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Introduction

Viruses, as illustrated by the coronavirus pandemic, pose a significant risk to public
health. The most effective approach for containing and eventually eradicating
circulating viruses is vaccination. The eradication of smallpox in 1980, following large
immunization programs, was the first major success in counteracting a virus of which
the earliest descriptions date back to ancient Egypt, India and China®’. However, the
virus is believed to date back to the time of the first settlements in northeastern Africa,
10,000 B.C.2. To date, smallpox is the only human infective virus that has been declared
fully eradicated®. However, the prevention of viral infection started far earlier, during
the development of a process called variolation, the predecessor of vaccination.

The first records of counteractive measures against viruses date back to 1022 A.D.,
when a Buddhist monk living in a southern province of China wrote a book entitled
‘the correct treatment of smallpox’. The book described the technique of variolation,
which involved the deliberate inoculation with smallpox to generate immunity to the
disease. According to historical records, the original method of variolation involved
grinding up smallpox scabs and blowing the resulting powder directly into the nose
of healthy individuals. This method was based on the observation that people who
recovered from smallpox were immune to future infections. Over time, the technique
was modified, and scabs were rubbed into small scratches made on the skin. This
method was considered less risky than the nasal method, which could cause severe
side effects. It needs to be noted that the term “variolation” refers specifically to the
inoculation with smallpox (Variola) and should not be used to describe other virus-
infection preventive measures. Despite initial resistance, variolation became a
common approach against smallpox infection in Europe in the second half of the 18®
century. However, this practice was replaced by the discovery of vaccination by dr.
Edward Jenner. While working as an apprentice, Jenner received a notion from a dairy
maid who claimed that she could not contract smallpox anymore because she had
contracted cowpox, a much less severe and non-lethal virus that could be contracted
from infected animals. Many dairy maids who were exposed to cowpox were found
to be immune to smallpox, even during endemic periods through the 18" and 19%
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centuries. Despite initial skepticism and opposition from the scientific communities in
England and Germany, Jenner’s experiments with cowpox inoculation eventually led
to the development of the first smallpox vaccine, which was the first successful vaccine
for any disease.

Jenner’s discovery of the smallpox vaccine was a turning point in the history of
infectious diseases. In his papers and books, Jenner coined the term “variole vaccinae”
(“smallpox of the cow”) and this is where the term vaccination originated. Despite the
increased efficacy and safety of his vaccination over variolation, Jenner faced
opposition from many high-society physicians and was branded by some as a
charlatan. However, with the help of other physicians who viewed his research more
favorably, Jenner continued to vaccinate people with cowpox with great success. His
work, supported by increased statistics, was accepted on the European mainland
relatively quickly, but took decades to convince Britain'>45. Eventually, vaccination
replaced variolation as the main protective measure against smallpox, and variolation
became prohibited in Britain in 1840. Following major vaccination campaigns by the
World Health Organization (WHO) in the 19* and 20" centuries, smallpox was
declared eradicated in 1980. The technique developed by Jenner is fundamentally
analogous to conventional vaccines developed throughout the 20* century and is now
most commonly known as live (attenuated) vaccines®. Jenner’s work laid the
foundation for the development of vaccines against other infectious diseases, leading
to the prevention of many different types of illnesses and saving countless lives.

11 Viruses

Viruses are the most abundant type of biological entity on earth, with an estimated 10
active virions are present, equating to tens of millions of different types of viruses”®.
Despite this vast number, only 5,000 types have been studied and described in detail*'.
The origins of the study of viruses can be traced back to the late 1800s when a Russian
botanist named Dmitri Ivanovsky observed that the sap of diseased tobacco plants,
even after being filtered, remained capable of infecting new crops'. While Ivanovsky
initially believed that the infectious material was toxin secreted by bacteria, it was later
discovered by the Dutch microbiologist Martinus Beijerinck that this infective material
was a new form of infectious agent, which he opted “virus”!2. He was the first to
observe that viruses could only sustain and multiply in dividing cells, a characteristic
that sets them apart from other forms of life and has led to viruses being categorized
as “organisms at the edge of life” 1314,

In the extracellular environment, viruses exist as discrete particles called virions. These
virions are composed of three basic components: the nucleocapsid, the genetic material
(either RNA or DNA), and in some cases an outer envelope composed of lipids that
surrounds the capsid. The classification system for viruses that is still in use today is
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primarily based on the type of genome they possess (i.e.,, DNA, RNA, single strand
(ss), double stand (ds), positive (+) or negative (-) sense), as well as the method they
use for replication. In opposition to the conventional central dogma, many viruses use
RNA, instead of DNA, as genetic information carrier!>. RNA viruses are subdivided
further based on the polarity of the RNA, either sense (positive (+)) or antisense
(negative (-)). RNA is considered sense when its sequence can be directly translated to
a protein, meaning that the viral RNA serves as messenger RNA (mRNA) in a
eukaryotic cell. Some well-known (+)sense RNA viruses include SARS-CoV-2 and
poliovirus. The (+)ssRNA viruses are classified into three orders: Nidovirales,
Tymovirales, and Picornavirales. The Picornavirales (pico for small, rna for RNA, virales
for viruses) contains families of viruses with specific characteristics, such as the ability
to translate their genome RNA into a polyprotein, which is then in turn cut into mature
viral proteins by one or several virus-encoded proteases. These viruses also contain a
small protein, VPg (viral genome-linked protein), covalently attached to the 5 end,
and store the genomic RNA in non-enveloped, icosahedral virion particles with a
diameter of ~30 nm'. One of these families is the Picornaviridae comprising non-
enveloped viruses that use vertebrates, including humans, as a natural host. One step
further down in viral taxonomy yields our genus of interest: Enterovirus.

1.2 Enteroviruses

Enteroviruses, belonging to the Enterovirus genus within the Picornaviridae family, are
transmitted through the fecal-oral route and can cause a range of symptoms upon
infection, from mild respiratory illness to acute flaccid paralysis'”. The Enterovirus
genus includes various viruses, including poliovirus, enterovirus A71 (EV71),
coxsackievirus A6 (CVA6), and coxsackievirus A16 (CVA16), among others. Although
poliovirus is the most prevalent member, several viruses in this genus, particularly
EV71, CVA6, and CVA16, are the primary cause of hand, foot, and mouth disease
(HFMD). HEMD manifests a distinct set of symptoms, such as vesicles and lesions on
the hands, feet, mouth, and buttocks. In most instances, the lesions resolve within a
few weeks without scarring; however, in some cases, especially those caused by EV71,
the disease can spread to the central nervous system, leading to severe complications
like aseptic meningitis or encephalitis. Furthermore, prolonged infection can cause a
cytokine storm that can exacerbate the damage to the heart and lungs. Children are
most vulnerable to the severe symptoms due to their lack of immunity'®. The major
outbreaks of HFMD in Asia have made it one of the major public health concerns for
the region!*®. Apart from an inactivated EV71 vaccine, which does not confer cross-
reactive immunity, protection against HFMD-causing viruses remains absent?'. This is
especially worrisome since enterovirus strains co-circulate, rendering the monovalent
vaccination against EV71 insufficient to protect against HFMD.
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Originally, the viruses of the Enterovirus genus were classified into four groups:
polioviruses, coxsackievirus A viruses, coxsackie B viruses, and echoviruses. Upon
discovery of new enterovirus strains, it was found that there was significant biological
overlap between the different groups. To classify these viruses, genotyping of the VP1
capsid region was used. Furthermore, these newly discovered viruses were also given
names using a system of consecutive numbers, such as EV-D68, EV-B69, EV-D70, EV-
A71%2. All members of this genus have a positive sense RNA genome of ~7.5 kbp
(kilobase pairs), meaning that the RNA can be translated directly as mRNA. The
genome consists of a 5 untranslated region (5" UTR), a single open reading frame, and
a polyadenylated 3" UTR. For translation initiation of the polyprotein, an internal
ribosomal entry site (IRES) is located in the 5* UTR?. The open reading frame encodes
a 260 kDa polyprotein that comprises three regions P1, P2, and P32 (Figure 1.1A). P1
consists of the structural proteins, responsible for the capsid constructions. Post-
translation, the polyprotein is modified by the host cell through addition of myristic
acid, a process called myristylation. This modification makes the polyprotein a target
for Hsp90, a chaperone protein of the host cell. After processing by the chaperone, P1
is stepwise cleaved into protein precursors, some of which exhibit specific
functionalities like proteolytic activity, and finally into the 11 mature viral proteins®.

The capsids of enteroviruses are composed of four viral proteins, namely VP1-VP4.
Upon separation of the P1 region from the polyprotein and subsequent cleavage of the
region using the 3CD precursor protein, protomers comprising VPO (precursor VP2
and VP4), VP1, and VP3 will self-oligomerize into a pentamer (Figure 1.1B). Further
self-assembly of twelve pentamers results in the formation of a the higher-order
structure, known as the empty capsid or procapsid®*. In the last stage of viral
maturation, VPO is autocatalytically cleaved in the mature VP2 and VP4 proteins,
yielding the infectious particle (virions)¥. Investigation of the Enterovirus viral capsid
indicates that VP1-VP3 are situated on the outside of the capsid, whereas VP4 is
located on the inside, in proximity to the RNA?-30. P2 and P3 harbor non-structural
proteins, but apart from the previously mentioned 3CD protein are beyond the scope
of this thesis.

The high mutation rate of enteroviruses within the Enterovirus genus can be attributed
to the error-prone RNA-dependent RNA polymerase (RdRp or 3D protein). This is due
to both misincorporation during replication and recombination events. The RdRp has
a high transcription velocity and lacks a proof-reading mechanism, causing a high
mutation rate of approximately 10* mutation per base per replication cycle3-,
Because of this high mutation rate, the RdRp has been a target of interest for antiviral
therapies®. Post-infection, viral replication can be counteracted by increasing the
mutation load on the viral genome (lethal mutagenesis). Additionally, through
recombination more quasispecies arise, which can have significant alterations in
pathogenicity®. This evolution of recombinant enteroviruses may therefore potentially
lead to new phenotypes or changes in severity of naturally occurring enterovirus-
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associated diseases*®. Recombination is conceptualized through template-switching, in
which the elongating RdRp switches from a donor to an acceptor template*. The
recombination rate of many enteroviruses was determined at 10! recombination
events per replication, rendering recombination a key determinant of viral fitness and

virulence®42,
A P1 P2 P3
| | |
VP4> VP2> VP3> VP1> 2A > 2B > 2C > 3A > 3B > 3C > 3D
VPO
B - vpo VP2+VP4
VPO — )\ — — #
RNA
VP1 Protomer Pentamer
(VPO-VP1-VP3) Procapsid Virion
(VPO-VP1-VP3)s (VP1-VP4)g

Figure 1.1. Enterovirus genome and morphogenesis.

(A) Enterovirus genome and its subsequent proteolytic cleavage into 11 mature proteins. P1 encodes the capsid
proteins, P2 and P3 the non-structural, replication-associated proteins. (B) Enterovirus morphogenesis is a complex
process involving self-assembly of viral proteins. Viral proteins VP0, VP1, and VP3, assemble into a protomer, and
five protomers make up a pentamer. Twelve pentamers then assemble to form a procapsid (empty capsid). The
final stage of viral maturation involves RNA-guided proteolytic cleavage of VP0 into VP2 and VP4, resulting in the
formation of infectious virions. It needs to be noted that this model includes the hypothesis that the RNA enters the
capsid in the last stage of viral maturation.

Since both recombination and the mutation rate are dictated by the RdRp, it is the
dominant source of viral evolution. However, the mutations at the basis of viral
evolution can also be deleterious, indicating the need for a precise balancing of the
two. Despite significant efforts in the field, the underlying molecular mechanism of
viral RNA transcription remains poorly understood.

1.3 Preventive measures against viruses

It is difficult to predict which virus will cause the next pandemic. Influenza has long
been considered a likely candidate, with the potential for zoonotic transmission from
birds or pigs®. This is due in part to the observation that the rate of endemic outbreaks
of influenza among animals has been increasing and that the influenza virus continues
to circulate in many populations. Additionally, approximately 60% of the
approximately 400 identified infectious diseases are zoonotic*#. In 2003, the SARS
coronavirus outbreak in Asia prompted increased attention to viruses belonging to the
Coronaviridae family as potential pandemic agents. As a result of increased
preparedness efforts, authorities were able to act swiftly to contain the outbreak,
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resulting in only 21% of the reported total number of cases and 11% of deaths
worldwide occurring in the region, despite its population representing one-fifth of the
world’s population?. Although these statistics indicated a relatively positive outcome,
it highlighted the challenges in containing virus outbreaks, even with preparation for
future pandemics. While predicting the specific virus that will cause the next
pandemic is challenging, pandemics are not uncommon in human history. In fact,
there have been several pandemics throughout history that were even more severe
than COVID-19.
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Figure 1.2. Immune memory in vaccine induced protection. Immune response is triggered by vaccine
administration.

(A) The memory response (originating from the memory B cell) promoted production of T-cells (B) Vaccination
provides protection by maintaining lifelong protective antibody levels.

Prophylactic vaccination is currently the most successful approach for preventing viral
infections and epidemics. The principle of vaccination relies on the fact that initial
recognition of a pathogen by the immune system is slow. Vaccines introduce
weakened or inactivated parts of a pathogen (antigen) into the body, triggering an
immune response. When the body is subsequently infected by the same pathogen, the
immune system recognizes it and responds much faster, thus clearing the pathogen
and protecting the patient from the disease. This immune memory response can be re-
activated upon 2" exposure to the pathogen (Figure 1.2A), or it can result in a long-
lasting high antibody titer following vaccination (Figure 1.2B). An example of the
former scenario is Hepatitis B virus (HBV). The vaccinated subject will still be protected
against viral infection, despite the drop in antibody titers below the protective
threshold. The incubation period of HBV ranges from 6 weeks to 6 months, providing
the immunes system with sufficient time to eliminate the virus. Generally, the first
encounter with the pathogen following vaccination results in a faster and more robust
immune response (Figure 1.2A)¥. An example of a vaccine that can induce decades-
long antibody titer levels is the human papilloma virus vaccine*®. The rate of
decreasing antibody levels depends on various factors, such as the age of the vaccine
recipient, the antigen, and the number of booster doses administered. Despite the
advantages of vaccination, there is a major downside to immune memory know as



Introduction 7

original antigenic sin (Figure 1.3). This phenomenon occurs when a host is infected by
a pathogen closely related to a previous one, and the immune system assumes that the
two viruses are identical due to the highly similar or identical recessive antigen.
However, another antigen on the virus particle has become dominant, and the immune
system does not recognize it as a new pathogen. In turn the antibody response will be
tailored towards the old (and now recessive) antigen and not the new dominant one.
As aresult, the immune response is much lower and possibly ineffective, exposing the
patient to significant risks. Viruses such as SARS-CoV-2, influenza, and human
immunodeficiency virus (HIV) use this phenomenon to evade immune responses*-.

Figure 1.3. Original antigenic sin.
Virus A Mutant A When a person is infected with virus A
for the first time, their immune system
produces antibodies against the
dominant antigen (purple). If the
person is infected with mutant A,
which has a new dominant antigen
(red) and maintains the original one as
Recessive recessive antigen (purple), the immune

N Antigen  system will still produce the former
\ / antibodies against the old (and now
Dominant recessive) antigen. This can result in an
Antigen ineffective antibody response and weak
immunity against the new dominant

antigen.

Conventional vaccines are classified into two main groups: the live attenuated
vaccines, invented by dr. Jenner, and the inactivated vaccines (Figure 1.4). Production
of the latter, inactivated vaccines, involves the isolation of the active virions, followed
by a process of inactivation that renders the particles incapable of infecting cells®. This
process typically involves crosslinking of the viral receptors using aldehydes such as
formalin, as described in Salk’s original paper on the poliovirus vaccine®. For
enteroviruses, heat inactivation can also be used. The principle underlying this method
is the viral protein alteration yielding a structurally different particle. This heat-
inactivated particle is unable to recognize, nor bind host cells, thus inhibiting
replication of the virus. At temperatures above 60 °C, the viral genomic RNA also
denatures, providing an additional safeguard for inactivated vaccines®**. Other forms
of inactivation include, but are not limited to: use of solvents (destruction of the
envelope), detergents (denaturation of proteins and other macromolecules), mild
surfactants (breaking lipid-lipid and protein-lipid interactions), oxidizing agents
(causing radical-mediated genomic damage), and UV radiation (inducing crosslinking
between pyrimidines)®%-¢2, Unfortunately, inactivation of virus can be time-
consuming procedure, with general WHO procedures ranging from 2-6 weeks for
formalin inactivation®*®. Consequently, the production process for inactivated
vaccines is relatively expensive.
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Conventional vaccines are either attenuated,
reducing the reproducibility rate of the virus
through genomic alteration (green RNA), or
inactivated, thus preventing them from infecting
cells. The newer types of vaccines comprise of
viral vectors and mRNA vaccines both
exemplified by the success of COVID-19 vaccines.
Additionally, some protein vaccines are being
investigated or in clinical trials using just a
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category is the virus-like particles which resemble
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The conventional alternative to inactivated vaccines was the live attenuated vaccines.
These vaccines confer protection by inoculating with a live virus that has been
weakened through genetic alteration, or by inoculation with another virus that offers
cross-protective immunity. The latter scenario is exemplified by the cow- and smallpox
scenarios described above and is therefore not classified by some as an attenuated
vaccine. In the former scenario is the more classical way of approaching live attenuated
vaccines, in which a subject is inoculated with a small amount of the (weakened) virus,
to stimulate an immune response. Classic examples of live attenuated vaccines include
smallpox, measles, poliovirus, yellow fever, rotavirus, and mumps. The poliovirus
vaccine based on this type of vaccination was developed by Albert Sabin in the 1950s
and has been in use since the 1960s%%. Unfortunately, viruses, particularly
enteroviruses, can mutate rapidly (described in section 1.2). This means that poliovirus
can revert to an active form of the virus through a process called reversion, giving rise
to disease®®”. This is known as circulating vaccine-derived poliovirus (cVDPV)®%. The
possibility of reversion, alongside the concern of possible integration of the viral DNA
in the host cell's DNA, are among the limiting factors of live attenuated vaccines.
Despite these downsides, live attenuated vaccines are more likely to cause lifelong
protection, as was exemplified with yellow fever®. Furthermore, because of the
reduced production process time, the production cost of this vaccine is approximately
five times lower than its inactivated counterpart, and it can be administered orally”.

The recent SARS-CoV-2 (COVID-19) pandemic has led to the emergence of two new
classes of vaccines: viral vector and mRNA vaccines (Figure 1.4). Viral vector vaccines
were already in development prior to the pandemic and were first approved for
human use against flaviviruses and ebolavirus in 2010 and 2015, respectively”.. The
approach uses a replication-defective, nonenveloped virus, conventionally adenovirus
vectors, as a delivery system for the genetic instructions underlying a specific antigen,
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in the case of COVID-19 the spike (S) glycoprotein (or just S protein or “spike protein”).
The genetic information undergoes transcription in the nucleus of the host cell, leading
to the formation of mRNA. Subsequently, this mRNA is transported to the cytoplasm,
where it is translated into the spike protein. The spike protein is then presented by the
cell to the immune system, initiating a cascade of events that leads to immunity to the
disease”. This method is much safer than using live attenuated vaccines since it
eliminates the use of an infective disease-causing agent. However, vector-associated
phenomena have been identified as a concern. Many individuals have been infected
with adenoviruses at some point in their life and have memory cells against the virus.
Following high dose second infection (the vaccination), the patient may develop an
immune response to the vector instead of the antigen presented by the vector. As a
result, the pathogen is cleared from the body before immunity to the antigen is
achieved. Moreover, repeated vaccinations using the same vector may face similar
obstacles”.

In contrast to viral vector vaccines, mRNA vaccines utilize synthetic mRNA that
encodes an antigen (e.g., the spike protein for SARS-CoV-2) for immunization (Figure
1.4). In vitro translation of mRNA has been achieved in the late 1960s, and over the past
two decades, it has primarily been researched for cancer therapeutic’#”>. However, it
was not until the COVID-19 pandemic that mRNA technology gained widespread
appeal. Once inside the host cell, the mRNA is taken up and used by the cell to produce
the viral protein. The mRNA vaccines mimic a conventional viral infection, but contain
a shorter RNA fragment, that only codes for the spike protein. A main advantage of
mRNA vaccines is their safety, resulting from the absence of viral agents in the vaccine
production process and the lack of reversion possibilities in a host. Additionally, the
process is less time-consuming, since there is no need to produce large quantities of
viruses. Unfortunately, a limitation of mRNA vaccines is the amount of RNA that can
be included; for COVID-19, only the coding sequence for the spike protein was
necessary to elicit an immune response. If multiple proteins are required, this could
pose a challenge. Moreover, mRNA (and RNA in general) is relatively unstable and
requires storage and transportation on dry ice to ensure its efficacy during the
vaccination process”s.

It is crucial to address the side effects of vaccinations. Side effects such as fever,
headache, fatigue, and pain at the injection site are not uncommon following
vaccination, as the immune response triggered by the vaccine takes a toll on the body’s
physiology”. Fever is a natural response of the body to combat bacterial or viral
infections by elevating the body temperature”®. Vaccination side effects are
investigated for each vaccine independently and monitored for years after first
administration in phase IV clinical trials for new vaccine market entries™%. However,
a false notion still circulates among a portion of the population, particularly in anti-
vax groups, that vaccines cause autism. It is important to state that this argument is
baseless. It was mainly based on the discredited work of dr. Andrew Wakefield, who
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claimed that the measles, mumps, and rubella (MMR) vaccine caused autism in 8 out
12 children in his study®#2. However, it was later found that Wakefield’s study was
unethical, and his results were falsified. The sample size was exceptionally small, the
children were selected by Wakefield himself, and the study was partially funded by
lawyers who were suing vaccine manufacturers®. Numerous scientific studies have
since refuted any connection between MMR and autism. Nevertheless, Wakefield’s
ideas have created widespread public hesitancy towards vaccination, leading to a
spike in 2008 and a drop in vaccination coverage®-*. While vaccination coverage has
since rebounded, the false claims made by Wakefield have had long-lasting and
damaging effects.

Most vaccine development efforts have primarily focused on protecting individuals
from infection. However, an essential aspect of eradicating a virus is the concept of
herd immunity. There are various reasons why some individuals in a population may
not receive vaccines, such as religious or personal beliefs or being immunodeficient.
Nonetheless, if a sufficient proportion of the population is vaccinated, those who are
unvaccinated can still be protected. This protection is obtained by decreasing the
chances of person-to-person transmission of the pathogen since the vaccinated
individuals are less likely to become infected, and thus less likely to spread the virus.
The percentage of the population that needs to be vaccinated to achieve herd immunity
is pathogen-dependent, ranging from 95%, for highly transmissible pathogens such as
measles, to 80% for less transmissible pathogens like poliovirus®'. As a trade-off, herd
immunity decreases the likelihood of natural boosting of vaccinated individuals, thus
possibly causing waning of antibody titers in individuals.

1.4 Virus-like particles

Virus-like particles (VLPs) are multimeric nanoparticle self-assemblies that derive
from one or more viral structures. By design, VLPs are hypothesized to be void of
genetic material, rendering them non-replicative and non-infective. Despite the lack of
genetic material, their surface structure resembles the immune-inducing patterns from
the native virus, enabling them to be recognized by the immune system®>. This
feature can be exploited for vaccine purposes. VLPs can bridge problems encountered
with previously mentioned types of vaccines. Recognition of many viruses, including
many enteroviruses, by the adaptive immune system does not depend on a single
protein. To ensure proper recognition, an arrangement of VP2 and VP3 has to be
detected®. In turn this means (partial) viral capsid assembly is vital, which would be
exceedingly complex to mimic using mRNA, subunit, or vector vaccine technology.

The safety and efficacy of VLP-based vaccines have been established. The first VLP
vaccine against Hepatitis B virus dates back to 1986. The current market has several VLP
vaccines available, with the HPV VLP vaccines (e.g., Gardasil and Cervarix) being the
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most prominent having a dominant market share. Additionally, several VLP vaccines
against other viruses are currently in clinical trials. Moreover, the HPV VLP vaccine is
currently the standard of care for HPV-induced cervical cancer prevention>.

Empty capsid structures like the artificially created VLPs are not a novel phenomenon
in vivo. EV71 for example, produces a decoy effect using these in vivo produced empty
capsids. The more loosely associated capsids, usually empty, more readily bind
antibodies, and therefore allow the tightly associated capsids, which usually contain
viral RNA, to circulate more freely*. Evidence suggests that this behavior is similar to
the C-antigen and D-antigen of poliovirus, where the rarer, more tightly packed D-
antigen contains infectious RNA, while the more abundant, more loosely packed C-
antigen is usually empty*”-1%.

Due to the necessity of Hsp90 and highly regulated post-translational modifications to
form EV71 VLPs in the correct native configuration (see section 1.2), a eukaryotic
expression system is required for their production. The baculovirus expression vector
system (BEVS) has been shown to be suitable for Enterovirus VLP production and was
selected for our application?1°-1%, However, there are major differences between the
Enterovirus VLPs and the virions. It is hypothesized that the VLPs do not have any
RNA in the particles, which has implications for particle stability, structure, and viral
maturation. The RNA itself can be a stabilizer for the particles. Additionally, the final
step in the virion maturation process, the cleaving of VPO into VP2 and VP4, is
hypothesized to be regulated by the RNA, thus should not occur making the VLPs
distinctively different from their native counterpart. Recent studies exhibited that the
VLPs have more resemblance with the procapsids than the mature virion (Figure
1.1B), which could possibly be detrimental for the immunogenicity!1%, Fortunately,
preclinical animal studies on Enterovirus VLPs indicated protective immune responses
for VLPs*>105104109-114 I this work we will investigate the differences in stability
between VLPs and virions, and investigate the origin of possible differences.

Virus-like particles are highly diverse regarding structure and functionality. They can
have repeats of a single or multiple viral proteins, be enveloped, be antigen presenting,
or packaging nucleic acid or proteins!!>'%. Detailed and informative reviews have been

written, describing additional functionalities and enhanced characteristics with
time92,93,120—123.
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1.5 Baculoviruses

It sounds counterintuitive, but using a virus to exclude another virus in the production
process to increase safety can be an advantageous approach. The baculovirus
expression vector system, which exploits Baculoviridae (baculovirus or BacV) to
produce viruses or (viral) proteins, has a narrow host range. Although they can enter
mammalian cells, they are not pathogenic to humans, nor can they replicate in these
types of cells'*. For proliferation, they are restricted to infecting invertebrate species,
specifically Lepidoptera Hymenoptera and Diptera orders. Therefore, these viruses can be
used and stored with minimal containment procedures. Because BacV infects only
higher-order organisms (insect cells), post-translational modifications, required for
correct folding of a significant number of proteins, can be performed. Baculoviruses
are rod-shaped (250-300 nm in length), enveloped, DNA viruses. In nature, they occur
either as occlusion-derived or budded viruses. The former is present in a protein
matrix, polyhedrin, mostly designed to protect the virus from the environment of the
insect gut, where the first infection occurs. The latter is responsible for spreading
infection from cell to cell within the same organism'%. Baculoviruses have a double-
stranded, circular genome of 80-180 kbp, depending on the species'?. Furthermore, the
genome contains 100-200 open reading frames (ORFs), which differentiate
significantly. Only 38 ORFs are conserved throughout all baculoviruses; the
polyhedrin gene is one of them.

To ensure high expression of the protein of interest, the coding sequence for the
polyhedrin protein is replaced by that of the target protein, while the polyhedrin
promoter is remained in place'”. Once the baculovirus has infected the insect cell, the
genome is uncoated in the nucleus of the host cell, where it is transcribed by the host’s
polymerase. Viral proteins, including a DNA polymerase, are synthesized, and
assemble progeny genomes. Baculovirus infection is considered late stage when viral
DNA synthesis by the viral polymerase has begun, alongside the transcription of
structural proteins. Viral particle assembly can occur in both the nucleus or the
cytoplasm of the infected cell and is dependent on the nuclear envelope’s integrity. In
the last stage of the baculovirus cycle, the mature virions are encapsulated in a new
polyhedrin matrix, and the occlusion-derived virus are released after cell death!®.

In addition to safety, there are many advantages to using the BEVS. First, there are
manufacturing advantages i) easy to scale-up, thus lower cost, ii) the possibility to
build multi-purpose facilities that produce more than one product using this
technology. Secondly, the use of recombinant technologies, employed in the BEVS,
allows for flexible product design and an opportunity to fast adaptation of the vector
if required. In turn, this will allow fast response to endemic outbreaks or even
pandemics. Lastly, regulatory advantages: a single cell line is required for multiple
products, and products produced using the BEVS have already been licensed
worldwide, setting precedence for the future products!.
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1.6 Biophysical techniques

The biophysical characterization of the VLPs, virions, and RdRp, was performed using
multiple techniques. Since the technical background of these techniques is
considerable, a synopsis is presented here.

1.6.1  Atomic force microscopy

Atomic force microscopy (AFM) is a type of microscopy that can achieve resolution in
the order of fractions of a nanometer, surpassing the optical diffraction limit by more
than 1,000 times. AFM operates by physically examining the surface using a
mechanical probe (cantilever containing a sharp tip), enabling the collection of
information about the surface topography. Precise scanning is facilitated by
piezoelectric elements that enable accurate and precise movements upon electronic
command'®. AFM has three major abilities: force measurements, topographic imaging,
and manipulation. Firstly, AFM is commonly employed for force measurements, as
they can precisely measure the forces between the sample and probe while varying
their distance. Secondly, AFM can be utilized for high-resolution imaging of a sample’s
3D surface topography by monitoring the probe’s response to the forces exerted by the
sample (Figure 1.5A). This is accomplished by raster scanning the sample’s position
relative to the tip and recording the height of the probe, which corresponds to a
consistent probe-sample interaction (Figure 1.5B). Lastly, AFM is exploited to
manipulate and alter the properties of a sample in a controlled manner by utilizing the
forces that can be asserted by the tip on the sample (Figure 1.5A). In this work, we
used the latter two techniques to image and manipulate virus-like particles'30131,

The use of AFM over other microscopy techniques such as electron microscopy (EM)
offers several advantages: i) AFM provides high-resolution 3D images instead of 2D
projections or images, ii) no sample treatment, thus minimizing the risk of sample
damage or alteration, iii) measurements can be performed in a liquid environment,
important for studying biological processes, iv) following dynamics of biological
samples in over time.

While AFM has many advantages, it also has its limitations, including: i) spatial
dimensions. The scanning area is typically in the order of hundreds of micrometers
and a maximum height of the sample of ~20 um, both significantly lower than other
forms of microscopy, ii) the AFM scans can take minutes. Although high-speed AFMs
have been developed, they cannot match the (near) real-time measurements of an EM,
iii) imaging artifacts can originate from tip of the instrument. Contamination of the tip
with proteins in solution is not uncommon and difficult to avoid!301%,

In this thesis, we employ AFM to manipulate particles and determine their mechanical
properties by applying forces up to 5 nN using the cantilever. Our primary objective
is to discern mechanical differences “empty” VLPs and the RNA-filled virions, and



14 Chapter 1

potentially identify the underlying source of these distinctions. Furthermore, we
examined discrepancies in virus origins within the same genus.
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Figure 1.5. Schematic representation of AFM imaging and manipulation.

Dotted lines represent the cantilever’s movement. (A) During the imaging experiments, the force is maintained at
a constant value and the cantilever will start scanning a surface. When it encounters a structure the force increases,
and the cantilever adjusts accordingly. The same process occurs in reverse as the cantilever moves away from the
structure. During the nanoindentation, the cantilever approaches the particle whose location was previously
determined and starts applying force, until a set threshold is reached. (B) Force curves corresponding to the
scenarios presented above. During imaging (left) the force remains constant. During the nanoindentation the force

will increase, up until the particle breaks (red line), and will continue to increase thereafter until the set threshold
is reached.

1.6.2  Electron microscopy

Electron microscopy is regarded as one of the most powerful imaging techniques. It
involves the use of a beam of electrons as a source of illumination instead of photons,
as in light microscopy. The advantage of using electrons over photons originates from
the shorter wavelength of the former. The shorter wavelength allows for much higher
resolution, as light microscopy is limited by the wavelength of light. State-of-the-art
EMs have reached magnifications up to 10,000,000 times with a resolution of 50 pm,
which is significantly better than the 2,000 times magnification and 200 nm resolution
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for light microscopes'®. EMs use magnetic fields in a similar fashion to light
microscopes use lenses. There are several modes of operation in electron microscopy,
including transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and scanning transmission electron microscopy (STEM). In TEM, a high voltage
electron beam is transmitted through a thin sample, producing a 2D image (Figure
1.6). In SEM, the sample is scanned with a focused electron beam, and the scattered
electrons are detected to form a 3D image. In STEM, a focused electron beam is scanned
over a thin sample, and the transmitted electrons are detected to form a high-
resolution image (Figure 1.6).

There are various sample preparation techniques for EM imaging, each with its own
advantages and drawbacks. In this study, we employed two methods: negative stain
and cryofixation (cryo-EM). The former uses an electron-opaque solution (e.g., uranyl
acetate) to blot the sample on the grids and fix them for imaging. The use of negative
staining is employed extensively as it allows for rapid, albeit crude, morphological
identification of microorganisms. Cryo-EM is often used to preserve the native
characteristics of biological samples by rapidly freezing the sample, thus keeping it in
its soluble state!341%,

The electron microscope offers unparalleled resolution; however, this technique has
limitations too. The requirement for the samples to be measured in vacuum can lead
to the creation of artifacts or negatively impact the sample. Moreover, sample
preparation, particularly for biological samples or when employing cryo-EM, can be a
time-consuming process.

Here, we employed TEM to firstly identify the presence of VLPs and the purity of
samples, using negative staining as a means of direct observation (in contrast to
indirect observations such as western blot). Secondly, we used cryo-EM to reconstitute
the VLP structure and compare them to the virion structures to identify differences
and potentially uncover the origin of stabilizing structure features.

SEM TEM Figure 1.6. Schematic representation of
Electron 7 Ecl)eucrtggn \\ / scanning electron microscopy versus
source \/ transmission electron microscopy. Image
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1.6.3  Magnetic tweezers

Despite their apparent simplicity in comparison to AFM and EM, magnetic tweezers
(MT) provide a powerful tool within the single-molecule field. MT allows for
quantitative analysis of force-dependent mechanisms of biological processes'™.
Additionally, the MT provide a high spatial resolution, enabling the discovery of
biomolecules” molecular mechanisms'¥. A typical MT set-up consists of a flow cell,
magnetic pair, light emitting diode (LED), camera, objective, piezo, and analysis
software (Figure 1.7). The light travels through a gap in the magnets to the flow cell
mounted below, where it will encounter the magnetic beads. The light is reflected and
incidents with the incoming light, creating a diffraction pattern. The diffraction pattern
is observed by the camera and matched to a constructed calibration profile (lookup-
table or LUT), yielding the absolute z-position!®. To ensure shifts in z-position of beads
originating from thermal and mechanical noise are corrected for, surface-attached
reference bead positions are subtracted from all tracked magnetic bead positions'.
Real-time tracking of up to 350 tethers in a single experiment enables the analysis of
the mechanical properties of biomolecules and facilitates the discovery of underlying
molecular mechanisms.

Due to the aforementioned benefits, we employed the MT technique for the real-time
tracking of hundreds of RNA replication events by the RNA-dependent RNA
polymerase (RdRp). This enabled us not only to identify the polymerase-specific
pausing, but also to evaluate the efficacy of polymerase-targeted antivirals. The MT
provides a large number of statistics, enabling quick screening, while maintaining a
high spatial resolution.
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Figure 1.7. Schematic of the MT and flow cell configuration for MT assay

(Left) General overview of the MT setup: light originating from an LED travels through the gap between the
magnets, illuminates the flow cell, and is captured by the objective. The images are reflected to and recorded by a
CMOS camera and analyzed with custom-written software to determine the x, y and z positions of the magnetic
beads in real time!®. The outlet of the flow cell holder is connected to a suction pump. (Right) Experimental
representation of tethering the RNA to a flow cell to investigate RNA-binding protein dynamics.
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1.7 Thesis outline & research questions

Chapter 2 introduces a machine learning (ML) model, that was trained, validated, and
tested for the classification of live and dead insect cells using the dye exclusion
method. It presents a faster, cheaper, and bias-free alternative to manual and
automated cell counting. We tested two insect cell lines with cell densities ranging
from 5 to over 300 cells/field of view. We also investigated the versatility of the model
by applying it to a distinct eukaryotic cell line, HEK cells.

Chapter 3 describes the optimization of production and purification of virus-like
particles (VLPs). Through application of Design of Experiments, the interplay of
culturing conditions, such as multiplicity of infection, infection period, and the cell
density at the time of infection were optimized to maximize VLP production
(upstream processing or USP). Additionally, a purification process (downstream
processing or DSP) was developed to ensure a high purity of the final samples. The
protocols presented in this chapter demonstrate the interdisciplinary nature of the
work in this research, lending biochemical techniques for virology research with a final
application in biophysics.

The VLPs produced using the optimized protocols described in Chapter 3, were
subjected to biophysical characterization in Chapter 4. Here, we present multiple
biophysical techniques such as transmission electron microscopy and atomic force
microscopy, to elucidate the origins of the reduced VLP stability in comparison to
native virions. This chapter is an exemplification of the collaborative work in this
thesis, bringing multiple groups, people from distinctive backgrounds, and
biophysical techniques together to solve some of the questions related to VLPs.

In Chapter 5 a detailed protocol is presented for simultaneously probing the RNA
synthesis dynamics of hundreds of single polymerases with magnetic tweezers (MT).
The protocol describes the process from preparation of the RNA constructs to analysis,
quantification, and statistical analysis of the MT measurements of RNA synthesis
kinetics. Here the step-by-step process is detailed for measurements resulting in the
characterization of single-molecule dynamics presented in the subsequent chapter.

Chapter 6 describes the power of magnetic tweezers (MT) for the mechanistic
characterization of the viral RNA-dependent RNA polymerase (RdRp). Each viral
polymerase has its own mechanistic properties in the form of pause dynamics and
probabilities, which can be deciphered using MT. Moreover, the results presented in
this chapter indicate that the use of antivirals targeting the template switching of the
RdRp is a viable approach with broad-spectrum appeal. Antivirals, in opposition to
the prophylactic approaches (e.g., vaccination), come into play post infection and are
therefore a logical successor of the previous work mentioned in Chapter 1-5. Here, we
demonstrated that magnetic tweezers could scan promising candidates and indicate
the most propitious one.



18

Chapter 1

Lastly, Chapter 7 summarizes the main conclusions of this work. It ties the different
chapters together and presents some concluding remarks. Additionally, it presents an
outlook into the future of VLPs and possible advances of the BEVS. Moreover, it
presents the hurdles to overcome and opportunities for investigation or exploitation

of both technologies to realize their full potential.
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Automated cell counting for Trypan
blue-stained cell cultures using
machine learning

Cell counting is a vital practice in the maintenance and manipulation of cell cultures. It is a
crucial aspect of assessing cell viability and determining proliferation rates, which are integral
to maintaining the health and functionality of a culture. Additionally, it is critical for
establishing the time of infection in bioreactors and monitoring cell culture response to targeted
infection over time. However, when cell counting is performed manually, the time involved can
become substantial, particularly when multiple cultures need to be handled in parallel.
Automated cell counters, which enable significant time reduction, are commercially available
but remain relatively expensive. Here, we present a machine learning (ML) model based on
YOLOv4 that is able to perform cell counts with a high accuracy (>95%) for Trypan blue-
stained insect cells. Images of two distinctly different cell lines, Trichoplusia ni (High Five™;
Hi5 cells) and Spodoptera frugiperda (Sf9), were used for training, validation, and testing of
the model. The ML model yielded F1 scores of 0.97 and 0.96 for alive and dead cells,
respectively, which represents a substantially improved performance over that of other cell
counters. Furthermore, the ML model is versatile, as an F1 score of 0.96 was also obtained on
images of Trypan blue-stained human embryonic kidney (HEK) cells that the model had not
been trained on. Our implementation of the ML model comes with a straightforward user
interface and can image in batches, which makes it highly suitable for the evaluation of multiple
parallel cultures (e.g. in Design of Experiments). Querall, this approach for accurate
classification of cells provides a fast, bias-free alternative to manual counting.

