D. Griffin et al., unpub. data, https:/ /doi.
org/10.1101/2020.07.25.221291). In Europe, bank voles
{(Muyodes glareolus) are a widespread Cricetidae species
(5). We aimed to characterize SARS-CoV-2 infection in
bank voles and their ability to maintain sustainable in-
fection chains.

We intranasally inoculated 9 bank voles with
SARS-CoV-2 strain Muc-IMB-1 and, 24 hours later,
co-housed 1 contact animal with each of 3 groups
of 3 inoculated animals (donor-recipient ratio [d:r]
3:1). We took swab samples regularly from all ani-
mals (Appendix, https://wwwnc.cdc.gov/EID/
article/27/4/20-4945-Appl.pdf); we euthanized 1 or
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2 animals at predefined times (Appendix). One bank
vole did not survive initial anesthesia for inoculation.

Neither inoculated nor contact animals showed
clinical signs during the study. We detected serocon-
version for all directly inoculated animals euthanized
8,12, and 21 days postinfection (dpi), whereas the an-
imals euthanized 4 dpi and the contact animals were
all clearly seronegative for SARS-CoV-2 antibodies
in an already validated indirect multispecies ELISA
based on the receptor-binding domain (6).

All directly inoculated bank voles tested positive
for SARS-CoV-2 by quantitative reverse transcription
PCR (qRT-PCR) by oral and rhinarium swab speci-
mens at 2 dpi. At4 dpi, 5 of these 8 animals were posi-
tive by oral swab specimen; 2 were also positive by
rhinarium swab specimen. On both sampling days,
rectal swab specimens of 2 animals tested positive for
SARS-CoV-2 by gRT-PCR. Groupwise collected fecal
samples also tested positive by qRT-PCR at 2 and 4
dpi. All swabs collected 8, 12, and 16 dpi from direct-
ly inoculated animals and every swab from the co-
housed contact animals tested negative by qRT-PCR
(Table; Figure).

Two animals were euthanized at 4 dpi; nasal con-
chae, trachea, lung, and olfactory bulb samples tested
positive for SARS-CoV-2 RNA by qRT-PCR (quanti-
fication cycle [Cq] 25.45-37.15). One animal showed
viral genome in cerebrum and cerebellum samples,
whereas the spleen sample from the other animal was
positive for the viral genome. At 8 dpi another 2 ani-
mals were euthanized; both exhibited viral RNA only
within the nasal conchae. The animal euthanized at 12
dpi was negative in all collected tissue samples. Nasal
conchae of 3 inoculated animals euthanized at 21 dpi
tested positive by qRT-PCR (Cq values 34.78, 34.97,
36.25), whereas all 3 contact animals euthanized at the
same time tested negative in the nasal conchae.

Reisolation of viable virus from tissue materials
in cell culture (Vero E6) was successful for 1 nasal
conchae sample taken at 4 dpi. However, isolation

"These authors contributed equally to this article.
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DISPATCHES

Table. Quantitative reverse transcription PCR results of swab sampling for all inoculated and contact bank voles in experimental study

of SARS-CoV-2 transmission*

Box Status Swab -1dpi 2 dpi 4 dpi 8 dpi 12 dpi 16 dpi
Box 1 Inoculated Oral Neg 3245 Neg Neg Neg Neg
Nasal Neg 32.29 Neg Neg Neg Neg
Rectal Neg Neg Neg Neg Neg Neg
Inoculated Oral Neg NA NA NA NA NA
Nasal Neg NA NA NA NA NA
Rectal Neg NA NA NA NA NA
Inoculated Oral Neg 32.09 28.16 Neg Neg Neg
Nasal Neg 31.72 34.03 Neg Neg Neg
Rectal Neg 36.54 36.39 Neg Neg Neg
Contact Oral Neg Neg Neg Neg Neg Neg
Nasal Neg Neg Neg Neg Neg Neg
Rectal Neg Neg Neg Neg Neg Neg
Collected feces Neg 36.58 37.66 Neg Neg Neg
Box 2 Inoculated Oral Neg 29.40 32.41 NA NA NA
Nasal Neg 32.68 34.72 NA NA NA
Rectal Neg Neg Neg NA NA NA
Inoculated Oral Neg 30.46 32.54 Neg NA NA
Nasal Neg 32.30 Neg Neg NA NA
Rectal Neg 36.67 Neg Neg NA NA
Inoculated Oral Neg 32.72 37.07 Neg Neg Neg
Nasal Neg 34.74 Neg Neg Neg Neg
Rectal Neg Neg Neg Neg Neg Neg
Contact Oral Neg Neg Neg Neg Neg Neg
Nasal Neg Neg Neg Neg Neg Neg
Rectal Neg Neg Neg Neg Neg Neg
Collected feces Neg 36.06 36.65 Neg Neg Neg
Box 3 Inoculated Oral Neg 30.98 Neg Neg NA NA
Nasal Neg 31.63 Neg Neg NA NA
Rectal Neg Neg Neg Neg NA NA
Inoculated Oral Neg 30.66 34.32 NA NA NA
Nasal Neg 34.52 Neg NA NA NA
Rectal Neg Neg 34.89 NA NA NA
Inoculated Oral Neg 32.64 Neg Neg Neg NA
Nasal Neg 35.46 Neg Neg Neg NA
Rectal Neg Neg Neg Neg Neg NA
Contact Oral Neg Neg Neg Neg Neg Neg
Nasal Neg Neg Neg Neg Neg Neg
Rectal Neg Neg Neg Neg Neg Neg
Collected feces Neg 36.62 37.02 Neg Neg Neg

*Positive resulis are given as quantification cycle values. dpi, days postinoculation; NA, not applicable; Neg, negative; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2.

from samples with Cq >28 failed, in line with findings
of other groups (3,7).

Overall, bank voles proved to be susceptible to in-
fection with SARS-CoV-2 but did not transmit the virus
to co-housed direct contact animals (initial d:r 3:1), in
contrast to highly susceptible hamsters or deer mice,
which transmit SARS-CoV-2 to each contact animal (d:r
1:1) within 5 days (4; B.D. Griffin et al., unpub. data,
https:/ /doi.org/10.1101/2020.07.25.221291). Our re-
sults suggest a tissue tropism for SARS-CoV-2 replica-
tion in bank voles to the upper respiratory tract, as seen
for other species, such as ferrets, fruit bats, and raccoon
dogs (3,7). The persistence of viral genome for at least 3
weeks in nasal tissue of directly inoculated animals was
unexpected, especially because the last positive sample
was retrieved 4 dpi from the respective bank voles (Ta-
ble). This finding is most likely the result of the suspect-
ed clustering of SARS-CoV-2 infection foci in narrow

areas of the upper respiratory tract (L.M. Zaeck et al., un-
pub. data, https://doi.org/10.1101/2020.10.17.339051).
Considering that virus isolation from these 21 dpi
samples was not successful, the persistence of SARS-
CoV-2 is unlikely to lead to the same shedding of in-
fectious virus as it was shown previously for deer
mice (A. Fagre et al, unpub. data, https://doi
org/10.1101/2020.08.07.241810; B.D. Griffin et al., un-
pub. data, https://doi.org/10.1101/2020.07.25.221291).
Deer mice also seem to shed virus through the rectum.
However, in bank voles, the SARS-CoV-2 genome could
not be detected in the intestines. Although rectal swabs
and fecal samples were qRT-PCR positive, the detected
Cq values were high, indicating low viral RNA levels.
Therefore, the detected viral RNA likely represents resi-
dues, which might have resulted from extensive groom-
ing behavior and therefore do not correspond with ac-
tual virus shedding from the rectum or feces.
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Appendix

Animals and Housing Conditions

We obtained 8 female and 4 male bank voles, 7-9 weeks of age, from an in-house
breeding colony at the Friedrich-Loeffler-Institut, Insel Riems, Germany. Prior to infection, we
determined negative serologic status toward SARS-CoV-2 of the breeding colony by an indirect
receptor-binding domain (RBD)-ELISA (7). All animals used in the trial tested RT-qPCR
negative for SARS-CoV-2 on the day before infection by rhinarium, oral, and rectal swabs. For
the duration of the study the animals were kept in individually ventilated cages (IVCs) with a
light regime of 12 hours illumination and 12 hours darkness. Drinking water and a rodent diet
were provided ad libitum. All handling procedures were performed under biosafety level 3 (BSL-

3) conditions.

Study Design

We inoculated 9 bank voles with 1x10° tissue culture infection dose 50 (TCIDso0) of the
SARS-CoV-2 strain 2019 nCoV Muc-IMB-1 (GISAID ID_EPI ISL. 406862, designation
hCoV-19/Germany/BavPat1/2020) by administering 70 pL virus suspension to the nostrils and
rhinarium. Inoculation took place under a short-term isoflurane-based inhalation anesthesia.
Three inoculated bank voles were housed together in 1 IVC. Twenty-four hours after inoculation
another 3 naive in-contact bank voles, 1 per IVC, were co-housed with the directly inoculated
animals. Physical examinations following a defined clinical score regarding general behavior,
respiration, eyes, and neurologic symptoms were performed daily and bodyweight changes were
monitored regularly (0,2, 3,4, 6,7, 8,9, 10, 12, 14, 16, and 21 days postinfection [dpi]). Oral,
rhinarium, and cloacal swabs were taken from each animal at 2, 4, 8, 12, and 16 dpi. A fecal

sample was taken from each IVC at these sampling points.
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Two bank voles each were euthanized at 4 and 8 dpi and another at 12 dpi. At autopsy, a
serum sample was collected and the nasal conchae, trachea, lung, heart, olfactory bulb, forebrain,
cerebellum, liver, spleen, kidney, and small and large intestines were sampled. The remaining
animals were euthanized at 21 dpi and serum samples were collected, as well as a sample of the

nasal conchae.

Antibody Detection
Serum samples taken during euthanasia were tested by RBD-ELISA (/). Absorbance
values >0.3 were considered antibody positive, those <0.2 antibody negative, and those in

between as questionable (Appendix Table).

RNA Extraction and RT-qPCR

Before sampling, swabs (nerbe plus GmbH, https://www.nerbe-plus.de; Copan Italia
S.p.A., https://www.copangroup.com) were dampened with Hank’s 692 balanced salts (HBS)
and Earle’s balanced salts (EBS) in minimum essential medium (MEM). After sampling, the
swabs were resuspended in | mL HBS and EBS MEM with the addition of penicillin and
streptomycin. Fecal samples were directly collected in 1 mL of HBS and EBS MEM with the
addition of penicillin and streptomycin. Organ samples were transferred in 1 mL of HBS and
EBS MEM with an added steel bead and homogenized at 30,000 Hz for 2 minutes with the
TissueLyserll (QIAGEN, https://www.qiagen.com). Nucleic acid was extracted from 100 pL of
the supernatant of all samples with the NucleoMag Vet kit (Macherey-Nagel, https://www.mn-
net.com). Extracted viral RNA levels were determined by the already validated RT-qPCR
nCoV_IP4, targeting the viral RNA-dependent RNA polymerase (2). We used a quantification
cycle (Cq) value of 38 as a cutoff value (Appendix Table).

Virus Isolation

We attempted virus reisolation in cell culture on a Vero E6 cell line (L0929, collection of
cell lines in veterinary medicine, Insel Riems, Germany) using HBS and EBS MEM with the
addition of penicillin and streptomycin. Viral replication was determined by cytopathic effect
within 72 hours after inoculation. Cultures with no visible cytopathic effect in the first passage

were passaged once more.
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Appendix Table. RT-qPCR results from organ samples of all inoculated and contact bank voles as well as results from the indirect,
multispecies ELISA*

REBD ELISA RT-gPCR quantification cycle (Cq)
dpi Status absorbance/result Nasal conchae Trachea Lung Bulbus olfactorius  Cerebrum Cerebellum Spleen
4 Inoculated 0.01/negative 25.45 3326  37.15 32.77 34.17 32.67 Neg
Inoculated 0.01/negative 28.23 3153 37.32 37.05 Neg Neg 35.21
8 _Inoculated 0.86/positive 27.66 Neg Neg Neg Neg Neg Neg
Inoculated 0.98/positive 35.38 Neg Neg Neg Neg Neg Neg
12 Inoculated 1.02/positive Neg Neg Neg Neg Neg Neg Neg
21 Inoculated 0.93/positive 36.25 ND ND ND ND ND ND
Inoculated 0.39/positive 34.78 ND ND ND ND ND ND
Inoculated 0.60/positive 34.97 ND ND ND ND ND ND
Contact 0.01/negative Neg ND ND ND ND ND ND
Contact -0.00/negative Neg ND ND ND ND ND ND
Contact -0.00/negative Neg ND ND ND ND ND ND

*RT-gPCR results are given in quantification cycle values (Cq). dpi: days postinoculation; ND, not done; Neg, negative; RBD, receptor-binding
domain.
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During the evolution of SARS-CoV-2in humans, a D614G substitution in the spike
glycoprotein (S) has emerged; virus containing this substitution has become the
predominant circulating variant in the COVID-19 pandemic'. However, whether the
increasing prevalence of this variant reflects a fitness advantage thatimproves
replication and/or transmission in humans or is merely due to founder effects remains
unknown. Here we use isogenic SARS-CoV-2 variants to demonstrate that the variant
that contains S(D614G) has enhanced binding to the human cell-surface receptor
angiotensin-converting enzyme 2 (ACE2), increased replication in primary human
bronchial and nasal airway epithelial cultures as well as in ahuman ACE2 knock-in
mouse model, and markedly increased replication and transmissibility in hamster and
ferret models of SARS-CoV-2 infection. Our data show that the D614G substitutionin S
results insubtle increases inbinding and replicationin vitro, and provides areal
competitive advantage in vivo—particularly during the transmission bottleneck. Our
data therefore provide an explanation for the global predominance of the variant that

contains S(D614G) among the SARS-CoV-2 viruses that are currently circulating.

Inlate 2019, SARS-CoV-2 wasdetected in Wuhan (Hubei province, China)**
and rapidly led to the COVID-19 pandemic; by December 2020, 70 million
cases and 1.5 million deaths attributable to this disease had been con-
firmed*. SARS-CoV-2 causes alife-threatening pneumoniain vulnerable
groupsof people’, The entry of SARS-CoV-2into cellsis dependent onthe
interaction of S and ACE2*%. Sis a homotrimericclass-1 fusion protein that
comprisestwosubunits (S1and S2) that are separated by a protease cleav-
age site. S1forms a globular head and is essential for receptor binding,
and S2 mediates fusion of the viral envelope with host cellmembranes.
During entry, the receptor-binding domain within the S1subunit binds
ACE2, which generates conformational changes in the S2 subunit and
facilitates internalization of the virus’®. S(D614G) is a variant of S that
contains a substitution outside of the receptor-binding domain that is
thought to cause a conformational change in the protein, whichimproves
ACE2 binding and increases the probability of infection’”.,

As the pandemic has progressed, the SARS-CoV-2 variant that
contains S(D614G) (hereafter, SARS-CoV-2°4"*)) has rapidly superseded
the parental variant (with D in amino acid position 614 of S; hereafter,
SARS-CoV-2"")in frequencyto become globally dominant. Such ashift
in genotype frequency might be caused by a founder effect following

introduction into a highly interconnected population; alternatively,
SARS-CoV-2°"* may have a fitness advantage over SARS-CoV-2"**, Some
studies have suggested the D614 G substitution in S may confer afitness
advantage on the virus by improving cell entry®®, To address the role
of D614G substitution in S in the dissemination and predominance
of SARS-CoV-2%"* during the COVID-19 pandemic, we characterized
S binding to human ACE2 (hACE2) and replication kinetics in vitro,
and evaluated infection and transmissiondynamicsin vivo using three
animal models. OQur datashow thatthe D614G substitutionin S confers
increased binding to the hACE2 receptor and increased replication
in primary human airway epithelial cultures. Moreover, comparison
of recombinant isogenic SARS-CoV-2 variants demonstrates that the
D614G substitution in S provides competitive advantage in a hACE2
knock-inmouse model, and markedly increases replication and trans-
mission in Syrian hamster and ferret models of SARS-CoV-2 infection.

D614G substitutioninS enhances hACE2 binding

To measure the effects of the D614 G substitution in S, we first quan-
tified the binding of S1 domain monomers to hACE2 using biolayer
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Fig.1|Invitrocharacterization of S1and of recombinant SARS-CoV-2"*"*
and SARS-CoV-2°", a, Affinity between S1and hACE2 determined by biolayer
interferometry. Fc-tagged ACE2 protein was loaded onto surface of anti-human
Fc capture biosensors. Association was conducted using S1 (left) or S1I(D614G)
(right), followed by dissociation. Datarepresent three biological replicates.

b, Binding of polyhistidine-tagged or Fc-tagged S1to BHK-hACE2 cells is shown
as peaks of fluorescence, detected by flow cytometry. ¢, Replication kinetics of
recombinant virusesin Vero E6 cells at 37 °C (left) and human nasal epithelial
cellsat 33 °C (right). Supernatant was collected at theindicated time points and
titrated by plaque assay. D614, SARS-CoV-2"'; G614, SARS-CoV-2°%%,

d, Replicationkinetics of recombinant virusesin human NBE cells at 33 °C (left),
37°C(middle)and 39 °C (right). Supernatant was collected daily and titrated by
TCID,, assay.Inc,d, dataare mean +s.d. of three biological replicates (Vero E6
cells) or four technical replicates (human nasalepithelial and human NBE cells).

interferometry. Both S1and S1(D614G) bind efficiently to hACE2; how-
ever, S1(D614G) showed an affinity about twofold higher than that of
S1 (Fig. 1a, Supplementary Table 2). Similarly, S(D614G) had a higher
affinity to hACE2 than that of S when full-length monomeric forms were
used (Extended DataFig. 1a, Supplementary Table 2). The D614 G substi-
tutioninSalso resulted inenhanced S1binding to hACE2 exogenously
expressed in baby hamster kidney cells (hereafter, BHK-hACE2 cells)
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Statistical significance was determined by two-sided, unpaired Student’s -test
without adjustments for multiple comparisons. e, f, Competition assay of
recombinantviruses in human nasal epithelial cells at 33 °C (e) and human NBE
cells at33°C (f, left), 37 °C (f, middle) and 39 °C (f, right). The inoculum (ino.)
was prepared by mixing two viruses and used for infection of human nasal
epithelial (1:1(e, left), 1:10 (e, middle) and 10:1 (e, right) PFU ratios, 8 technical
replicates each) and humanNBE (1:1PFUratio, 4 technical replicates each) cells.
Apical washand supernatantwere collected daily,and extracted RNA was used
for NGS. Bar graphs show percentage of sequencereads encoding S or
S(D614G). Incompetition experiments in humannasal epithelial and human
NBEcells, each square represents anindividual data point. For each time point,
alinear regression model was generated on the basis of the sequencing read
counts forSand S(D614G), and Pvalues were calculated for the group (variant)
coefficient. NS, not significant (P>0.05).

(Fig.1b, Extended Data Fig. 1b). The binding of polyhistidine-tagged S1
orS1(D614G) to BHK-hACE2 cells showed that more S1(D614G) bound to
BHK-hACE2 cellsthan did S1, by flow cytometry (Fig.1b, Extended Data
Fig.1b). When using homodimeric recombinant constructs comprising
Slattached to anlgG C terminus, we observed a more notable effect
inthe increased binding of the S1(D614G) protein to the BHK-hACE2
cell (Fig. 1b, Extended Data Fig. 1b).
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Fig.2|Replication of SARS-CoV-2"*"* and SARS-CoV-2°¢*in hACE2 knock-in
mice. a, Experimentalscheme for intranasal infection of hACE2 knock-in mice
with recombinant SARS-CoV-2"*"* and SARS-CoV-2°°"*, Oropharyngeal swabs
were sampled daily and tissue samples were analysed in subgroups of 4 mice at
2and 4 days after infectionin 2independent experiments. b, Quantitative PCR
withreverse transcription (RT-qPCR) analysis of oropharyngeal swabs of

SARS-CoV-2°* replication in epithelial cells

To assess the effect of S(D614G) in the context of virus infection, we
generated an isogenic SARS-CoV-2"%* and SARS-CoV-2°°" pair using a
SARS-CoV-2 reverse genetics system', The molecular clone based on
the Wuhan-Hu-lisolate is representative of SARS-CoV-2"¢* (refs. ™),
The sequence of the isogenic SARS-CoV-2%" was engineered with an
A-to-G transition at position 23,403 to encode a glycine at position
614 of S. Theidentity of the resulting recombinant SARS-CoV-2“*"* was
confirmed by genomic next-generation sequencing (NGS) of virus
stock (passage 1) used in subsequent experiments. The replication
kinetics of SARS-CoV-2""* and SARS-CoV-2%"* in Vero E6 cells differed
only marginally (Fig. 1c). We assessed replication kinetics in primary
human nasal epithelial and primary normal human bronchial epithelial
(human NBE) cell cultures grown under air-liquid interface condi-
tions that resemble the pseudostratified epithelial lining of the human
respiratory epithelium. We observed no significant difference in the
primary human nasal epithelial cells after infection of SARS-CoV-2"°*
or SARS-CoV-2%" at 33 °C (the temperature of the nasal epithelium)
(Fig.1c). By contrast, SARS-CoV-2°" displayed elevated titresin human
NBE cells at 33 °C, 37 °Cand 39 °C, which mimic the temperatures of the
upper respiratory tract, lower respiratory tract and fever, respectively
(Fig.1d). Infection kinetics of human NBE cells with the natural isolates
SARS-CoV-2/USA-WA1/2020 (SARS-CoV-2P°) or SARS-CoV-2/Massa-
chusetts/VPT1/2020 (SARS-CoV-2°") showed amore subtle advantage
for SARS-CoV-2°"*at 37 °C and 39 °C (Extended DataFig. 1c). Torefine
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inoculated hACE2 knock-in (K1) and wild-type mice. c,d, Pie chart of the mean
frequencies ofthe A or G nucleotide at position 23,403 (corresponding to D (in
blue) or G(inorange) atamino acid position 614, respectively). K1to K8 denote
individual mice. Each pie chartillustratestheratio of A/G detected from
individual oropharyngeal swab samples (c) and tissues (d) at the indicated time
after infection. ND, not detected.

this analysis, we performed competition experiments by infecting
human nasal epithelial and human NBE cell cultures with a mixture of
isogenic SARS-CoV-2°" and SARS-CoV-2°* at defined ratios. Inboth
of the primary human respiratory cell culture systems, the ratio of
SARS-CoV-2°" to SARS-CoV-2"" shifted in favour of SARS-CoV-2%¢1
across five or eight days of infection (Fig. le, f, Extended Data
Figs. 1d, e, 2a, b). Collectively, these results show that the D614G
substitution in S is associated with enhanced hACE2 binding and
increased replication in primary human airway epithelial cell models
of SARS-CoV-2infection.

SARS-CoV-2%* replicationin humanized ACE2mice

Mice do not support the efficient replication of SARS-CoV-2 unless
they are genetically engineered to express hACE2'2%, To evaluate the
relative fitness of SARS-CoV-2°" in vivo, we generated knock-in mice
that express human ACE2 under the endogenous regulatory elements
of mouse Ace2 (Extended Data Fig. 3a). We intranasally inoculated
eight heterozygous female mice with an equal mixture of both viruses
(SARS-CoV-2""* and SARS-CoV-2°"*) in a competition experiment, by
pooling1x10° plaque-forming units (PFU) of each variant (Fig. 2a). We
monitored viral RNA loads in oropharyngeal swabs daily, and in various
tissues (at days 2 and 4 after inoculation) by real-time PCR. We did not
observe any significant loss of body weight in hACE2 knock-in mice up
to day 4 after inoculation (Extended Data Fig. 3b). Our longitudinal
analysis of oropharyngeal swabs revealed efficient virus replication in

97



Results — Publication Ill: SARS-CoV-2 spike D614G change enhances replication and transmission

Time (d after infection)

G614
Inoculum 2 3 4 5 6 7 8
- DG1 4 L | J } } Il

Fig.3|Replication and transmission of
SARS-CoV-2"*"*and SARS-CoV-2°*in Syrian

Intranasally infected

- ! ! 848,600 50,340
= Contact
21 209,981 538,170 20,314 10,200 473413 6,645

Intranasally infected

C:J ! ! 1,191,000 10,370
‘® Contact
) 0000000

1635 1,865,390 956,938 199,609 8,978 297,521 18,087

Intranasally infected

& 00060

1,187,000

000

490 109,529 125,250

5,880

Pair 3

Contact

o
o
<2

531,340 81,241

Intranasally infected

& P0o¢

75,900

000

662 228,852 1,073,081

75,900

Pair 4

Contact

)
]
Y]
=1
&
.
o
=3
@
9
o
o
o
-3
o
=]
n
a
©

Intranasally infected

@ 0066

1,054,000

535 254,890 162,800

Contact

Pair 5

.
€:6
@ €66 o0¢ ¢ 6

ee

32,767

802
®

8,399

I
o
g
w
>
=
P
=
o
&
Y
S
g

Intranasally infected

o 0000

2,069,000

000

223 727,100 285,300

Contact

Pair 6

e 6
e ‘v'

138,110

the upper respiratory tract of hACE2 knock-in mice relative towild-type
mice (Fig.2b). Accordingly, tissue samples collected at days 2and 4 after
inoculation revealed high viral loads in the nasal conchae, lungs and
olfactory bulbs, and lower levelsin the brain (Extended DataFig. 3c, d).
Levels of viral RNA were low to undetectable in spleen, small intestine,
kidneys and faeces (datanot shown). We did not find any overt pathologi-
callesionsinthe lungsat days2 and4 afterinoculation (Supplementary
Table 3, 4). NGS of the oropharyngeal swabs revealed a net advantage
for SARS-CoV-2°“* gver SARS-CoV-2"%"* in most mice and at most time
points (Fig. 2c, Extended Data Fig. 3e, ). We found a similar replication
advantage for SARS-CoV-2°* in the organs (Fig. 2d). Collectively, these
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results demonstrate increased replication of SARS-CoV-2%"inamouse
model that expresses authentichuman ACE2.

