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Abstract

The cell surface proteins of SARS CoV-2, including the spike protein containing the
neutralisation epitope, are constantly changing, which can cause changes in infectivity and
the effectiveness of protective antibodies. The latter is thought not to have happened yet. A
host change is also suspected for the Russian flu that spread in the 1800s, which is thought
to have been caused by the bovine coronavirus. It is now a possible cause of upper respiratory
tract infections in autumn and winter. We originally intended to neutralise sera from the first
wave of COVID-19 with a bovine coronavirus, but despite repeated attempts to isolate the
virus, we were unsuccessful. A new study was performed with a sample from a male patient
with a history of the disease who had been vaccinated three times but still showed symptoms
of COVID-19. The SARS CoV-2 virus (negative for other upper respiratory pathogens)
isolated from the nasal swab was used to neutralise sera from the first wave. Cytopathogenic
effects were observed compared to expected. It is assumed that there was no association
between the virus and the sera. A PCR for nucleocapsid was positive, but testing of a region
of the gene encoding the spike protein was negative. The virus is currently undergoing whole

genome sequencing.



Absztrakt

A SARS CoV-2 sejtfelszini fehérjéi — beleértve a neutralizacids epitopot tartalmazd
tiskefehérjét is— folyamatosan valtoznak, ami a fertézOképességésa védo
ellenanyagok hatdsossdganak valtozasat okozhatja. Ez utobbi vélekedések szerint nem
tortént még meg. Gazdafajvaltast feltételeznek az 1800-as években terjedd orosz
influenzarol is, melyet feltételezhetden a szarvasmarha coronavirusa okozta. Jelenleg az
Oszi-téli 1ddszak felsd léguti fertdzéseinek egyik lehetséges okozoja. Eredetileg
vizsgalataink soran a COVID-19 elsé hullamabol szarmazo vérsavokat egy szarvasmarha
coronavirussal szandékoztunk neutralizalni, de a virus izolaldsa tobbszori probalkozas
ellenére is sikertelen maradt. Ujabb vizsgalatot végeztiink, egy, a kordbban mar betegségen
atesett és harom alkalommal vakcinazott, ennek ellenére a COVID-19 tiineteit mutato férfi
beteg mintdjaval. Az orrtamponbol izoldlt SARS CoV-2 virus (egyéb felsdléguti
megbetegedést okozod patogénekre negativ) mintaval az elsé hullamabol szarmazo
vérsavokat neutralizaltuk. A varthoz képest sejtlekerekedést tapasztaltunk. Feltételezhetoen
a virus €s a savok kozott kapesolat nem alakult ki. A nukleokapszid kimutatasara elvégzet
PCR pozitiv, még a tiiskefehérjét kodold gén egy szakaszénak vizsgalata negativ eredményre

vezetett. A virus jelenleg a teljes genomszekvenalason esik at.
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1. List of Abbreviations

Abbreviation

ACE2
BCoV
BPI-3

CPE
COVID-19
CoV

E

EID

FBS

HCoV

HE
HKU1-CoV
M

MDBK
MERS-CoV
MHV

N

NEBIH ADI
NIAID

PBS

PCR

S
SARS-CoV-2
TCID50
TGEV

Vero

WHO

Definition

Angiotensin-Converting Enzyme 2

Bovine CoronaVirus

Bovine Parainfluenzavirus-3

Cytopathogenic Effect

Coronavirus Disease 2019

CoronaVirus

Envelope

Emerging Infectious Diseases

Foetal Bovine Sera

Human CoronaVirus
Haemagglutinin-Esterase

Human CoronaVirus HKU1

Membrane

Madin-Darby canine kidney cells

Middle East Respiratory Syndrome

Mouse Hepatitis Virus

Nucleocapsid

National Food Chain Safety Office

National Institute of Allergy and Infectious Diseases
Phosphate Buffered Saline

Polymerase Chain Reaction

Spike protein

Severe Acute Respiratory Syndrome Coronavirus 2
Tissue Culture Infective Dose 50
Transmissible GastroEnteritis Virus

African green monkey kidney epithelial cells
World Health Organization



2. Introduction

On a global scale, it has been reported by the World Health Organization (WHO) that as of
August 16, 2023, over 700 million people have been confirmed to be infected with
Coronavirus Disease 2019 (COVID-19). The disease, caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has also resulted in the death of about 7 million
people [1]. This pandemic is the third major outbreak caused by a newly emerged strain of
coronavirus in the last two decades. Previous outbreaks were caused by SARS-CoV and
Middle East respiratory syndrome coronavirus (MERS-CoV) [2].

More than 13 billion vaccine doses have been administered since and vaccination has been
on the forefront for protection against SARS-CoV-2 to not only to contain the spread of the
virus but also to decrease the severity of symptoms in those infected. However, due to the
rapid emergence of variants (for example the Delta and Omicron variants) more advanced
and sustainable strategies are needed [1,2].

The Coronavirus genera of viruses affect not only humans but a vast number of mammals
and birds as well. Hence, it is of great significance not only in human health but also in
veterinary medicine. In this investigation, COVID-19 as well as the traits and similarities of
the Coronavirus genera are discussed. Specifically, the immunological background of less-
pathogenic strains such as Human coronavirus (HCoV) OC43 — which is part of the common
cold in humans and is thought to be a spill-over disease originating from bovine coronavirus
(BCoV). Furthermore, using lab methods such as polymerase chain reaction (PCR), we had
to show the cross-link between BCoV and HCoV-OC43. As humans have most likely been
exposed to the latter through colds, as well as through human enteric coronaviruses, it can

be assumed that antibodies against BCoVs are present in the body.



3. Literature review

3.1. General Characteristics of Coronaviruses

Coronaviruses (CoVs) are positive-sense RNA viruses that are enveloped. The name corona
is derived from the Latin for ‘crown’ relating to the outward-projecting glycoproteins seen
under the lens of the electron microscope [3,4].

