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ABSTRACT
Non-polioenteroviruses are highly infectious viruses that typically cause mild
asymptomatic cases but can cause severe disease such as aseptic meningitis and
dilated cardiomyopathy. Coxsackievirus B3 (CVB3) is a member of this group and is
prevalent in the United States and Eastern Asia. Viruses like CVB3 rely on the host cell
for many molecules in order to replicate. One such set of molecules is the polyamines.
Polyamines are small, positively charged molecules that play a role in a multitude of
cellular processes including RNA/DNA stabilization, gene expression, translation, and
regulating membrane fluidity. Previous studies have shown CVB3 relies on polyamines
for cellular attachment: when polyamines are depleted from the cell CVB3 attachment is
attenuated. We hypothesized that this may be due to changes in expression of heparan
sulfate proteoglycans. Heparan sulfate proteoglycans (HSPGs) are ubiquitously
expressed on eukaryotic cells and make up the majority of the glycocalyx layer. HSPGs
have been implicated in viral attachment mechanisms; thus, we investigated whether
polyamines interacted with HSPGs to facilitate CVB3 attachment to cells. We found that
CVB3 uses both polyamines and HSPGs to attach to cells and when either polyamines
or HSPGs are depleted CVB3 can mutate its genome to escape these blockages to
attach and infect cells. This work highlights a basic role of polyamines in HSPG
synthesis and function and demonstrates the connection between these two pathways
that CVB3 uses to replicate.
xi

CHAPTER 1: BACKGROUND
Review of Literature
Coxsackievirus B3: An Overview
Viruses are one of the leading causes of disease and they affect all forms of life
(1,2). Picornaviruses are known for causing epidemics and pandemics (3).
Picornaviruses are a large family of vertebrate viruses that are broken up into 9 genera
but only 4 genera infect humans: Enterovirus, Rhinovirus, Hepatovirus and
Parechovirus (4,5). Enteroviruses and Rhinovirus are the two most notable genera,
which are similar in morphology but differ in their pathology. Enteroviruses are of
particular interest because they infect mammalian organs and cause severe
neurological, respiratory, and skin diseases (6). There are 2 main subdivisions of the
Enterovirus genus that infect mammals: poliovirus and non-poliovirus enteroviruses (7).
First discovered in Coxsackie, NY, Coxsackievirus is a non-poliovirus enterovirus that
frequently infects humans. Most infections are non-severe or asymptomatic; however,
Coxsackievirus can cause severe infections resulting in high morbidity (8).
Coxsackievirus is split into 2 families: Coxsackievirus A (CVA) and Coxsackievirus B
(CVB). Coxsackievirus is then further split into 28 serotypes, CVA1-CVA22 and CVB1CVB6 (9).
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Figure 1. Transmission Cycle of CVB3.
Arrows represent transmission direction. Adapted and modified image from (14).

Coxsackievirus B3 (CVB3) Structure and Replication
CVB3 is a positive sense, single stranded RNA virus that typically infects children
but can infect humans of all ages. CVB3 commonly infects cardiac tissue (10,11). Most
infections are self-limiting and asymptomatic; however, some infections can cause
significant diseases including myocarditis, pericarditis, dilated cardiomyopathy, and
aseptic meningitis (12, 13). CVB3 is transmitted via the fecal-oral route (14, 15). CVB3
is shed in feces and is transmitted to food (Figure 1). This transmission route is effective
since the virus can travel through multiple different vectors, including hands and
fomites.
The structure and lifecycle of CVB3 is well described (14,16). The capsid is
composed of 4 viral proteins, VP1, VP2, VP3 and VP4. VP1-VP4 form a protomer and 5
protomers compose a pentamer. The capsid is made of 12 pentamers, or 60 protomers.
VP1, VP2 and VP3 are on the outer layer of the capsid while VP4 is interior. CVB3’s
capsid holds its linear genome, characterized by its open reading frame (ORF) that is
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flanked on both sides by untranslated regions (UTRs). The 5’ UTR contains an internal
ribosomal entry site (IRES) and polypyrimidine tract (PPT), both of which are binding
sites which ribosomes use for translation. The 3’UTR ends with a poly (A) tail that
stabilizes the viral genome. The ORF codes for several proteins including the structural
proteins VP1-VP4 and nonstructural proteins 2A-2C and 3A-3D (Figure 2).
In order for viruses to remain pathogenic, they must replicate in host cells and
produce progeny. At the first step in virus replicaiton, CVB3 attaches to cells (Figure 3)
through its entry receptor coxsackievirus-adenovirus receptor (CAR) and decayaccelerating factor (DAF) (8, 17). It then enters the cell where its RNA is translated and
replicated and the structural proteins are assembled into the capsid which is released
into the extracellular environment. CVB3 spreads quickly, and it has no antiviral or
vaccine, so studying CVB3’s replication cycle will provide targets for potential antiviral
therapies.

Figure 2. Schematic Diagram of the Genome of CVB3
The panel above illustrates the RNA of CVB3. The arrow indicates translation once the genome has been
incorporated into the host. The Untranslated regions (UTR) includes an Internal ribosome entry site
(IRES). The viral capsid proteins are composed of the viral proteins 1-4 (VP1-VP4).
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Figure 3. CVB3 Replication Cycle
The figure shows a simplified version of CVB3’s replication cycle. The viral life cycle starts with binding
and entry to host cell. The viral genome is then incorporated into the host cell genome and replicated.
Transcription and translation leads to the production of the virion which is then released into the
extracellular matrix.