SARS-CoV-2°*infection in hamsters and ferrets

Hamsters are highly susceptible to SARS-CoV-2 infection and develop dis-
ease that closely resembles pan-respiratory, moderate-to-severe COVID-
19in humans™~¢, To examine the replication kinetics of the SARS-CoV-2
variants using ahamster model, weintranasally inoculated seven hamsters
with SARS-CoV-2"* or SARS-CoV-2°* (1x 10*' tissue culture infectious
dose (TCIDs,) per hamster, and 10*° TCID, per hamster, respectively,
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calculated from back titration of the inoculum) and monitored them
forfour consecutive days. We did not observe any marked differencesin
body weight, titres of shed virus or viral loads in respiratory tract tissue
between the two groupsinthe acute phase (Extended DataFig. 4c—e). For
bothvariants, the highest genome loads were foundin the nasal conchae
followed by the pulmonary tissue (Extended DataFig. 4€). These observa-
tionssuggest that the D614G substitutioninS does not have strong effect
onclinical outcomes oradetectablereplication advantage in infections
with SARS-CoV-2"*"* versus SARS-CoV-2°"* in the hamster model.

We therefore setup aninvivo competitionexperiment to better eluci-
date the potential replication and/or transmission differences between
the variants. We intranasally inoculated six donor Syrian hamsters with
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al:1 mixture (on the basis of infectious PFU titre) of SARS-CoV-2%"* and
SARS-CoV-2" in direct ‘one-to-one’ transmission experiments. We
later confirmed the RNA ratio of the two variants within the inoculum
using NGS, and absolute quantification using digital-droplet PCR with
allele-specificlocked nucleicacid probes (Fig. 3). At 24 h afterinoculation,
each inoculated hamster was cohoused with a naive hamster. Viral RNA
load in daily nasal washings, changes in body weight and clinical signs
all agreed with previously published data™*'® (Extended DataFig. 4a, b).
NGS of the viral RNA sequence composition of nasal washingsrevealed a
prominent shift towards SARS-CoV-2¢* within 48 hof inoculation (Fig. 3,
Extended Data Fig. 4f, g). The transmission efficiency was 100%, and
analysis of the RNA sequence composition showed that SARS-CoV-2°¢1*
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represented over 90% of the viral RNA in the contact hamsters (Fig. 3).In
summary, at 24 hafter inoculation hamstersinoculated with anequal ratio
of SARS-CoV-2"%"* and SARS-CoV-2°" transmit primarily SARS-CoV-2%™,

We further investigated the competitive advantage of S(D614G) in
ferrets, which represent a good model of SARS-CoV-2 transmission” in
which the virus replicates primarily within the upper respiratory tract
(resembling mild infections in humans). We intranasally inoculated
six ferrets with a 1:1 mixture (on the basis of infectious PFU titre) of
SARS-CoV-2"*" and SARS-CoV-2°“" in direct one-to-one transmission
experiments. For all six inoculated ferrets, SARS-CoV-2-infection was
confirmed: body weight changes and viral RNA loads in nasal washings
(Fig. 4, Extended DataFig. 5a, b) were consistent with previously published
data™®, In five of the six inoculated ferrets, SARS-CoV-2%" became the
dominantvariant (Fig. 4, Extended DataFig. 3¢, d). Inaddition, SARS-CoV-2
transmission occurred in four of the six ferret pairs. In each pair with
successful transmission, SARS-CoV-2%" prevailed over SARS-CoV-261*
(Fig. 4). AlINGS data from the ferret samples were retested by absolute
quantification using allele-specific locked nucleic acid probes and digital
droplet PCR analysis. Notably, theinoculated ferret from pair 1 (inwhich
SARS-CoV-2"%" predominated the viral population) did not transmit
virusto the contact, despite a high peak viral genome load of more than
10 million copies per ml. By contrast, the lack of transmissionin pair 4 (in
which SARS-CoV-2°" became the dominant variant) was connected to
peakviralloads of below 500,000 genome copies per ml (Fig.4). In sum-
mary, the competitionexperimentin ferrets revealed that SARS-CoV-2%"*
preferentially infected and replicatedinfive out of sixinoculated ferrets,
and the successful transmission events occurred only with SARS-CoV-2%",

Discussion

The evolution of SARS-CoV-2 in humans has been proposed to be a
nondeterministic processin which virus diversification results mainly
from random genetic drift, suggesting no strong selective pressure is
acting onits adaptation in humans®. However, since the emergence of
the D614G substitution in S in early 2020, the SARS-CoV-2°*" variant
has become globally prevalent'. Both a founder effect and structural
changes to S have previously been proposed as driving forces in estab-
lishing the prevalence of SARS-CoV-2%*, Previous structural studies and
the use of pseudotyped viruses have suggested that SARS-Co V-2 may
conferincreasedinfectivity asaresult ofanincreased‘open’ conforma-
tionofthereceptor-binding domain for receptor binding orincreased
S stability'®. In contrast to these studies (which used recombinant tri-
mericS), we used areductionist approach to eliminate complications
dueto‘open’or‘closed’ conformations of the receptor-binding domain
in trimeric S. We found that S1(D614G) or monomeric S(D614G) both
hadincreased affinity to hACE2, which may be another mechanism that
underlies the increased replication and transmission of SARS-CoV-2544,

Studies using isogenic SARS-CoV-2"** and SARS-CoV-2°"* to assess
the phenotype in the context of SARS-CoV-2 infection have recently
been reported®*?, Both of these studies have demonstrated that
SARS-CoV-2%"increased replicationin vitro, and one? observed ear-
lier transmission in a hamster model. We extended these studies by
exploiting a range of in vitro and in vivo models of SARS-CoV-2 infec-
tion: primary human nasal epithelial and human NBE cell cultures, a
hACE2 knock-in mouse model, a hamster model and a ferret model.
Throughout these experimental systems, we consistently observed an
increased replicative fitness of SARS-CoV-2°°" over SARS-CoV-2"%", by
applying NGS techniques and allele-specific absolute quantification
for confirmation. The advantage provided by the D614G substitution
in S was most prominent in competition and transmission experiments
inhamstersand ferrets, and must therefore be considered asadriving
force that has led to the global dominance of SARS-CoV-2¢",

Our data also agree with previously reported functional changes
conferred by the D614G substitution in S', and with previously
reported increased infectivity of pseudotyped viruses containing

this substitution®?, Although our studies establish a phenotype of
increased replication and transmission of SARS-CoV-2%*, there is no
evidence for a change in pathogenicity in any of the animal models
we used. This isimportant because infection with SARS-CoV-2¢" is
not associated with the development of severe COVID-19 in humans'.

The ongoing pandemic will probably give rise to additional vari-
ants of SARS-CoV-2 that may display phenotypic changes and further
adaptations to human or animal (such as mink) reservoirs. The ability
torapidly identify emerging variants using genomics, reconstructing
emerging virus variants and assessing their phenotypes in vitro and
invivowill allow arapid response to their emergence with appropriate
countermeasures. The mouse model described in this Article, whichis
based on hACE2 expression under the endogenous regulatory elements
ofmouse Ace2, is a valuable tool and will complement existing animal
models of SARS-CoV-2 infection. Similar to our demonstration here
of the increased replication and transmissibility of SARS-CoV-2%™,
the phenotypic assessment of future variants will probably require
several complementary animal models that together reflect aspects
of SARS-CoV-2replication, transmission and pathogenicity inhumans.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were notrandomized, and investigators were not blinded
to allocation during experiments and outcome assessment except
where indicated.

Cell and culture conditions

Vero E6 cells (a gift from M, Miiller) were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum, 1x non-essential amino acids, 100 units ml™ penicillin and
100 pg mi™ streptomycin. Baby hamster kidney (BHK) cells expressing
SARS-CoV nucleoprotein (N)*** were maintained in minimal essential
medium (MEM) supplemented with 5% fetal bovine serum (FBS), 1x
non-essential amino acids, 100 units mI™ penicillin and 100 pg mlI™
streptomycin, 500 pg ml™ G418 and 10 pg ml™ puromycin. Twenty-four
hours before electroporation, the BHK cells expressing SARS-CoV N
were treated with 1pig ml™ doxycyclin to express SARS-CoV N protein.
All cell lines were maintained at 37 °C and in a 5% CO, atmosphere.

Recombinant proteins

The Expi293 Expression system (ThermoFisher Scientific) was used
to produce hACE2 and S. Mammalian expression plasmids were con-
structed to encode codon-optimized Fc(human IgG1)-tagged hACE2
(hACE2-Fc) or polyhistidine-tagged S (S and S(D614G)), which contain
the full-length ectodomain of S (residues 1-1208, withamutated furin
cleavage site and K986P/V987P substitutions). Expi293F cells were
transfected with the plasmids and cultured at 37 °C with 8% CO, at a
shaking speed of 125 rpm. The supernatant was collected on day 5 by
centrifugation at3,000gfor 20 minat4 °C. The hACE2-Fc protein was
purified using HiTrap Protein A column (GE Life Sciences) in elution
buffer containing 0.1 M citricacid, pH3.0.S was purified using HisTrap
FF column (GE Life Sciences) in elution buffer containing 20 mM sodium
phosphate, 0.5 MNaCland 500 mMimidazole, pH 7.4. The eluents were
desalted using Zebaspin desalting column 7K MWCO (Thermo Fisher
Scientific). The purified proteins were further concentrated on Amicon
Ultra Centrifugal Filters 50K NMWL (Sigma-Aldrich) and quantified
using Qubit protein assay (ThermoFisher Scientific).

Biolayer interferometry assay

Affinity between hACE2-Fc and S1 (ABclonal, RP01262), S1(D614G)
(ABclonal, RP01287), S or S(D614G) was evaluated using Octet RED96
instrument (ForteBio) at 30 °Cwith a shaking speed of 1,000 rpm. Fol-
lowing 20 min of prehydration of anti-human Fc capture biosensors
and1minofsensorcheck,7.5nMhACE2-Fcin 10x kinetic buffer (Forte-
Bio) was loaded onto the surface of biosensors for 5 min. After 1.5 min
of baseline equilibration, 5 min of association was conducted with
25t0 200 nM of S1 or S1(D614G), or with 10-100 nM of S or S(D614G),
followed by 5 min of dissociation in the same buffer used for baseline
equilibration. The data were corrected by subtracting the reference
sample; al:1binding model with global fit was used for the determina-
tion of affinity constants.

Flow cytometry

A stable clone of BHK-hACE2 cells was pelleted and resuspended in
reaction buffer (PBS pH7.4 with 0.02% Tween-20 and 4% BSA) atacon-
centration of 5 x10° cells per ml. One hundred microlitres per well of
the cells were aliquoted into a round-bottom 96-well plate and incu-
bated on ice for at least 5 min. Polyhistidine-tagged S1 (40591-VOSH)
and S1(D614G) (40591-VO8H3) and Fc-tagged S1(40591-vO2H) and
S1(D614G) (40591-v02H3) proteins were purchased from Sino Biologi-
cal, anddiluted in reaction buffer onice. Fifty microlitres of S1diluents
were added into corresponding wells of cells and incubated onice for
20 min with shaking. After incubation, cells were washed in 200 pl
PBST washing solution (PBS pH7.4 with 0.02% Tween-20) once, and

then 100 pl of 1:300 diluted secondary antibody (ThermoFisher cat.
no. A-21091 for the Fc tag and ThermoFisher cat. no. MA1-21315-647
for the polyhistidine tag) was added into each well of cells, mixed and
incubated onice with shaking for 15 min. After washing twice, cells were
resuspended in200 pl PBST and analysed using a BD FACSCanto Il Flow
Cytometer. Data were processed using Flowjo v.10.6.1. Results for BHK
control cells (which do not express hACE2) and the gating strategy are
provided in Supplementary Figs. 1, 2.

Generation of infectious cDNA clones using
transformation-associated recombination cloning and rescue
of recombinant viruses

Tointroduce the mutation for the D614G substitutionintothe Sgene,
PCR mutagenesis (Supplementary Table 1) was performed on the pUC57
plasmid containing SARS-CoV-2 fragment 10" using a Q5 Site-Directed
Mutagenesis Kit (New England BioLab). Both S and $?** infectious
cDNA clones were generated using in-yeast transformation-associated
recombination cloning method as previously described™. In vitro
transcription was performed for Eagl-cleaved YAC and PCR-amplified
SARS-CoV-2 N gene using the T7 RiboMAX Large Scale RNA produc-
tion system (Promega) as previously described*. Transcribed capped
mRNA was electroporated into baby hamster kidney cells (BHK-21 cells)
expressing SARS-CoV N protein. Electroporated cells were cocultured
with susceptible Vero E6 cells to produce passage 0 of recombinant
SARS-CoV-2"*"* and SARS-CoV-2°"*, Subsequently, progeny viruses
were used toinfect fresh Vero E6 cells to generate passage 1 stocks for
downstream experiments.

Virus growth kinetics and plaque assay

The characterization of virus growth kinetics in Vero E6 was performed
as previously described'. Twenty-four hours before infection, cells
were seeded in a24-well plate at adensity of 2.0 x 10° cells per ml. After
washing once with PBS, cells were inoculated with viruses at multiplic-
ity of infection of 0.01. After 1 h, the inoculum was removed and cells
were washed three times with PBS followed by supply with appropriate
culture medium.

PFUs per ml of recombinant SARS-CoV-2"* and SARS-CoV-2** were
determined by plaque assayin a 24-well format. One day before infec-
tion, Vero E6 cells were seeded at a density of 2.0 x 10° cells per ml.
After washing once with PBS, cells were inoculated with viruses serially
diluted in cell culture medium at 1:10 dilution. After 1 h of incubation,
inoculum was removed, and cells were washed with PBS and subse-
quently overlaid with 1;1mix of 2.4% Avicel and 2x DMEM supplemented
with 20% fetal bovine serum, 200 units ml™ penicillin and 200 pg m1™
streptomycin. After 2 days of incubation at 37 °C, cells were fixed in
4% (v/v) neutral-buffered formalin before stained with crystal violet.

Statistical significance was determined by two-sided unpaired
Student’s ¢-test without adjustment for multiple comparisons.

Infection of human nasal and bronchial epithelial cells

Primary human nasal epithelial cell cultures (MucilAir EPO2, Epithelix
Sarl) were purchased and handled according to the manufacturer’s
instructions. Human NBE cells were purchased (from Emory Univer-
sity) and cultured according to recommended protocols. The human
nasal epithelial cultures were inoculated with 0.5 x 10° PFU per well,
or mixtures of 1:1,10:1 and 1:10 of SARS-CoV-2"* and SARS-CoV-2¢°4,
Human NBE cell cultures were inoculated with 1.0 x 10° PFU per well, or
with the wild-type isolates SARS-CoV-2/USA-WA1/2020 (SARS-CoV-2"")
or SARS-CoV-2/Massachusetts/VPT1/2020 (SARS-CoV-261), at 2 x 10°
TCID, per well. For competition experiments, human NBE cells were
inoculated with 1:1 or 9:1 mixed SARS-CoV-2°* and SARS-CoV-2%" at
1 x 10° PFU per well. After incubation at 33 °C for 1 or 2 h, for human
nasal epithelial or human NBE cell cultures, respectively, inoculum
was removed (or collected for human NBE as 2-h samples), cells were
washed, and subsequently incubated (as indicated) at 33 °C, 37 °C or
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39 °C. Tomonitor viral replication, apical washes were collected every
24 h. All titre were determined by standard plaque assay or TCID,, on
Vero E6 cells.

For competition experiments, viral RNA was extracted from api-
cal washes using the QlAamp 96 Virus QlAcube HT Kit (QIAGEN). The
SARS-CoV-2 genome was amplified using a highly multiplexed tiling
PCR reaction based on the Artic Network protocol (https:/www.pro-
tocols.io/view/ncov-2019-sequencing-protocol-bbmuikéw) with some
modification. Inbrief, primers were designed to produce overlapping
1-kb amplicons (Supplementary Table 1). Reverse transcriptase was
performed as describedinthe Artic Network protocol. The single cDNA
reaction was carried forward by preparing two PCR reactions (one
each for the odd and even pool of primers). Two primer pools (odd
and even) were prepared to contain 0.1 uM of each individual primer.
Tiling PCR of the resultant cDNA was performed by combining 12.5 ul
2x QS polymerase, 5.5 pl water, 2 pl of the primer pool and 5 pl of cDNA
followed by incubating the reaction at 98 °C for 30's, 38 cycles of 98 °C
for15sand 63 °Cfor 5min, and holding at 4 °C. Corresponding odd and
even amplicons were normalized and pooled for library preparation.
Fragmented libraries were prepared using the Nextera XT DNA library
preparation kit and sequenced using Illumina MiSeq. Analyses were
performed using IRMA® with a SARS-CoV-2 module.

RNA extraction and RT-PCR

Preparation of viral RNA for NGS was performed as previously
described™. Inbrief, Vero E6 cells were infected with passage-1 viruses.
Extraction of total cellular RNA was done using Nucleospin RNA Plus
kit (Macherey-Nagel) according to the manufacturers’instructions.

RNA from apical washes of human nasal epithelial cells and mouse
oropharyngeal swabs were prepared using QlAamp Viral RNA Mini Kit
(QIAGEN) and Nucleospin RNA kit (Macherey-Nagel) according tothe
manufacturers’ protocols.

To determine the ratios of SARS-CoV-2* to SARS-CoV-2%* in
competition assays in human nasal epithelial cell cultures and hACE2
knock-in mice, reverse-transcription PCR was performed onextracted
RNA using SuperScript IV One-step RT-PCR System (Invitrogen). The
sequence-specific primers were used to generate an amplicon of 905
bp covering the D614 region: 5-AATCTATCAGGCCGGTAGCAC-3' and
5-CAACAGCTATTCCAGTTAAAGCAC-3". RT-PCR reaction was per-
formedina 50-pl reaction using 0.01 pg to1pgtotal RNA. The cycling
parameters were set as follows: 50 °C for 10 min, 98 °C for 2 min; 35
cyclesat98°C for10s, 55°Cfor15s,and 72 °C for 30 s; and a 5-min
incubation at 72 °C, DNA concentration was determined using Qubit
dsDNAHS (High Sensitivity) Assay (Thermo Fisher), and subsequently
diluted to 200 ng in 50 pl of nuclease-free water for sequencing by
Nanopore sequencing MinlION.

RNAextractionand preparation of RT-PCRreactions were performed
in low- and no-copy laboratory environment to avoid contamination.

Sequencing and computational analysis

Recombinant SARS-CoV-2"" or SARS-CoV-2%°" RNAs of passage-1
stock were sequenced by NGS as previously described'®, Inbrief, RNA
was extracted from Vero E6 cells infected with either recombinant
SARS-CoV-2°"* or SARS-CoV-2%"* using the NucleoSpin RNA Plus kit
(Macherey-Nagel) according to the manufacturer’s guidelines. Sequenc-
ing libraries were subsequently prepared using the lllumina TruSeq
Stranded mRNA Library Prep Kit (Illumina, 20020595) and pooled cDNA
libraries were sequenced across two lanes on a NovaSeq 6000 S1 flow
cell (2x50 bp, 100 cycles) using the [llumina NovaSeq 6000 platform
(Next Generation Sequencing Platform of the University of Bern). For
dataanalysis, TrimGalore v.0.6.5 was used to remove low-quality reads
and adaptors from the raw sequencing files. The resulting trimmed
paired-end reads were then aligned to the SARS-CoV-2 genome (Gen-
Bank accession MT108784) using Bowtie2v.2.3.5. Finally, aconsensus
sequence was generated for each virus stock using Samtools v.1.10 with

the -d option set to 10,000. Data analysis was performed on UBELIX,
the high-performance computing cluster at the University of Bern
(http://www.id.unibe.ch/hpc).

For virus competition experiments in human nasal epithelial cells,
hACE2 knock-inmice, hamsters and ferrets, amplicons were sequenced
onthe MinlON system from Oxford Nanopore. Real-time high-accuracy
base calling, demultiplexing and barcode and adaptor trimming was
performed with MinKnowv.20.06.17, running Guppy v.s4.0.11. Down-
stream analysis was done in Geneious 2019 v.s2.3. Read length was
filtered to eliminate reads <800 and >1,100 nt and the remaining reads
were mapped in subsets of 10,000 reads to the amplicon reference
undergoing 2 iterations, with custom sensitivity allowing amaximum
of 5% gaps and maximum mismatch of 30%. Variants were analysed
at specific positions calculating P values for each variant. The ratio
fraction A/Gwas calculated from the numbers of reads, as fraction = A
reads/(A reads + G reads).

Statistical analyses for virus competition experiments and relative
replicative fitness calculations were performed using the catseyes
packageinR.Relative replicative fitness values for SARS-CoV-2°%* over
SARS-CoV-2"" were determined by dividing the initial SARS-CoV-2°°/
SARS-CoV-2"%" ratio (i,) by the final (after infection) SARS-CoV-2%/
SARS-CoV-2"" ratio (f,) according to the formula w = (fo/i,). Specifi-
cally, tomodel f,/i,in each experiment, the t,/t, ratio was calculated on
the basis of the sequencing counts attained for each virus inindividual
samples (after infection, time point ;) and in the inoculum (initial time
point¢,). For each time point, alinear regression model was generated
inRandfitnessratiosbetween the two groups (variants) were assessed
by means of the coefficient of the model’s group term. When multiple
experiments were performed, the experiment variable was included
in the model. All statistical tests were performed in R (v.4.0.2) with
two-sided a=0.05. Cat’s eye plots showing the relative replicative fit-
ness of SARS-CoV-2°" gver SARS-CoV-2"*"* for each time pointin each
experiment were created using the catseyes package in R%, as previ-
ously described®.

Animal studies

Ethics declarations. The hACE2 knock-in mice were originally gener-
ated at the Wadsworth Center, New York State Department of Health
(IACUC protocol no. 09-405) (principal investigator D.E.W.). Mouse
experiments were conducted in compliance with the Swiss Animal Wel-
farelegislation, and animal studies were reviewed and approved by the
commission for animal experiments of the canton of Bernunder licence
BE-43/20. All of the ferret and hamster experiments were evaluated by
the responsible ethics committee of the State Office of Agriculture,
Food Safety, and Fishery in Mecklenburg-Western Pomerania (LALLF
M-V), and gained governmental approval under registration number
LVL MV TSD/7221.3-1-041/20. This project also obtained clearance from
the Animal Care and Use Program Office of the CDC.

hACE2 knock-in mouse study. For the generation of hACE2 knock-in
mice, the hACE2 knock-in (B6) (B6.Cg-Ace2™AE2Punyy) [ine was gener-
ated by targeted mutagenesis to express human ACE2 cDNA in place
of the mouse Ace2 gene. Thus, in this mouse model, hACE2 expres-
sionis regulated by the endogenous mouse Ace2 promoter and en-
hancer elements. The targeting vector (WEN1-HR) had human ACE2
cDNA inserted in frame with the endogenous initiation codon of the
mouse Ace2 (Extended Data Fig. 3a). The human cDNA was flanked by
an FRT-neomycin-FRT-loxP cassette and a distal loxP site. WEN1-HR
was used to transfect 129Sv/Pas embryonic stem cells and 837 em-
bryonic stem cell clones were isolated and screened for homologous
recombination by PCRand Southernblot. Eleven properly recombined
embryonic stem cell clones were identified, and some of them were
used for blastocyst injection and implantation into female mice to
generate 22 male founder mice with chimerism (129Sv/Pas:C57BL/6)
ranging from 50 to 100%. To complete the hACE2 knock-in, we crossed
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the chimeric male mice with C57BL/6) Flp-expressing female mice to
excise the FRT-flanked neomycin selection cassette and generate the
floxed humanized ACE2 allele (Extended Data Fig. 3a). These hACE2
knock-inmice were identified by PCR and confirmed by Southernblot
and were backcrossed to C57BL/6] mice for seven generations before
this study. This line has been donated to The Jackson Laboratory for
use by the scientific community (stock 035000).

