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Insights into alpha-defensin modulation of non-enveloped viruses

Ciara Tipping Hu

Chair of the Supervisory Committee;
Jason G. Smith
Department of Microbiology

Alpha-defensins are small antimicrobial peptides that play a crucial role in innate
immunity across various mammalian species. Possessing broad antimicrobial
properties, they have neutralizing activity against bacteria and both enveloped and non-
enveloped viruses. These peptides are either constitutively secreted into the intestinal
lumen (enteric) or stored inside granules in neutrophils which subsequently fuse to
pathogen-carrying vesicles (myeloid). Despite the presence of defensins, some
pathogens can resist their antimicrobial effects or even exploit these antimicrobial
peptides to enhance their infection. Given the observed trend of many enteric
pathogens being resistant to or enhanced by enteric alpha-defensins, we hypothesized
that alpha-defensins can assert selective pressure on pathogens. To investigate this
hypothesis, | focused on two non-enveloped viruses: adenovirus and rotavirus.

Prior studies on adenoviruses identified the vertex proteins, fiber and penton
base, as being important determinants of defensin antiviral activity. Using a directed
evolution approach, a different major capsid protein, hexon, was identified as being an

additional determinant of defensin activity and a driver of defensin-mediated



enhancement. My infection and biochemical assays suggest that a balance between
increased cell binding and a downstream block in intracellular trafficking mediated by
defensin interactions with all the major capsid proteins dictates the outcome of infection.

Investigation into defensins’ effects and mechanisms of action on rotavirus are in
their infancy. We examined how defensins impact the infection of various rotavirus
strains, and we observed that rotaviruses were resistant to or enhanced by their host’s
enteric defensins. We also interrogated the potential role of myeloid and non-host
alpha-defensins as cross-species barriers and found that the outcome varied depending
on the specific rotavirus strain tested. To elucidate the proteins involved, we used
reassortant viruses, and identified the rotaviral spike protein, VP4, as a determinant for
defensin-mediated modulation of rotavirus infection. Subsequently, I investigated if
using a directed evolution approach, similar to that employed with adenovirus, would
provide greater insight into defensins’ ability to drive viral evolution. Moreover, | sought
to identify specific regions of the rotavirus virion that are targeted by defensin. | found
that rotavirus was able to evolve resistance to a previously neutralizing myeloid
defensin and that most of those mutations were in the spike protein. This reinforces the
significance of VP4 in determining defensins’ effect on rotavirus. Interestingly, despite
the emergence of defensin resistance mutations in the receptor binding pocket, | found
that defensin does not inhibit rotavirus binding to cells. Future investigations into entry
and trafficking may reveal that rotavirus neutralization by defensins follows a similar
overarching mechanism observed for other non-enveloped viruses. This mechanism
involves a-defensins disrupting proper trafficking of the virus by altering capsid

dynamics.
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Chapter 1: Introduction

Adenovirus

Pathogenesis: In humans, adenoviruses cause many diseases, ranging from fever,
respiratory illness, acute gastroenteritis, urinary tract infection, to conjunctivitis (pink
eye). Human adenoviruses (HAdVs) can be divided into seven species (A-G) and
encompass over 100 different genotypes?. The HAdVs used in this dissertation, HAdV-5
and HAdV-64, are of species C and D, respectively. HAdV-B, -C and -E are usually
associated with respiratory disease, and HAdV-A, -F and -G are associated with
gastroenteritis?. Of note, HAdVs, like species F types 40/41, are the third leading cause
of fatal diarrhea in infants and children <5 years of age 3. HAdV-B, -D, and -E can cause
conjunctivitis, with the HAdV-D species containing members (including HAdV-64)
causing highly contagious epidemic keratoconjunctivitis*. While most HAdV infections
are self-limiting, chronic ocular adenoviral infections can occur in immunocompromised
individuals®. Additionally, latent adenoviral infections can reactivate and be lethal in
immunocompromised individuals, with stem cell and organ transplant recipients at
particularly high risk®.

Adenovirus can be transmitted by the fecal-oral route, by aerosols, and by
fomites. Due to adenovirus being a non-enveloped virus, it can remain viable outside of
the host for many days and can withstand common disinfection agents such as ethanol.
People who live in close quarters, such as in military barracks, hospitals, and at schools
are at higher risk of infection. There are currently no FDA approved drugs specific to
adenovirus available, although cidofovir, which is a nucleotide analog that inhibits viral

DNA polymerases and is used to treat cytomegalovirus, has been used to treat



adenoviral infections as a last resort”8. Additionally, while recombinant adenovirus
vectors have been used for vaccines, the most notable examples being the Janssen
and the Oxford-AstraZeneca SARS-CoV-2 vaccines, there are no adenovirus specific
vaccines available to the public. The vaccines against HAdV-4 and -7 are replication
competent and only available for the United States military. The prevalence of HAdV
disease burden in combination with the lack of preventative and curative measures
highlights the importance of continued research into HAdV pathogenesis and

interactions with the host’s immune system.

Structure: Adenovirus is a non-enveloped virus with a linear double-stranded DNA
genome of approximately 35 kilobase pairs in HAdVs®. HAdVs encode for over 40
different proteins of which 13 are incorporated into the virion®°, The icosahedral AdV
capsid consists of three major proteins: hexon, penton base (PB), and fiber. Hexon
makes up the facets on the virion. Hexon trimers have a pseudo-hexagonal base and
the outer-facing “towers” contain long loops that are regions of hyper variation (hyper
variable regions; HVR). A pentamer of PB is at each of the twelve vertices. Fiber is
one of HAdVs’ viral attachment protein and is composed of three domains: the head (or
knob), shaft, and N-terminal tail. Trimeric fiber is non-covalently attached to the PB
pentamer, and the head and shaft protrude away from the rest of the virion. The AdV
capsid also has other minor capsid proteins - llla, VI, VIII, and IX - which are involved in

capsid assembly, stabilization, maturation and entry1%-1,



Major Capsid Proteins
. Hexon

Penton Base (PB)
W Fiber

Minor Capsid Protein
® Protein VI

Figure 1-1: Adenovirus structure.

A simplified diagram of a cross-section of an adenovirus. The facets are composed of
hexon, while the vertex contains penton base and fiber. Most of the minor and all the
core proteins are not displayed for simplicity’s sake. Note that the proteins are not
depicted to scale.

Cell binding, entry, and trafficking: Fiber mediates attachment to HAdVs’ primary
receptors. The different cellular tropism of the HAdV species, which is in part
determined by primary receptor expression, plays a role in determining their clinical
manifestation. Many HAdV species (A, C, most D, E, and F) use the Coxsackie and
Adenovirus Receptor (CAR) for attachment'?-4, HAdV-B serotypes use either CD46 or
DSG2 for attachment, and some HAdV-D use sialylated glycoproteins for attachment!>-
20, Hexon from HAdV-C has also been identified to be able to interact with a scavenger
receptor (SR-A6) on macrophage cells?-2°, Hexon can also bind to receptors via an
intermediary, for example coagulation factors IX and X can help HAdV-5 bind to

heparan sulfate proteoglycans on hepatocytes, and lactoferrin interaction with HAdV-5



hexon can increase cell binding and infection?6-31. Finally, the PB in all but HAdV-F
contains an RGD sequence, which is an integrin binding motif, in a variable loop that
allows the HAdVs to bind to av integrin coreceptors®2-34. The attachment to integrin
facilitates entry and internalization into a clathrin-coated endosomal compartment?®.

In the endosomes the vertex proteins, PB and fiber, disassociate from the
capsid®¢. Whether the disassociation is caused by the acidification of the endosome or
tension caused by the fiber being bound to its primary receptor while PB is bound to
integrin during membrane rearrangement is still an area of debate3”:3. The
disassociation of the vertex proteins allows the internalized protein VI to disrupt the
endosome and the rest of the virion to escape the endosome?®. Adenovirus then uses
the cell’s microtubule transport system to traffic the hexon-protected genome to the
nucleus?. The capsid docks at the nuclear pore complex through direct interactions with
hexon?°. Ubiquitination by Mib1 of protein V, which secures the AdV genome to the
capsid, as well as proteasome mediated disassembly of the capsid allows the genome

to then be imported into the nucleus for replication?!:42,



Rotavirus

Pathogenesis: Rotavirus is a fecal-oral pathogen and, despite the availability of
vaccines, remains one of the leading causes of severe gastroenteritis in young
children34344, In 2016, it was estimated that rotaviruses were responsible for over
200,000 deaths globally, and over half of those deaths were in children less than 5 years
of age3#4. Rotaviruses primarily infect mature enterocytes and enteroendocrine cells in
the small intestine. The death of the enterocytes due to rotaviral infection leads to villi
blunting, accelerated migration of immature enterocyte cells from the crypts, and an
overall loss of the absorptive capacity of the intestine*®. Additionally, rotavirus has an
enterotoxin, non-structural protein 4 (NSP4), that causes calcium ion dysregulation
leading to increased fluid secretion*6-48, Currently, there is no specific curative treatment
for rotavirus. Moreover, the mortality of rotavirus is disproportionally higher in low-income
countries, in part due to malnutrition and reduced access to hydration therapy, but also
due to the circulation of rarer serotypes and possible co-morbidities caused by other
gastrointestinal pathogens. In addition to humans, rotaviruses can infect a large range of
animals and cross-species reassortants are increasingly being recovered*®-%!, but the
barriers that prevent cross-species transmission are not completely known.

There are nine species or groups of rotavirus (A-D, F-J) that infect a broad range
of animals and pose a concern for both human health and agriculture®. These groups
are assigned based on the antigenic properties of the viral protein 6 (VP6), which is part
of the rotaviral capsid. In humans, group A rotaviruses (RVA) are, by far, the most
epidemiologically relevant, however groups B, C, and H also infect humans. RVA have

been further divided based on the constellation of the 11 segments of double-stranded



RNA genome the virus contains®3. Each gene segment is assigned a letter and then given
a number based on sequence identity. Most viruses are referred to by their G and P type,
which correspond to the glycoprotein that covers the majority of the outer layer of the
virion surface (VP7), and the protease sensitive spike protein (VP4), respectively. The
most common G genotypes in humans are: G1, G2, G3, G4, G9, G12; and the most
common P genotypes are: P[4], P[6] and P[8]°'°* Two major genogroups, Wa-like
(usually G1P[8]) and DS-1-like (usually G2P[4]), together account for ~90% of circulating
strains®>%. Changes in the distribution of circulating RVA as well as limitations to

reassortment are not fully understood.

Structure: The rotavirus capsid consists of three concentric layers of protein®’:%8. VP2
forms the innermost layer, and it encapsulates the 11 segments of double-stranded RNA
which are bound to the viral RNA-dependent RNA-polymerase (VP1) and the capping
enzyme (VP3). The middle-layer is formed by trimers of VP6 that interact with VP2. This
VP6 coated particle is also known as the double layered particle (DLP). The outer most
layer, which makes rotavirus a triple layered particle (TLP), is composed of the protease
sensitive spike protein (VP4) and calcium ion-stabilized trimers of the glycoprotein (VP7)>°
(Fig. 1-2). The N-terminal arms of the VP7 trimer grip the VP6 trimer below, and this grip
is the main interaction between VP7 and VP60, VP7 association with VP6 also helps lock
the spike protein (VP4) into place®. The maturation of the TLP into an infectious particle
relies on tryptic cleavage of VP4 into VP5* and VP8*6263, An asymmetric trimer of VP5*

makes up the foot and the stalk of the spike while a dimer of VP8* forms the head. VP8*



has lectin properties and is involved in viral attachment to its receptor, which is often a

glycanit4,
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Figure 1-2 Rotavirus structure. A triple-layered rotavirus particle (TLP) and double-
layered rotavirus particle (DLP) rendering from cryo-electron microscopy (PDB: 4V7Q and
3KZ4)81.65, Viral protein locations are indicated on the cross section of the TLP, with VP1
and VP3 modeled into the structure. Upon calcium loss, the rotavirus uncoats and loses
VP7 and VP4 (VP5*+VP8%*), revealing the DLP. Figure modified from Courtney P. Long
and Sarah M. McDonald with permission®®.

Cell binding, entry, and trafficking: Rotavirus entry is complex and still an active area
of research. VP4 determines both the receptor the virus attaches to as well as the entry
pathway®’. Many animal rotaviruses, like rhesus rotavirus (RRV) and simian rotavirus
SA11, use VP8* to bind to terminal sialic acids®®. However other rotaviruses can use sub-
terminal sialic acids for attachment and others still, like the human strains, can use histo-

blood group antigens (HBGA) as their primary receptor. Additionally, some RV strains

can interact with hsc70 and/or integrin as post-attachment receptors using VP5*6%-73,



VP8*'s attachment to the receptor exposes VP5*'s hydrophobic loops located just below
VP8*. This exposure helps drive the transition of VP5* into its membrane penetrating
reverse conformation’.

With the only known exception being RRV, most rotaviral strains, including SA11
and the human strains DS-1 and Wa, enter through clathrin-dependent endocytosis”:’®.
RRYV instead is internalized in a caveolin- and clathrin-independent manner’”-’8, The
endocytosis of all rotaviral strains studied thus far depend on dynamin and the presence
of cholesterol on the membrane. In the early endosomes, the loss of Ca?* can lead to the
disassociation of the VP7 trimers and viral uncoating to the transcriptionally active DLP,
although transcription does not occur until the virus has escaped the endosome and
reached the cytoplasm’®-82, The timing of the virion’s escape from the endosomal
pathway varies by strain.

Rotaviruses go through the early endosomes in MA104 cells, but then the
subsequent escape from maturing endosomes or late endosomes is strain dependent.
As endosomes mature, the vesicle undergoes changes in pH and Ca?* concentration as
well as the addition and removal of various proteins including the Rab GTPases; Rab5,
Rab7, and Rab9. RRV and SA11 exit the endosomal network from maturing endosomes,
while the human strains Wa and DS-1 exit from late endosomes®!. Interestingly, one
mutation in RRV VP4-K187R, which allows RRYV to infect in the absence of terminal sialic
acid, changes the viral escape from early endosomes to late endosomes®84, The
dependence on and interaction of certain endosomal markers and endosomal conditions

for triggering different rotaviral strains’ escape is still not fully understood.



Most entry studies have used MA104 cells, however a different entry pathway was
observed for RRV in BSC-1 cells®®. Upon receptor interaction, RRV was wrapped in a
tight-fiting membrane, the invagination of which was independent of dynamin and
clathrin. The engulfed RRV was able to uncoat, and the DLP was able to be released into
the cytosol. This whole entry process was much faster than what has been observed in
MA104 cells®. Whether this method of entry is applicable to other rotaviral strains and
used in other cell lines has yet to be investigated.

Replication and assembly occur in a viroplasm that is formed by NSP2 and NSP5
in the cytoplasm?®’. During assembly, reassortment of gene segments from rotavirus co-
infections can give rise to progeny with mixed genomic compositions. Reassortment
contributes to rotaviral evolution, with a constraint being that certain gene constellations

tend to be favoreds8:8°,
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Defensins

To face and manage the onslaught of pathogens, organisms have developed ways
to defend themselves. Antimicrobial peptides, like defensins, can have a broad range of
activity and thus are an important part of innate immunity for many organisms®-%2,
Defensins can be found in plants, fungi, invertebrates, and vertebrates. They are
generally small (18-45 amino acids), cationic, and amphipathic peptides that are broadly
antimicrobial. In mammals, defensins can be separated into three classes; a, 3, and 6,
based on the disulfide bond linkages of six cysteines®3. a-defensins have the linkages
C1-C6, C2-C4, C3-C5; and B-defensins the linkages C1-C5, C2-C4, C3-C6. 6-defensins
are made from two 9-amino acid peptides that are cyclized and have ladder-like linkage
of C1-C6, C2-C5, C3-C4%%,

Despite sequence variability and different disulfide bond linkages, a- and -
defensins have similar structures. They contain three beta-sheets that have trans-
oriented disulfide bonds stabilizing the structure, with some B-defensins having an
additional N-terminal alpha-helix®®. In addition to the six invariant cysteine residues, there
are a few more residues that are imperative to the structure and function of a-defensins.
a-defensins have a salt bridge between an arginine and glutamic acid that is necessary
for proteolytic resistance®:%, There is also one invariant glycine that is important for
proper defensin folding as itis in a “B-bulge” °°1%, Finally, dimerization of a-defensins via
hydrogen bonding between the second B-strands is also very important for their
function01-103,

a-defensins can be further divided into enteric and myeloid defensins based on

their expression pattern and gene organization. Myeloid a-defensins were the first
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defensins discovered and were originally isolated from rabbit alveolar macrophages4-
106 Myeloid a-defensins are expressed by neutrophils and are stored in granules which
can either be fused with phagolysosomes or secreted during the formation of neutrophil
extracellular traps®’. Human neutrophils are estimated to contain 10 mg/ml (=3 mM)
myeloid a-defensins, with the azurophil granules containing a higher local
concentration!%8199 Enteric a-defensins, on the other hand, are constitutively secreted by
Paneth cells into the crypts of the small intestine and are also secreted in both the female
and male genitourinary tract. Human enteric defensin 5 (HD5) and mouse enteric a-
defensin concentrations have been estimated to reach low millimolar concentrations in
the lumen of the small intestine, with higher concentrations present in the mucus
layer'®11l Humans and rhesus macaques have both enteric and myeloid a-defensins,
while mice only have enteric a-defensins (cryptins)®®!'2. Humans have four myeloid a-
defensins [human neutrophil peptide 1-4 (HNP1-4)] and two enteric a-defensins [human
defensin 5 and 6 (HD5 and HD6)]*13.

B-defensins are ancestral to a-defensins and more widely distributed between
species®:113, B-defensins can be found in both monomeric and oligomeric forms, and their
expression can be transcriptionally regulated with upregulation during infection via TLR
signaling®*3. The human genome encodes around 39 B-defensins, but only a fraction of
them have been studied''4. B-defensins are expressed by mucosal epithelial cells in the
gastrointestinal, genitourinary, and respiratory tracts and are important for protecting the
skin and mucous membranes. Additionally, a subset of B-defensins are only expressed

in the male reproductive tract and could be involved in sperm maturation!'4,
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B-defensins are thought to have emerged from a-defensins when primates
separated from other mammals, as 6-defensins are only found in orangutans and some
Old World monkeys like baboons and the rhesus macaque!'>'6, Humans have ©-
defensin pseudogenes that have a premature stop codon in the signal peptide that
prevents translation. Peptides have been synthetically produced from human 6-defensin
pseudogenes (retrocyclins) and their ability to inhibit HIV has been investigated!'”8,

Defensin binding is not constrained to distinct epitopes like antibodies, instead they
bind selectively to many different ligands'®. This allows defensins to be both antiviral and
antibacterial®®. Initial defensin studies focused on their bactericidal properties. These
studies revealed that defensins disrupt and depolarize the bacterial membrane!20121,
Concurrently, enveloped viruses, like herpes simplex virus (HSV), were shown to be
inhibited by a-defensins, while non-enveloped viruses, such as echovirus and reovirus,
were not inhibited!%®122, This bolstered the belief that membrane disruption was the
inhibitory mechanism. However, further research showed that while defensin-mediated
membrane disruption can inhibit some enveloped viruses, like respiratory syncytial virus,
most enveloped viruses are inhibited by other mechanisms'?3-125, Although there are
numerous examples of bacterial species and enveloped viruses that can be potently
inhibited by a-, B-, and 06-defensins, only a-defensins have been shown to alter non-
enveloped viral infections!®®113126 Thus far, some members of Adenoviridae,
Papillomaviridae, Parvoviridae, and Polyomaviridae have been shown to be neutralized
by a-defensins?-135, From my thesis work, we can now add Reoviridae to the list of non-
enveloped viruses that contain members that are sensitive to neutralization by a-

defensins.
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Antiviral Mechanisms of Defensins: There are many steps throughout viral entry where
defensins can directly interact with and inhibit the virus. The first step, viral attachment,
can be inhibited by defensins binding to the viral attachment protein or the viral receptor.
For example, the viral glycoproteins of HSV-1&2 and its cellular receptor, heparan sulfate,
can be bound by some a- and 6-defensins to hinder cellular attachment36.137,

Another way defensins can neutralize viruses is through viral aggregation.
Aggregation may occur when defensins neutralize charge-based repulsion of viral
capsids, or because oligomerized defensins can bind multiple viruses. The non-
enveloped virus, BK polyomavirus, aggregates when treated with HD5. This aggregation
blocks attachment and entry into the cell*3!, Aggregation could also reduce total viral titers
because aggregated viruses would enter a single cell, instead of the multiple cells had
the viruses been dispersed. However, defensin-mediated aggregation does not
guarantee inhibition. For example, defensins can aggregate AdV, but this aggregation is
neither sufficient nor necessary to inhibit infection3,

After attachment, the viral genome must cross the host’s membrane to initiate
infection. Enveloped viruses accomplish this by fusing their membrane to the host's
membrane. Defensins can inhibit this process by binding and crosslinking the fusion
machinery. This prevents critical conformational changes necessary for fusion. HIV and
influenza A virus (IAV) are two examples of enveloped viruses where defensins can inhibit
the fusion process by crosslinking either viral glycoproteins or host glycoproteins38-140,
While non-enveloped viruses do not fuse with the host membrane, they still need to
penetrate the membrane. For many non-enveloped viruses, membrane penetration

requires “uncoating” of the viral capsid. For example, AdV's endosomal escape relies on
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the vertex proteins disassociating, which allows for the release of the membrane lytic
protein VI*°. HD5 inhibits AdV by stabilizing the capsid and preventing the release of the
vertex proteins, and as a result, protein V| 128134141142 This eventually causes the virus
to be trafficked to the lysosome where it is degraded. Similarly for HPV, HD5 blocks the
complete separation of L1 from the genome and hinders furin-mediated cleavage of L2,
resulting in HPV being redirected to the lysosome?!?®143135 Finally, HD5-mediated
neutralization of JC polyomavirus also follows the trend of capsid stabilization followed by
improper trafficking*32.