Polyamines and their Roles in Viral Infection
Polyamines are small positively charged molecules that are abundant in host
cells. The three biological polyamines present in mammalian cells are putrescine,
spermine and spermidine (18, 19). Their biosynthesis pathways has been studied
extensively (19, 21, 23). They are all synthesized from arginine, which is converted to Lornithine, which is further decarboxylated into putrescine by ornithine decarboxylase 1
(ODC1). Putrescine is then converted into spermidine by spermidine synthase (SRM)
and spermidine is converted into spermine by spermine synthase (SMS). This synthesis
process is partially reversible: spermine and spermidine can be oxidized into spermidine
and putrescine, respectively. Spermine and spermidine are acetylated by
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spermine/spermidine acetyltransferase (SAT1), and acetylated polyamines can be
oxidized into either spermidine or putrescine by polyamine oxidase (PAOX). Spermine
can also be directly oxidized into spermidine via spermine oxidase (SMOX). An
overview of this process is shown in Figure 4. Polyamines’ positive charge and flexible
carbon chains confer a variety of functions such as RNA/DNA interactions (RNA/DNA
stabilization, protein-RNA interactions, and gene expression), membrane interactions,
and protein synthesis as seen in Figure 5A (18, 24). Given the polyamines play a role in
key cellular processes it is unsurprising that viruses use polyamines to facilitate
replication (Figure 5B). For instance, viruses such as human cytomegalovirus (HCMV)
and herpes simplex virus 1 (HSV1) use polyamines to balance the negative charge of
their large genome for efficient virion packaging and to stabilize the virus in the
extracellular environment (21, 25). Furthermore, polyamines are known to facilitate
protein synthesis in cells, and viruses are known to hijack this process to use
polyamines to stimulate the synthesis of viral proteins. Specifically with RNA viruses,
polyamines are key to viral gene expression and genome replication (25). Semiliki
Forest virus (SFV) (25), chikungunya virus (CHIKV) (26), Zika (27) and CVB3 (28) use
polyamines to stimulate their genome transcription and translation. Interestingly
polyamine depletion is most effective when cells are treated before infection, suggesting
that polyamines play a role in viral attachment and entry processes (19). Furthermore,
the depletion of polyamines inhibits infection but specifically diminishes binding and
entry for a variety of RNA viruses (28). The polyamine pathway has long been thought
of as a potential target for cancer therapies and protozoa treatments since it is important
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for cellular replication. Currently some cancer therapies target this pathway to diminish
tumor progression; however, since viruses also use polyamines for their infection, the
polyamine pathway could be a target for antiviral therapies as well (24, 29). One drug
used clinically is difluoromethylornithine (DFMO) an irreversible inhibitor of ODC1 (29,
30). The inhibition of ODC1 reduces virus replication (31). Studies done on CVB3 have
shown that without polyamines CVB3 infection is inhibited (28, 32). Furthermore, the
binding of CVB3 to cells is inhibited cells depleted of polyamines (28).

Figure 4. Biosynthesis Pathway of Polyamines and Drug Inhibitors
Polyamine synthesis begins with arginine being converted into ornithine. ODC1, the rate-limiting enzyme,
converts ornithine to putrescine. Putrescine is converted to spermidine via SRM. Spermidine is converted
to spermine via SMS and converted back via SMOX. Spermine and spermidine can be acetylated by
SAT1 and converted back to putrescine via PAO. DFMO is an irreversible inhibitor to ODC1 preventing
polyamine synthesis.
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Figure 5. Polyamine Functions and Viral Hijack of Functions
Polyamines are involved in a wide variety of cellular functions such as RNA/DNA interactions, protein
synthesis, and ion channel interactions. B. Viruses use these functions to further their infection by
allocating polyamines to replicate their viral genome and synthesize viral proteins.

Heparan Sulfate Structure and Function
CVB3 uses other molecules to facilitate cellular attachment. One of these
molecules is a proteoglycan called heparan sulfate. Proteoglycans contain a number of
glycosaminoglycans (GAGs), long linear polysaccharides consisting of repeating sugar
units. The most numerous GAG found in proteoglycans is heparan sulfate (HS) (33).
Heparan sulfate proteoglycans (HSPGs) are highly expressed on mammalian cell
surfaces (34). HSPGs function primarily through their interactions between sulfated
GAG side chains and a variety of proteins or other molecules (35, 36). These
interactions vary between HSPGs because the sulfation pattern of each HS chain
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determines its affinity towards proteins or other molecules and each HSPG can have
different sulfation patterns, as dictated by the cell’s needs (37). The HSPG is assembled
in the Golgi apparatus; however extracellular HS editing can occur through the SULF 2O-sulfatases (37). The biosynthesis pathway of HS is shown in Figure 6. First, in the
Golgi apparatus, a serine molecule is attached to the HS core protein, then a linker
region is attached through a xylosyltransferase (XylT) (38, 39). This linker region,
composed of xylose, 2 galactose residues and a glucuronic acid residue (GlcA), allows
for the transfer of an N-acetylglucosamine residue (GlcNAc) to the linker region by an
exostosin-like glycosyltransferase (EXTL). This transfer commits this GAG to become a
HS (40, 41). After this the HS chain is elongated through the transfer of alternating GlcA
and GlcNAc residues via the HS co-polymerase complex, exostosin glycosyltransferase
1 and 2 (EXT1 and 2) (42, 43). Simultaneously, the HS is modified. The first step of
modification is the N-deacetylation followed by the N-sulfation of GlcNAc through Ndeacetylase/N-sulfotransferases (NDSTs), producing GlcA-GlcNS repeating chains
(44). After this the GlcA-GlcNS repeating chain undergoes epimerization, via glucuronic
acid epimerase (GLCE), to change GlcA into Iduronic Acid (IdoA) to form IdoA-GlcNS
chains (45, 46). IdoA then undergoes a 2-O-sulfation by a sulfotransferase (2-OST)
generating sequences of contiguous IdoA2S-GlcNS (47, 48). Lastly sulfotransferases
(6-OST and 3-OST) proceed to sulfate the GlcNS residue in the 6-O and 3-O position,
generating sequences of IdoA2S-GlcNS6S or IdoA2S-GlcNS3S respectively (49, 50).
Modification may end at any step leading to a variety of HS sulfation patterns,
increasing the types of interactions the HS side chains can have with proteins or other
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molecules (37). One such interaction is an electrostatic interaction between HSPGs
heavily sulfated and negatively charged side chains and the basic residues in viral
surface envelope proteins or the basic residues in viral capsid proteins (51, 52). HSV1
binds directly with HSPG for its entry, while other viruses such as SARS-CoV-2 use
HSPG to guide virus to the cell surface where it can find its entry receptor (52, 53).
Furthermore, heparin, a HS analog that is produced by mast cells and is released into
the extracellular matrix, was shown to inhibit human papillomaviruses (HPV) when
incubated with heparin (54, 55). Moreover, altering the sulfation patterns of HS through
sodium chlorate (chlorate), a drug used to block 3-phospho-adenyl-5-phosphosulfate’s
(PAPS) ability to donate sulfate groups to the HS synthesis pathway, leads to reduced
dengue virus (DENV) replication (56). Given that HSPG are ubiquitously expressed on
eukaryotic cells it may be a viable target for antiviral therapies, including for CVB3
especially since CVB3 uses HSPGs to facilitate attachment (28). However, a great deal
remains to be understood about how CVB3 uses HSPGs in its replication.
As mentioned above, previous studies have shown that polyamines play an
important role in CVB3’s replication. Given that polyamines contain strong positive
charges and HSPGs contain strong negative charges, we hypothesized that polyamines
could interact with HSPGs electrostatically and CVB3 could use this interaction to
facilitate attachment. However, polyamines’ interaction with HSPGs is unknown.
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Figure 6. Biosynthesis of Heparan Sulfates
Heparan sulfates are synthesized in the Golgi. There a linker region gets added onto a serine residue.
After which the sugar chain begins to form and elongate. At the same time the sugar chain gets sulfated
to suit the cells needs.