This chapter has been submitted for publication as: L. Kuijpers, E. van Veen, L. van der Pol, and N.H. Dekker,
“Automated cell counting for Trypan blue-stained cell cultures using machine learning”
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2.1 Introduction

Protein expression is traditionally performed using bacterial cells (most prominently
E.coli) or their eukaryotic counterpart, yeast cells'. Among the advantages presented
by these expression platforms are their ease-of-use, fast growth, high yields, relative
simplicity of required safety measures, extensive knowledge base, feasible induction
of expression, and wealth of commercially available tools for handling and analysis'*.
Unfortunately, protein expression via these organisms also comes with limitations,
including the number of proteins that can be expressed simultaneously, the variance
in the expression levels of the individual proteins that derives from different
promoters, the lack of secretion of larger proteins resulting in increased purification
efforts as cell disruption is required, potential species-specific differences in RNA
splicing, and a lack of (or dissimilarity in) post-translational modifications®. The latter
two limitations can be problematic when yielding proteins that vary from their native
counterparts, which in turn can be detrimental for our understanding of the intricate
biological systems in higher-order organisms.

For these reasons, many research groups consider the alternative baculovirus
expression vector system (BEVS) for protein purification. In this system, the
baculovirus infects the higher-order eukaryotic insect cells and transform them into
expression platforms for its viral proteins. This viral protein expression can be
exploited by inserting into the baculovirus backbone the coding sequences for proteins
of interest®. Once the insect cells are infected, these proteins of interest are produced
in high concentrations’. Amongst others, the advantages of this expression platform
include the ease of culturing insect cells in a broader range of conditions than animal
cells, the expression of multiple proteins (>20 proteins) on the same baculovirus vector
under the same promoter, the narrow host range of baculovirus limiting the biological
restriction levels, the cGMP classification, and the post-translational modifications
(PTMs) closely mimicking human ones®. Additionally, the BEVS can leave the activity
of proteins and - in most cases - immunogenicity (for virus) intact”!.

Rather than attempting to mimic PTMs using the BEVS, a human cell line such as
human embryonic kidney (HEK) cells can be employed for the production of
recombinant proteins such as antibodies, growth factors, and viral vectors. At present,
for the production of these complex biomolecules Chinese hamster ovary (CHO) cells
have become the standard expression system!'. However, due to the HEK cell line’s
high transfectivity, rapid growth rate, and ability to grow serum-free, as well as its
capability to perform human-like PTMs accurately, it presents itself as a promising
alternative to CHO cells for specific biopharmaceutical products'>.

To maximize the protein expression using the BEVS or HEK cells, maintaining the cell
culture in a viable state is critical™*. Conventional determination of alive and intact
dead cell concentrations is performed using a hemocytometer (e.g. Biirker-Tiirk
counting chamber)’>. The chamber consists of nine squared wells, each with a set
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volume, and is placed under a brightfield microscope (Figure 2.1). Dividing the total
cell count by the total volume of the counted large squares yields the cell density. To
enhance the accuracy of counting, dye exclusion methods are used to assess whether
a cell is alive or dead: because dead cells lose membrane integrity, dye can traverse the
membrane, staining dead cells in a distinctive color!®. The most commonly used dye
for insect cells is Trypan blue'”. The major advantage of this conventional approach is
the direct observation of the cell culture by the operator, which enables the rapid
detection of problems such as contamination or aggregation of cells. However, manual
cell counting is time-consuming, especially when a multiple counts are performed on
the same culture for increased accuracy. Additionally, because this technique relies on
human interpretation, operator-to-operator variance is not uncommon. Lastly, the
reproducibility of manual cell counts can be low, especially if high cell density cultures
are used’s.

Manual (10 min/culture)  Alive cell Dead cell

(unstained) (stained)
/: @\
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.‘ %™
Trypan blue &, } @.

/i\ % T | v \
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Figure 2.1. Overview of the most commonly used techniques for cell counting.

In cell counting, one exploits the difference in membrane integrity between alive (membrane intact, no staining of
the cell interior; thus cell observed as white) and dead cells (membrane damaged, allowing Trypan blue to traverse
the membrane; thus cell observed as blue). Tracking alive cell density over time then allows one to establish the
growth curve of the cell culture. Conventional cell counting (depicted in light blue box) using a counting chamber
represents a time-consuming protocol susceptible to significant operator-to-operator variance. Automated cell
counters (depicted in yellow box) significantly reduce the operation time, at the expense of a loss of direct
observation of the cell culture by the operator and a high investment cost. Our ML model for cell counting (depicted
in green box) provides the operator with a cell counting approach of low investment cost that is rapid and accurate,
and permits both the direct observation of cell culture and the opportunity to perform cell counts on infected
cultures.
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Some of the human errors inherent in conventional cell counting approaches can be
avoided using automated cell counters (Figure 2.1). Many research groups have
transitioned to this more reproducible and less time-consuming technique®-2.
Unfortunately, at present this technology comes with its own limitations. For example,
the majority of the slides used for automated cell counts contain open experimental
handling, meaning that they cannot be applied to infected cultures. Moreover, new
automated cell counters range in price from €5,000 to €25,000, creating considerable
investment cost for R&D labs?. This holds especially true for research groups keen to
explore the BEVS as a possibility for specific protein expression but not yet committed
to the technology in the longer term. Lastly, the automated cell counters based on BE-
microscopy can have a significant error range, particularly, when cells are aggregated
or cultures reach high cell densities.

It needs to be noted that the accuracy of manual and automated cell counting
techniques based on cell phenotype increases when the sample is derived from
cultures exhibiting low levels of cell lysis. These techniques only take into account alive
and intact dead cells, and therefore cannot determine the degree of cell lysis. Any
extent of cell lysis will necessitate further evaluation, such a through the measurement
of lactate dehydrogenase levels®.

Here, we have developed a machine learning (ML) model based on the publicly
available YOLOv4 model, together with a wuser-friendly interface, for the
determination of dead and alive insect cells?. Our aim was to maximize the accuracy
with an error margin of at most 5%. ML models have significant advantages over other
automated cell counting software packages (e.g. Image]). Firstly, a good ML model
makes manual image (pre-)processing obsolete'®?!. Secondly, enabling batch image
processing could reduce significantly overall process time in the evaluation of multiple
cultures (e.g. during Design of Experiments) (Figure 2.1). Such advantages have been
deployed in the counting of red blood cells; however, to date an appropriate model for
the counting of insect cells remains lacking?252°.

2.2 Results & Discussion

To verify that the ML model was accurate for a broad range of Trypan blue-stained
cell images, we tested the model on a large data set containing different cell strains,
cell densities, and viabilities. The model was tested using a data set of 122 images (66
images from Hib5 cell cultures and 56 images from Sf9 cell cultures) containing 20,046
cells. The majority of the images were captured successively and in a single
experimental procedure at 10X magnification, then batch processed by the ML model.
The model classified cells as either alive or dead and assigned them blue or red
bounding boxes, respectively (Figure 2.2). The post-processing thresholds for the
confidence interval, intersection over union, and bounding box size (see section Post-
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processing) were set to 0.3, 0.3, and 25 px? respectively. These post-processing
thresholds, which were optimized by visual inspection, were dependent on cell fitness
and density, as well as on microscope settings such as the magnification. Based on
visual inspection we could determine that the model was able to identify the presence
of the majority of the cells and classify them correctly. Furthermore, the model did not
classify as cells any of the cell debris and/or protein aggregation that was visible as
small blue dots (Figure 2.2B), thus obviating additional manual image processing.
Relative to previously reported automated cell counting models, which depended on
conventional image processing to eliminate such contaminants, the ML model was fast
and reduced the overall process time for cell count determination!®-23,

Figure 2.2. ML model classified cells (blue=alive, red=dead) in images originating from test data set.
Images of Hi5 cell cultures taken at 10X magnification with their contents classified by the ML model. Alive cells
were indicated by blue bounding boxes and dead cells by red bounding boxes. Scale bar represents 250 um. (A)
Hib5 cell culture grown for 4 d at 28 °C in 5f900iiSFM. (B) Hib5 cell culture 7 days post infection with baculovirus at
an MOI of 0.01.

A first qualitative assessment of the ML model’s performance in classification was
assessed by comparing it to an independent manual inspection of all 122 classified
images. The result is summarized in correlation plots (Figure 2.3A,B) in which the
black dotted diagonals represent the ideal scenario in which the ML-determined and
manually determined cell counts are identical. Over the entire range from 5 to >400
cells per FoV, the machine learning model was able to determine the alive cell counts
with very high accuracy (r? > 0.99 from linear fits (red lines) to the data) for both Hi5
(Figure 2.3A) and Sf9 cells (Figure 2.3B). These correlation coefficients, obtained from
the linear fit through the data, are similar or higher than previously obtained using
image processing software packages or Image]'*-?.. High accuracies were also achieved
by the ML model for dead cell counts for Hi5 (Figure 2.3C) and S{9 (Figure 2.3D) cells,
with a maximum overestimation of ~4.5% for the higher cell counts (>150 cells/FoV),
originating from the double counts of aggregated cells. Aggregated cells can result in
a significant overestimation of cell counts due to the lack of cell boundary detection,
leading to double counts. This is in line with the decreased accuracy observed for
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heavily aggregated cultures by manual cell counting methods and the majority of
automated cell counters®. In general, dead cell detection and classification represents
a greater challenge. This is because these cells have less distinct features (e.g. a less
pronounced outer boundary and decreased distinction from the blue background
relative to white alive cells), and are more susceptible to disintegration as a result of
apoptosis. Indeed, the accuracy of (intact) dead cell counts achieved by the ML model
exceeded that of previously published work!®2!. Because the majority of the test
images were acquired from cultures with conditions supporting cell growth, the dead
cell counts were low relative to the alive cell counts. To assess whether the ML model
could accurately determine the number of dead cells even at low cell counts, we
magnified this regime (insets Figure 2.3C,D). For both cell lines the ML model was
able to determine the cell counts with high accuracy. The viability of the cell cultures
was determined based on the viable and total cell counts in the individual images and
categorized per cell type (Figure 2.3E,F). Again, as most of the cell images originated
from cultures with conditions supporting cell growth, the higher viabilities are
overrepresented in the data set (insets Figure 2.3E,F). For both cell lines jointly, on
average the difference in viability determined by manual counting and the ML model
was 0.99% + 1.55%, which is lower than the average operator-to-operator variation in
manual viability determination using a counting chamber (2-13%)%* and well within
the target (maximum difference of 5%) of this study.

As a second, more quantitative assessment of the performance of our ML model, we
constructed a confusion matrix to determine the F1 score, sensitivity, and recall of all
images, both per cell line and for both cell lines jointly (Figure 2.4)%3, The per cell line
quantification was performed to reveal any differences in the performance of the
model between them. For the alive cell count, this analysis showed that the ML model
performed better for Hi5 (F1= 0.99) cells than for Sf9 (F1= 0.95) cells. This increased
performance most likely originated from the larger size of the Hi5 cells, which made
them easier to detect®. For both cell lines jointly, the model was able to detect alive
cells (Figure 2.4A) slightly better than dead cells (Figure 2.4B), a consequence of their
greater consistency in size and shape and the larger number of alive cells in the training
data set. For all investigated conditions (per cell line and jointly; alive and dead cells),
the leading performance parameter (F1 score) exceeded 0.95. These high F1 scores
demonstrate that this ML model is highly suitable for accurate cell density and
viability determination of cell cultures.
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Figure 2.3. Correlation plots between the manual cell count of images and the cell count by the ML model.

(A) Alive cell counts for Hi5 cells (n = 66). (B) Alive cell counts for Sf9 cells (n = 56). (C) Dead cell counts for Hi5
cells (n = 66). Inset: magnification of the region with lower dead cell counts. (D) Dead cell counts for Sf9 cells (n =
56). Inset: magnification of the region with lower dead cells counts. (E) Calculated viability of Hi5 cell cultures.
Inset: magnification of the region with higher viabilities. (F) Calculated viability of Sf9 cell cultures. Inset:
magnification of the region with higher viabilities.

To examine whether there were differences in performance between images with a
high and low cell count, we investigated the F1 scores across the range of cell densities
(Figure 2.5). As we can observe in both panels, we note that the ML model is able to
accurately classify both alive and dead cells in images with a very high cell density (F1
> 0.90 for cell counts >400 cells/FoV). This allows one to apply the ML model to cell
cultures with a high cell density without the need for additional dilution prior to
analysis, thus reducing additional experimental error and process time, provided that
aggregation is not apparent. If it is, then dilution is required, analogously to other cell
detection methods (e.g. manual and automated cell counting). The ML model yields
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lower F1 scores for both alive (Figure 2.5A) and dead (Figure 2.5B) cell counts at lower
cell counts, with this effect being more substantial for the dead cell counts (inset to
Figure 2.5B). A decrease of the F1 scores with lower cell counts is inherent to their
computation: for a low number of cells (TP in Equation (3)), the effect of a single
misclassification (either FP or FN in Equation (3)) has a disproportionate influence.
This, together with the low total number of dead cells per FoV detailed above, accounts
for the more severe decrease in F1 scores observed at lower cell counts for dead cells.
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Figure 2.4. Performance of the ML model based on confusion matrix theorem.

The independent performance parameters were calculated using Equations (1)-(3) for Hi5 (n = 66 images) and S{9
(n = 56 images) data sets both separately, and jointly (totaling 20,000+ cells in 122 images). False positives, false
negatives, and true positives were determined manually.(A) Performance parameters for the alive cell counts both
per cell line and jointly. (B) Performance parameters for the dead cell counts both per cell line and jointly.
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Figure 2.5. Investigation of a drop-off in F7scores at different insect cell counts per image. Sf9 and Hi5 data sets
combined.

(A) F1 scores for alive cell counts per FoV assigned by the ML model (n=122). (B) F1 scores for dead cell counts per
FoV assigned by the ML model (n=122). Inset: magnification of the region with low cell counts.

Given the promising performance of our ML model for insect cells, we next
investigated the applicability of the same model to Trypan blue-stained human
embryonic kidney (HEK) cells. These cells exhibit a distinctive differentiation pattern
similar to that of insect cells, where white and blue markers are used to distinguish
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between alive and dead cells, respectively. As before, images were taken of cultures
with conditions supporting cell growth, and these were then analyzed using slightly
altered post-processing parameters (confidence interval, intersection over union, and
bounding box size were set at 0.15, 0.1, and 25 px?, respectively) set following visual
inspection of the initial classification by the model using default settings. The decrease
in the values of the confidence interval and intersection over union parameters
followed logically from the smaller size of HEK cells relative to insect cells (Figure
2.6A).
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Figure 2.6. Evaluation of the performance of the ML model on HEK cells.

(A) Image of HEK cell culture taken at 10X magnification with contents classified by the ML model. Alive cells are
indicated by blue bounding boxes and dead cells by red bounding boxes. Scale bar represents 250 um. (B)
Correlation plot between the alive cell counts determined manually and by the ML model on HEK cells. Inset:
magnification of the lower count regimes. (C) Correlation plot between the dead cell counts determined manually
and by the ML model on HEK cells. Inset: magnification of the lower count regimes. (D) False positives, false
negatives, and true positives were determined manually. The independent performance parameters were
calculated over all 6801 HEK cells in all 52 images. (E) F'1 scores of the alive cell counts assigned by the ML model
for HEK cells (n=52). Inset: magnification of the low cell count regime. (F) F1 scores for dead cell counts assigned
by the ML model for HEK cells (n=52). Inset: magnification of the low cell count regime.
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The correlation plots for HEK cells (Figure 2.6B,C) indicated similar performances of
the ML model for alive (Figure 2.6B) and dead (Figure 2.6C) cell counts, with a
marginal underestimation for the higher dead cell counts (>200 cells/FoV). Anew, the
performance parameters determined that the ML model was able to determine the
majority of the cell counts correctly (Figure 2.6D; F1=0.97 and 0.95 for alive and dead
cell counts, respectively), however, marginally lower than for insect cells. This
decreased performance originated from the much smaller size (diameter: 11-15 um) of
HEK cells compared to insect cells (diameter: 17-30 um), their less pronounced cell
boundaries, and most prominently, the lack of training of the ML model on these
cells!2®. Similarly to insect cells and especially so for dead cell counts, we observed
drop-offs in the F1 score for lower cell counts (Figure 2.6E and Figure 2.6F). The
rationale behind this drop-off is analogous to the abovementioned detrimental effects
of misclassification at low cell counts on the F1 score.

2.3 Conclusions

Here, we have presented an alternative to manual or automated cell counting, for
Trypan blue-stained microscopic images of insect cells and HEK cells. Our ML model
was able to determine cell counts with very high accuracy, without the need for
manual image processing prior to automated cell counting. Our ML model provides a
faster and cheaper alternative to manual cell counting and acquisition of a
commercially available automated cell counter, respectively. Moreover, the model is
able to quickly process a large number of images, allowing the operator the
opportunity to rapidly determine the cell counts of multiple cultures. We expect that
this ML model will provide a useful tool for operators of cell cultures at all scales, and
that it will lower the threshold for scientists requiring protein expression by insect cell
production platforms.

2.4 Supplemental information

The supplemental information provides the full ML model as well as a guide on how
to install and use it*. Additionally, annotated test and training data sets are supplied
in 4TU repository”. Lastly, the complete set of evaluated images (n = 122 for insect
cells and n = 52 for HEK cells) has been added to the same repository.
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2.5 Materials & Methods

2.5.1 Cell culturing & preparation for manual cell counting

The two most commonly employed insect cells were used to train and test the ML
model: Trichoplusia ni (Gibco High Five™; Hi5 cells) and Spodoptera frugiperda (Gibco;
519). The Hi5 and Sf9 cells were separately cultured in final volumes of 50 ml in 125 ml
Erlenmeyer culture flasks using Sf900™ II Serum-free medium (Gibco), and seeded
with a cell density of 7.5 * 10* cells/ml and 5.0 * 10° cells/ml, respectively. Samples (~200
ul) were taken every 24 h for 4 d. The cell culture samples were mixed 1:1 with Trypan
blue (Gibco), and 10 ul of each resulting mixture was transferred to a Countess cell
counting chamber slide (Invitrogen). The counting chamber slides were placed under
a brightfield microscope, and ~10 fields of view were imaged per counting chamber at
a 10X magnification using an Olympus CKX41 microscope (providing a 0.96 mm? field
of view per image) and cellSens image acquisition software package (Olympus).

Human embryonic kidney cells (HEK cells) were cultured in 1 1 bioreactors using
BalanCD HEK293 medium (Irvine Scientific). Images were captured after 2 and 3 d of
growth. Sampling, sample preparation, and imaging was performed analogously to
that of the insect cells.

2.5.2 Baseline ML model

The cell counter model was based on the You Only Look Once version 4 (YOLOv4)
object detection model®”. Object detection models take images as input, and output
object locations and classes for them. The YOLOv4 model was pre-trained on the MS

COCO data set3,

2.5.3 Training the model

Data sets were annotated using labellmg, a free, open source tool for graphically
labelling images*. A training set (46 insect cell images containing 5022 alive cells and
938 dead cells) and a validation set (14 insect cell images containing 2345 alive cells
and 510 dead cells) were constructed, and the cells were annotated as dead or alive
using the aforementioned tool. The training set images contained cell densities ranging
from 5 to > 300 cells per field of view (FoV) of 0.96 mm?. For the training of the original
YOLOvV4 model in order to obtain our optimized, insect cell detection ML model, we
used an Adam optimizer with an initial learning rate of 2 * 10-* and a final learning rate
of 1 * 10°. The number of iterations through the data set (epochs) was set to 100. Our
ML model was chosen by picking the model for which the validation set loss was the
lowest (“early stopping”), to prevent overfitting. The data sets used and further details
of the implementation are provided in the supplemental information?.

2.5.4 Post-processing

The model used three post-processing parameters to produce a final result, namely the
confidence score threshold (default = 0.4); the intersection over union threshold
(default = 0.3); and the bounding box (bbox) size threshold (default = 200 px?). The
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default values were the values used during training/validation. The values of the three
post-processing parameters could be adapted to make the model more or less
sensitive, with the following consequences. The model will return as a prediction any
object with confidence score larger than the confidence score threshold. Decreasing
this threshold will lower the threshold for positive object classification, and hence in
our context will return more cells at the expense of an increased risk of false positives.
The intersection over union threshold dictates how much overlap is allowed between
neighboring objects. Lowering this threshold will allow for bounding boxes to be
closer together, possibly leading to more detected cells, especially aggregated or
slightly deformed ones. However, it also risks false double detections of a single cell.
Finally, the bbox size threshold parameter filters out any detections with a small bbox
size. Modifying this parameter could be beneficial upon changes in the magnification
or cell size; increasing the value of this post-processing parameter will increase the size
of the allowed bounding boxes, and vice versa.

2.5.5 Model performance

The model performance was evaluated by the construction of a confusion matrix from
a large test data set consisting of 122 images, containing >20,000 alive and dead cells.
Images of the test data set were newly acquired and not part of the train and validation
data sets. The test set was used in order to understand how well the model functions
for different cell strains, cell densities, and viabilities. The numbers of true positives
(TP), false positives (FP), and false negatives (FIN) on the test set were determined
manually®3*. Three metrics were computed to evaluate the model performance. The
recall (alternatively referred to as sensitivity or true positive value, TPV) measures the
extent of error caused by false negatives, and is defined as:

TP

TPV = ——.
TP +FN

(1)

The precision (or positive predictive value, PPV) measures the extent of error caused
by false positives, and is defined as:

PPV =psFp-

(2)

The F1 score, the leading performance indicator for ML models, is defined the
harmonic mean of the precision and the sensitivity:

oy (PPYTATPVNT 1P
B 2 ~ 2TP+FP+FN’

(3)
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Optimization of enterovirus-like
particle yield during production and
purification

Hand, foot, and mouth disease (HFMD) represents an emerging health concern with the risk
of causing meningitis, encephalitis, and flaccid paralysis to patients. Enteroviruses,
particularly enterovirus A71 (EV71) and coxsackievirus A6 (CVA6), are the main causative
agents of HFMD. The lack of a CVA6 wvaccine, the inherently costly nature of the EV71
inactivated vaccine, and the rise of other HFMD-causing strains due to the suppression of
HFMD-causing viruses, has impelled the field to obtain alternative vaccine technologies. Virus-
like particle (VLP) vaccine candidates are one of the solutions proposed to solve these challenges.

Previous studies have demonstrated that the expression of the viral P1 structural proteins and
the 3CD protease is sufficient to produce enterovirus-like particles in various organisms, yet
optimization based on the interplay between the three most commonly altered infection
parameters (multiplicity of infection (MOI), viable cell density at the time of infection (VCD),
and the infection period) is lacking. To address this challenge, we performed Design of
Experiments (DoE) to optimize the production of both EV71 and CVA6 VLPs. Our results
indicated distinctively different preferences for infection parameters between the two types of
VLPs, with EV71 VLP production preferring low MOI, low VCD, and long infection period,
while CVA6 VLP production preferring for high MOI, high VCD, and long infection period.
Additionally, we present a purification process for both VLPs yielding 158 mg/l and 38 ml/l of
culture volume for purified EV71 and CVA6 VLPs, respectively. These concentrations translate
into thousands to tens of thousands of vaccines, highlighting the economic potential of
enterovirus-like particles for vaccine purposes.

This chapter is in preparation for submission for peer review publication as: L. Kuijpers ef al., “Optimization of
enterovirus-like particle yield during production and purification”
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3.1 Introduction

Over the past two decades, hand, foot, and mouth disease (HFMD) has emerged as a
growing health concern, particularly in South-East Asia. Multiple outbreaks in
Taiwan, Malaysia, China, Vietham and Cambodia have demonstrated the emergence
and spread of HFMD, alarming experienced clinicians!. The disease is named after the
characteristic lesions that develop on the hands, feet, mouth, and buttocks of patients
following infection. In some cases, especially with children, the disease can spread to
the central nervous system (CNS), leading to severe complications such as aseptic
meningitis and encephalitis'?. Enteroviruses, particularly enterovirus A71 (EV71) and
coxsackievirus A6 (CVAG6), are the main causative agents of HFMD. For CVA6, the
most prevalent strain detected in approximately 50% of HFMD cases, there is no
vaccine available to date®®. For EV71, on the other hand, substantial progress has been
made through the development and employment of an inactivated EV71 vaccine,
which effectively suppresses the virus post infection and curbs viral outbreaks®.
Although this vaccine has multiple advantages compared to attenuated virus vaccines
that contain live viruses, it also presents some distinct drawbacks. Firstly, the long
virus inactivation procedure required, which can last up to sixty days for some viruses,
renders the production process, and ultimately the end product, excessively costly.
Large-scale immunization programs demand millions of vaccines doses, and
production costs can be a limitation for successful implementation’. Secondly,
suppressing only one virulent strain provides the opportunity for other virus strains
to emerge, considerably reducing the efficiency of the vaccine on the medium term*>.
This continuous cycle can only be broken by multivalent vaccines that target as many
viral strains as possible to eradicate the disease.

Various vaccine development approaches have been proposed to obtain multivalent
vaccines against HFMD, and a recent strategy involves the utilization of virus-like
particles (VLPs). Unlike conventional inactivated or attenuated vaccines, VLPs are
macromolecular (self-)assemblies of viral proteins that do not contain genetic material,
making them non-infectious and incapable of replication. Their surface structure
resembles the immune-inducing patterns of the native virus, thereby enabling
recognition by the immune system?®°. This characteristic can be leveraged for vaccine
purposes, particularly for viruses that are identified by the immune system based on
specific surface pattern (e.g., enteroviruses) as opposed to a single protein (e.g., SARS-
CoV-2)1011 Expression of only a few of the viral proteins should be sufficient to
produce enterovirus-like particles.

The genomes of EV71 and CVA6 consist of a ~7.4 kbp positive sense ssRNA which
encodes 11 viral proteins (Figure 3.1). These proteins are expressed as a 260 kDa
polyprotein that is divided into three regions: P1, P2, and P3. The P2 and P3 regions
are composed of non-structural proteins, with mixed functionalities, ranging from
protease to polymerase activity. The viral capsid is composed of 60 structural
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assemblies of proteins originating from the P1 region!>!3, During morphogenesis, the
P1is proteolytically cleaved in stepwise fashion into the VPO (the precursor of VP2 and
VP4), VP1, and VP3. Subsequently, VPO is autocatalytically cleaved into VP2 and VP4
to complete the viral maturation process. It has been hypothesized that this maturation
step depends on the presence of RNA in the particles, which may have significant
implications for the RNA-depleted VLPs!*'. VP1 is typically used as a benchmark
protein for quantification of enterovirus viral protein and VLP production, and we
follow this approach in this work.

Studies focused on investigating enterovirus morphogenesis typically isolate two
types of particles: mature virions, which contain RNA, and procapsids, which lack
RNA™. The procapsid, or empty capsid, is hypothesized to be the precursor of the
mature virions, suggesting that the RNA enters the capsid at a late stage of the
assembly process rather than serving as a scaffold for the viral capsid proteins?. In
addition to mature virions and procapsids, a third particle, the A-particle, is found in
the morphogenesis of CVAG6; such a third particle could exist for other viruses within
the Enterovirus genus'>'®2. Unlike mature virions and procapsids, the A-particle is
inherently unstable and serves as an uncoating intermediate (i.e., a temporal state of
the capsid, induced mostly by cell receptor binding, which triggers conformational
changes in the viral capsid and enable the RNA to exit the capsid). The mature virion
expands and transforms into the A-particle upon attachment to specific receptors on
the host cell surface during the initial stage of infection in vivo'3'°. Due to the essentially
identical atomic structure between the procapsid and the A-particle, and the
observation that VLPs closely resemble procapsids (both hypothesized to lack RNA),
the A-particle is utilized as an additional benchmark for VLP production'2.

P1 P2 P3

VP4 > VP2 > VP3 > VP1”> 2A > 2B > 2c"> 3A > 3B > 3C > 3D

Figure 3.1. Enterovirus polyprotein.

The enterovirus genome is composed of a single-stranded positive sense RNA molecule that encodes a polyprotein
of approximately 2,200 amino acids. The polyprotein is subsequently cleaved by viral proteases into 11 mature
proteins. Of these proteins, the P1 region encodes the structural proteins of the virion, while the P2 and P3 regions
encode non-structural proteins that are involved in viral replication and assembly. Previous studies have shown
that expression of only the P1 capsid proteins and the 3CD protease (highlighted in green) is sufficient to produce
enterovirus-like particles.

Here, we describe a systematic approach to optimize the virus-like particle (VLP) yield
using the baculovirus expression vector system (BEVS). Previous studies have shown
that expression of the P1 structural proteins and the 3CD protease is sufficient to
produce enterovirus-like particles in various organisms (Figure 3.1)%-%. While
construct optimization has been reported for the production of enterovirus VLPs,
optimization based on culturing and infection conditions is mostly limited to
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multiplicity of infection (MOI) and infection period (tinf)**??°. The highest yields
obtained for EV71 VLPs using this conventional strategy were 64.3 mg/l of culture
volume and 171 mg/l of culture volume for bioreactors and culture flask culture,
respectively?”?. The viable cell density at the time of infection (VCD) is usually not
considered, and the interplay between these three infection parameters is often
ignored. To address this problem, we performed Design of Experiments (DoE) to
optimize the production of both EV71 and CVA6 VLPs. A DoE is a systematic, cost-
efficient, and effective approach that allows researchers to investigate the relationship
between multiple input factors (e.g., MOI, VCD and tint,) and responses (e.g., viral
protein yield). It is an iterative process in which critical process parameters are varied,
to deduce a more favorable set of input factors (Figure 3.2). The DoE not only provides
insight into the optimized conditions but additionally presents a model for the
estimation of viral protein yields at conditions (within the boundary conditions of the
DoE) that are not experimentally tested. The parallel nature of the approach reduces
the process optimization time significantly compared to performing successive
experiments®. Additionally, biological variation originating from storage and cell
conditions is minimized. There are various models that can be employed for the DoE,
but for initial discovery and optimization the full factorial model is the golden
standard (Figure 3.2).

Figure 3.2. Representation of the iterative
process of Design of Experiments.

X, Y, and Z-axes represent the input factors for
the DoE: multiplicity of infection (MOI), viable
cell density at the time of infection (VCD), and
infection period (tin), respectively. These input
factors are the culturing conditions subjected to
optimization to maximize the output (viral
protein production). The blue and green spheres
represent the boundary conditions and triplicate
experiments of the first iteration of DoE,
respectively. Once optimal conditions are
determined from the first iteration, the input
factors are shifted towards the newly set
boundary conditions of the second iteration,
represented by the yellow/red and orange
spheres. The process continues until the desired
optimal conditions are reached.
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3.2 Results

3.2.1  Primary iteration of DoE for EV71 and CVA6

Design of experiments (DoE) is a powerful tool for systematically optimizing of
desired outputs, called responses (e.g., maximizing viral protein yield, minimizing
protein aggregation, minimizing denaturation, or cell death), based on specific chosen
process parameter (factors). Here, the chosen (input) factors were multiplicity of
infection (MOJ), viable cell density at the time of infection (VCD), and infection period
(tinf). In the first iteration of experiments, the boundary conditions for each factor were
set based on extremes found in literature®%.2%31-% In addition, a mock infection,
serving as negative control, and three triplicate experiments of the center points of the
selected condition were included. These triplicates were designed to assess the level of
biological variation between the experiments. The experimental conditions for both
EV71 and CVA6 are summarized in Table 3.1 and Table 3.2, respectively.

The DoE was performed to optimize extracellular viral protein (i.e. VLP) production,
which yields less complex downstream processing (DSP) than intracellular VLPs. The
extracellular viral protein production was read out using western blot (Figure 3.3A
and Figure 3.3B for EV71 and CVA®6, respectively). Western blots indicated the
presence of VP1 at the anticipated height of 35 kDa for EV71 and 36 kDa for CVAS6, as
reported in the literature®. Although numerous Picornaviridae share the same 11
proteins (Figure 3.1), slight variations in size for the individual proteins among viruses
within a genus are frequently observed. This is exemplified by the differences in VP1
size observed between EV71 and CVAG6. Different concentrations of VP1 were
measured under different experimental conditions. Notably, no VP1 was observed in
the mock infections (negative controls, Avirus). The other bands visible on the gels
were attributed to non-specific interactions with the antibodies and possibly to VP1
precursors that were expressed as the polyprotein P1.

In order to quantitatively determine which of the cultures produced the highest
amount of VP1, band intensities were measured using GelAnalyzer software¥ and
normalized to the highest output (Figure 3.3C,D). This allowed for comparison
between the different cultures. The triplicates (experiments 9-11) in both experiments
indicated highly similar values, suggesting a relatively low level of biological variance.
Experiments 2, 6, and the triplicates (experiments 9-11) were the only experiments
indicating the significant presence of the VP1 protein for EV71 (Figure 3.3C). In
contrast, VP1 was present in almost all experiments for CVA6 (Figure 3.3D).
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Table 3.1. Infection conditions and design matrix first iteration of design of experiments for EV71.

Cultures were infected using the infection parameter presented here. All 12 cultures were derived from the same
preculture and diluted accordingly. The design matrix indicates the experiment based on the design space (Figure
3.2), where -1 and 1 represent the lower and upper boundary of the specific infection parameter. Experiments 9-11
are considered triplicates as they have the same infection conditions as the center of the design space (Figure 3.2).
Experiment 12 was the negative control (mock infection) that did not receive any virus.

Exp Multiplicity  Infection Cell density Design Matrix
of infection | period (d) (cells/ml)

Infection Cell

Period Density

1 B 2 5x 10 4l 4l -1
e o001 6 5x 10 -1 1 -1
0.001 2 3x 10° 4l 4l 1
A o001 6 3 x 106 -l 1

1 2 5x10° 1 il il
| 6 | 1 6 5 x 10° 1 1 -1
1 2 3 x 10 1 -1 1
| 8 | 1 6 3 x10° 1 1 1
BEl o005 4 1.75 x 10° 0 0 0
0.05 4 1.75 x 10° 0 0 0
0.05 4 1.75 x 10° 0 0 0
n/a 4 1.75 x 10° NC NC NC

Table 3.2. Infection conditions and design matrix first iteration of design of experiments for CVA6.

Cultures were infected using the infection parameter presented here. All 12 cultures were derived from the same
preculture and diluted accordingly. The design matrix indicates the experiment based on the design space (Figure
3.2), where -1 and 1 represent the lower and upper boundary of the specific infection parameter. Experiments 9-11
are considered triplicates as they have the same infection conditions as the center of the design space (Figure 3.2).
Experiment 12 was the negative control (mock infection) that did not receive any virus.

Exp Multiplicity  Infection Cell density Design Matrix
of infection | period (d) (cells/ml)

Infection Cell

Period Density
2 5 x 105 -l -l -1
2 5x10° 1 -1 -1
7 5 x 105 -l 1 -1
| 4 | 7 5x 10° 1 1 B
0.01 2 2 x 10¢ i i 1
| 6 | 5 2 2 x 106 1 -l 1
0.01 7 2 x 10 -1 1 1
| 8 | 5 7 2 x 106 1 1 1
BE 2505 45 1.25 x 106 0 0 0
2.505 45 1.25 x 106 0 0 0
2.505 45 1.25 x 10° 0 0 0
n/a 7 1.25 x 106 NC NC NC
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Figure 3.3. Analysis of the first iteration of the DoE for both EV71 and CVA6.

(A) Western blot against EV71 VP1. The most promising experiments were 2, 6, and the triplicates (experiments 9-
11). The latter three indicated highly similar band intensities, thus suggesting a low biological variance. (B) Western
blot against CVA6 VP1. Anew, the triplicates indicated a low biological variance and the most promising fractions
were 3, 4, 6, and 8-11. (C) Quantification and normalization of EV71 western blot band intensities using Gel Analyzer
software (light blue)¥”. Normalized ELISA against EV71 VP1 (dark blue). (D) Quantification and normalization of
CVAG6 western blot band intensities using GelAnalyzer software (light blue)¥”. Normalized ELISA against CVA6 A-

particle (dark blue).

The experiments with the highest intensity bands were found to be experiment 2 for
EV71 and experiment 8 for CVA6. Interestingly, these experiments were on opposite
ends of the design space in terms of input factors. For EV71, low MOI, low VCD, and
long infection period were preferred, whereas for CVA6, the corresponding input
factors were on the high end of the boundary conditions. Furthermore, other infection
experiments with long infection periods (exp. 3 and 4, and to a lesser extent the
triplicates) also indicated high concentrations of VP1 for CVA6, indicating a preference
for extended infection periods independent of MOI or VCD. The only experiment that
deviated from this pattern was CVA6 experiment 7, which after visual inspection was
suspected to be contaminated and therefore did not produce a large amount of VP1.
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To independently verify the western blot results, ELISAs were performed for both
EV71 and CV A6 virus origins (Figure 3.3C and Figure 3.3D, respectively). For EV71
(Figure 3.3C) similar conclusions could be drawn from the data: minor signals that
were detected in the western blots were not detected by ELISA (Figure 3.3C,
experiment 7 and 8) most likely due non-specific bands being quantified as VP1. All
other experiments indicated similar trends, albeit lower for the western blot in
comparison to the ELISA. Overall, the data once again highlighted the importance of
extended infection periods for efficient VLP production.

It needs to be noted that the EV71 ELISA probes for the presence of EV71 VP1 protein,
whereas the CVA6 A-particle ELISA probes for the presence of assembled particles.
Nevertheless, the ELISAs showed similar trends and normalized values as the western
blots (Figure 3.3C,D). Moreover, this suggests that for CVA6, regardless of the
infection conditions, the same ratio existed between total produced VP1 protein and
assembled VLPs (Figure 3.3D, experiment 3, 4, and 8-11). We note that minor signals
detected in the western blots were not detected by ELISA (Figure 3.3D, experiment 1,
2, and 5-7); this could be explained by non-specific bands being quantified as VP1.
Additionally, the differences in the CVA6 ELISA in comparison to the CVA6 western
blot (Figure 3.3B, D) were attributed to the target difference of the antibodies (VP1 in
Figure 3.3B versus A-particle Figure 3.3D). Two experiments for CVA6 (Figure 3.3D,
experiment 2 and 6) were found to deviate from the established pattern, as they show
high western blot scores but no corresponding ELISA signal. Apart from the non-
specific band quantification described above, these results could be attributed to the
high MOI and short infection period used, which may have favored viral protein
production but hindered VLP assembly. Either the time for assembly or release of
VLPs into the extracellular environment was insufficient.