Lastly, defensins can have indirect antiviral activity. They can bind to the host cell
and modulate expression of receptors and proteins that are important for viral infection.
For example, HNP1 inhibits protein kinase C (PKC). PKC activation is essential for some
viruses, like 1AV and HIV, and therefore its inhibition by HNP1 results in the inhibition of
those viruses'#4145, Additionally, defensins can function as chemokines and attract
immune cells#®147, This immunomodulatory effect may have a big influence on viral
pathogenesis in vivo.

Pro-viral Effects of Defensins: Despite defensins’ great breadth of anti-microbial
properties, many pathogens can successfully infect in their replicative niche even in the
presence of defensins. In this regard, enteric pathogens such as adenovirus and rotavirus
are of particular interest for me. Some viruses can even appropriate a-defensins to
enhance their infection. For example, in contrast to the antiviral effect human myeloid a-
defensins have on HIV-1, HD5 and HD6 enhance HIV infection by increasing attachment
to cells*®14% AdVs can exhibit varying responses to enteric a-defensins depending on

their serotypes. Respiratory HAdVs are generally neutralized by HD5, in contrast, enteric
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HAdVs are either enhanced by or resistant to HD5141.150-152 | jkewise, the more pantropic
mouse AdV serotype 1 is neutralized by mouse enteric a-defensins'®3, while the fecal-
orally transmitted mouse AdVs serotype 2 is enhanced!®*. Given that enteric a-defensins
are constitutively secreted in the small intestine, it is likely that fecal-orally transmitted
pathogens have evolved mechanisms to either resist or co-opt enteric a-defensins.
Moreover, the microbial communities within the gastrointestinal tract are shaped by their
differential susceptibility to enteric a-defensins'®>-157, Supporting this hypothesis, rather
than kill the enteric bacterial pathogen Shigella, HD5 actually promotes its cell binding
and facilitates infection!®8159, These observations suggest that defensin-driven evolution
of enteric microbes is a common cross-kingdom occurrence.

In the following chapters the in vitro evolution of HAdVs and monkey rotaviruses
under a-defensin selective pressure will be explained in greater detail. These directed
evolution approaches identified proteins involved in defensin-mediated resistance and
enhancement. My investigation into defensins’ modulation of these viruses points to
increased cellular binding, like what has been described for HIV and Shigella spp., as a

possible mechanism of enhancement.
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Chapter 2:
Defensin-driven adenovirus evolution®

Introduction

Despite their broad antimicrobial activity, a-defensins are not able to inhibit all non-
enveloped viruses. Echovirus, reovirus, and some adenoviruses (AdVs) from both
humans and mice are resistant to a-defensin inhibition 198.141.150.154 "However, assigning
resistance or sensitivity to a-defensins cannot be broadly applied across all members of
each viral family. For example, human AdV (HAdV) infection can either be neutralized by,
resistant to, or enhanced by human enteric a-defensin 5 (HD5), depending on serotype
141 Thus, the naturally occurring diversity of HAdVs is an appealing substrate to identify
viral determinants for neutralization and enhancement by defensins.

The icosahedral AdV capsid consists of three major proteins: hexon, penton base
(PB), and fiber. A rational design approach identified the vertex proteins, fiber and PB, as
determinants of HD5 neutralization 141, To better delineate neutralization determinants in
PB, a series of chimeric viruses were generated using the HD5-neutralized HAdV-5 as a
backbone with portions of PB swapped with the corresponding residues from the HD5-
enhanced HAdV-64. These constructs also contain a DTET to GYAR mutation in the N-
terminal region of fiber, which acts in concert with changes in PB to ablate HD5-
dependent neutralization!*!. Infection by a chimera containing the entire HAdV-64 PB was
moderately enhanced 2- to 3-fold when incubated with 5 uM or 10 uM HD5 when
compared to HAdV-5. If C-terminal residues 288 to 571 of PB are from HAdV-5, then the

virus is neutralized by HDS. If they are from HAdV-64 (C4 Vertex Chimera), then infection

* Adapted from Diaz K, Hu CT, Sul Y, Bromme BA, Myers ND, Skorohodova KV, Gounder AP, and Smith JG.
(2020) Defensin-driven viral evolution. PLOS Pathogens 16(11): €1009018.
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is not neutralized but enhanced. Although not exhaustive, additional chimeras were
created to probe the contribution of specific variable sequences within the C-terminal half
of PB to HD5-dependent neutralization. Collectively, this analysis suggests that complete
neutralization of HAdV-5 by HD5 reflects the additive effects of multiple residues in PB.
Nonetheless, nature can create many different solutions to overcome defensin-
mediated neutralization. The naturally occurring diversity of HAdVs and other
microorganisms’ sensitivity to defensins could be due to evolutionary pressure imposed
by enteric a-defensins during fecal-oral transmission. To directly test the ability of enteric
a-defensins to drive viral evolution and to test if the vertex proteins are the sole
determinants of defensin neutralization, a previously described HAdV-5-based “mutator”
vector®® was passaged under the selective pressure of HD5. Over 50 passages, the HD5
ICo0 used for selection increased 7-fold from ~2.5 uyM to ~17.5 pM. Both the initial
inoculum and the passaged control samples contained only low frequency (<1%)
mutations. In contrast, there were numerous mutations across the viral genome that
exceeded 1% frequency in the HD5 selected samples. Of note, two mutations in hexon
(I1114K and E154K) and a mutation in the hexon chaperone protein, L4-100K (G745D),
were fixed by the 15" round of selection, with a third mutation in hexon (E424K) trending
towards fixation in passage 50. Each of the hexon mutations introduced positive charge
in one of two hypervariable regions (HVRs), HVR1 (1144K and E154K) or HVR7 (E424K),
located on the outer face of hexon; therefore, their contribution to HD5 resistance was
focused on. The presence of all three hexon mutations resulted in a ~3-fold increase in
ICs0 from the starting population. Viruses engineered with the two mutations in HVR1 but

without the mutation in L4-100K was just as resistant to HD5 as viruses with all three
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hexon mutations and L4-100K. Taken together, these results indicate an important role
for HVR1 and HVR7 in sensitivity of HAdV-5 to neutralization by HD5.

To further explore the potential importance of HVR1 and HVR7 for HD5
interactions, chimeric viruses at these regions between HAdV-5 and HAdV-64 were
created. Although virus from genomic constructs containing HAdV-64 HVR1 and HVR7
in the HAdV-5 background was recoverable, the reverse chimeras were not. Placing
HAdV-64 HVR1 into HAdV-5 (Hexon HVR1 Chimera) increased the HD5 ICso of the virus
~5-fold over HAdV-5, which was also significantly higher than the HD5 ICso of the pool of
viruses from round 50 of the selection. In contrast, placing the HAdV-64 HVR7 into HAdV-
5 had no effect. Replacing both HVR1 and HVR7 in HAdV-5 resulted in an intermediate
phenotype compared to the single HVR changes. Overall, these studies identify HVR1 as
a novel determinant for HAdV-5 neutralization by HD5.

While differing in some respects between viruses, a conserved mechanism by
which non-enveloped viruses are neutralized by a-defensins has emerged. In essence,
stabilization of the capsid by a-defensin binding leads to changes in uncoating and
intracellular trafficking, thereby preventing the genome from reaching the nucleus to
initiate replication93.113.128,129,132,134,135,141,161,162 * For enhancement, defensin-mediated
receptor-independent binding to the cell surface leading to increased infection has been
observed for HIV-1, some AdVs, and Shigellal®415%.163, However, disruption of the
epithelial barrier or promoting internalization are still possible mechanism of
enhancement®, With the interrogation of PB residues and identification of the hexon

HVRs that are determinants of neutralization, we sought to better understand the
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mechanism behind HD5-mediated neutralization of HAdV and gain insight into its
mechanism of enhancement.

Rational design and directed evolution implicated different major capsid proteins
as HD5 neutralization determinants, PB/fiber and hexon, respectively. However, the order
of addition of virus and defensin to the cells differed between the two approaches.
Therefore, this discrepancy could illuminate how defensins interact with those proteins to
modulate infection. The HD5 ICso for key viruses was determined by either pre-incubating
virus with HD5 and then adding this mixture to cells, as in the assessment of PB chimeric
viruses (protocol 1), or by adding the defensin to virus pre-bound to cells, as in the
selection for HD5-resistance (protocol 2). The phenotypes of HAdV-5 (Fig. 2-1 A), the
directed evolution round 50 pool (Fig. 2-1 B), and hexon HVR1 chimera (Fig. 2-1 C) were
largely protocol-independent. The only difference in the phenotype of HAdV-64 (Fig. 2-1
D) was enhancement in protocol 1 compared to resistance in protocol 2. In contrast, the
phenotype of the C4 vertex chimera was dramatically protocol-dependent (Fig. 2-1 E),
demonstrating that cell binding can alter HD5 sensitivity.

An additional construct combining the changes from the hexon HVR1 and C4
vertex chimeras was created and tested. In both protocols, the hexon HVR1/C4 vertex
chimera exhibited an intermediate phenotype. In protocol 1, it was resistant to
neutralization by HD5 at all concentrations but not enhanced (Fig. 2-1 F). In protocol 2, it
was ~3-fold more HDS5-resistant than the C4 vertex chimera but ~2-fold more HD5-
sensitive than the hexon HVR1 chimera. Thus, both hexon HVR1 and the vertex are
important determinants of viral infectivity in the presence of HD5, but they appear to have

additive rather than synergistic effects.
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Figure 2-1. Hexon and vertex play different roles during virus-defensin
interactions. Purified (A) HAdV-5, (B) virus expanded from round 50 of selection, (C)
hexon HVR1 chimera, (D) HAdV-64, (E) C4 vertex chimera and (F) hexon HVR1/C4
vertex chimera were either incubated with HD5 and then added to A549 cells (protocol 1
—black) or bound to A549 cells prior to HD5 addition (protocol 2 —pink). Data are the
mean of 3 to 11 independent experiments £ SD. Results of two-way ANOVA with
Sidak’s multiple comparisons at each HD5 concentration are indicated by asterisks.
Data generated by Karina Diaz.
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A possible mechanism to avoid neutralization by defensins could be that resistant
and/or enhanced viruses bind fewer defensin molecules. Based on previous studies
demonstrating a direct interaction between HD5 and HAdV103128.141164 the average
number of HD5 molecules bound to the capsid of each virus was quantified. At a
concentration of 20 uM, HD5 binds at a high molar ratio to HAdV-5 (7090 +/- 1550
molecules of HD5 per HAdV-5 virion), as shown previously'#, and ~83-fold less to HAdV-
64. Interestingly, the C4 vertex chimera bound ~2.3-fold more HD5 than HAdV-5 did,
while the hexon HVR1 chimera bound ~5-fold less. Finally, HD5 bound to the combined
hexon HVR1/C4 vertex chimera at the same levels as HAdV-5. At lower concentrations
(5 uM and 10 pM), HD5 binding to HAdV-5, C4 vertex chimera, and hexon HVR1/C4
vertex chimera was equivalent. Thus, changes in both hexon and the vertex proteins alter
the stoichiometry of the HD5-capsid interaction, and the amount of defensin bound to the
virion cannot predict the infectivity phenotype.

Results
HD5 binding to the viral capsid increases AdV binding to cells

One possible mechanism for enhanced infection in protocol 1 is an HD5-
dependent increase in binding of HAdV to cells, which we have previously demonstrated
for HAdV-5103141, To test this hypothesis, | quantified the amount of Alexa Fluor 488
(AF488)-labeled virus bound to cells after pre-incubation with HD5 (Fig. 2-2). As
expected, | observed a 1.4- to 2.1-fold increase in HAdV-5 binding to cells that was HD5
dose-dependent. Despite varying levels of HD5 bound to each genotype and regardless
of the ultimate effect of HD5 on infection (Fig. 1-1), HD5 enhanced binding of all

genotypes to cells to a similar extent. These results are consistent with a model in which
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HAdV binding to cells is enhanced by HD5, which results in enhanced infection if the virus

is not blocked at a downstream step.
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Figure 2-2. HD5 increases the binding of viruses to cells regardless of infection
phenotype. AF488-labeled HAdV-5, HAdV-64, and chimeric viruses were incubated
with or without HD5 and then allowed to bind to A549 cells in the cold (as in Fig 4,
protocol 1). Data are the fold change in geometric mean fluorescence (GMF) of cells
bound by the respective labeled virus incubated with the indicated HD5 concentrations
relative to no HD5 for each virus. Each point is an independent experiment, and bars
are the mean = SD of 3—4 independent experiments. Differences between each
genotype and HAdV-5 at each HD5 concentration are not significant by ordinary two-
way ANOVA with Dunnett’'s multiple comparison test. Flow cytometry data was collected
by Jason G. Smith.
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The composition of both hexon HVR1 and the vertex proteins influence fiber
stability upon HD5 binding

Our prior studies are consistent with a mechanism in which HD5 neutralizes HAdV-
5 by stabilizing the capsid and preventing shedding of the vertex proteins??®141, Thus,
capsid changes could impact the thermostability of the virus in the presence or absence
of HD5. | examined this property at pH 7.4 to approximate the neutral pH of the intestinal
lumen where HD5 is most abundantly expressed. | first determined the temperature at
which 50% of fiber dissociates from the viral capsid (Tm) in the absence of HD5. As
expected, all viruses remained intact at 44°C, and fiber was completely dissociated at
50°C (Figs. 2-3 A and 2-3 B). The Tm of the hexon HVR1 chimera was identical to that of
HAdV-5 (46°C), while the Tms of the C4 vertex and hexon HVR1/C4 vertex chimeras
were similar to each other and warmer than that of HAdV-5 by ~2°C. Thus, amino acid
changes in the C4 vertex stabilize the fiber-capsid interaction, while amino acid changes
in hexon HVR1 have no effect. | then tested the effect of HD5 on fiber dissociation, when
samples were heated to 2°C above the Tm to assure full fiber dissociation in the absence
of HD5. Despite their different infection phenotypes and HD5 binding capacities, the fiber
of each of these viruses was fully capsid-associated upon incubation with 20 uM HD5
(Fig. 2-3 C). HAdV-5 and C4 vertex chimera fibers were 50% capsid-associated at 5 uM
HD5 and had identical HD5-dependent dissociation profiles. The hexon HVR1/C4 vertex
chimera required a 2-fold lower HD5 concentration than HAdV-5 to be 50% capsid-
associated and was significantly more stabilized than HAdV-5 at both 2.5 uM and 5 puM
HDS5. In contrast, the hexon HVR1 chimera required at least a 2-fold higher HD5

concentration than HAdV-5 to be 50% stabilized. Overall, the composition of both HVR1
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and the vertex influence HD5-mediated fiber stabilization; however, the phenotype of the

combination does not mirror the individual contributions of each capsid component.
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Figure 2-3. Fiber thermostability does not correlate with infection phenotype.
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Fig. 2-3 (continued): The percent of fiber that remains capsid associated was
determined (A) as a function of temperature in the absence of HD5 or (C) as a function
of HD5 concentration for HAdV-5 (black) and hexon HVR1 chimera (red) at 48°C and
for C4 vertex chimera (blue) and hexon HVR1/C4 vertex chimera (purple) at 49.3°C. (B)
Representative immunoblots from the temperature gradients of hexon HVR1 and hexon
HVR1/C4 vertex chimeras are shown. In (A) each point and line is an individual
replicate. In (C), each point is the mean £ SD of 3 independent experiments, and the
results of two-way ANOVA with Dunnett’'s multiple comparisons to HAdV-5 are denoted
by asterisks.

Neutralization correlates with altered intracellular trafficking

Since the thermostability data do not correlate with infectivity phenotypes, | sought
to determine if the mechanism of neutralization seen in protocol 2 agrees with a model
whereby HD5 blocks uncoating, alters intracellular trafficking, and prevents the virus from
reaching the nucleus. To study the effect of HD5 on intracellular trafficking, | used AF488-
labeled viruses and followed protocol 2, binding the virus to cells prior to addition of
defensin. At 2 h post-infection (p.i.), samples were stained for LAMP1 to visualize
lysosomes and with DAPI to visualize the nucleus, imaged, and analyzed for object-based
colocalization. In the absence of HD5, less than 80% of the C4 vertex and hexon
HVR1/C4 vertex chimeras reached the nucleus by 2 h p.i. (Figs. 2-4 B and 2-4 D), which
is in contrast to >90% nuclear colocalization for HAdV-5 and the hexon HVR1 chimera
(Figs. 2-4 A and 2-4 C). Therefore, the C4 vertex and hexon HVR1/C4 vertex chimeras
were also examined at 6 h p.i. to account for the slower kinetics of these viruses compared
to HAdV-5, which could be a consequence of their higher inherent stability (Fig. 2-3 A).

Overall, subcellular localization correlated with infection phenotype. Consistent
with HD5-mediated neutralization in protocol 2 of Fig. 2-1, nuclear colocalization of HAdV-
5, the C4 vertex chimera, and the hexon HVR1/C4 vertex chimera were all significantly

reduced by HD5 (Figs. 2-4 A, 2-4 B, and 2-4 D). These genotypes generally appeared as
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a cluster of peri-nuclear virus in the presence of HD5 (Fig. 2-4 E). However, the hexon
HVR1 chimera, which is resistant to HD5 (Fig. 2-1 C), had little change in nuclear
colocalization in the presence of HD5 (Fig. 2-4 C). Moreover, virions were evenly
distributed across the nucleus even in the presence of HD5 (Fig. 2-4 E). The effect of
HD5 on lysosomal colocalization was not as extensive for HAdV-5 as in prior studies 128
and varied little between genotypes, likely due to the use of epifluorescence versus
confocal microscopy. Nonetheless, the intracellular trafficking of HAdV-5 and the chimeric
viruses inhibited by HD5 in protocol 2 (Fig. 2-4 and 1°3134) is perturbed in a manner similar
to that of our prior studies of HAdV-5 following protocol 1128, resulting in an inability of

internalized viruses to reach the nucleus.
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Figure 2-4. HD5 neutralization correlates with a reduction in nuclear localization.
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Fig. 2-4 (continued): AF488-labeled HAdV-5 (A), C4 vertex (B), hexon HVR1 (C), and
hexon HVR1/C4 vertex (D) were bound to A549 cells in the cold and then incubated
with (shaded plots) or without (unshaded plots) 10 uM HD5 (as in Fig 2-1, protocol 2).
Cells were then warmed to 37°C and fixed at the indicated times post-infection (p.i.).
Images obtained by epifluorescence microscopy were analyzed for percent
colocalization of the virus with the nucleus (DAPI, blue) or lysosome (LAMP1, red) on a
per cell basis. Violin plots marked with the median value (dashed lines) and interquartile
ranges (dotted lines) for 23 to 106 cells for each of four independent experimental
replicates are shown. The difference in mean colocalization of virus with the nucleus
and with lysosomes in the presence and absence of HD5 was calculated for each
replicate for each genotype. For the C4 vertex and hexon HVR1/C4 vertex chimeras,
only data from 6 h p.i. was used. The calculated values for each chimera were then
compared to HAdV-5 by ordinary ANOVA with Sidak’s multiple comparisons test. All
comparisons are not significant except for hexon HVR1 nuclear colocalization, where p
= 0.0014. (E) Representative images of cells at 2 h p.i. (HAdV-5 and hexon HVR1
chimera) or 6 h p.i. (C4 vertex and hexon HVR1/C4 vertex chimera) in the presence of
HDS5 are shown. In the top panels, nuclear borders from the CellProfiler analysis (cyan)
are superimposed on AF488 fluorescence (gray). The merge data includes DAPI (blue),
AF488 (green), and LAMP1 (red). Note that the AF488 fluorescence was individually
adjusted in these images to account for the differences in brightness between
genotypes. Scale bars are 10 ym.
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Discussion

Our study provides new insight into the interaction of HD5 with the HAdV capsid.
Interestingly, all of the viruses studied herein had similar levels of enhanced epithelial cell
binding (Fig. 2-2) despite varied amounts of HD5 bound to their capsids. Defensin-
mediated increased cell binding likely occurs by neutralizing the repulsive forces of the
electronegative capsid in proximity to the cell membrane. In this regard, charge
neutralization by polybrene and other cationic molecules has previously been shown to
increase transduction efficiency of HAdV-based vectors'®>. However, the interaction of
HD5 with HAdV is not simply charge-dependent, since it requires the hydrophobicity,
tertiary structure, and ability to multimerize of HD51093.141.164 Thys, variation in surface
charge may account for some of the differential binding of HD5 among genotypes,
especially in the case of the hexon mutations that arose during selection. But the discrete
changes introduced in our chimeras indicate that a more complex interaction occurs. For
example, the RGD loop of PB in the C4 vertex chimera is 49 amino acid residues shorter
than that of WT HAdV-5 and has a calculated net charge of -1 compared to -10 for WT
HAdV-5. The change in fiber (GYAR in C4 vertex vs. DTET in HAdV-5) also introduces
positive charge, yet the C4 vertex chimera binds ~2.3-fold more HD5 than does HAdV-5.
Interestingly, the dose-dependence of enhanced infection (Fig. 2-1 E) plateaus at an HD5
concentration lower than that required for maximal binding, consistent with higher affinity
capsid interactions mediating enhanced infection that may saturate prior to complete
occupancy of lower affinity interaction sites required for neutralization.