Aims and Hypothesis
Previous studies demonstrated that heparan sulfate proteoglycans (HSPGs) play
an essential role in virus infection. Viruses such as HSV-1, Ebola virus and DENV rely
on HSPGs for efficient replication in cells (57-59). Viruses have preferred sulfation
patterns and since HSPGs are composed of a variety of sulfation types, different viruses
can bind to different regions of the same heparan sulfate (HS) GAG structure (60).
Furthermore, Gao et al. demonstrated that viruses who don’t bind to heparan sulfates,
such as Zika virus, rely on the molecules for replication in an undescribed mechanisms,
as virus replication is significantly reduced in HSPG depleted cells (61). During the
2019-2021 COVID-19 outbreak, studies demonstrated that SARS-CoV-2 depends on
heparan sulfates to facilitate attachment (53). Recent studies have found that viruses
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have high affinity towards HSPGs, and this affinity could be due to nonspecific attraction
between positively charged viral proteins and negatively charged heparan sulfates (62,
63). CVB3 also relies on heparan sulfates for infection, and CVB3 also relies on
polyamines to mediate attachment. Since polyamines are positively charged, we
hypothesize that positively charged polyamines and the negatively charged HSPGs
contribute to CVB3 efficient replication cycle. The goal of this proposal is to determine
the potential mechanism behind polyamine- and HSPG-mediated attachment of CVB3.
In AIM 1, we examined if HSPG neutralization alters CVB3 infection. I
hypothesized that CVB3 relies on HSPGs for attachment and would, therefore, be
significantly inhibited by HSPG neutralization. Results from this aim established that
CVB3 relies on HSPGs to attach to its target cells.
In AIM 2, we examined the effect polyamine depletion has on heparan sulfates. I
hypothesized that CVB3 uses non-specific electrostatic interactions to interact with
HSPGs; thus without polyamines the virus would not be able to interact with heparan
sulfates. In addition, intracellular polyamines play a role in gene expression and RNA
stabilization so I hypothesized that polyamines would play a role in heparan sulfate
biosynthesis. Results from this aim identified an interaction between polyamines and
HSPGs that CVB3 uses to attach to cells, as well as identified that polyamines affect
HSPG synthesis.
In AIM 3, I assessed the evolution of CVB3 in the absence of heparan sulfates. I
hypothesized that CVB3, like other viruses, would adapt to by-pass the lack of sulfate
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HSPGs. The goal of this aim was to identify the mechanisms by which CVB3 escapes
the HSPG neutralization.
The data generated from these aims demonstrated that sulfation of HSPGs is
necessary for CVB3 attachment and that polyamines interact with HSPGs directly as
well as indirectly by affecting the production of HSPGs.

CHAPTER 2: MATERIALS AND METHODS
Cell Culture
Cells were maintained at 37 ◦C in 5% CO2, in Dulbecco’s modified Eagle’s
medium (DMEM; Life Technologies) with bovine serum and penicillin-streptomycin.
Vero cells (BEI Resources) were supplemented with 10% new-born calf serum (NBCS;
Thermo-Fisher). HeLa and Huh7 cells, kindly provided by Dr. Ed Campbell and
Uprichard respectively, were supplemented with 10% fetal bovine serum (FBS; ThermoFischer).
Drug Treatment
Difluoromethylornithine (DFMO; TargetMol) was diluted to 1 M and 100 mM in
sterile water. Sodium Chlorate was diluted to 7 M in warm sterile water. For DFMO and
Sodium Chlorate treatments, cells were trypsinized and reseeded with fresh medium
supplemented with serum. Following overnight attachment, cells were treated 96 h prior
to infection to allow for complete depletion of polyamines from cells, in the case of
DFMO, or the complete depletion of sulfate groups from heparan sulfates, in the case of
sodium chlorate. GC7 and DEF were diluted to 100 mM and 25 mM respectively in
sterile water. Cells were trypsinized and reseeded with fresh medium supplemented
with serum. Following overnight attachment, cells were treated 16 hrs prior to infection
to allow for complete blockage of hypusination. During infection, media were cleared
and saved from cells. The same media containing the corresponding drugs were then
13
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used to replenish the cells following infection. Cells were incubated at the appropriate
temperature for the duration of infection.
Infection and Enumeration of Viral Titers
CVB3 (Nancy strain) was derived from the first passage of virus in Vero cells
(NR-10385), which were obtained through BEI Resources, National Institutes of Allergy
and Infectious Diseases, National Institutes of Health (NR-10385). For all infections,
DFMO, Sodium Chlorate, DEF, and GC7 were maintained throughout infection as
designated. Viral stocks were maintained at −20 ◦C. For infections, the virus was diluted
in serum-free DMEM for a multiplicity of infection (MOI) of 0.01 on Vero cells, unless
otherwise indicated. The viral inoculum was added to the cells and supernatants were
collected from CVB3 48 hpi unless otherwise indicated. Dilutions of cell supernatant
were prepared in serum-free DMEM and used to inoculate confluent monolayer of Vero
cells for 10 to 15 min at 37 ◦C. Cells were overlaid with 0.8% agarose in DMEM
containing 2% NBCS. CVB3 samples incubated for 2 days at 37 ◦C. Following
appropriate incubation, cells were fixed with 4% formalin and revealed with crystal violet
solution (10% crystal violet; Sigma-Aldrich, St. Louis, MO, USA). Plaques were
enumerated and used to back-calculate the number of plaque forming units (pfu) per
milliliter of collected volume.
Thin Layer Chromatography Determination of Polyamines
Polyamines were separated by thin-layer chromatography (TLC) as previously
described (64). For all samples, cells were treated with DFMO and Sodium Chlorate
prior to being trypsinized and centrifuged. Pellets were washed with PBS and then