Heterozygous hACE2 knock-in female mice were obtained from
The Jackson Laboratory and C57BL/6J wild-type female mice were
from Janvier Lab. All mice were acclimatized for at least 2 weeks in
individually ventilated cages (blue line, Tecniplast), with 12-h/12-h
light/dark cycle, 22 +1°C ambient temperature and 50 + 5% humidity,
autoclaved acidified water, autoclaved cagesincluding food, bedding,
and environmental enrichment at the specific-pathogen-free facility
of the Institute of Virology and Immunology, (Mittelhausern). One
week before infection, mice were placed in individually HEPA-filtered
isolators (IsoCage N, Tecniplast). Mice (10 to 12 weeks old) were anaes-
thetized with isoflurane and infected intranasally with 20 pl (that s,
10 pl per nostril) with a1:1ratio of the SARS-CoV-2 variants (wild-type
and hACE2 knock-in mice) or mock culture medium (wild-type mice
only). After intranasal infection, mice were monitored daily for body
weightloss and clinical signs. Throat swabs were collected daily under
briefisoflurane anaesthesia using ultrafine sterile flock swabs (Hydra-
flock, Puritan, 25-3318-H). The tips of the swabs were placed in 0.5 ml
of RA1 lysis buffer (Macherey-Nagel, ref. 740961) supplemented with
1% B-mercaptoethanol and vortexed. Groups of mice from two inde-
pendent experiments were euthanized on days 2 and 4 after infection
and organs were aseptically dissected, avoiding cross-contamination.
Systematic tissue sampling was performed: (1) lung right superior
lobe, right nasal concha, right olfactory bulb, part of the right brain
hemisphere, apical part of the right kidney and parts of the distal small
intestine (ileum) were collected for RNA isolation in RA1 lysis buffer;
(2) lung middle, inferior and post-caval lobes, left nasal concha, left
olfactorybulb, part of the right brain hemisphere and part of the right
kidney were collected in MEM; and (3) lung leftlobe, liver leftlobe, left
kidney, left brain hemisphere and part of the jejunum and ileum were
fixed in buffered formalin. Data were generated from two identically
designed independent experiments.

Mouse tissue samples collected in RA1 lysis buffer supplemented
with 1% B-mercaptoethanol were homogenized using a Bullet Blender
Tissue Homogenizer (Next-Advance). Homogenates were centrifuged
for 3 min at 18,000g and stored at =70 °C until processing. Total RNA
was extracted from homogenates using the NucleoMag VET kit for viral
andbacterial RNA and DNA from veterinary samples (Macherey Nagel,
ref.744200) and the KingFisher Flex automated extractioninstrument
(ThermoFisher Scientific) following the manufacturers’instructions.
RNA purity wasanalysed with aNanoDrop 2000 (ThermoFisher Scien-
tific). A 25-ul RT-PCR for the viral £ gene was carried out using 5 pl of
extracted RNA template using the AgPath-ID One-Step RT-PCR (Applied
Biosystems). Samples were processed in duplicate. Amplificationand
detection were performedin an Applied Biosystem 7500 Real-Time PCR
Systemunder the following conditions: aninitial reverse transcription
at 45 °C for 10 min, followed by PCR activation at 95 °C for 10 min and
45 cycles of amplification (15s at 95 °C,30s at 56 °Cand 30 s at 72 °C).

Fixed mouse tissue samples were processed, sectioned and stained
with haematoxylin and eosin at the COMPATH core facility (University
of Bern). Histopathological lung slides of hACE2 knock-in mice and
wild-type mice (infected and mock) were examined and scored by a
board-certified veterinary pathologist (S.d.B.), whowas blinded to the
identity of the samples. Scoring criteriaare detailed in Supplementary
Table 4.

Hamster study. Six Syrian hamsters (Mesocricretus auratus) (Jan-
vier Labs) were infected intranasally under a short-term inhalation
anaesthesia with 70 pl of SARS-CoV-2""* and SARS-CoV-2°* at equal
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ratios using 10*” TCID,, per hamster (calculated from back titration
of the original material). After 24 h of isolated housing in individually
ventilated cages, six pairs (each with one directly inoculated donor
hamster and one sham-inoculated contact hamster) were cohoused.
The housing of each hamster pair was strictly separated in individual
cage systems to prevent spillover between different pairs. For the fol-
lowing seven days (day 2 until day 8 after infection) and on day 12 after
infection, viral shedding was monitored in addition to a daily physical
examination and body weighing routine.

To evaluate viral shedding, nasal washes were individually collected
from each hamster underashort-termisoflurane anaesthesia. Starting
with the contact hamster of each pair, each nostril was rinsed with 100 pl
PBS (1.0x phosphate-buffered saline) and reflux was immediately
gathered. A new pipette tip for every nostril and hamster was used to
preventindirect spillover transmission from one hamster to another.
Furthermore, in between the respective pairs, a new anaesthesia sys-
tem was used for each pair of hamsters. At day 8 after infection, one
contacthamster was found dead. Although they lost up to almost 20%
of their body weight, every other hamster recovered from disease.
Under euthanasia, serum samples were collected from each hamster.

For the single-virus infection experimental setup, seven hamsters
each were infected via the intranasal route with 10> TCID;, per ham-
ster of SARS-CoV-2"%", or 10*° TCID,, per hamster of SARS-CoV-26
(calculated from back titration of the original material). From day 1to
day 4, nasal washes were obtained from these hamsters and body weight
changes recorded. A tissue panel from respiratory organs—including
nasal conchae, tracheal tissue, cranial, medial and caudal portions of
the right lung, and the pulmonary lymph node—were collected after
euthanasia from these hamsters.

Ferret study. In accordance with the hamster study, twelve ferrets
(Mustela putorius furo) from in-house breeding were divided into six
groups of two individuals. Ferret pairs were of equal age (between
4 and 18 months). In total, four ferrets were female (two pairs) and
eight ferrets were male or neutered male (four pairs). The housing
of each ferret pair was strictly separated in individual cage systems,
to prevent spillover between different pairs. Per separate cage, one
individual ferret was inoculated intranasally by instillation of 125 pl
of the aforementioned inoculum (10°* TCID,, per ferret, calculated
from back titration of the equally mixed original material) into each
nostril under a short-term isoflurane-based inhalation anaesthesia.
Time points and sampling technique corresponded to the methods
used for the hamsters, although ferret nasal washing was performed
using 2x 700 pl PBS per ferret. The contact ferret was not inoculated.

Specimen work up, viral RNA detection, and sequencing and quan-
tification analyses. Organ samples were homogenized ina 1 ml mix-
ture of equal volumes composed of Hank’s balanced salts MEM and
Earle’s balanced salts MEM containing 2 mM L-glutamine, 850 mg 1™
NaHCO;, 120 mg I sodium pyruvate supplemented with 10% fetal
calf serum and 1% penicillin-streptomycin at 300 Hz for 2 min using
a Tissuelyser [l (Qiagen) and centrifuged to clarify the supernatant.
Nucleicacid was extracted from 100 pl of the nasal washes after ashort
centrifugation step or organ sample supernatant using the Nucleo-
Mag Vet kit (Macherey Nagel). Viral loads in these samples were de-
termined using the nCoV_IP4 RT-PCR¥ including standard RNA that
were absolute-quantified by digital droplet PCR with a sensitivity of 10
copies per reaction. The extracted RNA was afterwards subjected to
MinlON sequencing and digital droplet PCR. For MinION sequencing,
amplicons were produced with primers (WU-21-F: AATCTATCAGGCCG
GTAGCAC; WU-86-R: CAACAGCTATTCCAGTTAAAGCAC) using Super-
Script IV One-step RT-PCR (Thermo Fisher Scientific). Amplicons were
sequenced on a MinlON system from Oxford Nanopore using Native
Barcoding 1-12 (EXP-NBD104) and 13-24 (EXP-NBD114), respectively,
with LigationKit SQK-LSK109 (Oxford Nanopore). Libraries were loaded
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on R9.4.1Flow Cells (FLO-MIN106D) on a MinlON coupled to a MinIT.
MinlON data analysis was performed as described in ‘Sequencing and
computational analysis’.

For rare mutation and sequence analysis based on digital droplet
PCR, the QX200 Droplet Digital PCR System from Bio-Rad was used.
The One-Step RT-ddPCR Advanced Kit for Probes (Bio-Rad) was
applied according to the supplier’s instructions. For the amplifica-
tion of an 86-bp fragment of both variants of S, the forward primer
SARS2-5-1804-F (5’-ACA AAT ACT TCT AAC CAG GTT GC-3’) and the
reverse primer SARS2-5-1889-R (5-GTA AGT TGA TCT GCA TGA ATA
GC-3’) were used. For the detection of the D and G variants in one
sample, two allele-specific locked nucleic acid probes were applied:
SARS2-S-vID-1834FAM (5'-FAM-TaT cAG gat GTt AAC-BHQ1-3") and
SARS2-S-v3G-1834HEX (5"-HEX-T cAG ggt GTt AAC-BHQI1-3’) (the locked
nucleicacid positions are in lowercase). The concentration of the prim-
ersand probeswas 20 uM and 5 uM, respectively. For dataanalysis, the
QuantaSoft Analysis Pro software (v.1.0.596) was used.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Dataavailability

Sequence dataareavailable on the NCBI Sequence Read Archive (SRA)
under the BioProject accession number PRJINA669553. Source dataare
provided with this paper.
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Extended DataFig.1| Additionalinvitro characterization of Sand of SARS-
CoV-2"* and SARS-CoV-2%*isolates. a, Affinity between Sand hACE2
determined by biolayer interferometry. Fc-tagged hACE2 was loaded onto
surface of anti-human Fc capture biosensors and association was conducted
using$S (5-614D) or S(D614G) (S-614G) followed by dissociation. Datarepresent
three biological replicates, and all repeats with statistical analysis are provided
inSupplementary Table 2. b, Binding of polyhistidine-tagged or Fc-tagged S1to
BHK-hACE2 cells, determined by flow cytometry. Mean fluorescence intensity
isshown for the corresponding S1protein concentration. Dataare mean+s.d.
ofthreebiological replicates. ¢, Replication of the isolates SARS-CoV-2/USA-
WA1/2020 (isolate 614D) and SARS-CoV-2/Massachusetts/VPT1/2020 (isolate
614G) in human NBE cells at 33 °C(left), 37 °C (middle) and 39 °C (right). Human
NBE cells wereinfected with200,000 TCID,, of each virus. Supernatants were
collected every 24 hand titrated by TCID,, assay. Dataare mean £ s.d. of four
replicates. Statistical significance was determined by two-sided unpaired
Student’s t-test without adjustments for multiple comparisons. Pvalues (from
left to right): left, NS (notsignificant), P=0.8098; NS, P=0.7874;*P=0.0328;
NS, P=0.1887;and NS, P=0.5296; middle, NS, P=0.1689; NS, P=0.1475; NS,
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P=0.1415;**P=0.0033; and NS, P= 0.3184; right, *P=0.0197; NS, P= 0.6018; NS,
P=0.3903;NS, P=0.0898; and *P=0.0445.d, Competition assay of
recombinant SARS-CoV-2"" (614D) and SARS-CoV-2%'*(614G) in human NBE
cellsat33°C,37 °Cand 39 °C. The inoculum was prepared by mixing two
viruses at9:1ratio based on PFU per ml. Human NBE cells were infected with
100,000 PFU of the 9:1 virus mix (n=4). Viral RNA was extracted from daily
supernatantand sequenced by NGS. Percentage of sequencing reads encoding
SorS(D614G). Each squarerepresentsone individual data pointin competition
experiment. For eachtime point, alinear regression model was generated
based onthe sequence read counts for S and S(D614G), and Pvalues were
calculated for the group (variant) coefficient. Pvalues (left to right): left, NS,
P=0.1796; NS, P=0.087; NS, P=0.1147; NS, P=0.1244; and *P=0.0401; middle,
NS, P=0.9114;NS, P=0.0715; NS, P=0.1696; NS, P=0.1696; and NS, P=0.1657;
right,NS, P=0.1041;*P=0.013; NS, P=0.0645;*P=0.0102; and *P=0.0308.

e, Cat'seye plotillustrating therelative replicative fitness values of SARS-CoV-
2661 gyer SARS-CoV-2"""in human NBE cells for the competition experiments
performedind. Each dotrepresents anindividual data point, the centreline
representsthe meanand the shaded arearepresentsthes.d.
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Extended DataFig.3|hACE2 knock-in mouse generation, andinfection
with SARS-CoV-2""* and SARS-CoV-2%, a, Design and generation of hACE2
knock-in mice. The human ACE2cDNA was inserted in-frame with the
endogenousinitiation codon of mouse Ace2inexon 2, which was deleted. The
human ACE2cDNA was flanked 5’ with aloxP site (black triangle) and 3’ witha
FRT-neomycin-FR--loxP cassette. The targeting construct included a negative
selection cassette (PGK-DTA) to improve selection of clones with homologous
recombination. Chimeric male mice transmitting the targeted locus were
crossed with Flp deleter female mice to generate the floxed human ACE2knock-
inallele. This allele can be used: (1) without further Cre-mediated
recombination (as shown here) to study hACE2 knock-in mice, inwhichthe
humanACE2cDNA is expressed inplace of mouse Ace2; (2) after crossing with a
Cre-deleter mouse line to generate constitutive Ace2-knockout mice; and (3)
after crossing with a tissue-specific Cre line. Ubiquitous and tissue-specific
knockout mice canbe crossed with conventional hACE2 transgenic mice to
remove the endogenous mouse ACE2, which could confound pathogenesis
studies (owingto heterodimerization of ACE2). b, Loss of body weight at
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indicated time points after infection of hACE2 knock-in mice (n=38) and wild-
type mice (n=9),and for mock-infected wild-type mice sampled identically
(n=10).c,d, RT-gPCR analysis (c) and viral titres (d) of tissue homogenates of
inoculated hACE2 knock-in and wild-type mice atindicated time points. OIf.,
olfactory. e, Percentage of sequencing readsencoding S or S(D614G). Each
square represents data for oneindividualmouse in acompetition experiment.
For each time point, alinear regression model was generated on the basis of the
sequence read countsforSand S(D614G). Pvalues were calculated for the
group (variant) coefficient. Pvalues (left to right):***P=0.0009; **P=0.0020;
NS, P=0.7875;and *P=0.0180.f, Cat’s eye plotillustrating the relative
replicative fitness values of SARS-CoV-2°*"* over SARS-CoV-2°" from
oropharyngeal swabs of hACE2 knock-in mice inthe competition experiment
showninFig. 2. Ratios of SARS-CoV-2°" to SARS-CoV-2"*"* were measured after
competition using the MinlON sequencing platform at the time pointindicated
onthe plot. Each dot represents one infected hACE2 knock-in mouse, the
centre linerepresentsthe mean and the shaded arearepresentsthes.d.
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Extended DataFig. 4| Virusreplicationininfected Syrian hamsters. a, Loss
ofbody weight atindicated time points after infection of Syrian hamsters.
Donor hamsters (n=6) (black dots) were intranasally inoculated with SARS-
CoV-2"*and SARS-CoV-2%" at equal ratio (1x 10+ TCIDs, per hamster, as
determined by back-titration of the original inoculum). Twenty-four hafter
infection, naive hamsters (n=6) (orange triangles) were housed indirect
contactinaone-to-oneexperimental setup. b, RT-qPCR analysis of individual
nasal washing samples obtained from donor and contacthamsters. ¢, Loss of
bodyweightat the indicated time points after infection of the hamsters. Syrian
hamsters wereinoculated with 10> TCID;o per hamster of SARS-CoV-2""* (n=7)
(blue dots) or 10*° TCIDs, per hamster of SARS-CoV-2%"* (n=7) (red triangles)
viathe intranasal route. Titres were determined by back titration of the original
inoculation material. d, Viral genome copy numbers are shown as determined
by RT-qPCR fromindividual nasal washing samples of the hamstersinoculated
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with single variant virus. e, RT-qPCR analysis of tissue homogenates of
inoculated hamsters of the SARS-CoV-2"" group (n=7) (blue dots) versus the
SARS-CoV-2°" group (n=7) (red triangles). f, Percentage of sequencing reads
encodingS or S(D614G). Each square represents data for one individual
hamster inthe competition experiment. For each time point, alinear
regression model was generated on the basis of the sequencing read counts for
Sand S(D614G). Pvalues were calculated for the group (variant) coefficient.
***P=0.0007;****P<0.0001. g, Cat’s eye plot showing the relative replicative
fitness values of SARS-CoV-2°" over SARS-CoV-2"*" for infected hamsters
fromthe competition experimentshownin Fig. 3. Ratios of SARS-CoV-2°" to
SARS-CoV-2"" were measured after competition using the MinlON sequencing
platformat the time pointsindicated on the plot. Each dot representsone
infected hamster (n=6), thecentrelinerepresents the mean and the shaded
arearepresentsthes.d.
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Extended DataFig. 5| Twininoculation of donor ferrets with equal ratios of
SARS-CoV-2"*"*and SARS-CoV-2°, Donor ferrets (black dots) (n = 6) were
intranasally inoculated with 10> TCID,, per ferret, as determined by back
titration of aninoculum comprising equal ratios of SARS-CoV-2""* and
SARS-CoV-2°" Twenty-four hours after inoculation, one contact ferret
(orangetriangle) (n = 6) was commingled with one donor ferret, creating six
donor-contact ferret pairs. a, Individual body weight of ferrets at the indicated
daysrelative tothe day of inoculationis plotted. b, Genome copy numbers for
inoculated donor and contact ferrets. Individual nasal washing samples of the
indicated days were analysed by RT-qPCR nCoV_IP4, and absolute numbers
were calculated using aset of standard RNA. Alldonor ferrets (black dots)
tested positive for viral RNA, starting from day 2 after inoculation (n=6). Four
outofsix contact ferrets (orange triangles) tested positive for viral RNA,
starting from day 4 (corresponding to day 3 after contact). Two of the six
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contact ferrets never tested positive for viral RNA throughout the study.

¢, Percentage of sequencing reads encoding S or S(D614G). Each square
represents datafor one individual ferret in the competition experiment. For
eachtime point, alinearregression model was generated onthe basis ofthe
sequence read counts for Sand S(D614G). Pvalues were calculated for the
group (variant) coefficient. Pvalues (left toright): ***P=0.0001; **P=0.0090;
**P=0.0030;*P=0.0352;*P=0.0393;*P=0.0411;and NS, P=0.2883.d, Cat’s
eyeplotillustrating therelative replicative fitness values of SARS-CoV-2°¢1
over SARS-CoV-2""ininfected ferrets from the competition experiment
showninFig. 4. Ratios of SARS-CoV-2°%" to SARS-CoV-2"%"* were measured after
competition using the MinlON sequencing platform at the time points
indicated onthe plot. Each dot represents one infected ferret (n = 6), the centre
linerepresentsthe meanandthe shaded arearepresentsthes.d.
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Emerging variants of concern (VOCs) are driving the COVID-19 pandemic*?.
Experimental assessments of replication and transmission of major VOCs and
progenitors are needed to understand the mechanisms of replication and
transmission of VOCs®. Here we show that the spike protein (S) from Alpha (also
knownasB.1.1.7) and Beta (B.1.351) VOCs had a greater affinity towards the human
angiotensin-converting enzyme 2 (ACE2) receptor than that of the progenitor variant
S(D614G) invitro. Progenitor variant virus expressing S(D614G) (wt-S°#¢) and

the Alpha variant showed similar replication kinetics in human nasal airway epithelial
cultures, whereas the Beta variant was outcompeted by both. In vivo, competition
experiments showed a clear fitness advantage of Alpha over wt-S**¢in ferrets and two
mouse models—the substitutionsin S were major drivers of the fitness advantage.

In hamsters, which support high viral replication levels, Alpha and wt-

S*Cshowed

similar fitness. By contrast, Beta was outcompeted by Alpha and wt-S®"*¢ in hamsters
andin mice expressing human ACE2. Our study highlights the importance of using
multiple models to characterize fitness of VOCs and demonstrates that Alphaiis
adapted for replicationin the upper respiratory tract and shows enhanced
transmission in vivo in restrictive models, whereas Beta does not overcome Alpha or
wt-S°Cin naive animals.

Uncontrolled transmission of SARS-CoV-2 in the human population
has contributed to the persistence of the COVID-19 pandemic. The
emergence of new variants in largely immunologically naive popula-
tions suggests that adaptive mutations in the viral genome continue
to improve the fitness of this zoonotic virus. In March 2020, a single
amino acid change in the S protein at position 614 (S(D614G)) was iden-
tified in a small fraction of sequenced samples—this became the pre-
dominantvariant worldwide within a few weeks*. The fitness advantage
conferred by this single amino acid change was supported by major
increases in infectivity, viral load and transmissibility in vitro and in
animal models>*®,

In the second half of 2020, SARS-CoV-2 VOCs with a combination of
severalmutationsemerged, including Alpha, first described in southeast
England’, and Beta, firstidentifiedin South Africa®. In February-March
2021, Alpha rapidly became the prevailing variant in many regions of
the world and a higher reproduction number was inferred from early
epidemiological data’ . Beyond S(D614G), Alpha has 18 further muta-
tions inits genome compared with the progenitor, with two deletions
andsix substitutions within the S gene™. Some of the S mutations, such
asN501Y and the H69/V70 deletion, have been hypothesized to enhance
replication and transmission, but there is a lack of clear experimental
evidence for this"", Beta has nine mutations in S, including N501Y,
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Fig.1| Competitive replicationand transmission of Betaand wt-$*“in
Syrianhamsters. Six donor hamsters were each inoculated with amedian
tissue cultureinfectious dose (TCIDs,) of 10**, determined by back titration
and comprising a mixture of wt-S*¢ (orange) and Beta (green) ata 1:3.8 ratio,
determined by quantitative PCR with reverse transcription (RT-qPCR). Donor,
contactland contact2hamsters were co-housed sequentially asshownin
Extended DataFig. 2a. Nasal washes were performed daily from1-9 dpiand
thenevery 2days until 21dpi. Pie charts show the ratio of variants detected in
nasalwashes at theindicated dpi. Pie chartsizes are proportional tothe total

and two in the S receptor-binding domain (RBD), K417N and E484K.
E484K is thought to be responsible for the ability of Beta to escape
neutralization by plasma from convalescent individuals™ ", Whether
S mutations are solely responsible for the putative fitness advantage
and if so, which ones, remains unknown,

Here we investigate the fitness of Alpha and Beta VOCs relative to
wt-S°MC, the predominant parental strain containing the S(D614G)
substitution—inrelevant primary airway culture systemsinvitro, and
in ferrets, Syrian hamsters and two mouse models expressing human
ACE2—to assess specific advantages in replication and transmission
and to evaluate the effects of Alpha S mutations alone in vivo. Neither
AlphanorBetashowed enhanced replicationin human airway epithelial
cell (AEC) cultures compared with wt-S***¢. Competitive transmission
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number of viral genome copies per ml, asshown above or below each chart.
Grey piesindicate values below the limit of detection (LOD; <10%viral genome
copies per ml). Hamstersilhouettes are coloured according to the dominant
variant (>66%) detected in the last positive sample from each animal. Daggers
indicate that theanimal reached the humane endpoint; double daggers
indicate ahamster that died during inhalationanaesthesiaat3and 4 dpi. This
required changes in the group composition in cage 6—the donor hamster was
kept until 7 dpi and was co-housed in two different pairs: donor-contact 1laand
donor-contact1b.

experiments in Syrian hamsters showed similar replication and trans-
mission of wt-S°*¢ and Alpha, which both outcompeted Beta. However,
competitive experiments in ferrets and transgenic mice expressing
human ACE2 controlled by the KRT18 promoter (hACE2-K18Tg), which
overexpress human ACE2 in epithelial cells, showed increased fitness
of Alpha compared with wt-S®#¢, Finally, Alpha and a recombinant
clone of progenitor virus expressing the Alpha S protein (wt-S*™) both
outcompeted the parental wt-S®M strain, resulting in higher virus load
in the upper respiratory tract (URT) of mice expressing human ACE2
instead of mouse ACE2 under the endogenous mouse Ace2 promoter
(hACE2-KI mice). Similar to results from AEC cultures, Beta showed
lower fitness than wt-S°"¢in hACE2-KI mice. Infections with Alpha and
wt-S®*Cvirus resulted in similar pathologies in all the in vivo models.
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Fig.2|Competitivereplication and transmission of Alpha and wt-S**“in
Syrian hamsters. Six donor hamsters were each inoculated with a TCID, of
10**, determined by back titration and comprising a mixture of wt-5°**¢and
Alphaatal:1.6ratio, determined by RT-qPCR. Donor, contact1and contact 2
hamsters were co-housed sequentially asshownin Extended Data Fig. 2a. Nasal
washeswere performed daily from 1-9 dpiand then every 2days until 21 dpi. Pie
charts show theratio of variants detected in nasal washes at theindicated dpi.