Increased cell binding appears to be the major driver of enhanced infection of

epithelial cells. We define enhancement as =2-fold higher infection in the presence of
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HDS5 than in the absence of HD5. Consistent with this conclusion, enhancement most
often occurs when the virus binds HD5 before binding to the cell (protocol 1 in Fig. 2-1).
Charge-neutralization by HD5 binding may facilitate prototypical receptor interactions of
fiber and PB. Alternatively, HD5 could also bridge interactions between the virus and
cellular lipids, glycans, or an unidentified HD5-specific receptor, which could be mediated
by defensin bound to hexon. Hexon-mediated cell binding facilitated by host proteins,
coagulation factors and lactoferrin, has been previously described?®-31. Interestingly, both
HDS5 and lactoferrin interact with HVR13%, We also speculate that even in situations where
the virus is bound to cells prior to the addition of HD5 (protocol 2), HD5 may promote re-
attachment of virions that are bound to a low affinity receptor like sialic acid used by
HAdV-641%, This may explain the enhanced infection of HAdV-64 in the presence of 10
MM HDS5 in protocol 2 (Fig. 2-1D). An alternative model whereby enhancement occurs
through increased internalization or more efficient uncoating cannot be formally excluded
but is not supported by any of our studies to date. Because Shigella is another
gastrointestinal pathogen that appropriates HD5 to facilitate infection5815°, the ability of
enteric pathogens to co-opt defensins to promote adhesion may be common.

Despite increased cell binding and the potential for enhanced infection, many
HAdV serotypes are nonetheless neutralized by HD5 upon infection of epithelial cells?4:.
Our prior studies supported a model where HD5 binds to the fiber and PB proteins at the
vertices of the HAdV-5 capsid and stabilizes their interaction'4l. This action blocks
uncoating of the capsid during cell entry and restricts release of the membrane-lytic
protein VI, which in turn prevents endosome escape and precludes trafficking of the viral

genome to the nucleus!?®134, This mechanism was supported by structural, biochemical,
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biophysical, and genetic studies03128.141,142,164 |n addition, an HD5-mediated uncoating
block for HAdV-5 was directly demonstrated in A549 cells34. However, we were unable
to account for the extensive HD5 binding to the hexons of HAdV-5 in our cryoEM
studies!*. The results from the directed evolution approach indicate that the HVR1 loop
of hexon functions in cooperation with the vertex proteins as a previously unidentified
determinant of HD5-mediated neutralization, which is further supported by the recent
demonstration of neutralization and enhancement of HAdV-based vectors by HD5 in a
mouse model*>!, If either HVR1 or both vertex determinants (four residues near the N-
terminus of fiber and the C-terminal half of PB) are derived from a resistant serotype, then
neutralization does not occur. Rather, these viruses are either resistant to HD5 (e.g., the
hexon HVR1 chimera) or enhanced. This suggests that the functions of the capsid
determinants are interrelated and that the infection phenotype reflects the additive effects
of enhanced cell binding and the potency of subsequent neutralization. However, if the
virus is bound to its cellular receptor and co-receptor prior to HD5 addition (protocol 2 in
Fig. 2-1), then HVR1 is the major determinant of neutralization. Thus, the virus-cell
interaction functionally replaces the vertex in potentiating HD5 neutralization.
Mechanistically, this could occur through receptor-induced conformational changes that
lead to exposure of HD5-interacting surfaces in the vertex that are buried in the absence
of receptor. Alternatively, the receptor-virus interface could provide a novel target for HD5
binding. However, these interpretations suggest that the virus in protocol 1 either doesn’t
experience the conformation induced at 4°C in protocol 2 or transitions through it too
rapidly for HD5 to exert a neutralizing effect. Moreover, it is unknown how many vertices

are receptor-engaged under the conditions of protocol 2. If only a subset are bound, then
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blocking uncoating triggered through these vertices may be the key step impeded by HD5
binding®’. The nature of the HVR1 loop also dictates the Hill slope of the HD5 inhibition
curve in protocol 2 (Fig 2-1), suggesting distinct levels of cooperativity and modes of HD5
binding by capsids differing in HVR1 loops. And, C4 vertex-containing viruses are
neutralized at a lower HD5 concentration than those with the HAdV-5 vertex, which may
be due to the inherently higher thermostability of the C4 vertex (Fig. 2-3A) or to its higher
HD5-binding capacity. Although a minimum amount of HD5 binding to the capsid is
required for neutralization, there is not a simple correlation between the degree of
neutralization and the amount of HD5 bound. Total HD5 bound appears to reflect additive
functions of HVR1 and the vertex. However, neither the HAdV-5 nor HAdV-64 vertex
binds HD5 to the same extent as the C4 vertex, suggesting altered binding by the artificial
interface in the C4 chimera. We also found that fiber stabilization does not directly
correlate with the infection phenotypes of the chimeras and that swapping HVR1 also
affected the ability of HD5 to stabilize fiber dissociation. Collectively, these findings
suggest that our previous model of vertex stabilization mediated only by HD5 interactions
with fiber and PB is incomplete.

A model most consistent with our data is that blocking vertex dissociation through
HD5 interactions with fiber/PB is insufficient, and a separate hexon-dependent
mechanism, perhaps inter- or intra-hexon or hexon-vertex “cross-linking” by HVR1-HD5
interactions, is also required to prevent uncoating. This would account for HD5 density on
all four unique hexon positions in the asymmetric unit of the icosahedral capsid in our
prior cryo-EM studies'#!. We cannot formally exclude a model where the capsid

determinants act cooperatively to coordinate HD5 binding at the vertex, particularly since
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the HAdV-5 hexon HVR1 loop is long enough to extend from the peripentonal hexons
towards fiber. Although this would explain the relatively greater HD5 density on the
peripentonal hexons of HAdV-5%4!, in such a model it is harder to rationalize a role for the
point mutation that arose in hexon HVR7 in the later rounds of selection or to explain the
neutralization of naturally occurring HAdVs from other serotypes that lack long HVR1
loops!4t. Both models are also consistent with the phenotypes of the PB chimeras, where
intermediate levels of neutralization result from a subset of the PB changes found in the
C4 vertex. Further experimentation and extension of our studies to other HAdV serotypes
will be required to resolve these possibilities, which are not mutually exclusive.

In summary, our studies of HD5 interactions with HAdV have generated a few
major insights. First, HD5 can act as a selective pressure on the evolution of a non-
enveloped virus. Second, HD5 can enhance the binding of HAdV to cells, even if the
virus becomes neutralized downstream. Third, hexon is a key contributor to a-defensin
interactions with AdV, and although the mechanism behind the HVRS’ role in the
interaction will require future investigation. Finally, our trafficking studies of viruses
inhibited by HD5 under both protocol 1128 and protocol 2 (Fig. 2-4 and 1°3134) support
the conclusion that the outcome of blocking vertex dissociation is to prevent internalized
HAdV from escaping the endosomal system and reaching the nucleus. Thus, we have
extensively revised the prior model of HD5-mediated neutralization and established the

feasibility of this process to shape viral evolution in vivo.
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Chapter 3:
VP4 is a Determinant of Alpha-Defensin Modulation of
Rotaviral Infection®

Introduction

In the previous chapter, | discussed the ability of human enteric a-defensins to
select for the evolution of a-defensin-resistant human adenovirus in vitro!®2, a-defensin
primary sequences, number of isoforms, and activity against specific microorganisms
often vary greatly between species, reflecting adaptation to species-specific
pathogens'®’. Therefore, a-defensins might influence not only microbial evolution and
tissue tropism within a host but also species tropism and zoonotic potential.

Rotavirus infects a broad range of animals and is a leading cause of severe
diarrhea in young children. Rotavirus has an 11-segment double-stranded RNA genome
that is encapsidated in a triple-layered particle’4, with the outermost layer consisting of
the protease sensitive spike protein (VP4) and calcium ion-stabilized trimers of the
glycoprotein (VP7). VP4 matures following trypsin cleavage into VP5* and VP8*. VP5*
makes up the foot and the stalk of the spike protein and is vital for membrane penetration.
VP8* forms the head of the spike protein and is involved in viral attachment to its receptor,
which is often a glycan®. Because of the segmented nature of the genome, reassortment
of gene segments from multiple viruses infecting the same cell can give rise to progeny
with mixed genomic compositions. This process contributes to rotaviral evolution and
provides a powerful approach to investigate rotaviral genetics, particularly prior to the

recent development of a tractable reverse genetics system?*62,

T Adapted from Hu CT, Diaz K, Yang LC, Sharma A, Greenberg HB, and Smith JG. (2022) VP4 Is a Determinant of
Alpha-Defensin Modulation of Rotaviral Infection. JVI 96(7): e02053-21.
Note this manuscript accounts for the correction of figure 5.
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Like other fecal-oral pathogens, rotaviruses encounter abundant, constitutively
expressed a-defensins in the small intestine. Despite rotaviruses being significant
enteric pathogens, the lack of knowledge on their interaction with a-defensins unveils a
notable gap in basic rotavirus biology. The only study thus far on the effects of
defensins on infection by a Reoviridae family member found that reovirus type 3 is
resistant to HNP11%, Given more recent examples of neutralization of non-enveloped
viruses by a-defensins and the potential for enteric a-defensins to influence the
evolution of fecal-orally transmitted viruses':113152 we investigated how homologous
(from the same species) and heterologous (from different species) a-defensins impact
rotaviral infections. We generated a panel of enteric and myeloid alpha-defensins from
humans, rhesus macaques, and mice and tested their activity against human (DS-1 and
Wa), simian (RRV and SA11), and mouse (EDIM) group A rotaviruses.

Selection and purification of a-defensins for rotaviral studies

The a-defensin repertoire differs between species at both the genetic and protein
levels, and there is considerable variability in the primary sequences of a-defensins
despite the conservation of fold, disulfide bonding pattern, a salt bridge, and an invariant
glycine (Figs 3-1 A and B) %9170, Humans have three genes that encode myeloid a-
defensins (DEFAL, DEFA3, and DEFA4), but four distinct a-defensin proteins have been
isolated (HNP1-4). In the human gut and genitourinary tracts, there is a predominant form
of the products (HD5 and HDG) of each of the two enteric a-defensin genes (DEFA5 and
DEFAG®), although additional cleavage products of HD5 have been identified!°. Rhesus
macaque myeloid (RMAD) and enteric (RED) a-defensins have not been investigated

extensively. However, sequence analysis indicates that the 6-9 isoforms that have been
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described for each subtype of a-defensin can be further subdivided into two groups (Fig
3-1 A3 The mouse is even more complex, with an absence of intact myeloid a-
defensin genes and a large number (>20) of enteric a-defensin genes, which vary by
strain, leading to abundant expression of ~6 isoforms (called cryptdins, Crps) in the gut’4.

Because an exhaustive analysis of all human, rhesus, and mouse a-defensins was
not feasible, we chose a subset for analysis in these studies. HNP1-3 vary by only the
first amino acid and are much more abundant in neutrophils than HNP4, so we selected
HNP1. HD5 was chosen because it has potent antiviral activity against multiple non-
enveloped viruses, unlike HD6. Crp2 was chosen based on our prior analyses with mouse
AdVs153.1%4 We chose abundant RMADs that are more (RMAD1) or less (RMAD4) similar
in sequence to HNPL1. Likewise, we chose REDs that are more (RED3) or less (RED1)
similar in sequence to HD5. Due to our focus on an enteric virus, rhesus oral defensins
were not included, however they have comparable sequences to RMAD472,

Two protocols have been described for the oxidative refolding of synthetic human
a-defensins, one using guanidine hydrochloride for HNP4, HD5, and HD6'7® and the other
using urea and N,N-dimethylformamide for HNP1-317¢, We therefore chose a refolding
protocol for the REDs, RMADs, and Crp2 based on sequence similarity to the human
defensins. Upon purification by semi-preparative RP-HPLC, analytical RP-HPLC was
consistent with high purity and homogeneity (Figs 3-1 C and D), and the measured
masses of the refolded species indicated the formation of the expected three disulfide
bonds (Fig 3-1 D). Although most of the refolded a-defensins had retention times between

25 and 30 min on the analytical C18 RP-HPLC column, we noted an unusually prolonged
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retention time for RED1, which was consistent with prior studies!’3. Thus, we successfully

generated purified a-defensins for further study.
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Figure 3-1. Defensin refolding, sequences, and evolutionary relationships. (A)
Dendrogram of mature protein sequences of rhesus enteric and myeloid a-defensins, one
mouse enteric a-defensin (Crp2), and one each of the human enteric (HD5) and myeloid
(HNP1) a-defensins. The evolutionary history was inferred by using the Maximum
Likelihood method and JTT matrix-based model*’”. The tree with the highest log likelihood
is shown. Initial tree(s) for the heuristic search were obtained automatically by applying
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the
JTT model and then selecting the topology with superior log likelihood value. The tree is
drawn to scale, with branch lengths measured in the number of substitutions per site.
Evolutionary analyses were conducted in MEGA X178, (B) Amino acid sequence alignment
of the mature a-defensin peptides used in this study. Enteric a-defensin names are written
in shades of blue, while myeloid a-defensin names are written in shades of pink. Disulfide
bond linkages are indicated by maroon lines. Residues that interact through a conserved
salt-bridge are colored purple, and the conserved glycine is colored yellow. Dashes
represent gaps. For A and B, accession numbers for defensin protein sequences are
NP_066290 (HD5), P59665 (HNP1), AAW51365 (RED1), AAW51366 (RED2),
AAW51367 (RED3), AAW51368 (RED4), AAW51369 (RED5), AAW51370 (REDS6),
AAF06312 (RMAD1), P82317 (RMAD2), AAF06313 (RMAD3), AAF06315 (RMADA4),
AAF06316 (RMADG6), AAF06314 (RMADS8), and AAI25549 (Crp2). (C) Peptide samples
were analyzed individually by RP-HPLC on a C18 column. Peaks are colored as in B.
Peptides depicted on the same graph were analyzed sequentially on the same day. (D)
Percent purity determined by the analyses in C as well as predicted and observed
molecular masses determined by electrospray ionization are listed for each defensin.
Peptide purification and analysis in C and D were done by Karina Diaz and Jason Smith.
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Results

Rhesus rotavirus (RRV) is resistant to rhesus enteric alpha-defensins but
neutralized by rhesus myeloid and human alpha-defensins

We tested the effects of the panel of purified a-defensins on RRV infection starting
with the homologous defensins of rhesus macaques (RED1, RED3, RMAD1, and
RMADA4). For these experiments, we incubated RRV with each a-defensin on ice before
adding the mixture to MA104 cells. Based on our previous studies of a-defensin
interactions with mouse and human AdVs103128141,150152-154.164 " \ve defined three
phenotypes of defensin effects on infection relative to control infection in the absence of
defensin: neutralization (0% to 49%), resistance (50% to 199%), and enhancement
(2200%). RRV was potently neutralized by both rhesus myeloid a-defensins, RMAD1
(ICs0 =9.1 uM, 95% CI = 7.4-11.6 uM, Hill slope = -4.6) and RMAD4 (ICs0 = 6.0 uM, 95%
Cl = 5.2-7.0 puM, Hill slope = -2.2), with an almost complete block of infection in the
presence of 20 uM defensin (Figs 3-2 C and D). However, RRV was resistant to both
rhesus enteric a-defensins, RED1 and RED3, up to the highest concentration tested (40
MM) (Figs 3-2 A and B, solid lines).

To our knowledge, there is only one report describing bactericidal properties of
RED1 and RED3"® and none that have investigated their antiviral capabilities. Therefore,
to ensure that RED1 and RED3 are functional, we tested their activity against another
non-enveloped virus, human papilloma virus 16 (HPV16). Like prior studies with human
defensinst?9135161,162,164 'HP\/16 was potently neutralized by both RED1 (ICso = 10.7 puM,
95% CI =9.4-12.1 puM, Hill slope -2.8) and RED3 (ICso0 < 5 puM), demonstrating that RED1

and RED3 can be antiviral (Fig 3-2 H).
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Figure 3-2. RRV is selectively resistant to homologous enteric alpha-defensins.
RRV was incubated with the indicated concentrations of (A) RED1, (B) RED3, (C)
RMAD1, (D) RMAD4, (E) HD5, (F) HNP1, or (G) Crp2 before infecting MA104 cells
(Protocol 1; solid, colored lines). For Protocol 2 (dotted, black lines with filled circles),
RRV was bound to cells in the cold prior to defensins being added (A and D-G). (H)
HPV16 pseudovirus infection was measured in the presence of RED1 and RED3
following protocol 1.
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Fig. 3-2 (continued): Data are normalized to infection in the absence of defensin
(control infection) and are the mean = SD of at least 3 individual experiments.

Next, we tested the effects of heterologous a-defensins from humans and mice on
RRYV infection. Although HD5 and RED3 cluster together phylogenetically and are 56%
identical (Figs 3-1A and 3-1B), RRV is completely neutralized by 20 uM HD5 (ICso = 8.1
MM, lower 95% CI = 7.1 uM, Hill slope = -5.7; Fig 3-2 E, solid line). Similarly, the
heterologous myeloid a-defensin, HNP1, strongly neutralizes RRV (ICso = 6.1 uM, 95%
Cl =5.4-6.9 uM, Hill slope -3.1; Fig 3-2 F, solid line). Thus, our data are consistent with
the hypothesis that selective pressure during fecal-oral transmission among rhesus hosts
has pressured RRYV to evolve resistance to rhesus enteric a-defensins (RED1 and RED3)
but not rhesus myeloid a-defensins or heterologous a-defensins (RMAD1, RMAD4, HD5,
and HNP1). The only exception to this trend is the resistance of RRV to mouse Crp2 (up
to 40 uM, Fig 3-2 G).
The non-human primate rotavirus SA11 has an infectivity phenotype like that of
RRV in the presence of alpha-defensins

SA11l is a widely studied group A rotavirus strain that was originally isolated from
the vervet monkey, Chlorocebus pygerythrus'’®. A detailed analysis of the sequences and
relative expression of a-defensins of C. pygerythrus, which is estimated to have diverged
from macaques 12 million years ago*®°, has not been published. Therefore, we did not
examine defensin peptides from this species. Nonetheless, we tested the effects of our
panel of defensins on SA11 infection. Like RRV, SA11 was resistant to RED1 and RED3
(Figs 3-3 A and B) and neutralized by RMAD1, RMAD4, HD5, and HNP1 (Figs 3-3 C-F).
However, the ICso values of RMAD1, RMAD4, HD5, and HNP1 for SA11 infection were

1.3- to 3.0-fold greater than those for RRV. The Hill slopes for RMAD1 and RMAD4 were
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similar to those for RRV; however, they differed for HD5 (-4.7 for SA11 vs -5.7 for RRV)
and HNP1 (-1.5 for SA11 vs -3.1 for RRV). And, unlike the resistance of RRV, Crp2
reduced the infectivity of SA11 at 40 uM, although inhibition was less than 40% (Fig 3-3
G). Thus, the effects of a-defensins on RRV and SA11 are comparable but not identical,
and the high similarity between RRV and SA11 proteins may facilitate future mapping of

viral determinants of a-defensin activity.
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Figure 3-3. SA11l has a similar phenotype to RRV. SA11 was incubated with the
indicated concentrations of (A) RED1, (B) RED3, (C) RMAD1, (D) RMAD4, (E) HD5, (F)
HNP1, or (G) Crp2 before infecting MA104 cells (Protocol 1). Data are normalized to
infection in the absence of defensin (control infection) and are the mean £ SD of at least
3 individual experiments.
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Infectivity of mouse and human rotaviruses is either enhanced by or resistant to
homologous enteric alpha-defensins

To investigate the generalizability of our finding that group A rotaviruses are
resistant to homologous enteric a-defensins but sensitive to myeloid and heterologous a-
defensins, we expanded our analyses to both mouse and human group A rotaviruses.
Infection by a mouse rotavirus, EDIM, was enhanced in the presence of the homologous
enteric a-defensin, Crp2, with 3- to 4-fold increased infection in the presence of >20 uM
Crp2 (Fig 3-4 G, solid line) compared to control. This is consistent with the possibility that
selective pressure led to EDIM appropriating Crp2 to increase its infectivity. However,
among the heterologous a-defensins, EDIM was neutralized by HNP1 (ICso = 12.4 uM,
95% Cl =7.7-22.8 uM, Hill slope =-2.5) and enhanced 2- to 4-fold by all other a-defensins
(Figs 3-4 A-F, solid lines).