15
resuspended in 200 µl of 2% perchloric acid. Samples were then incubated overnight at
4°C, and then 200 µl of supernatant was combined with 200 µl of 5-mg/ml dansyl
chloride (Sigma-Aldrich) in acetone and 100 µl of saturated sodium bicarbonate.
Samples were incubated in the dark overnight at room temperature. Excess dansyl
chloride was cleared by incubating the reaction mixture with 100 µl of 150-mg/ml proline
(Sigma-Aldrich). Dansylated polyamines were extracted with 50 µl of toluene (SigmaAldrich) and centrifuged. 5 µL of sample were added in small spots to the TLC plate
(silica gel matrix; Sigma-Aldrich) and exposed to ascending chromatography with 1:1
cyclohexane-ethylacetate. The plate was dried and visualized via exposure to UV.
Plaque Formation Attachment Assay
Cells were seeded in 6-well plates and grown to confluence in DMEM with 2%
NBCS. The cells were treated for 96 hrs with varying concentrations of DFMO or
Sodium Chlorate or the cells were treated for 16 hrs with varying concentration of GC7
or DEF. After corresponding pre-treatment time, the media was removed from cells and
replaced with specified viral pfu diluted in serum free media. Infected cells were
incubated on ice for 5 min. Cells were washed with PBS and cells were overlaid with
0.8% agarose in DMEM containing 2% NBCS. CVB3 samples incubated for 2 days at
37 ◦C. Following appropriate incubation, cells were fixed with 4% formalin and revealed
with crystal violet solution (10% crystal violet; Sigma-Aldrich, St. Louis, MO, USA).
Plaques were enumerated and used to back-calculate the number of viruses bound
during infection.
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Virus Preparation and Concentration
CVB3 was injected into a flask seeded with veros and left to infect for 48 hours.
The cellular supernatant was collected and spun down. The supernatant was then
moved to a fresh tube while the pellet was discarded. The supernatant was aliquoted
into 1 mL Eppendorf tubes and spun down overnight at 4oC at 12000 rpm. The
supernatant was removed, and the pellets were resuspended in 1 mL 2% NBCS. Tubes
are then tittered to gather viral count per ml.
RNA Purification and cDNA Synthesis
Medium was cleared from cells and TRIzol reagent (Zymo Research) directly
added. Lysate was then collected, and RNA was purified according to the
manufacturer’s protocol utilizing the Direct-zol RNA Miniprep Plus kit (Zymo Research).
Purified RNA was subsequently used for cDNA synthesis using high-capacity cDNA
reverse transcription kits (Thermo Fisher), according to the manufacturer’s protocol,
with 10 to 100 ng of RNA and random hexamer primers.
Viral Genome Quantification
Following cDNA synthesis, qRT-PCR was performed using the QuantStudio3
(Applied Biosystems by Thermo Fisher) and SYBR green master mix (DotScientific).
Samples were held at 95°C for 2 min prior to 40 cycles of 95°C for 1 s and 60°C for 30
s. Primers were verified for linearity using 8-fold serially diluted cDNA and checked for
specificity via melt curve analysis followed by agarose gel electrophoresis. All samples
were normalized to total RNA using the ΔCT method. Primer sequences are shown in
Table 1.
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Table 1. Primers Utilized in This Study
Primers (qRTPCR)
CVB3

Forward

5'GGAAGCACGGGTCCAATAA
A-3'
VP3Q234R
5’-GGG CTT ACC AAC CAT
GAA TAC TCC G-3’
CVB3.VP1.E78G 5’-GCA TGC GTG TAC TTT
ACG GGG TAT AAA AAC
TCA GGT GCC -3’
CVB3.VP1.P126 5’-ATA ACA AGT ACT CAA
A
CAG GCC TCA ACC ACA
CAG AAC CAA-3’
CVB3.VP1.I185V 5’-TCC ATA CCG TTT TTG
AGC GTT GGC AAC GCC
TAT TCA AAT-3’
CVB3.VP1.G227 5’-GTC AAC GCT GGA AGC
S
ACG AGT CCA ATA AAA
AGC ACC ATT-3’
CVB3.VP1.K295 5’-TGC CAA TAC GAG AAG
N
GCA AAC AAC GTG AAC
TTC CAA CCC-3’
CVB3.VP1.Q264 5’-GCA AAG AAC GTG AAC
R
TTC CGA CCC AGC GGA
GTT ACC ACT-3’

Reverse
5'CAGAGTCTAGGTGGTCTAGGTA
TC-3'
5’-GGC ACC TGA GTT TTT ATA
CCC CGT AAA GTA CAC GCA
TGC-3’
5’-TTG GTT CTG TGT GGT TGA
GGC CTG TTG AGT ACT TGT
TAT-3’
5’-ATT TGA ATA GGC GTT GCC
AAC GCT CAA AAA CGG TAT
GGA-3’
5’-AAT GGT GCT TTT TAT TGG
ACT CGT GCT TCC AGC GTT
GAC-3’
5’-GGG TTG GAA GTT CAC GTT
GTT TGC CTT CTC GTA TTG
GCA-3’
5’-AGT GGT AAC TCC GCT GGG
TCG GAA GTT CAC GTT CTT
TGC-3’