From the first iteration of DoE, it was concluded that the optimal conditions for EV71
VLP production were low MOJ, low VCD, and a long infection period. For CVA®6, a
second iteration of DoE was conducted to further optimize viral protein expression
using the BEVS (see section 3.2.2). In this second iteration, the lower boundaries of the
input factors MOI and infection period were increased, whereas the value of the VCD
input factor was decreased due to the large amount of contaminating cell debris
observed during harvesting. Long infection periods and high MOIs resulted in
increased degrees of cell lysis and more cell debris, making it significantly harder to
purify the protein of interest. To ease future work, we implemented these change at
this step of the process.

3.2.2 Secondary iteration of DoE for CVA6

The second iteration of the viral protein production optimization for CVA6 was
performed based on the experimental conditions outlined in Table 3.3. Western blot
analysis was performed on samples from each extracellular environment, and the
results were quantified using GelAnalyzer software, as shown in Figure 3.4A and
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Figure 3.4B, respectively. In this iteration, all samples except the negative control
(experiment 12) indicated VP1 presence (Figure 3.4A), strengthening the hypothesis
that there were no contaminations in this round of experiments. The highest yields
were obtained using high MOI (5), VCD (1 x 10° cells/ml) and infection period (7 d).

Table 3.3. Infection conditions and design matrix second iteration of design of experiments for CVA®6.

Cultures were infected using the infection parameter presented here. All 12 cultures were derived from the same
preculture and diluted accordingly. The design matrix indicates the experiment based on the design space (Figure
3.2), where -1 and 1 represent the lower and upper boundary of the specific infection parameter. Experiments 9-11
are considered triplicates as they have the same infection conditions as the center of the design space (Figure 3.2).
Experiment 12 was the negative control (mock infection) that did not receive any virus.

Multiplicity =~ Infection Cell density Design Matrix
of infection | period (d) (cells/ml)

Infection Cell

Period Density
5 -1 -1 -1
5 il il 1
7 -1 1 -1
| 4 | 7 -l 1 1
5 5 1 -1 -1
| 6 | 5 5 1x 10 1 -l 1
5 7 1x10° 1 1 E
| 8 | 5 7 1x 106 1 1 1
Bl 255 6 5.5 x 105 0 0 0
2.55 6 55x 10 0 0 0
2.55 6 5.5 x 105 0 0 0
n/a 7 55x 10 NC NC NC
A Triplicate B
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Figure 3.4. Analysis of the second iteration of the DoE for CVAG.
(A) Western blot against CVA6 VP1. Experiment 9-11 are triplicates indicating highly similar bands. (B)
Quantification and normalization of EV71 western blot band intensities using Gel Analyzer software?.
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As stated previously, apart from determining the best infection conditions, the
MODDE software also provides a model for the viral protein yield in experiments that
were not physically carried out. The performance of this model was assessed based on
four key parameters, which were summarized in the summary of fit plot (Figure
3.5A,B):

R?, a measure of the proportion of the variation in the response that can be
explained by the model, overestimates the goodness of fit (i.e., describes how
well the statistical model obtained from the software fits the set of
experimentally obtained data points). An R? value greater than 0.5 is required
to indicate statistical significance,

o This criterion was met for both EV71 and CVA6.

(Q? is a cross-validation measure that underestimates the goodness of fit by
testing the model’s ability to predict new data that was not used in its estimation
(i.e., it is a resampling method that uses different portions of the data to test and
train a model on different iterations). The Q? value tests the model’s ability to
predict new data that was not used in estimating it, to flag problems like
overfitting or selection bias. A Q2 value greater than 0.1 is required for
significance, and greater than 0.5 for a good model. Additionally, the difference
between R? and QQ? should not be larger than 0.3 to qualify as a good model.

o The criterions were satisfied for both EV71 and CVA®.

Model validity (MV) is a measure of diverse model problems. When the model
validity is larger than 0.25, there is no Lack of Fit of the model, which means
that the model error is within the same range as the pure error. If this value is
less than 0.25 this indicates statistically significant problem(s), such as outliers,
an incorrect model, or a transformation problem. It needs to be noted that MV
might be low even in very good models (as high as Q2 > 0.9) due to the high
sensitivity of the test or highly similar replicates.

o For EV71, the model validity indicated a Lack of Fit, which was likely
due to an absence of response in many experiments (lack of VP1
production), making it hard to fit a statistically significant model.
Despite investigating multiple transformations, MV did not increase as
desired. The high sensitivity of the assay, the highly similar replicates,
and the fact that were many experiments not indicating VP1 protein
production could have been attributed to the problems occurred for the
EV71 model.

o In contrast, the CVA6 experiments had a MV of 0.65, indicating no Lack
of Fit.

Reproducibility, which is the variation of the response under the same
conditions (in this case center points/triplicates) compared to the total variation
of the response, represents the biological variation between different samples.
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o High reproducibility values of 0.99 and 0.97 were obtained for EV71 and
CVAG, respectively, indicating very low biological variation. Overall, it
could be concluded that the model developed for EV71 was unable to
accurately predict viral protein production based on the input factors,
whereas the model for CVA6 could. An additional iteration of the EV71
DoE is necessary to identify and address the underlying issues with the
EV71 model.

EV71 CVA6
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Figure 3.5. Summary of Fit and contour plots.

Summary of fit plot for the first iteration of Design of Experiments for EV71 (A) and the second iteration for CVA6
(B). R?is an indicator for goodness of fit. Q2 estimates the prediction power of the model. MV is the model validity
and measures the robustness of the model. Repro. Is the reproducibility and is a measure of the variability of the
replicates in comparison to the overall variability. (A) Performance parameters for the model of EV71: R? (=0.8 >
0.5) indicated significance. Q? (=0.51 > 0.5) determined a good model. MV (=-0.2 < 0.5) indicated a Lack of Fit,
outliers, and transformation problems. Repro. (=0.99 > 0.5) indicated marginal biological variance. (B) Performance
parameters of the model for CVA6: R? (=0.976 > 0.5) indicated significance. Q? (=0.768 > 0.5) determined a good
model. MV (=0.65 > 0.5) indicated an absence in Lack of Fit, outliers, and transformation problems. Repro. (=0.97 >
0.5) indicated marginal biological variance. (C) Contour plots for CVAG6 at the three different, measured MOlIs
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The CVA6 model demonstrated a satisfactory performance, as shown in the model
performance indicators (Figure 3.5B). Subsequently, the contour plots for viral protein
yield at three different measured MOIs were generated for CVA6 (Figure 3.5C), which
predicted the viral protein production based on the model and allowed for estimation
of yields under unmeasured conditions. The plot also confirmed the western blot
results and indicated that higher yields could be obtained with longer infection
periods and higher VCD. If an additional DoE iteration is conducted, the input factors
can be adjusted accordingly to optimize the VLP production further. However, this
increase in VCD and longer infection periods may result in more cell debris, which can
complicate the purification process.

3.2.3  Optimizing the purification process

Following the successful optimization of viral protein production using the optimized
conditions, an optimization study was conducted to improve the purification process.
High purity of the VLPs is critical to ensure a high-quality product and enable
visualization using electron microscopy (EM). Here, we describe multiple strategies
for the downstream processing (DSP) of EV71 and CVA6 VLPs. Initially, the process
was optimized for EV71 and later adapted for CVA6. The DSP of VLPs involves
multiple steps, including clarification, sucrose cushions/density gradients, and
centrifugation. Figure 3.6 presents the stepwise optimization strategy for obtaining the
desired purity for EV71 VLPs (alterations in the process are indicated in red). Previous
work suggests that about one-thirds of the total viral protein produced are released
into the extracellular environment, while two-thirds remains intracellular?®. Whether
VLPs are actively transported out of the cells or released due to cell lysis over time
remains unknown. Designing a DSP strategy for purification of extracellular VLPs
may result in product loss but could significantly reduce purification process time and
efforts.

The initial strategy for purifying extracellular VLPs, based on a previous work,
reported highly pure material after only a few DSP steps®. To limit protein
aggregation, an additional triton-treatment step was added to the published protocol,
yielding strategy A (Figure 3.6A). Analysis of the final sucrose density gradient (SDG)
fractions indicated a very low protein concentration, which was barely visible on SDS
PAGE gel (Figure 3.7A). Fortunately, the number of sample contaminating proteins
was low. Moreover, on western blot the VP1 band that indicated viral protein
expression was clearly visible (Figure 3.7A). Direct observation of the most promising
fraction (25-30%) by electron microscopy indicated a relatively pure sample with the
presence of VLPs (Figure 3.8A, red arrow and inset). Notably, while the sample did
not contain any baculovirus, there was a background of contaminating protein
aggregates, which originated from either the host cell proteins or the viral proteins
presented by the SDS PAGE gel.
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To exclude these protein aggregates, the triton-treatment was moved up in the process
order (strategy B, Figure 3.6B). Thereby, protein aggregation was prevented prior to
the sucrose cushion, thus preventing aggregates from travelling through the 30%
sucrose and contaminating the VLP-containing fractions of interest. Both the SDS
PAGE gel and the western blot for this strategy looked highly similar to the results
obtained when employing strategy A (Figure 3.7B). However, the EM images have a
much clearer background (Figure 3.8B), and while there were still visible protein
aggregates, they were less prevalent. In both strategies (A and B), the particle density
was low. To increase the particle density, the production cultures were scaled up from
50 ml to 400 ml, which presented new challenges for the DSP protocol.

After scaled-up viral protein production, strategy C (Figure 3.6C) yielded poor results.
The VP1 protein could be detected in every fraction of the SDG, most likely due to VLP
aggregation, binding of VLPs to host cell proteins (HCP), mixing of the SDG layers
during harvesting, or reduced efficiency of the SDG due to the small volume (Figure
3.7C). Although the particle density increased as observed by EM, so did that of the
contaminants (Figure 3.8C). To improve separation, the volume of each sucrose
fraction in the SDG was increased from 2 to 6 ml (strategy D, Figure 3.6D), resulting
in a clear distinction between VP1-containing and VP1-absent fractions (Figure 3.7D).
Moreover, the particle density of fraction of interest (25-30%) increased (Figure 3.8D).
However, protein aggregates were still present.

To eliminate these contaminants in the scaled-up viral protein production, a double
filtration was introduced prior to SDG (strategy E, Figure 3.6E). This additional
clarification step did not appear to affect the viral protein concentration, as evidenced
by the high band intensity similarity between strategies D and E (Figure 3.7E).
Additionally, the number of contaminants were significantly reduced (Figure 3.8E).
To further enhance purity, this step was shifted up in the process (strategy F, Figure
3.6F). However, the amount of viral protein yield at the end of the process appeared
to decrease, as evidenced by the reduced band intensity on western blot (Figure 3.7F).
Contributing to the hypothesis that the total protein concentration was low, the SDS
PAGE gel only indicated dim bands (Figure 3.7F). Surprisingly, EM investigation of
the most promising fraction (25-30%) indicated a high particle density and purity
(Figure 3.8F), with only marginal amounts of protein aggregates that could be
attributed to VLP disintegration.

The results of strategy F showed the most promising outcomes for EV71 VLP
purification, as evident from the low levels of contaminating proteins on SDS PAGE
(Figure 3.7F), clear visualization of VP1 band on western blot (Figure 3.7F), and
presence of VLPs without protein aggregates in the EM image (Figure 3.8F). The SDG
fraction with the highest band intensity in strategy F (25-30%) was subjected to BCA
analysis and a total protein concentration of ~15.8 mg/ml (final volume ~4 ml; ~158
mg/l of culture medium) was determined.
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Figure 3.6. Overview investigated EV71 VLP DSP strategies. Strategy A was obtained from literature? and the
most successful protocol (strategy F) was obtained after stepwise optimization (A through F).
Red boxes indicated changes from the preceding DSP strategy. (A) Strategy for the DSP of EV71 VLPs produced at
small scale (50 ml) from the extracellular environment, protocol was adapted from REF?%. (B) As in Strategy A, but
with Triton X-100 treatment prior to the sucrose cushion. (C) Identical to strategy B with a scaled-up culture volume
(400 ml). (D) As in Strategy C, but with an increased volume of the sucrose density gradient (SDG; 10 7 30 ml final
volume). (E) As in Strategy D, but with additional clarification (filtration) steps prior to SDG. (F) As in strategy E,
with additional clarification (filtration) step prior to the sucrose cushion. This was the most successful protocol and
maintained the standard for our EV71 VLP purifications.
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Figure 3.7. independent SDS PAGE gels and western blots for all VP1-indicating samples of the SDGs of each DSP
strategy.

All strategies are described in Figure 3.6. Running conditions are described in section 3.4.3. The proteins found on
SDS PAGE are hypothesized to be viral proteins VPO (38 kDa), VP1 (35 kDa), and VP3 (27 kDa).

Since the two VLPs originated from the same Enterovirus genus, we expected
purification protocols to be universally applicable. To test this hypothesis, DSP
strategy F (Figure 3.6F) was applied to the CVA6 VLP production batches.
Unfortunately, the protocol that could successfully purify EV71 VLPs did not yield
similar results for CVA6 VLPs, as demonstrated by the widespread distribution of
CVA6 VP1 in the majority of the SDG fractions (Figure 3.9B; Strat. F; western blot).
Additionally, there are contaminant proteins visible on the SDS PAGE gel (Figure 3.9B;
Strat. F; SDS PAGE). The most plausible explanation for these observations is the
presence of aggregates resulting from the high MOI, high VCD and prolonged
infection period for CVA6 (see section 3.2.2). To ascertain that the previously most
promising fraction (25-30%) did not contain VLPs to the extent that the EV71 fractions
did, EM images were taken (Figure 3.9C). The images revealed a clear background
with large structures, effectively masking any VLP presence, and supporting the
hypothesis of extensive protein aggregation.

To address the issues encountered when applying strategy F to CVA6 VLP
purification, we designed strategy G (Figure 3.9A). Strategy G involved an additional
filtration step prior to the sucrose cushion, which resulted in a lower concentration of
viral proteins on SDS PAGE gel (Figure 3.9B; Strat. G; SDS PAGE). Furthermore, the
gel indicated that the VP1 and VP0 bands were overlapping, VP3 was produced and
presented at its correct size (~27 kDa), and analogously to all previous western blots
for CVAG, a truncated version of VP1 (VP1*) was apparent®>*. Lastly, at approximately
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60 kDa an additional band was visible which could be host cell proteins or an
uncleaved VP0-VP3 protein, as previously observed for EV71 and CVA16%%. The SDS
PAGE indicated high purity, as there was only a minimal number of contaminant
protein visible, and the western blot showed a clear non-equilibrium distribution of
VP1 in multiple fractions, with the 25-30% fractions being the most promising anew
(Figure 3.9B; Strat. G; western blot). EM images indicated the presence of assembled
VLPs in large excess of the observed protein aggregates (Figure 3.9D). Overall, we
concluded that strategy G yielded highly pure CVA6 VLPs in the most promising SDG
fraction (25-30%). The total protein concentration of the purified CVA6 VLPs was
determined to be ~3.8 mg/ml (final volume ~4 ml; ~38 mg/1 of culture medium).

Figure 3.8. Electron microscopy images of most promising fractions of the SDGs of strategies A-F.

All strategies are described in Figure 3.6. Experimental conditions are described in section 3.4.6. White scale bars
in the labeled images represent 200 nm, whereas in the insets the scale bars represent 30 nm. For each strategy, two
examples of VLPs are presented below the images.
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Figure 3.9. CVAG6 VLP purification process.

(A) CVAG6-specific DSP strategy for the purification of 400 ml cell cultures containing VLPs. (B) SDS PAGE gels and
western blots for all VP1-indicating samples of the SDGs of both CVA6 VLP DSP strategies. (C) Electron microscopy
image of most promising fraction of the SDG producing by employing strategy F on CVA6 VLPs. Experimental
conditions are described in section 3.4.6. The white scale bar indicates 200 nm. (D) Electron microscopy image of
most promising fraction of the SDG of strategy G on CVA6 VLPs. Experimental conditions are described in section
3.4.6. The white scale bar indicates 200 nm.
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3.3 Discussion

In this study, we have presented a successful optimization of EV71 and CVA6 VLP for
potential vaccine purposes. Two optimization studies (production and purification)
have been conducted to obtain VLPs with a high production yield and high purity.

Optimization of infection conditions was performed based on western blot band
intensity and confirmed using ELISA assays. Thus, for EV71, the optimum infection
conditions were determined to be low multiplicity of infection (0.001), a low viable cell
density at the time of infection (5.0 x 10° cells/ml), and a long infection period (6 d), but
further research is needed to obtain a more accurate model due to Lack of Fit. The
EV71 VLP results presented in this study could serve as a basis for future optimization
studies aimed at exploring optimal conditions in greater depth, potentially leading to
the development of a highly precise model.

For CVA6 VLPs, two iterations of DoE were performed, and the optimum infection
parameters were determined to be high MOI (5), high VCD (1.0 x 10° cells/ml), and a
long infection period (7 d). The infection period is relatively long in comparison to
previous studies, which could be deleterious for its cost-effectiveness??2%31-%_ A high
MOI was observed in multiple studies, even exceeding the MOI used in this
Study23’27’29’32.
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We note that the model presented in this study exhibited robust performance
parameters, indicating a high degree of accuracy and reliability in predicting infection
outcomes under non-experimentally measured conditions. Specifically, higher VCD
and longer infection periods are recommended as input factors for an additional
iteration of DoE to determine an even more favorable set of infection conditions for
VLP production. Additionally, a large amount of previous work has described
infection with high cell density cultures (2,000,000 cells/ml in comparison to our
1,000,000 cells/ml for CVA6), which could possibly yield higher viral protein
yields?»227323%  However, it is important to consider the potential drawbacks. The
trade-off is that higher cell densities over long infection periods can cause cell death
and result in an increased amount of cell debris, making VLP purification more
challenging. Therefore, a careful balance between these factors must be considered in
optimizing the VLP production process further. Additionally, culturing in Erlenmeyer
culture flasks limits the operating mode to batch. While medium can be replenished
during the infection period, this results in a loss of product and baculovirus.
Bioreactors can allow for fed-batch or even continuous feed and harvesting, but will
lower the viral protein yield/volume and increase the cost significantly? .

Optimization of the purification process for EV71 VLPs generated a final yield of 158
mg/l of culture volume. This yield represented a 2.5-fold increase over the previously
reported highest yield obtained in bioreactors of 64.3 mg/l*”. Furthermore, a separate
process optimization study yielded a final VLP concentration that is ~2- fold lower
than the yield presented here*. And lastly, despite using a 100-fold lower MOI (thus
lower viral stock consumption) and a 2-fold lower VCD (thus less bioreactor process
time), a highly similar yield to the highest reported yield was achieved?. Additionally,
given the previously determined potent immunogenicity offered by enterovirus VLPs
(EV71) at 1-5 pg, translates to 31,600-158,000 doses per liter of Hi5 culture medium,
demonstrating the EV71 VLP vaccine’s economical potential?*25%.

The optimization study of the purification process for CVA6 VLPs resulted in a final
yield of 38 ml/l of culture volume, a 4-fold decrease in comparison to the EV71 VLPs
due to the additional filtration step. The lack of a previously reported yield for CVA6
VLPs makes it challenging to make comparisons. Still, the previously determined
potent immunogenicity offered by enterovirus VLPs (EV71) at 1-5 ug, translates to
7,500-37,500 doses per liter of Hi5 culture medium, confirming the similar economic
potential for a CVA6 VLPs to EV71 VLPs?2:%,
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3.4 Materials & Methods

3.4.1 Construction of recombinant baculoviruses

Previously reported construct optimizations for the production of enterovirus A71
(EV71) indicated that the highest viral protein yield was obtained using the P1 and
3CD coding sequences behind the polh and CMV promoter, respectively?. Two transfer
plasmids, containing the aforementioned genes originating from EV71_C4 and CVAS6,
were amplified using E. coli J]M109 competent cells (Promega) and isolated using
NucleoBond Xtra Midi EF (Macherey-Nagel). The amplified transfer plasmids were
checked by double digestion using multiple restriction enzyme pairs. To construct the
recombinant baculovirus, the transfer plasmid and flashBAC GOLD DNA (Oxford
Expression Technologies) were co-transfected into Sf9 cells (Gibco). The two different
baculovirus stocks for the EV71 and CVA6 origin viral proteins, respectively, were
designated BacV-EV71 and BacV-CVAG6. The baculovirus was propagated over the
course of 3 passages and titered by end-point-dilution method using Sf9 Easy Titer
(Sf9ET) (Kerafast) cells according to the manufacturer’s protocol.

3.4.2 Viral protein production & purification

EV71 and CVA6 VLP production was accomplished by infection of High Five™ cells
(Gibco). Erlenmeyer culture flasks (125 ml) with 50 ml working volumes of Hi5 cells
(cell density dependent on specific experiment) were infected by either BacV-EV71 or
BacV-CVA6 (MOI dependent on experiment) in Sf-900IISFM (Gibco). After the
infection period (dependent on experiment), the cultures were harvested using
centrifugation (Heraeus) at 3,000 rpm for 15 min at 4 °C. The pellet was discarded, and
the supernatant was supplemented with Triton X-100 (final concentration 0.1%) to
prevent protein aggregation. The viral protein production optimization analysis was
performed on this sample. For purification optimization, the most successful protocol
started from this point.

The Triton X-100 supplemented supernatant was double filtered using 0.45 um and
0.22 um filters (Millex). The filtered supernatant was subjected to sucrose cushion
ultracentrifugation (30% W/W sucrose in PBS) for 5 h at 141,000 x g. The pellet was
resuspended in 1 ml phosphate-buffered saline (PBS, Gibco) and subjected to another
centrifugation (10,000 X g, 10 min), after which the pellet was discarded, and the
supernatant was applied onto a discontinuous sucrose density gradient (SDG) (15-45%
W/W sucrose in PBS) and ultracentrifuged for 3 h at 141,000 X g (ThermoFisher
Scientific). The SDG was harvested by 1 ml sampling from the top. Samples were
pooled into 8 concentration ranges based on the percentage of sucrose (0%-15%, 15%-
20%, 20%-25%, 25%-30%, 30%-35%, 35%-40%, 40%-45%, and 45%-50%), whereby
sucrose density was measured by refractometer (Hanna instruments).

3.4.3 SDS PAGE & Western blot
To confirm the viral protein production of EV71 and CV A6, anti-VP1 (both origins)
western blot analysis and SDS PAGE was performed. For this, 40 ul of each culture
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was mixed with 10 pl loading buffer (Intravacc) and heated at 100 °C for 15 min. Then,
15 ul of each mixture was loaded on NuPAGE™ 10% Bis-Tris gel (Invitrogen) and
electrophoresis was performed at 200 V for 45 min. The gel was washed three times
for 5 min using purified water. Dependent on the purpose of the gel, it was subjected
to staining (SDS PAGE, section 3.4.3.1) or overnight blocking (Western blot, section
3.4.3.2)

3.4.3.1 SDS PAGE
The gel was stained with Imperial™ protein stain (Thermo Fisher Scientific) for 1 h and
destained in multiple cycles and overnight using purified water.

3.4.3.2 Western blot

The proteins were blotted onto a nitrocellulose membrane (ThermoFisher Scientific)
using a semi-dry blotting machine (Hoefer) run at 60 mA for 60 min. The membrane
was washed two times in wash buffer (PBS + 0.1% W/W Tween 20 (Sigma-Aldrich))
and blocked overnight at 4 °C (PBS +0.1% Tween 20 (Sigma-Aldrich), and 0.5% Protifar
(Nutricia)). Next, the membrane was incubated with 1:1,000 of either mouse anti-EV71-
VP1 (Abnova, MAB1255-M08) or rabbit anti-CVA6-VP1 (ThermoFisher Scientific,
PA5-112001) in block buffer for 90 min on a roller incubator. The membrane was
washed five times using wash buffer and incubated with 1:2,000 of either goat anti-
mouse IgG Human ads-AP (Southern Biotech, 1030-04) or goat anti-rabbit IgG Human
ads-AP (Southern Biotech, 4050-04) in block buffer for 90 min on a roller incubator.
The membrane was washed three times using wash buffer and once using purified
water. The membrane was colored using AP conjugate substrate kit (BIO-RAD,
1706432). The colorization reaction was terminated by the addition of an excess of
purified water.

3.4.4 Enzyme-Linked Immunoassay
EV71 VP1 ELISA was performed using ELISA kit (Abnova, KA1677), according to
manufacturer's instructions.

To confirm western blot results for CVA6, an ELISA using anti-CVA6 A-Particle
(Creative Biolab) was performed. To this end, 100 pl of sample was added to a 96-well
high-binding ELISA plate (Greiner Bio-One) and 1:1 serial diluted in PBS. The plate
was incubated at RT overnight. The plate was subjected to three wash cycles (purified
water + 0.05% Tween80 (Sigma-Aldrich)). Plates were blocked using 150 ul of block
buffer (PBS + 0.5% bovine serum albumin (BSA, SERVA)) for 30 min at 37 °C. Each
plate was then subjected to three wash cycles using a washer dispenser (BioTek,
EL406). The primary antibody (recombinant mouse anti-CVA6 A-particle, Creative
Biolabs, PABC-483) was added in a final concentration of 0.1 pg/mL in 100 pl/well
assay buffer (PBS + 0.05% Tween80) and incubated at 37 °C for 1 h. The plates were
washed three times, after which secondary antibody (goat anti-mouse IgG-HPR
(Southern Biotech, 1030-05) was diluted 5,000-fold in PBS, and 100 ul of the result per
well was added to the plate and incubated at 37 °C for 1 h. The wells were washed
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three times, and 100 ul of HRP substrate (Ultra TMB-ELISA (Thermo Fisher Scientific))
was added to each well and incubated for 10 min in RT. To quench the reaction, 100 ul
of 0.2 M sulfuric acid was added to each well. The wells” light absorption was
measured at 450 nm using a plate reader (BioTek synergy neo2 reader).

3.4.5 Design of Experiments

To investigate the optimized conditions and analyze the output for viral protein
production in terms of MOI, VCD, and infection period (the three DoE input factors),
a Design of the Experiments was performed using the full-factorial model of model
software MODDE12 (Sartorius).

3.4.6 Electron Microscopy

Electron microscopy was employed for the direct visualization of the VLPs. Of each
DSP sample, 3 uL was blotted on EM grids (Quantifoil, carbon-supported, Cu-400) in
three consecutive iterations with 60 s of incubation time. Next, grids were subjected to
two wash cycles using 10 ul PBS. Excess liquid was blotted away using filter papers.
Staining was performed using 2% uranyl acetate for 1 min. Excess liquid was blotted
away using filter paper. Imaging was performed using a Jeol JEM-1400 plus TEM.

3.4.7 Bicinchoninic acid (BCA) total protein assay

Bovine Serum Albumin (BSA), with a stock concentration of 2 mg/ml, was subjected
to serial dilution in PBS to generate a standard curve ranging from 0 to 320 pg/ml.
Samples were appropriately diluted in PBS to ensure that their concentrations fell
within the linear range of the standard curve. Subsequently, 25 ul of each sample or
standard was added to a 96-well plate, followed by addition of 200 ul of BCA reagent
mixture (a combination of BCA reagent A and B in a 40:1 ratio, sourced from the
Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific) to each well. The plate was
then incubated at 37 °C for 30 min, after which the absorbance was measured at 562
nm, and the resulting values were used to calculate the protein concentration using
the standard curve.
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Beyond the RNA: Alternative
mechanisms for the stability and
maturation of enterovirus-like particles

In the fight to counteract hand, foot, and mouth disease-causing viruses, most prominently
enterovirus A71 and coxsackievirus A6, virus-like particles (VLPs) have emerged as a leading
contender for the development of a multivalent vaccine. However, compared to inactivated
vaccines, VLPs have shown rapid conversion from the highly immunogenic state (N-Ag) to the
less immunogenic expanded state (H-Ag) and significantly lower particle integrity lifetimes,
rendering the stability of these particles a major issue. This study investigated the reduced
capsid stability of VLPs using atomic force microscopy (AFM), cryogenic electron microscopy
(cryo-EM), and biochemical assays. Contrary to previous work on enterovirus VLPs, this study
demonstrates that nearly one third (31%) of the produced VLPs were able to encapsidate viral
RNA. Importantly, this work shows that the RNA presence in the capsids is not the primary
factor that determines enterovirus capsid stability, as was previously hypothesized.
Furthermore, the viral maturation that results from capsid structural changes and pocket factor
binding, may be triggered by additional underlying mechanisms in addition to RNA presence.
Because achieving VLP stability comparable to that of virions is of the utmost importance in
ensuring the success of VLPs as vaccine candidates, these findings are important for the
development of artificial methods of inducing viral maturation or alternative means of capsid
stabilization.

This chapter is in preparation for submission for peer review publication as: L. Kuijpers et al., “Beyond the RNA:
Alternative mechanisms for stability and maturation of enterovirus-like particles”
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4.1 Introduction

Hand, foot, and mouth disease (HMFD) is becoming an increasingly concerning issue
in the South-East Asian region'. Although vaccination campaigns against the
conventionally most prevalent strain, enterovirus A71 (EV71), were initially successful,
the emergence of other HFMD-causing viruses, most notably coxsackievirus A6
(CVAG), has tempered these successes. To combat the resurfacing of new disease-
causing strains, there is a pursuit to develop a multivalent vaccine, which could
provide an answer. Virus-like particles (VLPs) have been proposed as a superior
alternative to the conventional inactivated vaccines currently available on the market?.
Due to their non-replicating and non-infectious nature, resulting from the proposed
lack of genomic RNA, and their similar surface structure that can trigger immune
responses similar or higher than their native virion counterparts, VLP vaccines offer
significant advances®. However, stability remains a challenge, despite significant steps
being taken with formulation strategies that have extended the particle integrity
lifetime multiple fold during storage*.

VLPs can be produced using the baculovirus expression vector system (BEVS), in
which only the P1 polyprotein and 3CD protein are expressed>'. To date, the
enterovirus VLPs has shown to lack RNA in previous reports!-1*. Nevertheless, it is
possible that host cell proteins or mRNA - including the transcripts of their
baculovirus expression vectors - may be encapsidated in VLPs and impact their
stability?®.

Several studies have attempted to increase the thermostability of VLPs by subjecting
virions to random mutagenesis during cultivation at elevated temperatures and
performing reverse engineering to introduce these mutations into VLPs'®!. This
methodology has been successfully applied to poliovirus (PV) and enterovirus A71
(EV71) at laboratory scale, and could be adapted for other (enterovirus) VLPs®2. The
stability of the most immunogenic configuration of enteroviruses relies on the
presence of a lipid molecule, called the pocket factor, in a region at the base of the
canyon within VP1 (hydrophobic pocket)*. Moreover, the conversion of their capsids
from the highly immunogenic state (D-antigen for PV; N-Ag for other enteroviruses)
to the less immunogenic expanded state (C-antigen for PV; H-Ag for other
enteroviruses) is linked to dissociation of the pocket factor?>?. Although improved
stability in these studies primarily refers to thermostability, which can prevent the
conversion from N-Ag to H-Ag, thermostability does not necessarily imply other
forms of stability. To date, no studies have investigated the differences in particle
stability, specifically with respect to the forces applied to them, between the two
candidate particles that are being used and developed for enterovirus vaccine
purposes: the immunogenic N-Ag native virions and VLPs.

Apart from the pocket factor, capsid stability depends on the mechanical properties of
the protein shell, which may in turn depend on the way it is assembled and/or its
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content. As outlined in previous work, there are two major hypotheses describing
virion particle assembly??. The first hypothesis suggests that the viral capsid is
assembled prior to RNA packaging, with viral RNA (VRNA) entering the capsid
during the final stage of viral morphogenesis. Evidence supports this hypothesis, as
the procapsid is believed to remain in an expanded state to allow vVRNA to enter.
Moreover, during viral maturation, the VPO protein is cleaved, leading to significant
rearrangements of viral capsid proteins. This cleavage has been hypothesized to be
regulated by vRNA presence??. This maturation process is crucial for enterovirus
assembly and affects viral infectivity?®. The ability of VLPs to assemble in absence of
vRNA additionally supports this hypothesis. The second hypothesis posits that the
VvRNA (or DNA) serves as a scaffold for the viral capsid proteins, or is engaged in
recruiting them?3>. Furthermore, it has been reported that RNA can serve as a
stabilizer of enterovirus capsids, and this effect appears to be consistent across this
genus®*¥. We note that, depending on environmental factors such as pH and ionic
strength, the scenarios envisaged by these two hypotheses could occur separately or
concurrently®.

Structurally, virions and VLPs differ in three major ways: First, native virions contain
the full RNA construct, whereas VLPs may either be empty or contain vRNA and even
host cell RNA. Second, native virions have VP0 cleaved into VP2 and VP4, whereas
VLPs have VPO intact. The mechanism that underlies VPO cleavage is currently
unknown. Third, native virions contain lipid pocket factors in the hydrophobic pockets
of the canyons in VP1, whereas for VLPs, these pocket are empty and possibly
collapsed'?13234142, The pocket factor stabilizes the capsid when in transit between cells
and unbinding destabilizes it after attachment prior to uncoating*.

Viral capsid stability is commonly evaluated using biological techniques such as
mutational analysis, ELISA, DLS, and infectious titer*!¢-204, While these methods
provide invaluable information, they do not report directly on the underlying
mechanical properties and potential influencers of capsid integrity. For instance,
biophysical experiments have indicated that empty capsids produced in vivo by
enteroviruses are relatively unstable.

In this study, we employed AFM nanoindentation experiments to explore the
mechanical properties of VLPs and inactivated virions derived from two virus strains,
EV71 and CVA6*. Since VRNA has been proposed to be the primary stabilizer of
virions, a comparative analysis of native RNA-containing virions and “empty” VLPs
at various forces is expected to reveal substantial differences in capsid integrity. In
addition, we assessed the ability of enterovirus-like particles to encapsidate vVRNA
using biochemical assays and interrogated the produced VLPs on this vVRNA presence.
Furthermore, we utilized electron microscopy (EM) to investigate the structural
dissimilarities between VLPs and virions, aiming to shed light on the divergences in
capsid stability and discern the essential stabilizing factors of the structure. The
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integration of three significant techniques is expected to provide a comprehensive
understanding of the biophysical properties and capabilities of enterovirus VLPs. This
knowledge can serve as a foundation for the development of future vaccines.

4.2 Results

The production of EV71 and CVA6 VLPs was accomplished using a previously
published baculovirus construct (Figure 4.1A)*. Production and purification protocols
were optimized to yield highly pure VLPs. In the final step of purification, sucrose
density gradient (SDG) ultracentrifugation was employed to separate the VLPs from
contaminants. The fraction with the highest concentration of viral proteins was
determined to be 25-30% sucrose based on anti-VP1 western blot analysis (Figure
4.1B). Subsequently, the purity of the obtained fraction was evaluated by SDS PAGE
analysis, which exhibited a low number of non-enterovirus related bands, indicating
high purity of the VLPs (Figure 4.1C). Moreover, the viral proteins were identifiable,
with significantly lower intensity of the viral protein bands for EV71 VLPs compared
to CVA6 VLPs. Notably, evaluation of the CVA6 VLP gel revealed overlapping bands
for VPO and VP1, likely due to their highly similar molecular weights (36 kDa and 35
kDa, respectively)!2. Electron microscopy analysis further confirmed the high purity of
the VLPs, exhibiting negligible background signal and absence of protein aggregates
for both EV71 and CVA6 (Figure 4.1D). The smaller structures visible in the
background of the CVA6 VLPs could possibly be VLP precursors, in the form of
pentamers, or ferritin molecules, which are produced by many eukaryotic cells and
have a size of approximately 8-15 nm*4.

To evaluate the mechanical stability of capsids derived from different sources,
including virions and VLPs from both EV71 and CVA6, we employed atomic force
microscopy (AFM)%*. Nanoindentation force spectroscopy, which has been
demonstrated to effectively study structures at both the micro and nanoscale, was used
to investigate the mechanical properties of these structures. This technique has been
used to evaluate the mechanical properties of a range of structures including
lipoproteins, bacteriophages, and protein capsids®*2. We employed the AFM in two
ways: in its force spectroscopy mode, the AFM cantilever was used to apply a force to
the capsids to investigate their ability to withstand this force or the corresponding
mechanical nanoindentation. When the capsids failed (i.e. lost their structural
integrity), the corresponding critical force or critical indentation was registered (Figure
4.2C); in its imaging mode, the AFM was used imaged the capsids before (Figure 4.2A)
and after (Figure 4.2B) such nanoindentations in order to determine their status (intact,
buckled, broken, collapsed etc.).
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Figure 4.1. Production and evaluation of EV71 and CVA6 VLPs.

(A) Construct design for EV71 and CVA6 VLP production using the baculovirus expression vector system*. The P1
region, coding for the structural proteins, and the 3CD protease of the different virus origins were inserted behind
the polyhedrin and CMV promoters, respectively. (B) Western blot against the VP1 proteins of EV71 and CVA6.
Samples originated from sucrose density gradient (SDG) fractions harvested and pooled based on sucrose
percentage. For VLP production from both virus origins, the 25-30% SDG fractions were identified as most
promising as they revealed the highest band intensities. (C) SDS PAGE results of the most promising fractions of
EV71 and CVA6 SDG. Both VLP types indicated the viral protein bands for VP0, VP1, and VP3, albeit with dimmer
bands for EV71. For CVA6, the bands for VP0 and VP1 overlap due to their highly similar molecular weights (36
kDa and 35 kDa, respectively), as can be observed by the increased intensity relative to other bands. (D) Negative
stain electron microscopy images of EV71 (left) and CVAG6 (right) VLPs. Size bars represent 200 nm.

In the first imaging analysis by AFM, the size of the different capsids was determined
independently. It is hypothesized that VLPs are typically up to 5% larger than native
virions as they exist in an expanded state!213234142, Furthermore, this ~5% difference is
linked to the viral maturation which occurs in virions but not in VLPs%. However, the
AFM analysis indicated that both VLPs and virions, regardless of their origin, had an
average diameter of 29-30 nm (S.I. Table S.4.1) and no significant size differences were
observed (Figure 4.2D). The large spread in the data set could explain the lack of
significant differences.

From the nanoindentation experiments, we determined the viral capsid spring
constant using a previously established method*, in which the slope of the initial
linear part of the Force-Displacement (F-Z) curve obtained from AFM nanoindentation
was fitted. This fit yielded the total spring constant of the cantilever-particle system,
from which the spring constant of the particle could be extracted given independent
calibration of the cantilever itself2. The capsid spring constant is a key determinant of
the mechanical properties of capsids. For EV71, the average spring constants were
determined at 0.30 + 0.18 N/m and 0.25 + 0.14 N/m for virions (Figure 4.2E black; S.I.
Table S.4.1) and VLPs (Figure 4.2E red; S.I. Table S.4.1), respectively. Furthermore,
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the CVAG6 spring constants of 0.38 + 0.22 N/m and 0.31 + 0.16 N/m for virions (Figure
4.2E blue; S.I. Table S.4.1) and VLPs (Figure 4.2E violet; S.I. Table S.4.1) also indicated
no significant differences, suggesting similar stiffness between VLPs and virions, and
from both origins.
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Figure 4.2. AFM results for EV71 VLPs (black), EV71 virions (red), CVA6 VLPs (blue), and CVAG virions (violet).