The prototype strains of two of the more prevalent rotavirus A genogroups that
infect humans, DS-1 and Wa, had different phenotypes in the presence of a-defensins.
DS-1 resembled EDIM in that it was enhanced by all a-defensins to varying degrees (Fig
3-5, open symbols with dotted lines). The >9-fold increase in infection in the presence of
40 uM HD5 was particularly striking (Fig 3-5 E), and the bi-phasic effect of RED3 was
unusual but reproducible (Fig 3-5 B). In contrast, Wa was resistant to HD5, RED1, RED3,
RMAD4, and Crp2. Wa was weakly neutralized by RMAD1 (ICso = 10.9 pM, Hill slope = -
1.3), and its infectivity was reduced by HNP1 at 40 uM, although inhibition was highly
variable and less than 50% for HNP1 (Fig 3-5, filled symbols and solid lines). Thus, a
clear distinction between the activity of homologous and heterologous a-defensins, like

we observed for RRV, was not apparent for EDIM, DS-1 or Wa.
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Figure 3-4. EDIM is enhanced by most defensins. EDIM was incubated with the
indicated concentrations of (A) RED1, (B) RED3, (C) RMAD1, (D) RMAD4, (E) HD5, (F)
HNP1, or (G) Crp2 before infecting MA104 cells (Protocol 1; solid, colored lines). For
Protocol 2 (dotted, black lines with filled circles), EDIM was bound to cells in the cold prior
to defensins being added (A, B, and D-G). Data are normalized to infection in the absence
of defensin (control infection) and are the mean + SD of at least 3 individual experiments.
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Figure 3-5. DS-1 and Wa have different sensitivities to defensins. DS-1 (open
symbols) and Wa (filled symbols) were incubated with the indicated concentrations of (A)
RED1, (B) REDS3, (C) RMAD1, (D) RMAD4, (E) HD5, (F) HNP1, or (G) Crp2 before
infecting MA104 cells (Protocol 1). SA11 (gray “x” symbols), which was the contaminant
of our original Wa stock, was assayed concurrently with Wa, and the data are independent
of the data in Fig. 3. Data are normalized to infection in the absence of defensin (control
infection) and are the mean * SD of at least 3 individual experiments.
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Order of addition does not substantially alter the effects of alpha-defensins on
rotaviral infection

We previously found that the order of addition of a-defensin and virus to the cell
can have a dramatic effect on the outcome of human AdV infection!®2. The data in the
prior sections of this chapter were generated by exposing the virus to defensin before the
virus was added to cells (protocol 1). To test if the order of addition affects the outcome
of the interaction, we re-examined a subset of the a-defensin/rotavirus combinations by
binding the virus to MA104 cells before adding a-defensin (protocol 2). Under these
conditions, RRV is less sensitive to the myeloid defensins RMAD4 (Fig 3-2 D, ICs0 = 11.8
UM in protocol 2 vs. 6.0 uM in protocol 1) and HNP1 (Fig 3-2 F, ICso = 8.5 UM in protocol
2 vs. 6.1 pM in protocol 1). For the enteric defensins, Crp2 became weakly enhancing
(Fig 3-2 G), while there were only minor differences between protocol 1 and 2 for RRV
infection with RED1 and HD5 (Figs 3-2 A and E).

For human AdV, we found that some enhanced viruses in protocol 1 became
neutralized in protocol 2152, We therefore compared protocol 1 to protocol 2 for EDIM,
which is enhanced by some a-defensins, using most of our a-defensin panel (Fig 3-4,
black dotted lines). Neutralization of EDIM by HNP1 was protocol-independent (Figs 3-4
F). In contrast, EDIM was no longer enhanced but became resistant to RED1, RED3,
RMAD4 and HD5 under protocol 2 (Figs 3-4 A, B, D, and E). Interestingly, like for RRV,
Crp2 enhanced EDIM infection in protocol 2 to an even greater extent than protocol 1 (Fig
3-4 G). Therefore, pre-binding the virus to the cell before adding a-defensins only

abrogates defensin-dependent enhancement, although Crp2-mediated enhancement
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was unaffected. We did not observe any protocol-dependent changes from an enhanced

to a neutralized phenotype, unlike what was observed for human AdVs.

VP4 is a determinant for alpha-defensin activity

To identify a viral determinant for a-defensin activity, we interrogated a previously
characterized panel of reassortant viruses between RRV and EW, a wild type murine
strain that has not been adapted to cell culture (Fig 3-6 B)'81:182, As a control, we included
a cell culture-adapted derivative of EW, ETD. ETD is enhanced by HD5 and RMAD1,
while RRV is neutralized by those a-defensins (Fig 3-6 A). The reassortant viruses D1/5,
EA 4-1-2, and B7/2 were all neutralized, like RRV, rather than enhanced, like ETD, by
both HD5 and RMADL1 (Fig 3-6 C-E). Because these reassortant viruses have several
RRV gene segments in common, we tested an additional virus, D6/2, in which only the
VP4 gene segment is derived from RRV. This virus was also neutralized by both HD5
and RMAD1 (Fig 3-6 F); therefore, substituting the RRV VP4 gene segment for that of
ETD is sufficient to alter the infection phenotype of the virus in the presence of HD5 and
RMAD1. To extend these findings, we tested additional myeloid and enteric a-defensins
and found that D6/2 uniformly mimics the RRV phenotype (Fig 3-6 G-H), although the
effect of Crp2 on D6/2 was intermediate between the resistance of RRV and the

enhancement of EDIM.
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Figure 3-6. VP4 is a determinant of defensin neutralization. (A) ETD, a culture-
adapted strain of murine rotavirus EW, (open symbols) and RRV (closed symbols)
infection in the presence of HD5 or RMAD1. Note that the RRV data are independent of
the data in Fig 2. (B) Genetic composition of reassortant viruses between RRV (R, white
boxes) and the murine rotavirus, EW (E, gray boxes). (C-F) Infection of the indicated
reassortant viruses in the presence of HD5 or RMADL. (G) D6/2 infection in the presence
of enteric a-defensins, Crp2, RED1, or RED3. (H) D6/2 infection in the presence of
myeloid a-defensins, HNP1 or RMADA4. All viruses were incubated with defensins before
infecting MA104 cells (Protocol 1). Defensins in C-H are denoted by the key in C. Data
are normalized to infection in the absence of defensin (control infection) and are the mean
+ SD of at least 3 individual experiments.
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An additional reassortant virus was generated by Yiyu Sun that had the simian
rotavirus, SA1l, backbone with the VP4 encoding gene segment from the mouse
rotavirus, EDIM. She observed that infectivity of the reassortant virus was enhanced by
the presence of RMAD4 and HNP1, unlike the parental SA11 strain (unpublished, data
not shown). In summary, these data strongly support the identification of VP4 as a
determinant for neutralization and enhancement for multiple a-defensins.

Discussion:

Enteric a-defensins are important for host immunity against enteric pathogens and
influence the composition of the intestinal microbiome!®3. Comparative genetic studies
suggest that differences in the primary sequences and number of isoforms of defensins
between species reflect adaptation to pathogens during evolution’?; however, studies
that directly compare the effects of heterologous and homologous a-defensins on viral
infection are limited. Our approach to investigate a panel of a-defensins from multiple
host species led to several important insights. We found that RED1, RED3, RMAD1, and
RMAD4 are all capable of inhibiting the infection of at least one type of non-enveloped
virus. Prior studies of the antiviral capabilities of rhesus a-defensins identified RMAD4 as
having anti-HIV properties while RMAD3 did not'84; however, both RMAD1, which differs
from RMAD3 by only two residues (L22R and G23R), and RMAD4 were largely equivalent
in our assays with the exception of Wa being neutralized by RMAD1 and resistant to
RMADA4. They were also both comparable to HNP1 for RRV and SA11; however, both
RMADs enhanced EDIM/ETD to varying degrees, while HNP1 was neutralizing, and both
RMADs were much more enhancing than HNP1 for DS-1. The similar activity of these

myeloid a-defensins is remarkable given that RMAD4 differs substantially in linear
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sequence from RMAD1 and HNP1 (36.7% identical to each), which are themselves quite
closely related (86.7% identical). Among the enteric a-defensins, HD5 and RED3 (56%
identical) have different effects on RRV, SA11, and DS-1. Conversely, both REDs were
largely equivalent for all viruses despite being only 48.4% identical, and HD5 and Crp2
are 46.9% identical but similarly enhance EDIM infection. Thus, a-defensin antiviral
activity cannot be easily predicted by sequence nor the degree of positive charge;
however, the activities identified here inform the design of a-defensin mutants to dissect
the features of a-defensins that dictate their effects on rotaviral infection.

A key finding of our study is that VP4, the viral attachment and membrane
penetrating protein, can dictate the neutralizing activity of a-defensins on rotaviral
infection. Although we have not formally excluded a cellular target for a-defensin activity
that determines the outcome of infection, the importance of VP4 strongly suggests that
defensin binding to the virus and not the cell is critical. Such a mechanism would also be
consistent with defensin-dependent mechanisms that we and others have determined for
a wide range of non-enveloped viruses!09113.126.133 = Moreover, like for other non-
enveloped viruses, our data show that a-defensins impact rotaviral entry upstream of VP6
translation, which we used to quantify infection. Mechanistically, a-defensins could
directly compete with VP4 for receptor binding, although receptor competition has not
been documented for other non-enveloped viruses. However, our use of rotaviruses with
differing receptor specificities®4, which is mediated by VP8*, argues against receptor
competition as a mechanism. Alternatively, defensin-mediated aggregation, although not
inherently neutralizing, could have the effect of reducing the total number of cells that are

infected; however, this is an unlikely mechanism for neutralization of rotavirus, since
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binding RRYV to cells prior to the addition of RMAD4, HD5, or HNP1 (protocol 2) did not
circumvent aggregation and rescue infection. a-Defensins could also modulate
membrane penetration mediated by VP5*, either directly or indirectly, thereby blocking
infection. Because VP4 determines the cellular entry pathway and subcellular
compartment from which rotavirus escapes into the cytosol®®, defensin-bound VP4 may
direct the virus into a non-permissive cellular pathway that does not trigger VP5*-
mediated membrane penetration. Alternatively, defensin interactions with the host
membrane in a rotavirus-containing compartment could disrupt cellular factors needed to
trigger uncoating, such as calcium levels®-8, This would effectively convert a permissive
pathway into a non-permissive pathway. More directly, a-defensins could perturb the
conformational changes in VP5* or block access of VP5* loops to the membrane that are
required for membrane penetration’.

Although our use of viral strains is somewhat broad, one caveat of our studies is
that they are limited to MA104 cells. Rotaviral entry remains incompletely understood,
cell- and strain-specific entry mechanisms have been reported, and the nature of the
membranous compartment that is penetrated by VP5* has not been definitively
identified’486, Thus, confirming these findings in other cell types, particularly more
relevant intestinal cells, is needed. At the same time, the study of a-defensins as novel
inhibitors may provide valuable tools to dissect entry mechanisms. Prior studies of a-
defensin interactions with non-enveloped viruses have focused on DNA viruses, where
we and others have observed alterations in intracellular trafficking in the presence of
defensins that preclude the genomes of AdVs!03128134152  nolyomaviruses **?, and

papillomaviruses'??135.161 from reaching the nucleus. Rotavirus is the first non-enveloped
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virus that replicates in the cytoplasm to be shown to be neutralized by a-defensins. The
intracellular routes of RNA viral genomes to reach their replicative niche are different than
those of DNA viruses, and additional studies of rotavirus may reveal novel defensin-
dependent mechanisms.

Although our data strongly point to VP4 as a critical determinant for neutralization,
we considered other possible mechanisms. The steepness of the Hill slopes of the
inhibition curves suggests cooperative binding, which differs between defensin/virus
combinations and may reflect the involvement of additional binding partners on the viral
capsid. VP7 makes up the facets of the outer layer of the capsid, which become
destabilized during internalization in part due to the loss of Ca?* °. Thus, a-defensins
could block infection by crosslinking or stabilizing VP7 trimers, as has been observed for
neutralizing antibodies®?, or by bridging a VP4-VP7 interaction, thereby constraining VP5
and preventing uncoating and membrane penetration. Because there is some evidence
that a-defensins function as lectins'%®®1%% and because VP7 is a glycoprotein, a
mechanism that involves both a protein-protein interaction with VP4 and a lectin-glycan
interaction with VP7 is plausible. EDIM and RRV VP7 differ not only in sequence but also
in N-linked glycosylation. However, the one N-linked glycosylation site on RRV VP7 (N69)
is conserved between them and is not surface accessible in intact virus. Thus,
involvement of VP7 in the VP4-dependent neutralization mechanism through strain-
specific glycans is still formally possible but unlikely.

We also observed that VP4 is a determinant for defensin-mediated enhancement.
A likely mechanism for enhanced infection is that the defensin/virus interaction leads to

enhanced cell binding. This would in turn lead to increased uptake and infection if the
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virus enters a cellular pathway conducive to uncoating and membrane penetration. We
have previously reported enhanced cell binding of both mouse and human AdVs, even
for defensin/virus combinations that result in neutralized infection (Fig. 2-2)103.141.152,
Increased cell binding mediated by a-defensins is consistent with the marked loss of
enhancement when EDIM is bound to cells prior to the addition of RMAD4 and HD5
(protocol 2) compared to when defensin/virus complexes are added to cells (protocol 1).
However, we note that Crp2 still potently enhances EDIM under protocol 2, perhaps due
to Crp2 reducing the off-rate of the virus-receptor interaction. Increased association of the
virus and cell in the presence of defensin need not be mediated by VP4-receptor
interactions but could be a result of defensins bridging the virus and cell through binding
to cellular proteins, glycans, or the lipid bilayer. For example, DS-1 has a surface exposed
glycosylation site on VP7 (N146), located in the middle of the VP7 trimer, that is not
present in the other viruses studied in this paper. A defensin dimer could bind atop the
VP7 trimer and bridge defensin-specific receptor interactions. Alternatively, the a-
defensin could augment VP5*-dependent membrane penetration, leading to more
efficient escape into the cytosol. The nature of a-defensin interactions with cells that
enhance viral and bacterial infection remains elusive, and further studies of enhanced
rotaviral infection may provide critical insight. Moreover, the mechanisms for
enhancement and neutralization are not mutually exclusive. Thus, resistant viruses may
contain VP4 proteins to which specific a-defensins cannot bind or could reflect a balance
between these putative enhancement mechanisms and one or more of the neutralization

mechanisms described above.
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Based on our prior studies of mouse and human AdVs and consistent with early
studies of a-defensin interactions with non-enveloped viruses, we hypothesized that the
resistance of fecal-orally transmitted viruses reflects evolution driven by defensins. By
this process, the virus evolves to be resistant to or enhanced by the constitutively
expressed enteric a-defensins of its host while remaining susceptible to neutralization by
myeloid a-defensins'®21%4, Our analysis of RRV, Wa, and to some extent EDIM and DS-
1, supports this hypothesis. Furthermore, the differential effects of HD5 on Wa (G1P][8]),
DS-1 (G2P[4]), and animal rotaviruses in combination with variation in HD5 expression
could potentially contribute to the epidemiology of human rotaviruses. While human
Paneth cells develop during gestation'®, the global variance in the level of HD5
expression is not known, and differences in HD5 mRNA expression in specific populations
because of nutritional state, body mass index, and enteropathy have been described*86-
188 Because the relative prevalence of Wa-like versus DS-1-like genotypes varies over
time and location in the human population, it is difficult to determine if the resistance of
P[8]-containing viruses or enhancement of P[4]-containing viruses by HD5 is
consequential. In addition, circulating P[8] (and presumably P[4]) strains have evolved
compared to the original Wa P[8] that we studied and may no longer be just resistant to
HD5'®, Furthermore, the variation in HD5 expression combined with the differential
effects of HD5 on animal strains could modulate susceptibility to zoonotic rotaviral
infection. Finally, HD5 may impact vaccine efficacy. The Rotarix vaccine and one
component of the RotaTeq vaccine both contain G1P[8]. The effect of HD5 on the P[5]

VP4 of the remaining four components of the RotaTeq vaccine remains to be determined.
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Therefore, a more expansive analysis of strains differing by VP4, including clinical
isolates, is warranted.

In summary, we examined the effects of a-defensins—homologous and
heterologous, enteric and myeloid—on rotaviral infections. We found that many group A
rotaviruses are resistant to or enhanced by enteric a-defensins from their host species.
Although the exact mechanisms of enhancement and neutralization are yet to be
uncovered, identification of VP4 as a determinant for both defensin-mediated
neutralization and enhancement in addition to elucidation of the differential activities of a-
defensins will focus future efforts to understand the molecular properties of both partners

that dictate the outcome of the interaction.
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Chapter 4:
Mutations in VP4 drive rotaviral resistance to
neutralization by alpha-defensins

Introduction

From our work with HAdV, we know that rational design and directed evolution
can identify different determinants of defensin-mediated neutralization (chapter 2)%2. Up
to now our data supports only VP4 being the rotaviral protein influencing the infectivity
phenotype upon defensin treatment. However, our approach thus far has used whole
gene segment reassortants which are limited by the combinations possible and
reassortant recovery. Similar to how hexon was found to be a determinant of
neutralization for HAdV via directed evolution!®?, perhaps VP7, which makes up the
facets of the rotaviral capsid, could be involved in defensin-mediated neutralization or
enhancement. Additionally, using a directed evolution approach may uncover which
parts of VP4 are important for defensin interactions. VP4 is proteolytically cleaved into
VP8* and VP5*, which are involved in cell attachment and membrane penetration,
respectively. Knowing which protein fragment and which amino acid residues change
under defensin pressure can provide insight into defensin’s mechanism of action on
rotavirus.

To investigate how defensins can influence the evolutionary trajectory of a
rotavirus, we serially passaged a reassortant rotavirus, composed of the gene segments
encoding the outer proteins (VP4 and VP7) from RRV and the remaining nine gene
segments from SA11, under increasing pressure from rhesus myeloid alpha-defensin 1

(RMAD1). Whole genome sequencing of the virus evolved under RMAD1 pressure
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revealed that most of the mutations were in VP8*. Investigation of these mutations
revealed that the surface accessible mutations in both the stalk part and the galectin-
like domain of VP8* contributed to RMAD1 resistance. Interestingly, we observed that
some, but not all, defensin resistance mutations may alter receptor usage. Surprisingly,
RMAD1 does not inhibit viral binding to the cells and may promote cellular attachment
instead. Our results reemphasize the ability of defensins to drive viral evolution as well
as the utility that directed evolution can provide in uncovering the mechanisms by which
defensins can modulate rotaviral infection.

Results

Evolution of RMADL1 resistance in a SA11 x RRV reassortant rotavirus.