Binding and replication of VOCs in vitro

The evolution of SARS-CoV-2 variants is associated with accumulation
of mutationsin the S protein. We determined dissociation constant (K},)
values for recombinant trimeric S with immobilized dimeric human
ACE2 using bio-layer interferometry. S protein from Alpha (S**") or
Beta (5) exhibited a fourfold higher affinity for human ACE2 than that
of S(D614G) protein (Extended DataFig.1a). Replication kinetics of Alpha,
Beta and a wild-type clinical isolate with the S(D614G) mutation were
similarinrelation to viral copies and titres in AEC culturesincubated at 33
and 37 °C (Extended Data Fig. 1b). However, indirect competition experi-
mentsin AEC cultures, Alpha had no advantage over wt-S***¢, whereas
Betawas outcompeted by both Alphaand wt-5°%*¢ (Extended Data Fig. 1c),
indicating that competition experiments canexpose differencesinrep-
lication that are not detected in individual growth kinetic assays.
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Pie chartsizes are proportional to the total number of viral genome copies perml,
asshownabove orbeloweach chart. Grey piesindicate values below the LOD.
Hamster silhouettes are coloured to indicate the dominant variant (>66%)
detected inthe last positive sample from each hamster; asilhouette with two
coloursindicates that thereis nodominant variant. Daggersindicate thatthe
hamster reached the humane endpoint.

Alphaand wt-$°"*° outcompete Beta in hamsters
Weinoculated groups of six Syrian hamsters intranasally with amixture
of two SARS-CoV-2 strains comprising equivalent numbers of genome
copies in three one-to-one competition experiments: Alpha versus
Beta, Beta versus wt-S°*¢, and Alpha versus wt-S¢C. All experimentally
infected ‘donor’ hamsters were keptstrictlyinisolation cagesto prevent
intergroup spill-over infections. Each donor hamster was co-housed
with anaive ‘contact 1" hamster 1 day post infection (dpi), creating six
donor-contact1pairsto evaluate shedding and transmission. At 4 dpi,
donor hamsters were euthanized and six subsequent transmission pairs
wereset up by co-housing each contact1hamster withanaive contact
2hamster (Extended Data Fig. 2a).

In two competition experiments, wt-S°*“ and Alpha outcompeted
Beta, as indicated by nasal washes of the donor hamsters from 1dpi until
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Fig.3|Replicationand transmission of SARS-CoV-2 Alpha and wt-$**“in
ferrets. Six donor ferrets were eachinoculated with a TCID;, 0f 10°%,
determined by back titration and comprising a mixture of wt-S°#¢ and Alpha at
al:l.2ratio, determined by RT-qPCR. Donor, contact1and contact 2 ferrets
were co-housed sequentially asshown in Extended Data Fig. 2b. Pie charts show
theratio of variants detected in nasal washes at theindicated dpi. Pie chart

euthanasia at 4 dpi. The viral load reached 10° genome copies (gc) per
ml for wt-S*¢ and Alpha, whereas Beta viral loads were tenfold lower
atcorresponding time points. Consequently, transmission of Betawas
limited or undetectable in contact1and contact 2 hamsters compared
with the competing variants wt-S*“ (Fig. 1) and Alpha (Extended Data
Fig. 3). Transmission to contact hamsters was associated with clinical
signs and weight loss (Extended Data Fig. 4a, b). In donor and contact
hamsters, viral genomeloadsin the URT (comprising nasal conchae and
trachea) revealed increased replication of Alphaand wt-S¢ compared
with Beta (Extended Data Fig. 5a, b), which may explain the lower trans-
mission rate of Betain acompetition context. Of note, Betareplicated to
hightitresinthe lower respiratory tract (LRT; comprising cranial, medial
and caudal lung lobes) of donor hamsters, similar levels as observed
for the competing Alpha and wt-S®**¢ virus (Extended Data Fig. 5a, b).
Competition between Alpha and wt-S°*® showed no clear difference
invirustitres in nasal washes of donor hamsters, and both variants were
detected at all time points in each donor withnumbers of individual vari-
antsranging from10°to10° gcml™ (Fig. 2). Of note, Alpha was dominant
over wt-5°¢inthe donor hamsters at 1dpi, but these strains were balanced
by theendpoint at 4 dpi. Inorgan samples from the donor hamsters, the
highestviral loads were found in the LRT, where Alpha was predominant
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sizes are proportional tothe total number of viral genome copies per ml, as
shown above or beloweachchart. Grey piesindicate values belowthe LOD.
Viralgenome copies werebelowthe LOD at18 and 20 dpi (not shown). Ferret
silhouettes are coloured toindicate the dominant SARS-CoV-2 variant (>66%)
detected inthe last positive sample from eachferret.

(more than 66% of genome copies) overall with more than tenfold more
viral genome copies than wt-5°*“ in 14 out of 18 lung samples from the
6 donor hamsters (Extended Data Fig. 5c). Sequential transmission to
contact animals was associated with body weight loss (Extended Data
Fig.4c) and was highly efficient for Alpha and wt-S¢*“ variants, whichwere
both detected in nasal washes of almost all contact 1 hamsters (Fig. 2).
Whereas all donor and contact 1 hamsters transmitted both viruses to
their respective contacts, contact 2 hamsters mainly shed one variant at
high levels in nasal washes, demonstrating similar transmission ability
for wt-S®¢ and Alpha. At the individual endpoints for contact 1 ham-
sters, Alpha appeared to dominate in the LRT when both variants were
found atsimilar levelsin the nasal washes and URT. In contact 2 hamsters,
the variant that was dominant in the URT was also dominant in the LRT
(Extended DataFig. 5c). High levels of SARS-CoV-2 replicationin hamsters
induced arapid humoralimmune response, as shown by serumreactivity
inRBD-based ELISA in all but one of the contact hamsters (Extended Data
Fig. 6a-c). We observed a twofold increase inin vitro binding affinity of
recombinant trimeric S**"™ to hamster ACE2 compared with S(D614G)
(Extended Data Fig. 1d). These findings suggest that alhough S*?" has
anincreased binding affinity for ACE2, this factor was not predictive of
the outcome of experimental infections in hamsters.
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Alpha dominates wt-S°"*Cin ferrets

Inasimilar approach, weinoculated six donor ferrets with amixture of
wt-S**¢and Alphaat equivalent numbers of genome copies and moni-
tored sequential transmission in naive contact 1and contact 2 ferrets
(Extended DataFig.2b). Alpha rapidly became the dominant variantin
nasal washes from 2 dpiwith up to10°gc ml™ (Fig. 3). Correspondingly,
the nasal concha of donor ferrets revealed high levels of replication
in the nasal epithelium and up to 100-fold higher load of Alpha (up to
1052 gc ml™) than wt-S*C (up to 10%° gc ml™) (Extended Data Fig. 7a).
Although histopathological analysis clearlyindicated viral replication
inthe nasal epithelium of the donor ferrets (Extended DataFig. 7b-e),
we did not observe severe clinical signs of infection (Extended Data
Fig. 4d, e). Transmission to contact 1 ferrets was detected in only two
pairs of ferrets, and only one contact 1 ferret transmitted the virus to the
contact 2 ferret. However, in each of these three transmission events,
the Alpha variant was highly dominant and replicated to similarly high
titres asin donor ferrets (Fig. 3). The 3 contact ferrets with virus shed-
ding seroconverted by 15-20 days post contact (dpc), confirming active
infection (Extended Data Fig. 6d).

Alpha dominates wt-S°¢in KISTg mice

Toassess furtheradaptation of Alphato human ACE2, four hACE2-K18Tg
mice, which overexpress hACE2in respiratory epithelium'®, wereinocu-
lated with a mixture of SARS-CoV-2 wt-S***“ and Alpha with equivalent
numbers of genomic copies (Fig. 4a). Each inoculated mouse was
co-housed withacontact hACE2-K18Tg mouse at 1dpi. Alphawas domi-
nantinthe oropharyngeal samples of all fourinoculated mice from1to
4 dpiwith up to 10° gc mI™. The increased replicative fitness of Alpha
over wt-5*¢ was further reflected throughout the respiratory tract,
with higher numbers of genome copies in nose, lungs, olfactory bulb
and most brain samples at 4 dpi (Fig. 4a), and inoculated mice showed
loss of body weight at 4 dpi (Extended Data Fig. 8a). A relatively high
infectious dose was used to promote transmissionin these experiments,
and was associated with high viral load (up to 10® viral genome copies
persample) inthe lung and brain, leading to encephalitis—as previously
reported in hACE2-K18Tg mice'®*, Viral loads were lower in nasal and
oropharyngeal swabs from these mice, and only limited transmission
was observed from these samples (two out of four contacts). None of
the contact mice lost weight, but only Alpha was detectablein the lungs
of contact mice at 7 dpc (Extended Data Fig. 8b).

We performed a similar competition experiment between wt-5%4¢
and an isogenic recombinant virus expressing S*"" (wt-SAP"%), We
inoculated hACE2-K18Tg mice with an equal mixture of wt-S*" and
wt-S$C and housed them with a contact hACE2-K18Tg mouse at 1 dpi.
Thereplicative advantage of wt-S*"™ was less clear in this experiment,
and both wt-$**" and wt-S*"“C were present with similarly high numbers
ofviralgenome copiesinlungandbrainsamples (Fig. 4b). Transmission
to contact mice was inefficient, and wt-S**" was the only virus detected
inlungs of contact mice at 7dpc (Extended DataFig. 8b). These results
indicate that the $**" spike mutations contribute to the replication
advantage of Alpha over wt-5C in the URT of mice that express high
levels of human ACE2.

Competitionin hACE2-KI mice

To further address this question, we next used hACE2-KI homozygous
mice®. In contrast to hACE2-K18Tg mice, hACE2-KI mice show physi-
ological expression of human ACE2, with no ectopic expression of
human ACE2in thebrain, and noexpression of mouse ACE2, which has
been shown to be permissive to the spike mutation N501Y contained
in S¥*" We inoculated 4 groups of hACE2-KI mice intranasally with
10* plaque-forming units (PFU) per mouse of either wt-S°*¢, Alpha,
wt-SMP" or Beta (n = 8 mice per group) as individual virus infections.
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Fig.4|Replication of Alpha, wt-$*""", and wt-$**¢in hACE2-K18Tg mice.
a,b, Two groups of four donor hACE2-K18Tg mice were inoculated with1x10*
PFU, determined by back titration and comprising a mixture of wt-5°*° (orange)
and Alpha (dark blue) ata3:1ratio (a), or amixture of wt-5*® and wt-S*" (light
blue)atal:lratio (b). Piechartsshow theratio of variants detected in each
sample attheindicated dpi. Pie chartsizesare proportional to the total number
of viral genome copies per ml (swabs) or per sample (tissues), asshown below
eachchart. Grey piesindicate values below the LOD. Mouse silhouettes are
coloured to indicate the dominant SARS-CoV-2 variant (>66%) in the last
positive swab sample from the corresponding mouse; asilhouette with two
coloursindicates that thereis nodominant variant. K18 nos.1to 8 denote
individual hACE-K18Tg donor mice.

We observed significantly higher viral genome copy numbers in mice
infected with Alpha, wt-S*" or Beta compared with wt-5**¢in oro-
pharyngeal swabs at 1 dpi (Extended Data Fig. 9a). Moreover, there
were significantly higher numbers of viral genome copies of Alphaand
wt-$*""2in the nose at 2 dpiandin the olfactory bulb at 4 dpi compared
withwt-5*“ and Beta (Extended Data Fig. 9b). Of note, viral titres in the
nasal airways and lungs showed SARS-CoV-2 persistence at 4 dpiin 3
outof4 mice infected with either Alpha or with wt-S*"™, but notin mice
inoculated with wt-S°*¢, whereas Beta persisted in the lungs of 2 out
of 4 mice (Extended Data Fig. 9¢). The apparent discrepancy between
genome copy number and PFU reflects the non-homogeneous distri-
bution of the virus in the different samples processed for each assay.
We observed no difference in weight loss (Extended Data Fig. 9d) or
lung histopathology score (Supplementary Table 1) between groups.

Finally, we performed competition experiments to compare the
replication of the VOCs in groups of hACE2-KI mice. We observed a
complete predominance of Alphaand wt-S**" over wt-$°1*° (Fig. 5a-c).
By contrast, Beta showed reduced fitness compared with wt-S4¢
(Fig. 5d). Together, the two mouse models support enhanced fitness
of SARS-CoV-2 Alpha VOC over its progenitor wt-S*¢ with increased
replication and persistencein the URT and more systemic spread, medi-
atedin part by changes in the Alpha S sequence.

Discussion

Epidemiological data indicate that new SARS-CoV-2 variant line-
ages with specific amino acid changes have a fitness advantage over
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Fig.5|Replication of Alpha, wt-S*'""*, and Beta in competition with wt-S¢
in hACE2-KImice. a-d, Groups of hACE2-KImale (a, ¢, d) and female (b) mice
wereinoculated with 1 x10* PFU, determined by back titration and comprising a
mixture of wt-5**“and Alphaat a 3:1ratio (a, b), amixture of wt-5¢¢ and wt-S4Ph
atal:1ratio(c), and amixture of wt-5**“and Beta at aL:1.6 ratio (d). Pie charts
showtheratio of variants detected in each sampleat the indicated dpi.

contemporary strains. VOCs such as Alpha and Beta are particularly
concerning for their hypothesized ability to supersede progenitor
strains and establish immune escape properties, respectively. Here
we provide experimental evidence that SARS-CoV-2 Alpha has a clear
replication advantage over wt-S614G in ferrets and in two humanized
mouse models. Moreover, Alpha was exclusively transmitted to contact
animalsin competition experiments, in which ferrets and hACE2-K18Tg
mice were inoculated with mixtures of Alpha and wt-S*C, Because
SARS-CoV-2replicates to lower levelsin ferrets and hACE2-KI mice, the
inability to detect wt-S°€ in some samples from inoculated animals
alsoreflects thelimit of detection of the assays using PCR with reverse
transcription (RT-PCR) (approximately 10° gc ml™).

We have shown that the molecular mechanismunderlying the fitness
advantage of Alphainvivo is largely dependent on a few changesin S,
including three amino acid deletions (H69, V70 and Y144) and six sub-
stitutions (N501Y, A570D, P681H, T7161,5S982A and D1118H). In hACE2-KI
mice, higher genome copies and/or titres of Alpha and wt-S**" com-
pared with wt-S®"*“were found in the URT (oropharynx and nose) and
olfactorybulb. Increased replication and transmission of wt-S"?™ over
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wt-S“Cwere also evident in hACE2-K18Tg mice. Transmission events are
rare in mice; however, we observed transmission of Alpha and wt-S*Ph?
in 50% of the contact hACE2-K18Tg mice and no detection of wt-§¢1¢
inany contact mouse. Invitro, Alpha S mutations increased its affinity
for hamster and human ACE2 by twofold and fourfold, respectively,
indicating an overall improvement in binding abilities rather than a
specialization towards human ACE2.

Beta showed a higher binding affinity for human ACE2 thaniits pro-
genitor wt-S¢ and an equal level of replication to Alphaand wt-S**€in
singleinfections of AEC cultures and in hACE2-KI mice. However, Beta
replication was outcompeted in direct competition with wt-S®#“invitro
andinhACE2-KI mice. In hamsters, wt-S* and Alpha also outcompeted
Betainrelationto replication and transmission to contact animals, in
which Betawas outnumbered by one or two orders of magnitude. This
reduced fitness was also evident in previous experimentsin K18-hACE2
mice. Therelative reduced intrinsic fitness of Betainimmunologically
naive hosts supports the hypothesis that the epidemiological advan-
tage of Betamay be principally owing toimmune escape, asindicated
by reduced efficiency in serum neutralization tests'. In convalescent
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orvaccinated populations, theimmune escape advantage of Beta may
prove to be sufficient to compensate its reduced intrinsic fitness and
explains, for example, the low prevalence of this variant in regions with
amainly naive population.

Alpha and wt-5%*¢ exhibited similar replication and transmissionin
hamsters, amodel with very high susceptibility and replicationefficacy,
inwhich theimpact of a marginally fitter SARS-CoV-2 variant may not
becomeapparent. Indeed, efficient simultaneous transmission of both
variants to contact hamsters was observed inassociation with high viral
loads ininfected animals. In models supporting high replication, such
as human AEC cultures and hamsters, only major improvements in
replication and transmission can be detected when the variants com-
pared already have a high fitness. By contrast, in ferrets and mouse
models—inwhich SARS-CoV-2replicationis overallless efficient—VOCs
with modestly enhanced replication and transmission can be identi-
fied. The similar replication and transmission efficacies in hamsters
areinline with recent publications using VOCs in the hamster model®.

The basal rate of replication is an important factor in the assertion
of avariant over a contemporary variant in a naive population. Some
individuals with higher bioaerosol exhalation levels can initiate dis-
proportionate numbers of transmission events, possibly because of
higherviralload in the URT, and are therefore called ‘superspreaders™.
The hamster model might thus resemble the human superspreader
scenario, since thereisno clearindication of aspecific predominance in
transmission between two SARS-CoV-2variants with high fitness levels,
suchaswt-5**¢and Alpha. However, we did not perform strict aerosol
transmissionstudies, so this remainsonly a proposition. The ferretand
hACE2-KImodels are morerestricted in thatinfectionis predominantly
inthe URT. Therefore, these models more closely mimic the situation
in humans, in which infections are predominantly mild. Although the
rate of transmission was not high overall (3 out of 8 pairsin ferrets, and
4 out of 8 pairs in hACE2-K18Tg mice), the almost exclusive transmission
of Alpharelative to wt-S*® mirrored increased transmission of Alpha
in the human population; Alpha has been responsible for more than
90% of infections in most countries in Europe®,

Overall, our study demonstrates that multiple complementary mod-
els are necessary to comprehensively evaluate different aspects of
human SARS-CoV-2 infection and the impact of emerging VOCs on the
course of the ongoing pandemic. The hamster and ferret provide com-
plementary models for transmission efficiency. The mouse models used
here may become critical for VOCs demonstrating higher specificity for
binding to human ACE2 relative to those from other species. Together,
our results show the clear fitness advantage of Alpha and a concomi-
tant disadvantage of Beta, in line with the observed epidemiological
predominance of Alphainthe context of arelatively naive population.
Notably and reassuringly, despite the apparent fitness differences of
these VOCs, there is no indication of different pathologies.
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Article
Methods
AECcultures
Celllines Human nasal AEC cultures were purchased from Epithelix (EPO2MP

Vero E6 cells (ATCC CRL-1586) (provided by D. Muth, M. Miiller and
C.Drosten) or Vero-TMPRSS2% (provided by S. P6hlmann) were propa-
gated in Dulbecco’s Modified Eagle Medium-GlutaMAX supplemented
with 1 mM sodium pyruvate, 10% (v/v) heat-inactivated fetal bovine
serum (FBS), 100 pg ml™ streptomycin, 100 IU m1™ penicillin, 1% (w/v)
nonessential amino acids and 15 mM HEPES (Gibco). Cells were main-
tained at 37 °C in a humidified incubator with 5% CO,.

Viruses

Viruses are listed in Extended Data Table 1 together with the corre-
spondinginvitro and in vivo experiments in which they were used.
Specific amino acid changes are shown schematically in Extended
Data Fig. 10. Contemporary clinical isolates from the B.1.160 (S¢*)
(EPLISL_414019), Alpha (EPI_ISL_2131446, EPI_ISL_751799 (L4549))
and Beta (EP1_ISL_803957 (L4550)) were isolated and minimally pas-
saged on Vero E6 cells. Beta (EPI_ISL_981782) was initially isolated on
A549 cells expressing human ACE2 before passaging on Vero E6 cells.
SARS-CoV-2 Alpha (L4549) and Beta (L4550)* were received from the
Robert-Koch-Institut Berlin, Germany. Isogenic variants with the Alpha
spike (wt-5""") or individual Alpha spike mutations were introduced
into a wild-type SARS-COV-2 ‘Wuhan’ backbone strain comprising the
D614G amino acid change (wt-S*"*¢), as described**. Isogenic viruses
were grown on Vero-TMPRSS2 cells after one passage on human bron-
chial airway epithelial cells. All viruses were verified by performing
whole-genome next generation sequencing (NGS). For SARS-CoV-2
Alpha (L4549, SARS-CoV-2B.1.1.7 NW-RKI-I-0026/2020 passage 3), one
silent mutationin the ORFla (sequence position 11741) was determined
(Cto Twith27%T, 57% strand bias). For SARS-CoV-2 Beta (L4550, avail-
able under ENA study accession number MZ433432), one nucleotide
exchange was detected (A12022C) resulting in the amino acid exchange
D3923Ain ORFla and one SNP at sequence position 11730 (C to T with
41%, stand bias 52%).

For all in vivo virus competition experiments, we generated
inoculum mixtures aiming for a 1:1 ratio of each variant based on
virus stock titres. The reported mixture inoculum titres are based
on back-titration of the inoculum mixtures and the indicated ratio
of each variant was determined by standard RT-qPCR. SARS-CoV-2
wt-S°#C (PRJEB45736; wt-S614G ID#49 vial 2) and SARS-CoV-2 Beta
(L4550) were used to inoculate hamsters in the wt-S¢*C versus Beta
study; SARS-CoV-2 Alpha (L4549), and SARS-CoV-2 Beta (L4550)
were used for inoculation in the Alpha versus Beta hamster study.
SARS-CoV-2 wt-S°M¢, wt-S"P", Alpha (L4549) and Beta (L4550) were
used to inoculate hACE2 humanized mice in all single virus or mixed
virus competition experiments.

Next-generation sequencing

NGS was used to verify the sequence of isolates and isogenic clones
prior to experimentation. RNA was extracted using the RNAdvance
Tissuekit (Beckman Coulter) and the KingFisher Flex System (Thermo
Fisher Scientific). Subsequently, RNA was transcribed into cDNA
and sequencing libraries were generated as described” and were
sequenced using the lon Torrent S5XL Instrument (ThermoFisher).
Samples with C,values >20 for SARS-CoV-2 were additionally treated
with RNA baits (myBaits, Arbor Biosciences) for SARS-CoV-2 enrich-
ment before sequencing®. Sequence datasets were analysed by
reference mapping with the Genome Sequencer Software Suite
(version 2.6, Roche), default software settings for quality filtering
and mapping using EPI_ISL_414019 (Alpha), EPI_ISL_2131446 (Alpha)
and EPI_ISL_981782 (Beta) as references. To identify potential single
nucleotide polymorphisms in the read data, the variant analysis
tool integrated in Geneious Prime (2019.2.3) was applied (default
settings).

NasalMucilAir, pool of 14 donors). Maintenance of primary nasal AEC
cultures were performed according to manufacturer’s guidelines. Indi-
vidual SARS-CoV-2 infections with contemporary virus isolates were
conducted at either 33 °C or 37 °C as described elsewhere® using a
multiplicity of infection (MOI) of 0.02, whereas all competition experi-
ments and replication kinetics were performed with an MOl of 0.005
as described®. Quantification of viral load of individual SARS-CoV-2
infections with contemporary virusisolates was performed using the
NucliSens easyMAG (BioMérieux) and RT-gPCR targeting the £ gene
of SARS-CoV-2 as described®*, In competition experiments, nucleic
acids were extracted using the Quick-RNA Viral 96 kit (Zymo research)
and RT-qPCR primers and probe sequences are shown in Extended
Data Table 2. The viral replication of individual isogenic variants was
monitored by plaque assay.

Plaque titration assay

Viruses released into the apical compartments were titrated by plaque
assay on Vero E6 cells as described?®*, Inbrief, 2 x10° cells per ml were
seeded in 24-well plates 1 day prior to titration and inoculated with
tenfold serial dilutions of virus solutions. Inocula were removed 1 h
post-infection and replaced with overlay medium consisting of DMEM
supplemented with 1.2% Avicel (RC-581, FMC biopolymer), 15 mM
HEPES, 5 or 10% heat-inactivated FBS, 100 pg ml™ streptomycin and
100 IU mI™ penicillin. Cells were incubated at 37 °C, 5% CO, for 48 h,
fixed with 4% (v/v) neutral buffered formalin, and stained with crystal
violet.

Protein expression, purification and bio-layer interferometry
assay
SARS-CoV-2S protein expression plasmids were constructed to encode
the ectodomain of S protein S(D614G) or S*""* (residues 1-1208, with
amutated furin cleavage site and K986P/V987P substitutions) fol-
lowed by a T4 fold on the trimerization domain and a polyhistidine
purification tag. ACE2 protein (human, hamster or ferret) expression
plasmids were constructed to encode the ectodomain of ACE2 followed
by a human IgG1 Fc purification tag. The recombinant proteins were
expressed using the Expi293 Expression system (ThermoFisher Scien-
tific) and purified with HisTrap FF columns (for polyhistidine-tagged
spike proteins) or with HiTrap Protein A column (for Fc-tagged ACE2
proteins) in FPLC (Cytiva) system. Recombinant proteins were further
purified withSuperose 6 Increase10/300 GL column (Cytiva) as needed.
Binding affinity between the trimeric spike and dimeric ACE2 was
evaluated using an Octet RED96e instrument at 30 °C with a shaking
speedof1,000 rpm (ForteBio). Anti-human IgGFcbiosensors (ForteBio)
were used. Following 20 min of pre-hydration of anti-human IgG
Fc biosensors and 1 min of sensor check, 7.5 nM of human ACE2-Fc,
7.5 nM of hamster ACE2-Fcin 10x kinetic buffer (ForteBio) were loaded
onto the surface of anti-human IgG Fc biosensors for 5 min. After
1.5 min of baseline equilibration, 5 min of association was conducted
at10-100 nM S(D614G), S*"" or §**, followed by 5 min of dissociation
inthe same buffer, which was used for baseline equilibration. The data
were collected using ForteBio Data Acquisition Software12.0.1and cor-
rected by subtracting signal fromthe reference sample and al:1binding
model with global fit was used for determination of affinity constants.