(A) Example of an EV71 virion prior to nanoindentation. (B) Example of EV71 virion after nanoindentation. (C)
Example of a force-indentation curve obtained by AFM, highlighting the critical force (red in nN) and the
corresponding critical indentation (green in nm). The spring constant is obtained as described previously®? in which
the slope of the initial linear part of the force-displacement curve (purple) is fitted yielding the total spring constant
of the cantilever-particle system. The spring constant of the cantilever was obtained from the calibration. (D)
Corrected height as determined by AFM measurements. (E) Viral spring constant (N/m). (F) Critical force (nN). (G)
Critical indentation (nm). (H) Normalized volume after indentation. P values are indicated by asterisks: p<0.001
(***), p<0.01 (**), and p<0.05 (*). N.s.: not significant. (D)-(H) EV71 VLPs (black), EV71 virions (red), CVA6 VLPs
(blue), and CVAG6 virions (violet).
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Building on the viral spring constant and confirming the similarity between the VLPs
and virions from both origins, the Young modulus could be extracted (see section
4.4.5.3)% similarly as previous performed for other capsids®. The Young’s moduli of
0.19 GPa and 0.17 GPa for EV71 and CVAG®6 virions, respectively, and 0.20 GPa and 0.22
GPA for EV71 and CVA6 VLPs, respectively, are highly similar in comparison to
previously reported values for virions and VLPs*%. Despite having lower viral spring
constants and the fact that differences were small the virions presented marginally
lower Young’s moduli than the VLPs, due to the differences in shell thickness and
outer radius (S.1. Table 5.4.2)%.

In contrast to the spring constant, the other AFM-derived mechanical parameters
indicated significant differences between virions and VLPs. Virions (Figure 4.2F, red
and violet for EV71 and CVAS, respectively; S.I. Table S.4.1) exhibited a higher critical
force than the VLPs (Figure 4.2F, black and blue for EV71 and CVAS, respectively; S.I.
Table S.4.1), indicating their ability to withstand higher forces before failure. No
significant differences were found when comparing the virions or VLPs from different
origins. This supports the hypothesis that the observed differences between virions
and VLPs are either due to structural differences between the two types of particles or
due to the presence of specific compounds or nucleic acids in the particles, rather than
their virus origins.

Logically following the observations that the spring constants were insignificantly
different between virions and VLPs, and the critical force was higher for virions was
higher, we observed a higher critical indentation for virions (Figure 4.2G, red and
violet for EV71 and CVAG, respectively; S.I. Table 5.4.1) compared to VLPs (Figure
4.2G, black and blue for EV71 and CVA®6, respectively; S.I. Table S.4.1). Thus,
indicating that the virions can deform significantly more than the VLPs prior to
structural failure.

The differences in critical force and critical indentation suggested a different pathway
of deformation and loss of particle integrity between virions and VLPs. This is further
supported by the investigation of the state of the particles after indentation (Figure
4.2H). The effect is particularly visible for EV71, and to a lesser extent for CVA®6.
Notably, the VLPs of both origins (Figure 4.2H, black and blue) appeared to decrease
somewhat in total volume after indentation (V ~ 0.8), whereas the virions (Figure 4.2H,
red and violet) collapsed completely (V < 0.2) in multiple instances. These findings
suggest that virions are more likely to disassemble completely once initial failure has
occurred, indicating another difference in the mechanical properties between the two
types of viral particles.

In these experiments, the virions probed had been previously chemically inactivated
using formaldehyde, which induces cross-linking of viral capsids and thereby
prevents viral genome release™. Formaldehyde treatment also confers rigidity to the
viral capsids, which inhibits the release of the pocket factor’. This is thought to
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provide an additional contribution to inactivation, as pocket-factor release is believed
to be necessary for the initiation of genome release*®. To investigate whether
stabilizing effectors of formaldehyde treatment accounted for the observed differences
in the mechanical properties between virions and VLPs, a supplementary batch of
CVAG6 VLPs underwent the same formaldehyde treatment as the CVA®6 virions, after
which we again performed nanoindentation force spectroscopy experiments using the
AFM. From these experiments, we concluded that there was no significant difference
between treated and untreated CVA6 VLPs (S.I. Figure S.4.1A-C, green and blue,
respectively). We assume the same holds true for EV71. Therefore, it could be
concluded that the inactivation process did not have any additional stabilizing effects
on the CVA6 virion capsids, and a direct comparison of the two types of capsids,
inactivated virions and non-treated VLPs, is justified.

The AFM data revealed significant differences between the virions and VLPs from both
virus origins in terms of their mechanical properties. However, this data alone does
not explain the underlying differences between the two particle types. AFM is not
capable of providing the requisite spatial resolution required to identify viral
maturation processes such as VPO cleaving and pocket factor binding. A previous
study utilizing cryo-EM reconstruction of the CVA6 VLP had reported an absence of
viral maturation and the complete lack of any internal components, including nucleic
acid. To validate these previous findings and conduct our own analysis, we employed
cryo-EM to reconstruct the CVA6 VLP. Our attention was primarily focused on the
CVAG6 VLPs due to their high particle density and purity as compared to the EV71
VLPs, which would minimize any possible interference from any possible
contaminants, resulting in higher resolution of the reconstruction.

It is widely accepted that enterovirus VLPs are usually devoid of RNA or any other
internal components, and our study confirm this observation, as evidenced by the
abundance of empty capsids observed (Figure 4.3A). Nonetheless, we also detected a
significant proportion, approximately 31%, of the initial 1,128 CVA6 VLPs imaged on
carbon-lacking grids exhibited heightened density at the center of their capsids (Figure
4.3A), as determined through 2D classification analysis. The absence of the supporting
carbon film on the cryo-EM grids allows for an investigation of the electron density at
the center of the capsids. The observed increase in electron density within viral capsids
is commonly associated with the presence of nucleic acids or large proteins. However,
the exact origin of this increased density could not be determined with certainty,
owing to the dynamic nature of the structure. In instances where certain parts of the
structures are highly dynamic or are oriented differently for individual images, the
cryo-EM data processing tends to average out these regions, precluding their
resolutions, as in the case of RNA changing orientation or conformation in a particle.
Nonetheless, despite the lack of RNA in previous enterovirus VLP reconstructions!?'3,
the most plausible explanation for this increased density is the presence of VRNA.
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Figure 4.3. Cryogenic electron microscopy analysis of CVA6 virus-like particles.

(A) )(top) Raw micrograph, no carbon, 20Kx magnification, cryo-EM, (middle) class averages of particles picked
from holey grids, (bottom) class averages of particles picked from carbon-coated grids. (B) Gold-standard Fourier
shell correlation coefficient (GSFSC). The method is based on the comparison of two independently reconstructed
maps of the same structure (data set is randomly split in two groups), which are Fourier transformed and cross-
correlated as a function of spatial frequency. The resulting FSC curve indicates the similarity (y-axis) of the two
maps at each resolution (x-axis) and the resolution at which the two maps start to diverge is known as the Fourier
shell correlation (FSC) cutoff of the reconstruction (horizontal line)®. No mask (blue): no masking applied, both the
structure and the solvent are included in this FSC. Loose (green): soft solvent mask applied with loose conditions.
Tight (red): similar to Loose, but with tighter constraints of the mask. Corrected (violet): FSC curve calculated using
the tight mask with correction by noise substitution as described previously®!. (C) Cryo-EM density of CVA6 VLP
full (purple: VP1; green: VPO, and red: VP3) and confidence map at 0.99 confidence (transparent) of the asymmetric
unit. Unaccounted-for density is coloured grey. Scale bar represents 10 nm. (D) Fit of ASU of 5yhq to cryo-EM
electron density map at 4 A resolution, coloured by chain (purple: VP1; green: VP0, and red: VP3).

In order to enhance the particle yield for reconstruction, we utilized an alternative grid
(R 2/1, 200-mesh holey carbon on copper, coated by a 2 nm carbon layer) that exhibited
improved support for the VLPs as compared to the prior grids lacking the carbon layer
(Figure 4.3A). However, due to the presence of the carbon layer, we were unable to
investigate the increased electron density at the center of the capsids. This was a trade-
off that needed to be considered in order to optimize the particle yield. A total of 7,481
particles were used for the structural reconstruction of the CVA6 VLP capsid (Figure
4.3C,D). The effective resolution of the final reconstruction was estimated at 4.1 A
according to the gold-standard Fourier shell correlation coefficient (Figure 4.3B). This
method is widely used in the field of cryo-EM to assess the quality of 3D
reconstructions of macromolecular structures. The method is based on the comparison
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of two independently reconstructed maps of the same structure (data set is randomly
split in two groups), which are Fourier transformed and cross-correlated as a function
of spatial frequency. The resulting FSC curve indicates the similarity (Figure 4.3B, y-
axis) of the two maps at each resolution (Figure 4.3B, x-axis) and the resolution at
which the two maps start to diverge is known as the Fourier shell correlation (FSC)
cutoff of the reconstruction (Figure 4.3B, horizontal line)®¢!. Refinement with
optimized parameters resulted in a final EM volume of 4.01 A resolution (Figure
4.3C,D).

The cryo-EM structure of the CVA6 VLP revealed typical surface features associated
with enteroviruses such as the conspicuous star-shaped plateau (mesa) at the 5-fold-
symmetry axes, a narrow canyon-like depression surrounding the mesa, and an open
channel situated at the 2-fold axes (Figure 4.3C)2. Furthermore, the cryo-EM
reconstruction revealed that the structural features of the CVA6 VLPs that we
produced were highly similar to the previously reported structure (Figure 4.3D), thus
with VPO remaining uncleaved and the hydrophobic pocket devoid of the pocket
factor’?. This indicated that viral maturation did not occur in the VLPs, including in
the 31% of the population that we proposed to contain RNA.

To determine the origin and significance of the increased density inside the CVA6
VLPs observed in the cryo-EM data, we employed a particle stability thermal release
assay (PaSTRy)®* followed by qRT-PCR on the CVA6 VLPs. The assays are aimed to
confirm whether the density was caused by RNA and to identify the source of the
RNA. For example, PaSTRy can detect genome release by binding nucleic acids that
are released from the capsids with a fluorescent dye (SYBR Green). For these
experiments anew, the CVA6 VLPs were chosen for their high particle density and
purity in comparison to the EV71 VLPs, which would minimize interference from any
contaminants.

As expected, there was a minor fluorescence signal from the start (Figure 4.4A, 37-55
°C), indicating the presence of RNA in the environment, most likely due to VLP capsid
disintegration. More importantly, a major fluorescence peak at 60°C (Figure 4.4A),
consistent with the release temperature of viral genomes for enteroviruses was
observed®. At this temperature, the viral genomes are released from the capsids,
enabling them to bind to the fluorescent dye and present a signal. In this way, we could
establish that a portion of the VLPs harbored RNA. As SYBR Green binds RNA
indiscriminately, the assay could not, however, discern whether the RNA present in
the capsids was viral or originated from the host cell.

To verify the PaSTRy results and investigate the origin of the RNA (host cell/viral), we
treated one of the CVA6 VLP samples with RNase (Figure 4.4B). This ensured the
elimination of all RNA present in the surrounding environment (Figure 4.4B).
Subsequently, the capsids were disrupted, and any RNA present was isolated and
purified. A RT-qPCR was then performed using VP1-specific primers, targeting the P1
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region of the CVA6 genome, and resulting in a 176 bp PCR-product (amplicon).
Negative control samples did not show any detectable signal (Figure 4.4C, red).
Conversely, the positive controls (Figure 4.4C, blue) designed to detect serial diluted
plasmid did so perfectly. The obtained curve for the RNase-treated sample (Figure
4.4C, dark green triplo curves) surpassed the cycle threshold at Cp =32.2 + 0.1 cycles
(S.I. Table S.4.3). This confirmed viral RNA presence in the particles, since all RNA
outside of the particles in digested (Figure 4.4B, CVA6 +RNase). Additionally, it
confirms that the RNA is viral since the primers are P1 specific.
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Figure 4.4. RNA presence in CVA6 VLPs.

(A) PaSTRy results for CVA6 VLPs (green lines) indicated a distinct peak at ~60°C, which correlates with the
temperature for enterovirus genome release. Thus, the purified CVA6 VLP samples did contain RNA. Additionally,
negative controls (red) indicated no signal for the nucleic acid specific SYBR Green dye. (B) A schematic
representation of the RNase assay for investigating the presence of RNA outside the VLP capsids is shown. The
purified VLPs were divided into two samples: one sample was treated with RNAse, which eliminated any RNA
outside of the particles, while the other sample remained untreated. Both samples were then disrupted to extract
any RNA present from the capsids, which was purified. If a significant amount of RNA was present outside the
capsids, a substantial difference in qRT-PCR would be observed between the RNase-treated and untreated samples.
(C) RT-qPCR on untreated (light green) and RNase-treated (dark green) CVA6 VLPs with CVA6 specific primers
indicated the presence of CVA6 RNA. Positive control was used in five independent 10-fold dilutions (dark-light
blue). Negative control is in red. (D) The product of the qRT-PCR was loaded onto a 1.0% agarose gel. All positive
controls (PC dil.1 — PC dil. 5) indicated the 176 bp amplicon (indicated with arrow). The negative control did not
indicate this amplicon. And both the RNase-treated (CVA6 +RNase) and untreated (CVA6 ARNase) CVA6 VLP
samples did show the correct sized amplicon with the same band intensity. All samples indicated the primer pairs
at the bottom of the gel (indicated by arrow).
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The other CVA6 VLP sample was left untreated (Figure 4.4B). If RNA was present
outside the capsids, such as due to VLP collapse, the sample should have a higher
concentration of total RNA after capsid disruption and RNA purification than the
RNase-treated sample. The obtained curve (Figure 4.4C, light green triplo curves)
surpassed the cycle threshold at Cp=31.8 £0.1 cycles (S.I. Table S.4.3), confirming the
presence of viral RNA with a marginally lower cycle threshold than the RNase-treated
sample. Nonetheless, these differences were statistically significant (P<0.05) (S.I. Table
S.4.3). This lower cycle threshold of the untreated sample as compared to the RNase-
treated sample suggests that some VRNA was released from the capsids into the
environment, most likely due to VLP collapse over time. Since the differences observed
in the cycle threshold were minor, it could be concluded that the majority of RNA that
was detected originated from within the capsids.

Due to the relatively low fluorescence signal obtained from the CVA6 VLP samples in
RT-qPCR analysis (Figure 4.4C), it is possibly that the signal originated from primer
hybridization and amplification rather than detection and amplification of the desired
region (amplicon). If apparent, this would result in a short (10-30 bp) amplicon which
can be investigated by loading the RT-qPCR product on gel. To exclude this possibility,
the resulting PCR product was visualized on a 1.0% agarose gel (Figure 4.4D). The gel
analysis demonstrated the presence of the 176 bp amplicon in all positive controls
(Figure 4.4D, PC dil. 1 — PC dil. 5), while it was absent in the negative control (Figure
4.4D, NC). Notably, the negative control only showed the presence of the primers at
the bottom of the gel, located significantly below the 0.1 kbp marker. Importantly, both
the CVA6 VLP samples (with or without RNase treatment), showed the same 176 bp
amplicon as the positive controls (Figure 4.4D, CVA6 ARNase and CVA6 +RNase),
again confirming the presence of P1 RNA in both samples. Furthermore, the band
intensities for the treated and untreated CVA6 VLP samples were highly comparable.
The fact that the RT-qPCR provided a positive signal (Figure 4.4C) and the 176 bp
amplicon was observed in the RNase-treated sample (Figure 4.4D) provided the
evidence that the RNA detected must have come from within the capsids.

4.3 Discussion

In order to get a comprehensive understanding of the biophysical properties and
capabilities of enterovirus VLPs, we employed cryo-EM for the reconstruction of the
CVAG6 VLP. The analysis of CVA6 VLPs using cryo-EM revealed the typical surface
features associated with enteroviruses such as the conspicuous star-shaped plateau
(mesa) at the 5-fold-symmetry axes, a narrow canyon-like depression surrounding the
mesa, and an open channel situated at the 2-fold axes. Additionally, we determined
that viral maturation did not occur in our VLPs, which left the VPO intact and the
pocket factor unbound, analogous to previously published structure!?. Furthermore,
two distinct populations were observed: one with increased density at the center of the



Beyond the RNA: Alternative mechanisms for the stability and maturation of EV VLPs 81

capsids (~31%) and the other without (~69%) (Figure 4.3A). The increased density was
identified as viral RNA encoding the P1 region of the CVA6 genome by PaSTRy and
RT-gPCR (Figure 4.4A-D), confirming that enterovirus VLPs can encapsidate RNA.
This contrasts with previous reports on other enterovirus VLPs such as
cytomegalovirus-like particles, poliovirus VLPs, and previous structure
determinations of CVA6 VLPs, which lack both host cell nRNA and vRNA coding for
the capsid proteins!-%. It needs to be noted that reconstruction of the particle (Figure
4.3C) with this relatively low number of particles (~7,500) and achieving a resolution
of 4.01 A is only feasible if all particles are identical. Therefore, it could be concluded
that there was only one type of capsid present and that regardless of the vVRNA
presence the viral maturation did not occur. However, the capsids’ symmetry may
have aided in the process of increasing resolution.

Virions and virus-like particles are believed to differ in three major ways: the presence
of RNA, the cleaving of VP0 into VP2 and VP4, and the occupation of the hydrophobic
pocket with a pocket factor'21324142 All three differences are thought to have
significant impact on the stability of the capsids and are hypothesized to be involved
in the viral maturation process*®+%, The presence of RNA, for example, is generally
regarded to significantly enhance the stability of the viral capsids, most likely due to
capsid-RNA interactions, as observed in several Picornaviridae?>¢%, Our cryo-EM data,
together with the PaSTRy and RT-qPCR results, revealed the presence of viral RNA in
the VLPs, effectively ruling out the first hypothesized differences between enterovirus
virions and VLPs. As a result, we anticipated similar stabilizing effects of the vVRNA
on a population of our VLPs.

We investigated these hypotheses regarding stability through atomic force microscopy
by performing nanoindentations on virions and VLP capsids from EV71 and CVAS6.
Nanoindentations were performed to determine the viral spring constants, which was
then used to calculate the Young’s moduli by using their shell thickness and outer
radius®?%. Our results show that the EV71 and CVAG6 virions have Young’s moduli of
0.19 GPa and 0.17 GPa, respectively, which are comparable to those reported for
cowpea chlorotic mottle virus (CCMV)>* and hepatitis B virus (HBV)*. The Young's
moduli of our EV71 and CVA6 VLPs were 0.20 GPa and 0.22 GPA, respectively, which
are comparable to those of the empty capsid of CCMV?, immature Murine leukemia
virus (MLV)®, and Norwalk VLPs™. It is worth noting that the Young’s moduli of both
VLPs exhibit a slightly greater magnitude than those of virions, despite having lower
spring constants. This apparently paradoxical contrast can be attributed to the VLPs’
thinner shell and greater outer radius, which contribute to their slightly enhanced
stiffness compared to virions. Nevertheless, it is important to acknowledge that these
discrepancies are minor, and the error associated with the spring constant
measurements is significant. All calculated moduli were significantly lower than those
of bacteriophages A and ®295'7!. These substantial discrepancies in mechanical
characteristics between bacteriophages and viruses have been previously reported and
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are potentially attributed to differences in capsid assembly. Bacteriophages have an
active packaging machinery for their DNA, whereas CCMV and MLV self-assemble
while integrating the RN A into the capsid. Therefore, it is unlikely that the RNA would
exert high pressures onto the viral capsids and the mechanical requirements can be
significantly lower for viruses, including EV71 and CVA6. The Young’s moduli for
both virions and VLPs are similar to those reported for soft plastics, such as low-
density polyethylene or Teflon”. It needs to be noted that differences in the measuring
conditions alter the mechanical properties of the particles significantly, making direct
comparison challenging.

The observed differences in critical force (Figure 4.2F) and critical indentation (Figure
4.2G) indicated that both EV71 and CVAG6 virions can withstand more force and
deformation prior to structural failure than their VLP counterparts. Upon initial
examination, these findings suggested that the RNA presence in virions may provide
additional stabilization to the capsids. However, two counterarguments challenge this
hypothesis:

Firstly, CVA6 VLPs also contain vRNA as was shown by RT-qPCR (Figure 4.4C,D),
albeit only certain regions of the genome are available (P1 and 3CD). Furthermore, the
AFM data did not reveal distinct populations in the data for VLPs with and without
vRNA (Figure 4.2E-H). If vRNA was indeed the primary stabilizer, it was expected
that part of the VLP population would have exhibited a higher critical force and critical
indentation, possibly even comparable to that of the virions. However, within the
experimental resolution of our assay, this is not the case. Thus, we conclude that vVRNA
does not appear to be the primary stabilizing factor for these VLPs.

Secondly, the viral maturation in the form of cleaving of VP0 and binding of the pocket
factor may have significantly contributed to the stability of virions. Since binding of
the pocket factor stabilizes the capsid when in transit between cells and unbinding
destabilizes it after cell attachment prior to uncoating, the reduced stability for the
CVAG6 VLP (Figure 4.2E-H) may have originated from lack of viral maturation®4+73, As
the cryo-EM data on the CVA6 VLPs indicated a homogenous population of capsids
in which viral maturation did not occur (Figure 4.4D), the increased stability of the
virions in comparison the VLPs could be attributed to the maturation.

We could exclude viral inactivation as a stabilizer of the capsids (Figure 5.4.1).
However, it remains unclear whether the main primary factor that attributes stability
to virions is due to binding of the pocket factor or to capsid rearrangement resulting
from VPO cleavage. However, as pocket factor binding follows VPO cleavage in
enterovirus morphogenesis, the two processes are likely interconnected. Nonetheless,
the reduced stability of VLPs has significant implications for their use as vaccines. To
achieve stability comparable to that of virions, artificial methods of inducing viral
maturation or alternative means of stabilizing the capsids must be explored.
Ultimately, this may be the critical factor in the success of VLP vaccines in the future.
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Our finding suggested that VLPs can assemble both with and without vRNA, and that
these two capsids are structurally and mechanically indistinguishable, has several
important implications. Firstly, RNA cannot be the sole scaffold or driver for viral
particle assembly in enterovirus VLPs. Although it is possible that the RNA escaped
the capsids after it is used for the particle assembly, this hypothesis is contradicted by
the PaSTRy data (Figure 4.4A), which indicated that a temperature of 60 °C was
required for genome release. Secondly, if the RNA was required for the (completion
of) assembly a larger proportion of capsids would contain vVRNA than the 31%
observed in this study. Additionally, this hypothesis fails to explain the reported
excess of empty capsids compared to infective virus in vivo™. Hence, it is more
plausible that these results supports the hypothesis that enterovirus capsids (and thus
VLPs) can assemble via two independent pathways (with and without RNA present),
as proposed for other enteroviruses™”"".

Thirdly, it is evident that the vRNA, or at least P1, is not solely responsible for the
cleavage of VPO and viral maturation in CVA®. If this were the case, we would observe
two distinct populations of VLPs: those containing RNA that undergo viral
maturation, and those lacking RNA that do not. This contrasts with other
enteroviruses such as hand, foot, and mouth disease virus, where it has been shown
that viral maturation is dependent on genomic RNA and occurs only when the capsid
proteins are in contact with the RNA36%,

In other enteroviruses many residues playing a crucial role in the viral maturation
process are located in the P1 region. In poliovirus, conserved residues 195H (VP2) and
194P (VP2), located near the scissile bond, play a crucial role in executing the
maturation cleavage, as demonstrated in previous studies?”87. Similarly, residue
107H (VP1) is proposed to regulate VPO maturation in EV71¥. In this study, the CVA6
P1 region is available and packaged in the CVA6 VLPs (Figure 4.4C,D)?. The presence
of P1 vRNA inside the capsids (Figure 4.4C) and the lack of cleavage of VPO and
binding of a pocket factor in VLPs (Figure 4.3C) led to the conclusion that the presence
of P1 vRNA alone is insufficient to complete the viral maturation process. These
findings suggest that vVRNA may not be the sole factor responsible for triggering viral
maturation, and there may be other underlying mechanisms at play. However, further
investigation is needed to fully comprehend the role of vVRNA and other factors in the
maturation of virus capsids.
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4.4 Materials & Methods

4.41  Construction of recombinant baculoviruses

Previously reported construct optimizations for the production of enterovirus A71
(EV71) indicated that the highest viral protein yield was obtained using the P1 and
3CD coding sequences behind the polh and CMV promoter, respectively. Two
transfer plasmids, containing the aforementioned genes originating from EV71_C4
and CVA6, were amplified using E. coli J]M109 competent cells (Promega) and isolated
using NucleoBond Xtra Midi EF (Macherey-Nagel). The amplified transfer plasmids
were checked by double digestion using multiple restriction enzyme pairs. To
construct the recombinant baculovirus, the transfer plasmid and flashBAC GOLD
DNA (Oxford Expression Technologies) were co-transfected into S5f9 cells (Gibco). The
two different baculovirus stocks for the EV71 and CVA6 origin viral proteins,
respectively, were designated BacV-EV71 and BacV-CVA6. The baculovirus was
propagated over the course of 3 passages and titered by end-point-dilution method
using Sf9 Easy Titer (Sf9ET) (Kerafast) cells according to the manufacturer’s protocol.

442 VLP production & purification

EV71 and CVA6 VLP production was accomplished by infection of High Five™ cells
(Gibco). Erlenmeyer culture flasks (1 1) with 400 ml working volumes of 1.0 * 10°
cells/ml Hi5 cells were infected by either BacV-EV71 or BacV-CVA6 (MOI 0.001 and 5,
respectively) in Sf-900IISFM (Gibco). Subsequently, the cultures were centrifuged
(Heraeus) at 3,000 rpm for 15 min at 4 °C. The pellet was discarded, and the supernatant
was supplemented with Triton X-100 (final concentration 0.1%) to prevent protein
aggregation. The supernatant was double filtered using 0.45 um and 0.22 um filter
(Millex). The filtered supernatant was subjected to sucrose cushion ultracentrifugation
(30% W/W sucrose in PBS) for 5 h at 141,000 x g. The pellet was resuspended in 1 ml
phosphate-buffered saline (PBS, Gibco) and subjected to another centrifugation (10,000
x g, 10 min), after which the pellet was discarded, and the supernatant was applied
onto a discontinuous sucrose density gradient (SDG) (15-45% W/W sucrose in PBS)
and ultracentrifuged for 3 h at 141,000 x g (ThermoFisher Scientific). The SDG was
harvested by 1 ml sampling from the top. Samples were pooled into 8 concentration
ranges based on the percentage of sucrose (0%-15%, 15%-20%, 20%-25%, 25%-30%,
30%-35%, 35%-40%, 40%-45%, and 45%-50%), whereby sucrose density was measured
by refractometer (Hanna instruments).

4.4.3  Virion production and purification
EV71 and CVAG6 inactivated virions were provided by Intravacc B.V.

4.4.4 SDS PAGE & Western blot

To confirm the viral protein production of EV71 and CVA6, VP1 (both origins) western
blot analysis and SDS PAGE was performed. For this, 40 ul of each culture was mixed
with 10 pl loading buffer (Intravacc) and heated at 100 °C for 15 min. Then, 15 ul of
each mixture was loaded on NuPAGE™ 10% Bis-Tris gel (Invitrogen) and
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electrophoresis was performed at 200 V for 45 min. The gel was washed three times for
5 min using purified water. Dependent on the purpose of the gel, it was subjected to
staining (SDS PAGE, section 4.4.4.1) or overnight blocking (western blot, section
4.44.2)

4.4.4.1 SDS PAGE
The gel was stained with Imperial™ protein stain (Thermo Fisher Scientific) for 1 h and
destained in multiple cycles and overnight using purified water.

4.4.4.2 Western blot

The proteins were blotted onto a nitrocellulose membrane (ThermoFisher Scientific)
using a semi-dry blotting machine (Hoefer) run at 60 mA for 60 min. The membrane
was washed two times in wash buffer (PBS + 0.1% W/W Tween 20 (Sigma-Aldrich))
and blocked overnight at 4 °C (PBS + 0.1% Tween 20 (Sigma-Aldrich), and 0.5% Protifar
(Nutricia)). Next, the membrane was incubated with 1:1,000 of either mouse anti-EV71-
VP1 (Abnova, MAB1255-M08) or rabbit anti-CVA6-VP1 (ThermoFisher Scientific, PA5-
112001) in block buffer for 90 min on a roller incubator. The membrane was washed
five times using wash buffer and incubated with 1:2,000 of either goat anti-mouse IgG
Human ads-AP (Southern Biotech, 1030-04) or goat anti-rabbit I[gG Human ads-AP
(Southern Biotech, 4050-04) in block buffer for 90 min on a roller incubator. The
membrane was washed three times using wash buffer and once using purified water.
The membrane was colored using AP conjugate substrate kit (BIO-RAD, 1706432). The
colorization reaction was terminated by the addition of an excess of purified water.

4.4.5 Atomic force microscopy

4457 AFM sample preparation

Prior to AFM measurements, the stock solutions of the viral particles were diluted 8
times using phosphate buffered saline (PBS, Sigma-Aldrich). A hydrophobic glass
cover slip was applied as the substrate to immobilize the viral particles during AFM
measurements. The hydrophobic coating on the glass cover slip was obtained by
applying a hexamethyldisilazane (Sigma-Aldrich) treatment as described
previously®?2. A droplet of 20 pl diluted stock solution was deposited on a
hydrophobic glass cover slip. After 15 min incubation at room temperature, another
800 ul PBS was added to a liquid receptacle for follow-up AFM imaging and
nanoindentation.

4.4.52 AFM imaging and nanoindentation

Imaging and nanoindentation experiments of the viral particles were conducted by
AFM (NanoWizard, JPK). All experiments were performed in PBS. Before AFM
imaging, the cantilever (qp-Bio AC CB2, Nanosensors) with a nominal spring constant
of 0.1 N/m was calibrated using the contact-based method. The parameters for imaging
both the virions and the VLPs in quantitative imaging (QI) mode were kept constant
where the setpoint for imaging was set at 0.07 nN.
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After imaging, nanoindentation was performed at the center of a viral particle. The
nanoindentation procedure was carried out according to the previous protocol®2. The
settings for nanoindentation were kept constant and set as follows: Z length was 200
nm; setpoint was 3 nN; loading rate was 50 nm/s. Before and after indenting the
targeted viral particle, indentations were performed on the glass substrate adjacent to
the viral particle to confirm the cleanliness of the tip. Finally, the indented viral particle
was imaged again to visualize the structural state of the particle after nanoindentation.

4.4.5.3 Data processing

The viral spring constant of the particles was calculated using the previous method®,
in which the slope of the initial linear part of the Force-Displacement (F-Z) curve
obtained from AFM nanoindentation was fitted yielding the total spring constant of
the cantilever-particle system, and the spring constant of the cantilever was obtained
from the above described calibration®.

To convert the spring constant to the Young’s modulus, we utilized a methodology
described in previously published literature®?*. This involved assuming that the
capsid is a spherical shell undergoing small deformations (i.e., in this idealized
scenario, the particle is assumed to be made of a homogenous material with a constant
radius and shell thickness®?), resulting in the following formula:

aEh?
kcap = T

(1)

where h is the shell thickness, R is the outer radius, and «a is a proportionality factor
dependent on the geometry of the particle. A value of 1 for a provides a reasonable
approximation for various capsids®°2%8, The outer radius and shell thickness were
obtained from the Virus Particle Explorer database®.

The F-Z curve can be converted to Force-Indentation (F-D) curve using the previous
method>? to measure the critical force and critical indentation of the viral particle. The
critical force was measured from the ordinate of a discontinuous point on an F-D curve,
and the critical indentation was measured from the abscissa of the same discontinuous
point.

Due to the convolution of the tip with the sample, the corrected height was used as the
size of the measured viral particle. The corrected height was calculated following the
prior method> which corrects the imaging force-induced particle deformation.

The volumes of the viral particle before and after indentation were measured using
Gwyddion AFM analysis software (gwyddion.net)?, and the threshold of the grain for
volume calculation was set at 14 nm. By dividing the particle's after-indentation
volume by its before-indentation volume, the normalized volume of the particle after
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indentation was calculated. For statistical studies, one-way ANOVA method was used.
Unless otherwise noted, stated errors are standard deviation (SD).

4.4.6 Electron Microscopy

4.4.6.1 Negative stain

Electron microscopy was employed for the direct visualization of the VLPs. Of each
DSP sample, 3 pL was blotted on glow discharged EM grids (Quantifoil, carbon-
supported, Cu-400) in three consecutive iterations with 60 s of incubation time. Next,
grids were subjected to two wash cycles using 10 pl PBS. Excess liquid was blotted
away using filter papers. Staining was performed using 2% uranyl acetate for 1 min.
Excess liquid was blotted away using filter paper. Imaging was performed using a Jeol
JEM-1400 plus TEM.

4.4.6.2 Cryo-EM

4.4.6.2.1 Grid preparation

A total of 3.0 ul of CVA6 VLP solution was applied on glow discharged (Quorum
GloQube, 18 mA, 90 seconds) Quantifoil grids (R 2/1, 200-mesh holey carbon on copper,
coated by a 2 nm carbon layer), on a Leica GP2 vitrification robot at 99% humidity and
20 °C. The sample was incubated for 3 minutes on the surface of the grid before being
blotted for 10 seconds from the carbon side of the grid and then immediately flash-
cooled in liquid ethane.

4.4.6.2.2 VLP data collection

VLP-containing grids were imaged on a JEM 3200FSC TEM (JEOL), operated at 300
kV. Images were recorded on a K2 Summit direct electron detector (Gatan). A single
dataset was collected at a magnification of 40k, corresponding to a pixel size of 0.9751
A at the specimen level. Image acquisition was performed using the SerialEM
software® and micrographs were collected at a defocus range of 0.5-2.5 ym and an
electron dose of 58.24 e/ A2. A total of 1,828 micrographs were collected from a single
grid, with seven shots performed per grid-hole to cover the entire surface of each hole.

4.4.6.2.3 VLP data processing

The CVA6 VLP dataset was processed using the integrated Cryosparc V4.1.1%¢
processing pipeline. Initially, patch motion correction was performed to correct for
stage drift and mean induced movement, and then the selected micrographs
underwent patch contrast transfer function (CTF) estimation and were manually
curated to remove insufficient quality micrographs. Using a manual blob picker with
a box size of 512 px, 150 particles were selected and 2D-classified, to be used as input
for the template picker tool. A total of 7,481 usable particles were finally selected after
multiple iterations of 2D classification and particle picking. The selected particles were
extracted and used for ab initio reconstruction of a single model with imposed
icosahedral symmetry. This model was further refined using homogeneous refinement
to result in an initial cryo-EM map of 4.6 A resolution. Further homogeneous
refinement with optimised parameters of per-particle defocus, per-group CTF
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parameters and Ewald sphere correction resulted in a final EM volume of 4.01 A
resolution.

4.4.7 RNA presence determination

4.4.7.1 Particle stability thermal release assay

Purified CVA6 VLPs were mixed 1:4 with SYBR Green II RNA gel stain (500X) in a final
volume of 50 pl in a 96 well plate (Lightcycler 480 Multiwell, Roche). PCR was run
with 0.03 °C/s increments, 17 measurements/°C, with a temperature ramp from 37 °C
to 95 °C. Measurements were taken using FAM green channel (520 nm).

4.4.7.2 Reverse transcription and polymerase chain reaction

The purified CVA6 VLPs were split into two 150 pl samples. One of the samples was
treated with 1:100 RNasel (Thermo Fisher Scientific) to a final concentration of 0.1
U/ml, and incubated for 30 min at 37 °C. Subsequently, both treated and untreated
VLP samples underwent viral RNA isolation using the NucleoSpin RNA virus kit
(Macherey-Nagel), as per the manufacturer’s protocol. The isolated RNA was subject
to RT-qPCR using the LightCycler Multiplex RNA Virus master kit (Roche), using a
custom running protocol (Table 4.1) and primers (Table 4.2). Of the PCR product 15
ul was mixed with 3 ul 6X loading dye (NEB, Cat#B7024) and the entire 18 ul was
loaded onto a 1.0% TAE agarose gel. The gel was run for 1 h at 100 V in TAE bulffer,
stained for 30 min in ethidium bromide (final concentration 0.25 ug/ml), and destained
for 10 min in purified water.

Table 4.1. RT-PCR running protocol.

Temperature (°C) Time (mm:sec) ‘ Ramp (°C/sec)
RT step 50 10:00 1 44
Denaturation 95 00:30 1 4.4
Denaturation 95 0:05 45 4.4
Annealing 56 0.10 45 -
Extension 60 0:30 45 2.2
Cooling 37 0:10 1 2.2

Table 4.2. Primers used for RT-PCR for the detection of viral CVA6 RNA.
CVAG6 Probe | [FAM]CGGCGCTGCTGCACGAATCCC[BHQ1]
CVA6 Fw TACTCTAGGGCTGGTCTGGT

CVA6 Rv TCGTTCAGGTTGGAGACGAA
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4.5 Supplemental information
Table S.4.1. Average parameters for the different capsid structures.

Number Spring Critical Critical

of constant force (nN) indentation
capsids (N/m) (nm)
EV71 VLP 47 30+2 | 0.25+0.14 0.61+£0.27 |3.7+1.8
EV71 virion 22 29+2 |0.30+0.18 098+055 |55+1.6
CVA6 VLP 48 29+2 [0.31+0.16 0.66+0.27 |29+1.3
CVAG6 virion 11 30+1 | 0.38 £0.22 1.19+036 |4.7+1.4
CVAG6 inact. VLP | 35 - 0.31+£0.21 0.70£024 |34+14

Table S.4.2. Calculation parameters for Young's moduli.

Shell  thickness Capsid outer radius Young

(nm) (nm) modulus

(M N/m?)
EV71 VLP 4.5 16.4 202
EV71 virion 5.0 15.9 191
CVA6 VLP 49 16.8 216
CVAG6 virion 5.9 15.9 173
CVA6 inact. VLP | 5.9 15.9 174

Table S.4.3. RT-qPCR analysis of CVA6 VLP samples with and without RNase treatment

Sample ‘ Cp Conc. (ng/ul)

PCdil. 1 10.9+0.1 2590.0 +45.8
PCdil. 2 17.5+0.2 266.33 £15.5
PCdil. 3 21.7+0.0 31.57+1.0
PC dil. 4 25.0+0.5 241+1.0
PCdil. 5 27.1+0.0 0.23+0.0
NC 0.0+0.0 0.0+0.0
CVA6 VLP ARNase | 31.8+0.1 | 0.0005 +0.0001
CVA6 VLP +RNase | 32.2+0.1 | 0.0003 +0.0001
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Figure S.4.1. AFM nanoindentation results for the investigation of stabilizing effects of inactivation with
formaldehyde on the particle stability.

(A) Viral spring constant (N/m). (B) Critical force (nN). (C) Critical indentation (nm). (D) Normalized volume after
indentation. CVA6 VLP (blue), CVA6 inactivated virions (violet), and CVAG6 inactivated VLPs (green). P values are
indicated by asterisks: p<0.001 (***), p<0.01 (**), and p<0.05 (*). N.s.: not significant
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Characterizing single-molecule
dynamics of viral RNA-dependent RNA
polymerases with multiplexed magnetic

tweezers

Multiplexed single-molecule Magnetic Tweezers (MT) have recently been employed to probe
the RNA synthesis dynamics of RNA-dependent RNA polymerases (RdRp). Here, we present
a protocol for simultaneously probing the RNA synthesis dynamics of hundreds of single
polymerases with MT. We describe the preparation of a dASRNA construct for probing single
RdARp kinetics. We then detail the measurement of RARp RNA synthesis kinetics using MT.
The protocol is suitable for high-throughput probing of RAdRp-targeting antiviral compounds
for mechanistic function and efficacy.