For selection, we generated a SA11 virus that has the outer layer proteins, VP4
and VP7, originating from RRV (SR-WT). This decision was driven in part by the high
rescue efficiency of SA11 in the plasmid-based reverse genetics system, which
facilitated downstream investigation of mutations that arose during the selection
process, as well as a desire to match the outer layer proteins to a neutralizing
homologous defensin. SR-WT was passaged 5 times to allow any compensatory
mutations that might be needed to accommodate the SA11 VP6 and RRV outer protein
interfaces as well as generate a more diverse starting population. The RMAD1 ICgo for
SR-WT was assessed (Fig 4-1, gray circles; ICo0, ~11 puM) and then the virus was
serially passaged under approximate RMAD1 ICqo pressure. After each passage the
infectious titer of the virus was determined so that a similar MOI would be achieved
upon each round of passaging. Additionally, its RMAD1 ICe0 was revaluated every 1 to 2

passages, and the concentration of RMAD1 was adjusted as needed to keep a similar
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selective pressure on the evolving viruses (Fig 4-3). Passaging was terminated when
the RMADL1 ICg was > 40 uM. This evolution process was repeated for a total of 3
replicates. Replicate 1 was stopped after 13 passages under selective pressure (Fig 4-1
A; 1Co0, 81 uM), replicate 2 after 9 passages (Fig 4-1 B; ICo0, 55.9 uM), and replicate 3
after 8 passages (Fig 4-1 C; 1Cg0, 50 puM). A no defensin pressure (n.p.) passaging
control was done in parallel with each replicate, and its RMAD1 ICgo barely changed

(Fig 4-1 D).
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Figure 4-1: Defensin phenotypes of bulk passaged virus versus parental virus. A-
C) The effect RMAD1 has on the infectivity of the final passages of the evolution
process for both RMAD1 pressure (colored dashed lines, Replicate 1, magenta inverted
triangles; Replicate 2, bright green triangles; Replicate 3, camo green hexagons) and no
defensin pressure (Replicate 1, black inverted triangles on a dotted line; Replicate 2,
black triangles on a dashed line with a single dot; Replicate 3, black hexagons on
dashed line with double dots) was evaluated. A parental SR-WT virus is included on
each graph for demonstrative purpose.
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Fig. 4-1 (continued): D) A compilation of the no defensin pressure’s final passage of
each replicate plus the parental SR-WT (gray circles) and the first passage of Replicate
1’s no defensin pressure (dark gray, inverted triangles). E) A compilation of the RMAD1
pressure’s final passage of each replicate plus the parental SR-WT (gray circles). A
dotted line at 10% of control infection is added in D and E. Note the SR-WT data is the
same on every graph, and panels D and E used the same data that is displayed in
panels A-C. For SR-WT, n=2 at 2.5 and 40 uM RMADL1. For Rep 1 RMAD1 p13 at 20
and 50 uM RMAD1, n=2. For Rep 3 RMADL1 p8 at 2.5-10 uM RMAD1, n=1. Data are
normalized to infection in the absence of defensin (control infection) and are the mean +
SD of at least 3 individual experiments unless otherwise noted. The P values from
comparing the log ICe0 values between SR-WT and VP4 mutant rotaviruses using the
extra sum-of-squares F test is provided.

The lysate of every odd passage, plus the final passage in replicate 3, was whole
genome sequenced and compared to the SR-WT p5 starting population for both the
RMADL1 pressure and the no defensin pressure (n.p.) conditions. Of note, we found
most of the high allele frequency (AF) mutations in VP4, and surprisingly no mutations
in VP7 (Fig. 4-2), consistent with our data from whole gene segment reassortants. At
the final passage for the RMAD1 pressure condition, the VP4 mutations L37P (Rep 1
AF, 82%; Rep 2 AF, 82%; Rep 3 AF, 69%), Y155H (Rep 2 AF, 75%), V184A (Rep 1 AF,
98%), and 1575L (Rep 3 AF, 77%) were present at high frequency. We also observed
that in replicate 2, K187R rose to prominent AF by passage 7 (53%), but then dropped
to an almost undetectable AF (2%) by passage 9 (Fig 4-3). Curiously, we also identified
VP4 mutations that only arose during the n.p. conditions, such as V78L (Rep 1 n.p. AF,
86%:; Rep 2 n.p. AF, 47%) and V93A (Rep 3 n.p. AF, 75%).

Although we found no mutations in proteins besides VP4 that compose the outer
layers of the TLP (VP7) or DLP (VP6), mutations unique to RMAD1 pressure also
appeared on the innermost capsid proteins (VP1, VP2, and VP3) as well as the non-
structural protein NSP1. VP1 is the RNA-dependent-RNA-polymerase. VP2 is the

protein that makes up the inner most layer of the capsid. VP3 is the capping enzyme.
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And NSP1 is involved in innate immune system antagonism. There were 7
nonsynonymous mutations in VP1 that uniquely appeared under RMAD1 pressure
(V1731 - Rep 3 AF, 37%; G411A - Rep 1 AF, 17%; Y494C - Rep 3 AF, 40%; R680K -
Rep 2 AF, 17%; Y714C - Rep 1 AF, 26%; Y783C - Rep 1 AF, 19%; 1894V - Rep 1 AF,
26%), while only one nonsynonymous mutation appeared in VP1 under the n.p.
condition (K1047R - Rep 1 n.p. AF, 17%). The VP2 mutations N498D (Rep 1 AF, 18%)
and K639R (Rep 1 AF, 23%) appeared under RMAD1 pressure while F785I (Rep 1 n.p.
AF, 10%) was observed in the absence of defensin pressure. For VP3, we observed
one mutation of note under RMADL1 pressure in replicate 1, 1281L (Rep 1 AF, 45%).
Finally, unigue NSP1 mutants were only found under RMADL1 selective pressure. These

mutations were Q128R (Rep 1 AF, 66%), A171T (Rep 2 AF, 30%), and N346D (Repl

AF, 19%).
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Figure 4-2: Mutations that arose during directed evolution of SR-WT. Unique non-
synonymous mutations that arose in each gene segment under RMAD1 pressure (“0”)
or no defensin pressure (“x”) at allele frequencies greater than 10% at the final passage
in any replicate are depicted. If the same mutation arose in multiple replicates, its allele
frequency for each replicate is plotted. Of note, VP4 V184A is included and plotted on
both the RMADL1 pressure and no defensin pressure sides.



63

Replicate 1: RMAD1 Pressure Replicate 1: No Defensin Pressure
40- VIB4A - 100 —100
V78b
—_ L 2 _e—e—2 | 2
s LE —~ LC
= o ©
o m y
a 50 3 -50 3
P~y =] )
= c c
[ ] g
= -25 k3] 25 2
k—"—*_‘———k—"’.
= -0 T T T T T T T ol
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Passage Number Passage Number
Replicate 2: RMAD1 Pressure Replicate 2: No Defensin Pressure
40 —100 —100
—~ 304 L = L >
X /'Y1 55H 5 = LA
= ) °
5 20- Lso 3 50 3
< o ]
s c [
o 2 g
= 10 25 o —-25 @
< <
A
T —
0 =1 =1 ) I 1 0 I T T T T 1 T 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Passage Number Passage Number
Replicate 3: RMAD1 Pressure Replicate 3: No Defensin Pressure
40 —100 —100
— 30+ I575L - = - -4
<30 75 5 75 5
= © ©
T 20 Ls0 3 @ V78L 50 g
P-4 =] — =]
= 5 g
& 10 T185 -25 3 AV1BA -25 3
ye
0 —0 — T 770
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Passage Number Passage Number
L37P —+ T185l —— |575L N75H
T146A K187R -@ F667S -e- V78L
-+ Y155H -+ V197L & E700D VI3A

-+ V184A & D358H

Figure 4-3: VP4 mutations and allele frequencies during the directed evolution of
SR-WT. VP4 mutants that reached >10% allele frequency in any replicate, at any
passage. Left y-axis, pink shading indicates the concentration of RMAD1 used to
generate the next passage. Right y-axis, VP4 allele frequencies. Labeled on the graphs
are mutations that reached >25% allele frequency at some point during the passages.
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Resistance to RMAD1 confers resistance to RMADA4

We have previously observed that RMAD1 and RMAD4 have similar phenotypes
for most rotaviruses (Fig 3-2 to 3-5 )'°°. We examined the cross-protectivity of RMAD1
resistance to RMAD4 for the final passage of each replicate. The RMAD4 ICsos for the
n.p. replicates were all slightly higher than they were for RMAD1 (Fig 4-1). We observed
Rep 1 RMAD1 p13 was enhanced in the presence of RMAD4, which was surprising
given that it was only resistant to RMAD1 at the same concentrations (Fig 4-4A and D).
Rep 2 RMAD1 p9 was more sensitive to RMAD4 at lower concentrations but then
became resistant around 20 uM RMAD4 (Fig 4-4B). Finally, Rep 3 RMAD1 p8 was
resistant to RMAD4 at all concentrations tested despite Rep 3 RMAD1 p8 being
neutralized by 25 uM RMAD1 (Fig 4-4C and F). All viruses that were evolved under
RMADL1 pressure were more resistant to RMAD4 than their n.p. counterparts, indicating

that RMAD1 and RMAD4 may have similar, but not identical, mechanisms of action.
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Figure 4-4: Resistance to RMADL1 also confers resistance to RMADA4. The infectivity
of the final passages for replicate 1 (inverted triangles, A), replicate 2 (triangles, B), and
replicate 3 (hexagon, C) for both RMAD1 pressure (colored dotted lines) and no
defensin pressure (black solid lines) were tested under the presence of RMAD4. The
ICs0 values (UM) for the no defensin pressure replicates are indicated on each graph. D-
F) Comparison of the infectivity of the final passages for each replicate against RMAD4
(colored same as A-C) or RMAD1 (blue). Rotavirus evolved under defensin pressure
are dashed lines with hollow or “O” symbols, viruses passaged without defensin
pressure are solid lines with filled or “X” symbols. The data are the same as in A-C and
Fig 4-1. Note in A, for 30-50 uM, n=1. In B, Rep 2 n.p. p9 n=2. Data are normalized to
infection in the absence of defensin (control infection) and are the mean + SD of at least
3 individual experiments unless otherwise noted.
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Mutations in the head and the stalk, but not the foot, of VP4 can confer RMAD1
resistance

We next wanted to examine the individual contributions of the mutations that
arose during RMADL selection to defensin resistance. As most of the mutations greater
than 50% AF were in VP4, and VP4 is a structural protein that can encounter defensins
outside of the cell, we focused our efforts on only examining the VP4 mutants. We
generated ten VP4 mutants using an optimized reverse genetics system that had SA11
as the backbone plus VP7 and our mutant VP4 being of RRV origin (Fig 4-5). We
examine the single mutants: L37P, Y155H, V184A, and I1575L due to their high AF in the
final passage. We also examined K187R, as it had reached >50% of the population in
replicate 2 passage 7. We generated three double mutants which contained L37P in
combination with either Y155H, V184A or I575L. These double mutants represent the
two most prominent mutations in each replicate. Finally, we generated two quadruple
mutants. The first one combined the VP4 mutations that had the highest allele
frequencies of each replicate (Best 4: L37P+Y155H+V184A+I575L). We also noted that
many of the VP4 mutations arose near the sialic acid binding pocket, therefore we
combined all mutations that appeared with >25% AF near the binding pocket to make a
Binding Pocket mutant (Y155H+V184A+T1851+K187R).

Once rescued, the mutant viruses were passaged once and their sensitivity to
RMAD1 assessed. All single mutations except for I575L contributed to RMAD1
resistance (Fig 4-6 A, B). L37P has a less steep hill slope (-1.66) and an ICso of 16 uM.
Y155H, V184A, and K187R all have similar ICsos (8.3-8.5 uM), but only V184A had

some enhancement at 5 uM RMADL1. The L37P single mutant and L37P+I575L double
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mutants were very similar, meaning that the resistance in replicate 3 was probably
mostly due to L37P (Fig 4-6 E). Interestingly, the L37P+Y155H and L37P+V184A
double mutants were resistant to or enhanced by RMAD1 (Fig 4-6 C) to a greater
degree than the individual components added together, indicating possible synergy
among these mutations. Furthermore, the L37P+V184A and L37P+Y155H double
mutants might be more infectious under the concentrations of RMAD1 assayed than the
bulk populations of Replicate 1 RMAD1 p13 and Replicate 2 RMAD1 p9, respectfully
(Fig 4-6 E). When the quadruple Best 4 mutant was assessed, it was enhanced by
RMADL like the L37P+V184A double mutant. Curiously, the Binding Pocket mutant was
resistant to RMAD1 up to 20 uM but then is sensitive at 40 uM (Fig 4-6 D, ICso, 21.5
MM). The difference between the phenotypes of these quadruple mutants may be due to
the synergistic role L37P plays with the mutations in the binding pocket, since they both

contain Y155H and V184A but only the Best 4 contains L37P.
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HDS5 dimer

Figure 4-5: Location of VP4 mutations. A) Surface rendering of mature VP5* and
VP8* with each monomer depicted with a different pastel color. Surface rendering of
VP7, colored in wheat, fits just below L37P, meaning that I575L is not surface exposed
in the intestinal lumen. A dimer of HD5 (cyan and green) is depicted for size
comparative purposes. B) Mature VP5* and VP8* with a gray rendering with
transparency to show the locations of the mutated amino acid residues. C) Box from B
zoomed in with a cartoon representation of VP8* with the sialoside, 2-O-methyl-alpha-
D-N-acetyl neuraminic acid, in green and the amino acids that became mutated colored
with the wild type side chains shown as licorice. D) Water (“+”) mediated hydrogen bond
between Y155 and the sialoside. Modified from PDB: 6WXE and 1KQR. Images were
generated with PyMOL Molecular Graphics System (Schrodinger LLC, version 2.3.4).
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Figure 4-6: Mutations in the head and stalk of VP4, but not the foot, contribute to
defensin resistance. A) L37P (yellow circles) and V184A (maroon triangles) have right
shifted curves compared to SR-WT (gray circles) while I575L (green diamonds) has a
similar RMAD1 sensitivity as SR-WT. B) Y155H (blue squares) and K187R (cyan
inverted triangles) are more resistant to RMAD1 than SR-WT.
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Fig. 4-6 (continued): C) The double mutants L37P+V184A and L37P+Y155H (maroon
and yellow inverted triangles and blue and yellow triangles) are enhanced by or
resistant to RMAD1 while L37P+I575L (green and yellow hexagons) has similar RMAD1
sensitivity as SR-WT. D) The quadruple mutants are differentially sensitive to RMADL1.
The Binding Pocket mutant is resistant up to 20 uM RMAD1 (aqua and purple
diamonds), while the Best 4 is enhanced by higher concentrations of RMAD1 (red
stars). E) The RMAD1 sensitivity curves for the final passage, bulk populations of the
RMADL1 selection and the individual and double mutants that were present in the
respective replicate are compiled together for illustrative purposes. All data is the same
as was shown in Fig. 4-1 and A-C of this figure. SR-WT data is the same as in Fig 4-1
and is reprinted on every graph for comparative purposes. Data are normalized to
infection in the absence of defensin (control infection) and are the mean £ SD of at least
3 individual experiments.

The Y155H and K187R mutations provide neuraminidase resistance to viruses
with RRV VP4

Two of the defensin resistance mutants we identified have been previously
studied as part of the nar3 neuraminidase resistant mutant (L37P, K187R, Y267C), with
K187R being identified as the cause of neuraminidase resistance®’:23, Neuraminidase
cleaves off terminal sialic acids, which viruses like RRV use for VP8*-mediated cellular
attachment. The appearance of a neuraminidase resistance mutation suggested that
RMAD1 might inhibit the ability of the virus to use sialic acid as an attachment factor.
Therefore, one mechanism of defensin resistance may be for the virus to change its
binding preferences and receptor interactions. Adding further support to this hypothesis
is that Y155 is involved in stabilizing sialic acid in the binding pocket by a water-
mediated hydrogen bond and K187 plays a role in neuraminic acid binding preference
(Fig 4-5 D)°1-193 Therefore, we tested the neuraminidase sensitivity of our panel of
mutants to determine whether the defensin resistance mutations altered the viral
dependence on sialic acid.

We observed that the infectivity of SR-WT and SA11 was only maximally

inhibited 2-fold by treatment of the cells prior to infection with neuraminidase (Fig 4-7,
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gray circles and dark gray “X”, same data is reprinted on each graph panel for
comparative purposes). We reproduced that K187R makes the virus neuraminidase
resistant®”1%4 while L37P is not sufficient for neuraminidase resistance (Fig 4-7 A, B).
Next, we observed that Y155H is a novel neuraminidase resistance mutation, although
its level of resistance may not be as strong as K187R (Fig 4-7 B, blue squares and cyan
inverted triangles). We also observed that some of the individual mutants like L37P,
V184A, and I575L may make the RRV VP4 containing virus more sensitive to
neuraminidase (Fig 4-7 A, maroon triangle at 3.25 mU/mL, yellow circle and green
diamond at 25 and 50 mU/mL neuraminidase). Likewise, the L37P+V184A and
L37P+I575L double mutants were both inhibited by neuraminidase to a greater extent
than SR-WT (Fig 4-7 C). L37P+Y155H was the only double mutant resistant to
neuraminidase, and it resembles the Y155H individual mutant (Fig 4-7 C and B).
Curiously, the Best 4 mutant is not neuraminidase resistant even though it includes
Y155H (Fig 4-7 D). Perhaps the presence of V184A and/or I575L dominate over the
resistance effect Y155H has. On the other hand, the Binding Pocket mutant, which
contains V184A in combination with Y155H as well as K187R and T185I, is resistant to
neuraminidase. Thus, the combination of either two neuraminidase resistant mutations
may dominate over V184A or K187R alone may be sufficient to confer neuraminidase

resistance regardless of the other mutations present.
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Figure 4-7: Neuraminidase sensitivity of mutant rotaviruses. MA104 cells were
treated with the indicated concentration of neuraminidase for 1 h at 37°C prior to the
addition of rotavirus. A) L37P (yellow circles), V184A (maroon triangles), and I575L
(green diamonds) have similar sensitivities to neuraminidase as SR-WT (gray circles)
and SA11 (dark gray “x”). B) Y155H (blue squares), and K187R (cyan inverted
triangles) are resistant to neuraminidase treatment. C) The double mutants
L37P+V184A and L37P+I575L (maroon and yellow inverted triangles, and green and
yellow hexagons) may be more sensitive to neuraminidase than SR-WT or SA11, while
L37P+Y155H (blue and yellow triangles) is resistant to neuraminidase treatment. D) The
guadruple mutants are differentially sensitive to neuraminidase. The Binding Pocket
mutant is completely resistant to neuraminidase treatment (aqua and purple diamonds),
while the Best 4 is inhibited by neuraminidase treatment (red stars). SR-WT and SA11,
are reprinted on every graph for comparative purposes. Data are normalized to infection
in the absence of neuraminidase (control infection) and are the mean + SD of at least 3
individual experiments.