CoVs are contained within the order Nidovirales under the Coronaviridae family and
subfamily Coronavirinae [3,5,6]. Nido, the Latin word for ‘nest’ refers to the common
genome pattern shared between other viruses within this order [4]. Their RNA genome is the
largest known, reaching a length of up to 32 kb [6]. CoVs produce a group or ‘nest’ of
subgenomic mRNA material at the 3’ end, encompassing the specific enzymes that serve as
part of the RNA replication process. The family is further divided into four genera, namely,
the Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus. These
genera, which hold both veterinary and medical significance, were grouped into their
categories primarily due to their serological relationships [3,6].

There are four structural proteins common in all CoVs: a large surface glycoprotein or spike
(S) protein, a relatively smaller envelope (E) protein, the integral membrane (M)
glycoprotein and a protein for the phosphorylated nucleocapsid (N) [3]. These structural
proteins are a crucial part of the strategy these viruses have in successful infection spread,
from viral genome production, replication, attachment of the virion to the receptor, and
promoting the entry into host organisms [5]. The receptor-binding domain (namely RBD)
and other domains linked to fusion are carried by the S glycoprotein, an essential in the entry
strategy of CoV [6]. The S protein is largely comprised of an S1 protein stalk and an S2 coil.
The S1 amino acids are relevant as they are variable. This variation between virus serotypes,
such as avian coronavirus and infectious bronchitis virus (IBV), can cause a difference of up
to 40%. As the S1 protein is the main inducer of protective immunity, a variation in the S1
protein helps a different strain of the virus elude a previous immune response [3]. Lineage
A B-CoVs (including bovine-CoV, OC43-CoV, human coronavirus HKU1 (HKU1-CoV) and
mouse hepatitis virus (MHYV)) also contain an additional envelope protein, hemagglutinin-
esterase (HE) which act as receptor-destroying enzymes. The exact mechanisms are poorly
understood but the function of the HE and S are thought to be linked, as the balance between

receptor destruction and binding to receptors affects virus binding and release [7].



3.2. Transmission, Replication Sites and Diseases

Different transmission pathways are possible between coronaviruses (figure 1). Viruses can
also cause respiratory and/or gastrointestinal diseases. In humans, respiratory symptoms are
predominant and droplet transmission (>5 pum) is the most important mode of transmission.
Direct contact is the most important mode of transmission of SARS-CoV-2 from an infected
person to another uninfected person, especially in households with close interaction between
family members. The ability of SARS-CoV-2 to be transmitted by contagious objects (e.g.
door handles) has been investigated in several studies, but this mode of transmission is
probably insignificant compared to the previous ones. In the case of coronaviruses, both
airborne and faecal transmission may occur. The intestinal route of transmission of SARS-

CoV-2 is not fully understood, but the virus RNA is shed by this route as well [8, 9, 10].
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Figure 1.: Possible routes of Coronaviruses' spread. Solid arrows show confirmed viral transfer from one

infected person to another, with a declining gradient in arrow width denoting the relative contributions of

each transmission route. Dashed lines show the possible propagation path. The SARS-CoV-2 symbol in the
caption "infected patient" indicates where the RNA/infectious virus was detected. Figure is copied from [10].

Coronaviruses enter the airway and intestinal epithelial cells via a receptor-mediated
pathway. They multiply in the cells and then escape. They need cell surface proteins to do

this. Some of the proteins and essential genes mentioned above are key factors in CoV
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infection and replication. The spike (S) protein on the surface of the virus enables CoVs to
bind to host cell receptors. Different coronaviruses use different receptors, influencing their
host range and infectivity. Their genes can influence which species a virus can infect.
Mutations in the S protein, for example, may allow a virus to jump species. Once inside a
host cell, coronaviruses use their RNA polymerase gene to replicate. They also have
accessory genes, which can vary between strains, that help evade the host immune response
and improve viral persistence.
For coronaviruses that have adapted to humans, person-to-person transmission is facilitated
through close contact, respiratory droplets, and potentially airborne particles (especially in
crowded or enclosed spaces) [8,9].
When it comes to genes, as mentioned above, the following which encode the respective
proteins, are of particular significance:
- S gene for the spike protein: binds to receptors on host cells and is crucial for host
entry [8,9].
- M gene for the membrane protein: plays a key role in virus assembly and stability
[8,9].
- E gene for the envelope protein: involved in viral assembly and release [8,9].
- N gene for the nucleocapsid protein: binds to viral RNA to package it within the
virus particle [8,9].
- ORFlab: a large replicase gene that encodes non-structural proteins essential for
viral RNA synthesis [8,9].

Each coronavirus species has a unique configuration of these genes, which impacts its

infectiousness and pathogenicity.

Coronaviruses enter cells via a receptor-mediated pathway (e.g. bound to angiotensin-
converting enzyme 2 in SARS-CoV2) by the envelope protein S. The two subunits of the
viral S protein (S1/S2) are cleaved by a transmembrane protease. Then, after fusion of the
virus across the cell membrane, the RNA genome is transferred to the cytosol, where
translation begins. The resulting polyproteins are cleaved into non-structural proteins by a
viral protease. Replication begins in membrane vesicles derived from the endoplasmic
reticulum. The full-length negative strand is then transcribed from the positive strand

genome. This results in the production of structural proteins. The virion is assembled in the



endoplasmic reticulum-Golgi intermediate compartment and the positive-strand genome is

inserted [3,8,9].