Animal experiment ethics declarations

Allferret and hamster experiments were evaluated by the responsible
ethics committee of the State Office of Agriculture, Food Safety, and
Fishery in Mecklenburg-Western Pomerania (LALLF M-V) and gained
governmental approval under registration number LVL MV TSD/7221.3-
1-004/21. Mouse studies were approved by the Commission for Ani-
mal Experimentation of the Cantonal Veterinary Office of Bern and
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conducted in compliance with the Swiss Animal Welfare legislation
and under license BE-43/20.

Hamster studies

Six Syrian hamsters (Mesocricetus auratus) (Janvier Labs) were inoc-
ulated intranasally under a brief inhalation anaesthesia witha 70 pl
mixture of two SARS-CoV-2 VOCs (wt-S*“ and Alpha mixture, wt-5°¢
and Beta mixture, or Alpha and Beta mixture). Each inoculum was
back-titrated and ratios of each variant were determined by RT-qPCR.
The wt-5**¢ and Alphamixture held a1:1.6 ratio with TCID;, of 10** per
hamster, the wt-S°“C versus Betamixture held a1:3.8 ratio with TCIDy,
of 10** per hamster, and the Alpha versus Beta mixture held a 1.8:1
ratio with TCID,, of 10°°¢ per hamster.

Inoculated donor hamsters were isolated in individually ventilated
cages for 24 h. Thereafter, contact hamster 1was co-housed with each
donor, creating six donor-contact 1 pairs (Extended Data Fig. 2a).
The housing of each hamster pair was strictly separated in individual
cage systems to prevent spillover between different pairs. At 4 dpi,
the individual donor hamsters (inoculated animal) were euthanized.
To simulate a second transmission cycle, the original contact ham-
sters (referred to as contact 1) were commingled with a further six
naive hamsters (referred to as contact 2), which equates to another six
contactland contact2 pairs (Extended DataFig.2a). These pairs were
co-housed until the end of the study at 21 dpi. Because the first contact
hamster (cage 6) in the competition trial wt-S®*“versus Alpha, died at
2dpc, thesecond contact hamster for this cage was also co-housed with
the donor hamster; thus the first and second contact hamsters in this
cage were labelled contact 1a and contact 1b, respectively. To enable
sufficient contact between the donor hamster and contact 1b hamster,
which was commingled routinely on 4 dpi, the donor hamster was
euthanized at 7 dpi (instead of at 4 dpi), when it reached the humane
end-point criterion for bodyweight (below 80% of 0 dpi body weight).

Viral shedding was monitored by nasal washes in addition to a daily
physical examination and body weighing routine. Nasal wash sam-
ples were obtained under ashort-term isoflurane anaesthesia from
individual hamsters by administering 200 pl PBS to each nostril and
collecting the reflux. Animals were sampled daily from 1 dpi to 9 dpi,
andthen every other day until 21dpi. Under euthanasia, serum samples
and an organ panel comprising representative URT and LRT tissues
were collected from each hamster. Allanimals were observed daily for
signs of clinical disease and weight loss. Hamsters reaching the humane
endpoint, that is, falling below 80% of the initial body weight relative
to 0 dpi, were humanely euthanized.

Ferret studies

Similar tothe hamster study, 12 ferrets (six donor ferrets and six trans-
mission1ferrets)from the FLIin-house breeding were housed pairwise
instrictly separated cages to preventspillover contamination. Of these,
six ferrets were inoculated with an equal 250 pl mixture of SARS-CoV-2
wt-S°¢ and Alpha. The inoculum was back-titrated and the ratio of
each variant was determined by RT-qPCR. The wt-5¢"C versus Alpha
mixture held a1:1.2 ratio with 10°#” TCID;, distributed equally into each
nostril of donor ferrets. Ferrets were separated for the first 24 h follow-
inginoculation. Subsequently, the ferret pairs were co-housed again,
allowing direct contact of donor to contact 1 ferrets. All ferrets were
sampled via nasal washes with 750 pl PBS pernostril under ashort-term
inhalationanaesthesia. Donor ferrets were sampled until euthanasia at
6 dpi, which was followed by the introduction of one additional naive
contact 2 ferret per cage (n = 6), resulting in a 1:1 pairwise setup with
contactland contact 2 ferrets (Extended Data Fig. 2b). All ferrets, which
were in the study group on the respective days, were sampled on the
indicated days. Bodyweight, temperature and physical condition of
all ferrets were monitored daily throughout the experiment. URT and
LRT organ samples, as well as blood samples of all ferrets were taken
at respective euthanasia time points.

Full autopsy was performed on all animals under BSL3 conditions.
The lung, trachea and nasal conchae were collected and fixed in 10%
neutral-buffered formalin for 21 days. The nasal atrium, decalcified
nasal turbinates (cross-sections every 3-5 mm), trachea and all lung
lobes were trimmed for paraffin embedding. Based on PCR results,
tissuesections (3 pm) of alldonors (day 6)and onerecipient (no.8,day20)
were cut and stained with haematoxylin and eosin for light micro-
scopical examination. Immunohistochemistry was performed using
ananti-SARS nucleocapsid antibody (Novus Biologicals NB100-56576,
dilution 1:200) according to standardized avidin-biotin-peroxidase
complex-method producing ared labelling and haematoxylin coun-
terstain. For each immunohistochemistry staining, positive control
slides and anegative control for the primary antibodies were included.
Histopathology was performed on at least five consecutive tissue sam-
ples per animal, yielding comparable results in all cases. Lung tissue
pathology was evaluated according to a detailed score sheet developed
by Angele Breithaupt (DipECVP) (Supplementary Table 2). Evalua-
tion and interpretation was performed by board-certified veterinary
pathologists (DiplECVP) (AB, IBV).

Mouse studies

hACE2-KI mice (B6.Cg-Ace2i™“ct2bunty and hACE2-K18Tg mice
(Tg(K18-hACE2)2Prlmn) were described previously>'®, All mice were
produced at the specific-pathogen-free facility of the Institute of Virol-
ogy and Immunology (Mittelhdusern), where they were maintained
inindividually ventilated cages (blue line, Tecniplast), with 12-h:12-h
light:dark cycle, 22 +1°C ambient temperature and 50 + 5% humidity,
autoclaved food and acidified water. Atleast 7 days before infection, mice
were placedinindividually HEPA-filtered cages (IsoCage N, Tecniplast).
Mice (10 to12weeks old) were anaesthetized withisoflurane and infected
intranasally with 20 pl per nostril with the virus inoculum described in
the results section. One day after inoculation, infected hACE2-K18Tg
mice were placed in the cage of another hACE2-K18Tg contact mouse.
Mice were monitored daily for bodyweight loss and clinical signs. Oro-
pharyngeal swabswere collected under briefisoflurane anaesthesia using
ultrafine sterile flock swabs (Hydraflock, Puritan, 25-3318-H). The tips
ofthe swabs were placed in 0.5 ml of RA1lysis buffer (Macherey-Nagel,
740961) supplemented with 1% [3-mercaptoethanol and vortexed. At 2
or 4 dpi, mice were euthanized, and organs were aseptically dissected.
Systematic tissue sampling was performed as detailed previously®.

Animal specimens work up, viral RNA detection and
quantification
Organ samples from ferrets and hamsters were homogenizedin a
1 ml mixture composed of equal volumes of Hank'’s balanced salts
MEM and Earle’s balanced salts MEM containing 2 mM L-glutamine,
850 mg 1 NaHCO03, 120 mg | ' sodium pyruvate and 1% penicillin-
streptomycin) at 300 Hz for 2 min using a Tissuelyser Il (Qiagen) and
centrifugedto clarify the supernatant. Organsamples from mice were
either homogenized in 0.5 ml of RA1 lysis buffer supplemented with
1% -mercaptoethanol using a Bullet Blender Tissue Homogenizer
(Next-Advance) orin Tube M (Miltenyi Biotech, 130-096-335) containing
1mlof DMEM using a gentleMACS Tissue Dissociator (Miltenyi Biotech).
Nucleic acid was extracted from 100 pl of the nasal washes or 200 pl
mouse oropharyngeal swabs after a short centrifugation step or 100 pl
of organ sample supernatant using the NucleoMag Vet kit (Macherey
Nagel). Nasal washes, oropharyngeal swabs, and organ samples were
tested by RT-qPCR analysis for theratio of the two different viruses used
forinoculation, by applying two different assays, each of them specific
for one variant: either the wt-5**°, Alpha or Beta variant (Extended
Data Tables 2, 3). Viral RNA copiesin swabs and organsin studies using
asingle variantinoculuminmice were determined using the E protein
RT-qPCR exactly as described?.

Four specific RT-qPCR assays for SARS-CoV-2 wt-SC, Alphaand Beta
were designed based on the specific genome deletions within ORF1
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and the S gene (Extended Data Table 2). Here, virus-specific primers
were used to achieve a high analytical sensitivity (less than10 genome
copies per pl template) of the PCR assays, and in samples with a high
genome load of the non-matching virus.

The RT-qPCR reaction was prepared using the qScript XLT
One-Step RT-qPCR ToughMix (QuantaBio) (hamsters and ferrets)
or the AgPath-ID One-Step RT-PCR (ThermoFisher Scientific)
(hACE2-K18Tg and hACE2-KI mice) in a volume of 12.5 pl includ-
ing 1 pul of the respective FAM mix and 2.5 pl of extracted RNA. The
reaction was performed for 10 min at 50 °C for reverse transcrip-
tion, 1 min at 95 °C for activation, and 42 cycles of 10 s at 95°C
for denaturation, 10 s at 60 °C for annealing and 20 s at 68 °C for
elongation. Fluorescence was measured during the annealing
phase. RT-qPCRs were performed on a BioRad real-time CFX96
detection system (Bio-Rad) (hamsters and ferrets) or an Applied
Biosystems 7500 Real-Time PCR System (ThermoFisher Scien-
tific) (mice). Validation work was performed by comparison with
established protocols (https:/www.who.int/docs/default-source/
coronaviruse/eal-time-rt-pcr-assays-for-the-detection-of-sars-cov-2-
institut-pasteur-paris.pdf?sfvrsn=3662fcb6_2 and ref.*").

Serological tests of hamsters and ferrets

Serum samples from the wt-S**¢ versus Alpha, wt-S®*° versus Beta,
and Alpha versus Beta co-inoculated hamsters and ferrets were tested
by ELISA for sero-reactivity against the RBD domain®* using a Tecan
i-control 2014 1.11 plate reader and data was analysed using Microsoft
Excel16.0. Allsamples were generated at the time point of euthanasia
of theindividual animal.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 or R* (ver-
sion 4.1), using the packages tidyverse® (v1.3.1), ggpubr (v0.4.0) and
rstatix (v.0.7.0). Unless noted otherwise, the results are expressed as
mean + s.d. Two-way analysis of variance (ANOVA) with Tukey honest
significance differences post hoc test was used to compare competi-
tion results at different time points after infection in vitro. One-way
ANOVA with Tukey’s multiple comparisons test was used to compare
viral genome copies or titres at different time points post infection
in individual virus mouse infection studies. Significance was defined
asP<0.05.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Dataavailability

Sequence dataareavailable on the NCBI Sequence Read Archive (SRA)
under the accession numbers PRJEB45736 and PRJNA784099, orin Gen-
Bank under the accessionnumbers MT108784,MZ433432, OL675863,

0L689430 and OL689583 as shown in Extended Data Table 1. Source
data are provided with this paper.
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Extended DataFig.1|ACE2 receptor binding and replicationkinetics of
SARS-CoV-2 VOCin vitro. (a) Affinity between spike (§°*¢, §*h4, and SP¢?)
proteintrimers and hACE2 dimers determined by Bio-layer interferometry.

(b) Viral replication kinetics of SARS-CoV-2 Alpha, Beta, and wt-5°4¢ (MO10.02)
at33°Cand 37 °Cin primary human nasal airway epithelial cell (AEC) cultures.
(c) Viral replication kinetics of pairwise competition assays in primary nasal
AEC cultures at 33°C (MOI10.005). (b, ¢) Dataare presented as individual points
with mean (line) and standard deviation; (b) n=2 (Alphaand Beta),n=4
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(b) Timeline of the ferretexperiment. The scheme was generated with
BioRender (https://biorender.com/).
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Extended DataFig. 5| Viralgenome loadin upper (URT) and lower (LRT) donor, contactlandcontactll hamstersinrelation to aset of defined
respiratory tract tissues of Syrian hamsters in the competitive standards. Tissue samples were collected at euthanasia (Euth.). Pie chart colors

transmission experiment between SARS-CoV-2VOCs. (a-c) Syrian hamsters illustrate theratio of variants detected in each sample at theindicated dpior
wereinoculated with comparable genome equivalent mixture of either wt-S°46 days post contact (dpc). Pie chart sizes are proportional to the total viral

and Beta (a), Alphaand Beta (b), or wt-S®*“and Alpha (c). Absolute genome copies reported below. Grey piesindicate values below the LOD
quantification was performed by RT-qPCR analysis of tissue homogenates of (<10%viral genome copies per sample).
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their respective experimental endpoints. Allserawere tested for specific
reactivity against the SARS-CoV-2RBD-SD1 domain (wt-S aminoacids 319-519).
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Extended DataFig.7|Viral genomeloadinupper (URT) and lower (LRT)
respiratorytract tissue of ferrets in the competitive transmission
experiment between SARS-CoV-2 Alphaand wt-$%'*°, (a) Absolute
quantification was performed by RT-qPCR analysis of tissue homogenates of
donor, contactland contactlliferretsinrelation to a set of defined standards.
Tissue samples were collected at euthanasia (Euth.). Pie chart colorsillustrate
theratio of variants detected in eachsample at the indicated dpior dpc. Pie
chartsizes are proportional to the total viral genome copies reported below.
Grey pies indicate values below the LOD (<10° viral genome copies per sample).

(b-e) Representative micrographs of hematoxylin and eosin staining of 3 pm
sections of nasal conchae of donor ferrets (n = 6) 6 dpi with wt-S**“and Alpha.
Micrographs are representative of 5 consecutive tissue samples of each animal.
Insets show immunohistochemistry staining of SARS-CoV-2 with anti-SARS
nucleocapsid antibody with hematoxylin counterstain. The respiratory (b, c)
and olfactory (d, e) nasal mucosa exhibited rhinitis with varying severity.
Lesion-associated antigen was found in ciliated cells of the respiratory
epithelium (b, c) and in sustentacular cells of the olfactory epithelium(d, ) in
alldonoranimals (n=6) at 6 dpi.Scalebarsare100 um.
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Extended DataFig. 9 | Replication of VOCin hACE2-KImice. (a-d) Groups
hACE2-KI male mice wereinoculated intranasally with10* PFUs of SARS-CoV-2
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Extended DataFig.10| Genome sequences of used SARS-CoV-2 variants. Colors of the variants represent respective viruses in the different experiments. Grey
linesindicate positions of knownmutations of each virus strain.
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Extended Data Table 1| Sequence mutations in S in SARS-CoV-2 recombinant strains

Accession ID

sﬁise-sCoV-Z Mutations in S Use (BioProject / GenBank /
GISAID)
Isolates:
wi-§o14d e 0OL675863
(B.1.610) D614G Kinetics in vitro EPI ISL 4’14019
H69/V70del, Y144del,
Alpha N501Y, A570D, D614G, Kinetics in vitro 0L689430,
p P681H, T7161, S982A, ; EPI ISL 2131446
D1118H
L18F, D80A, D215G,
Beta L242/A243/1.244del, Kinetics in vitro 0OL689583,
K417N, E484K, N501Y, EPI ISL 981782
D614G, A701V,
H69/V70del, Y144del, .. 614G o PRJEB45736, SARS-
14549 | MUY ASOE D00, | e | Gyl
: ’ i Individual virus infection, mice ) passag
DI1118H L4549, EPI ISL 803957
L18F, D80OA, D215G,
Beta (L4550) 1.242/1.243/A244del Competition wt-S%'49 ys Beta; hamster, mice MZ433432, L4550,
(Ref. 21) K417N, E484K, N501Y, | Competition Alpha vs Beta; hamster EPI_ISL 751799

D614G, A701V

Recombinant clones:

Competition wt-S°'40 vs Beta; in vitro,
hamster, mice

Wwt-§0146 D614G Competition wt-S°'*9vs Alpha; in vitro, mice | MT108784
(Ref. 3) Competition wt-S'4C vs wt-SAPh: mice
Single virus infection, mice
wi-S014G () Competition wt-S®!Svs Alpha; hamster and | PRJEB45736, wt-S614G
(L4595) D614G, R683S ferret ID#49 vial 2, L4595
H69/V70del, Y144del,
P _Q614G _QAlpha. :
wi-SAlpha N501Y, A570D, D614G, | Competition wt-S°'*© vs wi-S*P": mice PRINA784099

P681H, T7161, S982A,
DI118H

Single virus infection, mice

(*) SARS-CoV-2 wt-S°"C used for the competitive experiments between wt-S“ vs, Alpha in hamsters and ferrets had an exchange in 54% of the analyzed contigs from C to A in position 23615,

located in the S gene.
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Extended Data Table 2 | Sequences of primer and probes for RT-qPCR assays
Oligo name | Sequence (5°-3") Cone. | Position
SARS-CoV-2 wt-S°'4¢ _.ORF1 assay
wt-S*MG _ORF1-1.2F | TGG TTG ATA CTA GTT TGT CTG GT 10 uM | 11271-11293 *
wit-S¢146 _ORF1-1.3R GCA CCATCA TCATAC ACA GTTC 10uM | 11379-11358 *
wit-S*146 _ORF1-1FAM | FAM-TGC ATC AGC TGT AGT GTT ACT AAT CC-BHQI 5uM 11320-11345 *
SARS-CoV-2 wt-8814C _§ assay
wt-S§0146 _§_1 2F TAC TTG GTT CCA TGC TAT ACA TGT 10uM | 21748-21771 *
wt-S$0146 _§_1 5R CCAACTTTT GTT GTT TTT GTG GTA ATA 10 uM | 22018-21992 *
wt-S140 _S-1FAM FAM-ACC CTG TCC TAC CAT TTA ATG ATG-BHQ1 S5uM | 21804-21827 *
SARS-CoV-2 Alpha -ORF1 assay
B117-ORF1-2.1F GAT ATG GTT GAT ACT AGT TTG AAG ‘ 10 uM | 11265-11288 **
wit-S¢14¢ _ORF1-1.3R See above
wit-S¢146¢ _ORF1-1FAM See above
SARS-CoV-2 Alpha -S assay
B117-S-1.2F TTA CTT GGT TCC ATG CTA TMT C 10 uM | 21736-21757 **
B117-S-1.3R AACTTT TGT TGT TTT TGT GGT AAAC 10 uM | 21996-21972 **

wt-S0146 _S-1FAM

See above

* Position based on NC_045512; ** Position based on MW963651. Conc, concentration.

136




Results - Publication IV: Enhanced fitness of SARS-CoV-2 variant of concern Alpha but not Beta

Extended Data Table 3 | Attribution of RT-gPCR assays used for the individual competitive transmission experiments

Assay For detection of
wt-S°14C ys Alpha (hamsters, ferrets)

SARS-CoV-2 wt-S°!46 _ORF1 assay SARS-CoV-2 wt-§°146
SARS-CoV-2 Alpha -ORF1 assay SARS-CoV-2 Alpha
wt-S14C ys Alpha (human AEC cultures, mice)

SARS-CoV-2 wt-S¢!46 _§ assay SARS-CoV-2 wt-S6146
SARS-CoV-2 Alpha -S assay SARS-CoV-2 Alpha
SARS-CoV-2 Alpha -S assay SARS-CoV-2 wt-SAlpha
wt-S¢14G ys Beta (human AEC cultures, hamsters and mice)

SARS-CoV-2 wt-S*146 _ORF1 assay SARS-CoV-2 wt-S°146
SARS-CoV-2 Alpha -ORF1 assay SARS-CoV-2 Beta
Alpha vs Beta (human AEC cultures, hamsters)

SARS-CoV-2 Alpha -S assay SARS-CoV-2 Alpha
SARS-CoV-2 wt-S°146 _§ assay SARS-CoV-2 Beta
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ARTICLE

oronavirus disease 2019 (COVID-19) severely affects

human health and societies worldwide. It has accounted

for >148 million morbidities and 3.1 million fatalities by
end of April 2021 (World Health Organization (WHO), https:/
covidl9.who.int). The responsible pathogen, severe acute
respiratory syndrome coronavirus type 2 (SARS-CoV-2), has
rapidly spread globally despite stringent intervention strategies!,
To control pandemic spread and disease, vaccination is con-
sidered the most important and effective control measure2. Sev-
eral vaccines based on mRNA technology or viral vectors are now
authorized for emergency use and further products are in final
licensing phases®. SARS-CoV-2 underwent adaptive mutations
early during the pandemic, with the D614G variant becoming
globally dominant at the beginning of 2020*-6. Viral evolution is
a highly dynamic process that results in emergence of multiple,
geographically distinct new variants, first identified in the
UK (B1.1.7), South Africa (B.1.351), and Brazil (B.1.1.28; P1)
(https://www.ecdc.europa.eu/en/publications-data/covid- 19-risk-
assessment-variants-vaccine-fourteenth-update-february-2021).
These variants of concern (VOCs) acquired numerous mutations,
particularly in the spike protein encoding gene (S), most fre-
quently within the S1 and the receptor-binding domain (RBD)”-°.
These mutations confer higher binding affinities and allow some
VOCs to evade pre-existing immunity'?, resulting in increased
transmissibility, including epidemiologic scenarios where herd
immunity was expected!!. Whereas variant B.1.1.7 might still be
efficiently neutralized by vaccination-elicited antibodies despite
the RBD mutations!2-14, variant B.1.351 showed a remarkable
resistance to sera from vaccinated as well as from convalescent
individuals!>-18, VOCs that evade from efficient cross-
neutralization may evolve into dominant strains and necessitate
vaccine efficacy re-assessment. While indications for cross-
neutralization exist, e.g, by sera from individuals vaccinated
with SARS-CoV-2 mRNA vaccines!31?, in vivo data from
experimental immunization/challenge studies in standardized
animal models are pending. In this work, we investigated the
efficacy of mRNA vaccines CVnCoV and CV2CoV against SARS-
CoV-2 using an early B lineage 614G strain and the novel VOC
B1.351 in a human ACE2 (hACE2) transgenic mouse model of
severe COVID-192%. The choice for the variant B.1.351 was
related to the observed immune-escape features with a reduced
neutralization efficacy!® and decreased protective efficacy repor-
ted for a licensed vaccine?!.

Results

We used the K18-hACE2 transgenic mouse model?? to determine
the protective efficacy of two spike protein encoding mRNA
vaccines, i.e.,, CVnCoV and CV2CoV, a clinical and preclinical
stage vaccine, respectively. Both vaccines encode for the same
protein, but differ in the non-coding regions of the mRNA. We
chose a dose of 8 pg for CVnCoV, which conferred protection in
hamsters?* and non-human primates (NHPs)?¢ in previous pre-
clinical studies, and performed a dose titration ranging from 0.5
to 8 pg for the preclinical stage vaccine CV2CoV. Vaccine efficacy
was tested against the ancestral SARS-CoV-2 B-lineage strain
BavPatl that closely matches the mRNA-encoded S protein and
the heterologous VOC B.1.351 NW-RKI-I-0028. For immuniza-
tion, CVnCoV vaccine, CV2CoV vaccine, or 20 pl of a formalin-
inactivated and adjuvanted SARS-CoV-2-preparation (FI-Virus)
were administered on days 0 and 28. Mice were challenged 4 weeks
after boost vaccination with >10° tissue culture infectious dose 50
(TCIDsp) of SARS-CoV-2 BavPatl or B.1.351 NW-RKI-1-0028. A
sham (NaCl) group served as non-vaccinated control (Fig. S1 and
Table S1). Sera from all mRNA-vaccinated mice collected on days
28 and 55 showed a strong induction of anti-RBD total

immunoglobulin (Ig), irrespective of the mRNA amount. Anti-
RBD total Ig levels were significantly higher in sera from all
mRNA-vaccinated groups compared to levels induced by the FI-
Virus preparation (Fig. 1a). The strong induction of anti-RBD
antibodies in the mRNA vaccine groups was reflected by high virus
neutralization titers (VNTs). Of note, even a low dose of 0.5 pg of
CV2CoV elicited high levels of humoral responses in K18-hACE2
transgenic mice. Sera from day 55 after immunization with
CVnCoV or CV2CoV showed a significantly higher neutralizing
capacity compared to sera from animals that had received the FI-
Virus preparation. Importantly, neutralization of VOC B.1.351 was
less effective compared to BavPatl for the CVnCoV and CV2CoV
groups, but far exceeded the values recorded for the FI-Virus group
(Fig. 1b). Similar results were obtained with a surrogate VNT assay
with post prime immunization sera collected at day 28 (Table S2).
Overall, the tested mRNA vaccines induced robust antibody
responses in a prime-boost regime, capable of efficiently neu-
tralizing both BavPatl and VOC B.1.351 NW-RKI-I-0028 in vitro.