qPCR-based Attachment Assay
Vero cells were seeded at 2 x10^4 cells per well in 24-well plates in DMEM with
2% NBCS. The cells were treated with their specified treatment. After the required
treatment time, the cells were placed on ice and the medium was aspirated from the
cells and replaced with 200 µl of serum-free medium containing virus. The infected cells
were incubated on ice for a specified amount of time. The cells were then washed 3x
with PBS, and then 250 µl of TRIzol was added to the cells. The RNA was extracted
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with a phenol-chloroform extraction, converted to cDNA, and quantified by real-time
PCR with SYBR green (Dot Scientific) using a one-step protocol using a QuantStudio 3
system (Thermo Fisher Scientific). Relative genomes were calculated using the ΔΔCT
method, normalized to β-actin qRT-PCR control, and calculated as fraction of the
unwashed samples. Primer sequences are included in Table 1. Primers were verified for
linearity using 8-fold serial diluted cDNA and checked for specificity via melt curve
analysis.
Western Blot
Samples were collected with Bolt LDS buffer and Bolt reducing agent (Invitrogen)
and run on polyacrylamide gels. Gels were transferred using the iBlot 2 Gel Transfer
Device (Invitrogen). Membranes were probed with primary antibodies for Exostosin 1
and Exostosin 2 (1:500; BEI Resources) and β-actin (1:5,000; Santa Cruz
Biotechnology). Membranes were treated with SuperSignal West Pico Plus
chemiluminescent substrate (Thermo Fisher Scientific) and visualized on a
ProteinSimple FluorChem E imager.
Generation of VP3Q234R mutant and HSPG Neutralization Resistant Mutant
CVB3 (Nancy strain) was derived from the first passage of the virus in Vero cells
after rescue from the infectious clone. Briefly CVB3 infectious clone was linearized with
SapI (New England Biolabs [NEB]) and used to generate RNA in vitro (NEB). This RNA
was transfected into Vero cells to recover the virus. The VP3Q234R and C150 mutant
viruses were generated via site-directed mutagenesis of the wildtype CVB3 plasmid
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using the primers listed in Table 1 via mutagenic PCR with Phusion polymerase
(Thermo-Fisher).
Indirect Immunofluorescence
Cells were seeded in 6 well plates and grown on coverslips. Wells were treated
with corresponding concentration of drugs: DFMO, Sodium Chlorate, GC7 or DEF. After
appropriate pre-treatment time, cells were fixed with 4% formalin for 5-15 min, washed
with PBS, permeabilized and blocked with 2-3% BSA in PBS for 1hr at room
temperature. Cells were sequentially incubated as follows: Primary mouse anti-HS
(Where primary Ab was from) antibody 1:500 or 1:100 with blocking solution for 2 hrs at
room temperature. Cells were washed and then incubated with secondary goat antimouse antibodies (1:1000) with blocking for 45 min at room temperature. Cells were
washed again and then mounted with DAPI to visualize nuclei. Samples were imaged
with a Zeiss Axio Observer 7 with Lumencor Spectra X LED light system and a
Hamamatsu Flash 4 camera using appropriate filters using Zen Blue software with a
65x objective.
Particle Size Measurement
Vero cells were seeded in 6-well plates and grown to confluence. Cells were pretreated for appropriate time with specified drugs. Approximately 1000 PFU of CVB3 and
mutant viruses were diluted in 500 µL inoculum of serum free DMEM. The inoculum was
incubated on the cells for approximately 30 min at 37 °C. After 30 min, an overlay of 8
mL of 0.8% agarose containing DMEM with 2% FBS (BHK-R) or NBCS (HeLa-R) was
added to each well. The dishes were incubated at 37 °C for 2 days to allow plaque
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formation. The cells were fixed with 4% formalin, and the agarose plugs were removed.
The fixed cells were stained with crystal violet. Plaque size was determined using
ImageJ software.
Statistical Analysis
Prism 6 (GraphPad) was used to generate graphs and perform statistical
analysis. For all analyses, one-tailed Student’s t test was used to compare groups,
unless otherwise noted, with a = 0.05. For tests of sample proportions, p values were
derived from calculated Z scores with two tails and a = 0.05.

CHAPTER 3: RESULTS
CVB3 is Sensitive to HSPG Neutralization
Previous studies implicated heparin sulfate proteoglycans (HSPGs) in enveloped
viral infections, specifically a nonspecific electrostatic role (55,57). However, less is
understood about HSPGs’ role in non-enveloped viral infections. In order to look at if
HSPGs facilitate CVB3 infections we measured the extent to which CVB3 interacts with
HS/HS-like particles. Heparin is a particle that has similar physical and chemical
characteristics to HS, and previous studies have shown the inhibition of HPV in the
presence of heparin (54-55). We incubated CVB3 with increasing amounts of heparin
and then indirectly measured the amount of virus that interacted with heparin by
performing a binding assay, placing the incubated virus directly onto confluent cells for 5
min to allow virus to bind, and then washing away unbound virus. We then removed the
cells via trypsin and measured viral RNA genome associated with the cells (Figure 7A).
For the plaque quantification we overlayed the cells with an agarose plug, and after 48
hrs we removed the plug and stained the cells with crystal violet showing the plaques
where the virus was able to bind and infect the cells (Figure 7B) We observed a
decrease in viral genome associated with cells as the concentration of heparin
increased indicating that heparin was blocking virus attachment. We repeated this
experiment with HS and saw an identical phenotype showing us that CVB3 interacts
with HS side chains to block CVB3 attachment (Figure 7C & D).
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Figure 7. CVB3 Interacts with HS and HS-Like Particles
(A) qPCR measurement of the viral RNA bound to cell surface after incubation in heparin.
(B) Visual representation of plaque binding assay. Top right is NT, Top left is 100U, Bottom left is 1000U
and Bottom right is 2000U.
(C) qPCR measurement of the viral RNA bound to cell surface after incubation in HS.
(D) Visual representation of plaque binding assay. Top right is NT, Top Left is 10µg, Bottom left is 100µg,
and Bottom right is 1000µg.
-*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p≤ 0.0001 using Student’s t test (n ≥ 3) comparing untreated cells
to DFMO treatment. Error bars represent ± 1 SEM. Statistical comparison were performed between
treated and untreated conditions.