Although not always causing damage at those sites, it is thought that the replication of all
CoVs take place in at least the epithelial cells of the respiratory and/or enteric tracts. Some
CoVs like the avian CoV (Gammacoronaviruses); IBV not only cause respiratory disease
but can also damage male and female reproductive organs and depending on the viral strain
and even on the breed of the chicken, can cause severe kidney damage as well. This virus
can practically use any epithelial site in the host to replicate. The focal location can be life-
threatening as in the case of porcine CoV; transmissible gastroenteritis virus (TGEV). The
replication site is in the alimentary tract leading to a mortality rate of more than 90% in
newborn piglets. Human coronaviruses are more commonly manifest as respiratory and
enteric diseases.

As in SARS-CoV, infected humans suffered from diarrhoea as well as severe respiratory
illness. CoVs like MHV can reach the central nervous system resulting in acute or chronic

demyelination [3].

3.3. Spill-over Diseases vs Zoonosis

Firstly, in relation to host spectrum, it is important to note the difference between the
following terms: ‘spill-over’ and zoonosis. A "spillover" event, also known as an
"evolutionary jump," occurs when a pathogen spreads from its natural animal host to a new
or "novel" host, resulting in infection. Such an event is typically a chance encounter,
potentially caused by initial or repeated exposures to the new host. Sometimes, genetic
changes in the pathogen enable it to infect the new host. These jumps may either result in a
limited, dead-end infection or continue spreading, fueling a cycle of transmission. The
emphasis is on the chance nature of the phenomenon as opposed to it being a natural part of
the pathogen’s infection cycle. The established jump from animals to humans is known as
cross species spill-over [12,13].

On the other hand, zoonosis is “any infection that is naturally transmissible from vertebrate

animals to humans” as defined by the WHO. It emphasizes the fact that the source of the



infection is maintained by an animal species, acting as a reservoir for the pathogens and will
be passed on to humans from animals via direct contact or indirectly [14].

Another relevant classification, referred to as emerging infectious diseases (EID) are
“diseases that have newly appeared in a population or have existed but are rapidly increasing
in incidence or geographic range” as defined by the National Institute of Allergy and
Infectious Diseases (NIAID)[15].

This terminology is slightly ambiguous with regards to etiology of the diseases however it
helps to argue that COVID-19 should be more accurately classified as an “EID of probable
animal origin”. It helps to show that even though it has emerged as a human pathogen, it is
not a true zoonosis and is instead a spill-over disease from an animal host.

Recognizing the difference between diseases that originate in animals but can spread
independently among humans, and those that need an animal reservoir to maintain the
pathogen, enables more focused research on infectious diseases. This distinction also

supports the development of better prevention strategies and treatment methods [12].

3.4. Host spectrum of Coronaviruses

The hosts of CoVs extend to 45 different species not only concerning a risk to public health
but also affecting livestock farming as the range goes from humans to poultry and other
production animals [16,17,18,19]. Based on previous studies bats, rodents, poultry, and
production animals, CoVs are initially thought to be host specific but it is not always the
case [3,16]. For example, Rhinolophus bats are the source of severe acute respiratory
syndrome—related coronavirus (SARSr-CoV) but human SARS-CoV virus is only found in
the Rhinolophus sinicus bat species and for SARS-CoV-2 the relevant species is Rhinolophus
affinis [16,20,21,22]. In contrast, the diversity of CoVs arise from their quick genetic
variation as there are many uncorrected errors in the RNA genome replication as well as
numerous instances of genome recombination [23]. To summarize; bats, rodents and birds
serve as natural reservoirs and the CoVs are endemic in these species, among these, there is
great genetic diversity [16]. As explained previously, it is difficult to classify CoVs as

conventional zoonoses without accounting for the spill-over effect [3]. There is continuous
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and accidental cross-species spread, that is through the fast evolution and overlap of habitats

with animals [16,24].

It is evident that replication and the disease are not always limited to a single host species
[3,16]. This can be seen in canine enteric CoV and feline CoV which are able to replicate
and cause disease in swine. This occurs as the viruses have a similar amino acid identity to
porcine TGEV. Furthermore, canine respiratory CoV also has a very high amino acid identity
(more than 95%) to HCoV-OC43 and BCoV, including the S protein. This phenomenon also
makes co-infection possible. There are also cases of pheasant CoV infecting chickens
asymptomatically and the same with IBV infection in a specific type of duck species (teal).
The profound example of the wide host range of CoVs is shown by SARS-CoV with their
origin being thought to stem from bats, additionally being transmitted to many other species
(for example the civet cat) via trade and finally causing the deadly disease in humans. The
same spill-over background has been considered for the SARS-CoV-2 infection of humans,

also thought to have bats at the source but the exact intermediate route is still unknown [3].

This is where spill-over may come into play but there are also other factors that may be
involved causing and allowing to the change or variety in hosts which will be discussed.
Research on SARS-CoV, SARS-CoV-2, and MERS-CoV shows that these viruses have a
diverse range of possible hosts [24,25]. SARS-CoV-2 can infect and cause diseases in
humans, dogs, cats, ferrets and other animals. It has also been reported that human contact
with other animals caused by long-term viral epidemics can lead to spread of the virus among
different species, and sharing habitats is crucial for breaking interspecies barriers and the
subsequent interspecific transmission of viruses [16,27]. Acknowledging these overlaps in

habitats and potential for transmission of the diseases to humans is crucial.

3.5. Triggers for Persistent Infections in New Hosts

For MHYV, persistent infection is known however for other coronaviruses like IBV it is less
common. The trigger for re-shedding of the virus after egg-laying in hens who were

previously infected as young chickens is thought to be the stress of the egg-laying process

[3].
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As previously mentioned, the protein that is responsible for tissue tropism not only within a
host but also determining host range is the S protein. A prime demonstration of this
phenomenon has been through the genetic manipulation of the MHV genome which usually
cannot bind to feline cells. When the MHV S protein gene is replaced with the S protein gene
of CoV from the feline coronavirus, a recombinant virus is formed that can bind as well as
replicate in the feline cells. Pathogenicity can also be affected by other proteins known as
‘accessory proteins’. Through experiments with genetically modified CoVs and using
targeted recombination or ‘infectious clones’, it is evident that modifying such accessory
proteins usually found in the ORF1 and other small genes combined within the structural
protein genes, the level of pathogenicity can be attenuated. The exact roles of these proteins
are not clear but may be a potential route in the development of a new live vaccines. It is
significant as often the control of these diseases is compromised due to the numerous

alternatives of S1 protein. This protein also induces protective immunity [3].