Subsequently, the potential of CVnCoV and CV2CoV to pro-
tect from SARS-CoV-2 challenge infection was analyzed. Stocks
of both challenge viruses were characterized by deep-sequencing
demonstrating the characteristic mutations of VOC B.1.351, but
no other relevant alterations (Fig. S3 and Table §3). Immunized
K18-hACE2 mice were studied using a high-dose challenge
model, which induces severe clinical disease resembling COVID-
19 in humans?®, In addition, mice develop severe encephalitis
specific to this animal model?’. On day 4, animals in the sham
group started succumbing to the BavPatl infection (Fig. 1c).
B.1.351 infection led to a delayed onset of severe disease com-
pared to BavPatl, with 20% survival on day 10 after inoculation
(Fig. 1d). Thus, K18-hACE2 mice were highly susceptible to both
SARS-CoV-2 variants. Importantly, vaccination with 8pg
CVnCoV or 0.5-8 ug CV2CoV resulted in complete protection
(100% survival) against BavPatl and B.1.351, with no significant
weight loss or disease symptoms throughout the course of the
challenge infection (Fig. lc, d and Fig. S4). In contrast, prior
administration of the FI-Virus preparation provided sub-optimal
protection against either BavPatl or B.1.351, resulting in weight
loss and signs of distress (Fig. 1 and Fig. S3). Some of the FI-
Virus-immunized animals experienced very early weight loss and
disease signs after VOC B.1.351 challenge infection, earlier than
sham groups. In conclusion, survival rates, body weight changes,
and disease scores revealed complete protection by the CVnCoV
and CV2CoV vaccines in K18-hACE2 mice against lethal SARS-
CoV-2 challenge, including against VOC B.1.351.

To investigate whether CVnCoV or CV2CoV vaccination
prevented productive infection or dissemination of replicating
SARS-CoV-2, we took oral swabs at 4 days post infection (dpi) to
monitor viral RNA load in saliva. In the sham group, 4/4 and 4/
5 samples were positive for viral genome after infection with
BavPatl or VOC B.1.351, respectively (Fig. 2a). FI-Virus
administration prior to challenge did not significantly reduce
viral genome load in saliva, with 40-60% of animals showing
positive reverse transcription quantitative polymerase chain
reaction (RT-qPCR) results on 4 dpi (Fig. 2a). In contrast, after
CVnCoV or CV2CoV vaccination, no viral genomes were
detected in oral swabs of either challenge groups irrespective of
the vaccine and vaccine dose. Furthermore, the amount of sub-
genomic RNA (sgRNA) was determined from swabs that scored
positive for total viral RNA. Two different assays indicated
sgRNA only in a few samples from sham-vaccinated and chal-
lenged individual mice (Table S4). To further explore the pre-
vention of viral replication following challenge, we determined
viral load in the upper respiratory tract (URT) (conchae) and the
lower respiratory tract (LRT) (trachea, caudal lung, and cranial
lung), as well as in the central nervous system (brain, cerebellum/
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Fig. 1 CVnCoV and CV2CoV protect K18-hACE2 mice against SARS-CoV-2 variants BavPat1 and B1.351. K18-hACE2 mice that were vaccinated with 8 ug
CVnCoV (orange) or different concentrations of CV2CoV (0.5 ug (light green), 2 ug (green), or 8 pg (dark green)), received 108 FI-Virus (blue) or NaCl
(black) (sham) on days 0 and 28 followed by i.n. challenge with 10°° TCIDsq of SARS-CoV-2 variant BavPat1 or 105> TCIDs B1.351. @ RBD ELISA with sera
from K18-hACE2 mice on days O, 28, and 55 of the respective groups: median and interquartile range are presented. Dashed line indicates threshold for
positive anti-RBD antibody level. b Virus neutralization assay using day 55 sera from all the groups. Bars indicate mean with SD. ¢, d Survival curves
(Kaplan-Meier) for K18-hACE2 mice from all the groups challenged either with BavPat1 (¢) or B.1.351 (d) and followed up for 10 days post infection (DPI).
a, b Each dot represents one individual mouse sample. Each sample was tested once (RBD ELISA) or in triplicates (VNT), and assays were repeated at least
once. ¢, d Each line represents groups of mice as shown in a, b from a single experiment (n =5 sham, n =10 all other groups). p Values were determined
by nonparametric one-way ANOVA and Dunn's multiple comparisons test (a, b) or two-sided log-rank (Mantel-Cox) test (¢, d). Differences were
considered significant at p < 0.05 with exact p values displayed in the figure. Source data are provided as a Source data file.

cerebrum) (Fig. 2b—f) in animals reaching the humane endpoint
or at the day of termination (10 dpi). Similar to the quantitative
RNA load results obtained from the oral swabs, the URT pro-
vided a niche for replication in both the sham and FI-Virus
groups (Fig. 2b). In the CVnCoV and CV2CoV-vaccinated
groups challenged with BavPatl, we observed a significant
reduction of detectable viral replication in all groups with a
maximum of 5/10 animals showing low genome copy numbers in
the conchae. No animal in the LRT and only one sample from the
brain was positive at a low level for SARS-CoV-2 genomic RNA,
indicating complete protection from infection by BavPatl in all
the groups (Fig. 2c-f). The organ samples scoring positive for
viral RNA were further evaluated using two distinct assays
detecting sgRNAs. sgRNA was generally detected in samples that
exhibited substantial total RNA loads (Table S5). More specifi-
cally, from CVnCoV- and CV2CoV-vaccinated mice that showed
low levels of total RNA only a few single animals scored positive
for sgRNA (Table S5). For VOC B.1.351, 5-7/10 CVnCoV or
CV2CoV-vaccinated animals exhibited residual viral replication
in the conchae. Here, viral levels were reduced without reaching
statistical significance (Fig. 2b). Detection of sgRNA was limited
to single individuals (Table S6). In contrast, both CVnCoV and
CV2CoV almost completely prevented replication of this VOC in
the LRT and the brain, with low viral copy numbers close to the
limit of detection in the lung of 7/80 (40 cranial and 40 caudal)
specimens and only 1/40 and 2/40 animals in the cerebellum and
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cerebrum, respectively (Fig. 2¢c—f). No sgRNA could be amplified
from these organs (Table S6). FI-Virus administration provided
partial protection in the LRT in animals challenged with BavPat1,
but not with VOC B.1.351, and did not significantly protect
against viral replication in the cerebellum or cerebrum regardless
of the SARS-CoV-2 variant (Fig. 2). These findings were verified
by sgRNA detection (Tables S5 and S6). Of note, some of the
animals receiving the FI-Virus preparation showed viral loads at
the level of the sham group in the LRT (Fig. 2). In summary, aside
conferring complete protection against lethal challenge with
distinct SARS-CoV-2 lineages, CVnCoV and CV2CoV, at dosages
ranging from 0.5 to 8 pg, prevented dissemination of SARS-CoV-
2 from the inoculation site into other organs and provided solid
protection against an ancestral SARS-CoV-2 and a VOC
B.1.351 strain.

Discussion

The emergence of new strains with immune-escape potential,
such as the VOC of the B.1.351 lineage that appeared first in
South Africa, are of great concern, since all available COVID-19
vaccines are based on the ancestral SARS-CoV-2 strains. We
therefore tested two mRNA vaccines in different concentrations
against a standard ancestral SARS-CoV-2 B lineage strain (Bav-
Patl) in comparison to a VOC B.1.351 isolate in a transgenic
mouse model.
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Fig. 2 CVnCoV and CV2CoV prevent replication of SARS-CoV-2 variants BavPat1 and B.1.351 in K18-hACE2 mice. RT-qPCR for genomic RNA of SARS-
CoV-2 was performed with a oral swab samples at day 4 or from organ samples of b the upper respiratory tract, ¢, d the lower respiratory tract (caudal
lung = circle; cranial lung = squares), and e, f the brain at day 10 or at the humane endpoint. Mice that were vaccinated with 8 ug CVnCoV (orange) or
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0 and 28 followed by i.n. challenge with 1059 TCIDs, of SARS-CoV-2 variant BavPatl or 1055 TCIDs B1.351. Each dot represents one individual mouse.
Each sample was tested once, and assays were repeated at least once. p Values were determined by nonparametric one-way ANOVA and Dunn’s multiple
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exact p values displayed in the figure. Source data are provided as a Source data file.

Our data demonstrate that 8ug CVnCoV and 0.5-8ug
CV2CoV fully protect mice against disease caused by two dif-
ferent SARS-CoV-2 variants. CVnCoV and CV2CoV vaccination,
but not immunization with FI-Virus, rescued all transgenic mice
from lethal infection caused by BavPatl and VOC B.1.351 isolate
NW-RKI-I-0028. The sub-optimal FI-Virus preparation reduced
viral replication in the LRT solely after challenge with BavPatl,
but showed no significant effect on viral dissemination as well as
the viral genome loads in the URT. In contrast, both CVnCoV
and CV2CoV immunization resulted in abundant RBD-specific
and neutralizing antibodies and conferred complete and robust
protection, including protection from viral replication in the
lungs and brain. Only very limited viral replication was observed
in the URT of mRNA-vaccinated animals challenged with VOC
B.1.351. The relevance to disease transmission of this minimal
viral replication in the conchae remains to be established. The
reduced neutralizing capacity of sera from CVnCoV- and
CV2CoV-vaccinated transgenic mice against VOC B.1.351, and

the insufficient prevention of replication in the conchae, might
reflect the currently detected transmission rates of this VOC in
human populations previously exposed to the ancestral strain.
Nevertheless, our study provides the first evidence for the efficacy
of a vaccine to prevent disease and viral dissemination from the
site of infection against an emerging SARS-CoV-2 varijant in a
sensitive, well-established, and accepted in vivo model. Of note,
this model might not fully recapitulate viral dissemination into
respiratory compartments in humans. The very high neutralizing
titers against BavPat1 elicited by the mRNA immunization as well
as the fold reduction recorded for VOC B.1.351 may be unique to
the mouse model employed in this study and require validation in
other experimental models. In addition, the variable neutralizing
capacity of individual sera against VOC B.1.351 is in line with
serological responses detected in human vaccinees2®.

The pathophysiology of SARS-CoV-2 VOC infections remains
largely unknown and detailed animal model data are missing. In
our study, we observed a delayed course of disease in K18-hACE2
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mice infected with a VOC B.1.351 strain and hypothesize that
mutation accumulation might result in a changed in vivo phe-
notype. Short-term infections performed in hamsters have failed
to detect diverging phenotypes in ancestral versus VOC
lineages??, but comparable data sets about the complete course
and replication in the URT are still pending for all VOCs in other
animal models. These apparently discordant findings call for
further pathological and immunological assessments of patho-
genicity of emerging lineages.

Here we report full protection against a VOC by CVnCoV and
CV2CoV immunization, associated with high anti-RBD and
neutralizing antibodies. Whether antibodies alone were sufficient
for the beneficial outcome remains to be further validated. Broad
immune responses elicited by vaccines, including cellular
responses in addition to neutralizing antibodies, antibody-
dependent cytotoxicity, or antibody-mediated innate immune
effector functions, could help explain the protection. Potent T cell
immunity could ensure the success of an immunization when
antibodies decline. CVnCoV vaccination was previously shown to
induce Thl immunity and trigger S-specific CD8% T cell
responses in mice??, Re-challenge studies in NHPs confirmed a
role for CD8% T cells in protection?8, Although point mutations
in the major histocompatibility complex-I-restricted viral epi-
topes could subvert CD8" T cell surveillance??, the majority of
SARS-CoV-2 T cell epitopes recognized by convalescent indivi-
duals or vaccinees immunized with licensed mRNA vaccines
appear unaffected by unique VOC mutations®?. These findings
indicate a role of cellular immunity in defense against SARS-
CoV-2. Here we observed solid protection against disease upon
challenge infection with VOC B.1.351 after CVnCoV or CV2CoV
vaccination, despite reduced virus-neutralizing titers. These
observations suggest that either complementary immune
mechanisms are effective or that residual virus-neutralizing titers
against B.1.351 are sufficient for in vivo neutralization in this
model. In line with this, it has recently been demonstrated in a
NHP infection model that relatively low neutralizing antibody
titers can protect from SARS-CoV-2-related clinical signs?®. The
precise contribution of various immune compartments to
CVnCoV and CV2CoV efficacy requires further evaluation.

Our proof-of-principle study demonstrates that mRNA vac-
cines can protect hACE2 mice against disease caused by SARS-
CoV-2 independent from the lineages or virus variants.

Methods

Ethics. The animal experiments were evaluated and approved by the ethics com-
mittee of the State Office of Agriculture, Food safety, and Fishery in Mecklenburg -
Western Pomerania (LALLF M-V: 7221.3-1-055/20). All procedures using SARS-
CoV-2 were carried out in approved biosafety level 3 facilities.

Vaccination. Before challenge with SARS-CoV-2, mice were vaccinated prime day
0 and boost day 28 with either NaCl (sham), FI-Virus, or an mRNA vaccine
(CVnCoV and CV2CoV) (Table S1).

The mRNA vaccines are based on the RNActive” platform (claimed and
described in, e.g., W02002098443 and W0O2012019780) and are comprised of a 5
capl structure, a GC-enriched open reading frame (ORF), 3’ untranslated region
(UTR), and a vector-encoded polyA stretch and do not include chemically
modified nucleosides. CVnCoV contains parts of the 3" UTR of the Homo sapiens
alpha hemoglobin gene as 3’ UTR followed by a polyA stretch, a C30 stretch, and a
histone stem loop. CV2CoV further comprises a 5" UTR from the human
hydroxysteroid 17-beta dehydrogenase 4 gene and a 3’ UTR from human
proteasome 208 subunit beta 3 gene followed by a histone stem loop and a polyA
stretch. Lipid nanoparticle (LNP) encapsulation of mRNA was performed by
Acuitas Therapeutics (Vancouver, Canada). The LNPs used in this study are
particles of ionizable amino lipid, phospholipid, cholesterol, and a PEGylated lipid.
The mRNA-encoded protein is based on the spike glycoprotein of SARS-CoV-2
NCBI Reference Sequence NC_045512.2, GenBank accession number
YP_009724390.1, and encodes for full-length $ featuring K986P and V987P
mutations.

For comparison to CVnCoV and CV2CoV, we used FI-Virus combined with
Alhydrogel” adjuvant. For this, 200 ml SARS-CoV-2 Germany/BavPat1/2020 (for

details, see section “Challenge infection”) supernatant was concentrated using the
PEG Virus Precipitation Kit (Biovision # BIV-K904) to a volume of 2 ml.
Afterwards, this preparation was inactivated by formaldehyde (37%) at a dilution
of 1:2000 at 37 °C for 24 h. Inactivation of the virus was confirmed by inoculation
of VeroE6 cells. When no cytopathogenic effect (CPE) was detected, cell
supernatants were passaged for three passages. For vaccination, freshly prepared
stocks of 10® TCIDs, FI-Virus were mixed with 2% (final concentration) of
Alhydrogel® in phosphate-buffered saline (PBS). Prior vaccination, 20 ul of NaCl
(sham control), FI-Virus, CVnCoV, or CV2CoV were loaded into single-use
insulin syringe with an integrated needle (30 G) no longer than 2 h before injection.
First, the mice were anesthetized by inhalation of isoflurane and the hind leg was
shorn with an electric clipper. For all the groups, 20 ul of the preparation was
administered intramuscularly into the M. tibialis (day 0 right leg or left day 28).
Before animals were placed back into their cages, 100-140 pl blood samples were
obtained by puncture of the V. facialis on days 0, 28, and 55. For blood collection,
the animals remained anesthetized under isoflurane anesthesia (5 vol.%). All
groups were monitored for side effects of the injection and were scored at 24 h post
injection. The injection sides were slightly swollen in all the groups 24 h post
vaccination, which resolved after 48-72 h.

Serum collection. All blood samples were collected into Z-clot activator 200 pl
microtube (Sarstedt). The samples were incubated at room temperature (RT) for
0.5-1h and afterwards centrifuged for 5 min, 10,000 rcf, at RT. All serum samples
were stored at <—70°C.

Virus preparation. SARS-CoV-2 Germany/BavPat1/2020 (BavPatl) (GISAID
accession EPI_ISI._406862) was kindly provided by Bundeswehr Institute of Micro-
biology, Munich, Germany. SARS-CoV-2 hCoV-19/Germany/NW-RKI-1-0029/2020
B.1.351-linage or VOC 202012/02 (B.1.351) (GISAID accession EPI_ISL_803957) was
kindly provided by Robert-Koch-Institut, Berlin, Germany. Virus stocks were propa-
gated (three passages and two passages, respectively) on Vero Eé cells (Collection of
Cell Lines in Veterinary Medicine CCLV-RIE 0929) using a mixture of equal volumes
of Eagle MEM (Hanks’ balanced salts solution) and Eagle MEM (Earle’s balanced salts
solution) supplemented with 2 mM L-Glutamine, nonessential amino acids adjusted to
850 mg/l, NaHCO3, 120 mg/l sodium pyruvate, and 10% fetal bovine serum, pH 7.2.
The virus was harvested after 72 h, titrated on Vero E6 cells, and stored at —80 °C until
further use.

Sequencing of the viral genome. Full genome sequencing of SARS-CoV-2 B1.351
hCoV-19/Germany/NW-RKI-1-0029/2020 P2+1 (passage of hCoV-19/Germany/
NW-RKI-1-0029/2020) was performed using high-throughput sequencing (HTS).
For this purpose, RNA was extracted from cell culture supernatant using a com-
bined TRIzol LS Reagent (Invitrogen, Waltham, MA, USA) and QIAamp RNeasy
Mini Kit (Qiagen, Hilden, Germany) protocol. The resulting RNA extracts were
subjected to library preparation as described in detail *!. The resulting library
L4550 was quality-checked, quantified, and sequenced on the Ion Torrent S5XL
platform on an Ton 530 sequencing chip using 400 bp chemistry.

The Genome Sequencer software suite (versions 2.6; Roche) was applied to
execute reference mapping analyses. Since no complete whole-genome sequence
was available of the original isolate (hCoV-19/Germany/NW-RKI-I1-0029/2020|
EPIL_ISL_803957|2020-12-28), the genome sequence of SARS-CoV-2 B.1.351
isolate hCoV-19/Germany/BW-ChVir22275/2021|EPI_ISL_875344|2021-01-15
was used as initial reference. Subsequently, the mapping analysis was repeated with
the obtained SARS-CoV-2 genome sequence as reference and the corresponding
data set to compile the final SARS-CoV-2 genome sequence of the sample. This
determined whole-genome sequence of sample L4550 was set as reference for
variant calling. The Torrent Suite plugin Torrent variantCaller (version 5.12) was
used to detect single-nucleotide polymorphism (SNP) variants (parameter settings:
generic, S5/S5XL(530/540), somatic, low stringency, changed alignment arguments
for the TMAP module from map 4 [default] to mapl map2). Identified SNP
variants were visualized with Geneious Prime (10.2.3; Biomatters, Auckland, New
Zealand) and compared with the SNP variants detected using the variant analysis
tool implemented in Geneious Prime Molecular Biology and Sequence Analysis
Software (version 10.2.3; (default settings, minimum variant frequency 0.02).

The SARS-CoV-2 genome sequence generated in this study is available under
the accession number MZ433432.

Challenge infection. Mice in groups of up to five animals were kept in individually
ventilated cages (IVCs) for the entire study (Table S1). The animals were infected
under short-term isoflurane inhalation anesthesia with 25 pl of either 105873
TCID;, SARS-CoV-2 BavPatl (calculated from back-titration of the original
material) or 1055 TCIDs, SARS-CoV-2 B1.351 (calculated from back-titration of
the original material) per animal. To prevent spill-over between different pairs, the
IVCs were strictly separated in individual cage systems. During the entire study, all
animals were offered water ad libitum and were fed and checked for clinical scores
and body weight daily by animal caretakers and study researchers. Animal housing
was performed with 20-24 °C temperature, 45-65% humidity; and 12-h dark/light
cycle with 30 min of dawn. A oral swab sample of each animal was taken at 4 dpi
under short-term isoflurane inhalation anesthesia. Animals with signs of severe
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clinical symptoms and/or body weight loss over 20% were euthanized before the
end of the study. All animals were euthanized at day 10 post infection.

RNA extraction and RT-gPCR. RNA from combined nasal/oral swabs and organ
samples was extracted using the NucleoMag® VET Kit (Macherey-Nagel, Diiren,
Germany) in combination with a Biosprint 96 platform (Qiagen, Hilden, Ger-
many). Each extracted sample was eluted in 100 pl. Viral RNA genome was
detected and quantified by real-time RT-qPCR on a BioRad real-time CFX96
detection system (BioRad, Hercules, USA). Target sequence for amplification was
the viral RNA-dependent RNA polymerase (WHO, https://www.who.int/docs/
default-source/coronaviruse/real-time-rt-pcr-assays-for-the-detection-of-sars-cov-
2-institut-pasteur-paris.pdf?sfvrsn=3662fcb6_2). Genome copies per pl RNA
template were calculated based on a quantified standard RNA, where absolute
quantification was done by the QX200 Droplet Digital PCR System in combination
with the 1-Step RT-ddPCR Advanced Kit for Probes (BioRad, Hercules, USA). The
limit of detection was calculated to be 10 copies per reaction.

sgRNA RT-qPCR assays. Samples (swabs/organs) that tested positive for viral
genomic RNA were evaluated using assays specifically detecting sgRNA. The assay
detecting sgRNA of the E-gene established by Speranza et al.’2 with the mod-
ification of omitting the ZEN™ quencher was used. In addition, a further assay was
applied to detect sgRNA of the ORF7a, as Alexandersen and colleagues®?
demonstrated that this sgRNA is more abundantly quantifiable. Primer and probe
sequences of this assay are summarized in Table 7. The RT-qPCR reaction of both
assays was prepared using the qScript XLT One-Step RT-qPCR ToughMix
(QuantaBio, Beverly, MA, USA) in a volume of 12.5 pl including 1 pl of the
respective FAM mix and 2.5 pl of extracted RNA. The reaction was performed for
10 min at 50 °C for reverse transcription, 1 min at 95 °C for activation, and 42
cycles of 10 s at 95 °C for denaturation, 10 s at 60 °C for annealing, and 20 s at 68 °C
for elongation. Fluorescence was measured during the annealing phase. All RT-
qPCRs were performed on a BioRad real-time CFX96 detection system.

RBD antibody enzyme-linked immunosorbent assay (ELISA). Sera were ana-
lyzed using an indirect multi-species ELISA based on the RBD of SARS-CoV-234,
For this, ELISA plates (Greiner Bio-One GmbH) were coated with 100 ngf’well the
RBD overnight at 4°C in 0.1 M carbonate buffer (1.59 g Na,CO; and 293 g
NaHCOs;, ad. 1 L aqua dest., pH 9.6) or were treated with the coating buffer only.
Afterwards, the plates were blocked for 1h at 37 °C using 5% skim milk in PBS.
Sera were pre-diluted 1/100 in TBS-Tween (TBST) and incubated on the coated
and uncoated wells for 1 h at RT. A multi-species conjugate (SBVMILK; obtained
from ID Screen® Schmallenberg virus Milk Indirect ELISA; IDvet) was diluted 1/80
and then added for 1 h at RT. Following the addition of tetramethylbenzidine
substrate (IDEXX), the ELISA readings were taken at a wavelength of 450 nm on a
Tecan Spectra Mini instrument (Tecan Group Ltd.). Between each step, the plates
were washed three times with TBST. The absorbance was calculated by subtracting
the optical density measured on the uncoated wells from the values obtained from
the protein-coated wells for the respective sample. Of note, the ELISA determines
relative abundance of anti-RBD Ig levels and therefore does not allow a direct
comparison between different studies.