This chapter is published as: L. Kuijpers, T. van Laar, R. Janissen, and N. H. Dekker, “Characterizing single-
molecule dynamics of viral RNA-dependent RNA polymerases with multiplexed magnetic tweezers,” STAR
Protoc., vol. 3, no. 3, p. 101606, 2022, doi: 10.1016/j.xpro.2022.101606.
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5.1 Introduction

The presented assay allows a quantitative description of the RNA synthesis dynamics
of viral RNA-dependent RNA polymerase (RdRp), including the nucleotide
incorporation rate, pausing frequency, and pause lifetimes under a variety of
conditions!. The assay further serves as a platform for the systemic screening of RdRp-
targeting antivirals and their effects on RNA synthesis, which can be identified by
changes in the processivity, pause frequency and pause duration!?. Due to the high
spatiotemporal resolution of the presented technique, the assay can also be used to
identify potential sequence motifs acting as copy-back recombination triggers!.

The protocol is written for researchers with a working understanding of MT
experimentation. This protocol, initially designed for the quantitative investigation of
bacteriophage @6 RdRp dynamics?, was modified for the RNA viruses enterovirus A71
(EV71) and poliovirus (PV)*. This protocol describes all steps for constructing the RNA
template, setting up the MT experiment to measure RdARp RNA synthesis dynamics,
and analysis of the RdRp translocation data. The protocol requires the RdRp of choice
to be already purified?, and the magnet distance-force relationship to be known?>®.

5.2 Preparation of the RNA construct
Timing: 1 day

The following steps describe the construction of a dsRNA construct containing a short
hairpin structure at the 3’ overhang of the template strand for RdRp binding and
primer extension. The dsRNA construct consists of five fragments initially amplified
as DNA, then transcribed to generate RNA fragments that are annealed to obtain the
full dsRNA construct (Figure 5.1).

A AB-F BIO-F BIO-R SPR
CD-R SP-F
pBAD
8,564 bp
AB-R CD-F DIG-F DIG-R

BIO SP 3 cD DIG
. 4ribp 373 bp 2.8 kbp 538 bp
STTITTITITITIT TTTTTITTITT T

LU L UL R
4.2 kbp
AB
Figure 5.1. dsRNA construct preparation for the RARp RNA synthesis assay.
(A) Simplified pBAD plasmid maps for PCR amplification of the five DNA fragments. (B) Annealing of the RNA
transcripts to generate the dsRNA construct used in MT. The transcripts originate from run-off T7 transcription of
the individual DNA fragments. BIO: biotin-enriched handle; DIG: digoxigenin-enriched handle; SP: spacer

fragment; CD: RNA synthesis template; AB: construct backbone.
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1. The pBAD vector is subjected to gradient PCR with the primer combinations
described in the KRT to produce the five DNA fragments (Figure 5.1). Only one

primer in each combination contains a T7 promoter.

PCR reaction pipetting protocol

Reagent Volume (ul)
Template (10 ng/ul) 4

Primer F (10 uM) 4

Primer R (10 uM) 4

dNTPs (1 mM each) 4

5x HF buffer 32

MilliQ 110.8
Phusion polymerase 1.2

PCR cycle times

Steps Temperature (°C) Time Cycles
Initial Denaturation | 98 2'30” 1
Denaturation 94 307

Annealing 58 30" 29
Extension 72 457*

Final extension 72 800 1
Hold 20 1700 1

*For the extension step, use 45 s/kb of the fragment length. Fragment lengths are
presented in Figure 5.1.

F P

Figure 5.2. Agarose gels for
verification of fragment size.

(A) DNA fragments amplified by
gradient PCR purified on individual
0.7% agarose gels (here, joined lanes),
stained with SYBR safe. (B)
Transcribed RNA products running
on a 1.0% agarose gel, stained with
SYBR Safe. AB: construct backbone;
CD: RNA synthesis template; SP:
spacer BIO:  biotin-
enriched handle; DIG: digoxigenin-
enriched handle.

fragment;
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2. Load 20 pl of each DNA fragment into a lane of a 0.7% agarose gel, run for 60 min
at 60V, and purify them using gel electrophoresis (Figure 5.2A).

3. Stain the gel with SYBR Safe and visualize using blue light.

4. Cut the bands of each DNA fragment out of the gel and purify using the Promega
Wizard kit according to the manufacturer's manual.

5. Determine the concentrations of the different DNA eluates with a
spectrophotometer and adjust to 10 uM in MilliQQ water.

Note: for the conversion of RNA concentration from ng/ul to molar concentration, the
following formula can be used:

Maspna (9)

DNA (moles) =

607% g
laspna(bp) * T + 158W

DNA (moles)

[DNAI(M) = — 0

with mgspna (g) = mass of dsDNA in grams, lzspya(bp) = length of dsDNA in base
pairs, and V () = volume in liters.

6. For each DNA fragment, prepare the RNA transcription reaction using the Promega
T7 transcription kit together with the appropriate pipetting protocol:

Note: since RNases can cleave and degrade the RNA, we recommend the use of RNase
free reagents and pipette tips from this point forward.

Transcription of fragments SP, CD and AB

Transcription mixture Volume (ul)
PCR product 250 ng 6
Transcription buffer (5X) 10

ATP (100 mM) 1

UTP (100 mM) 1

GTP (100 mM) 1

CTP (100 mM) 1

T7 polymerase 5

MilliQ water 25



https://nld.promega.com/-/media/files/resources/protocols/technical-manuals/0/wizard-genomic-dna-purification-kit-protocol.pdf?rev=776154d180fe4b41a0a3dc8a9e328c8a&sc_lang=en
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Transcription of fragments BIO and DIG

Transcription mixture Volume (ul)
PCR product 250 ng 6
Transcription buffer (5X) 10

ATP (100 mM) 1

UTP (100 mM) 0.5

GTP (100 mM)

CTP (100 mM)

Bio-UTP/DIG-UTP (10 mM)

T7 polymerase 5

MilliQ water 20.5

7. Incubate the transcription reactions for 3 h at 37°C without shaking or rotation.

8. To each transcription mixture add 0.5 ul DNasel and incubate for another 15 min at
37°C.

9. Purify the synthesized RNA fragments with an RNeasy MinElute cleanup kit,
following the manufacturer’s manual. Elute the RNA fragments in 1 mM sodium
citrate (pH 6.4).

10. Confirm the RNA fragment size using a 1% agarose gel, run for 60 min at 60 V
(Figure 5.2B).

11. Determine the concentration of the eluted RNA transcripts with a
spectrophotometer.

12. To anneal the RNA transcripts to the dsRNA construct, mix the SP, CD, and AB
RNA transcripts in equimolar ratio and add the DIG and BIO handles in 4x molar
excess in SSC buffer (0.5x saline-sodium citrate) in a total reaction volume of 200 pl.

Note: To obtain the force-extension relationship of ssSRNA and dsRNA in MT, perform
the same annealing reaction as in step 12., but without the CD fragment.

13. Perform the annealing reaction of the dsRNA or ssRNA constructs using the
following program in the thermocycler:

Steps Temperature (°C) Time (min) | Cyles
Denaturation 65 60 1
Step-wise cooldown | -1.2 5 51

for annealing
Hold 5 10 1



https://www.qiagen.com/us/resources/resourcedetail?id=0acfc1c7-a1f8-4425-9aaf-b0d98b81bd1f&lang=en
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5.3 Key resources table
Reagent or Resource ‘ Source ‘ Identifier
Antibodies
Digoxigenin antibodies Roche RRID: AB 514496

Chemicals, peptides and recombinant proteins

M280

RNA template

Hellmanex II or III Sigma-Aldrich Cat#7805939
Ethanol Honeywell Cat#32221
PBS Sigma-Aldrich Cat#P4417
Agarose Sigma-Aldrich Cat#A9539
SYBR Safe FisherScientific Cat#533102
MilliQ Millipore Cat#ZWMQ22INE
EO
SCC buffer (20X) Promega Cat#V4261
HEPES Sigma-Aldrich Cat#H3784
Pluronics® F127 Sigma-Aldrich Cat#9003-11-6
BSA ThermoFisher Cat# AM2616
NaCl Sigma-Aldrich Cat#59888
MgClL Sigma-Aldrich Cat#M8266
Dnasel ThermoFisher Cat#EN0525
RdRp REF! n/a
ApU dinucleotide IBA Lifescience | Cat#0-31004
GmbH
Biotin-16-UTP Roche Cat#14470528
Digoxigenin-11-UTP Roche Cat#14129222
rNTPs GE Healthcare Cat#27-2025-01
T1106 triphosphate Blake  Peterson | n/a
lab
Ribavirin triphosphate Jena Bioscience Cat#NU-1105L
Superase RNase inhibitor ThermoFischer Cat#tAM2694
Polystyrene beads 1.50 um PolySciences Cat#17133
Streptavidin-coated Superparamagnetic beads | ThermoFischer Cat#65001

Biological samples

REF’

n/a

pBAD vector

Addgene

RRID:Addgene 37
505

Software and algorithms


https://www.sigmaaldrich.com/NL/en/product/roche/11333089001
https://www.addgene.org/37505/
https://www.addgene.org/37505/
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Labview 2011 National RRID: SCR 014325
Instruments
Igor Pro 6.37 Wavemetrics RRID: SCR 000325
Matlab MathWorks RRID: SCR 001622
Matlab analysis algorithm This study doi.org/10.4121/191
45426

Critial commercial assays

Promega Wizard Genomic DNA purification | FisherScientific Cat#PR-A1120
kit

RNeasy kit Qiagen Cat#74004
Promega T7 RiboMAX Express Large Scale | Promega Cat#P1320
RNA Production system

Phusion High-Fidelity PCR Master Mix with | ThermoFisher Cat#F531S
HF Buffer

Experimental models: Cell lines

RD cell line (one passage P1) ATCC RRID: CVCL 1649

Oligonucleotides

BIO-For Biolegio 5-
AAGATTAGCGG
ATCCTACCTGAC
BIO-REV Biolegio 5-
TAATACGACTCA
CTATAGGAACG
GCTTGATATCCA
CTTTACG

SP-FOR Biolegio 5'-
TGCCATTCAGGG
ACTGCCGATGTC
GGTGCAGCCG
SP-REV Biolegio 5-
TAATACGACTCA
CTATAGGAGCG
CCGCTTCCATGT
CCTGGAACGCT
CD-For Biolegio 5'-
ACGCTTTCGCGT
ACACCAACAGT
TGTATGACGCTG
GAAGCGATTCGT
G



https://www.ni.com/nl-nl/shop/labview.html
https://www.wavemetrics.com/software/igor-pro-637-installer
https://nl.mathworks.com/products/get-matlab.html?s_tid=gn_getml
https://www.atcc.org/products/ccl-136

104

Chapter 5

CD-REvV

Biolegio

5.
TAATACGACTCA
CTATAGGCCGG
ACGTTTCGGATC
TTCCGACATGCG
C

DIG-FOR

Biolegio

5-
AGCGTAAAATT
CAGTTCTTCGTG
GCG

DIG-REV

Biolegio

5
TAATACGACTCA
CTATAGGGCTAC
CGGTTAACCTCA
ACTTCCATTTCC

AB-FOR

Biolegio

5-
TAATACGACTCA
CTATAGGATCGC
CAAGATTAGCG
GATCCTACCTGA
C

AB-REV

Biolegio

5-
GGTTAACCTCAA
CTTCCATTTCC

Coplin Staining Jar PolySciences Cat#08415-3
Parafilm VWR Cat#291-0057
Flow cell holder This work doi.org/10.4121/191
45426

Menzel-Glaser coverslips (#1, L x W =24 x 60 | VWR Cat#631-1339
mm)
Sandblaster PrepStart 200 Cat#212854
Sonicator FisherScientific Cat#13493609
Plasma-PREEN I Plasmatic n/a

Systems Inc.
Reglo digital pump MS-2/8 Ismatec Cat#ISM832
Thermo Thermal Cycler Bio-Rad Cat#1851148
NanoDrop FisherScientific n/a
Hot plate FisherScientific Cat#15353518
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5.4 Materials & Methods

SCC buffer (pH 7.0)

Reagent ‘ Final concentration ‘ Amount
SCC buffer (20X) 0.5X 2.5ml
ddHO n/a 97.5 ml
Total n/a 100 ml

Store at 4 °C for up to 3 months,

PBS buffer (pH 7.4)

heat to RT prior to use

PBS 0.0IM Na2PO: buffer, | 1 tablet
0.0027M KCI, 0.137M
NaCl
ddH:0 n/a 200 ml
Total n/a 200 ml

Store at 4 °C for up to 3 months,

Passivation buffer (pH 7.0)

heat to RT prior to use

Reagent ‘ Final concentration ‘ Amount
HEPES (1M) 50 mM 5ml
BSA (50 mg/ml) 1 mg/ml 2 ml
MgClz (1IM) 5mM 500 pl
ddHO n/a 92.5 ml
Total n/a 100 ml
Store at 4 °C for up to 3 months, heat to RT prior to use
BSA buffer (pH 7.4)
Reagent Final concentration ‘ Amount
PBS 0.0IM Na2POs buffer, | 1 tablet
0.0027M KCl, 0.137M
NaCl
BSA (50 mg/ml) 40 ug/ml 1.6 ml
ddH0 n/a 198.4 ml
Total n/a 200 ml

Store at 4 °C for up to 3 months,

heat to RT prior to use
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Preparation buffer (pH 7.4)
Reagent Final concentration ‘ Amount

HEPES (1M) 50 mM 5ml
NaCl (1M) 150 mM 15 ml
BSA (50 mg/ml) 20 pg/ml 40 ul
F127 (5%) 0.02% 400 mg
ddH:0 n/a 80 ml
Total n/a 100 ml

Store at 4 °C for up to 3 months, heat to RT prior to use

Transcription buffer (pH 6.6)
Reagent Final concentration ‘ Amount

HEPES (1M) 50 mM 5ml
MgCl: (1M) 5 mM 500 pl
BSA (50 mg/ml) 125 ug/ml 250 ul
F127 (5%) 0.02% 400 pl
DTT (100 mM) 1 mM 1 ml
Superase (20 U/ul) 0.1 U0/ul 500 ul
ddH:0 n/a 92 ml
Total n/a 100 ml

Store at 4 °C for up to 3 months, heat to RT prior to use

5.5 Step-by-step method details

5.5.1 Preparation of the flow cell
Timing: 2.5 h

1. Use a sandblaster, CNC laser cutter, or diamond drill to drill two holes (~1.0-1.5 mm
diameter) into the top cover slip for the inlet and outlet of the flow cell; see Figure
5.3A.

2. Cut a double-layer of parafilm with a scalpel to the desired channel dimensions
(here, 5 mm wide and 40 mm long; see also Figure 5.3A.

3. Clean a (top) coverslip with holes (obtained at step 1) and a (bottom) coverslip
without holes by sonicating them for 25 min in 4% (v/v) Hellmanex III in MilliQ

water at 40 °C in a coplin staining jar.

4. Wash the coverslips multiple times with MilliQ) water.

5. Sonicate the coverslips for 25 min in MilliQ water at 20°C.

6. Sonicate the coverslips for 25 min in Ethanol (e.g., pro analysis grade).

7. Dry the coverslips with a nitrogen stream.

8. Apply oxygen plasma to both coverslips (20 seconds, oxygen flow: 2.5 SCFH; 200
W).
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9. Assemble the flow cell by melting the double-layer of parafilm between the top and
the bottom coverslip on a hot plate (95°C for 30 s; see also Figure 5.3B).

Note: it is recommended to prepare multiple coverslips for higher throughput or in
case of leakage/breaking of flow cells.

A Top B Cc Cover T ‘/lnlt’?‘t
: : _Top Outlet 2 v
| \@ 1-1.5 mm i ~ / ~ N !
: : > . b
! s ' _Parafim | l " o -
= S EY > o

Parafilm

; g
' ' 7 o
: i = B _~ _Bottom
+ + & Ay
0 > P 5

Bottom

*_Steel plate

Figure 5.3. Flow cell assembly process.

(A) A flow cell consists of a top coverslip with two holes of 1-1.5 mm diameter, approximately 40 mm from each
other, a double layer of parafilm (~200 mm thickness) with cut-out channel in the center, and a bottom coverslip.
The total volume of the flow cell channel corresponds to ~70 mL. (B) Representation of flow cell assembly by melting
the double-layer of parafilm between the top and bottom coverslips. (C) Assembly of the flow cell in an MT flow
cell holder. The technical drawings of the MT flow «cell holder parts are available at
https://doi.org/10.4121/19145426.

5.5.2 Flow cell assembly
Timing: 30 min

The flow cell holder ensures proper attachment to the magnetic tweezers, minimizing
potential vibrational influence and mechanical drift to measurement accuracy.
Additionally, it adds practical inlet and outlet connections to the flow cell.

10. Assemble the flow cell in a flow cell holder (Figure 5.3C).
11. Attach the flow cell to the magnetic tweezers instrument and attach the outlet to a
tube that is connected to a peristaltic pump (Figure 5.3C).

Note: any pump type (e.g. peristaltic, syringe) can be used as long as speeds as low
as ~200 pl/min can be achieved.

12. Flow 300 ul PBS buffer though the flow cell by pipetting the solution directly into
the inlet (Figure 5.3C) during pumping and assure full wetting (complete side-to-
side covering of the channel with buffer within the flow cell).

Note: throughout the protocol it is important to have all buffers at least at 20°C and
use low flow rates (e.g., ~200 pl/min) to minimize the formation of air bubbles in the
flow cell. Additionally, prior degassing of the buffers can be beneficial.
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13. Perform a leakage test by closing the valve to the pump, filling the inlet with buffer,
and observing the reduction in volume at the inlet for ~15 min. A large reduction in
volume indicates leakage.

Note: evaporation will also reduce the volume, but only marginally over time. If
leakage is apparent, it might be resolved using one of the presented solutions
(Troubleshooting; Problem 1: the flow cell ).

5.5.3 Attachment of reference beads to flow cell surface
Timing: 15 min

Reference bead attachment to the surface provides a reference point for displacement
of the magnetic beads relative to the surface.

14. Flow 100 ul of polystyrene beads (stock concentration of 1.35 x 10'° beads/ml)
diluted 1,500 times in PBS into the flow cell (see Figure 5.4: step 1.).

15. Incubate solution until 5-8 beads per field of view are adhered to the surface.

16. Flush all non-adhered beads out using 1-2 ml PBS buffer.
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Figure 5.4. Schematic of the MT and step-wise functionalization of the flow cell surface.

(Left) General overview of the MT setup: light originating from an LED travels through the gap between the
magnets, illuminates the flow cell, and is captured by the objective. The images are reflected to and recorded by a
CMOS camera and analyzed with custom-written software to determine the x, y and z positions of the magnetic
beads in real time®. The outlet of the flow cell holder is connected to a suction pump. (Right) The steps involved in
coating the flow cell surface and tethering the RNA construct: (1) Reference beads are attached to the surface. (2)
Anti-DIG antibodies are attached to the surface, serving as an anchor for the RNA construct. (3) Passivation of the
glass surface using the poloxamer Pluronics F127 to suppress unspecific adhesion of biomolecules and magnetic
beads. The antibodies and reference beads protrude through the surface coating. (4) The RNA construct is anchored
to the flow cell via anti-DIG:DIG linkage. (5) A streptavidin-coated magnetic bead is attached to the RNA construct
through the strong biotin:streptavidin interaction. Drawings are not to scale.
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5.5.4 Attaching digoxigenin antibodies to the flow cell surface
Timing: 70 min

The digoxigenin antibodies provide the RNA construct an anchor point on the surface.

17. Flush 100 pl of 0.1 mg/ml anti-DIG IgG in PBS into the flow cell and incubate for 1
h (see Figure 5.4: step 2.).
18. Flush out non-adhered, residual anti-DIG IgG using 500 ul PBS buffer.

5.5.5 Surface passivation with BSA and F127
Timing: 170 min

Surface passivation ensures that non-specific adhesion of proteins, RNA, or magnetic
beads is reduced to a minimum.

19. Flush though the flow cell 500 pl of PBS supplemented with 10 mg/ml BSA (see
Figure 5.4: step 3.).

20. Incubate for 2 h.

21. Flush though the flow cell 500 ul BSA buffer.

22. Flush though the flow cell 500 ul of PBS supplemented with 0.5% F127.

23. Incubate for 30 min.

24. Flush though the flow cell 500 ul PBS.

5.5.6 Washing of magnetic beads
Timing: 10 min

Washing the magnetic beads in passivation buffer ensures that non-specific adhesion
of magnetic beads to the surface is reduced to a minimum. Furthermore, it allows for
a buffer exchange from the manufacturer’s storage buffer.

Note: the washing of the magnetic beads can be performed in parallel to the surface
passivation. We advise to perform the steps 25.-27. during the incubation of 0.5% F127
in the flow cell (step 23).

25. Add 3.0 pl of M280 magnetic beads to 100 ul of passivation buffer.

26. Mix the solution, then separate the magnetic beads from the liquid using a magnetic
stand and discard the supernatant.

27. Repeat previous step 2 more times with fresh passivation buffer. Afterwards,
resuspend the magnetic beads in 100 pl preparation buffer.
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5.5.7 RNA tethering between surface and magnetic beads
Timing: 35 min

RNA and magnetic bead tethering are crucial for setting up the MT assay.

28. Inject 100 pl of 2 pM RNA construct in preparation buffer into the flow cell (see
Figure 5.4: step 4.).

Note: for the conversion of RNA concentration from ng/ul to M, the following formula
can be used:

m
RNA (moles) = asrnA (9)

641% g
lasrna(bp) * T + 318W

RNA (moles)

[RNA](M) = — D

with myspna (g) = mass of dsRNA in grams, lysrva(bp) = length of dsRNA in base
pairs, and V (1) = volume in liters.

29. Incubate for 20 min.

30. Flush 500 ul of preparation buffer though the flow cell to wash away non-tethered
RNA constructs.

31. Inject 100 pl of washed magnetic beads and incubate until 200-300 beads are
tethered per field of view, typically after ~5 min (here, the field-of-view dimensions
are 491 pum x 369 um; see Figure 5.4: step 5.).

Note: for this protocol we recommend using M280 beads because they can readily
reach forces up to tens of pN, and their hydrophobic surface coating significantly
reduces non-specific bead adhesion on the surface compared to hydrophilic M270
beads.

Note: If non-specific bead adhesion to the surface is apparent, it might be resolved
using one of the presented solutions (Troubleshooting; Problem 3: all magnetic beads
are adhered to the surface)

32. Wash surplus of untethered beads out using 1-2 ml of preparation buffer.

Note: the magnetic beads should be held at a constant force of 22 pN to exclude
potential non-specific bead adhesion on the surface before the initiation of RNA
synthesis.

Note: If tether formation is not observed, it might be resolved using one of the
presented solutions (Troubleshooting; Problem 2: absence of tether formation).
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5.5.8 Creating a magnetic bead Z-lookup table
Timing: 5 min

Bead Z-position look-up tables are created as a reference to accurately determine the
beads’ vertical position relative to the focal plane over time. There are different ways
to determine the bead Z-position in MT. Here, we create an individual look-up table
for each dsRNA-tethered bead and reference bead®®.

33. Create bead Z-position look-up tables (200 steps, 50 nm step size) at a constant force
of 10 pN.

5.5.9 Measuring the force extension curves for dsRNA and ssRNA
Timing: 30 min

This measurement has to be made only once to estimate the extensions of the dsRNA
and ssRNA (created by annealing all fragments with the exception of the CD fragment
(Figure 5.1B) according to Before you Begin, step 12.) constructs as a function of force.
This information will be important at later stage to convert the height change of the
tethered beads in micrometers to nucleotides synthesized by RdRp.

34. Measure the extension of dsRNA and ssRNA with force ranging from 0.01 to 40
pN.

35. Repeat steps 1.-33. using the ssRNA construct (without CD transcript).

36. Determine the ssRNA I, (F) and dsRNA 1;,(F) extensions. Select the lowest
possible force at which the the difference between 1;,(F) and 1,45(F) is sufficiently
large. Larger differences between I (F) and l;5(F) will result in a larger bead
displacement in I-direction per nucleotide incorporated by the RdRp, and thus an
increased spatial resolution. For the RNA constructs used here, 25 pN was chosen;
see also Figure 5.5.

5.5.10 Ternary complex formation
Timing: 30 min
Ternary complex formation is the construction of the full RNA tether with a stalled

RdRp present on the RNA template. Ternary complex formation can significantly
increase RARp re-initiation efficiency when dinucleotide ApC is used.

37. Flush 80 ul of transcription buffer supplemented with 600 nM RdRp, 0.6 mM ATP,
0.6 mM CTP and 1.2 mM ApC dinucleotide into the flow cell.

38. Incubate for 20 min.

39. Wash out all unbound RdRp with 500 ul of transcription buffer.
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Figure 5.5. Force-extension curves of ssRNA and dsRNA.

Force-extension curve of the dsRNA construct (gray) and the ssRNA construct (red) that lacks the CD fragment.
The lines represent a WLC fit to the dsRNA data (black) and a linear interpolation of the ssSRNA data (red). During
RdRp RNA synthesis, the CD template strand is displaced from the AB strand, gradually increasing the fraction of
ssRNA. A constant force of 25 pN (blue) was selected for our experiments due the large difference in extension
between dsRNA and ssRNA, wich provides high spatial resolution for RdRp RNA synthesis. Error bars represent
standard deviation (N = 8).

5.5.11 RNA tether characterization
Timing: 15 min

It is important to verify that the dsRNA constructs are singly tethered to a magnetic
bead and of correct length. Furthermore, the measured length of each dsRNA tether
must be known to convert the reduction in bead height upon RdRp RNA synthesis
from micrometers to transcribed RNA nucleotides. The recording of the magnetic bead
movement in all three dimensions was conducted with the control software described
and published in REF®. The measurement parameters were set to: 25 Hz camera
frequency, Look Up Table (LUT) range of 10 pum with steps of 50 nm, quadrant
interpolation as the algorithm used for the bead’s Z-position determination, and a
Region of Interest (ROI) of 90 px.

40. Start the data acquisition and perform the dsRNA tether characterization by
changing the force and magnet rotation over time (see also Figure 5.6A,B) as
follows:
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Characterization of dsRNA tether ‘

Magnet action Force Rotation Time Purpose
(pN) | (turns) (5)

Magnet height 0 0 5 Determine z-offset (zo)

Magnet height 25 0 10 Stretch tether to measurement
force

Magnet rotation 25 -30 10 Probe for multiple DNA
tethering

Magnet rotation 25 0 10 Return to original rotation state

Magnet rotation 25 2 8 Determine DNA attachment to
bead

Magnet rotation 25 -2 16 Return to original rotation state

Magnet height 3 0 5 Relax tether, maintaining low
force

Note: the undesired tethering of multiple RNA tethers to one bead is signified by a
sharp decrease in the bead Z-position during the rotation of the magnets in the
negative direction at high force. Additionally, the rotations provide information
instrumental to the determination of the length of the RNA tether, see below.
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Figure 5.6. dsRNA tether characterization measurement and analysis.

(A) The dsRNA tether is stretched from low to high force (DF) as well as rotated (DR) with a varying speed and
number of turns. (B) Bead Z-position at zero force (top; red) and applied force (middle; black) during the experiment
(here, 25 pN), allowing the determination of the apparent end-to-end length (L) of the dsRNA tether. The magnet
is rotated (bottom; blue) to determine whether the dsRNA is singly tethered to the magnetic bead (with -30 turns
at the force applied for the RNA synthesis experiment), and to assess the distance Rausbetween the off-center
attachment point of the dsSRNA tether and the bead’s geometric south pole (as defined when the bead’s net magnetic
moment (m) aligns with the field, panel D). (C) X- and Y-positions of the magnetic bead during slow rotations (0.25
s/turn; see the dashed box in (B)) allow the determination of Ruwxusing a circular fit. (D) The correct end-to-end
dsRNA construct length Leris the sum of the apparent length Z.cand DZ, where DZ is the height difference between
the off-center dsRNA attachment point.

41. From the traces, determine each the magnetic bead’s height at zero force (Z,) and
at 25 pN (Z,y¢); see Figure 5.6B.
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42. Determine the radius of the magnetic beads’ rotational motion Rg¢¢4cp by fitting the
plot of X-positions in function of Y-positions with a circle; see Figure 5.6C.

Note: the attachment point of the RNA tether to the magnetic bead is in most instances
not perfectly at the bead’s geometric south pole (Figure 5.6D)%!. Therefore, the
apparent length of tether (Z.4) can be significantly smaller than the actual tether length
(Lcorr) and needs to be corrected. Slow rotation of the bead will provide crucial
information for the correction. While we used Igor Pro (V6.37) as the software platform
for the analysis of the bead traces, any other scripting-capable software that is able to
import the text file output of the data acquisition software can be used, i.e. commonly
used Matlab and Python.

43. Calculate the length difference AZ between the RNA attachment point Ry ¢4 and
the bead’s south pole using the bead radius Rj.,4 and the Pythagorean theorem (see
also Figure 5.6D):

AZ = Rpeaq — \/Rbeadz - Rattachz

44. Add the corrected tether length by adding AZ to the apparent end-to-end length
Z syt Obtained from the calibration measurement (see Figure 5.6D):

Leorr = Zext — Zo + AZ

45. Calculate the average length of an RNA base by dividing Lo by the number of
base pairs in the construct; this value is later used to convert changes in bead Z-
position to synthesized RNA products as a function of time.

5.5.12 Measuring RdRp RNA synthesis kinetics
Timing: 2 h

Addition of all nucleotides allows the ternary complexes to re-initiate RARp RNA
synthesis (Figure 5.7A).

46. Lower the magnet to the appropriate height to apply a constant force of 25 pN (or
any other force determined in steps 34.-36.).

47. Re-initiate RNA synthesis by flushing 100 pl of transcription buffer supplemented
with all four rNTPs into the flow cell (the NTP concentration depends on the
experiment design; here, 1 mM was chosen).

48. Immediately after, start the measurement and record all magnetic bead Z-positions
for 2 h.

Note: complete absence of RdRp trajectories might be resolved using one of the
presented solutions (Troubleshooting; Problem 4: no RdRp activity observed).
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5.6 Quantification and statistical analysis

In this section, the protocol describes the analysis of the bead z-displacement
(associated with ssSRNA displacement during RNA synthesis) obtained in the MT
experiment in a step-wise fashion. In the first step, the z-displacement of the magnetic
bead is converted into number of nucleotides synthesized, from which the RdRp
processivity and the average velocity are calculated. In the last step the protocol guides
through the process of constructing the dwell time distributions of the RNA synthesis
kinetics, from which the average pause lifetimes and pausing probabilities are
extracted. As aforementioned, we used Igor Pro (V6.37) as software platform for the
analysis of the RdRp trajectories, however, scripting-capable software that is able to
import the delimited text file output from the acquisition software (e.g. Matlab or
Python) is equally suited.
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Figure 5.7. Processing of RNA synthesis trajectory data.

(A) Schematic of the single-molecule (+)-strand RNA synthesis assay, showing binding of an RdRp to a hairpin at
the 3oend of the (-)-strand (gray) of the surface-attached RNA construct. A magnetic bead attached to the RNA
construct is subject to a constant force of 25 pN during RNA synthesis. Primer extension (red) from the 3oend of
hairpin will lead to displacement of the template RNA (gray) from the tethered RNA (black). At 25 pN force,
conversion of dsSRNA to ssSRNA causes a corresponding increase in the distance of the magnetic bead from the
surface. (B) Non-processed RdRp RNA synthesis example trajectory, normalized to the initial RNA extension prior
NTP-addition. The lag time (green) is the time that the RdRp is inactive before re-initializing RNA synthesis upon
NTP-addition and can vastly differ between RdRps. RNA synthesis (red) is intermittent, with stochastic pauses of
different lifetimes. Arrest or dissociation of the RdRp causes the RNA extension (or bead z-position) to stop
changing (blue). (C) Superimposed, processed example RNA synthesis trajectories that were cut and converted to
RNA nucleotides synthesized (data sets from REF').
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5.6.1 Converting changes in RNA extension to nucleotides synthesized
Timing: Th

49. For each individual RdRp trajectory, normalize the RNA extension to the extension
before the addition of NTPs. Next, cut out the lag time and final plateaus where
there is no RdRp synthesis activity or dissociation has occurred (see Figure 5.7B,C).

50. Convert the ssRNA extension to the number of RNA nucleotides synthesized,
NTsynth, using the formula below, where Al represents the measured apparent
increase in RNA length, and 1;,(F) — 1;5(F) is the difference in length between the
extensions of ssSRNA and dsRNA:

a = (l(F) — lds(F))_lr
NTsynth = a * Aljyeas

5.6.2 Extracting RdRp processivity and average RNA synthesis velocity
Timing: 1h

51. Determine the average RARp processivity from the maximum amount of RNA
synthesized in each individual trajectory (nucleotides;; example shown in Figure
5.8A):

52. Compute the average velocity by dividing individual RdRp processivities (step
51.) by the duration of active RNA synthesis (example shown in Figure 5.8B):

n nucleotides; (nt)
nt i=1 time; (s)
Vaverage (?) =

n

A, B,
= . Figure 5.8. RdRp processivity and average RNA
el % synthesis velocity of EV-A71 RdRp.

& 2L o ; 2t 4 (A and B) (A) RdRp processivity and (B) average
% 8 RNA synthesis velocity (meanGSD) derived from
§ % example EV-A71 RdRp trajectories in the absence
09_ 1k s 4 Dyt *%% | and presence of T-1106 triphosphate (data sets from
a u 2 REF'). Statistical analyses were performed using
14 < ired iled Lomifi level: **
Z — o unpaired, two-tailed t-tests (significance level: **p <
0 _ 0 0.01; ***p < 0.001).
100 +50 uM 100 +50 uM
T-1106-TP T-1106-TP

NTP concentration [uM]
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5.6.3 Constructing the dwell time distribution and extracting average pause lifetimes
and pausing probability
Timing: Th

The construction of the dwell time distribution allows for the calculation of both the
average pause probability as well as the average pause lifetime. The dwell times are
determined by extracting from all RNA synthesis trajectories the time needed for the
RdRp to synthesize a defined number of consecutive nucleotides'?.

53. Filter the individual RNA synthesis trajectories using a 1 Hz sliding mean filter.

54. Construct a dwell time distribution (Figure 5.9A-C) of all the RNA synthesis
trajectories belonging to the same experimental condition. You may use the MatLab
script provided in a repository (https://doi.org/10.4121/19145426), which also
includes example data.

55. From the dwell time distribution, determine the lifetime where pausing starts. In
the example shown in Figure 5.9B,C, the lower bound of pausing lifetimes is > 1 s.

56. Calculate the average pause probability By,us by integrating dwell times larger
than the pause lifetime lower bound (see example in Figure 5.9D):

n
i=1 Ppause,i

n

Ppause -

57. Determine the average pause lifetime by averaging all dwell times larger than the
pause lifetime lower bound (see example in Figure 5.9E):

%Pause (s) = Zi:l;i ©)

5.7 Expected outcomes

The magnetic tweezers protocol presented here enables a quantitative description of
RdRp RNA synthesis dynamics, including the nucleotide incorporation rate, pausing
frequency, and pause lifetimes, which can be probed under a variety of conditions. The
presented data shows the detectable changes in RNA synthesis processivity and
pausing dynamics in presence of pyrazine carboxamide nucleotide analog T-1106
(Figure 5.8 and Figure 5.9). The application of this method to variations in conditions,
such as NTP concentration, different nucleotide analogs, or even transient roadblocks
imposed by RNA-binding proteins, will allow the identification and quantitative
characterization of their effect on RdRp translocation and RNA synthesis dynamics.
Figures related to the expected outcome of each step of the protocol have been
presented.
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Figure 5.9. Constructing the dwell time distribution and extracting pausing dynamics of EV-A71 RdRp RNA
synthesis.

(A)Magnified region of the individual RNA synthesis trajectory shown in Figure 5.7A. The dwell times are
determined by extracting the time (t) needed for the RdRp to synthesize a defined number of consecutive
nucleotides; the example shows ten-nucleotide dwell time windows as dashed lines. (B) Dwell time probability
distribution of 9,981 dwell times extracted from RNA synthesis trajectories using a dwell time window of four
nucleotides and binned with six bins per decade. The error bars (AVG G SD) result from bootstrapping with 1,000
iterations. Solid curves show the best fit of a simple model to the data, where the contributions of individual
components of the model are separated: the blue curve at short timescales captures the effective pause-free
elongation rate, while the black curve corresponds to a single pause state with exponential decay. (C) Superimposed
dwell time distributions of EV-A71 RdRp in absence (gray) and presence (magenta) of the nucleotide analog T-1106
triphosphate; data sets from REF' (D and E) Quantification of the dwell time distributions in (C): the addition of T-
1106 triphosphate (magenta) induces a significant increase in (D) pausing probability (meanGSD) and (E) average
pause duration (meanGSEM). Statistical analyses were performed using unpaired, two-tailed t-tests (significance
level: **p < 0.001).

5.8 Limitations

A limitation of the presented method is the inability to directly interrogate the RNA
products of RARp activity that are produced in the magnetic tweezers. In addition, the
amount of processing power required to determine many tracked bead positions using
Z-lookup table cross-correlation can be significant. To avoid crashing or freezing of the
software, it is advised to ensure that a PC with sufficient computational power is used
for tracking of many magnetic beads.
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5.9 Troubleshooting
Problem 1: the flow cell leaks

Potential solutions:

e Reduce the inlet and outlet holes” diameter in the top cover slip (step 1.).

e Tighten carefully the screws of the flow cell (step 10.).

e Check O-rings for graining or damage of the rubber and possibly replace them
(step 10.).

e Replace the flow cell in the holder (step 10.).

e Check attachment of inlet and outlet tubing (step 11.).

Problem 2: absence of tether formation
Potential solutions:

e Replace stocks of anti-DIG, RNA construct, RNase inhibitor, and magnetic
beads (steps 17., 28., and 31.).

e Use or synthesize a new RNA construct. Contaminations with RNases can cut
the dsRNA, thus preventing tether formation (step 28.).

e Increase RNA concentration (step 28.).

e Increase incubation time of magnetic beads (step 31.).

Problem 3: all magnetic beads are adhered to the surface
Potential solutions:

e Increase passivation time of the flow cell (step 20.).

e Use new magnetic bead stock. Make sure magnetic beads are not expired (step
25.).

e Switch hydrophobicity of the beads (from M280 to M270 or vice versa) (step
25.).

e Increase passivation time of the magnetic beads (step 26.).

¢ Reduce incubation time of the magnetic beads (step 31.).

e Give a short pulse of high force (max. 40 pN) to break non-specific bead
adhesion (prior to step 46.).

Problem 4: no RdRp activity observed
Potential solution:

e Use another batch of or purify new RdRp (step 37.).
e Increase ternary complex formation time (step 38.).
e Increase the concentration of rNTPs (step 47.).
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Problem 5: output parameters differ significantly between experiments with the
same conditions

Potential solution:

e Exclude outliers (step 49.).

e Ensure that the cropping of the RdRp trajectory is performed correctly:
directly after the lag phase and right before reaching the final plateau (step
49.).

¢ Ensure that all used materials (e.g. RNA, nucleotides, RdRp, buffers, etc.) are
from the same batch and within expiration dates (step 28. and 47.).
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Induced intra- and intermolecular
template switching as therapeutic
mechanism against RNA viruses

Viral RNA-dependent RNA polymerases (RARps) are a target for broad-spectrum antiviral
therapeutics. Recently, we demonstrated that incorporation of the T-1106 triphosphate, a
pyrazine-carboxamide ribonucleotide, into nascent RNA increases pausing and backtracking
by the poliovirus RARp. Here, by monitoring Enterovirus A-71 RdRp dynamics during RNA
synthesis using magnetic tweezers, we identify the “backtracked” state as an intermediate used
by the RdRp for both copy-back RNA synthesis and homologous recombination. Cell-based
assays and RNAseq experiments further demonstrate that the pyrazine-carboxamide
ribonucleotide stimulates these processes during infection. These results suggest that pyrazine-
carboxamide ribonucleotides do not induce lethal mutagenesis or chain termination, but
function by promoting template switching and formation of defective viral genomes. We
conclude that RARp-catalyzed intra- and intermolecular template switching can be induced by
pyrazine-carboxamide ribonucleotides, defining an additional mechanistic class of antiviral
ribonucleotides with potential for broad-spectrum activity.