73

RMADL1 does not inhibit viral attachment to MA104 cells

While only two of the individual mutations, Y155H and K187R, facilitated infection
when the sialic acid receptor was cleaved by neuraminidase, we cannot rule out that
defensins could still inhibit rotavirus binding to the cell as a mechanism of neutralization.
Furthermore, the maximal infectivity inhibition by neuraminidase we observed was only
50% for wild type viruses. We therefore wanted to determine if defensins can inhibit
rotavirus from binding to the cell. SR-WT virus was pre-incubated with RMAD1 or
serum-free media before being bound to MA104 cells. Unbound virus was then washed
off before we performed RT-gPCR for the NSP1 gene segment. As a control, we also
bound SR-WT to neuraminidase treated MA104 cells. While the effectiveness of the
neuraminidase treatment on reducing binding varied greatly, we did observe on average
about 50% less virus bound to MA104 in the presence of neuraminidase (Fig 4-8),
which is comparable to the infectivity data we observed in Fig 4-7. We observed that
RMADZ1 does not inhibit SR-WT binding to the cells. In fact, RMAD1 may enhance SR-
WT binding to cells, even at RMAD1 concentrations greater than the 1Coo for infection

(11.7 uM RMAD1 see Fig 4-1).
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Figure 4-8: Defensin does not inhibit SR-WT virus binding to cells. SR-WT was
pre-incubated with various concentrations of RMAD1 and then allowed to bind to
MA104 cells in the cold. Unbound virus was washed off and then RNA was collected for
RT-gPCR. MA104 were also treated with neuraminidase (NA) from either Arthrobacter
ureafaciens (A.u.) or Vibrio cholerae (V.c.) as a positive control for reduced viral binding
to the cells. 222¢4 values for each replicate are plotted on a Log 2 scale with the mean *
SD represented by the bar graph. 50 mU/mL neuraminidase V.c. and 5-20 uM RMAD1
n=6; 500 mU/mL neuraminidase A.u. n=4; 50 mU/mL neuraminidase A.u. and 40 uM
RMAD1 n=2.
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As we saw that RMAD1 may increase binding to MA104 cells, we hypothesized
that this RMAD1 mediated binding may be primary receptor independent. We therefore
combined neuraminidase treated cells with mutant viruses preincubated with RMADL1.
We chose to preliminarily examine L37P, K187R, Y155H, L37P+Y155H, and the Best 4
mutants as they encompassed a range of resistance/enhancement by RMAD1 and
were either sensitive (L37P and Best 4) or resistant to neuraminidase treatment
(K187R, Y155H, and L37P+Y155H). Examining how RMAD1 impacts the infectivity of
the viruses in the presence of neuraminidase, we saw SR-WT remained sensitive to
both RMAD1 and neuraminidase. However, for L37P, RMAD1 was able to recover the
infection level to non-neuraminidase treatment levels. For K187R and Y155H, the
neuraminidase treatment did not impact viral infectivity, nor did it impact the RMAD1
activity on this virus. Similarly, for L37P+Y155H we observed that the resistance to
RMAD1 was independent of neuraminidase treatment. Curiously, we observed that
RMAD1 enhanced the Best 4 viral infection in the presence of neuraminidase, like it did
in the absence of neuraminidase, despite the Best 4 virus being sensitive to

neuraminidase treatment (Fig 4-9).
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Figure 4-9. L37P containing viruses can use defensin to overcome
neuraminidase’s block to infection.
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Fig. 4-9 (continued): MA104 cells were treated with 12.5 mU/mL neuraminidase (NA)
from A. ureafaciens or SFM for 1 h before being washed with SFM and the viruses SR-
WT, L37P, K187R, Y155H, L37P+Y155H, or the Best 4 added to the cells. These
viruses were pre-incubated with the indicated concentration of RMAD1 or SFM for 45
min on ice prior to addition. 20 h p.i. cells were fixed and stained for VP6. Data are
normalized to infection in the absence of both neuraminidase and defensin (control
infection). Individual replicates are plotted and the mean + SD are indicated by the bar
graphs. For SR-WT n=4; for all other viruses n=3. For the NA treatment in the absence
of defensin each point is the average of two wells. The RMAD1 without NA treatment
data are the same as Fig 4-6 and reproduced here for comparative purposes. Results of
a one-way ANOVA with Dunnett’'s multiple comparisons test to each control infection
are indicated by asterisks. *, P =0.01 to 0.05; **, P =0.001 to 0.01; ***, P=0.0001 to
0.001; and ****, P <0.0001. Bars marked with a “ns” indicates P>0.05.

Discussion

We serially passaged a SA11 virus that had RRV’s VP4 and VP7 under rhesus
myeloid alpha-defensin 1 (RMAD1) pressure and observed, like what we saw for
HAdV1%2, that defensins can drive rotaviral evolution. While myeloid defensins are not
constitutively secreted and therefore may not be the main drivers of host range, they
can be a useful tool for directed evolution. Our directed evolution approach has given us
a better understanding of how RMAD1 interacts with rotavirus and provided insights into
possible mechanisms of resistance.

Upon sequencing the evolved viral populations, we observed that most mutations
that reached high allele frequencies were in VP4. We mostly saw mutations in VP8*,
and specifically near the sialic acid binding pocket; however, there was one VP8*
mutation in the stalk of the spike protein (L37P) and one mutation in the foot region of
VP5* (1575L). While the I575L mutation did not confer defensin resistance, it begs the
guestion as to why its frequency steadily increased over passages up to 77% AF. I575L

is in the part of the foot domain of VP5* that is inserted into the membrane and so an

advantageous role in facilitating the rearrangements of VP5* to penetrate the
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membrane is not obvious’. Alternatively, there is the possibility that bottlenecks during
each round of passaging allowed the mutation to increase over each passage.

Likewise, a bottleneck may explain K187R’s rapid decrease during the last 2
passages of Replicate 2. K187R had a very similar phenotype to the individual Y155H
mutant, and so the idea that Y155H alone is more advantageous for the virus cannot
explain K187R’s replacement. It is unlikely that the loss of K187R was because it is
unable to coexist with Y155H as our binding pocket mutant contained both mutations,
albeit within the context of V184A and T185I, and this binding pocket mutant was more
resistant to RMADL1 than either individual mutant. However, the rise of Y155H tracks
well with the rise of L37P in replicate 2. We did not generate a L37P+K187R double
mutant, and so it is still unknown if K187R is functionally equivalent to Y155H in the
context of L37P. Further research is needed to determine if the L37P mutation acts
synergistically with K187R to provide increased resistance to RMADL1 similar to
L37P+Y155H or if a lack of synergy might explain K187R disappearance in the
population.

Based on the multiple mutations that arose near the binding pocket for sialic acid,
we had hypothesized that defensins could block the attachment of rotavirus to the cells.
But, based on our binding assays, we can conclude that RMAD1 does not prevent
rotavirus from attaching to cells (Fig 4-8). In fact, the mutant rotaviruses could take
advantage of defensin-mediated binding, as we saw that RMAD1 could rescue or
enhance the infection of rotaviruses when terminal sialic acids are removed (Fig 4-9).
However, RMAD1 may still perturb the wild type rotavirus’s ability to bind to sialic acid

and potentially lead to non-productive attachment or non-productive entry into the cell.
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One hypothesis is that the resistance mutations that arose allow the rotavirus to
use different attachment and entry receptors. For example, we saw two mutations in
amino acids that are involved in stabilizing the sialic acid molecule in the binding pocket
(Y155 and K187) and that these mutations led to the virus becoming neuraminidase
resistant. Additionally, previous studies on the nar3 mutant, which contains K187R and
L37P, found that the virus can use a2B1 integrin directly for binding”326. It has been
proposed that the L37P mutation is sufficient to change the conformation of RRV’s VP5
such that it can bind to a2B1 integrin directly’?85. As we saw L37P arise in all three
replicates, this direct a2p31 integrin interaction may be a key factor in RRV resistance to
RMADL1.

However, if L37P is sufficient for attachment to cells using the a2B31 integrin, why
then did we observe mutations in the binding pocket? If RMAD1’s mechanism of action
was to block viral attachment to its sialic acid receptor, then the binding pocket
mutations might be redundant to defensin’s neutralizing function. The viruses in
replicates 1 and 2, which had mutations appear in or around the binding pocket, were
more resistant to RMAD1 than replicate 3, and the L37P+V184A and L37P+Y155H
double mutant viruses were more resistant to RMAD1 than any of the individual
mutations (Figs. 4-1 and 4-6). Potentially, removing or reducing the ability of rotavirus to
bind to sialic acid through these mutations increases the likelihood of the rotavirus using
the a231 integrin or other attachment factors. However, we only observed
neuraminidase resistance mutations in one of our three replicates, meaning that

neuraminidase resistance is not required for defensin resistance.
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Another possibility is that the sialic acid bound VP8* interface is a target for
RMADL1 that leads to neutralization. Yet, this mechanism of action cannot fully explain
neutralization as defensin incubation pre- and post-cellular attachment did not lead to
much of a difference in phenotype (see chapter 3, Fig. 3-2 and 3-4). While we did not do
order of addition experiments with RMAD1, for RRV neutralization by RMAD4, we saw
that RRV is less sensitive to the myeloid defensin RMAD4 when the virus was pre-
bound to cells (Fig 3-2 D, RMAD4 ICs0 = 11.8 UM in post-attachment to cells vs. 6.0 uM
in pre-attachment to cells). Therefore, the receptor attached RRV was not more
neutralized by RMADA4.

We also would like to investigate if the replication dynamics are a tradeoff for
defensin resistance by examining the growth kinetics of our mutant rotaviruses. This is
particularly of interest for the K187R and Y155H containing mutants that are
neuraminidase resistant. There have been studies of K187R containing viruses that
show that it grows to lower titers than WT RRV®®4, However, the amount those two
mutant viruses were diluted by to achieve linear range infection levels was similar to the
dilution used for the SR-WT in our studies, indicating comparable infectious titers in my
hands. In a similar vein, when staining monolayers of MA104 cells to quantify infection
levels, we observed that the wells infected with V184A (and sometimes L37P+V184A)
had blotchy or clumpy dispersion of viruses (data not shown), while all other mutants
had a uniform distribution of infection like SR-WT. | speculate that V184A may cause
viral aggregation based on the distribution of infected cells. It would be interesting to

study what the relatively small change of valine to alanine does to the virus’s binding
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preferences. Does this valine to alanine mutation expand or reduce the spectrum of
glycans the rotavirus can bind?

In addition to insights into RMAD1 and rotavirus interaction, we have also shown
that RMADL1 resistance is cross-protective for RMADA4. Despite similar overall structure,
RMAD1 and RMADA4 differ substantially in linear sequence (36.7% identical). Therefore,
it is striking that we saw strong correlation in resistance. In replicate 3, we observed that
the bulk viral population was resistant. While we cannot rule out entirely any contribution
to the resistance by the 1575L mutation, we hypothesize that like what we observed with
RMAD1, L37P maybe the main driver of the resistance to RMAD4 for replicate 3. In
replicate 2, we saw that the bulk virus may be more resistant to RMAD4 at higher
concentrations compared to lower concentrations like 5 uM RMADA4. Interestingly
replicate 1's bulk population appears to be enhanced by RMAD4. Further investigation
of the individual V184A mutant may reveal if having the A184 alone is sufficient to
confer protection and an enhancing phenotype in the presence of RMADA4 or if there is
again synergy between P37 and A184 like what we observed for RMADL1. Further
investigation into these the mutations that appeared in replicate 1 can serve as a tool to
begin to tease apart the distinct mechanisms of action of between these two defensins,
especially because this is only the second virus, the other being Wa, that we have
observed an appreciable difference in phenotype between these two rhesus myeloid
alpha-defensins.

Thus far, we have only focused on examining the VP4 mutations that arose
under defensin pressure. However, some VP4 mutations, V78L (Rep 1 n.p. AF 86%;

Rep 2 n.p. AF 47%) and V93A (Rep 3 n.p. AF 75%), appeared only in the no defensin
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pressure condition. These mutations are present on the head of VP8* but are not near
the sialic acid binding pocket. We did not investigate if they conferred any advantage or
if these mutations were just a consequence of random bottlenecking that allowed them
to reach high allelic frequencies. In addition to VP4, we identified mutations that arose
under RMAD1 pressure in VP1, VP2, VP3, and NSP1. What these mutations might
contribute to defensin resistance has not been studied, however because our VP4
mutations alone provide defensin resistance, the non-VP4 mutations are not necessary
for defensin resistance. We hypothesize that the VP1 and VP3 mutations may play a
role in increasing the frequency of mutations. For example, Y494C, which reached up to
40% AF, may be in the proposed “priming loop”'%. The VP3 mutation is in the ribose 2'-
O-MTase domain, which is used to generate the cap-1 on the RNA, however this
mutation is not in the catalytic site’®®. We hypothesize that the NSP1 mutations (Q128R
(replicate 1; AF=66%), A171T (replicate 2; AF=30%), and N346D (Repl AF 19%)) could
aid in the antagonism of IRFs!®7 and that this hinderance of the innate immune system
could lead to better viral titers. The NSP1 mutations could also be involved in
counteracting any innate immune activation caused by the defensins. We cannot
formally rule out any role of VP7 especially as L37P sits just above where VP7
encapsidates the foot of VP4. One possible mechanism of neutralization by RMAD1
would be to bridge VP4 and VP7 together and thus impede the membrane penetration
function of VP5*. However, the lack of mutations in VP7 underscore the importance of
VP4 in defensins’ mechanism of action.

In summary, using a directed evolution approach, we identified residues in VP8*

that are important for SR-WT'’s resistance to RMAD1. These residues also are important
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for, at a minimum, other homologous myeloid defensins, pointing to a possible
conserved mechanism of action for a-defensins. Most of the VP8* mutations were in the
galectin-like domain, with some of the mutations even allowing the viruses to infect
independently of terminal sialic acid receptors, however the one VP8* mutation that
appeared in all three replicates under defensin pressure, L37P, is located in the stalk of
the spike protein. While RMAD1 does not inhibit SR-WT binding to MA104 cells,
perhaps the endocytic pathway the virus traffics through during entry, which is
determined by the receptor the virus uses, is important for the defensins’ ability to inhibit
rotaviruses. A few of the mutations that arose during our RMAD1 selection have been
previously studied due to their ability to confer neuraminidase resistance, and those
past studies provide further support to the idea that entry and trafficking may be
perturbed by a-defensins. For example, L37P has been proposed to enable VP5*
binding to a2B1 integrin, while the K187R mutation causes rotavirus to escape from late
endosomes instead of maturing endosomes®4. Future investigation into events
downstream of viral attachment, such as entry and uncoating, will hopefully enlighten us

on where defensins inhibits rotavirus.
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Chapter 5: Future Perspectives and Significance
Dissecting alpha-defensin’s mechanism of neutralization for rotavirus:

Our investigation of a-defensin effects on rotaviral infection by has led to some
insights and many follow up questions. We observed that, in contrast with what we have
observed for adenovirus and adeno-associated viruses (AAVs)33152 the order of
addition of defensin and rotavirus to the cells barely impacted defensin’s modulatory
effect on the virus. We also identified that the rotavirus spike protein determines
whether rotavirus is neutralized, resistant to, or enhanced by defensin. Based on the
mutations that arose in VP4 under RMAD1 pressure, we hypothesize that the resistance
mutations alter the rotavirus receptor usage which can then lead to different, but still
productive, endosomal trafficking.

All studies thus far have pointed to VP4 as being the determinant for receptor
usage, entry pathway, and endosomal trafficking, in addition to our discovery of its
importance for defensin phenotype. Our directed evolution investigation of rotavirus
used a reassortant virus that had an SA11 backbone with RRV’s outer-layer proteins,
VP4 and VP7. Curiously SA11, which is slightly more resistant to RMAD1 than RRV
(Fig. 3-3, SA11 ICs0 13 pM; Fig. 3-2, RRV ICs0 9 uM; and Fig. 4-1 SR-WT ICs0 6 M),
already has a proline at position 37. This slight increase in resistance might be
comparable to L37P (Fig 4-6 A, L37P ICs0 16 uM, Hill slope -1.7), although the Hill
slopes are different. In addition to P37, SA11 has an alanine at its amino acid position
184, however the context of the binding pocket is different in SA11 compared to RRV. In
our binding pocket mutant Y155H, V184A, T185I, K187R, those residues are Y155,

A184, R185, A187 in SA11. SA11 and RRV’s VP4s are 79% identical by sequence
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alignment, and their differences in sequence contribute to their glycan preferences and
different endocytic pathways. SA11 has a greater affinity towards Neu5Gc compared to
RRV which has a greater affinity towards Neu5Ac®+1°1, Additionally, RRV seems to be
unusual in terms of entry, being the only virus to enter in a clathrin-independent manner.
Once endocytosed, SA11 and RRV may require the same conditions to escape the
maturing endosome and enter the cytoplasm, but other viruses like Wa and DS-1 as
well as the nar3 RRV mutant, traverse to late endosomes?’®. The difference in glycan
and receptor preferences as well as entry and endocytic pathways used may obfuscate
any direct comparison between SA11, RRV, and other rotaviruses necessitating the
need to expand our mechanistic studies to other rotaviral strains.

As previously mentioned, two of the VP4 mutations that arose under RMAD1
selective pressure (L37P and K187R) have also arisen under neuraminidase pressure.
Studies on the impacts that these mutations have on receptor usage, entry, and
endosomal trafficking have found that L37P is important for the virus to interact with
integrin a2B1%°4 and that K187R shifts the entry pathway from being clathrin-independent
— like RRV - to being clathrin-dependent. Additionally, K187R changes the viral escape
from maturing endosomes — like RRV and SA11 — to late endosomes’>4. We would like
to expand on these previous studies and investigate all the RMADL1 resistance mutants,
with extra scrutiny on the L37P double mutants. What receptors do these mutant
rotaviruses use? Does RMAD1 impact what receptors the viruses are attached to? Are
the neuraminidase resistant mutants using sub-terminal sialic acids for cellular
attachment or relying on other receptors like integrins for attachment and entry'®8? One

hypothesis | have is that RMADL resistance is dependent on the rotavirus being able to
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use integrin a2B1 in the absence of sialic acid binding for entry. To test the dependence
on a2B1 integrin for RMADL resistance we could combine the RRV VP4 D308A mutant,
which fails to bind to integrin a2B1, with our RMAD1 resistance mutants®41%,

As receptor usage and entry pathways are intimately linked, we also want to
examine the entry pathways. Investigation into the trafficking and uncoating events are of
particular interest because this step in the non-enveloped viral lifecycle seems to be a
common target for a-defensins. Perhaps the normal RRV endocytic pathway promotes a-
defensin’s neutralizing activity. However, SA11 and Wa are both capable of being
neutralized by at least one a-defensin, and these rotaviruses use different entry and
endocytic pathways than RRV. Perhaps neutralizing defensin-bound rotaviruses all
converge into the same inhibitory pathway. For these studies, we can take advantage of
the ability to fluorescently label and track rotavirus TLPs and DLPs®'85 Recombinant
TLPs can be made by recoating a DLP with recombinant VP4 and VP7, and each
component can be fluorescently labeled and still lead to DLP delivery into the cytoplasm.
In combination with controls such as the RRV VP4 V391D mutant that cannot escape the
endosome?®° and using mAb 159 to stabilize RRV VP7 trimers and inhibit uncoating®%201,
we hope to untangle if defensin inhibits membrane penetration, uncoating of rotavirus, or
productive endosomal trafficking.

Alpha-defensins as drivers of evolution:

We had hypothesized that gastrointestinal pathogens are resistant to their host’s
enteric a-defensins due to selective pressure. Our studies on the impact homologous
and heterologous a-defensins have on rotaviral infection bolstered our hypothesis.

Additionally, our directed evolution approaches with HAdV-5 and a reassortant monkey
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rotavirus show that a-defensins can drive the evolution of non-enveloped viruses. A
previous study using 6-defensins, and more specifically retrocyclin, showed that HIV-1
can evolve resistance to its inhibitory effect, although the resistance developed slower
than the authors had expected?%2. While directed evolution of HIV-1 and HAdV-5 under
the pressure of retrocyclin and HD5, respectively, have shown that viral structural
proteins became more positively charged, we did not observe that to be the case for
rotavirus as only one mutation introduced a positive charge (Y155H)%52.292_ Additionally,
for AAV1, one surface-exposed amino acid was determined to switch the phenotype
from HD5 resistance to HD5 neutralization, and curiously the neutralizing amino acid
was positively charged while the amino acid that allowed for resistance was negatively
charged®®3. So, while resistance could be driven by increase in positive charge on the
viral proteins reducing the amount of cationic defensin bound, this is not universally true
and other dynamics are probably at play.

The ability of defensins to drive evolution leads to an interesting question in
terms of epidemiology. For example, Wa and DS-1 should inhabit the same replicative
niche in humans. However, Wa is resistant to HD5 while DS-1 is enhanced. These viral
strains are thought to have originated from different animals; Wa-like viruses being of
porcine origin, while DS-1 like viruses being of bovine origin?3. Thus far our studies
have not included bovine or porcine rotaviruses, but we would like to expand our studies
to include those viruses as well as compare the similarities and differences between
human, porcine, and bovine enteric a-defensins. If bovine enteric a-defensins are more

similar to human enteric a-defensins, this could mean the barrier to cross into humans
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could be lower and may explain the prevalence of bovine G10P[11] viruses found in
neonates89:204,
Commonalities in alpha-defensin mediated enhancement:

Defensin-mediated, viral receptor-independent binding to the cells could explain
enhancement of HIV-1148163.205 some serotypes of HAdV and mouse adenovirus4154,
and potentially rotavirus as well (Fig 4-9). Increased attachment can even be more
broadly the mechanism of defensin-mediated enhancement as a-defensins can promote
the attachment of Shigella to cells®%2% While it hasn’t been investigated yet, we have
proposed that this defensin-mediated enhanced binding to cells could expand the
cellular tropism for some viruses in addition to increasing cellular attachment.
Significance:

Defensins are a vital part of the vertebrate innate immune system. Their
effectiveness in restricting a broad range of microorganisms is impressive, especially
given their small size. Studying how immune defenses, like defensins, vary across
species and their effectiveness against various viral infections is important for our
understanding of the evolution, transmission, and zoonotic potential of viruses. The
barriers that prevent cross-species transmission are not completely known, but a-
defensins could partly dictate viral tropism.