Virus neutralization test (VNT). To evaluate specifically the presence of virus-
neutralizing antibodies in serum samples (pre-challenge), we performed a VNT.
Therefore, sera were pre-diluted 1/16 or 1/32 with Dulbecco’s modified Eagle’s
medium (DMEM) in a 96-well deep well master plate. Three times 100 pl, repre-
senting three technical replicates, of this pre-dilution were transferred into a 96-
well plate. A log2 dilution was conducted by passaging 50 pl of the serum dilution
in 50 yl DMEM, leaving 50 pl of sera dilution in each well. Subsequently, 50 pl of
the respective SARS-CoV-2 (BavPatl or B.1.351) virus dilution (100 TCIDs/well)
was added to each well and incubated for 1h at 37 °C. Lastly, 100 pl of trypsinated
VeroEo6 cells (cells of one confluent TC175 flask per 100 ml) in DMEM with 1%
penicillin/streptomycin supplementation was added to each well. After 72 h
incubation at 37 °C, the cells were evaluated by light microscopy for a specific CPE.
A serum dilution was counted as neutralizing in the case no specific CPE was
visible. The virus titer was confirmed by virus titration; positive and negative serum
samples were included.

SARS-CoV-2 surrogate VNT. Individual serum samples obtained after prime, but
before boost vaccination, were evaluated by the use of a virus neutralization sur-
rogate assay (GenScript Biotech, Leiden, The Netherlands). Number of samples
matches the number of samples presented in Fig. 1. The assay was used according
to the manufacturer’s instructions.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The authors declare that the data supporting the findings of this study are available
within the paper and its supplementary information files and are available from the
corresponding authors upon reasonable request. The SARS-CoV-2 genome sequence
generated in this study is available under the accession number MZ433432, The
following sequence data was used: SARS-CoV-2 NCBI Reference Sequence
NC_045512.2, GenBank accession number YP_009724390.1; SARS-CoV-2 Germany/
BavPat1/2020 (BavPatl) (GISAID accession EPI_ISL._406862); SARS-CoV-2 hCoV-19/
Germany/NW-RKI-1-0029/2020 (GISAID accession EPI_ISL_803957). All non-
commercial materials generated during the current study are available from the
corresponding authors under an MTA with Friedrich-Loeffler-Institut. Source data are
provided with this paper.
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7  Table S1: Experimental and control groups.

group | No.of | Vaccine Dose, Dosing | Serum Challenge infection | End of
animals volume, collection the study
route
I K18- CVnCoV 8ug, 20 do, 28 d0, d28, | BavPatl d69
hACE2 pl, im. ds5 (10dpc)
1 mice 8 ug, 20 B1.351
Female ul, i.m.
1 n=10 CV2CaV 0.5pg, 20 BavPatl
pl, i,
v 0.5 pg, 20 B1.351
ul, i.m.
v CV2CoV 2 pg, 20 BavPatl
pl, im.
VI 2 pg, 20 B1.351
ul, i.m.
Vil CV2CoV 8 g, 20 BavPatl
pl, i.m.
VIII 8 pg, 20 B1.351
pl, im.
IX Formalin- 10° BavPatl
inactivated | 7CID.,
virus +Alum 20ul, i.m.
2 10° B1.351
TCIDsg,
20ul, i.m
X1 n=5 Sham -, 20 pl, BavPatl
(NaCl) i.m.
X1 -, 20 pl, B1.351
i.m.
8
9
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10

11
12

13
14

15

Table S2. sVNT results of serum samples from day 28

Group Median IQR p-value
Sham 6.83 3.69-7.94 N/A

FI -Virus 55.68 26.01-71.69 N/A
CVnCoV 94.83 93.89-95.27 0.0017
CV2CoV 0.5pe 93 88.69-95.34 0.03
CV2CoV 2ug 96.01 95.52-96.27 <0.0001
CV2CoV Bug 96.46 96.09-96.68 <0.0001

IQR= interquartile range; P-values compare all RNA vaccine groups to the FI-Virus group and were
determined by nonparametric one-way ANOVA and Dunn’s multiple comparisons test

Source data are provided as a Source Data file.
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16  Table S3. Sequencing coverage of L4550 for mutations typically found in the spike protein gene of
17 B.1.351 variants and the spike protein polybasic cleavage site.

B.1.351 mutations Spike Coverage Variant
L18F 8,584 reads None
DS0A 6,361 reads None
D215G 9,898 reads None
Deletion 241-243 (9628 reads) None
K417N 8,606 reads None
E484K 9.094 reads None
N501Y 9,868 reads None
ATV 14,038 reads None
Cleavage site 17,730 reads None

18

19
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20  Table S4: Viral RNA genome content detected in swab samples (4 dpi), expressed as Cq values for
21  total RNA and subgenomic RNA. This table includes samples that were positive for total RNA, all
22 further swab samples scored negative.

Vaccine | Challenge ID Genomic RNA Subgenomic RNA
sgRNA E | sgRNA ORF7a
FI virus | BavPatl | FU5923 | 36.6 nd nd
QE7311 | 35.4 nd nd
VI9303 | 383 nd nd
KZ7407 | 37.9 nd nd
B.1.351. [ QE7312 | 37.8 nd nd
QE7300 | 36.0 nd nd
VKI1621 | 36.2 nd nd
KZ7411 | 36.6 nd nd
VI9302 | 35.0 nd nd
sham BavPatl | AO8979 | 32.9 nd nd
AO8971 | 354 nd nd
AO8960 | 32.5 nd nd
VK1079 | 36.3 nd nd
B.1.351. | KZ7412 | 353 nd nd
VI9315 | 323 nd 36.7
VI9305 | 29.9 37.1 36.2
KZ7416 | 36.6 nd nd

23 nd: not detected

24
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25  Table S5: Viral RNA genome content detected in organ samples (10 dpi or indicated dpi) from mice
26 challenged with the isolate BavPat] (homologous spike), expressed as Cq value for total RNA and
27  subgenomic RNA. The table includes samples that were positive for total genomic RNA (Cq <40),
28  while all further organ samples scored negative.

Vaccine Challenge D Organ Genomic Subgenomic RNA
RNA sgRNA sgRNA
E ORF7a
FI virus BavPatl FU5923 Cerebellum 39.6 nd nd
Cerebrum 257 29.3 26.2
Nasal conchae | 26.4 32.7 314
Nasal conchae | 33.7 nd nd
QE7309 Cerebellum 34.1 nd 33.2
Cerebrum 25.6 30.7 26.7
Nasal conchae | 36.5 nd nd
KZ7402 Nasal conchae | 28.1 35.8 332
V19304 Cerebrum 39.5 nd nd
Trachea 32.5 39.1 38.4
VI9303 Cerebellum 31.4 38.7 329
(6dpc) Cerebrum 19.4 24.7 21.4
Nasal conchae | 27.6 37.1 32.5
Trachea 37.8 nd nd
Lung caudal 323 38.5 35.7
Lung cranial 30.1 36.9 34.2
QE7311 Cerebellum 22.6 27.5 253
(5dpe) Cerebrum 15 20.7 18.2
Nasal conchae | 32.6 nd 36.7
Trachea 30.7 37.6 38.8
Lung caudal 319 nd 37.3
Lung cranial 31.1 nd 34.1
VK1634 Cerebellum 28.5 30.8 28.1
(5dpe) Cerebrum 13.1 18.1 15.5
Nasal conchae | 30.2 nd 379
Trachea 333 nd 36
Lung caudal 248 30.3 274
Lung cranial 24.4 29.8 27
sham BavPatl AO8971 Cerebellum 20.3 24.3 21.4
(7dpe) Cerebrum 18.3 227 19.5
Nasal conchae | 32.8 nd nd
Trachea 36.4 nd nd
Lung caudal 30.3 nd nd
Lung cranial 27.3 32.1 294
VK1079 Cerebellum 223 354 23.2
(5dpc) Cerebrum 13.6 18.6 16.4
Nasal conchae | 26.2 34.7 30.4
Trachea 31.4 36.9 34.7
Lung caudal 21.9 27.1 23.5
Lung cranial | 30.6 nd 33.8
AOB960 Cerebellum 17.2 204 18.5
(5dpc) Cerebrum 16.2 18.1 5.9
Nasal conchae | 27 30.3 29
Trachea 35.8 nd 40.5
Lung caudal 214 26.1 23.1
Lung cranial 23.3 28 25.4
AO8979 Cerebellum 15.7 19.9 17
(5dpc) Cerebrum 15.3 19.3 16.9
Nasal 256 31.5 203
Conchae
Trachea 30.1 38.1 34.4
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Lung caudal 21.5 25.3 22.8
Lung cranial 284 33.1 30
CVnCoV BavPatl QE7304 Nasal conchae | 38.2 nd nd
FT9301 Nasal conchae | 35.3 nd nd
CV2CoV 8ug | BavPatl KY5549 Nasal conchae | 38.7 nd nd
CV2CoV 2ug | BavPatl VI9314 Nasal conchae | 39.6 nd nd
V19316 Trachea 37.7 nd nd
KZ7417 Nasal conchae | 32.6 39.6 nd
VKI1078 Nasal conchae | 35 nd nd
VKI1072 Nasal conchae | 39.1 nd nd
CV2CoV BavPatl FT9319 Nasal conchae | 36.1 nd nd
0.5pg FT9307 Cerebellum 38.9 nd nd
Nasal conchae | 36.3 nd nd

KY5552 Nasal conchae | 30.5 37.1 36.2

29 nd: not detected

30
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31
32
33
34

and emerging B.1.351 SARS-CoV-2

Table S6: Viral RNA genome content detected in organ samples (10 dpi or indicated) from mice
challenged with the B.1.351. isolate (heterologous spike), expressed as Cq value for total genomic
RNA and subgenomic RNA. This table includes samples that resulted positive for total RNA (Cq
<40), while all further organ samples scored negative.

Vaccine Challenge D Organ Genomic Subgenomic RNA
RNA sgRNA sgRNA
E ORF7a
FI virus B.1.351. | QE7302 Cerebrum 29 35.8 31.1
Nasal 297 39.2 34.6
conchae
Lung cranial | 37.4 nd nd
VEKI1631 Nasal 36.8 nd nd
conchae
QE7312 Cerebellum 20.6 39.7 31.9
Cerebrum 31.7 nd 338
Trachea 38.2 nd nd
Lung caudal 30.7 39.1 35.2
Lung cranial | 31.8 39.7 35.5
KZ7403 Nasal 29.1 nd nd
conchae
VI9309 Cerebellum 339 nd 348
Cerebrum 25.1 31.2 28.3
Nasal 36.5 nd nd
conchae
Lung caudal 39.2 nd nd
KZ7413 Cerebellum 279 nd 314
Cerebrum 18.3 26.3 23.8
Nasal 354 nd nd
conchae
KZ7411 Nasal 30.7 38.2 nd
conchae
Lung caudal 31.1 36.6 355
Lung cranial | 31.7 38.2 35.3
QE7300 Cerebellum 273 nd 304
(Sdpc) Cerebrum 20.3 25.7 22.4
Nasal 26.9 32.8 319
conchae
Trachea 34.1 nd 37.6
Lung caudal | 22 25.5 24.1
Lung cranial 20.7 25.8 24.5
V19302 Cerebellum 24.4 29.1 26
(5dpc) Cerebrum 16.9 22.7 20
Nasal 245 29.8 28.9
conchae
Trachea 33.2 nd nd
Lung caudal 19 22.8 21.1
Lung cranial 20.1 23.9 22.3
sham B.1.351. V19305 Cerebellum 26.5 334 28.4
Cerebrum 25.1 30 26.5
Nasal 31.5 36.4 36.6
conchae
Trachea 38.3 nd nd
Lung caudal 39.6 E -
KZ7416 Cerebellum 35.8 nd nd
Cerebrum 38.9 nd nd
Nasal 30.7 nd 34.8
conchae
Trachea 377 nd nd
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Lung caudal 28.9 33.9 31.6
Lung cranial 26.3 32 294
V19306 Cerebellum 19.7 239 20.1
(7dpe) Cerebrum 19.3 24.2 20.6
Nasal 353 nd nd
conchae
Trachea 39.8 E -
Lung caudal | 38.4 nd nd
Lung cranial | 37.2 nd 39.8
KZ7412 Cerebellum 20.7 24.5 22.3
(7dpc) Cerebrum 18.5 23.5 21.2
Nasal 291 363 341
conchae
Trachea 327 nd 304
Lung caudal | 36.6 nd nd
Lung cranial 33.5 nd 38.4
VI9315 Cerebellum 17.6 21.2 18.2
(7dpc) Cerebrum 20.6 25.9 23.1
Nasal 37.2 nd nd
conchae
Trachea 36.9 nd nd
Lung caudal 39.4 nd nd
Lung cranial 25.7 30 28.5
CVnCoV B.1.351. KY5553 Nasal 39.1 nd nd
conchae
KY5554 Nasal 37 nd nd
conchae
VKI1636 Nasal 345 nd nd
conchae
VKI1633 Cerebrum 39.6 nd nd
Nasal 327 nd 37.7
conchae
Lung cranial | 38.1 nd nd
QE7314 Nasal 39 nd nd
conchae
Lung cranial 394 nd nd
CV2CoV 8ug | B.1.351. KZ6841 Nasal 38 nd nd
conchae
FT9314 Nasal 38.2 nd nd
conchae
KZ6850 Nasal 343 nd nd
conchae
AQ5179 Nasal 375 nd nd
conchae
FT9309 Nasal 36.7 nd nd
conchae
Lung caudal 37.6 nd nd
Lung cranial | 36.2 nd nd
CV2CoV 2ug | B.1.351. AOB968 Nasal 373 nd nd
conchae
VKI1074 Nasal 38 nd nd
conchae
VK1076 Nasal 329 nd nd
conchae
VK1067 Nasal 38.5 nd nd
conchae
AOB965 Nasal 34.6 nd nd
conchae
Lung cranial 38.8 nd nd
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AO8977 Nasal 343 nd nd
conchae
VKI1077 Cerebrum 38 nd nd
Nasal 299 36.9 358
conchae
CV2CoV B.1.351. AO5160 Nasal 385 nd nd
0.5pg conchae
KY5557 Cerebellum 39.1 nd nd
QE6769 Nasal 38.3 nd nd
conchae
Lung caudal 39.1 nd nd
Lung cranial 39.1 nd nd
AO5163 Nasal 39.3 nd nd
conchae
FU7019 Nasal 38.5 nd nd
conchae
AO5166 Nasal 31.7 nd 38.6
conchae
AO5177 Nasal 39.2 nd nd
conchae

35 nd: not detected; -: not tested
36

37
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38  Table S7: Primer and probes used to detect genomic RNA and sgRNA from SARS-CoV-2 ORF7a

[ sequence (5°-3") | position* | amplicon
RdRp gene / nCoV_IP4 (https://www.who.int/docs/default-source/coronaviruse/real-time-rt-pcer-
assays-for-the-detection-of-sars-cov-2-institut-pasteur-paris.pdf?sfvrsn=3662fcb6_2)
nCoV_IP4- 107 bp
14059Fw GGT AAC TGG TAT GATTTC G 14080-14098
nCoV_IP4-
14146Rv CTG GTC AAG GTT AAT ATA GG 14186-14167
nCoV_IP4-
14084Probe(+) FAM-TCATACAAACCACGCCAGG-BHQ-1 14105-14123
sgRNA ORF7a
sgRNA-Lead-2F | CCA GGT AAC AAACCA ACCAACT 20-41 133bp
sgRNA-ORF7a-
2R ACC TCT AAC ACA CTC TTG GTA G 27471-27450
sgRNA-ORF7a- | FAM-TCT TGG CAC TGA TAA CAC TCG CTA
2FAM CT-BHQI 27410-27435

39  *position according to accession number NC_045512

40
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41  Fig. 81
Vaccination Blood
collection Challenge Swab  End of study
NaCl (Sham)
=10
10° BavPat1
108 FI-Virus+Alum
ﬁ =20 §§ E
f ‘ 105 B.1.351
ﬁ ’ ég
/ﬁ 2ug CV2CoV
8ug CV2CoV
=20
day 0
day 0= prime
day 284 boost gg;gg day 59 day 63 day 69
42

43 Fig.S1. Experimental design. K18-hACE2 mice were either vaccinated at day 0 (prime) and day 28
44 (boost) i.m. with 20pl of 8pg CVnCoV, 0.5pg CV2CoV, 2ug CV2CoV, 8ug CV2CoV or received 20pul
45  NaCl (Sham) or 20ul of 10° TCIDsy FI-Virus+2%Alhydrogel® in PBS which served as control groups.
46 Blood samples were collected at day 0, day 28 and day 55. Mice were either challenged with 10° SARS-
47  CoV-2 BavPatl (Sham n=4, FI-Virus n=10, CVnCoV n=10) or 10° B.1.351 (Sham n=5, FI-Virus n=10,
48  CVnCoV n=10) at day 59 for a total of 10 days. An oral swab was taken at day 4. Viral load was
49  determined in selected organs at day 10 or when animals reached the humane endpoint of the study.

50  Image was generated using the illustration software Biorender (Biorender.com)

51

52
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53 Fig. S2
= "

" : = o o grdrbor

55

56  Fig.82 Cell culture passage of the VOC B.1.351 NW-RKI-I-0028 strain did not alter genome
57  sequence of the challenge virus stock L4550. All characteristic mutations of VOC B.1.351 (upper
58  panel) were detected in the deeply sequenced stock of the challenge virus B.1.351 NW-RKI-I1-0028
59  (L4550) as marked by red asterisks. Additional alterations for the B.1.351 NW-RKI-I-0028 and NW-
60  RKI-1-0029 strains and L4550 cell culture passage are shown (lower panel). Mean coverage of the virus
61  genome sequence of L4550 was 13,184 (+ 7,958.4) reads. No single nucleotide polymorphism variants
62 were detected in the mutations (L18F, DBOA, D215G, deletion De241-243, K417N, E484K, N501Y,

63  A701V) and in the cleavage site of the spike glycoprotein.
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Fig. S3 CVnCoV and CV2CoV protect K18-hACE2 mice against SARS-CoV-2 variants BavPatl

and B.1.351. K18-hACE2 mice were vaccinated and challenged with SARS-CoV-2 variants BavPatl

or B.1.351 as indicated in Fig. 1. (A, C, E, G, I, K) Body weight and (B, D, F, H, J, L) clinical score
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and emerging B.1.351 SARS-CoV-2

for K18-hACE2 mice in the (A and B) SHAM, (C and D) FI-Virus, (E and F) CVnCoV, (G and H)
CV2CoV 0.5ug, (G and H) CV2CoV 2ug, and (G and H) CV2CoV 8ug groups was monitored daily.
Lines represent individual animals over the course of the experiment (BavPatl = green; B.1.351 =

red).
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V. DISCUSSION

Wild-life and livestock species are an unendingly reservoir for pathogens, of which a steadily
growing fraction are associated with human infections. Such zoonoses are, according to OIE,
responsible for approximately 60% of human infectious diseases per year and around 75% of
newly emerging infectious diseases have a zoonotic origin (OIE, 2021). Also, for SARS-CoV-2
the origin is located in a wildlife population, and the virus found its way into human population

via inter-species transmission (Holmes et al., 2021).

The past months of the COVID-19 pandemic have demonstrated primacy of scientific findings
to combat the consequences of a global SARS-CoV-2 spread for individuals, societies, nations,
and the environment including various animal species. A great variety of questions have
become important, of which three aspects are further illuminated in this thesis. First, the
susceptibility of elected animals for SARS-CoV-2 infection was analyzed in experimental
inoculation-studies; second, emerging SARS-CoV-2 variants were analyzed and characterized
in comparison to precursor variants in a competitive transmission experiment in different
animal models; and third, an infection-challenge study for vaccinated, highly permissive,

animals was established, in order to test vaccine candidates.

Objective I: Testing different animal species for their susceptibility towards infection with SARS-

CoV-2. — Publication | & II

One critical aspect of the COVID-19 pandemic is the susceptibility of livestock-species towards
SARS-CoV-2 infection (Mallapaty, 2021b). For various infectious diseases affecting humans,
livestocks’ role in disease dynamics is evidenced, e.g. poultry and swine in Influenza-A virus
spread, ruminants for Q-fever, or dogs and bats for rabies (Yassine et al., 2013, Shi et al., 2018,
Sun et al., 2020a, Mancera Gracia et al., 2020, Van den Brom et al., 2015, Vega et al., 2020).
Apparently, these species do not play a role for SARS-CoV-2 spread, still, the risk for farm-
animal or wildlife species to harbor and replicate SARS-CoV-2 is not banned (Schlottau et al.,
2020, Shi et al., 2020). Indisputable, SARS-CoV-2 permissive animal species, which show high
susceptibility and establish efficient transmission chains, would fuel human SARS-CoV-2 cases.

Hence, it is of utmost importance to identify susceptible animals. Here, susceptibility and
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potential to act as SARS-CoV-2 reservoirs or as an animal model was analyzed, for two relevant

animal species: cattle and bank voles.

Prerequisites for infectivity would be a contagiosity of SARS-CoV-2 in these species, and
efficient intra-species transmission among predisposed populations. To test for natural
susceptibility, a study must modulate natural exposure to a pathogen along predisposed
transmission routes. In the present work, this could be achieved, by intranasal application of
virus-containing droplets, or suspension, which is the natural route for respiratory pathogens

and droplet-, or aerosol-based shedding (CDC, 2021e, WHO, 2020d).

Cattle, with an estimated population of 1.5 billion, is an important livestock species in many
culture areas (FAO, 2010). Close proximity between cattle and humans has e.g. facilitated
species-jump of the human CoV 0OC43 from a rodent-reservoir, via the cattle intermediate
host, to humans (Corman et al., 2018). Besides, cattle are affected in a large scale by Bovine
CoV (BCoV), a betacoronavirus (Vlasova and Saif, 2021). Both raising concerns about cattle’s
susceptibility for SARS-CoV-2, but also about their potential to serve as an intermediate host-

like recombination-vessel, or a new reservoir for human infections.

Although two out of six cattle in the presented study were infected with SARS-CoV-2, presence
of viral genome in collected specimen was only short-termed, and at relatively low rates.
Specific antibodies were detected in these respective animals. Genome and antibody
detection in only these two animals are indicative for a real replication, and pure sero-reaction
due to contact to a non-replicating agent is not very likely. However, transmission to non-

inoculated contact animals was not observed (see Publication I).

Interestingly, at least one animal was actively infected with BCoV at the time of the trial, and
all animals showed sero-reactivity against BCoV. However, obvious clinical signs could not be
observed. Actually, the very two cattle, which were SARS-CoV-2 genome positive did not show
arelevant increase in anti-BCoV titers and the animal, which was tested BCoV-positive had no
detectable SARS-CoV-2 genome. Furthermore, the animal showing the most drastic increase
in specific anti-BCoV response was a contact animal, which remained SARS-CoV-2-negative
during the whole experiment. Conclusively, together with lack of clinical signs upon BCoV or
SARS-CoV-2 infection, there is no hint at a recombination event in any of the animals.
Ultimately, it could be shown, that neither a high anti-BCoV titer could prevent, nor a low anti-

BCoV titer could favor SARS-CoV-2 infection. Taking these findings together, there was no
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indication for an antigenic-recombination between these two closely related viruses, nor

evidence for any substantial serological cross-reactivity.

Besides livestock, also wildlife species might act as a reservoir host for human SARS-CoV-2
cases. Knowing about the high susceptibility of deer mice in the U.S., a close relative, the
European bank vole, was considered a highly permissive candidate for endemic infections
(Griffin et al., 2021, Fagre et al., 2021). Bank voles are among the most populous mammals in
Europe and an important reservoir species for infections with zoonotic cowpox virus, hanta

viruses, and tick-borne encephalitis virus (Stoltz et al., 2011).

In the presented study, all eight directly inoculated bank voles were tested positive for SARS-
CoV-2 genome. Frequency of positive swabs varied depending on time and the respective
sampling site. Oral and nasal swabs exhibited the highest genome loads. Sporadically swabs
from the circum-anal region also tested positive, however reflecting higher cg-values
(quantification cycle) only. Irregular pattern and occurrence of SARS-CoV-2 genome in these
swabs resulted most likely from carry-over from the genome-contaminated litter to the fur,
or grooming behavior, which could also account for carry-over of viral genome from the oral
cavity to the respective body regions. However, the virus load in nasal tissue of one bank vole
was sufficient to re-isolate infectious virus (see Publication Il). Scenarios of transmission from
SARS-CoV-2 infected predators, such as a pet-cat, or naturally infected Mustelidae-species,
also endemic in bank vole habitats, to an index-bank vole seem possible. But, due to the lack
of intra-species transmission in this study, the risk for SARS-CoV-2 to become endemic among

bank vole populations is very low.

Besides deer mice, high susceptibility of mink and white tailed deer towards SARS-CoV-2
infection has been described; efficient SARS-CoV-2 intra-species transmission was reported
for these species and also zoo-anthroponotic mink to human spill-over infections (Chandler et
al., 2021, Palmer et al., 2021, Oude Munnink et al., 2021, Chaintoutis et al., 2021). Opposing
cattle and bank voles to these species draws a more diverse picture: although the bank vole
shows a higher permissiveness for infection than cattle, because each inoculated individual
became infected, genome was detected only at marginal levels, hence for bank voles the
probability of SARS-CoV-2 spread does by far not reach that of deer mice or white-tailed deer.
In bank vole turbinalia, however, low-level genome detection was prolonged. Still, what is

most important: intra-species transmission was not observed for either cattle or bank voles.
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Though just this must be considered the crucial linchpin to elevated susceptibility and
enduring spread of SARS-CoV-2 in these putative reservoir populations. Also, the capability of

both species as models for SARS-CoV-2 infections is limited.