This chapter is published as: R. Janissen, A. Woodman, D. Shengjuler, T. Vallet, K. Lee, L. Kuijpers, L. M. Moustafa,
F. Fitzgerald, P. Huang, A.L. Perkins, D.A. Harki, J.J. Arnold, B. Solano, S. Shih, M. Vignuzzi, C. E. Cameron, and
N. H. Dekker, “Induced intra- and intermolecular template switching as a therapeutic mechanism against RNA
viruses,” Mol. Cell, vol. 81, no. 21, pp. 4467-4480.e7, 2021, doi: 10.1016/j.molcel.2021.10.003.
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6.1 Introduction

It is still not possible to predict the emergence of viruses capable of founding an
epidemic, a fact that has been reconfirmed many times over the past few decades. Since
the outbreak of West Nile virus in 1999, one RNA virus after another has emerged,
causing significant morbidity and mortality. In 2019, yet another outbreak occurred
and rapidly spread globally. While the world is under constant threat of an influenza
pandemic!, the ongoing pandemic was caused by a coronavirus, specifically severe
acute respiratory syndrome coronavirus-2 (SARS CoV-2)%%. An increase of enterovirus
D-68 (EV-D68) infections in the US, associated with acute flaccid myelitis in young
children, has been registered in the past years, and future outbreaks are anticipated®.
With recurrent outbreaks of enterovirus A71 in the Asia-Pacific region come hand-foot-
and-mouth disease and severe acute flaccid paralysis®. This state of affairs demands
the availability and rapid development of broad-spectrum antiviral therapeutics to
address the next unanticipated and/or unknown viral pathogen.

Viral polymerases have emerged as tractable and highly efficacious antiviral targets®.
Past and present protocols to treat virus infections have included compounds targeting
the viral RNA-dependent RNA polymerase (RdRp). To date, clinically approved
antiviral nucleosides have functioned either by terminating nucleic acid synthesis
(chain terminators) or by increasing mutational load on the viral genome (lethal
mutagenesis)’®. Resistance to antiviral nucleotides usually comes with a fitness cost,
thus increasing the long-term utility of these classes of antiviral agents®. The major
obstacle to the development of antiviral nucleotides is off-target effects, caused
primarily by cellular polymerase utilization of the compounds in question'’. However,
the specificity of antiviral nucleotides continues to improve!!.

Recently, pyrazine carboxamide nucleoside analogs were approved in Japan to treat
influenza virus infection'?. The drug, commercially known as favipiravir, is also
known as T-705. It is employed in several countries as a potential antiviral drug against
SARS CoV-2 infection based on evidence for its effectiveness in the treatment
thereof'3!4. Favipiravir is a fluorinated pyrazine carboxamide base analog and requires
the cellular nucleotide salvage pathway to convert the base into a nucleoside
triphosphate. A version of favipiravir lacking fluorine, known as T-1105, is also active,
but its conversion to the triphosphate is less efficient!>. The nucleoside version of T-
1105 is referred to as T-1106, and the metabolism of this compound to the triphosphate
yields a drug with efficacy superior to favipiravir'’®. The results of studies probing the
mechanism of action of these compounds have been ambiguous. Some studies were
consistent with chain termination!®, while recent results were consistent with lethal
mutagenesis’”. Of course, such uncertainty in the mechanism of action complicates
worldwide approval beyond Japan.

To gain insights into the underlying mechanism of action of T-1106, we previously
used a single-molecule magnetic-tweezers platform to monitor individual poliovirus
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(PV) RdRp elongation complexes over thousands of nucleotide-addition cycles and
observed the ability of T-1106-TP (superior to that of ribavirin-TP) to cause the RdARp
to pause and then backtrack!®. The elongation complex was able to recover from the
backtracked state, but recovery required tens to thousands of seconds. As a result,
traditional polymerase elongation assays would view these backtracked states as
prematurely terminated products®®. This backtracking phenomenon has to date not
been observed with either prototypical chain terminators or mutagens. These studies
therefore provided very compelling evidence for the existence of a third mechanistic
class of antiviral ribonucleoside analogs.

While the structure of the backtracked state of PV is not known, the nascent RNA was
likely displaced from template to yield a single-stranded 3" end with lengths greater
than tens of nucleotides!®. Such a structure is now known for the SARS CoV-2 RdRp".
The ability of an RdRp to produce free single-stranded 3" ends was intriguing, because
such an end could undergo an intermolecular template switch by annealing to a
second template, with resumed synthesis producing a recombinant RNA product.

The goals of the present study were to determine the extent to which the backtracked
state represented an intermediate on path for recombination, and to identify the
mechanism of action of the pyrazine carboxamide nucleoside analog T-1106. To do so,
we introduced the RdRp from EV-A71, a virus prone to recombination in nature®, into
our pipeline with the idea that perhaps such backtracked states might also be prevalent
with this enzyme. By comparing the EV-A71 and PV RdRps, we provide evidence that
the backtracked state is indeed a common intermediate for template switching.
Unexpectedly, for EV-A71 RdRp we observed a high frequency of intramolecular
template switching, which has been coined “copy-back RNA synthesis” in the
literature?'. Importantly, the capacity for T-1106 to promote recombination was also
observed in cells based on RNAseq data from cells infected with EV-A71 in the
presence or absence of the drug. Our study therefore makes a clear mechanistic
connection between copy-back RNA synthesis and homologous recombination, and
provides compelling evidence that an enhancement of the probability of template
switching results in an antiviral effect. The experimental paradigm reported here
should prove useful in dissecting the contributions and determinants of the RdRp and
the template to formation of defective viral genomes, a newly emerging strategy for
interfering with virus multiplication and attenuating viral pathogenesis?!.

6.2 Results

6.2.1 Pausing of EV-A71 RdRp promotes copy-back RNA synthesis

The development of a magnetic-tweezers platform to monitor nucleotide addition by
nucleic acid polymerases is unmasking the stochastic behavior of viral polymerases
and illuminating states of the polymerase induced by pausing and drugs'#?2%. In this
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assay (Figure 6.1A), single-stranded RNA is tethered to the surface and a magnetic
bead. A template ssRNA, including a 24 nt hairpin structure at its 3’ end, is annealed
to the tethered ssRNA strand, creating a predominantly double-stranded RNA.
Primer-extension from the 3’-end of template RNA will lead to displacement of the
template RNA from the tethered RNA. At forces >8 pN, the conversion of dsRNA to
ssRNA causes a corresponding increase in the distance of the bead from the surface,
thus permitting measurement of nucleotide incorporation with few nucleotide
resolution over thousands of cycles of nucleotide addition!®?>%.

In a previous study with PV RdRp, we showed that one consequence of prolonged
pausing by the enzyme is backtracking, where the enzyme unwinds the 3’-terminus of
nascent RNA. It was possible that this state was an intermediate for homologous
recombination by an intermolecular template-switching mechanism. Such a template
switch would occur by annealing the 3’-terminus of the backtracked, product RNA to
a second (acceptor) template. In the magnetic tweezers, there is no acceptor template;
therefore, intermolecular template switching cannot occur. In most instances, the
nascent RNA reannealed to the original template and RNA synthesis resumed’®.

Here, we evaluate EV-A71 RdRp as it might provide additional insight into the
backtracked state. As illustrated in Figure 6.1B, pauses of differing duration
interrupted processive nucleotide addition by EV-A71 RdRp (quantified in Figure
5.6.1C). For PV RdRp, we previously observed an inverse correlation between
nucleotide concentration and pause probability'. In this context, EV-A71 behaved
similarly (Figure 6.1C, Figure S.6.1A,B). Pausing is thought to occur in response to
misincorporation and happens more often at low nucleotide concentration’®. Such a
response might facilitate correction by pyrophosphorolysis!®2.

At some frequency for PV RdRp, however, the paused state undergoes backtracking!s.
Surprisingly, under the same conditions, EV-A71 RdRp undergoes reverse
translocation (referred to as “reversals”), based on the decrease in position of the bead
relative to the surface (Figure 6.1D). Pauses induced by low nucleotide concentrations,
found to be drivers of backtracking by PV RdRp?8, are also drivers of reversals by EV-
A71 RdRp (Figure 6.1E,F). While it was not possible to identify sequence motifs at
locations where reversals occurred, GC-rich regions favored reversals (Figure 5.6.2).
Given the assay design, the only ways for the bead to approach the surface would be
for the EV-A71 RdRp to dissociate and initiate primer extension via the accessible 3’
ssRNA end of the bead handle, or to reanneal the displaced template ssRNA to the
tethered ssRNA. Our control experiments excluded the former possibility, as in
absence of the template ssSRNA strand the RdRp was not able to perform primer-
extension (Figure S.6.1E,F). For the latter scenario to occur, nascent ssRNA would have
to be displaced from the template ssSRNA. We hypothesized that this could occur as a
result of pausing by EV-A71 RdRp followed by backtracking, which produces a single-
stranded 3’-end that can be used by EV-A71 RdRp as a primer for copy-back RNA
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synthesis (Figure 6.1G). This hypothesis was tested in the following experiments. That
a single polymerase could carry out both the initial round of RNA synthesis and copy-
back RNA synthesis is supported by the good agreement of the kinetic behavior of the
polymerases during both processes (Figure S.6.1D).
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Figure 6.1. Magnetic tweezers assay of EV-A71 RdRp reveals pause-dependent copy-back RNA synthesis.

(A) Schematic of the single-molecule (+)-strand RNA synthesis assay, showing the binding of an RdRp to a hairpin
at the 3’-end of the (-)-strand (grey) of the surface-attached RNA construct. A magnetic bead attached to the RNA
construct is subject to a constant force of 25 pN during RNA synthesis (blue). (B) Sample EV-A71 RdRp trajectories
showing stochastic pausing behavior over time, inferred via the change of the diffraction pattern of the attached
magnetic bead (inset) at a rate of 50 Hz. Within individual trajectories, the data in blue highlight single pauses of
different duration and template position during processive RNA synthesis. (C) Comparison of the average pause
frequency (+SD) at different rNTP concentrations extracted from dwell-time distributions (Figure S.6.1A). Dataset
statistics and experimental parameters for each condition are provided in Table S.6.1. (D) Sample individual RdRp
elongation trajectories showing the occurrence of reversal events following extended pausing (yellow). (E) The
average occurrence probability (+SD) of reversals per RdRp for all measured conditions. (F) The probability of
observing pauses of specified pause durations during RNA synthesis (blue) co-plotted with the probability of
reversals (yellow); the crossover point is found at ~26 s. (G) Proposed model underlying the reversal events, in
which pause-induced elongation complex is followed by copy-back RNA synthesis of the newly synthesized (+)-
strand RNA (blue). Synthesis of a new (-)-strand (yellow) results in reannealing of the original (+)-strand template
(grey) to the complementary ssSRNA tether (black), leading to an overall decrease in RNA tether extension.
Statistical analyses were performed using ANOVA with comparative Tukey post-hoc test (significance levels p: ***
=0.001; **=0.01; * = 0.05). See also Figure S.6.1 and Figure S.6.2.
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6.2.2 A recombination-deficient EV-A71 RdRp variant attenuates virus population

The availability of a recombination-defective EV-A71 RdRp derivative would prove
very useful in making the strongest case for a relationship between the observation of
backtracking or reversals and recombination. In PV RdRp, Y275H was identified as a
substitution that impaired recombination substantially, although the molecular basis
for the reduced recombination efficiency is yet not known*?. We engineered the
orthologous Y276H substitution into RdRp-coding sequence of EV-A71. In the context
of a subgenomic replicon, Y276H EV-A71 had no growth defect when compared to
WT (Figure 6.2A), in agreement with previous observations?. By plaque assay and RT-
qPCR, Y276H and WT EV-A71 were indistinguishable (Figure 6.2B,C). To assess the
recombination efficiency, we transfected the subgenomic replicon RNA described
above (donor template) and an EV-A71 genomic RNA deleted for 3Dre-coding
sequence (acceptor template) into cells; recombination between these RNAs produced
viable virus (Figure 6.2D). The yield of recombinant virus was reduced by nearly 100-
fold (Figure 6.2E).

Previous studies have indicated that the ability of PV RdRp to catalyze recombination
is required for PV to cause disease in a mouse model, even though growth of
recombination-defective PV mutants in cell culture appears equivalent to or better than
WT. We evaluated the virulence of Y276H EV-A71 in a mouse model that supports
infection by oral inoculation. These mice express human SCARB2 protein, which is a
receptor for EV-A71%. The population of viruses carrying the Y276H EV-A71 was
highly attenuated in this model relative to WT (Figure 6.2F), in agreement with a
recently published study?.

6.2.3 Recombination deficiency of Y275(6)H RdRps originates from enhanced binding

to nascent RNA and diminished backtracking
Based on the data gathered in the past for PV RdRp and those described above for EV-
A71 RdRp, our mechanism for template switching begins with RdRp pausing,
followed by backtracking, and ending with either resolution of the backtrack (PV) or
reversals (EV-A71). The availability of a recombination-defective EV-A71 RdRp,
Y276H RdRp, should facilitate establishment of a correlation between reversal events
observed using the magnetic tweezers and the requirements of the template-switching
process.

The kinetics of correct nucleotide addition were unchanged for Y276H RdRp relative
to WT (note the overlap of probability density in the dwell-time distributions up to 3 s
in Figure 6.3A). In contrast, the rate of processive nucleotide addition for the
recombination-defective derivative appeared compromised by a 2-fold increase in
pausing frequency Figure 6.3B) and a 4-fold increase in the duration of the pause
(Figure 6.3C). The overall processivity of this derivative was also reduced by 4-fold
(Figure 6.3D). The reversals observed with Y276H RdRp derived from a pause-
dependent mechanism as observed for WT (Figure 6.3E). Interestingly, because the
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typical duration of pauses beyond which reversals were observed increased by five-
fold (~123 s vs. ~26 s, compare Figure 6.1F, Figure 6.3E), more than the typical duration
of pauses themselves, we predicted that the incidence of reversals would decrease for
Y276H RdRp relative to WT. Such a decreased occurrence of reversals (by 4-fold,
Figure 6.3F) was indeed observed experimentally. With pausing elevated and reversals
diminished, the backtrack intermediate should accumulate. This was not observed,
suggesting that an inability to backtrack is the functional defect associated with the
Y276H RdRp derivative that interferes with recombination.
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Figure 6.2. EV-A71Y276H RdRp variant exhibits significance decrease in recombination efficiency and virulence.
(A) Replication efficiency of the EV-A71 wild type (WT) and Y276H variant subgenomic replicons in RD cells as a
function of time post transfection. GuHCI refers to the presence of guanidine hydrochloride, a potent inhibitor of
replication. Luciferase activity is reported in relative light units (RLU; AVG+SD) per microgram of total protein (n
= 3 replicates per time point). (B) EV-A71 WT (black) and Y276H variant (red) single-step growth curves (+SD; n =
3) confirm similar plaque formation. (C) EV-A71 WT (black) and Y276H variant (red) single-step growth curves
(AVG #£SD; n = 3 for each time point). RD cells were infected with virus equivalent to 200 genomes/cell. Samples
were taken at the indicated times and the genome amount of virus titer was quantified via RT-qPCR. (D) Cell-based
recombination assay. EV-A71 C2-strain firefly luciferase-encoding sub-genomic replicon (donor) and full-length
EV-A71 C2-MP4 strain genome (acceptor) carrying a lethal deletion of the 3Dp°! region are co-transfected in RD
cells. Only upon co-transfection can replication-competent virus be generated by RdRp-mediated template switch
from donor to acceptor (indicated by dashed black arrow). (E) The Y276H mutation in the EV-A71 replicon inhibits
recombinant yield. Resulting recombinant virus were quantified by pfu/ml (AVG+SD; n = 3). (F) EV-A71 C2-MP4
WT and Y276H virulence in hSCARB2 mice. 21-day old mice were orally inoculated with either WT or Y276H virus
(n =10 per virus) at a dose equivalent to 2x107 genomes and scored for survival post-infection. Effect of Y276H
variant is severely attenuated relative to WT. Statistical analysis consisted of an unpaired, two-tailed t-test
(significance level p: ** < 0.001)

We next questioned the reason for the inability of Y276H RdRp to form a backtrack
intermediate. For backtracking to occur, the paused polymerase needs to release the
3’-end from the active site. The stability of the RdRp at the 3’-end can be inferred from
the steady-state rate constant for single-nucleotide incorporation®. A reduction in the
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value of this rate constant implies increased affinity for the terminus. Indeed, the
Y276H RdRp elongation complex was 3-fold more stable than that formed by WT
RdRp on the synthetic template developed to monitor elongation by enteroviral RdRps
(Figure 6.3G)»3. It is therefore likely that the increase in pausing frequency and pause
duration originate from the enhanced affinity of the Y276H RdRp for the 3’-end of
nascent RNA, which ultimately leads to the observed inability of the Y276H RdRp to
backtrack.
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Figure 6.3. EV-A71Y276H RdRp variant is impaired for copy-back RNA synthesis.

(A) Superimposed dwell-time distributions for EV-A71 Y276H RdRp (red) and WT (black) RdRp. The dwell times
used for the construction of the distributions are the time needed for the RdRps to synthesize four consecutive
nucleotides. The Y276H variant exhibits a broad increase in the probability and duration of long pauses compared
to WT. The error bars (AVG*SD) result from bootstrapping with 1,000 iterations. (B-D) Quantification of the data
in panel (A). In comparison to WT RdRp, the Y276H variant shows a significant increase in (B) average pausing
probability (+SD) and (C) average apparent pause duration (+SEM). The processivity (D) is significantly decreased
for the Y267H RdRp variant compared to WT. (E) The probability of observing pauses of specified durations during
RNA synthesis (red line) co-plotted with the probability of observing reversals (red dashed line); the crossover
point amounts to ~123 s. (F) The Y276H RdRp (red) variant causes significantly fewer reversal events (AVG+SD)
than WT RdRp (grey). (G) In vitro bulk RNA synthesis assay results (AVG+SD; n = 3 repetitions) showing the
amount of extended Sym/SubU template for EV-A71 WT and Y276H RdRp over time. Dashed lines represent linear
regressions fitted to the data, revealing significantly lower approximated rates of RNA extension (values above the
dashed lines) and turnover (values below the dashed lines; unit: RNA min" RdRp) for the Y276H RdRp variant
compared to WT. Statistical analyses were performed using unpaired, two-tailed t-tests (significance level p: *** <
0.001).

The availability of the orthologous derivative in PV, Y275H RdRp, provided the
opportunity to determine if the mechanism causing the recombination defect is
conserved for both viral polymerases. As shown in Figure 6.4A-D, Y275H RdRp and
Y276H RdRp behaved similarly relative to their respective WT RdRp (based on
features of the dwell-time distribution, including pause probability and average pause
duration, as well as processivity). In contrast to EV-A71 RdRp, backtracking of PV
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RdRp is readily detectable (Figure 6.4F, inset) due to the fact that the backtracked
intermediate is its end point and not followed by a reversal. Similar to the trigger of
reversals in EV-A71 RdRp (Figure 6.4F), backtracking of PV RdRp derived from a
pause-dependent mechanism (Figure 6.4E). Therefore, for Y275H RdRp, a decrease in
the incidence of backtracking should be discernible, providing empirical validation of
our hypothesis that recombination defects in both polymerases may originate from a
conserved backtracked intermediate. Indeed, the probability of backtracking was
reduced for Y275H RdRp relative to WT RdRp (Figure 6.4F). The significant reduction
in backtracking probability for Y275H RdRp may reduce the incidence of template-
switching-proficient backtracks. Similar to the recombination-defective EV-A71
polymerase, Y275H RdRp exhibits a substantially more stable elongation complex than
WT (Figure 6.4G).
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Figure 6.4. PV Y275H RdRp is impaired for backtracking.

(A) Superimposed dwell-time distributions of poliovirus Y275H RdRp variant (green) and WT (brown) RdRp. The
275H variant exhibits a broad increase in the probability and duration of long pauses compared to WT. The dwell-
time window was set to 4 nt, and the error bars (AVG +SD) result from bootstrapping with 1,000 iterations. (B-D)
Quantification of the data in panel (A). In comparison to WT RdRp, the Y275H variant shows a significant increase
in (B) average pausing probability (+SD) and (C) average apparent pause duration (+SEM) during RNA synthesis.
The processivity (D) is significantly decreased for the Y265H RdRp variant compared to WT. (E) The probability of
observing pauses of specified durations during PV WT RNA synthesis (dark brown) co-plotted with the probability
of observing backtracking (light brown dashed line); the crossover point is found at ~14 s. (F) The Y275H variant
(green) shows a significantly decreased backtracking probability (AVGxSD) than WT RdRp (brown). (G) In vitro
bulk RNA synthesis assay results (AVG+SD; n = 3 repetitions) showing the amount of extended Sym/SubU template
for PV WT and Y275H RdRp over time. Dashed lines represent linear regressions fitted to the data, revealing
significantly lower approximated rates of RNA extension (values above the dashed lines) and turnover (values
below the dashed lines; unit: RNA min"! RdRp) for the Y275H RdRp variant compared to WT. Statistical analyses
were performed using unpaired, two-tailed t-tests (significance level p: ** < 0.001).
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6.2.4 Conformational dynamics of the RNA-binding channel as a determinant of the
type and efficiency of RdRp-catalyzed template switching

It has become increasingly clear that the biochemical properties of enzymes are
governed as much by their conformational dynamics as by their three-dimensional
structure!®*2, The conformational dynamics of PV RdRp is an important contributor
to the specificity and efficiency of its polymerase function *. The availability of
structures of the RARp from PV and EV-A71%%, and models of the PV Y275H and EV-
A71 Y276H RdRps produced for this study, permitted us to determine whether
structure and/or dynamics explain the differences observed in the propensity for a
RdRp to catalyze copy-back RNA synthesis or the impact of the Y275(6)H substitution
on backtracking or intramolecular template switching. Structural differences provided
little, if any, insight (Figure 6.5A-C); therefore, we turned to dynamics.
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Figure 6.5. RNA-duplex channel dimensions and conformational dynamics of EV-A71 and PV RdRps.

(A) Superimposed crystal structures of EV-A71 WT (blue) and PV WT (grey) shown as cartoons. (B) Superimposed
crystal structures of EV-A71 WT (blue) and major conformation of its Y276H mutant (red). (C) Superimposed
crystal structures of PV WT (grey) and major conformation of its Y275H mutant (cyan). The major conformation of
the Y275(6)H mutants resulted from MD simulations. (D) Cut-through volume rendering of EV-A71 WT crystal
structure (PDB 3N6L), where the RNA duplex channel can be observed in the center of the structure. The channel
width was assessed by measuring the distance between His-113 at the fingers and Asp-413 at the thumb domains
in EV-A71, or their equivalent residues Ser-112 and Asp-412 in the PV WT crystal structure (PDB 1RA®6). (E) RNA
duplex channel widths measured for EV-A71 WT (blue) and PV WT (black) from their crystal structures, and from
MD simulations for the EV-A71 Y276H variant (red).

We have previously established a pipeline for evaluating the conformational dynamics
of picornaviral polymerases by using molecular dynamics simulations (MD)32%. This
pipeline evaluates correlated motions of the conserved structural motifs and in reports
on the dynamics of the open and occluded states of the catalytic site that drive
specificity of nucleotide selection®. The pipeline also evaluates dynamics of the RNA-
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binding channel. Here, we have monitored the time-dependent changes in the distance
of two residues lining opposite sides of the RNA-binding channel: H113 and D413 in
case of EV-A71 (Figure 6.5D), and S112 and D412 in case of PV. The average size of the
RNA-binding channel of PV WT RdRp was smaller (by ~4 A) than that of EV-A71 WT
RdRp Figure 6.5E).

Interestingly, introduction of the EV-A71 Y7276H substitution decreased the average
size of the RNA-binding channel by ~3 A over the duration of time sampled (Figure
6.5E) to a similar size observed for PV WT RdRp. In contrast, PV Y275H exhibited a ~2
A increase, rendering the channel size similar for both Y275(6)H RdRp variants.

The observed differences in the conformational dynamics of the RNA duplex channel
strongly suggest that this parameter could influence the ability and degree of copy-
back RNA synthesis. In particular, copy-back RNA synthesis of the nascent RNA
strand by EV-A71 WT RdRp may be facilitated by increased spatial dynamics in the
active center that allow the newly synthesized RNA strand to form a new primer by
“snap-back” priming after backtracking.

6.2.5 RdRp backtracking in response to incorporation of the pyrazine carboxamide, T-

1106, promotes intra- and intermolecular template switching in vitro and in cells.
Our study thus far makes a very compelling case for the ssRNA 3’-end produced by
RdRp backtracking serving as an intermediate for both intra- and intermolecular
template switching. Our interest in backtracking, however, was motivated by our
previous observation that incorporation of T-1106 ribonucleoside triphosphate (T-
1106-TP) into nascent RNA induced backtracking in PV, In the context of our current
findings, we would expect T-1106 ribonucleotide to promote copy-back RNA synthesis
and/or homologous recombination in EV-A71. If this is the case, then T-1106 may
actually represent an antiviral ribonucleoside whose antiviral activity could be
attributed to a post-incorporation event unrelated to termination or mispairing, in this
case template switching.

We compared EV-A71 RdRp elongation dynamics in the magnetic tweezers in the
absence and presence of T-1106-TP. Incorporation of T-1106 ribonucleotide induced
elevated levels of pausing (Figure 6.6A-C), diminished processivity (Figure 6.6D), and
led to an increased incidence of reversals (Figure 6.6E) whose dynamics (Figure 6.6A)
were, as in the absence of drug, comparable to those of forward translocation.
Together, these behaviors reflect increased intramolecular template switching (copy-
back RNA synthesis) in the presence of T-1106-TP. We also verified that the outcome
of T-1106-TP utilization by PV RdRp was as expected based on our previous study
(Figure 5.6.3)8. Indeed, T-1106-TP induced detectable backtracking by PV RdRp
(Figure 5.6.3D), consistent with a greater likelihood for intermolecular template
switching (homologous RNA recombination).
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T-1106 inhibits EV-A71 multiplication in cells (Figure S.6.4A). However, in the
presence of T-1106 concentrations between 200 uM and 600 uM, a clear increase in
recombination was observed (Figure 6.6F). Notably, the resulting IC50 value of
3404140 uM for EV-A71 is comparable with those previously found (T-1106: 510+30
uM; clinically used ribavirin: 550+30 uM) for PV RdRp?8. Using a subgenomic replicon
expressing luciferase (Figure 6.6G), we showed that T-1106 did not affect reporter
expression in the presence of the replication inhibitor guanidine hydrochloride
(GuHC(l), consistent with the drug having no effect on translation of the viral
polyprotein. Replication-dependent, reporter expression was inhibited (Figure 6.6H).
Antiviral ribonucleosides that function by lethal mutagenesis do not significantly
reduce replication-dependent, reporter expression”. It is therefore possible that the
observed inhibition reflects a reduction in the amount of replication-competent
replicon RNA resulting from enhanced copy-back RNA synthesis in the presence of T-
1106-TP, and concomitant production of truncated (defective) replicons.

Our results are so far consistent with the idea of ribonucleotide analogs promoting
copy-back RNA synthesis and homologous RNA recombination. We performed the
same experiments with the recombination-defective variant, Y276H EV-A71. With this
variant, T-1106 failed to increase recombination (Figure S.6.4C), consistent with the
RdRp serving as the mediator of the effect of T-1106. Using the Y276H-encoding
subgenomic replicon, we showed that translation was not impacted by the presence of
T-1106, as observed for WT EV-A71 (Figure S.6.4D). Replication-dependent reporter
expression was not impaired by the presence of T-1106 as observed for WT EV-A71
(Figure S.6.4E). This observation confirms that the reduction in replication-dependent
reporter expression for WT EV-A71 (Figure 6.6H) was indeed caused by a
backtracking-induced phenomenon like the production of defective viral genomes?..

Given that the impact of the drug on template switching-dependent mechanisms
underlying copy-back and homologous recombination is alleviated for the
recombination-defective variant Y276H, does this mean that a facile route to the
development of resistance to this mechanistic class of antiviral ribonucleotides exists?
To address this possibility, we evaluated the sensitivity of Y276H EV-A71 to T-1106.
There was no more than a 2-fold change in the observed sensitivity of this derivative
to T-1106 relative to WT (compare panels A, B in Figure 5.6.4). Therefore, elimination
of the template-switching dependent activity is insufficient for resistance to T-1106 and
perhaps all members of the pyrazine-carboxamide class of antiviral ribonucleosides.

To directly assess the impact of T-1106 on the sequence of the viral genomes produced
by WT EV-A71, we performed next-generation RNA sequencing on RD cells infected
with EV-A71 WT in the absence and presence of T-1106. RNA sequencing revealed
that T-1106 drug dosages between 400-600 uM increased the frequency of genomes
with sequences consistent with copy-back RNA synthesis (Figure 6.6I) and
homologous recombination (Figure 6.6]). We did not observe any evidence for triggers
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of template switching being related to sequence motifs in the absence or presence of
T-1106 (Figure S.6.5), in agreement with our magnetic tweezers results and our
previous observations made in EV-A71 cell-based assays 2. Interestingly, copy-back
RNA synthesis occurred with higher probability in guanine- and cytosine-rich regions
of the genome (Figure S.6.5D), consistent with our in vitro single-molecule
observations (Figure S.6.2).

Collectively, these studies make an unambiguous mechanistic link between intra- and
intermolecular template-switching processes by showing that they share the same
backtracked intermediate produced by the same triggers. Notably, with respect to the
potential mechanism of action of pyrazine carboxamide ribonucleoside analogs, the
RNA sequencing results did not exhibit any change in the mutational load (Figure
6.6K) or termination of RNA synthesis. Instead, the mechanism of action of this class
of antiviral ribonucleotides appears attributable to the induction of intra- und
intermolecular template-switching leading to production of defective viral genomes.

6.3 Discussion

Among the last frontiers in RdARp enzymology is a mechanistic description of RNA
recombination. In most RNA viruses, recombination is primarily an RdRp-mediated
process. In PV, which is one of the best studied RNA virus models, it has been shown
that recombination involves an RdRp-mediated template-switching mechanism in
cells® and that RdRp is sufficient to catalyze the template-switching reaction in vitro®.
Recently, a renaissance in the study of RNA recombination has begun, as evidenced
by the development of cell-based assays to probe the incidence of recombination?040-42,

In our earlier work that monitored PV RdRp elongation dynamics at the single-
molecule level in vitro, we observed extensive RdRp pausing followed by backtracking
in response to incorporation of diverse ribonucleotide analogs. This phenomenon was
especially pronounced in the presence of the pyrazine carboxamide, T-1106, which is
known now to also induce pauses and backtracking in SARS CoV-2 RdRp?. In a typical
single-molecule experiment, we observed the extrusion of tens of nucleotides of
ssRNA by PV RdRp in response to backtracking, the probability of which increased in
response to T-1106-TP utilization'® (Figure S.6.5E). Given sufficient time, the drug-
induced ssRNA reannealed, the RdRp rebound to the primer-template junction, and
elongation resumed.
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Figure 6.6. Pyrazine carboxymide T-1106 induces an increase in intra- and intermolecular template switching in
vitro and in cell.

(A) Superimposed dwell-time distributions of EV-A71 RdRp forward RNA synthesis activity in the presence
(magenta) or absence (grey) of the nucleotide analogue T-1106-TP. The reverse RNA synthesis dwell-time
distribution in absence of T-1106-TP (blue) is superimposed. The dwell-time window was set to 4 nt, and the error
bars (+SD) result from bootstrapping with 1,000 iterations. (B-E) The addition of T-1106-TP changed significantly
the pausing behavior of WT RdRp, exhibiting significantly increased (B) pausing probability (+SD) and (C) average
pause duration (+SEM), which led to a (D) significantly decreased in RNA synthesis processivity, and (E) vastly
increased copy-back RNA synthesis probability. (F) Cell-based recombination assays conducted in presence of
different concentrations of T-1106. Relative viable WT recombinant yield, normalized as a percentage of a carrier
(DMSO) treated control (AVG +SD; N = 3 replicates for each condition). Calculated ICso amounts to 340+140 uM T-
1106; the HeLa cell toxicity (CC50) of T-1106 was found to be >2 mM'. (G, H) EV-A71 donor translation (G) and
replication (H) efficiency (AVG+SD) for WT RdRp. (I-K) The frequency of identified (I) copy-back RNA synthesis
and (J) homologous recombination events, extracted from RNAseq, were significantly increased upon T-1106
addition, while (K) no change in mutation occurrence within the EV-A71 genome was observed. (L) Model
mechanism of pyrazine carboxymide nucleotide analogue causing stall in RNA synthesis leading to copy-back
RNA synthesis, intermolecular template switching, or abortive genome synthesis by RdRp dissociation. Statistical
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analyses were performed using ANOVA with comparative Tukey post-hoc test (significance levels o: *** = 0.001; **
= 0.01; * = 0.05; n.s. = non-significant), and unpaired, two-tailed t-tests (significance level p: *** < 0.001). See also
Figure S.6.3 and Figure S.6.4.

Observation of such spatiotemporal dynamics of the nascent RNA-template-RdRp
complex was unprecedented and motivated further study. Intriguingly, cell-based
recombination studies in PV and other RNA viruses have shown that favipiravir and
its derivate T-1106 increase recombination frequency (Figure 6.6E)*. Since PV RdRp
backtracking propensity represented the sole change in RNA synthesis dynamics in
response to T-1106 treatment, it could represent a recombination intermediate. With
that possibility in mind, this study added the EV-A71 RdRp, because EV-A71 has been
suggested to undergo high rates of recombination in nature®. EV-A71 recombination
is a major cause of the recurring outbreaks in Asia>*.

The first major conclusion of this study is that the viral RdARp has evolved to sense and
to respond to incorporation of an incorrect nucleotide or nucleotide analogue by
pausing and backtracking, thereby producing a recombinogenic 3’-end. Nucleotide
misincorporation will be increased at lower nucleotide concentrations and in the
presence of skewed nucleotide pools'®. Under these conditions, both EV-A71 and PV
RdRps exhibit an increase in the probability and duration of pausing (Figure 6.1C,
Figure S.6.1B, respectively)®. Similarly, utilization of T-1106-TP increases the pause
probability and duration for both polymerases (EV-A71: Figure 6.6B,C; PV: Figure
5.6.3B,C). The average pause duration is measured in the tens of seconds for both
enzymes (EV-A71: Figure 5.6.2B; PV: Figure 5.6.3C), not milliseconds as typically
observed for nucleotide addition®. We suggest that the consequence of a
misincorporation- or ribonucleotide analogue-induced pause is backtracking in both
systems. In the case of PV RdRp, there is no debate because the backtracked state was
observed to accumulate during the course of an experiment (Figure 6.4F) and does so
more frequently upon utilization of T-1106 triphosphate (Figure S.6.5E)%. In contrast,
several known chain terminators did not induce backtracking of PV RdRp!s. With EV-
A71 RdRp, the backtracked state does not accumulate. Instead, the probability of
reversals increases (Figure 6.1, Figure 6.6D), which reflects the use of the 3’-end of
nascent RNA as a new primer for copy-back RNA synthesis (Figure 6.1G).
Backtracking would thus be the simplest mechanism for liberating the 3’-end for use
as a primer.

While it has been speculated that RNA recombination and copy-back RNA synthesis
are mechanistically related based on observations that circumstances which elevate
RNA recombination also elevate copy-back RNA synthesis?!, how these processes were
connected was unknown. Our study is consistent with two fates for the ssRNA
produced by backtracking. The first is intermolecular template switching, which is
homologous RNA recombination. The second is intramolecular template switching,
which is copy-back RNA synthesis. This conclusion is supported by RN Aseq analysis
of EV-A71 genomes produced during replication in cells in the absence or presence of
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T-1106 (Figure 6.61,]J). Therefore, this study makes an unequivocal mechanistic link
between these two template-switching processes by demonstrating that they share the
same backtracked intermediate and triggers.

Why are there two different outcomes for the backtracked state? This state accumulates
with the PV RdRp, but does not accumulate with the EV-A71 RdRp. For copy-back
RNA synthesis to occur, the nucleic-acid-binding site needs to be sufficiently large to
accommodate a three-stranded intermediate at the time of initiation (Figure 6.1G).
Analysis of the dynamics of the nucleic-acid-binding site of EV-A71 RdRp
demonstrated a clear ability of this enzyme to accommodate such an intermediate with
an approximate diameter of ~24A. (Figure 6.5D). The corresponding site in PV RdRp
is on average 4 A smaller (Figure 6.5D). Presumably, the dimensions of PV RdRp are
too small to accommodate such an intermediate. If so, then the dimensions of the RNA-
binding site sampled by an RdRp may predict the capacity of a virus polymerase to
catalyze copy-back RNA synthesis.

The product of copy-back RNA synthesis will lead to a truncated dsRNA that is
defective in its coding capacity and/or a potent activator of innate immune responses?..
Whether or not production of copy-back RNA is deliberate is unclear but may be for
some viruses because the copy-back RNA can dampen the intensity of the infection?..
During replication in the cell when the backtracked state arises, templates
complementary to the single-stranded 3’-end would be present. Under these
conditions, perhaps intermolecular template switching would perhaps be favored for
both enzymes.

Over the past few years, a connection has been made between RdRp fidelity and
recombination?040485052 With more incorporation errors and/or consumption of
nucleotide analogs by the RdRp comes an increase in the frequency of recombination
both in cells and in test tubes®. The reason for this has not been clear. Our studies
provide a mechanism. Recombination is thought to provide a means to suppress the
impact of deleterious mutations*>#%, Our data would suggest that a balance between
mutation and recombination must exist, because increasing the frequency of
recombination exhibits antiviral activity in cells (Figure 6.6F,I, Figure 5.6.4C)
attributable to production of defective genomes (Figure 6.6G). Consistent with too
much recombination being inhibitory to virus genome replication, not every event that
could trigger recombination (Figure 6.1C, Figure 6.6B, and Figure 5.6.3B) actually
does so; only a fraction of paused polymerases actually undergo copy-back synthesis
(Figure 6.1E, Figure 6.6D) or accumulate in the backtracked state (Figure S.6.3E). Our
previous study of PV RdRp suggested that only a subset of elongation complexes were
competent for misincorporation or incorporation of certain nucleotide analogs®®. If this
is the case, then these misincorporation-competent elongation complexes may be the
only complexes competent for backtracking and template switching.
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For an event to trigger template switching, that event must first trigger backtracking.
Our studies have focused on the perception of nucleotide addition as correct or
incorrect as a mechanism to induce backtracking and consequentially template
switching. However, other mechanisms to induce backtracking may exist. One
intriguing possibility is that certain template sequences may direct the RdRp to pause
and/or backtrack. Sequence- and factor-dependent pausing is well represented in the
DNA-dependent RNA polymerase literature>. In the case of the respiratory syncytial
virus (RSV), it is known that guanine- and cytosine-rich regions promote copy-back
RNA synthesis®. In this system, these sequences alter polymerase elongation capacity.
It is intriguing to speculate that these sequences promote backtracking. While our
single-molecule and RNAseq experiments did not correlate backtracking to specific
sequences, the incidence of copy-back RNA synthesis increased in guanine- and
cytosine-rich regions of template (Figure S.6.3, Figure S.6.5).