3.6. Human Coronavirus-OC43 and Bovine Coronavirus

There are four endemic human coronaviruses, namely, HCoV-229E, -NL63, -OC43, and -
HKUT [28]. Even though they have zoonotic ancestry, they evolved into true human viruses
distributed worldwide [29,30,31,32]. All 4 of are substantial contributors in several upper
and lower respiratory tract infections in both adults and children. Clinically, they have
similar manifestation to many other causes of the common cold. However, the relation
between hosts as well as the history of the evolution natural can prove useful in

understanding the past human pandemics [28].

There is strong evidence for two of the viruses that allude origins in production animal
species even though the primordial background for all four viruses is connected to bats and
rodents. As common for many other CoVs, HCoV-NL63 and -229E are believed to stem
from bat reservoirs however, it is more likely that HCoV-OC43 and -HKU1 differentiated
from their common ancestors. HCoV-HKU1 and -OC43 are related but individual viruses
with different primordial zoonotic ancestors, moreover, reached the human population
separately [29]. The emergence of HCoV-OC43 (a B-CoV) is more likely to be from
domestic animals like cattle or swine. At the end of the 19 century, the emergence of HCoV-
0OC43 may have stemmed from the BCoV pandemic, indicating that it could have been a

potential ancestor. In fact, early samples of HCoV-OC43 and BCoV are thought to share
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97% of genome identity [29,32,33]. Furthermore, there is data to show that HCoV-229E may
have been transmitted from Arabian camels like MERS. There are parallels of spill-over in

both contexts [28].

Along with swine, canine, equine, and lagomorph species, HCoV-OC43 and BCoV are
considered host range variants of the virus species Betacoronavirus-1[25,30]. HCoV-OC43
is believed to have emerged around 70 to 130 years ago from a single cross-species
transmission occasion enabling the human-endemic virus to develop [29,32,33,34]. The
other B1CoVs along with HCoV-OC43, are host specificity [29,32,36]. These observations
demonstrate the potential for variability of host changes in B1CoVs, but since they are still
independent, they cement the presence of host barriers, and how adaptive mutations can be
selected when these barriers are overcome, consequently creating host specialization and
eventually, virus differentiation. Thus, comparing BCoV and HCoV-OC43 would be useful
to find the factors that encourage or limit the cross-species transmission of CoVs and help

in understanding the conditions that allow the establishment of humans as hosts [29].

The strategy of using conventional antibodies is easily compromised by many factors
including escape viral mutations, decreased stability, weak attachment, the large size of the
antibodies, the amount of plasma needed as well as manufacturing costs. Especially with
new emerging variants of SARS-CoV-2 in the human population and frequent coronavirus
spillovers, neutralising antibodies that are not affected by these factors and further antigenic

drift are required to potentially hinder new zoonotic infections in the future [28].

In this sense, bovine-derived antibodies can be significantly more effective and protective
than conventional human antibodies. Inherently, they theoretically possess the necessary
characteristics for cross-protection and large quantities can be produced. Furthermore, it has
been reported that they can be effective against a wide spectrum of determinants, which

reduces the possibilities the viral pathogens have for mutational escape [28].

3.7. The Variability of SARS-CoV-2

It is important to explore the inherent traits of SARS-CoV-2 that led to its rapid evolution

and persistence within the human population.
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Phenotypic diversification of SARS-CoV-2 into variants is evident in changes not limited to
but including the transmissibility of the disease, the severity, and the capacity to evade the
immune system. Explaining the factors and processes which propel these changes are crucial
towards establishing courses of action for crisis management, prevention, and treatment [37].
SARS-CoV-2 and coronaviruses in general, follow their counterparts as RNA viruses, in that
they tend to undergo rapid evolution. These transformations can be measured and observed
over time periods of months or years. Several aspects can be taken into consideration such
as the epidemiological profile, that is, the trend in infectious individuals over time, immune
status, and the movement of human hosts. These dynamics as well as the viral evolution are
characteristic of RNA viruses [37,38].

One of the key driving factors in the evolutionary process is the rate of arising mutations and
it’s spread throughout populations. Mutations that prove to be beneficial to the viral
transmission will be compounded, such as the D614G mutation [37,39].

There is emphasis on the D614G mutation in SARS-CoV-2 for several reasons. D614G is
the viral spike protein — it is a large glycoprotein, with trimeric structure consisting of S1
and S2 subunits. This protein is responsible for facilitating viral entry into the cells and has
been broadly researched in other coronaviruses as well, including SARS-CoV [40,41,42]
and MERS [39,43,44].

To enter the cell, the spike protein of SARS-CoV-2 binds to angiotensin-converting
enzyme 2 (ACE2). Therefore, gene mutations at this site have the possibility to modify the
binding affinity and infectivity of the receptor, furthermore, influencing viral immune
evasion and ability for the antigen to provoke an immune response in the body of the host,

that is the immunogenicity [45].

The significance of the D614G has been acknowledged based on observations in three
distinctive categories. Firstly, studies using lentiviruses which have been phenotyped show
that in vitro, D614G increases infectivity [41,46,47,48].
The second basis analyses the structure, which surmises that the receptor binding
conformation is altered by D614G in such a way that the tendency of ACE2 binding and
fusion is increased [37,47].
The third category follows evaluation of the frequency of the 614D and 614G variants over
time (relative to global sequence databases), trends show that in locations that where 614D
viruses were reported early in the pandemic, later they were regularly found to be overtaken
by 614G viruses [37,46,49].
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More recent experiments, by means of examining infectious cDNA clones from SARS-CoV-
2 strains in circulation, demonstrate the contrast of spike 614 variants in animal models and
human cell cultures.