Researching how a-defensins alter the pathogenesis and evolution of viruses can
also be important for the improvement of vaccines. While the production of defensins is
expensive, and thus not conducive for use as a therapeutic, the defensin-virus
interactions and the mechanism behind inhibition could elucidate targets for small

molecule inhibitors. Additionally, because defensins can be both pro- and antiviral, they
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are an important factor to consider when choosing a viral strains to be used in vaccines.
Using defensins as an adjuvant!®151.297 to promote a better adaptive immune response
is one area that could be further explored. Finally, accounting for the natural variability

of enteric defensin expression globally could aid in ensuring vaccine effectiveness.
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Chapter 6: Supplement
Generation of recombinant triple-layered rotavirus particles: The next steps to
investigate defensin modulation of rotavirus are to study how defensins impact rotaviral
trafficking and if defensins perturb uncoating. For these studies, we would like to use
fluorescently labeled recombinant triple-layered particles (rcTLP), which can be singly,
doubly, or even triply labeled?%8:8581 My initial efforts to make this tool involved purifying
recombinant VP7, purifying RRV DLPs, enriching VP4, and performing a recoating
reaction (sans labeling).
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Input FT Input FT VP7 VP7 TLP DLP
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Figure 6-1: Successful VP7, TLP and DLP purification.

Recombinant VP7 was purified from Sf-9 cells using a concanavalin A column (ConA)
and an antibody column (mAb 159). A total protein stain of the input and the flow
through (FT) from each column, as well as the purified recombinant VP7 (~37 kDa) and
purified TLP and DLP.

| successfully purified recombinant VP7, as well as RRV TLPs and DLPs.
Recombinant VP7 was produced by infecting Sf-9 cells with a recombinant baculovirus
that expresses RRV VP7, and VP7 was subsequently secreted into the media by

infected cells. VP7 is a glycoprotein allowing us to first enrich for it using a lectin column
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(concanavalin A). Then we used an antibody affinity column that’s epitope is trimeric
VP7. As these trimers are stabilized by calcium, we eluted off monomeric VP7 by
chelating away Ca?* by adding EDTA. TLPs and DLPs from RRV were purified by
density gradient ultracentrifugation of the viral lysate over CsClz gradients (Fig 6-1).

My attempts to purify VP4 were not as fruitful, due in part to it being very
sensitive to proteases??®. Recombinant VP4 was produced using a baculovirus
expressing RRV VP4 and infecting Sf-9 cells, which were then harvested and lysed to
release the recombinant VP4. Initial purification attempts involved using hydrophobic,
anion exchange, and size exclusion columns sequentially to purify VP4; however, when
| examined the fractions by total protein stain and western blot, we did not get pure VP4.
Upon consulting Tobias Herrmann in the laboratory of Stephen C. Harrison at Harvard
Medical School, | attempted to purify VP4 using an optimized protocol he developed
that just employed the anion exchange column. This would reduce the overall
purification time and hopefully minimize the time VP4 was at room temperature or
exposed to proteases. While | was unable to get pure, uncleaved VP4, | did enrich for

uncleaved VP4 (Fig 6-2).
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Figure 6-2: Enrichment of VP4.
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Fig. 6-2 (continued): A fluorescent total protein stain (AzureRed) and a western blot
(probed with an anti-RRV VP5* antibody, HS-221%) were done sequentially on a PVDF
membrane loaded with the Q anion exchange column fractions. Uncleaved VP4 is 86
kDa and VP8* is 28 kDa?!!. On virions VP5* is 60 kDa; however, trypsin cleavage of
recombinant VP4 can produce three fragment sizes (approximately 28, 30, 32 kDa)
depending on which arginine is used?12:20°,

| performed one recoating reaction using my purified VP7, purified DLP, and
enriched VP4. Prior studies optimizing the recoating reaction show that infectious
rcTLPs can be obtained when using crude recombinant baculovirus-infected cell lysate
as the source of VP7 and VP42%, Comparing the infectivity of purified TLP and purified

DLP to the recoated rcTLP, | observed that the rcTLP appears to be as infectious as

natively produced TLPs (Fig 6-3).
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Figure 6-3: rcTLP is as infectious as TLPs purified from cellular lysate.

The rcTLP (purple circles), TLP (gray squares), and DLP (green squares) viruses were
serially diluted and used to infect MA104 cells. The integrated density of total well

fluorescence of stained VP6 was measured. Both rcTLP and TLP were more infectious
than DLPs. n=1

The next steps to make this rcTLP tool useful for our planned trafficking studies
is to fluorescently label the DLP, VP7, and VP4 with Atto dyes prior to the recoating
reaction. For the purposes of our studies, we might only need to label the DLP and VP7

to interrogate which endosomal compartment the virus is in and if the virus has
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uncoated. Future efforts to purify recombinant VP4 will involve using a refrigerated
FPLC machine and potentially using a size exclusion column after the anion exchange
column to separate uncleaved VP4 from cleaved VP5* and other protein products.
However, purification instead of enrichment of VP4 may not be necessary, as | was able

to obtain infectious rcTLPs using enriched VPA4.
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Chapter 7: Materials and Methods

Adenoviral Experiments

Cell lines: HEK 293 cells overexpressing human B5 integrin (293B5)'#! and A549 cells
(ATCC) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum (FBS), penicillin, streptomycin, L-glutamine, and non-essential amino acids

(complete media).

HD5: Partially purified (89%) linear peptides (UniProtKB:
ATCYCRTGRCATRESLSGVCEISGRLYRLCCR) were synthesized (LifeTein, Somerset,
NJ), oxidatively folded, and purified by reverse-phase high-pressure liquid
chromatography (RP-HPLC)%4. Fractions containing the correctly folded species were
lyophilized, resuspended in deionized water, and quantified by absorbance at 280 nm as
described!%4. Purity (>99%) and mass were verified by analytical RP-HPLC and MALDI-

TOF mass spectrometry. HD5 was stored at -80°C.

Adenoviruses: An E1/E3-deleted, replication-defective HAdV-5 vector containing a CMV
promoter-driven enhanced green fluorescent protein (eGFP) reporter gene cassette was
used as the parent construct for all of the novel chimeras created for these studies, which
were generated by recombineering in BACmids 41213, The C1 chimera was previously
referred to as “PB/GYAR™#1, Designs of chimeras C2-C14 are depicted in Fig. 3. Hexon
chimeras were created by replacing either HVR1 (bp 19247 to 19336 in HAdV-5, NCBI:
AC_000008.1), HVR7 (bp 20090 to 20203), or both HVR1 and HVR7 in the HAdV-5 hexon
ORF with the corresponding sequences from HAdV-64 HVR1 (bp 18196 to 18243,

GenBank: EF121005.1) and HVR7 (bp 19027 to 19161). The combined hexon HVR1/C4
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vertex chimera was created by replacing the HAdV-5 HVR1 with that of HAdV-64 in the
C4 chimera. A previously described E3 deleted, replication-competent HAdV-64 virus
containing a CMV-eGFP ORF was also used to study the effects of HD5 on infection of a
virus with a WT HAdV-64 capsid?*4. The fidelity of all BACmid constructs was verified by
Sanger sequencing of the recombineered region and by restriction digest of the entire
BACmid. In addition, the BACmids of HAdV-64, chimera C1, and chimera C4 were

sequenced in their entirety by whole genome sequencing.

To produce virus, 293B5 cells were transfected with viral genomes released from
the BACmids by Pac | endonuclease digestion. Following amplification over several
passages in 29335 cells to generate sufficient inoculum, approximately eight to ten T175
flasks of 2935 cells were infected at a multiplicity of infection of ~3. Upon development
of complete cytopathic effect, virus was precipitated from the supernatant in 8%
polyethylene glycol (PEG)?%®. Virus was then purified from cell lysates and the PEG
precipitate using a CsCl gradient as previously described3*. Purified virus was dialyzed
against three changes of 150 mM NacCl, 40 mM Tris, 10% glycerol, 2 mM MgCl2, pH 8.1,
snap frozen in liquid nitrogen, and stored at -80°C. The viral particle concentration was
determined by Qubit fluorometric quantification (ThermoFisher) against a DNA standard
(1 pg = 2.34E+10 virions). Genomic DNA was isolated from purified virus using the
GeneJET genomic DNA purification kit (Thermo Fisher), and the fidelity of the changed
regions was verified by Sanger sequencing. For biochemical assays, viral protein
concentration was determined by Bio-Rad Protein Assay with a bovine serum albumin

standard.
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Binding of Adenovirus/HD5 to Cells: Viruses were labeled using AF488 carboxylic
acid, tetrafluorophenyl ester (Thermo Fisher Scientific) as previously described!?8.
Labeling appeared to have no effect (C4 vertex), less than a 2-fold effect (HAdV-5, hexon
HVR1, and hexon HVR1/C4 vertex), or a 3-fold (HAdV-64) effect on the infectivity of the
viruses on A549 cells. To normalize the amount of each virus used for binding and
trafficking studies, we used epifluorescence microscopy to quantify the amount of virus
internalized by cells at 2 h p.i. for a dilution series of each virus. Because each virus was
labeled to a different level of brightness, the absolute shift in GMF of cells bound to each

virus varied.

Similar amounts of AdV5.eGFP, HAdV-64, and the chimeric viruses were
incubated with 0, 2.5, 5, and 10 uM HD5 on ice in 60 pyl SFM. A549 cells (1.0 x 10°
cells/sample) were trypsinized and incubated in suspension on ice in PBS containing
0.2% sodium azide to prevent endocytosis. The virus-defensin complexes were added to
the cells (final volume of 100 pl/sample), incubated on ice for 45 min, washed twice with
cold PBS to remove unbound virus, and fixed with 1% paraformaldehyde. Samples were
analyzed on a BD FACS Canto Il, and GMF values for the AF488 signal of the entire cell

population were calculated using FlowJo v10.7.1.

Quantification of subcellular localization and image analysis: To measure the
percentage of virus in the nucleus or lysosomes in the presence or absence of HD5, A549
cells were seeded at 3.5 x 10# cells/mL on glass coverslips at least 24 h prior to infection.
AF488-labeled AdV5.eGFP and chimeric viruses were diluted in SFM to achieve similar
numbers of visible labeled virions/cell (30 — 100, depending on genotype and replicate),

as described above. Virus was bound to cells in 50 uL SFM at 4°C for 1 h in the dark.
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Unbound virus was removed by two washes of cold SFM, and samples were then
incubated with or without 10 uM HD5 in SFM at 4°C in the dark. After 1 h, coverslips were
shifted to 37°C and incubated for the amount of time (2 h or 6 h) indicated in Fig. 8. Note
that samples incubated for a total of 6 h were incubated for 2 h in SFM and for the
remaining 4 h in complete media. After incubation, coverslips were washed with PBS,
fixed for 15 min in 2% PFA at RT, washed with PBS, and then incubated for 20 min at RT
in permeabilization buffer (20 mM glycine, 0.5% Triton-X 100, PBS). Cells were
sequentially stained with mouse anti-human CD107a antibody (BD #555798) at 1:200
and with goat anti-mouse IgG AF594 (Thermo Fisher Scientific #A11005) at 1:1000 in
antibody staining buffer (1% BSA and 0.05% Tween-80 in PBS) for 1 h at RT. The nucleus
was then labeled using 500 ng/mL DAPI for 5 min, and coverslips were mounted with

ProLong Gold (Life Technologies #P36930).

Z-series of images spanning the entirety of the cells were obtained by
epifluorescence microscopy using a Keyence BZ-X710 microscope in high resolution
mode with a 100X objective. A maximum intensity z-profile of each field of view was
generated using CellProfiler version 3.1.926, CellProfiler was also used for colocalization
analysis. Briefly, DAPI fluorescence was smoothed by a Gaussian filter, and nuclei were
identified upon application of thresholding by the Otsu method. Nuclear border
propagation guided by fluorescence in the Alex Fluor 594 channel, after application of
Otsu thresholding, was used to define cell borders. Speckles were enhanced in the AF488
and AF594 channels, and a robust background thresholding was applied to identify virions
and lysosomes, respectively. These objects were then shrunk and expanded to uniform

circles with diameters of 2 pixels (virions) and 3 pixels (lysosomes) based on the
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distribution of dimensions of the raw objects. For quality control, the identified objects
were visually inspected and manually adjusted, as needed. Object-based colocalization
was then used to identify virions overlapping with lysosomes or the nucleus in each cell.

Cells containing fewer than 10 virions were excluded from analysis.

Thermostability Assay: To measure the capsid association of fiber, 250 ng of purified
virus was incubated on ice with or without the indicated concentrations of HD5 for 45 min
in SFM containing 0.05% BSA, 150 mM NacCl, and 10 mM HEPES pH 7.5. Samples were
heated in a thermocycler at the indicated temperatures for 10 min and loaded onto a
discontinuous gradient containing 400 ul of 30% Histodenz and 200 pl of 80% Histodenz
in 20 mM tris pH 7.4. Samples were centrifuged as described above. Fractions were
collected as follows: 90 ul from the top (supernatant), 2 middle fractions of 150 pl, and
then 90 pl (virus band). The supernatant and band fractions were reduced with DTT,
heated to 95°C for 5 min, separated by SDS-PAGE (12% tris-glycine gel), transferred to
nitrocellulose, and probed by immunoblot for fiber using the 4D2 monoclonal antibody
(ThermoFisher) and an AF647-conjugated secondary antibody. Blots were imaged and
guantified as described above to determine the fraction of total fiber in each sample that
was present in the virus band fraction. Prism 8.3.0 was used for non-linear regression
analysis to calculate Tm and HD5 concentrations resulting in 50% fiber dissociation in

Fig. 2-3.

Rotaviral Experiments
a-defensin peptides: Peptides (see Fig 3-1B for sequences) were synthesized by
CPC Scientific (Sunnyvale, CA). Most peptides (HD5, Crp2, RMAD4, RED1, and RED3)

were initially dissolved at 2 mg/mL in 8 M GuHCI, 12 mM reduced glutathione, and 1.2
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mM oxidized glutathione in water and were then diluted with 0.25 M NaHCOs in water to
a final concentration of 0.5 mg/mL peptide, 2 M guanidine hydrochloride, 3 mM reduced
glutathione, 0.3 mM oxidized glutathione, and 0.19 M NaHCOs, pH 8.3. However, HNP1
and RMAD1 were initially dissolved at 0.5 mg/mL in 50% N,N-dimethylformamide (DMF),
4 M urea, 6 mM reduced glutathione, and 0.6 mM oxidized glutathione in water and were
then diluted with 0.2 M NaHCOs in water to a final concentration of 0.25 mg/mL in 25%
N,N-dimethylformamide (DMF), 2 M urea, 3 mM reduced glutathione, 0.3 mM oxidized
glutathione, and 0.1 M NaHCOs, pH 8.1. Note that the ratio of reduced to oxidized
glutathione was inadvertently adjusted to 5:1 for one preparation each of HNP1 and
RMAD1, although this did not affect the final product. After overnight incubation at RT,
peptides were purified by reverse-phase high-pressure liquid chromatography (RP-
HPLC) over an acetonitrile gradient using a Hichrom Prevail C18 column (5 um, 22 x 250
mm) or a Waters Delta-Pak C18 column (5 pum, 19 x 300 mm, 300 A). Fractions containing
the correctly folded species were lyophilized, resuspended in water, quantified by UV
absorbance at 280 nm using calculated molar extinction coefficients 217, adjusted to
approximately 1 mM with water, and stored in aliquots at 80°C. For all peptides except
RED1, the correctly folded species was found in a distinct peak with a shorter retention
time than unfolded or partially folded intermediates. However, the RED1 chromatogram
was more complex, and the correctly folded species was identified in a peak with an
intermediate retention time. Purity was assessed by analytical RP-HPLC performed with
an Agilent Zorbax 300SB-C18 column (5 um, 2.1 x 250 mm) or a Thermo Scientific
Acclaim 120 C18 column (5 pm, 4.6 x 100 mm, 120 A). Formation of three disulfide bonds

was verified by electrospray ionization mass spectrometry (ESI-MS) in high resolution
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mode on a Thermo Scientific LTQ Orbitrap or Orbitrap Elite mass spectrometer. Average
yield of purified defensins from 20-59 mg of partially purified (81.0-86.3%), synthesized
peptide was ~15%.

Cells: Monkey kidney epithelial MA104 cells were a kind gift from Monica McNeal of
Cincinnati Children’s Hospital Medical Center (Cincinnati, OH) and HelLa cells were
purchased from the American Type Culture Collection. Cells were propagated in DMEM
supplemented with 0.1 mM non-essential amino acids, 100 units/mL penicillin, 200 pug/mL
streptomycin, 4 mM L-glutamine, and 10% fetal bovine serum (complete DMEM). HPV16
pseudovirus (PsV) encapsidating an eGFP reporter plasmid was produced via
transfection and maturation as previously described 135,

Baby hamster kidney T7 cells (BHK-T7) were a gift from Ursula Buchholz (NIAID,
NIH)?'8, The MA104 N*V cells were a gift from Ken Mellits (University of Nottingham).
BHK-T7 and MA104 N*V cells were adapted from Glasgow MEM and Medium 199,
respectively, to complete DMEM over 4 passages. BHK-T7 cells were propagated in
complete DMEM supplemented with 2 mg/mL G-418 for every other passage. MA104
N*V cells were propagated in complete DMEM supplemented with 3 ug/mL puromycin
and 3 ug/mL blasticidin every other passage. Hybridoma 159 cells were a gift from
Stephen Harrison (Harvard University) and grown in RPMI 1640 media supplemented
with 10% FBS.

Rotaviruses: Rhesus rotavirus (RRV), simian rotavirus (SA11), and epizootic diarrhea of
infant mice (EDIM) were kind gifts from Monica McNeal. Human rotavirus isolate DS-1
was generously gifted by Mary Estes of Baylor College of Medicine (Houston, TX). Human

rotavirus isolate Wa was obtained from ATCC (VR-2018). ETD and reassortant viruses
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D1/5, EA 4-1-2, B7/2, and D6/2 were previously described 181182 Al rotaviruses were

stored at -80°C.

To create stocks of rotaviruses, the inoculum was trypsin-activated by incubation
for 45-60 min at 37°C with 10 pg/mL type IX-S EDTA-free porcine trypsin (Sigma-Aldrich)
and then added to a monolayer of MA104 cells. After incubation for 1 h at 37°C, the
inoculum was removed, and the media was replaced with serum-free DMEM containing
0.5 pg/mL type IX-S EDTA-free porcine trypsin. The culture was harvested after
incubation for 3-7 d at 37°C, upon the appearance of complete cytopathic effect. Cells
were lysed by three freeze-thaw cycles and centrifuged to remove cell debris. Viral lysate

was stored in aliquots at -80°C.

Rotavirus verification: The identity of each RRV, SA11, Wa, DS-1, EDIM, ETD, D1/5,
EA 4-1-2, B7/2, and D6/2 virus stock was verified by isolating viral genomic RNA (Thermo
Scientific GeneJet Viral DNA and RNA Purification Kit), amplifying gene segment 9 (VP7)
for all viruses as well as gene segment 4 (VP4) for the reassortant viruses and DS-1 by
RT-PCR (Promega GoScript Reverse Transcriptase) using sequence-specific primers
followed by end point PCR, and Sanger sequencing. Primers used for amplification and

sequencing are listed in Table 1.

Whole genome sequencing was also performed on SA11 and Wa. Viral RNA was
extracted from viral lysates using Quick RNA Viral Kits (Zymo Research) and treated
with TURBO DNase (ThermoFisher Scientific) to remove any remaining host DNA.
Following DNase treatment, viral RNA was reverse transcribed into cDNA using

SuperScript IV Reverse Transcriptase (ThermoFisher Scientific) and random hexamers
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(Integrated DNA Technologies) for first strand synthesis, and Sequenase 2.0
(ThermoFisher Scientific) for second strand synthesis. The resulting cDNA was cleaned
with Ampure XP magnetic beads (Beckman Coulter) and used to generate sequencing
libraries using DNA Prep with Enrichment Kits (lllumina). Sequencing libraries were
pooled and delivered to the NGS core lab at the University of Washington’s Clinical
Virology Lab, where they were sequenced using NextSeq and NovaSeq instruments

(Illumina) generating 100-150 bp single-end reads.