Next, we considered that electrostatic interaction between CVB3 and HSPGs
facilitates their interaciton. To measure the sensitivity of CVB3 to HSPG sulfation we
measured virus replication in HSPG neutralized cells. HSPGs are essential
proteoglycans that cells use for a wide variety of functions so instead of removing the
HS side chains and decreasing cell growth and metabolism, we use a compound called
sodium chlorate. Sodium chlorate blocks enzymes that sulfate the proteoglycan (56).
This will keep the HS side chains on the cell surface but render it electrostatically inert
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since the sulfate groups carry negative charges implicated in virus attachment (59).
Previous studies showed that 50 mM chlorate is sufficient to block sulfation of HS side
chains; thus we pretreated Vero cells with increasing amounts of chlorate up to 100 mM
for 4 days and infected cells at a multiplicity of infection (MOI) of 0.01 plaque forming
units (PFU) with CVB3 (59). We observed a dose dependent decrease in viral titers
through 100 mM chlorate indicating that CVB3 replication requires HSPG sulfation
(Figure 8A). We also performed a time course to determine if chlorate treatment
resulted in a kinetic delay in replication. We pretreated cells with 100 mM chlorate and
infected with CVB3, taking samples at 0, 8, and 12 hpi and then every 12 hrs after for 3
days. Viral titers were reduced by 100-fold over the 3 days in chlorate treated cells
compared to controls (Figure 8B). As shown in the previous experiments, HSPGs are
important for the replication of CVB3; however, they are located on the cell surface. This
would suggest that HSPGs are useful in the initial step, binding. To test whether the
sulfation of HSPGs affects the binding of CVB3 we performed a binding assay. We
removed the media and placed the virus directly on top of the cells for 5 min, only
enough time for the viruses to bind. After we washed away any unbound viruses an
agarose plug was added onto the cells and, after 2 days and plaque development, we
stained the cells with crystal violet. We then quantified the virus bound by counting
plaques. We observed a decrease in viruses bound as the amount of chlorate
increased, suggesting that HSPG sulfation is required for efficient CVB3 binding,
specifically (Figure 8C & D).
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Figure 8. CVB3 Relies on HSPGs for its Attachment.
(A) Viral infection of CVB3 in Vero cells treated with increasing concentrations of chlorate.
(B) 96-hour time course of CVB3 infection in Vero cells treated with 100 mM chlorate vs NT cells. WT is
untreated cells.
(C) Quantification of viral plaque attachment assay. CVB3 binding on Vero cells treated with increasing
concentrations of chlorate.
(D) Visual representation of viral plaque attachment assay.
-*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p≤ 0.0001 using Student’s t test (n ≥ 3) comparing untreated cells
to DFMO treatment. Error bars represent ± 1 SEM. Statistical comparison were performed between
treated and untreated conditions.

VP3Q234R is Resistant to HS Neutralization
Because we observe that HSPG sulfation is required for CVB3 attachment, we
next investigated the specific mechanisms. Other viruses have been shown to use the
strong negative charges on the HS side chains to form non-specific electrostatic
interactions with the positive charged viral capsid/envelope proteins (54). CVB3
contains 4 viral proteins, and a previous study revealed a mutation on the VP3 capsid
protein when CVB3 was serially-passaged through cells treated with increasing
concentrations of DFMO, the drug that inhibits polyamine synthesis (28). The mutation
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changes the amino acid glutamine-234 to arginine-234 (Q234R) (28). To test whether
CVB3 uses non-specific electrostatic interaction with HS side chains to facilitate
infection we looked at the affinity of the VP3Q234R mutant to bind HS particles. We
incubated both WT and VP3Q234R virus with beads coated with heparin sepharose.
Previous studies found 1 mL of beads sufficient to observe interaction between virus
and heparin beads; thus we incubated WT and mutant CVB3 with 500 µL of heparin
sepharose beads (65). To measure bound virus, we measured CVB3 genomes that
cosedimented with the beads and we observed enhanced binding of the VP3Q234R
mutant towards the heparin coated beads (Figure 9A). To further test at the affinity of
the VP3Q234R mutant to bind HS particles we added heparin to the agarose overlay step
when performing a binding assay. We anticipated that the heparin would interact with
the virus and reduce the plaque sizes. Normally when a virus infects a cell it enters the
cell replicates and, in the case of CVB3, the virus progeny gets released from the cell
lytically. These viruses infect surrounding cells since they cannot migrate in the agarose
plug. We hypothesized that adding heparin to the agarose overlay would spatially
restrict the virus progeny, and therefore the plaque sizes would be smaller. We saw
that the VP3Q234R mutant plaque sizes shrunk 3.48X more than the WT virus (Figure
9B). Since the VP3Q234R mutant was created though serial passage in DFMO treated
cells, these data suggest that the mutant may overcome polyamine depletion by
enhancing attachment to HSPGs.
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Figure 9. VP3Q234R Binding Capabilities towards HS and HS-like Particles.
(A) qPCR measurement of viral RNA bound to heparin Sepharose beads after 4 hr incubation.
(B) Measurement of plaque sizes after addition of heparin to agarose overlay during a binding plaque
assay
-*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p≤ 0.0001 using Student’s t test (n ≥ 3) comparing untreated cells
to DFMO treatment. Error bars represent ± 1 SEM. Statistical comparison were performed between
treated and untreated conditions.

CVB3 VP3Q234R binds to the HS better than WT according to our prior results, but
it isn’t known if this enhanced binding capability is able to overcome the HS side chain
neutralization in chlorate treated cells. To test whether this VP3Q234R mutant was
resistant to HS neutralization we looked at the replication of WT and VP3Q234R virus in
chlorate treated cells. We measured viral titers over a timecourse, taking samples every
8 hours. We saw that the VP3Q234R mutant was resistant to HS neutralization (Figure
10B & C). Furthermore, when looking specifically at the binding differences between WT
and the VP3Q234R mutant in chlorate treated cells, we observed resistance towards HS
neutralization for the VP3Q234R virus while the WT virus binding was inhibited by
neutralization (Figure 10A). Together these results suggest that the VP3Q234R mutant
interacts with heparin and moreover with the sulfate groups of HSPGs stronger than WT
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CVB3.

Figure 10. VP3Q234R Infection doesn’t Rely on HSPGs.
(A) Vero cells were infected after treatment with chlorate and amount of virus bound was quantified using
plaque attachment assay.
(B) Vero cells were infected after treatment with chlorate and viral titer were quantified using plaque
assay.
(C) Vero cells were infected after treatment with chlorate and viral titers were quantified periodically
during a 72 hr time course. WT vs WT-Chlor contained p value ≤ 0.001 while VP3 vs VP3-Chlor was not
significant.
-*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p≤ 0.0001 using Student’s t test (n ≥ 3) comparing untreated cells
to DFMO treatment. Error bars represent ± 1 SEM. Statistical comparison were performed between
treated and untreated conditions for each virus separately. NS is not significant.