In animal models of SARS-CoV-2 infection has been displayed that in the upper respiratory
tract, replication is enhanced [37,50] as well as transmission [37,51] of the 614G variant.
Linked with epidemiological patterns regarding discrepancies with upper respiratory tract
viral loads [35,52,53], these results indicate the differences in transmission-mediated
efficacy between spike 614 variants [37].

In general, the evolution of viruses is a layered process driven by not only the ability for
viral replication and evolution within individuals to occur, but also their successful
transmission from person to person, leading to augmented alterations. Variation can be lost
at numerous points during the complex processes, some are lost during the bottleneck state
in transmission, while other mutations are regularly transferred simply by chance, proving
no selective benefit [37,58]. Furthermore, beyond variety among the population, through the
branching out of viral lineages, including strains which may be antigenically distinct, more

advanced processes like lineage competition and even extinction arise [37].

Diversity can arise based on the mutation rate, that is the inherent rate where changes in the
genetics of the virus can emerge in a replication cycle. This is a biochemical feature
established by the replication reliability or fidelity of the polymerase enzyme of the virus.
Mutation rate is crucial in determining the pace of virus evolution. Selection can occur
following these genetic alterations. As mentioned above, most mutations cause losses, genes
can be deleted thus leading to failure in virion replication [37,55,56,57].

The mutation rate of SARS-CoV-2 is estimated to be between 1 x 10°-2 x 10~ mutations
per nucleotide per replication cycle, as with previously determined rates in other B-CoVs
[37,55,58,59].

In relation to the typical rates for other RNA viruses, these rates are lower, for example
hepatitis C virus (HCV) and human immunodeficiency virus (HIV) have rates of ~10~° x
1076 and ~10~* x 10~° mutations per nucleotide per replication cycle, respectively. But they
lack a 3’ exonuclease mechanism for proofreading which CoVs possess in their replication
apparatus [37,58,60,61,62]. Diversity is also generated through the insertions and deletions
due to errors in replication. For example, the deletion at position 69—70 of the spike gene
which resulted in a drop of the S-gene, a key factor in the detection of the SARS-CoV-2

alpha variant, and moreover has been linked to an exacerbation of infectivity [37,64].
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4. Objectives

Our primary objective was to verify neutralisation between human serums from the first
wave of COVID-19 and BCoV.

Our next objective is to serologically test a newly isolated SARS CoV-2 and its first wave

sera.
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5. Materials and Methods

5.1. Materials

5.1.1. Human Blood serum

Human blood serum samples (1,211 in total) were collected from the CMC Déli Klinika
(Budapest, Kuny Domokos u. 13-15) in 2020. The samples were made available to us by Dr.
Istvan Jankovics. This was a national COVID-19 control study. The samples are from the
first wave of the pandemic. Antibody production against the SARS-CoV?2 virus was tested

in the serum samples using an ELISA test.

We have a short history of each sample, which includes age, gender, COVID-19 result
(positive/negative), vaccination status (vaccinated/not vaccinated), clinical symptoms. We
did not look at these data during our study so that they could not influence the results of the

study. If this was relevant, this data can be used in the discussion.

We tried to obtain bovine coronaviruses from several places. We got isolates from the
virology department of NEBIH ADI (National Food Chain Safety Office), on the other hand
we got samples from the Department of Biology. We tried to propagate them, but we failed.
We tried several times, but after five blind passages we found no cytopathogenic effect or
other signs of virus replication. So, we tried to isolate the virus from a clinical sample. The
sample was obtained by Vetcontroll Ltd. from a herd of growing cattle with respiratory

disease. The sample was clearly positive by PCR.

Testing continued with the sample from Dr. Béla Dénes. He had been ill for several weeks
in the spring without any previous history. His main symptoms were fever, lethargy and dry

cough. A rapid COVID test was positive, and the virus was isolated.

5.2. Methods

In this experiment we tried to identify the agent using virus isolation techniques, and also

performed serological tests.

5.2.1. Virus isolation in tissue culture

For BCoV, isolation is usually attempted ante-mortem from faeces. The virus was isolated
by Dr. Adam Balint and Dr. Kinga Fornyos (Vetcontroll Kft. in Hungary). The viruses
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were stored in -80 °C. One of the sample was a fresh nasal swab from a grower heifer. The
virus was soaked from the nasal swab using phosphate buffered saline (PBS).
The SARS CoV-2 was isolated from nasal swab sample. I did not participate in human

virus isolation process.

5.2.2. Cell culture

Monolayer cell culture is required for virus isolation. MDBK cells (Madin-Darby canine
kidney cells, ATCC, USA) were used for BCoV and Vero cells (African green monkey
kidney epithelial cells, ATCC, USA) for SARS CoV. Cells were stored in freezing medium
containing 10% dimethyl sulfoxide. After thawing, cells were washed twice in 10 ml PBS
after centrifugation for 10 minutes and 1500 g. After washing, the cells were plated on 75
cm? tissue culture flasks (NUNC) with 15 ml DMEM medium (Merck, USA) containing
10% heat-inactivated fetal bovine serum (FBS, Merck, USA), 10 ml/I antibiotic-antimicotic
solution (Merck, USA) and 5% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, Merck, USA). When the cells reached 100% confluence, they were passaged. To
do this, we washed the cells three times with PBS (about 20 ml of PBS was poured into the
flask and then drained). The cells were then digested with trypsin-EDTA solution (Merck,
USA) (incubate at 37 °C for about 10 minutes). Cells were resuspended in fresh DMEM
medium (Containing 10% FBS, 10 ml/I antibiotic) and were placed on new 75 cm? tissue
culture plate for two days. The medium was replaced with post-inoculation medium
containing the antibiotic-antimicrobial mixture added to the DMEM medium (see above)
and 10 ml/I heat-stable trypsin (Thermo Fischer Scientic, USA). The cells were incubated at
37 °C for 1 hour in the presence of 5% CO.. The virus was then added (the virus was first

filtered through a Millipore 0.22 um filter after soaking from the nasal swab) [60,61].