Our interpretation that the backtracked state and copy-back synthesis contributing to
recombination are of biological relevance is supported by mechanistic evaluation of
RdRp derivatives known to be defective for recombination in cells (Figure 6.2)*. PV
Y275H RdRp exhibits one of the strongest recombination-defective phenotypes
described?, but the molecular basis for the defect is not known for this mutant or the
others reported in the PV system or other viral systems?*42%, Here, we show that EV-
A71 Y276H RdRp exhibits an equally strong recombination defect in cells (Figure 6.2).
Both the PV and EV-A71 recombination-defective derivatives retain the ability to sense
and respond to errors based on their ability to pause even more frequently (and with
longer duration) than WT (Figure 6.3B,C, Figure 6.4B,C). The increased pausing did
not translate to an equal increase in backtracks or copy-back synthesis (Figure 6.3F,
Figure 6.4F). The inability to produce the 3’ ssRNA intermediate following
backtracking appeared to be caused by an increase in the stability of these enzymes
with the 3’-end of nascent RNA-template duplex (Figure 6.3G, Figure 6.4G). We
conclude that release of the nascent RNA-template duplex by the RdRp is an
obligatory step in converting the paused RdRp elongation complex into a backtracked
state with a recombinogenic, single-stranded 3’-end. This level of detail for the
mechanism of RdRp-mediated RNA recombination is unprecedented. Several
recombination-defective/impaired RdRp variants are known**%%, and it is possible
that the mechanistic basis for the defects will be different?. Therefore, evaluation of
these derivatives may enable a genetic dissection of the mechanism of template
switching and illumination of steps and/or intermediates masked by analyzing WT
RdRp.

Given the details on the mechanism of template switching elucidated by this study, it
is now clear that the conformational dynamics of the RdRp required to support
template switching are substantial. For intramolecular template switching (copy-back
synthesis) to occur, the enzyme has to flip to move in the opposite direction and
expand the RNA-binding channel to accommodate an additional strand of RNA. For
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intermolecular template switching (homologous recombination) to occur, the enzyme
would have to relocate from the site of backtracking to the new primed-template
junction without dissociating into solution. Such polymerase acrobatics are well
documented for HIV RT*-%. Interestingly, nucleotide analogs also promote substantial
changes in the conformational dynamics of HIV RT, as observed here for the EV-A71
RdARp?s.

The pyrazine carboxamide ribonucleoside analog T-1106 does not appear to induce
chain termination (Figure 6.6E, Figure S.6.3D) or lethal mutagenesis (Figure 6.6K), in
contrast to previous accounts!®!”%, For structurally similar analogs like ribavirin,
which contains a triazole carboxamide pseudo base, lethal mutagenesis represents the
main underlying mechanism of action!®¢!. While both analogs induce backtracking
intermediates (EV-A71: Figure 6.6D; PV: Figure S.6.3E), the antiviral mechanism of
action of T-1106 appears to be limited to induced template-switching'®. Perhaps the
ability of the T-1106 pseudo base to form a transient basepair within nascent RNA
enables priming of copy-back synthesis, a point to further examine in future studies.

Both past observations and recent investigations suggest that the identified
recombination mechanism and its susceptibility to drugs may be conserved across
RNA viruses. Historical findings described defective virus genomes (DVG) that likely
originated from copy-back RNA synthesis for vesicular stomatitis virus®?, Sendai
virus®, measles, and parainfluenza®%. Recent findings have confirmed this
hypothesis for several viruses?, and searched for underlying mechanism and
trigger(s): in RSV, G:C-rich genome regions (rather than genome motifs) were found
to promote copy-back RNA synthesis®, a similar trigger to the one we identify here for
EV-A71, and in SARS CoV-2 a sequence motif-independent RARp pause/backtracking
intermediate susceptible to T-1106 was identified'**.

In conclusion, our studies reveal the power of magnetic tweezers for the mechanistic
characterization of RdRp-catalyzed RNA recombination. The ability to detect an
important recombinogenic intermediate and follow the fate of that intermediate
provides the first direct mechanistic connection between RNA recombination and
copy-back RNA synthesis. We have further elaborated the mechanism of action of the
pyrazine carboxamide class of compounds and discovered that T-1106 functions by
promoting formation of the recombinogenic intermediate. This leads us to suggest that
this class of compounds may be particularly efficacious against those viruses either
known to produce defective viral genomes by copy-back RNA synthesis or associated
with high rates of recombination. An important aspect of this class of antiviral
compounds is that the barrier to resistance for the virus may be insurmountable.
Mutants that were resistant to T-1106-induced template switching remain highly
sensitive to the drug, presumably due to an inability to combat the deleterious effects
of accumulated mutations**#5. Altogether, our results define inducible intra-and
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intermolecular template switching (Figure 6.6K) as a tractable mechanistic target with

broad-spectrum appeal.

6.4 Materials & methods

6.4.1 Key resources table
REAGENT or RESOURCE
Antibodies

SOURCE

IDENTIFIER

Digoxigenin antibodies

Bacterial and virus strains

Chemicals, peptides, and recombinant proteins

Roche

RRID: AB_514496

SURE Competent Cells Agilent technologies Cat#200238

ApU dinucleotide IBA Lifesciences GmbH Cat#0-31004
Biotin-16-dUTP Roche Cat#11093711103
Digoxigenin-11-dUTP Roche Cat#11093681103
rNTPs GE Healthcare Cat#27-2025-01
Streptavidin-coated superparamagnetic beads Thermo Fischer Cat#65001
T-1106 triphosphate Blake Petersen Lab

Ribavirin triphosphate

Jena Bioscience

Cat#NU-1105L

Dulbecco's Modified Eagle's Medium

Thermo Fischer

Cat#31966021

Streptomycin

Thermo Fischer

Cat#15140122

Superase RNase inhibitor ThermoFischer Cat# AM2694
Critical commercial assays

Experimental models: Cell lines

RD cell line ATCC RRID: CVCL_1649

Experimental models: Organisms/strains

Ribomax large scale RNA production kit Promega Cat#P1300
T7 mMESSAGE mMACHINE kit Thermo Fischer Cat#AM1344
Qubit RNA Broad Range assay kit Thermo Fischer Cat#Q10211
TransIT-mRNA transfection kit MirusBio Cat#MIR2250
Direct-zol-96 RNA purification kit Zymo Research Cat#R2056
Quant-iT RNA assay kit Thermo Fischer Cat#Q33140
Next rRNA Depletion Kit New England Biolabs Cat#E6310L
NEBNext Ultra II RNA Library preparation kit New England Biolabs Cat#E7775
NextSeq500/550 Mid Output kit v2.5 [llumina Cat#20024907
Mycoplasma Detection Kit Lonza Cat#LT07-318
RNeasy MinElute cleanup kit Quiagen Cat#74204
Deposited data
Single-Molecule Magnetic Tweezers data This study DOL
10.4121/c.5608934
Raw and processed RNAseq data This study NIH GEO:
GSE183959

Transgenic human hSCARB2-expressing mice REFO

Oligonucleotides
5’-aacuguugguguacgcgaaagcgu

GE Healthcare Dharmacon

5’-taatacgactcactataggatcgccaagattagcggatcctacctgac

Biolegio

AB-For
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5’-ggttaacctcaacttccatttec Biolegio AB-Rev
5'-ccectegaggeggaaaaaaaaaaaaccgtatgacgcetggaag Biolegio CD-For
5’-taatacgactcactataggccggacgtttcggatcttecgacatgege Biolegio CD-Rev
5’-aagattagcggatcctacctgac Biolegio Bio-For
5’-bio-taatacgactcactataggaacggcttgatatccactttacg Biolegio Bio-Rev
5'-agcgtaaaattcagttcttcgtggcg Biolegio Dig-For
5’-dig-aatacgactcactatagggctaccggttaacctcaacttccatttcc | Biolegio Dig-Rev
5’-tgccattcagggactgccgatgtcggtgcagecg Biolegio SP-For
5’-taatacgactcactataggagcgccgcttecatgtectggaacgct Biolegio SP-Rev
5'-acgttctcagtgcggactgtag IDT MP4-3156-Fwd
5'-ccttggaaaagagcttc IDT C2/4-5057-Rev
5’-gaagctcttttccaagg IDT (C2/4-5057-Fwd
5 -ctggttataacaaatttaccc IDT C2/4-7384-Rev
5’'-atcaatcacacccatcatgtgcatcgcaataaaacttattg IDT Y276H-Fwd
5’-caataagttttattgcgatgcacatgatgggteteattgat IDT Y276H-Rev
5’-acgtagcccagcegegteggecg IDT Eag-I-Rev
5’-agcagtgctgactagtaaagacc IDT Spel-Fwd
5’-cggcagcccagaagaact IDT qPCR-Fwd
5’-gccaccctatcteectgga IDT gPCR-Rev
5-FAM-tcaccatgaagttgtgtaaggatgcta-BHQ Biosearch Technologies qPCR-Probe
Recombinant DNA
Plasmid pBB10 REF¢8 pBB10
pSumoEV-A71-3D This study
pSumoEV-A71-3D-Y276H This study
pSumoPV-3D REF®
pSumoPV-3D-Y275H REF%
pEV-A71-MP4 REF®
pEV-A71-Y276H This study
pEV-A71-C2-replicon REF2
pEV-A71-MP4-A3D REF2

Software and algorithms

MatLab R13 MathWorks Inc. RRID: SCR_001622

Igor Pro 6.37 Wavemetrics RRID: SCR_000325

LabView 2011 National Instruments RRID: SCR_014325

ImageQuant GE Healthcare Life | RRID: SCR_014246

Sciences

ImageLab BioRad www.bio-
rad.com/en-
ch/product/image-
lab-software

VODKA REF?>

Bowtie2 REF7 RRID: SCR_016368

BBTools Joint Genome Institute RRID: SCR_016968

bcl2fastq v2.2

Illumina

RRID: SCR_015058
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6.4.2 Human embryonic rhabdomyosarcoma cell culture

Human embryonic rhabdomyosarcoma RD cells (ATCC CAT#CCL-136, RRID:
CVCL_1649) were grown in Dulbecco’s Modified Eagle Medium (DMEM;
ThermoFischer). Media was supplemented with 100 U/ml penicillin (ThermoFischer),
100 pg/ml streptomycin (ThermoFischer), and 10% Heat Inactivated (HI)-FBS
(ThermoFischer). All cells were passaged in the presence of trypsin-EDTA. Cell were
maintained at 37°C/5% CO.. Prior to the experiments, RD cells were tested for
mycoplasma using the MycoAlert Mycoplasma Detection Kit (Lonza) and were
negative: B/A ratio < 1; no mycoplasma reads were detected.

6.4.3 Generation of transgenic human hSCARB2-expressing mice

Transgenic mice expressing hSCARB2 were generated as described previously ¢, and
kindly provided by Dr. Satoshi Koiki (Tokyo Metropolitan Institute of Medical Science,
Japan). The mice were housed and fed at the National Laboratory Animal Center
(NLAC), NARLabs, Taiwan. Experiments were carried out in accordance with the
‘Guide for the care and use of laboratory animals’, the recommendations of the
Institute for Laboratory Animal Research and Association for Assessment and
Accreditation of Laboratory Animal Care International standards. The animal
experiment protocol was approved by the Institutional Animal Care and Use
Committee in the Chang Gung University (CGU 106-117), Taiwan. The hSCARB2-
expressing mice were housed at room temperature ranging between 20 and 23 °C with
a relative humidity between 55 and 60%, and kept under a 12/12 h light/dark cycle. For
the experiments, three-week-old female and male pathogen-free hSCARB2 mice were
randomly distributed in the experimental groups of animals.

6.4.4 Plasmids

The mouse adapted EV-A71 C2-MP4 infectious clone was kindly provided by Dr. Jen-
Reng Wang (Cheng Kung University, Taiwan) and modified by insertion of a ribozyme
sequence between the T7 promoter and viral genome sequence in a pBR-derived
plasmid %71 The EV-A71 C2 replicon was modified from a previously described EV-
A71 C2-2231 replicon by addition of a T7-ribozyme and polyA sequence inserted at
the 5" and 3’ end of the replicon sequence in a pBR-derived plasmid 72. The EV71A3D
template was constructed from the full-length EV-A71 C2-MP4 infectious clone by
removal ~800 nt between the blunt cutting restriction sites (Scal and Nrul) within the
3Drl coding region. The Y276H mutant replicon and infectious clone were constructed
by using site-directed mutagenesis. The sequences of the primers (Integrated DNA
Technologies, Inc.; IDT) used for the plasmid construction are described in the Key
Resources Table.

6.4.5 Purification, 5'-*P Labeling, and Annealing of sym/sub
RNA oligonucleotides were purified, labeled, and annealed as described previously
31, Poliovirus RNA-dependent RNA polymerase (3Dr0): Assembly of stable,
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elongation-competent complexes by using a symmetrical primer-template substrate
(sym/sub).

6.4.6 Expression and purification of Enterovirus A-71 RdRp

Mutation of the Y276 codon was performed by standard PCR mutagenesis. Expression
and purification of WT and mutant 3Dr°! enzymes followed previous procedures with
some minor modifications®7374, 3Dpel is expressed as a fusion protein to SUMO and an
N-terminal polyhistidine tag that increases protein production, eases purification and
allows for production of 3Dr°! with the naturally occurring Gly17374,

Protein purification: buffer B (100 mM potassium phosphate, 500 mM NaCl, 5 mM
imidazole, 5 mM [-mercaptoethanol, 60 uM ZnClz, 20% w/v glycerol, pH 8.0) and
buffer C (100 mM potassium phosphate, 500 mM NaCl, 60 uM ZnCl;, 5 mM -
mercaptoethanol, 20% w/v glycerol, pH 8.0) were prepared. Cell pellets were
resuspended in 50 ml lysis buffer (50 ml buffer B, 1.4 pug/ml pepstatin A, 1 pug/ml
leupeptin, 1 mM PMSF, 0.1% N-P40) and subjected to sonication. Cell lysates were
centrifuged at 30,000 g and 4°C for 30 min. Supernatant was applied to Ni-NTA
(Invitrogen) columns pre-equilibrated with buffer C1 (buffer C, 5 mM imidazole and
0.1% N-P40). The resin was washed with three bed volumes each of buffer C1 and
buffer C2 (buffer C, 5 mM imidazole), and protein was eluted using high imidazole
buffers C3 (buffer C, 50 mM imidazole) and C4 (buffer C, 500 mM imidazole). The
polyhistidine tag and SUMO protein domain were cleaved from 3Dr' using the
protease Ulp1. Protein solutions were dialyzed against 80 mM Tris-HCl, 500 mM NaCl,
20% w/v glycerol, 10 mM B-mercaptoethanol, 60 uM ZnCl, pH 8.0 overnight (optimal
buffer for protease cleavage), and then dialyzed against 100 mM potassium phosphate,
20% w/v glycerol, 10 mM B-mercaptoethanol, 60 uM ZnCl, pH 8.0 for 2-3 h. A second
Ni-NTA column was used to separate the purified 3Dr°! from the cleaved polyhistidine
tag/SUMO domain, using procedures identical to the first Ni-NTA column. For WT
and Tyr276His 3Dr°!, additional phospocellulose and Q-sepahrose columns were used
to ensure protein solutions were free of trace contaminants of nuclease and
phosphatase activities’>”. Proteins were >95% homogeneous as estimated by
coomassie-blue staining of SDS PAGE gels. Protein is stable at 4°C for 3-4 months
under high salt conditions (80 mM Tris-HCl, 500 mM NaCl, 20% w/v glycerol, 10 mM
-mercaptoethanol, 60 uM ZnCl,, pH 8.0).

6.4.7 In vitro RNA synthesis, cell transfection, and recombinant virus quantification

The EV-A71 C2 replicon and C2-AIRES-replicon were linearized with Sall. The EV-
A71-MP4, EV71A3D cDNA were linearized with Eagl. All linearized cDNA was
transcribed in vitro using T7 RNA Polymerase treated with 2U DNAse Turbo
(ThermoFisher) to remove residual DNA template. The RNA transcripts were purified
using RNeasy Mini Kit (Qiagen) before spectrophotometric quantification. Purified
RNA (amounts as specified elsewhere) in RNase-free H2O were transfected into cell
lines using TransMessenger (Qiagen). The mixture was incubated according to the
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manufacturer’s instructions and added to RD cell monolayers in 12-well tissue culture
plates. Virus amount was quantified by plaque assay. Briefly, media supernatant and
cells were harvested at time-points post transfection (specified in the main text),
subjected to three freeze-thaw cycles and clarified. Supernatant was then used on fresh
RD cells in 12-well plates, virus infection was allowed to continue for 30 min. Media
was then removed, and cells were subjected to 2x PBS (pH 7.4) washes before a 1%
(w/v) agarose-media overlay was added. Cells were incubated for 3-4 days and then
fixed and stained with crystal violet for virus quantification.

6.4.8 Single-step growth curve for EV-A71 WT and Y276H full-length virus

RD cells in 12-well plates were infected by each virus at a MOI of 0.1 in triplicate in
serum-free media. After 1 h, cells were extensively washed by PBS and refreshed in
10% serum-containing media. Virus was harvested at different time-points post
infection and the virus yield was quantified by plaque assay.

6.4.9 Real time gPCR analysis

Viral RNA was isolated with QiaAmp viral RNA purification kit (Qiagen), as
recommended by the manufacturer. The real time qPCR analysis was performed by
the Genomics Core Facility of The Pennsylvania State University. DNase-treated RNA
was reverse-transcribed using the High Capacity cDNA reverse transcription kit
(Applied Biosystems) and the protocol provided with the kit. Quantification by real
time qPCR was done by adding 10 or 20 ng of cDNA in a reaction with 2x TagMan
Universal PCR Master Mix (Applied Biosystems, Foster City CA) in a volume of 20 pl,
with  primers 5-CGGCAGCCCAGAAG AACT-3' (forward) and 5-
GCCACCCTATCTCCCTGGAT-3' (reverse) and probe 5'-[6-Fam]-TCACCATGAAG
TTGTGTAAGGATGCTA-3' in a 7300 real time qPCR machine (Foster City). A standard
curve was generated using in vitro transcribed RNA.

6.4.10 Luciferase assays

Supernatant was removed from transfected cell monolayers, and cells were briefly
washed with PBS and lysed using 100 pl 1x Glo Lysis Buffer (Promega®) per well in a
12-well plate. The oxidation reaction was catalyzed by the addition of 10 pl cell lysate
to 10 ul room temperature Bright-Glo Luciferase Assay System (Promega®) substrate.
Luciferase activity was measured using a luminometer with values normalized to
protein content of the extract using a protocol as previously described”.

6.4.11 Infection of transgenic human hSCARB2—expressing mice

For infection of mice expressing hSCARB2, 2x10” genome copies of WT and Y276H
mutant EV-A71 C2-MP4 viruses were intragastrically inoculated into 21-day old mice
using metallic gastric tubes. The inoculated mice were monitored daily for clinical
disease symptoms, reflected by the disease scores defined as: 1. jerky movement; 2.
paralysis of one hind leg; 3. paralysis of both hind legs; 4. death.
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6.4.12 In vitro transcription of EV-A71 genomes for RNAseq

Mouse-adapted EV-A71 C2-MP4 cDNA was linearized with Eagl. The linearized
cDNA was in vitro transcribed using the T7 mMESSAGE mMACHINE kit
(ThermoFisher) following manufacturer’s instructions. Reactions were treated with
TURBO DNase (2U/reaction) to remove the DNA template. The RNA transcript was
purified using the RNeasy MinElute Cleanup Kit (Qiagen). Purified RNA was
quantified via Qubit 4 fluorometer using the Qubit RNA Broad Range assay kit
(ThermoFisher). The quality of the transcripts was confirmed by agarose gel
electrophoresis.

6.4.13 Virus infection with EV-A71 and rescue

In vitro transcribed RNA was transfected into RD cells via TransIT-mRNA transfection
kit (Mirus Bio) following the manufacturer’s instructions. Briefly, RD cells were seeded
in 6-well tissue culture plates at 8.0 x 10° cells/well (DMEM-GlutaMAX, 10% FBS, 1%
P/S) and incubated overnight at 37°C/5% CO?. The day of the transfection, media was
replaced with 2% FBS-containing media and then the transfection mixture containing
2.5 ug of EV-A71 C2-MP4 RNA was added dropwise. 48 h post-transfection, at nearly
full CPE, the cells were freeze-thawed three times and then spun at 20,000 g for 10 min
at 4°C to remove cellular debris. Viral titers were determined by plaque assay. This
viral supernatant (Po) was passaged once to scale up and generate P1 virus, which was
used for the subsequent RN Aseq experiments.

6.4.14 Drug treatment of EV-A71-infected RD cells

RD cells were seeded in a 96-well tissue culture plate at 3.0 x 10 cells/well and
incubated overnight at 37°C/5% CO.. Afterwards, cells were treated with T-1106 for 3
h before infection (doses are specified in Figure 6.6K). T-1106-treated cells were then
infected at an MOI of 10 with EV-A71-C2-MP4 in triplicate. After infection, the cells
were washed extensively with PBS, and the medium was replaced with T-1106.
Infection proceeded until cytopathic effect was observed (48 h.p.i.).

6.4.15 Next-generation RNAseq

Total RNA was isolated with Direct-zol-96 RNA purification kit (Zymo Research)
following manufacturer’s instructions. The recommended in-column DNase I
treatment was also conducted to remove genomic DNA. Purified RNA was quantified
with a microplate reader (Tecan M200 Infinite Pro) using the Quant-iT RNA assay kit
(ThermoFisher). Ribosomal RNA was removed using the NEBNext rRNA Depletion
Kit (Human/Mouse/Rat) (New England Biolabs). Sequencing libraries were prepared
using the NEBNext Ultra II RNA Library preparation kit for Illumina (New England
Biolabs) and the pooled library was loaded in a NextSeq500/550 Mid Output kit v2.5
(IIlumina) for sequencing in a NextSeq500 (151 cycles, 8 nucleotides of index).

6.4.16 Bulk RdRp turnover experiments
1 uM WT and YH variants of poliovirus or EV-A71 C2-MP4 RdRp were incubated with
2P-labelled 20 uM RNA primer-template duplex (sym/subU) and 500 uM rNTPs. At
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various time points (described in text) the reaction was quenched by the addition of
500 mM EDTA and 35% formamide. Quenched reactions were mixed with an equal
volume of loading buffer (75% formamide, 0.025% bromophenol blue and 0.25%
xylene cyanol) and heated to 70°C prior to loading on a denaturing PAGE gel. Products
were resolved from substrates by denaturing polyacrylamide gel electrophoresis
(18.5% acrylamide, 1.5% bisacrylamide, 1x TBE buffer, 7 M Urea). Electrophoresis was
performed in 1x TBE at 90 W. Gels were visualized using a PhosphorImager and
quantified using ImageQuant software (GE Healthcare, RRID: SCR_014246).

6.4.17 RNA constructs for single-molecule RNA synthesis experiments

The RNA template used in our single-molecule assay is analogous to the sequences
used in previous studies of PV and ®6 RdRp RNA synthesis kinetics'®’>. The RNA
tether construct consists predominantly of a dsRNA, assembled by hybridization of a
2.8 kb template ssRNA to a 4.1 kb complementary strand, and two ~500 bases ssRNA
strands containing either biotin or digoxigenin for the tethering between magnetic
beads and the surface, as previously described in detail’®. In contrast to the previously
used hairpin for Poliovirus RdARp RNA synthesis initiation, terminating the 3" end of
the template, we used for the hairpin structure 24 bases with the following sequence:
5-AACUGUUGGUGUACGCGAAAGCGU-3'. Essentially, the hairpin mimics a
primer and promotes primer-dependent RNA synthesis initiation®.

The RNA constructs were assembled by first subjecting Plasmid pBB10 to PCR
amplification using primers AB-For, AB-Rev, CD-For, CD-Rev, Bio-For, Bio-Rev, Dig-
For, Dig-Rev, SP-For, and SP-Rev, listed in the Key Resource Listing. Single-stranded
RNA sequences were produced from these amplicons via in vitro run-off transcription
using T7 RNA polymerase from the Ribomax large-scale RNA production system
(Promega). Transcription reactions for the AB, CD and SP ssRNA fragments contained
500 ng DNA amplicon, 10 ul T7 buffer, 5 ul T7 polymerase, 1 ul 100 mM CTP, and 1 pl
of 100 mM for all other NTPs (ATP, UTP, GTP) in a reaction volume of 50 ul. For the
synthesis of BIO ssRNA, the UTP amount was reduced to half and the reaction mix
was supplemented with 4.7 ul of 10 mM biotin-16-UTP (Roche), while for DIG ssRNA
the UTP amount was reduced only to 0.63 ul with supplement of 3.7 ul or 10 mM
digoxigenin-11-UTP (Roche, RRID: AB_514496). The synthesized ssRNA fragments
were purified using a RNeasy MinElute cleanup kit (Qiagen) and eluted in 1 mM
sodium citrate buffer (pH 6.4).

These different ssSRNA fragments were then assembled into a dsRNA construct for the
single-molecule studies conducted on Poliovirus and Enterovirus A-71 RdRp via
hybridization. The ssSRNA fragments were first mixed in equimolar ratio in 200 ul 0.5x
SSC buffer, with the exception of the biotin (BIO) and digoxigenin (DIG)-enriched
handles, which were added in four times molar excess in respect of the AB strand (1
ug AB, 1.4 ug CD, 360 ng SP, 450 ng BIO, and 516 ng DIG). Afterwards, the RNA mix
was heated for 1 h to 65°C, cooled with a rate of 0.24°C/min down to 25°C. The final
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dsRNA construct was purified with RNeasy MinElute cleanup kit and eluted in 1 mM
sodium citrate. All RNA concentrations were photometrically determined
(Nanodrop).

6.4.18 Magnetic tweezers experimental configuration

The magnetic tweezers implementation used in this study has been described
previously'®7¢, Briefly, light transmitted through the sample was collected by a 50x oil-
immersion objective (CFI 50XH, Plan Achromat, 50x, NA = 0.9, Nikon) and projected
onto a 12-megapixel CMOS camera (#FA-80-12M1H, Falcon2, Teledyne Dalsa) with a
sampling frequency of 50 Hz. The applied magnetic field was generated by a pair of
vertically aligned permanent neodymium-iron-boron magnets (Webcraft) separated
by a distance of 1 mm, suspended on a motorized stage (#M-126.PD2, Physik
Instrumente) above the flow cell. Image processing of the collected light allows
tracking the real-time position of both surface attached reference beads and
superparamagnetic beads coupled to the dsRNA constructs in three dimensions over
time. The bead x, y, z position tracking was achieved using a cross-correlation
algorithm realized with custom-written software in LabView (2011, National
Instruments Corporation, RRID: SCR_014325). In this software, bead positions were
determined with spectral corrections to correct for camera blur and aliasing”.

6.4.19 Single-molecule RdRp RNA synthesis assay

The flow cell preparation used in this study has been described in detail elsewhere!®7.
In brief, polystyrene reference beads (#17133, Polysciences GmbH) of 1.5 um in
diameter were diluted 1:1500 in PBS buffer (pH 7.4; Sigma Aldrich) and then adhered
to the nitrocellulose-coated (Invitrogen) surface of the flow cell. Afterwards,
digoxigenin antibodies (Roche, RRID: AB_514496) at a concentration of 0.1 mg/ml were
incubated for 1 h within the flow cell, following a 2 h incubation of 10 mg/ml BSA
(New England Biolabs) diluted in PBS (pH 7.4) buffer. After washing with PBS buffer,
100 pl of streptavidin-coated superparamagnetic beads (DynaBeads, LifeTechnologies;
prior diluted 1:400 from stock) with a diameter of 1.5 um were added resulting in the
attachment of the beads to the surface-tethered dsRNA constructs. Afterwards,
unbound beads were washed out with PBS buffer.

The preparation of RARp:RNA ternary complexes was also performed as described
previously'®7. Briefly, 1 uM RdRp in 100 ul EV buffer (50 mM HEPES, 5 mM MgCl,
125 pug/ml BSA, 1 mM DTT, 1 U Superase RNase inhibitor, pH 6.6), supplemented with
600 uM ATP, 600 uM CTP, and 1.2 mM ApC, was flushed into the flow cells containing
the dsRNA constructs. Stalled RdRp complexes were formed during 20 min of
incubation at room temperature. Afterwards, the flow cell was washed with EV buffer
and the RNA chain elongation was re-initiated by adding all four rNTP in an
equimolar concentration of 1 mM, unless stated otherwise, and in presence or absence
of nucleotide analogs. The single-molecule measurements were conducted for 2 h at
constant pulling forces of 25 pN at 24°C with a camera acquisition rate of 50 Hz.
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6.4.20 Molecular Dynamics simulations (MD)

The starting coordinates for the all-atom MD simulations systems prepared by the
accessory program “tleap” of AMBER1S suite”. The crystal structure 3N6L of EV71
RdRp was used to prepare the starting coordinates for MD simulations of the WT
system”. The Y276H mutant system prepared by in silico replacement of Tyr at
position-276 by a His; the steric clashes generated in the mutant system removed by
subsequent energy minimization and equilibration. The WT PV RdRp was
investigated previously by all-atom MD simulations (150 ns), using the 1IRA6 structure
as starting coordinates for the MD simulations®*®. The Y275H mutant of PV RdRp was
prepared by replacing Tyr-275 of 1RA6 structure by histidine; energy minimization
and equilibration of the system removed any steric clashes in the mutant system.

For the performed MD simulations, the protein parameters of Amber14SB force field
was used during calculations®. All MD simulations were performed in explicit water
(TIP3P model), imposing a minimal distance of 12 A between the edge of the solvent
box and any protein atom®. Calculations of the non-bonded interactions used a cutoff
radius of 9 A with periodic boundary conditions applied; particle mesh Ewald method
was used to treat electrostatic interactions®>. The SHAKE algorithm was employed to
constrain hydrogens bonded to heavy atoms®. The simulations were performed by
first relaxing the systems in two cycles of energy minimization using SANDER
program. Subsequently, the systems were slowly heated to 300 K using the parallel
version PMEMD under NVT conditions (constant volume and temperature); Langevin
dynamics with collision frequency (y = 2) was used to regulate temperatures®. The
heated systems were then subjected to equilibration by running 100 ps of MD
simulations under NPT conditions (constant pressure and temperature) with 1 fs
integration time steps. MD trajectories were collected over 200 ns at 1 ps interval and
2 fs integration time steps. Analyses of the trajectories from MD simulations were
performed using CPPTRA] program %. MD simulations were carried out on a multi-
GPU workstation with 32-core processor (AMD Ryzen Threadripper 2990WX) and
four Nvidia GTX 1080 Ti graphics cards.

6.5 Quantification and statistical analysis

6.5.1 Next-generation RNAseq analysis

Reads were first demultiplexed using the bcl2fastq v2.2 conversion software (Illumina,
RRID: SCR_015058). The reads were adapter- and quality-trimmed using BBDuk and
the optical duplicates removed using Clumpity, all part of the BBTools suite (RRID:
SCR_016968). Reads were aligned to EV-A71 WT reference genomes using bowtie2”.
To identify deletions, the unaligned reads were processed via BBMap (a splice-aware
aligner). To identify copybacks, reads were processed via VODKA, where the entire
viral genome length was used as a template to generate the copyback index®. In both
cases, the output data was analyzed using an in-house R script.
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6.5.2 Single-molecule data processing

RNA synthesis trajectories were processed using custom-written Igor v6.37 (RRID:
SCR_000325) and MatLab R2013b (RRID: SCR_001622)-based custom-written scripts.
The measured z-positions of magnetic beads during the RNA synthesis process were
converted to synthesized RNA products as a function of time, using the empirically
determined force-extension relationships for dsSRNA and ssRNA molecules under the
employed buffer conditions!®”>. Briefly, for the conversion from bead z-position to
synthesized nucleotides, we used the formula:

_ L(F)—Lgs(F)
NT(F) =N Lss(F)— Las(F)’

where for the applied force F, N represents the number of nucleotides of the template
(2,820 nt), L(F) is the measured extension of the tether, Las(F) is the full dsRNA length,
and Ls(F) is the full length of a ssSRNA tether. To reduce the effect of Brownian noise
in the applied statistical analyses, all measured elongation trajectories were filtered to
1 Hz using a sliding mean average filter.

6.5.3 Statistical dwell time analysis of single RdRp elongation trajectories

The stochastic RNA synthesis dynamics of EV-A71 and PV RdRp were quantitatively
assessed by a statistical analysis of elongation and pausing using a recently described
bias-free dwell-time analysis'®7>7¢. Using this approach, the times needed for RdRp to
elongate through consecutive dwell time windows of four nucleotides - defined as
dwell times - were determined for all measured RdRp trajectories under the same
conditions to construct dwell time probability distributions (e.g. Figure 5.6.1A). The
dwell times were bootstrapped 1,000 times to estimate the standard deviation and
confidence intervals of the distributions!®”¢. All dwell-time distributions qualitatively
exhibit the same features, such as a peak at short time scales (~200 ms) and a tail of
gradually decreasing probability in time scales ranging between 1 and 1,000 s. While
the peak reflects fast kinetic processes consisting of nucleotide addition, NTP
hydrolysis, PPi release, and translocation, the tail originates from off-pathway pauses,
consistent with the previous observations for the PV RdRp®.

The quantitative description of the duration and probability of pauses during RNA
synthesis derive from these dwell time distributions. To calculate the average pause
probabilities (+SD), the dwell time distributions were integrated starting from a chosen
threshold of 3 s, where single pauses are detectable within a dwell time window of 4
nt, similar to the value obtained in our previous single-molecule study of PV RdRp
dynamics'®. The apparent lifetime of these pauses is determined by averaging all dwell
times (+SEM) exceeding this threshold of 3 s.

The probabilities of EV-A71 copy-back RNA synthesis (also referred as reversals) and
PV backtracking were determined by dividing their occurrence by the total amount of
RNA synthesis trajectories per pooled data set.
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The enzyme processivities reflect the measured length of synthesized RNA chains (in
nucleotides) for each measured RdRp defining their termination event, and the
average velocity (+ SD) resulted from dividing individual RdRp processivities by their
active RNA synthesis duration.

6.5.4 Sequence analysis of copy-back locations from single-molecule and RNAseq
assays

The sequence analysis was performed similar to the analysis used in the previously

published study of EV-A71 recombinants yielding from transfected cell-based assays?.

From the in vitro single-molecule experiments, the sequences at which template
switching occurred were extracted for analysis. The locations of template switching on
the template RNA strand were determined by measuring the distance of the bead (in
nucleotides) where reversals occur relative to the bead position before RNA synthesis
was induced with NTPs. We used a sequence window of 31 nucleotides (-15 to +15
nucleotides around the detected locations) for extracting the sequences that were
subjected to sequence analysis. This window size was determined based on two
parameters. First, in a recently reported EV-A71 cell-based recombination assay, ‘copy-
choice’ recombination occurred in regions with a sequence homology of between 5-11
nucleotides between the two parental template strands®. Second, the accuracy of the
used assay is limited by the stiffness of the ssRNA construct and the corresponding
degree of Brownian noise which accounts for a resolution of +10 nucleotides. The
window size of 31 nucleotides therefore guarantees to comprise any possible sequence
motif that could be encountered in cells.

The analysis of the RNA sequencing data obtained from infected cells provided the
exact copy-back RNA synthesis locations. We used a sequence window of 25
nucleotides (-12 to +12 nucleotides around the detected locations) to guarantee
capturing potential sequence motifs with a length between 5 - 11 nucleotides?® up- and
downstream the encountered copy-back locations.

From all extracted sequences of copy-back locations, we calculated the G:C and A:U
densities, as well as the amount of successive GIC or AlU nucleotides. De novo
sequence motif search for these location sequences were performed using the MEME
suite (Version 5.0.1)% with Ist-order background modelling and variable sequence
motif width between 4-11 nt.
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6.6 Supplemental figures
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Figure S.6.1. EV-A71 RdRp exhibits increased pausing upon nucleotides deficiency, but similar forward and
reverse RNA synthesis dynamics.

(A) Dwell time distributions of EV-A71 wild type RdRp RNA synthesis dynamics at different nucleotide
concentrations (50 pM - 1 mM). Dwell time window was set to 4 nt and the error bars (+SD) result from
bootstrapping with 1,000 iterations. (B, C) Comparison of extracted quantitative pause values during RNA
synthesis upon nucleotide deficiency shown in Fig. 1, such as (B) average (+SEM) pause duration, and (C) RNA
synthesis processivity. (D) Superimposed dwell time distributions of forward (dark colors) and reverse RNA chain
elongation (light colors) at different NTP concentrations (50 uM - 1 mM). (E) EV-A71 RdRp trajectories in absence
of the template ssSRNA strand exhibited no RNA synthesis activity. (F) Average probability (+SD) of RNA synthesis
activity encountered in presence and absence of the template ssSRNA strand (n = 100 tethers each). Statistical
analyses were performed using one-way analysis of variance (ANOVA) with comparative Tukey post-hoc test
(significance levels a: *** = 0.001; ** = 0.01; * = 0.05). Related to Figure 6.1.
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Figure S.6.2. EV-A71 copy-back RNA synthesis occurs sequence-independent in vitro.

(A) Analysis of sequences where copy-back RNA synthesis predominantly occurred (31 nt window) did not exhibit
any hotspots with respect to the RNA template sequence (upper panel, red line). The G:C density at those copyback
RNA synthesis locations (lower panel, blue circles) did also not reflect any apparent correlation. (B) With the
absence of apparent copy-back RNA synthesis hotspots, the sequences where copy-back RNA synthesis
predominantly occurred were subject to de novo sequence motif search using MEME, a multiple sequence
alignment algorithm that searches for conserved sequence motifs. The computed sequence conservation at locations
of reversal events showed a bit score <1 and a probability (E-value) strongly below the 95% confidence interval
threshold. Both results reveal no evidence of a predominant sequence motif as trigger. (C) Sequence logo of
position-dependent nucleotide abundance within the sequences where copy-back RNA synthesis predominantly
occurred showed that guanosines and cytosines were most abundant, which can hamper effective melting of the
RNA duplex during RNA synthesis, resulting in an increase of RdRp to pause and arrest. In agreement, (D) a higher
abundance of successive G:C (light blue) nucleotides within those sequences were found compared to both the
average amount encountered in the ssSRNA template (black) and successive A:U (light blue). Statistical analysis was
performed using one-way analysis of variance (ANOVA) with comparative Tukey post-hoc test (significance level
a: **=0.001). Related to Figure 6.1.
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Figure S.6.4. T-1106 dose response
of EV-A71 WT and Y276H variant
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Figure S.6.5. EV-A71 copy-back RNA synthesis and intermolecular template switching occur sequence
independent in cell culture.