Because of their low “overall susceptibility”, it must be denied that cattle farming can play an
analog role as mink holdings do for SARS-CoV-2 spread; the same is true for other relevant
livestock animals like chicken, ducks and pigs (Schlottau et al., 2020, Shi et al., 2020).
Nevertheless, targeted sero-surveillance studies using e.g. multispecies SARS-CoV-2 antibody
tests (Wernike et al., 2021) are recommended especially for cattle populations in order to
exclude any adaptation of the virus and its spread. Furthermore, since experimental infection
data are missing, field studies about the seroprevalence of European deer species like roe

deer, fellow deer and red deer are suggested.

Even though bank voles and cattle seem neglectable in COVID-19 outbreak dynamics, the
latter appear to be eligible for post-outbreak investigation. In high-density cattle population
areas, they might serve as an indicator for a high-level prevalence of SARS-CoV-2 among
humans. Likewise, screening for SARS-CoV-2 antibodies in bank voles, which are caught within
rodent surveillance programs should be taken into consideration, as an early indicator for

SARS-CoV-2 circulation among wild predator species.

Objective Il: Characterization of SARS-CoV-2 variants in a multi-step, competitive transmission

trial in different animal species. — Publication lll & IV

Emerging so-called SARS-CoV-2 variants (of concern / interest, VOI/VOC) made the human
COVID-19 pandemic much more diverse. This is particularly concerning because some variants
are associated with altered biological traits such as preferential transmission, immune escape,
or a changed immunogenic profile, and because clinical disease severity and hospitalization
rates are associated with the variants’ spread (Planas et al., 2021, Dyson et al., 2021, Twohig
et al., 2021). Yet, variant characterization is hardly keeping step with variant emergence and
spread. Self-evident, early experimental characterization of variants would gain valuable time,
improve preparedness plans, and ease the development of optimized vaccines. In the
discussed work, variant characterization was attempted with a multi-species, competitive

transmission animal study.
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A hierarchically designed set with the transgenic mouse model, expressing human ACE2
(hACE2), the Syrian hamster, and the ferret, was used for in-vivo fitness characterization of
SARS-CoV-2 variants. Using co-inoculated donor animals, and matching them with
transmission animals 1:1, allows evaluation of clinical and virologic features. Furthermore, the
highly important questions of transmission and replicative dominance (“viral fitness”) can be

addressed; this was even possible over a two-passage transmission chain.

On a global scale, the first variant to replace the precursor strain, was characterized by a point
mutation in S at amino acid position 614 (S-614), with an exchange from aspartic acid (D) to
glycine (G) (Korber et al., 2020). While rather slight advantages for S-614G were observed in-
vitro, the in-vivo studies described in this thesis provide clear evidence for a marked fitness
advantage of S-614G, as compared to S-D614. All applied animal models underlined the
dominant replication and transmissibility of S-614G, and all data point to the great importance
of this mutation, which should actually mark the first VOC (see Publication Ill). Yet, SARS-CoV-
2 variants are not limited to the D614G exchange: The Alpha, Beta, Gamma, and Delta variant

arose subsequently, all carrying, beside others, the initial S-614G mutation.

Two VOCs, the Alpha and the Beta variant, were also tested in this study in-vitro and in-vivo
by a similar approach. However, contrary to S-614G, in-vitro approaches were not as efficient
in portraying fitness differences of the Alpha or Beta VOC versus the S-614G variant. To
overcome these issues, again the animal models were used. In the hACE2 mouse model,
dominance of Alpha over S-614G could be demonstrated, likewise in ferrets. Findings of the
hamster model, however, were less clear cut: either variant was transmitted to contact
animals and no clear advantage of one variant could be observed in directly inoculated
animals. Yet, animals where Alpha was dominant had a higher probability to die from
infection. On the other hand, the hamster model has revealed its advantages for testing the
Beta variant against S-614G and Alpha: as also observed during the human COVID-19
pandemic in the field, the Beta VOC did not manage to become dominant in direct competition
with the other variants. Additional to nasal shedding data, viral loads in the respiratory tract
organs were determined, which mainly underlined the shedding and transmission results.
Although some animals had a diverging ratio of two variants between the upper and the lower
respiratory tract tissue, it could be shown, that for transmission and “overall-dominance” the

virus ratio in the upper respiratory tract is relevant. For the clinical outcome, however, the
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viral loads and induced cellular reactions in lower respiratory tract tissue seem to be critical,
as one hamster, although S-614G was dominant in the upper respiratory tract, and dominantly

transmitted, died due to large loads of Alpha in the lungs (see publication IV).

With this approach, limitations of in-vitro — only testing and characterization of SARS-CoV-2
variants become apparent. As demonstrated here, reliable modeling of variant fitness, can be
achieved with a broad range of competitive transmission studies in multiple animal models
only. Here, also high permissiveness for SARS-CoV-2 of the used species comes into account
but also their individually varying susceptibility. Syrian hamsters are e.g. suitable to carve out
major fitness advantages of one SARS-CoV-2 variant over another only. They might somewhat
act like human “super-spreaders”, which replicate SARS-CoV-2 to very high titers, and spread
it very efficiently. They also act as a model for severe human disease with a quite high rate of
animals showing severe disease progression or even fatalities (Francis et al., 2021). Ferrets,
and also hACE2 expressing mice, however, seem to be a little more delicate when choosing
between two variants, as they can bring out fitness advantages of two variants that are less
drastic and that cannot be differentiated with the Syrian hamster model. Coming back to these
bottleneck-models seems necessary, if a more balanced fitness of two variants can be

observed in the hamster model.

Single virus infections in animals, or approaches without contact animals, do not manage to
underline the full range of variant’s fitness, as only single aspects can be illuminated
(Mohandas et al., 2021, Abdelnabi et al., 2021). However, there is a possibility that this set of
animal models might not be final and best-fitting, since with ongoing evolution of SARS-CoV-
2 in humans, an increasing adaptation to “human conditions” must be expected. A second
aspect is that data on dual co-infections of SARS-CoV-2 variants in humans is still limited and
their frequency might be overestimated (Zhou et al., 202143, Liu et al., 2021b, Lythgoe et al.,
2021, Valesano et al., 2021). Hence, the chosen approaches might be a little bit artificial in this
respect —although modulation of SARS-CoV-2 variant’s dominance was successful this far, and
other international groups have adopted this approach (Port et al., 2021, Mok et al., 2021).
Both, the growing adaptation to humans and the picayune artificial character of the
experiments, might also explain some unanticipated results, as equal fitness of the initial S-

614G strain and the Alpha VOC in hamsters (see publication IV).
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Regardless, with a balanced combination of these complementary models up the sleeves of
SARS-CoV-2 research, a valuable and reliable tool for variant characterization and fitness
modeling has been established. This is surely boosting the understanding and risk-analyses of
emerging variants, in parallel, or even ahead of their global spread, which ultimately supports

disease-preparedness.

Objective lll: Developing a challenge-trial in highly SARS-CoV-2 susceptible animals for safety

and efficacy testing of promising vaccine-precursors. — Publication V

Despite unprecedented effort in COVID-19 control, SARS-CoV-2 has spread globally, scotching
all international pushes (Dong et al., 2020a, WHO, 2021a). Only a potent COVID-19 vaccine is
considered to noteworthy breach the pandemic and allow societies to catch up with the virus
(Harris et al., 2021, Shah et al., 2021, Rossman et al., 2021, Victora et al., 2021, Gavin and
Dabrera, 2021).

While advantages of a COVID-19 vaccine are indisputable, licensing of a vaccine is rightly
associated to grand and strict requirements, which have to be met by a vaccine candidate
(Wagner et al., 2021, Baylor and Marshall, 2013). This includes safety of the vaccine in the first
place: vaccine-related, severe side-effects must be excluded. Secondly vaccine efficacy must
be experimentally confirmed. Criteria for effectiveness of a vaccine reach from reducing the
amount of shed pathogen, to shortening the shedding interval, to reducing disease severity in
vaccinated individuals, or even preventing clinical disease, just to a sterile immunity, that
prevents either infection itself, limits pathogen replication to its entry site, or inhibits
transmission of the pathogen to another susceptible individual (Hodgson et al., 2021).
Naturally these first safety and efficacy testings need to be performed in animal models (FDA,
2021). Animals accounting for such vaccine testing, need to show a high permissiveness for
SARS-CoV-2 infection on one hand; on the other hand, infection in these animals should be

well characterized.

Under these preconditions, transgenic K18-hACE2 mice were chosen to test different
precursor mRNA vaccine candidates (Gan et al., 2021, Lee et al., 2021). Not only because these
mice show a very high susceptibility towards SARS-CoV-2 infection with well characterized,

lethal disease outcome, but also because they are an easy-to-handle animal model, which can
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be analyzed in large numbers. Additionally, K18-hACE2 mice develop very severe clinical signs
upon SARS-CoV-2 infection, facilitating clinical evaluation using a pre-defined scoring system,
including e.g. documentation of body weight changes (Winkler et al., 2020, Yinda et al., 2021,
Sun et al., 2020b). However, the clinical signs and the disease outcome are also driven by the
artificial infection, and a strong cytokine response in the brain of these mice, which is a
consequence of the over-expression of the hACE2-receptor (Carossino et al., 2021, Chen et

al., 2020, Oladunni et al., 2020, Kumari et al., 2021).

Two vaccine preparations in different concentrations were tested for their safety and efficacy
in transgenic immunized K18-hACE2 mice in comparison to non-vaccinated control animals
and a vaccine consisting of inactivated virions. The animals were vaccinated in a prime-boost
regime with 28 days between the vaccinations, followed by challenge on day 59 with either a
reference SARS-CoV-2 isolate or VOC Beta. The deployed challenge dose was chosen quite
high, to firstly guarantee for infection and secondly kill unprotected, naive mice after such a

challenge infection.

With this approach, clinical evaluation of the vaccinated, and challenged mice becomes
possible and could be demonstrated in the presented study. Vaccine-related side effects were
not evident, and clinical signs of SARS-CoV-2 infection were not observed in vaccinated mice
post-challenge. All vaccinated mice had a 10-day survival of 100% following challenge
infection. Furthermore, serologic responses of vaccinated and challenged mice were
evaluated by collecting a small blood sample from the animals, which showed, that each
vaccinated mouse developed detectable anti-SARS-CoV-2 serum antibody titers before

challenge infection (see publication V).

To gain evidence on the efficacy of the tested vaccine, not only clinical features, but also viral
shedding was evaluated by a regular swabbing routine. Additionally, viral loads in organs of
sacrificed animals were determined. Comparing these findings between vaccinated and non-
vaccinated animals allowed conclusions on how reliably a vaccine can prevent infection and
transmission, but also systemic dissemination of a pathogen. Here, it was shown, that viral
shedding could not be detected by oral swabbing, which hints at sterile immunity. However,
in some organ samples residual viral RNA was found at very low levels. To test for the presence
of replicating virus, these samples were retested, to detect subgenomic RNA. Since in most

samples subgenomic RNA was not present, it can be assumed, that replication either did not
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occur in these tissues, or only at a very basal level (Wong et al., 2021). Anyway, this falsifies
the initial assumption, that vaccination led to a complete sterile immunity — anyhow virus

shedding was suppressed.

Furthermore, vaccine efficacy was compared to sham-vaccinated animals, to guarantee for
the virulence of the challenge virus, and animals, which had received a non-commercial,
formaldehyde inactivated whole virus preparation to ensure that the observed effects can be
led back to vaccination with the candidate mRNA vaccines. Interestingly, sham vaccinated and
Beta-challenged mice developed a slower disease progression and challenge infection was less
lethal on a group level, than for the respective mice, which were challenged with the reference

SARS-CoV-2 isolate (see Publication V).

With the presented vaccination-challenge k18-ACE2 mouse model, safety and efficacy, also
regarding development of a sterile immune response, of promising COVID-19 vaccine
candidates can be reliably tested in a standardized, highly permissive, easy-to-handle animal
model, before starting clinical studies in humans. The possibility to test vaccines against
emerging SARS-CoV-2 variants adds further importance to this animal model (Abdool Karim
and de Oliveira, 2021). However, it has to be mentioned that this highly valuable mouse model
is very reactive and very high antibody titers can be observed following double immunization.
Therefore, the dosages should be adapted as it was also done in other SARS-CoV-2-studies

with transgenic mice (Liu et al., 2021a).

Concluding remarks

Animal models are of high importance and relevance in zoonoses research. The same holds
true also for the COVID-19 pandemic, and animal models are crucial at different stages of the
pandemic. Initially, the susceptibility of different species for SARS-CoV-2 is a topic of interest.
Concomitant with these first steps, SARS-CoV-2 infection is characterized in animal models,
and the field is extended to characterization of SARS-CoV-2 variants. Ultimately, animal
models are needed to test specificimmunoprophylactic and antiviral strategies, and therapies
against SARS-CoV-2. The different animal models and approaches presented in this thesis
support research progression with a comprehensive contribution employable at any stage of

the pandemic.
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VI. SUMMARY

High consequence severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the
youngest among known human coronaviruses. SARS-CoV-2 may cause severe disease in
humans (COVID-19) and has affected every-day life in an unprecedented manner. Total
number of cases and fatalities have reached an inconceivable level within only two years after
the index case and are still increasing. The zoonotic SARS-CoV-2 has emerged in an animal
reservoir and was transmitted to humans, triggering a pandemic wave. Besides humans, also
some animal species have shown very high susceptibility towards infection with SARS-CoV-2,
which can also lead to severe clinics in these species. Another major factor in COVID-19
pandemic is the continuing evolution of the virus and the ongoing emergence of new viral
variants. The first year of the pandemic with its undamped SARS-CoV-2 spread has
accentuated the importance for countermeasures to temper further dissemination and
protect humans — most ideally with potent vaccines. Additionally, an improved understanding
of SARS-CoV-2 biology, evolution, and emergence will be eminent to substantiate efficient
control of COVID-19. Animal models are a substantial cornerstone on which research efforts
are based. They are unexcelled to modulate pathogenesis and epidemiology of SARS-CoV-2 in
a true-to-life approach. This cumulative thesis introduces, establishes, discusses, and
synergizes three experimental settings in different animal models, to substantially add to
knowledge in indexing animals’ susceptibility for SARS-CoV-2, characterizing SARS-CoV-2

variants of concern, and testing vaccine-candidates.

Species susceptibility towards infection with SARS-CoV-2 was tested in an experimental
transmission study, with directly inoculated donor animals. To test for transmission, virus-
naive contact animals were co-housed one day post inoculation. Subsequently, all animals
were checked for clinical signs and relevant clinical specimen were collected. With this
approach, SARS-CoV-2 infection in cattle and bank voles was tested. Both species revealed a
very low susceptibility for this pathogen and transmission to in-contact conspecifics was not

observed albeit bank voles’ susceptibility is considered marginally higher than that of cattle.

In further studies, the fitness of virus variants, defined by replication efficiency and
transmissibility, was characterized. In a competitive transmission experiment, one donor

animal was experimentally co-inoculated with two variants simultaneously; thereupon each
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donor was cohoused with a naive transmission animal; for some variants, also second cycle
transmission to another direct contact animal was investigated. Ferrets, transgenic hACE2
mice, and Syrian hamsters were used in the different experiments. With these models,
dominance of the S-614G or the Alpha variant over precursor virus S-D614 and the Beta

variant could be demonstrated.

Finally, the safety and efficacy of SARS-CoV-2 mRNA-vaccines were tested in an immunization-
challenge trial. Groups of K18-hACE2 mice were challenged with two different SARS-CoV-2
variants after a prime-boost vaccination regime. With this model, a suitable approach to test
vaccine safety and efficacy in a highly susceptible animal model was established; furthermore,
the vaccine candidate itself was successfully tested, and the virulence of the different SARS-

CoV-2 variants, which were used for challenge, could be evaluated.

Challenges in SARS-CoV-2 / COVID-19 pandemic are manifold. With the presented bundle of
animal models for SARS-CoV-2 research, however, a profound base for the future, when we
will need to cope with this pathogen, is set. Further questions will arise addressing reservoir
species and the susceptibility of animals towards new SARS-CoV-2 variants, but also the risk-
potential of further emerging variants. These experimental approaches can then easily be
adapted to modified conditions and problems. When, hopefully, the quest for potent vaccines
will even speed up and also new approaches and strategies for vaccination are pursued,
reliable immunization-challenge models as presented in this study are of utmost importance.
With these promising experimental approaches, mankind is forearmed to pit against the

forces of SARS-CoV-2.

1. ZUSAMMENFASSUNG

Das severe acute respiratory syndrome coronavirus 2, SARS-CoV-2 (schweres, akutes,
respiratorisches Syndrom Coronavirus 2) ist der jiingste Vertreter der bekannten Coronaviren
des Menschen und Ausloser der coronavirus disease-19, COVID-19 (Coronavirus Krankheit
2019). SARS-CoV-2 kann bei Infizierten schwerwiegende Erkrankungen ausldsen und hat das
gesellschaftliche Leben in bis dato unbegreiflichem Ausmall gewandelt. Die noch immer
steigenden Erkrankungs- und Todeszahlen haben in den lediglich zwei Jahren nach Diagnose
des ersten Indexfalles unvorstellbare Hohen erreicht. Als zoonotisches Virus entstand SARS-

CoV-2 urspriinglich in einem Tierwirt, ist dann auf den Menschen lbergesprungen, und hat
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damit die Pandemie ins Rollen gebracht. AuBer dem Menschen zeigen auch einige Tierarten
eine sehr hohe Empfanglichkeit flr dieses Virus —teilweise 16st es auch beiihnen sehr schwere
klinische Verlaufe aus. Ein sehr wesentlicher Treiber der Pandemie ist die standige Evolution
neuer Virusvarianten. Die ersten Monate der SARS-CoV-2 Pandemie haben bewiesen, dass
sich das Virus fast ungehindert verbreiten kann und daher weitere GegenmaRnahmen
ergriffen werden miissen, um den Menschen zu schiitzen - im besten Falle durch Impfungen.
Dennoch ist gerade eine verbesserte Kenntnis der SARS-CoV-2 Virusbiologie und seiner
Entstehung grundlegend fiir eine erfolgreiche Bekdampfung. Dafiir sind Tiermodelle eine
unersetzliche Grundlage. Tierversuche dienen in besonderer Weise der Erforschung der
Viruspathogenese und Epidemiologie in einem Organismus. Diese kumulative Doktorarbeit
stellt drei unterschiedliche experimentelle Tierversuchsansatze fir die SARS-CoV-2 Forschung
vor, um einerseits die Empfanglichkeit unterschiedlicher Tierarten fiir SARS-CoV-2 zu
bestimmen, neue Varianten zu charakterisieren und andererseits ein Tiermodell zur Testung

von Impfstoffkandidaten zu etablieren.

Die Empfanglichkeit unterschiedlicher Tierarten fiir SARS-CoV-2 wurde in einer
Transmissionsstudie mit experimentell inokulierten Donortieren und virus-negativen
Kontakttieren, auf die das Virus moglicherweise (ibertragen wird und die einen Tag nach
Inokulation zugestallt werden, ermittelt. Alle Tiere wurden regelmaRig klinisch untersucht und
beprobt. Auf diese Weise wurde die Empfanglichkeit von Rindern und Rételmausen getestet.
Obschon die Empfanglichkeit beider Arten sehr gering bzw. gering war und das Virus nicht auf
Kontakttiere Uibertragen werden konnte, zeigten RoOtelmduse eine etwas hohere

Empfanglichkeit als Rinder.

In einem weiteren experimentellen Ansatz wurde die Fitness von Virusvarianten, definiert
durch replikative Dominanz und praferierte Ubertragbarkeit, getestet. Hierfiir wurde jeweils
ein Donortier gleichzeitig mit einem Gemisch zweier Varianten ko-inokuliert. Kontakttiere
wurden zugestallt und in einigen Teilversuchen auch ein zweites Kontakttier, um
Infektionsketten simulieren zu kénnen. Die Versuche an Frettchen, transgenen hACE2-
Mausen und Goldhamstern konnten eine Dominanz der S-614G und der Alpha Variante

gegenlber der Ursprungsvariante S-D614 und auch der Beta Variante nachweisen.

AulRerdem wurde ein Infektionsmodell an K18-hACE2 Méausen etabliert, um die Sicherheit und

Wirksamkeit von SARS-CoV-2 mRNA Impfstoffkandidaten zu untersuchen. Nach Erst- und
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Summary

Zweitimpfung wurden die K18-ACE2 Mause experimentell mit jeweils einer von zwei
Virusvarianten infiziert. In diesem Versuch konnte gezeigt werden, dass der Impfstoffkandidat
sowohl sicher als auch wirksam war. Dartiber hinaus konnte die Virulenz der verschiedenen

verwendeten SARS-CoV-2-Varianten bestimmt werden.

Die durch SARS-CoV-2 / COVID-19 ausgelosten Herausforderungen sind vielfaltig. Die
unterschiedlichen in dieser Arbeit vorgestellten Tiermodelle fiir die SARS-CoV-2 Forschung
tragen diesem Umstand Rechnung und bilden eine gute Grundlage, um sich in Zukunft
erfolgreich mit dem Virus auseinandersetzen zu kdnnen. Die in dieser Arbeit etablierten
Tiermodelle kdnnen ohne Weiteres an zukiinftige Fragen nach der Empfanglichkeit und dem
Gefahrenpotential weiterer Varianten angepasst werden. Zusatzlich ist ein zuverlassiges
Modell zur Impfstofftestung nach dem Muster des hier vorgestellten besonders hilfreich, um
die Impfstoffentwicklung weiter zu beschleunigen und bei der Suche nach optimierten
Vakzinen zu unterstitzen. Insbesondere mit diesem vielfdltigen wissenschaftlichen Riistzeug

wird man den Herausforderungen von SARS-CoV-2 begegnen kdnnen.
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VIIl. APPENDIX

1. LIST OF FIGURES
Figure 1: Virion structure of SARS-CoV-2.

Figure 2: SARS-CoV-2 genome organization and annotation of ORFs.

Figure 3: lllustration of the set of sub-genomic RNAs in a SARS-CoV-2 diagnostic sample and

their frequency.

Figure 4: Overview of SARS-CoV-2 cellular entry, replication, and egress.

2. LEGAL PERMISSIONS

Figure 1: Permission for reuse was granted under license no. 5155561007410 from Copyright

Clearance Center.

Figure 2: Permission for reuse was granted under license no. 5155830931333 from Copyright

Clearance Center.
Figure 3: Reuse is licensed under the Creative Commons Attribution 4.0 International License

Figure 4: Permission for reuse was granted under license no. 5155561007410 from Copyright

Clearance Center.

Review article: Permission for reuse by the author was granted under license no.

5158610889476 from Copyright Clearance Center.

Publication | & II: The Centers for Disease Control and Prevention, publisher of Emerging
Infectious Diseases, are a U.S. governmental institution and content are in public domain.

Reuse does not require permission.
Publication IIl: Springer Nature grants permission for reproduction to the author.

Publication IV: Reuse is licensed under a Creative Commons Attribution 4.0 International

License ( http://creativecommons.org/licenses/by/4.0/ ).

Publication V: Reuse is licensed under a Creative Commons Attribution 4.0 International

License ( http://creativecommons.org/licenses/by/4.0/ ).
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3. LIST OF ABBREVIATIONS

Abs.
ACE2
BCoV
CoV
COVID-19
COX-2
cq

CT

D
DMV
doi

ECMO
e.g.
ERGIC
etal.

FAO

HCoV
ICTV
K18
kb

M
MERS-CoV
N

nsp
NTD
OIE
ORF
pH

Absatz

angiotensin - converting enzyme 2
bovine coronavirus

coronavirus

coronavirus disease-2019
cyclooxygenase-2

guantification cycle

computed tomography

aspartic acid

double membrane vesicle

digital object identifier

envelope protein

extracorporeal membrane oxygenation
exempli gratia

ER-Golgi intermediate compartment

et alii / et aliae

Food and Agriculture Organization of the United Nations
glycine

human coronavirus

International Committee on Taxonomy of Viruses
keratin 18 promoter

kilobase

membrane glycoprotein

Middle East respiratory syndrome—-related coronavirus
nucleocapsid protein

non-structural protein

N-terminal domain

Office international des epizooties

open reading frame

potential hydrogenii
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RBD

(r)ER
(m)RNA
RTC

S

S

S2
SARS-CoV
SARS-CoV-2
TMPRSS2
UTR

\ele

VOI

WHO

Appendix

polyprotein

receptor binding domain

(rough) endoplasmic reticulum

(messenger) ribonucleic acid
replication—transcription complex

spike protein

spike protein subunit 1

spike protein subunit 2

Severe acute respiratory syndrome coronavirus
severe acute respiratory syndrome coronavirus 2
transmembrane protease serine subtype 2
untranslated region

variant of concern

variant of interest

World Health Organization
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