The cells were incubated at 37 °C in the presence of 5% COz and the cytopathic effect (CPE)

was monitored daily by light microscopy.

5.2.3. Virus neutralisation

For virus neutralisation, we used MDBK (BCoV) and Vero cells (SARS CoV-2) grown as
described above. A 96-well tissue culture plate (Greiner Bio-One, Austria) was used for the
assay and 10,000 cells were counted per well. When at least 95% of the cells in the wells
had grown, the medium was replaced with post-inoculation medium. In the meantime,

undiluted sera were mixed with diluted virus. Seras were performed at 60 pl/well. The same
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amount of previously determined Tissue Culture Infective Dose 50 (TCID50) SARS-CoV-2
and BCoV virus was measured. Both sera and virus were diluted in FBS and trypsin-free
DMEM medium. The sera-virus mixture was also incubated (cells in the presence of 5%
CO2) for 1 hour at 37 °C. At the end of the incubation period, the mixture was added to the
cells and kept at 37 °C for three days in the presence of 5% CO:z. The CPE was checked daily
by light microscopy and on the third day the cells were stained with neutral red stain (Merck,
USA) [60]. The culture medium was removed from the wells and 10% neutral red staining
in DMEM medium was added to each well. After incubation period (1 hour at 37 °C), the
neutral red medium was removed, and the plates were washed twice with PBS. Then, acid
alcohol (1% acetic acid in 50% ethanol) solution was added to each well. After (30 minutes
at room temperature) the absorbance of neutral red stained plates was read at 540 nm using
ELISA reader (MultiScan SkyHigh Microplate Spectrophotometer, Thermo Fischer Scientic,
USA).

5.2.4. Tissue Culture Infective Dose 50
Infectious titrations have also been performed for bovine coronavirus and SARS-CoV-2. (I

was not involved in the human coronavirus work).

Cells were first planted on a 96-well plate (MDCK for BCoV, Vero cells for SARS CoV-2).
The cell culture medium was DMEM as described above. When the cells reached 70-80%
confluence, they were infected with the virus (in post-inoculation medium). The plate was

infected with dilutions of the virus as follows (figure 2):
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Figure 2.: Form of TCID50 examination (PC: positive control, NC: negative control and the virus solutions)
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The bovine coronavirus test was read after three days and the result calculated (table 1) using

the REED-MUENCH formula [62]:

Table 1.: Result calculation of bovine coronavirus TCIDS50 test, using the REED-MUENCH formula.

+ - A B A/A+B)

25 8 0 26 0 26/26=100%
26 7 1 18 1 18/19=94%

27 5 3 11 4 11/15=73%

2% 4 4 6 8 6/14= 43%

29 2 6 2 14 2/14= 14%

27100 8 0 22 0/22= 0%

This was based on a 192-fold dilution of the virus. The same was done for human

coronavirus.

5.2.5. PCR
The nucleic acid of the viruses was also tested by PCR. In the case of SARS-CoV-2 virus,
specific primer pairs designed for the nucleocapsid gene and the S gene coding for the spike

protein were used by the staff of NEBIH ADI.

In the case of bovine virus, nucleic acid was extracted using the Zymo Research (USA)

Quick Viral DNA/RNA Kit according to the manufacturer's instructions.

The extracted RNA genomic material (10 pl) was reverse transcribed prior to PCR analysis.
The Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher Scientific,
USA) was used for transcription according to the manufacturer's instructions. The protocol

is available at the Thermo Fischer website [61].

For the PCR reaction, the DreamTaq Green PCR DNA Polymerase enzyme DreamTaq from
Thermo Fischer Scientic (USA) and the dNTP set from the same company were used.
Literature primers were ordered from Merck (USA). The final volume of the reaction was

50 pl and contained the following components:
e SulcDNS
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e 5l 10X Dream Taq Green puffer

e 1pullmMdNTP

e | ul primer-F

e 1 plprimer-R

e 1 unit Dream Tag DNS polymerase enzyme

e 50 ul was supplemented with twice distilled, sterile, pyrogen free water (Millipore,
USA)

The sequences of bovine primers were as follows:
BCoV-F 5° -GCCGATCAGTCCGACCAATC-3’ [62]
BCoV-R 5’ -~ AGAATGTCAGCCGGGGTAT 3’ [62]
BPI-3F 5° -CCTGCCCTTTGGAGTTATGCGA-3’ [63]
BPI-3R 5° -GCATCACGTGCCAC TGCTTG-3" [63]

The predicted PCR product was 407 base pairs in case of coronavirus and 127 base pairs in
case of bovine parainfluenzavirus. The reaction conditions were as follows: 5 minutes of
preheating at 95 °C, 35 cycles of 30 seconds at 94 °C, 30 seconds at 58 °C, 1 minute at 72 °C,
and a final 7 minutes incubation at 72 °C. Amplification was performed using a TGradient
Thermocycler (Biometra, Germany). The DNA products were visualised on a 2% agarose
gel (Lonza, Switzerland) stained with GR Safe DNA Stain I (Nzytech, Portugal) according
to the manufacturer's instructions. Its size was determined using a molecular weight marker
— DNA 1 kb ladder (Thermo Fischer Scientic, USA) —. Electrophoresis was performed at
110 V for approximately 20 minutes in TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM

ethylenediaminetetraacetic acid).
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6. Results

6.1. Virus isolation

Bovine coronavirus isolates showed no cytopathogenic effect on MDBK. No effect

indicative of virus replication was observed in the blank passages.
Therefore, PCR was used to test for virus replication, but PCR gave negative results.