(A) Probability density plot of identified copy-back locations relative to the EV-A71 WT genome sequence. While
the majority of copy-back RNA synthesis locations are randomly distributed across the genome sequence, 8 hot
spots were identified at the 5° -UTR, VP2, VP3, VP1, 2C and 3D coding regions. (B, C) Sequences (25-nt window)
where copy-back RNA synthesis occurred were subject to de novo sequence motif search using MEME. The
computed sequence conservations for (B) all copy-back locations and at (C) copy-back hot spots reveal no evidence
of a predominant or conserved sequence motif as trigger. (D) A higher abundance of successive G:C base pairs
within the copy-back sequences were found compared to the amount of successive A:U. (E) Probability density plot
of identified intermolecular recombination locations relative to the EV-A71 WT genome sequence. Recombination
locations are randomly distributed across the genome sequence, and 4 hot spots were identified at the VP1, 2A and
3D coding regions. (F, G) Sequences (25-nt window) where template switching occurred were subject to de novo
sequence motif search. The computed sequence conservations for (F) all recombination events and at (G)
recombination hot spots showed also no evidence of a predominant or conserved sequence motif as trigger. (H) No
differences in the amount of successive G:C and A:U base pairs at recombination locations and hot spots were
observable. Statistical analyses were performed using one-way analysis of variance (ANOVA) with comparative
Tukey post-hoc test (significance level p: * = 0.05; n.s. = nonsignificant). Related to Figure 6.6.
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6.6.1 Supplementary tables

Table S.6.1. Single molecule experimental parameters and measurement statistics.

Table of experimental parameters, such as NTP and T-1106 concentrations, as well as dwell times as statistical
measure for all experiments performed in this study. The number of nucleotides is an alternative statistical measure
that reflects the total length of synthesized RNA monitored from pooled trajectories. The applied force was hold
constant at 25 pN for all experiments. Related to Figure 6.1, Figure 6.3, Figure 6.4, and Figure 6.6.

RdRp EV-A71 C2-MP4
[NTP] 1 mM 500 M 100 uM 50 UM 100 uM
[NA] - - - - 50 uM T-1106
Dwell times 9981 16356 13430 10042 6570
Nucleotides 39.9 kb 65.4 kb 53.7 kb 40.1 kb 26.3 kb
RdRp EV-A71 Y276H PVWT PVWT PV Y275H
[NTP] 1 mM 1 mM 1 mM 1 mM
[NA] - - 100 uM T1106 -
Dwell times 4881 5715 4839 3836
Nucleotides 19.5 kb 229 kb 19.4 kb 15.3 kb
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Concluding remarks

As stated by numerous PhD candidates regarding their respective concluding dissertations, 1
too can affirm that the work presented in this dissertation does not fully capture the extensive
effort invested in the project, nor does it encompass the entirety of the planned experiments. In
line with typical research endeavors, the most productive experiments often arise in the project’s
final year. Consequently, this work serves as a basis for future investigations, not only from a
biophysical perspective but also from a biochemical standpoint. This chapter aims to illuminate
potential avenues for subsequent studies.
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7.1 Translating the protocol for multivalent vaccine purposes

The natural progression of this work involves applying the protocol to other viruses
in the Enterovirus genus and subsequently other genera. However, as elucidated in
Chapter 3, VLPs from diverse virus origins thrive under distinct production and
purification conditions. Despite having highly similar genomes and viral proteins,
viruses within the same genus can vary significantly, as demonstrated by the
differences in cell receptor recognition and virus-associated diseases'. This variability
is further evidenced by the significant efforts to produce poliovirus VLPs using the
BEVS, not only in this project but also by other research groups. The main challenge
arose from the lack of an immunogenic D-antigen particle configuration, which is
crucial for vaccine applications. Many research efforts have shifted from the BEVS to
other production platforms, such as yeast?, plants®?, and mammalian cells*. All three
systems have inherent limitations, including a lack of scalability and persistent risk
associated with using mammalian cells in the production process. In this work, we
were able to produce D-ag poliovirus-like particles on multiple occasions but were
unable to reproduce those results consistently. Future endeavors should explore this
opportunity further, and possible distinctions between successful and unsuccessful
experiments may be identified.

The produced VLPs need to be evaluated for their ability to elicit an immune response
and its extent. While animal studies are increasingly controversial, they remain
necessary until animal-free testing becomes reliable and accepted by regulatory
authorities. Efforts have been made to reduce the use of animal models in research,
dating back to the 1950s and continuing to this day, known as the 3Rs (replace, reduce,
and refine)>®. Substantial progress has been made to produce in vitro and ex vivo
models that resemble human tissue and organs’#. Organ-on-chip models, which mimic
human organs and tissues using microfluidic devices, are a relatively new but highly
promising technology®!!. Moreover, the body-on-chip methods, which combines
multiple functional units of human organs, has also been proposed!?. Nevertheless,
many of these technologies are still in the early stages of development, and it will take
a considerable amount of time before they become applicable in clinical trials.

7.2 Cell culture maintenance

In Chapter 2 of this dissertation, a novel approach to cell counting was presented using
machine learning (ML) models. This methodology offers several advantages, as
described in the chapter in detail, but still has limitations. The first major limitation of
the presented method is that it still relies on the use of a dye to discriminate between
alive and dead cells, which can be toxic to the cells. This raises the possibility of
inaccurate determination of cell culture status over time. To address these concerns,
various techniques are in development for the determination of cell fitness based on
cell morphology®*-1>. Additionally, some techniques have been commercialized in the
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form of software or annotated data sets for label-free cell segmentation'®'”. For insect
cells, differentiation can be made between alive and dead cells based on for instance
size and membrane integrity (granular cell edges). While morphology-based cell
detection technologies have been developed for certain human cell lines such as HEK
cells and cancerous cells, a dye-free detection method for insect cells is currently
unavailable.

The second major limitation of the .
In-line =
ML model, along with conventional a
and automated cell counters, is that — | :
sampling is still required, which is u Ll
Off-line

1

time-consuming and can potentially
introduce  contaminations. = The
determination of a cell culture’s
state by means of sampling and
analysis is referred to as at-line (in a : | =] o=
lab in proximity of the bioreactor) or
off-line (analysis in a different
laboratory, possibly a third party) D

sensing (Figure 7.1). In recent years,

non-destructive techniques have been
developed for real-time monitoring of
cell concentration and viability in
bioreactors using in-line (during the
process) or on-line (at a branch in the

Figure 7.1. Schematic presentation of the different forms of cell
culture monitoring.

In-line: measurement is directly taken in the process. On-line:
measurement is taken at a branch of the process or through a
bypass. At-line: sampling is required, and analysis is performed
in a laboratory in proximity of the bioreactor (in-house). Off-
line: sampling is required, and analysis is performed in a

: . different laboratory (possibly with a third party).
process) sensing'®20 (Figure 7.1). ML y (possibly party)

implementation in conjunction with on-

line measurements has been demonstrated using double differential digital
holographic microscopy (D3HM), which measures the cell density, diameter, and
circularity, but has yet to be commercialized?'?2. This methodology still exhibits errors
of up to 25% in some measurements compared to off-line cell density determinations,
requiring further optimization to ensure that on-line techniques can compete with off-
line ones. However, once fully optimized, it is anticipated that in-line and on-line
measurements will outcompete off-line measurements due to reduced process time,
lower risk of contamination, lack of requirement for an operator, and overall cost
reduction.
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7.3 Virus detection

The detection of viruses presents a significant challenge in virology research, primarily
due to the limited availability of antibodies required for accurate quantification.
Currently, the most common method for quantification, enzyme-linked
immunosorbent assay (ELISA), requires costly, purified antibodies, mostly sourced
from mice and rabbits. In addition, accurate quantification of viral proteins or capsid
structures using ELISAs requires individual optimization studies of the assay, which
is time-consuming and costly, and often not performed wunless necessary.
Commercially available antibodies are limited and mostly targeted at well-studied
viruses, leaving many viruses understudied.

Enteroviruses are an example of viruses that have only limited commercially available
antibodies. Until recently, only poliovirus antibodies were available. Antibodies for
EV71 viruses and CVA viruses were added to the inventory subsequently. Moreover,
as discussed in Chapter 4, viruses can assemble in various types of particles, including
native virions, empty particles, procapsids, and uncoating intermediates, each of
which could bind antibodies in different ways and with different affinities. Thus, the
specificity and target of the antibodies must be considered in experimental design.
Misuse of antibodies can lead to erroneous results, highlighting the need for
optimization of antibodies for each type of particle?>.

Structural characterization of virions and VLPs is required to understand the binding
of specific epitopes, structural regions, or antigens in general by antibodies to the cell.
The interaction between cells and viruses can differ significantly between viruses in
the same genus. Therefore, additional research towards cheaper and more accessible
production of antibodies is required to advance virus research. One potential solution
is the bioengineering of antibodies, where immunogenicity, binding affinity,
specificity, and function of antibodies can be modified*?”. While the engineering of
antibodies for therapeutic applications is already advanced, with over a hundred FDA-
approved engineered antibodies, this approach is still lacking for the detection of viral
proteins in research?.

A major challenge faced during the production and purification process, as described
in Chapter 3, is the lack of a real-time readout of VLP production. While intermediate
samples can be taken from the infected culture for analysis, a method for continuous
monitoring of VLP production is lacking. Direct fluorescent antibodies (DFA) are a
promising approach for this purpose, as they provide a direct observation for the
presence of an antigen, unlike western blot and ELISA techniques®. Developing a
DFA-based method for monitoring VLP production could greatly improve the
efficiency of VLP production and purification, by allowing for real-time adjustment to
the process parameters. This would also reduce the need for costly and time-
consuming optimization studies that are currently required for accurate quantification
of viral protein production.
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7.4 Stabilization studies

The AFM experiments described in Chapter 4 are a prime example of how the
technique can be employed to investigate viral particle stability and show
discrepancies between particle origins. The stability of the most immunogenic
configuration of enteroviruses is reliant on the presence of the pocket factor, a lipid
molecule, in a region at the base of the canyon within VP1 (hydrophobic pocket)®.
Additionally, the conversion from the highly immunogenic state (D-antigen for PV; N-
Ag for other enteroviruses) to the less immunogenic expanded state (C-antigen for PV;
H-Ag for other enteroviruses) of these particles is linked with the dissociation of the
pocket factor®'®. If the hydrophobic pocket remains intact in VLPs, a variety of
compounds (e.g., pleconaril) can be explored as potential stabilizers of the VLPs.

Additionally, Chapter 4 demonstrated that the presence of P1 viral RNA (vRNA) alone
is insufficient to stabilize the VLPs, as evidenced by the absence of two populations in
the AFM experiments. To further investigate the stabilizing effects of RNA presence
and the triggering mechanism of viral maturation, it could be attempted to insert the
full genome into the VLPs. However, it should be noted that these experiments would
only be useful for research purposes and may not be suitable for vaccine applications,
as the absence of infective and replicative capsids in VLPs might be compromised by
the presence of VRNA. Furthermore, it was shown that the full genome could
potentially trigger viral maturation, which was not observed in our experimental set-
up using only P1 vRNA. These findings highlight the importance of investigating the
role of vVRNA in stabilizing and maturing VLPs and its potential impact on VLP-based
vaccines.

Other groups have demonstrated that the stability of VLPs can be improved by
subjecting virions to random mutagenesis during cultivation at elevated temperatures,
and reverse engineer these mutations in VLPs**%. This methodology has been
successfully applied to poliovirus (PV) and enterovirus A71 (EV71) and could be
adapted for other (enterovirus) VLPs. Although the improved stability is primarily
thermostability, which can prevent the conversion from the N-ag to H-ag, it does not
necessarily imply general enhanced stability. To date, no studies have investigated the
differences in stability between the two immunogenic states. Although conducting
such experiments will be challenging due to the difficulty of separating the two types
of particles and the continuous conversion of N-Ag to H-Ag, it poses an additional
research question that needs to be addressed.

7.5 Biophysics developments

The AFM experiments described in Chapter 4 represent an important step towards
understanding viral particle stability and differences between particle origins.
However, this work could be extended by investigating different buffer and storage
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conditions, supplementation with adjuvants for enhanced stability, and possibly
introducing stabilizing mutations*3>%. Buffer conditions can significantly impact the
stability of virus capsids, thus formulation conditions for the VLPs may play a critical
role in determining the ultimate success of the vaccine. In this study, AFM experiments
were performed in phosphate-buffered saline (PBS) to mimic physiological conditions
as closely as possible. Since highly pure and concentrated samples of both EV71 and
CVA6 were produced using the protocols presented in Chapter 3, formulation
conditions could be tested relatively easily.

Moreover, it would be interesting to investigate the possibility of combining AFM with
fluorescence measurements. During this dissertation work, it was discovered that the
so-called “empty” VLPs are not actually empty and instead contain vRNA. EM
analysis revealed that VP0 was not cleaved in the VLPs that contained RNA. Given
that the only vRNA present in the experimental set-up was P1, this finding suggests
that the presence of P1 alone may not be sufficient to initiate viral maturation. It is
possible that additional genomic material is needed, which could encode specific viral
proteins or contain a maturation-triggering signal. Alternatively, it is possible that P1
(and potentially the vRNA in general) may not be responsible for the viral maturation
process at all, as this has not been definitively proven. By combining AFM and
fluorescence measurements, it may be possible to assess whether the full genome is
required for viral maturation, or whether shorter oligos or even just the presence of
coding sequences for specific proteins would suffice. Additionally, direct observation
of the vVRNA during nanoindentation experiments could provide insight into the
different types of particle disintegration and ultimately lead to a better understanding
of the (bio)mechanical properties of the different particles.

Another potential avenue for AFM investigations is the study of VLP release from cells
into the extracellular environment. The present study was unable to determine
whether the VLPs were actively transported out of cells or simply released into the
environment through cell lysis. High-speed AFM studies have demonstrated that
virus release can be measured over time, and combining this technique with
fluorescence microscopy could add more clarity®. Investigating VLP release in this
way could also provide information on the mechanisms involved, such as membrane-
mediated exocytosis.

In the field of electron microscopy (EM), particularly cryogenic EM, there is ongoing
rapid development. While cryo-EM data (pre-)processing can be performed in real-
time, and recent advancements have improved the resolution of highly dynamic
regions of the structure, such as the ability to generate trajectories to visualize
molecular motions using deep leaning, it remains a non-real-time technique®#. As a
result, it is not possible to follow, for example, viral capsid assembly in real-time.
Despite efforts to address these challenges, they may be inherent limitations to the
technique. The cryo-EM research presented in this dissertation can be complemented
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by investigations of VRNA packaging in both virions and VLPs. Characterizing specific
intermediates may be challenging due to the similarities between particles and the
rapid conversion of one state to the next. However, mutations and kinetic trapping can
be employed to preserve specific assembly intermediates*=3.

The approach detailed in Chapter 5 provides a protocol for simultaneously probing
the RNA synthesis dynamics of hundreds of single polymerases with MT. However,
like all assays, this approach comes with its particular limitations, such as the inability
to directly interrogating the RNA products of the RNA-dependent RNA polymerase
(RdRp) produced in the magnetic tweezers (MT). To supplement the approach,
sequencing data originating from the MT could be considered in follow-up
experiments, which would provide more compelling evidence compared to using
sequence data from separate experiments. It is important to acknowledge that
matching the RNA product obtained from the MT to the sequenced product for the
MT can be challenging. This is since there may be thousands of RNA products present
in the outflow. Furthermore, fluorescence could be added to the MT to allow for direct
observation of the RdRp on the RNA. This add-on could be employed for the direct
observation of the RdRp template-switching and discrimination between RdRp-
containing and RdRp-lacking RNA constructs, enabling a more accurate
determination of the assay’s efficiency. Based on the highly similar dwell time
distributions between the forward traces and the reversals, which originated from the
transcription of the newly synthesized RNA strain through means of copy-back
synthesis, we have concluded that the observed activity was derived from a single
polymerase working in both directions (see Chapter 6). However, other work suggests
an alternative explanation, in which a second polymerase grabs the 3’ end of the newly
synthesized RNA, extruding from the RdRp after a backtracking event, and initiates
transcription*. The use of combined MT and fluorescence could provide direct
observation of the number of polymerases present while replicating and, in turn, a
definitive answer as to which mechanism is apparent. This combination of techniques
has already been employed in highly diverse fields of research*>+’.

Chapter 6 revealed that the stochastic pausing of the RdRp triggers copy-back
synthesis and recombination events. Since the pausing behavior is unique and
differentiates significantly between the different polymerases, copy-back synthesis
and recombination probabilities can be investigated for polymerases of other viruses.
This would be especially interesting with polymerases having a significantly higher or
lower pausing probabilities than the enterovirus RdRp to identify correlations. In
opposition to previous reported work, our data suggests that the instability of the
RdRp on RNA, rather than the RNA sequence, enables template switching. To this
further, these specific copy-back sequences could be introduced into the RNA
constructs®. Also, constructs containing G-C rich sequences, which should make it
harder for the RdRp to melt, could contribute to increased pausing, instability and
therefore template switching. Additionally, other triggers for recombination, such as
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secondary structures or mismatched base pairing could be investigated®. Lastly,
temperature sensitivity could be explored as recent studies suggest that the elongation
and pause dynamics of the PV RdRp change at elevated temperature, although viruses
from different origins were differently affected™.

Outside of the scope of this project, there is a current and widely discussed topic in the
field of (entero)virology regarding the dynamics of capsid assembly. As outlined in
previously published work and partly discussed in Chapter 4, there are two major
hypotheses for the describing viral particle assembly®52. The first hypothesis suggests
that the viral capsid is assembled first, with the RNA entering the capsid at one of the
final stages of viral morphogenesis. This hypothesis is supported by evidence showing
that the procapsid remains in an expanded state, possibly providing enough room for
the RNA to enter the capsid, although for some enteroviruses this opening was
determined to be too small. Those viruses expel capsid pentamers to provide an
opening large enough for enough release, which possibly indicates a reverse process
for assembly®. Additionally, in the process of viral maturation, the VPO protein gets
cleaved in the last stage of viral maturation, rearranging the viral capsid proteins
significantly and hypothesized to be regulated by RNA presence-¢. Viral maturation
is a critical process in the assembly of enterovirus assembly and has significant effects
on the infectivity of the virus®%. Furthermore, the ability of VLPs to assemble in
absence of RNA supports this argument. The second hypothesis suggests that the
RNA/DNA serves as a scaffold for the viral capsid proteins, or even more critically, is
involved in recruiting them*-¢! (Figure 7.2). It is also possible that both scenarios
occur simultaneously and represent two distinct pathways of viral assembly,
depending on environmental factors such as pH and ionic strength®>. An example of
this duality is the experimental work with VLPs, which indicated that viral capsid
proteins can, in addition to forming empty particles in the absence of DNA, condense
DNA in optical traps®. Due to the absence of comparable experimental data on
enteroviruses and only the initial identification of RNA-capsid interaction regions, it
would be advantageous to perform analogous experiments using capsid precursors in
the form of protomers or pentamers®>®¢. It would be interesting to investigate
different parts of the enterovirus genome, to possibly identify a compaction-triggering
sequence, similar to what has been observed in HIV®. Furthermore, the observation in
Chapter 4 of both RNA-filled and empty capsids contributes to the hypothesis that the
capsid is assembled first, and the RNA comes in at a later stage. Alternatively, it could
also be that the P1 region is insufficient to function as a scaffold and RNA assembly
requires longer oligos for one of the mechanisms proposed below or there are indeed
two distinct pathways for assembly that occur simultaneously.

There are many proposed mechanisms for capsid assembly around the genome. The
nucleation-elongation model (Figure 7.2A) describes a scenario in which the genome
is condensed prior to recruiting capsid proteins. The assembly is driven by the
interaction between the negatively charged genome and the positively charged capsid
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protein. A second possibility is the “en masse” model, whereby low ionic strength and
weak subunit-subunit interactions lead to assembly through disordered intermediates,
or through the nucleation-and-growth model, in which a particle is formed through
sequential addition of subunits on a polymer® (Figure 7.2B). The antenna model
(Figure 7.2C), in which the RNA acts as a searcher and recruiter of viral proteins 7.
In the PS-mediated model, capsid proteins are added one by one, and with the capsid
proteins have specific affinity for packaging sequences in the viral genome® (Figure
7.2D). Anew, fluorescence experiments in combination with MT could provide
answers on which model is preferred for each virus. However, experiments involving
nucleic acids bound on both ends, such as MT, acoustic force and optical trap
experiments, may limit the investigation of this proposed mechanism. Instead, flow
stretch experiments with a singular tethered end of the nucleic acid combined with
fluorescence microscopy may provide a solution.

Figure 7.2. Capsid assembly models
(A) The nucleation-elongation model.
(B) Micellar condensation model (“en
masse”) (C) RNA antenna model (D)
PS-mediated sequential assembly
model. Arrows present binding events,
green/purple colors indicate interfaces
for binding, and brown colors indicate
stably bound subunits. CP = capsid
protein, and PS = packaging signal.
Figure adopted from Dragnea et al. %.

7.6 Final remarks

Looking back at the original goals of the project and the final product in the form of
this dissertation, it can be concluded that many of the goals were achieved. Although
the research shifted towards different viruses than originally foreseen, we succeeded
in producing, purifying, and biophysically characterizing enterovirus-like particles
from various virus origins. Along the way, we established protocols for these three
stages and published two of them, which can serve as a foundation for future research,
either at Intravacc or in other laboratories interested in expanding on our work. The
renewed interest in vaccine research following the COVID-19 pandemic, has
contributed greatly to the advancement of vaccinology research fields. Despite the
frequent emergence of new infectious agents, we are often unprepared for their
impact. Therefore, we should continue to invest in vaccine research to not only prevent
future pandemics, disease, death, and suffering, but also acquire a fundamental
understanding of these continuously evolving biological threats and protect against
the danger they pose to human survival.
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Summary

Vaccination is the most effective strategy in humanity’s fight against viruses. The
concept of vaccination was first proposed by dr. Edward Jenner in the 18* Century,
and its efficacy has been proven over time, providing unparalleled protection against
viral infections. Large-scale vaccination campaigns have been successful in eradicating
diseases such as smallpox in 1980. In recent times, the coronavirus pandemic has
brought vaccines to the forefront of public, academic, and industry interest.

Apart from conventional live vaccines, which were originally designed and employed
by Jenner, there has been a significant expansion in vaccine types, including mRNA,
viral vector, attenuated, and inactivated vaccines, each with their own advantages and
limitations. Furthermore, virus-like particles (VLPs), a novel class of vaccines, have
emerged as a promising alternative to traditional vaccine design strategies, potentially
offering improved efficacy and safety. VLPs are multimeric nanoparticles derived from
one or more viral structures. They are typically empty or devoid of genetic material,
rendering them non-replicative and non-infectious. Despite the proposed absence of
genetic material, VLPs possess immune-inducing surface patterns resembling those of
the native virus, making them recognizable to the immune system. This unique feature
can be exploited for vaccine purposes. VLP-based vaccines offer a safer alternative to
traditional vaccines and present an opportunity to create vaccines against viruses that
recognize specific viral surface structures instead of a single protein. Large-scale
production of VLPs can potentially mitigate many of the drawback of current vaccines,
such as extreme storage conditions (mRNA), vector immunity (vector), reversion
(attenuated), and high production costs (inactivated). Therefore, VLP-based vaccines
hold great promise in the fight against viral infection, by providing a safer and
superior product.

The safety and efficacy of VLP-based vaccines have been established through extensive
research. At present, the market has numerous VLP vaccines available, with HPV VLP
vaccines being the most prominent. Its success has set the standard and paved the way
for the development of other VLP-based vaccines.

In this work, we demonstrated the feasibility of producing and purifying virus-like
particles that closely resemble enterovirus A71 (EV71) and coxsackievirus A6 (CVA6).
Both viruses have a positive sense RNA genome of ~7.4 kilobase pairs (kbp), which
encodes a 260 kDa polyprotein that is stepwise cleaved into eleven viral proteins.
Enteroviruses, and most prominently EV71 and CVA6, are the main causative agents
of hand, foot, and mouth disease (HFMD). HFMD is named after the characteristic
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lesions that develop on the hands, feet, mouth, and buttocks of infected individuals. In
severe cases, especially among children, the disease can spread to the central nervous
system (CNS), resulting in complications such as aseptic meningitis and encephalitis.
By employing VLPs, a multivalent vaccine can be developed to target multiple viral
strains simultaneously, providing an opportunity for the prevention and control of
HFMD.

We utilized the baculovirus expression vector system (BEVS) to produce the
enterovirus-like particles. For the insect cell lines employed in the BEVS, cell counting
is crucial for the maintenance and manipulation of cell cultures. It is a vital aspect of
assessing cell viability and determining proliferation rates, which are critical to
maintaining the health and functionality of the culture. In Chapter 2, we introduce a
machine learning (ML) model based on YOLOv4, capable of performing cell counts
with high accuracy (>95%) for Trypan blue-stained insect cells. The model was trained,
validated, and tested using images of two distinctly different insect cell lines,
Trichoplusia ni (High Five™; Hi5 cells) and Spodoptera frugiperda (S5£9). The model
achieved F1 scores of 0.97 and 0.96 for alive and dead cells respectively, demonstrating
substantially improved performance over other cell counters. Furthermore, the ML
model is versatile, as an F1 score of 0.96 was also obtained on images of Trypan blue-
stained human embryonic kidney (HEK) cells that the model had not been trained on.
Our implementation of the ML model comes with a straightforward user interface and
can image in batches, which makes it highly suitable for the evaluation of multiple
parallel cultures (e.g., in Design of Experiments). Overall, this approach for accurate
classification of cells provides a fast, bias-free alternative to manual counting.

Previous studies have shown that the expression of the viral P1 structural proteins and
the 3CD protease is sufficient to produce enterovirus-like particles in various
organisms. However, there has been a lack of optimization based on the interplay
between the three most commonly altered infection parameters, namely multiplicity
of infection (MOI), viable cell density at the time of infection (VCD), and the infection
period (tinf). In Chapter 3 we addressed this point by using Design of Experiments
(DoE) to optimize the production of both EV71 and CVA6 VLPs. Our results indicated
distinctively different preferences for infection parameters between the two types of
VLPs, with EV71 VLP production preferring low MOI, low VCD, and long infection
period, while CVA6 VLP production preferring for high MOI, high VCD and long
infection period. Additionally, we developed a purification process for both VLPs,
resulting in yields of 158 mg/l and 38 ml/I of culture volume for purified EV71 and
CVAG6 VLPs, respectively. These concentrations translate into thousands to tens of
thousands of vaccines, highlighting the economic potential of enterovirus-like
particles for vaccine purposes.

Virus-like particles have been identified as a promising approach for the development
of a multivalent vaccine. However, their stability is a major issue due to the
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significantly lower particle integrity lifetimes compared to inactivated vaccines. In
Chapter 4, the VLPs produced using the optimized protocols described in Chapter 3
were subjected to biophysical characterization. We employed multiple biophysical
techniques such as transmission electron microscopy and atomic force microscopy, to
elucidate the origins of the reduced VLP stability (on average 1.5-2-fold lower) in
comparison to native virions. Contrary to previous work on enterovirus VLPs, this
study demonstrates that a substantial portion (31%) of the produced VLPs were able
to encapsidate viral RNA (vRNA). Additionally, this work shows that the presence of
VvRNA in the capsids may not be the primary factor in enterovirus capsid stability.
Furthermore, vVRNA may not be the sole factor responsible for triggering the
stabilizing viral maturation, and other underlying mechanisms may be at play. To
achieve stability comparable to that of virions, artificial methods of inducing viral
maturation or alternative means of stabilizing the capsids are of the utmost important
to ensure success of VLPs as vaccine candidates.

In Chapter 5, we present a protocol for the simultaneous investigation of RNA
synthesis dynamics of hundreds of single polymerases with magnetic tweezers (MT).
The protocol encompasses the entire process, starting from RNA construct preparation
to quantitative and statistical analysis of the MT measurements of RNA synthesis
kinetics. The protocol enables the measurement of hundreds of RNA tethers
simultaneously, resulting in the characterization of single-molecule dynamics, which
is presented in the subsequent chapter.

Chapter 6 of this dissertation showcases the potential of magnetic tweezers (MT) for
the detailed mechanistic characterization of the viral RNA-dependent RNA
polymerase (RdRp). By examining the pause dynamics and probabilities of each viral
polymerase, we were able to decipher their individual mechanistic properties. In
particular, we investigated the effects of the T-1106 triphosphate, a pyrazine-
carboxamide ribonucleotide with antiviral properties, on the enterovirus A71 RdRp.
Our result indicated that T-1106 incorporation into nascent RNA led to increased
pauses and backtracking by the RdRp. Additionally, we identified the backtracked
state as an intermediate used by the RdRp for copy-back RNA synthesis and
homologous recombination, suggesting that pyrazine-carboxamide ribonucleotides
function by promoting template switching and formation of defective genomes.
Finally, we demonstrated that MT can scan promising antiviral candidates and
indicate the most propitious ones for further development. The detailed mechanistic
characterization of viral RdRp dynamics afforded by MT is a promising avenue for
identifying and optimizing antiviral therapeutics.

Chapter 7 of this dissertation provides concluding remarks and aims to illuminate
potential avenues for subsequent studies. This work can serve as a basis for future
investigations, not only from a biophysical perspective but also from a biochemical
standpoint.
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Samenvatting

Tot op heden is vaccinatie de meest effectieve strategie in de strijd van de mensheid
tegen virussen. Het concept van vaccinatie werd voor het eerst voorgesteld door dr.
Edward Jenner in de 18t eeuw en de werkzaamheid ervan is in de loop der tijd
bewezen, waarbij ongeévenaarde bescherming tegen virale infecties wordt geboden.
Grootschalige vaccinatiecampagnes hebben met succes pokken uitgeroeid in 1980.
Recenter heeft de coronaviruspandemie vaccins op de voorgrond van de publieke,
academische, en industriéle aandacht gebracht.

Naast conventionele vaccins met volledig functionerend levend virus, zoals
oorspronkelijk bedacht en toegepast door Jenner, is er een significante uitbreiding van
vaccintypen geweest, waaronder mRNA, virale vector, verzwakte, en geinactiveerde
vaccins, elk met hun eigen voordelen en beperkingen. Daaropvolgend zijn “virus-like
partikels” (VLPs), een nieuwe klasse van vaccins, naar voren gekomen als een
veelbelovend alternatief voor traditionele vaccinontwerpen. Ze bieden mogelijk een
verbeterde werkzaamheid en veiligheid. VLPs zijn nanopartikels opgebouwd uit
herhalingen van één of meerdere virale eiwitten. De aanname is dat ze leeg zijn of ten
minste geen genetisch materiaal bevatten, waardoor ze niet kunnen repliceren, noch
infectieus zijn. Ondanks de afwezigheid van genetisch materiaal hebben VLPs
immuunrespons-inducerende oppervlaktepatronen die lijken op die van het
oorspronkelijke virus, waardoor ze herkent kunnen worden door het
immuunsysteem. Deze unieke eigenschap kan worden geéxploiteerd voor
vaccindoeleinden, dit geldt vooral voor vaccins tegen virussen waarvan de virale
oppervlaktegeometrie en structuur wordt herkend door het immuunsysteem in plaats
van een enkel eiwit. Grootschalige productie van VLP vaccines kan mogelijk veel van
de nadelen van huidige vaccins wegnemen of significant verminderen, zoals extreme
opslagcondities (mMRNA), vectorimmuniteit (virale vector), terug muteren naar actief
infectieus virus (verzwakt) en hoge productiekosten (geinactiveerd). Derhalve bieden
VLP vaccins een veelbelovend perspectief in de strijd tegen virale infecties, en zijn het
mogelijk veiligere en superieure vaccins.

De veiligheid en werkzaamheid van VLP vaccins zijn vastgesteld door uitgebreid
onderzoek. Momenteel zijn er talloze VLP vaccins op de markt, waarbij HPV VLP
vaccins het meest prominent zijn. Het succes van deze vaccins heeft de standaard gezet
en de weg geéffend voor de ontwikkeling van toekomstige VLP vaccins.

In dit proefschrift hebben we de haalbaarheid getest van de productie en zuivering
van VLPs die zijn afgeleid van twee virusen: enterovirus A71 (EV71) en coxsackievirus
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A6 (CVAO). Beide virussen hebben een RNA-genoom van ongeveer 7.4 kilobasenparen
(kp), dat codeert voor een 260 kDa polyproteine dat sequentieel wordt geknipt in elf
virale eiwitten. Enterovirussen, en met name EV71 en CVAS6, zijn de belangrijkste
aanstichters van hand-voet-mondziekte (HVMZ). HVMZ is vernoemd naar de
karakteristieke laesies die zich ontwikkelen op de handen, voeten, mond en billen van
geinfecteerde personen. In ernstige gevallen, vooral bij kinderen, kan de ziekte zich
verspreiden naar het centrale zenuwstelsel (CZS), resulterend in complicaties zoals
aseptische meningitis en encefalitis. Door gebruik te maken van VLPs kan een
multivalent vaccin worden ontwikkeld dat zich op meerdere virale stammen tegelijk
richt, waardoor er mogelijkheden ontstaan voor de preventie en controle van HVMZ.

Om de “enterovirus-like partikels” te ontwikkelen hebben we gebruik gemaakt van
het baculovirus expressie vector systeem (BEVS). Voor het onderhoud en de
manipulatie van insectencelculturen, die worden gebruikt in de BEVS, is celtelling
essentieel. Het is een cruciaal aspect bij het beoordelen van celvitaliteit en het bepalen
van proliferatiesnelheden, die kritisch zijn voor het behoud van de gezondheid en
functionaliteit van de cultuur. In Hoofstuk 2 introduceren we een “machine learning”
(ML) model gebaseerd op YOLOV4, dat in staat is om celtellingen uit te voeren met
hoge nauwkeurigheid (>95%) voor Trypan blauw-gekleurde insectencellen. Het model
is getraind, gevalideerd en getest met behulp van afbeeldingen van verschillende
insect celtypen: Trichoplusia ni (High Five™; Hi5) and Spodoptera frugiperda (5£9). Het
model behaalde F1 scores 0.97 en 0.96 voor respectievelijk levende en dode cellen, wat
aanzienlijk betere prestaties zijn dan andere celtelmethodes. Bovendien is het ML-
model veelzijdig, zoals geillustreerd werd door een F1 score van 0.96 voor Trypan
blauw-gekleurde humane embryonale nier (HEK) cellen waarop het model niet was
getraind. Naast het ML-model is een gebruiksvriendelijke applicatie ontworpen, die
afbeeldingen in grote partijen kan analyseren, wat het model zeer geschikt maakt voor
evaluatie van meerdere parallelle culturen (bijvoorbeeld gedurende “Design of
Experiments”). Deze methode biedt een nauwkeurige classificatie van cellen en een
sneller en onbevooroordeeld alternatief voor handmatige celtellingen.

Eerdere studies hebben aangetoond dat de expressie van de virale P1-structurele
eiwitten en de 3CD protease voldoende is om “enterovirus-like partikels” te
produceren in verschillende organismen. Echter is er een gebrek aan optimalisatie op
basis van de wisselwerking tussen de drie meest aangepaste infectieparameters:
veelheid van infectie (MOI), levende celdichtheid op het moment van infectie (VCD),
en de infectieperiode (tinf). In Hoofstuk 3 hebben we dit punt aangepakt door gebruikt
te maken van “Design of Experiments” (DoE) om de productie van zowel EV71 als
CVAG6 VLPs te optimaliseren. Onze resultaten indiceerde onderscheidende voorkeuren
voor infectieparameters tussen de twee soorten VLPs, waarbij EV71 VLP-productie de
voorkeur gaf aan een lage MOJ, lage VCD en lange infectieperiode, terwijl CVA6 VLP-
productie de voorkeur gaf aan een hoge MOI, hoge VCD en lange infectieperiode.
Daarnaast hebben we een zuiveringsproces ontwikkeld voor beide VLPs, wat
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resulteerde in opbrengsten van respectievelijk 158 mg/l en 38 mg/l van het
cultuurvolume voor de gezuiverde EV71 en CVA6 VLPs. Deze concentraties vertalen
zich in duizenden tot tienduizenden vaccins, wat het economische potentieel van
“enterovirus-like partikels” voor vaccinatie benadrukt.

Virus-like partikels zijn geidentificeerd als een veelbelovende benadering voor de
ontwikkeling van een multivalent vaccin. Echter is hun stabiliteit een belangrijk
probleem gezien de lagere mate van deeltjesintegriteit over het verloop van tijd in
vergelijking met geinactiveerde vaccins. In Hoofdstuk 4 wordt uitgeweid over hoe de
VLPs, geproduceerd met behulp van de geoptimaliseerde protocollen beschreven in
Hoofstuk 3, zijn onderworpen aan biofysische karakterisering. We hebben meerdere
biofysische technieken toegepast, waaronder transmissie-elektronenmicroscopie en
atoom-krachtmicroscopie, om de oorzaken van de verminderde VLP-stabiliteit
(gemiddeld 1.5-2 keer lager) in vergelijking met het oorspronkelijke virus te
achterhalen. In tegenstelling tot eerder onderzoek naar enterovirus-VLPs, toont deze
studie aan dat een considerabel deel (31%) van de geproduceerde VLPs in staat was
om viraal RNA (vRNA) in te kapselen. Bovendien toont dit werk aan dat de
aanwezigheid van vRNA in de capsiden mogelijk niet de dicterende factor is voor de
stabiliteit van entervirus-capsiden. Alsook kan vRNA niet de enige factor zijn die
verantwoordelijk is voor het activeren van de stabiliserende virale “rijping”, en is het
hoogstwaarschijnlijk dat andere onderliggende mechanismen een rol spelen. Als VLPs
de stabiliteit willen bereiken die vergelijkbaar is met die van virussen, zijn methoden
nodig om virale rijping kunstmatig op te wekken. Als alternatief kunnen ook
(chemische) aanvullingen op de vaccinformulering worden ingezet om de capsiden te
stabiliseren, wat van groot belang kan zijn om het succes van VLPs als vaccin te
waarborgen.

In Hoofdstuk 5 presenteren wij een protocol voor het gelijktijdig onderzoeken van
honderden polymerases met respect tot hun RNA-synthese dynamica met behulp van
magnetische pincetten (MT). Het protocol omvat het gehele proces, beginnend bij het
samenstellen van het RNA-construct tot de kwantitatieve en statistische analyse van
de MT-metingen. Het protocol maakt het mogelijk om honderden RNA-ketens
gelijktijdig te analyseren, wat resulteert in de karakterisering van de “single-molecule”
dynamica, die worden gepresenteerd in het hiernavolgende hoofdstuk.

Hoofdstuk 6 van dit proefschrift toont het potentieel van magnetische pincetten (MT)
voor de gedetailleerde mechanische karakterisering van het virale RNA-afhankelijke
RNA-polymerase (RdRp). Door de pauzedynamica en -kansen van deze polymerases
te onderzoeken, konden we hun individuele mechanische eigenschappen ontcijferen.
In het bijzonder onderzochten we de effecten van T-1106 trifosfaat, een pyrazine-
carboxamide ribonucleotide met antivirale eigenschappen, op de enterovirus A71
RdRp. Onze resultaten toonden aan dat T-1106-incorporatie in het RNA leidde tot
meer en langer pauzeren en het “backtracken” van de RdRp. Bovendien
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identificeerden we de “backtrack” staat as een intermediair die werd gebruikt door de
RdRp voor “copy-back” RNA synthese en homologe recombinatie, wat suggereert dat
pyrazine-carboxamide ribonucleotiden werken door het bevorderen van “template
switching” en de vorming van defecte genomen. Ten slotte hebben we aangetoond dat
MT veelbelovende antivirale kandidaten kan scannen en de meest veelbelovende
kandidaten kan aanduiden voor verdere ontwikkeling. Hierdoor, is de gedetailleerde
mechanische karakterisering van virale RdRp-dynamica die door MT wordt geboden,
een veelbelovend pad voor de identificatie en optimalisatie van antivirale therapieén.

Hoofdstuk 7 van dit proefschrift bevat conclusies en beoogde potentiéle
aanknooppunten voor toekomstig onderzoek. Dit werk kan dienen als basis voor
verder onderzoek, vanuit zowel een biofysisch als een biochemisch oogpunt.
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