Polyamines Play a Role in Heparan Sulfate Synthesis.
The CVB3 VP3Q234R mutant was created through passaging CVB3 in cells
treated with increasing concentrations of DFMO (28). Since the WT virus doesn’t have
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this mutation, we hypothesize that polyamines might be necessary for the WT virus to
interact with the sulfate groups of HSPGs and facilitate its infection.
To investigate polyamines’ interaction with HS sulfate groups we looked at viral
infection in the absence of polyamines, in the neutralization of HS or when both
conditions occur simultaneously. We treated cells with either chlorate, DFMO or
chlorate and DFMO and infected cells with CVB3. We saw that when cells were treated
with either chlorate or DFMO, viral titers or the amount of virus bound to cells dropped
significantly (Figure 11A). When we treated the cells with chlorate and DFMO, the
reduction in viral titers or the amount of virus bound was lower than the viral titers or
viral binding of either DFMO or chlorate conditions.
We next hypothesized that polyamines may directly facilitate CVB3 attachment to
HS. We repeated the heparin sepharose pulldown experiment, adding polyamines prior
to sedimentation. We incubated our viruses in polyamines and heparin sepharose
beads for 4 hours and measured the amount of viral genome bound to the beads via
qPCR. We saw that significantly more WT CVB3 cosedimented with the HS sepharose
with polyamines added, but not to the same degree as CVB3 VP3Q234R indicating that
polyamines may interact with HSPG sulfate groups to facilitate viral attachment, which
is overcome via mutation of VP3 (Figure 11B).
To determine the extent to which polyamines impact HS side chains, we
considered the levels of GAGs on the cell surface. We performed a DMMB assay where
we measured the GAGs on the cells in chlorate treated and DFMO treated cells. We
saw that DFMO was able to reduce the number of GAGs on the cell surface at the same
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level that chlorate was able to reduce the GAGs. This suggests that polyamines may be
involved in some HS synthesis pathway (Figure 11C). However, there are five different
types of GAGs that are present on the cell surface and chlorate only affects one of the
GAGs, so to more specifically investigate HS, we used immunofluorescence. We pretreated cells with DFMO or chlorate for 4 days and stained for HSPGs on the cell
surface. We saw that cells treated with DFMO had a marked decrease in the levels of
HSPGs, almost to the same level as chlorate, indicating that polyamines may play a role
in HS side chain biosynthesis (Figure 12A-C). Interestingly, when we performed a Zstack analysis on the DFMO treated cells we saw that although there were fewer
HSPGs present on the cell surface there were pockets of HSPGs inside the cells,
suggesting that polyamines may affect the presentation of the HSPG onto the cell
surface.
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Figure 11. DFMO Reduces Cell Surface Heparan Sulfates.
(A) Vero cells were infected with CVB3 after treatment of chlorate, DFMO or chlorate and DFMO. Viral
titers were measured via plaque assay.
(B) qPCR measurement of viral RNA bound to heparan Sepharose beads after incubation with beads
alone (top graph) and with polyamines (bottom graph). IP is input, the total amount of virus incubated with
the beads, Ctrl is the protein A bead.
(C) Absorbance measurement of HSPGs on cell surface of Vero cells treated with Chlorate or DFMO.
Results normalized to untreated condition.
-*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p≤ 0.0001 using Student’s t test (n ≥ 3) comparing untreated cells
to DFMO treatment. Error bars represent ± 1 SEM. Statistical comparison were performed between
treated and untreated conditions.

We next wanted to investigate the specific mechanism for which polyamines
affect HS by looking at the gene expression of the main genes in HS side chain
biosysthesis. EXT1 and EXT2, which are the rate limiting enzymes, and the three main
modification genes: NDST, 2OST, and SULF2. We saw that all of the genes except
EXT1 were unaffected by a lack of polyamines (Figure 12D-H). EXT1 expression
increased with DFMO concentration indicating that polyamines may impact EXT1
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expression. To determine if this affected protein levels, we looked at EXT1 and EXT2 by
western blot. We were able to see that the EXT2 protein doesn’t change but the EXT1
expression increases dose dependently with polyamine depletion (Figure 12I & J). Both
the qPCR and western data indicate that polyamines enhance both the transcription and
translation of EXT1.
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Figure 12. DFMO Affects Biosynthesis of HS Side Chains.
(A-C) Vero cells were left untreated (A), treated with chlorate (B) or treated with DFMO (C) and stained for
HS on their cell surface. Immunofluorescence staining is green for Heparan Sulfates and blue for DAPI.
All images were viewed at the same magnification of 65x.
(D-H) qPCR measurements of HS biosynthesis genes after Vero cells treated with increasing
concentrations of DFMO. Genes: (D) - EXT1, (E) - EXT2, (F) – NDST1, (G) – 2OST, (H) – SULF2.
(I) Western Blot visuals of EXT1 (I) and EXT2 (J) expression in Vero cells treated with increasing
concentrations of DFMO. Re-stained blot towards Actin.
-*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p≤ 0.0001 using Student’s t test (n ≥ 3) comparing untreated cells
to DFMO treatment. Error bars represent ± 1 SEM. Statistical comparison were performed between
treated and untreated conditions.
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CVB3 Mutates in Response to Heparan Sulfate Side Chain Neutralization.
Viruses mutate, allowing them to evolve (2), and the way viruses evolve can
illuminate how they replicate. With this in mind, we next considered how CVB3 evolves
when HSPGs are neutralized. We initially hypothesized that we may observe the
VP3Q234R mutant upon serial passage in chlorate-treated cells. To test CVB3’s ability to
overcome HS side chain neutralization we passaged CVB3 in chlorate treated cells. At
the end of 15 passages, we sequenced the viruses and found six mutations in the VP1
protein of the chlorate mutant (Figure 13D). We next wanted to ensure that the mutant
virus was indeed resistant to HS neutralization, so we performed a chlorate sensitivity
assay. As the concentration of chlorate increased the mutant virus exhibited resistance
while the WT CVB3 virus exhibited decreases in viral titer, indicating that the passaged
virus was resistant to HS neutralization (Figure 13A). When we sequenced the
passaged viruses, we noticed that one mutation found was glutamine to arginine at the
264 position, Q264R, in the VP1 protein which is reminiscent of the VP3Q234R mutant
virus’ mutation. Both VP3 and VP1 are used in viral attachment (9). Previous results
showed that the VP3Q234R virus was resistant to HSPG neutralization as well as
polyamine depletion; thus we hypothesized that the chlorate-resistant mutant viruses
used a similar attachment mechanism as the VP3Q234R mutant and would be resistant to
polyamine depletion. To test this, we performed a DFMO sensitivity assay with the
chlorate passaged virus. We treated our cells with increasing concentrations of DFMO
and compared the amount of replication and binding between the passaged virus and
WT CVB3. We saw that both the chlorate passaged virus and the WT virus exhibited
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the same sensitivity to DFMO, indicating that the chlorate mutant is not resistant to
polyamine depletion and therefore must use a different attachment pathway than the
VP3Q234R mutant (Figure 13B & C).