For the swab specimen, PCR gave a strong positive result in the diagnostic test. During virus
isolation, the result of the second pass was positive. The cells were rounded and detached.
Infectious titration was performed to determine TCID50. The bovine coronavirus test was
read after three days using light microscope. Cytopathogenic effect was described for the
evaluation of the test. The table 2 described the result of the light microscope. The result
calculated using the REED-MUENCH formula [62]:

Table 2.: Result of bovine coronavirus TCID50 test, using the REED-MUENCH formula

CPE effect  No CPE effect
2 8 0
26 7 1
27 5 3
28 4 4
27 2 6
2-10 0 8

On this basis, a 192-fold dilution of the virus was used for the virus neutralisation assay. The

same was done for human coronavirus.

6.2. Neutralisation of bovine coronavirus

Blood sera were mixed with the diluted virus and applied to pre-treated MDBK cells.
Samples were checked after three days. After three days, no positive results were seen when
the blood sera were tested, with viruses showing cellular depletion throughout. The test was
repeated, with the sera inactivated before the test, but the result was unchanged. Since

humans have probably been exposed to the OC43 virus during colds, as well as to human
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enteric coronaviruses, it can be assumed that antibodies against bovine coronaviruses are

present in the body [60, 64]. Those are the reasons we had to check the virus with PCR.

Neutralisation of the human coronavirus has produced surprising results. The virus was
tested by rapid test and PCR, but the neutralisation was still negative. In the positive/double
positive cases, the acids were inactivated and filtered. The result was inconclusive. Figure 3
is a photograph of the plate where samples Al, A2 are the negative control. B1 and B2 are
the samples diluted to TCID50. The evaluation with neutral red was straightforward using
the method of Wang et al. [60]. The plate presented did not contain a standard. It can be
clearly seen that there are marked differences between virus infected and uninfected samples.
The threshold value was taken as 60% of the difference between the negative and positive

control (50% difference is considered doubtful), i.e. in this table (table 3):
Negative control mean: 3.6628 and 3.5394= 3.6011

Positive control mean: 0.3635 and 0.3357= 0.3496
3.6011-0,3496)*0.6=1.9509 positive,

(3.6011-0.3496)*0.5=1.62575-1,9508 doubtful

e
K
|
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Figure 3.: Virus neutralisation staining with neutral red. The first two wells are positive.
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Table 3: Optical density of neutral red stained virus neutralisation

1 2 3 4 5 6 7 8 9 10 11 12
3.6628 3.5394 0.3815 0.3343 0.2988 0.6042 1.1905 0.7970 0.6563 0.5951 0.6483 0.4413
0.3635 0.3357 0.2720 0.2259 0.1628 0.5534 1.8337 0.8974 0.7804 0.9300 0.6248 0.7672
0.7466  0.4876 0.2830 0.2464 0.4464 0.5220 1.9170 0.6997 1.1372 0.4076 0.6094 0.6993
0.7775 0.4158 0.2850 0.5705 0.1940 0.5614 0.8703 0.7900 0.6553 0.4176 0.8363 0.8249
0.5699 1.2266 0.2413 0.2814 0.1711 0.6395 2.0053 0.9548 1.6639 0.6838 0.4350 1.5183
0.6024 0.4898 0.2325 0.2039 0.7194 0.5595 1.6290 0.5925 0.3593 0.6336 0.3392 1.2271
0.3579  0.7042 0.2074 0.5962 0.1575 0.5482 0.9951 0.9571 1.8879 0.6501 0.6198 1.5900
0.7718 0.4621 0.2876 0.2164 0.1664 0.5115 0.6644 1.0118 1.8143 1.0122 0.5099 0.6544

In total, 52 cases were found where samples had to be filtered (B7, C7, E7, F7, E9, G9 and
H9, samples of the plate shown in the figure 4). For these samples, the light microscopy

results were negative, with a clear cytopathogenic effect in the cells (Figure 4).

Figure 4.: Negative and positive virus neutralisation test

6.3. Cattle virus detection with PCR

Therefore, virus isolation was also tested by PCR. In this case, BCoV was not present in the
isolate, but Bovine Parainfluenzavirus-3 (BPI-3) was. This was probably the cause of the

problem [64], and the result was negative.
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6.4. SARS CoV-2 detection with PCR

The human coronavirus sample was first tested by PCR. The PCR designed for the N gene,
which encodes the coronavirus nucleocapsid protein, gave a positive result. However, the
amplification reaction for the S gene did not work, although the control samples were
perfect. Detection of this S gene has been attempted by others. Specific primers for this assay

are available from the WHO [65]. Full sequence analysis of the sample is underway [65].
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7. Discussion

In a previous study, also carried out by a student in the department, porcine coronavirus
(transmissible gastroenteritis virus) was neutralised by 4.2% of the same human sera. We
thought it would be interesting to see how these sera reacted to a f-CoV. We chose BCoV

because this virus is easily accessible in winter.

During the autumn-winter season, 15-30% of human upper respiratory tract illnesses are
caused by coronaviruses. These are usually caused by HCoV- 229E, HCoV-NL63, HCoV-
OC43 and HCoV-HKUL. These viruses cause illness every 3-4 years. HCoV-OC43 is
genetically related to BCoV. Sequencing studies by a group of Belgian researchers suggest
that the two viruses are very similar at the nucleotide level [66]. An interesting correlation
is that the virus was detected at the same time as the Russian influenza epidemic that caused
pandemic fever in 1889-1890 [67]. The epidemic began in Turkestan and spread rapidly
across Europe, reaching the United States via Siberia and Alaska. Unlike 'normal’ influenza
epidemics, it was not seasonal. Among the influenza viruses, H2N2 and equine H3N8 have
been implicated as possible pathogens. At present, however, BCoV appears to be the most
likely. At that time, the live cattle trade was expanding worldwide and Mycoplasma
mycoides infection was also spreading. Herds were controlled by slaughtering at the abattoir,
which exposed workers to bovine viruses. BCoV and HCoV-OC43 are associated with the
same symptoms [67]. Zhang et al (1994) described BCoV as the underlying cause of
diarrhoea in children. Later, HECV-4408 isolated from children could experimentally induce
diarrhoea in calves [68]. The virus is a coronavirus that causes non-respiratory disease in
humans. It has a higher similarity to the BCoV S gene than HCoV- OC43. And serological
tests suggest that protection against either homologous or heterologous viruses is not
significantly different. Therefore, it has been described that "HECV-4408 is probably a

variant of bovine coronavirus" [69].

As described above, a high cross-reactivity between the salts and BCoV was expected.
Therefore, it was surprising that we found a negligible (52/1211) suspect sample even with
the neutral red test, and more than 95% of the sera gave a negative reaction (viral replication
was detected on the plate). Therefore, we tested our isolate with BCoV detection PCR, which

gave negative results. However, respiratory BPI-3 detection was successful.
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Studies with monoclonal antigens for parainfluenza viruses have found that the cross-
protection of antibodies to the haemagglutinin-neuraminidase protein between human and
bovine viruses is low [70,71]. Thus, positive virus neutralization was not expected for
parainfluenza. The parainfluenza virus grows faster than coronaviruses, both viruses are
enveloped RNA viruses, and thus the conditions for replication in tissue culture are identical.
Therefore, BPI-3 virus could not be eliminated from infected samples. In the case of
coronaviruses, the group has previously experienced a failure to recover the virus from virus
isolates that did not replicate well. Previously, in the case of porcine epidemic diarrhoea
virus, freshly frozen isolates did not recover in all cases, but after a year, this failed
altogether. In this case, the isolates were aged 3-5 years and stored at -80°C, not in liquid

nitrogen.

The sera were derived from the first wave, samples from patients with clinical symptoms
characteristic of COVID-19 or suspected infection. We therefore had a legitimate
expectation that we would obtain results consistent with previous findings. We used Vero
cells to propagate the virus in passage 0, as described in the literature [72,73]. We observed
cell proliferation 72 h post- infection. Although such rapid replication is reported in the
literature [72,73], so far in isolations, it has taken 7-10 days for CPE to appear in the second
wave. Learning from the BCoV case, we also detected the virus by PCR. Due to secondary
bacterial pathogens, screening of the sample was considered necessary. Complete genome

sequencing of the virus has not been successful so far.

Mutations in the spike protein can essentially change the basic properties of the virus. The
neutralising effect of antibodies may be reduced, which may even cause the loss of efficacy
of marketed vaccines in extreme cases. In addition, the disease may worsen, possibly leading
to new symptoms and an increase in the speed of virus spread. When a mutation occurs in a
virus, new variants emerge, which change their behaviour and new strains are formed. Thus,
we are currently talking about alpha, beta, gamma, epsilon, kappa, lambda, eta mu, iota, zeta,
delta and omicron variants (Figure 5) [74]. The latest variant is Omicron XEC [75] which
has increased its spreading speed. Although it is not known exactly which virus was detected,
we do know that several patients in Hungary have reported cases with a longer and more

severe course in previously infected individuals not at risk.
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Figure 5.: SARS-CoV-2 variants. Timeline that summarizes the emergence of SARS-CoV-2 variants. Based on
Flores-Vega et al., 2022 [75]

Based on recommendations, vaccines largely protect against infection, but there is an
outbreak of Omicron strains. This is due to a change in the viral receptor binding site [77].
Therefore, new variants may require vaccine updates [78]. Although we are not 100% certain
that our results indicate that the protection provided by the first wave is inadequate, our
results are thought-provoking. If they are to be believed, then vaccination is recommended
for updated protection, even if newer types of vaccines are not available. Our hypothesis is
that even if we do not achieve complete protection, our immune system will be able to protect

against new variants more quickly.
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8. Summary

SARS-CoV-2 continues to evolve, with mutations in the spike protein that may enhance
infectivity and potentially weaken immunity, though vaccine protection might still remain
effective. Historical parallels can be drawn with the 19th-century "Russian flu,” thought to
be caused by a bovine coronavirus that crossed species to infect humans and spread globally.

This virus persists as a cause of seasonal respiratory infections.

This study investigates the neutralization of bovine coronavirus and its implications in
understanding cross-protection among coronaviruses and related viruses. Initially, sera from
the first wave of COVID-19 were tested against BCoV grown in tissue culture; however,
isolates largely failed to replicate, with BPI-3 dominating instead. A new study was
launched, driven by the aggressive viral behavior seen in Human samples from 2024; tests
with sera from earlier waves demonstrated minimal neutralization of BCoV despite high
cross-reactivity expectations. Interestingly, PCR testing for BCoV was negative, while BPI-
3 detection succeeded, revealing limited cross-protection between human and bovine
haemagglutinin-neuraminidase proteins. Failure to recover BCoV isolates after long-term
storage emphasized the challenges in viral stability. Whole-genome sequencing of the
studied virus remains incomplete, raising questions about mutations in the spike protein that
could alter viral behavior, reduce neutralization by antibodies, and potentially impair vaccine
efficacy. The study underlines the dynamic evolution of viral variants, such as Omicron,
which demand ongoing vaccine updates to enhance immune protection. Despite
uncertainties, findings advocate for vaccination as a proactive measure against emerging

variants to mitigate disease severity and enhance immune response adaptability.
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