Figure 13. CVB3 Evolves to Escape HSPG Neutralization
(A) Plaque quantification of the chlorate resistant mutant (labeled as C150) viral titers in cells treated with
increasing concentration of chlorate.
(B) Plaque quantification of the chlorate resistant mutant’s viral titers in cells treated with increasing
concentrations of DFMO
(C) Plaque quantification of the chlorate resistant mutant’s viral binding in cells treated with increasing
concentrations of DFMO
(D) Mutations in the VP1 genome that was found in the mutant virus population

CHAPTER 4: DISCUSSION
CVB3 relies on HSPGs to Facilitate its Attachment to Cells
Our goal was to determine how HSPGs function in CVB3 replication. Previous
studies showed that enveloped viruses such as HSV1 or SARS-CoV-2 use HSPGs to
facilitate entry and RNA viruses such as DENV rely on HSPGs for replication (25). We
hypothesized that a non-enveloped RNA virus, CVB3, would also rely on HSPGs to
facilitate attachment and replication. In fact, our data suggest that CVB3 relies on the
sulfation of HSPGs for replication. Furthermore, we saw that CVB3 infection was
delayed by 12 hrs when HSPGs were neutralized with chlorate. HSPGs may be a target
to prevent viral infection since all cells have an HSPGs and although they have different
sulfation patterns, viruses do not bind to specific HS; thus the neutralization of the
HSPGs may function to limit virus infection. In our studies we used sodium chlorate
(chlorate) to prevent the sulfation of the HSPG; however, heparanase enzymatically
cleaves the HS from its core protein and would serve to recapitulate our data. Further
studies should be done using heparanase to determine if the HSPGs as a whole and
not just their sulfate groups are necessary for CVB3 attachment. Our data show that
even with neutralization of the HS, some virus was able to bind, and this may be
because residual HSPGs are still on the surface. HSPGs primarily interact with other
molecules using their strong negative charge to form electrostatic interactions with
positively charged residues; however they can also form non-electrostatic interactions
35
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With molecules. CVB3 may be taking advantage of these interactions to locate the cell
surface and bind to the cell. Repeating this data with heparanase would provide a more
definitive answer.

Figure 14. Proposed Model of CVB3 Attachment as well as CVB3’s Escape
Mutants.
Viruses use polyamines to facilitate their interaction with HSPGs and attach to cells. Meanwhile, when
either polyamines or HSPGs are unavailable the virus can mutate to escape its reliance on said
molecules to gain attachment and produce a productive infection.

Polyamines Interacts with HSPGs as well as Affects Their Biosynthesis
Previous studies showed that CVB3 relies on polyamines for efficient infection
(28). The VP3Q234R mutant virus contains a mutation that relieves the virus from the
polyamine reliance. Our data showed that the VP3Q234R mutant was able to bind nearly
25x stronger to the heparin sepharose bead than the WT CVB3 virus. Since the main
difference between the VP3Q234R virus and WT virus is that the former doesn’t rely on
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polyamines, our data suggested that in order for WT to bind strongly to HS, polyamines
are needed, as shown in the working model (Figure 14). When we tested this
hypothesis, we saw that the binding of WT to the heparin sepharose beads rose when
the virus was incubated with polyamines. Additionally, if CVB3 uses an interaction
between polyamines and HS to facilitate infection, then when the polyamines are
depleted in conjunction with the neutralization of the HSPGs, CVB3 binding should be
inhibited more significantly than when compared to each depletion singularly. Our data
showed the combination of both conditions to have a significant decrease in both viral
titers when compared to each condition separately. Our data suggest that polyamines
are important to virus-HSPG interactions; however polyamines have many cellular roles
and they may influence CVB3 attachment to HSPGs through additional cellular
processes. One of polyamines’ main roles is to affect gene expression and protein
translation; thus we investigated whether polyamines affect HS biosynthesis. Our data
showed that when polyamines are depleted the gene responsible for EXT1 expression
is upregulated as well as its protein levels. While we were unable to fully investigate the
cause of this upregulation, we hypothesized that the depletion of polyamines prevented
the HSPGs from being presented onto the cell surface, a positive feedback loop
promoted additional EXT1 expression and translation. These data suggest that
polyamines affect CVB3 binding by directly interacting with HSPG, through their
electrostatic interactions, and indirectly, through the boisynthesis of HSPGs. Further
studies of polyamines’ role should focus on polyamines specific mechanism(s) of
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affecting HS synthesis. Unravelling this mechanism could provide a drug target to
prevent viral binding and infection.
Chlorate Escape Mutant Uses Separate Attachment Method than VP3 Mutant
Viruses mutate rapidly and mutations can bolster infection and preclude immune
detection. We showed that when the HSPGs are neutralized CVB3 escapes its reliance
on sulfated HSPGs via mutation of VP1. Based on our model, polyamines interact with
sulfated HSPGs to facilitate productive CVB3 attachment and infection and when the
HSPGs are neutralized CVB3 mutates to escape the reliance on HSPGs. When we
sequenced the population of mutated viruses, we found six consensus mutations,
suggesting that one or more of those mutations is required for CVB3 to escape. One of
the mutations changed a glutamine to an arginine at amino acid 264 in VP1. Not only
does this make the viral protein positive but a previous study looking at the effect
polyamines play in CVB3s infection created a CVB3 polyamine-depletion escape
mutant that had a glutamine to arginine change at amino acid 234 in VP3. Even though
the VP3Q234R mutant is on a different protein than the HSPG neutralization escape
mutant, both VP1 and VP3 are used specifically in attachment (9), suggesting that the
mutant we uncovered may bypass the lack of charge on the HSPGs in a similar manner
as the VP3Q234R mutant bypasses polyamine depletion in cells. We investigated whether
the HSPG neutralization escape mutant was able to bypass polyamine depletion, as we
hypothesized that this passaged virus may also be resistant to DFMO. However, our
data suggested that the passaged virus is not resistant to polyamine depletion. This
suggests the HSPG neutralization passaged virus and the VP3Q234R virus use two
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different methods for escaping their respective conditions and attaching on to the cells.
This led us to our working model as shown in Figure 14. In order to determine how
CVB3 is able to escape the HSPG neutralization we would generate mutant viruses with
specific mutations and test those viruses’ capabilities at attaching to cells in the
absence of sulfated HSPG.
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