The raw read data was then trimmed using Trimmomatic to remove adapter
sequences and low-quality reads. Variant calling and data visualization were performed
using the Reference-based Analysis of Viral Alleles (RAVA) pipeline developed by the

Greninger Lab (https://github.com/greninger-lab/lava/tree/rava), using the GenBank

sequences for Rotavirus A Strain SA11-5N and Rotavirus A strain Human-

tc/USA/Wa/1974/G1P8 as references (Table 2).


https://github.com/greninger-lab/lava/tree/rava/
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Table 1: Primers used to verify the identity of rotaviruses

Viruses lii%t RT and PCR Primers Sequencing Primers
B7/2, D1/5, GGCTATAAAATGGCTTCGCTCATTTATAG  |[GCTAATGCTTCCCAAACACAATGG
D6/2, 4 |GGTCACATCCTCTAGAAATTGCTTACAG
EA 4-1-2
TATGCTCCAGTTAACTGGGGAC TATGCTCCAGTTAACTGGGGAC
bs-1 4 GGCTGATAATGACCTAACATACACC
GGCTATAAAATGGCTTCACTCATTTATAGAC |CGTACCTACACATTGTTCGG
GGTCACATCCTCTAGACACTGC CAGAGATCTCTTTCAAACCAGCG
EDIM 4 GTGCCGTCCAACGATAACTATC
AGCGTCAGAGAAGTTCATTCCG
GAAGAGTAGTATGCCTGACCTGC
GGCTATAAAATGGCTTCACTCATTTATAGAC |CGTACCTACACATTGTTCGG
=10 4 GGTCACATCCTCTAGACACTGC
GGCTATAAAATGGCTTCGCTCATTTATAG  |[GCTAATGCTTCCCAAACACAATGG
GGTCACATCCTCTAGAAATTGCTTACAG CGTATACACGAGATGGAGAGGAGG
RRV 4 AACGACAGTTGGGTGAACTTAGAG
GTCACTGAAGCTTCAGAGAAGTTC
GTAGTACTTAGTGGTCACATTCGG
B7/2, D1/5, GGCTTTAAAAGAGAGAATTTC TTCCGTCTGGCTAGCGGTT
EA 4-1-2, 9 |[GGTCACATCATACAATTCTAA
RRV
D6/2, EDIM, GGCTTTAAAAGAGAGAATTTC TTCCGTTTGGCTAGCGGTT
ETD ? GGTCACATCATACAGCTGTAA
GGCTTTAAAAGAGAGAATTTC TTCCGTCTGGCTAGCGGTT
bs-1 ? GGTCACATCATACAAATCTGA
GGCTTTAAAAGAGAGAATTTC TTCCGTTTGGCTAGCGGTT
SAll 9
GGTCACATCATACAATTCTAA
" o GGCTTTAAAAGAGAGAATTTC TTCCGTCTGGCTAACGGTT
a

GGTCACATCATACAATTCTAA
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Table 2: Accession numbers used to align rotaviral sequences

Segment Virus | Accession Number Virus | Accession Number
1 SA1l1 | DQ838636 Wa | JX406747
2 SAll DQ838631 Wa JX406748
3 SAll DQ838641 Wa JX406749
4 SAll DQ838602 Wa JX406750
5 SAll KX548939 Wa JX406751
6 SA11 | DQ838646 Wa | JX406752
7 SAll DQ838606 Wa JX406753
8 SAll DQ838611 Wa JX406754
9 SAll DQ838616 Wa JX406755
10 SAll DQ838621 Wa JX406756
11 SAll DQ838626 Wa JX406757

Rotavirus reverse genetics plasmids: SA11 plasmids collection (pT7-SA11-VP1, pT7-
SA11-VP2, pT7-SA11-VP3, pT7-SA11-VP4, pT/7-SA11-VP6, pT7-SA11-VP7, pT7-SAl11l-
NSP1, pT7-SA11-NSP2, pT7-SA11-NSP3, pT7-SA11-NSP4, and pT7-SA11-NSP5) was
acquired from Addgene Takeshi Kobayashi (Research Institute for Microbial Diseases,
Osaka University, Japan)*®. The RRV plasmid collection (pT7-RRV-VP1, pT7-RRV-VP2,
pT7-RRV-VP3, pT7-RRV-VP4, pT7-RRV-VP6, pT7-RRV-VP7, pT7-RRV-NSP1, pT7-
RRV-NSP2, pT7-RRV-NSP3, pT7-RRV-NSP4, and pT7-RRV-NSP5) were a kind gift from
Susana Lopez (Institute of Biotechnology, UNAM, Mexico). pCMVScript-NP868R-
(G4S)4-T7RNAP (C3P3G1) was a gift from Philippe H Jais (EUKARYS SAS).

The mutant VP4 plasmids were generated using Q5 quick-change mutagenesis.
The primers were designed using agilent.com’s primer program for Quikchange II.
Primers used are listed in Table 3. 100 ng of template wild type pT7-RRV-VP4 or template

mutant pT7-RRV-VP4 was added to a 50 pl total reaction that contained 1 unit Q5 High-
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Fidelity DNA Polymerase (NEB), 1X Q5 buffer, 0.2 mM dNTPs, and forward and reverse
mutagenesis primers at a final concentration of 0.05 uM each. DNA was denatured at
98°C for 30 seconds, then 12 cycles of 98°C for 10 seconds, 55°C for 30 seconds, and
72°C for 162 seconds was done before the final extension at 72°C for 2 min. 5 pl of the
PCR reaction was run on a 1% TAE gel to check for amplification, the remaining sample
was treated with 20 units of Dpnl for 1 h at 37°C to digest template DNA. QIAquick PCR
purification was done adhering to the manufacturer’s protocol. 5 pl was used to transform

25 pl of subcloning efficiency DH5-alpha competent cells (Thermo Scientific).

Table: 3. Quick-change mutagenesis primers

Amino acid | Nucleotide | Primer F 5'-->3";

mutation(s) | Mutation Primer R 5'-->3'

L37P T110C CGCAAAATGTCACTATTAATCCAGGTCCTTTTGCTCAAACAG;
CTGTTTGAGCAAAAGGACCTGGATTAATAGTGACATTTTGCG

Y155H T463C AACTACACAAAATGGAAGCTATTCACAACACGGACCATTACAATC;
GATTGTAATGGTCCGTGTTGTGAATAGCTTCCATTTTGTGTAGTT

V184A T551C TCCGAATGCGACCACTAAGTACTACTCAACTACA;
GTGGTCGCATTCGGAGTTTCTCCATTATATGT

K187R A560G GAAACTCCGAATGTGACCACTAGGTACTACTCAACTACAAATTAT;
ATAATTTGTAGTTGAGTAGTACCTAGTGGTCACATTCGGAGTTTC

I575L A1723C CCGACGCAGCTTCTTCACTTTCAAGAGGAGCATCT;
AGATGCTCCTCTTGAAAGTGAAGAAGCTGCGTCGG

V184A, T551C; GGAGAAACTCCGAATGCGATCACTAGGTACTACTCAACTACAAATTATGATTC;

T185I, C554T: GAATCATAATTTGTAGTTGAGTAGTACCTAGTGATCGCATTCGGAGTTTCTCC

K187R A560G

All plasmids, except for the VP4 encoding ones, were purified using the Qiagen plasmid
midiprep kit following manufacture’s protocol. The VP4 encoding plasmids were purified

using the Qiagen plasmid miniprep kit and nanopore sequenced (Plasmidsaurus).

Plasmid-based rotavirus reverse genetic system: A master mix of the pT7-SA11-VP1,
pT7-SA11-VP2, pT7-SA11-VP3, pT7-SA11-VP6, pT7-RRV-VP7, pT7-SA11-NSP1, pT7-
SA11-NSP2, pT7-SA11-NSP3, pT7-SA11-NSP4, pT7-SA11-NSP5, and C3P3G1 was

generated where 1X master mix contained of 400 ng each of all rotavirus pT7 plasmids,
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except pT7-NSP2 and pT7-NSP5 which were added at 1200 ng, and 800 ng of the
plasmid C3P3-G1. 400 ng of the wild type or mutant pT7-RRV-VP4 was added to the 1X

master mix prior to transfection.

5x10% BHK-T7 cells/mL were seeded into each well of 12-wells plate (1 mL/well)
in the absence of G-418. Forty-eight hours later, each well was washed with 800 pl of
fresh complete DMEM medium. To the rotavirus pT7 plasmid mixture described above,
125 pl of warmed Opti-MEM was added followed by 14 ul of MIRUS TransIT-LTI. This
transfection mixture was gently pipetted up and down to mix and then incubated at RT for
20 min before adding to the BHK-T7 monolayer dropwise. The cells were incubated at
37°C for 16-18 h and then washed once with serum-free DMEM (SFM) and then 800 pl
SFM was added to each well. 24 h later, 200 pl of 2.5x10* MA104 N*V cells/mL in SFM
was seeded over the MA104 cells. Approximately 1 h after adding MA104 N*V cells, type
IX-s EDTA-free porcine trypsin was added to each well to a final concentration of 0.5
pHg/mL. The sample was incubated at 37°C until cytopathic effects (CPE) were observed
at which time the lysate was harvested (~3-5 days). If no CPE was observed by 12 days,
the remaining cells on the monolayer were scrapped off and the lysate was harvested.
Harvested transfected cells were snap frozen in liquid nitrogen and thawed at 37°C three
times then 300 to 500 pl of p0 virus was activated with trypsin and passaged into a T25

of MA104 cells.

Defensin sensitivity assay and quantification of viral infection: Rotavirus was
activated with 10 pg/mL type IX-S EDTA-free porcine trypsin for 45 min to 1 h at 37°C.
For protocol 1, RV or HPV PsV was diluted to a concentration that was 2-fold more

concentrated than what was predetermined to yield 50%-80% of maximal signal for
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inhibition studies and 15-30% of maximal infection for enhancement studies in the
absence of defensin. The viruses were then diluted 2-fold into SFM or defensin and
incubated on ice for 45 min in serum-free DMEM (SFM). The mixture (35 or 50 pL) was
then added to a well containing a confluent monolayer of MA104 (for rotavirus) or HelLa
(for HPV PsV) cells in clear bottom, black wall 96-well plates (Perkin-Elmer) that had been
washed twice with SFM. For protocol 2, Rotavirus or HPV PsV was diluted to a
concentration that was predetermined to yield 50%-80% of maximal signal for inhibition
studies and 15-30% of maximal infection for enhancement studies in the absence of
defensin. 35 or 50 pl of RV was added to a well of MA104 cells and incubated while
rocking for 1 h at 4°C. The cells were then washed twice with cold SFM, 35 or 50 pL
defensin in SFM was added, and samples were incubated while rocking for 45 min at 4°C.
For both protocols, samples were then incubated for 2 h at 37°C, with the 35 pl samples
rocked constantly. After the incubation, samples were washed with SFM, and incubated
for an additional 20-24 h with 100 pl/well complete DMEM. For HPV PsV samples, total
monolayer fluorescence of each well was quantified with a Typhoon 9400 (GE

Healthcare) variable mode imager.

Rotavirus samples were fixed with 2% paraformaldehyde in phosphate buffered
saline (PBS) for 20 min at RT, washed twice with PBS, and then permeabilized and
guenched with 20 mM glycine, 0.5% Triton X-100 in PBS for 20 min at RT. Cells were
stained with a 1000-fold dilution of a primary anti-rotavirus antibody in 0.05% Tween-
80/1% bovine serum albumin (BSA) in PBS for 1 h at RT. The antibody used in chapter
3 was produced in rabbits using an inoculum of mostly double layered Wa, SA11, and

ST3 particles and was a kind gift from Monica McNeal ?'°. The antibody used in chapter
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4 was a primary mouse anti-rotavirus antibody (Santa Cruz Biotechnology sc-101363).
Cells were washed three times with 0.05% Tween-80 in PBS and stained with a 1000-
fold dilution of Alexa Fluor 488-conjugated goat anti-rabbit antibody (Fisher Scientific and
Life Technologies) or Alexa Fluor 594-conjugated goat anti-mouse antibody (Invitrogen)
in 0.05% Tween-80/1% BSA in PBS for 1 h at RT. Cells were washed once with 0.05%
Tween-80 in PBS and then twice with PBS. Total monolayer fluorescence of each well
was guantified with either a Typhoon 9400 (GE Healthcare) or Sapphire (Azure) variable
mode image. For all samples, Fiji (version 2.1.0/1.53c) was used to quantify background-
subtracted total monolayer fluorescence 22°. Data are shown as a percent of control

infection in the absence of defensin.

Rotavirus directed evolution: SA11+RRV: VP4, VP7 was passaged 4 times in T-25
flasks and once in a T-75 flask containing MA104 cells. SA11+RRV: VP4, VP7 p5 was
diluted to a concentration that was predetermined to yield 80% of maximal signal for the
no defensin pressure condition. For the RMAD1 pressure condition, the viral dilution was
about 9-fold more concentrated than in the no defensin condition such that it would have
a similar level maximal signal as the no defensin condition after being incubated at its
ICoo RMAD1. SA11+RRV: VP4, VP7 p5 was activated with 10 pg/mL type IX-S EDTA-
free porcine trypsin for 1 h at 37°C and then was pre-incubated, on ice, with SFM or
RMAD1 diluted in SFM at its ICo0 (10 puM first round of selection) for 45 min. Two wells of
a 24-well plate of MA104 cells were washed twice with SFM before adding 200 pl of the
SA11+RRV:VP4, VP7 p5 plus RMADL1 or the no defensin control virus. The plate was
incubated for 2 h at 37°C with rocking. Samples were washed with SFM, and 500 pl of

SFM containing 0.5 pg/mL type IX-S EDTA-free porcine trypsin added to each well and
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the samples were put back at 37°C until complete cytopathic effects were observed,
typically 2-4 d p.i. Viral lysates were harvested, snap frozen in liquid nitrogen and thawed
3 times, and the cell debris removed by centrifugation. An aliquot was used to determine
the infectious titer the virus on a 96 well plate and then the RMAD1 sensitivity of both the
RMAD1 pressure condition and the no defensin pressure condition was assayed at least

every other passage.

The viruses were then passaged again in a 24-well plate of MA104 cells. The no
defensin pressure condition was passaged at its ~80% maximal infection concentration.
The RMAD1 pressure condition was diluted to be 9-fold more concentrated than the
dilution it would need to reach ~80% maximal infection, and the concentration of RMAD1
adjusted as needed to keep the virus under the approximate ICgo pressure. Additionally,
the RMAD1 pressured condition virus was diluted to its 80% maximal infection
concentration and added to a well of MA104 cells in the absence of defensin to
gualitatively see the viral replication kinetics in the absence of defensin. Note that this
virus was not harvested for further examination. Each passage was harvested and
reassessed as above until the RMAD1 ICg0 was determined to be 40 uM RMADL1 or

greater for the RMAD1 pressure condition.

Next Gen Sequencing of Rotavirus Evolution Mutants: Viral RNA was extracted from
all viral lysates using Quick RNA Viral Kits (Zymo Research) and treated with TURBO
DNase (ThermoFisher Scientific) to remove any remaining host DNA. Following DNase
treatment, viral RNA was reverse transcribed into cDNA using SuperScript IV Reverse
Transcriptase (ThermoFisher Scientific) and random hexamers (Integrated DNA

Technologies) for first strand synthesis, and Sequenase 2.0 (ThermoFisher Scientific) for
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second strand synthesis. The resulting cDNA was cleaned with Ampure XP magnetic
beads (Beckman Coulter) and used to generate sequencing libraries using DNA Prep
with Enrichment Kits (lllumina). Sequencing libraries were pooled and delivered to the
NGS core lab at the University of Washington’s Clinical Virology Lab, where they were
sequenced using NextSeq and NovaSeq instruments (lllumina) generating 100-150 bp

single-end reads.

The raw read data was then trimmed using Trimmomatic to remove adapter
sequences and low-quality reads. Variant calling and data visualization were performed
using the Reference-based Analysis of Viral Alleles (RAVA) pipeline developed by the

Greninger Lab (https://github.com/greninger-lab/lava/tree/rava), using the genome

sequences of the original unpassaged viruses as the reference sequences.

Neuraminidase Sensitivity Assays: Rotavirus was activated with 10 pg/mL type I1X-S
EDTA-free porcine trypsin for 1 h at 37°C. Rotavirus was then diluted to a concentration
that was predetermined to yield 60%-80% of maximal signal in the absence of NA. While
the rotaviruses were activating, a confluent monolayer of MA104 cells in a clear bottom,
black wall 96-well plates (Perkin-Elmer) was washed twice with SFM and then 50 pl/well
of a dilution series of A. ureafaciens neuraminidase (Sigma-Aldrich), diluted in SFM, was
added and incubated at 37°C for 45 min. NA was removed from the wells and 50 pl of
activated rotavirus added. The virus was allowed to infect for 2 h at 37°C. After the
incubation, samples were washed with SFM, and incubated for an additional 20-24 h with
100 pl/well complete DMEM before being fixed and stained as above in the quantification

of rotaviral infection.


https://github.com/greninger-lab/lava/tree/rava/
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For the combination of RMAD1 and NA, SR-WT, L37P, K187R, or Best 4
rotaviruses were activated with 10 pg/mL type 1X-S EDTA-free porcine trypsin for 1 h at
37°C and diluted to a concentration that was two-fold more concentrated than the dilution
that would yield 60%-80% of maximal signal in the absence of NA and defensin. The
viruses were then diluted two-fold with SFM or RMAD1 and incubated on ice for 45 min.
The MA104 cells were washed twice with SFM and then treated with 50 pl of 12.5 mU/mL
NA (A. ureafaciens) or SFM and were incubated at 37°C for 45 min. NA was removed
from the wells and 50 pl of rotavirus added. The virus was allowed to infect for 2 h at
37°C. After the incubation, samples were washed with SFM, and incubated for an
additional 21 h with 100 pl/well complete DMEM before being fixed and stained as above

in the quantification of rotaviral infection.

Rotaviral binding assay: MA104 cells were treated with trypsin EDTA (Corning), after
the cells had lifted off the plate, the trypsin was quenched with complete DMEM and then
the cells were pelleted and washed twice in SFM. MA104 cells were normalized to 1x107
cells/mL in SFM containing 0.2% sodium azide to inhibit endocytosis. 50 pl aliquots of
cells (5x10° cells/sample) were put on ice to cool. For the NA treated samples, Vibrio
cholerae NA (Sigma-Aldrich) and A. ureafaciens NA were diluted in SFM to 100 mU/mL
and then 50 pl added to MA104 cells. The cells were treated with NA for 1 h at 37°C, with
vortexing every 10 min. After NA treatment, the cells were spun down, NA removed and
then resuspended in 50 pl cold SFM containing 0.2% sodium azide. SA11-RRV: VP4,
VP7 p5 was activated with 10 pg/mL type IX-S EDTA-free porcine trypsin for 1 h at 37°C.
Using undiluted virus for the binding assay led to a linear range readout in the gPCR.

RMAD1 was diluted in SFM containing 0.2% sodium azide to 4X the final concentration
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such that the concentration indicated on the graph reflects the concentration of the
defensin on the cells. 30 pl of virus was incubated with 30 ul RMAD1 on ice for 45 min.
Then 50 pl of the complexed virus and defensin was added to 50 pl of cells on ice for 1 h
and agitated every 5 min. After incubation, an unwashed sample containing just virus and
cells was stored on ice while 800 pl cold SFM containing 0.2% sodium azide was added
to eat tube, gently vortexed and then the cells spun down at 4°C. The supernatant was
discarded and the cells were washed two more times as above. After final wash, cells
were resuspended in 100 yul SFM containing 0.2% sodium azide and then RNA was
extracted from all samples using Quick RNA Viral Kits (Zymo Research). 18 pl of RNA
was then treated with TURBO DNase (ThermoFisher Scientific) to remove host DNA.
Following DNase treatment, viral RNA was reverse transcribed into cDNA using
SuperScript IV Reverse Transcriptase (ThermoFisher Scientific) and SA11’s NSP3
specific primers (See Table 4) for first strand synthesis, and Sequenase 2.0
(ThermoFisher Scientific) for second strand synthesis. DNA was cleaned up using Zymo
DNA Clean and Concentrator-5 kit and then a 10-fold dilution of cDNA into water was
done. gPCR was performed using Sso advanced Universal SYBR (Bio-Rad) and the
primers listed in table 4 following the manufacturers protocol. The 2t22%) value was
calculated by subtracting the Ct value of virus in the absence of treatment minus the Ct
value of the unwashed sample from the Ct value of RMAD1 or NA treated samples minus

the Ct value of the unwashed sample.
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Table 4: Rotavirus Binding Assay Primers
RT Primers
TnP7SAllseg7F 5’ -TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGCATTTAATGC -3’
TnP5SAllseg7R 5’ -GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGCCACATAACG-3
gPCR Primers
SA1INSP3qPCR2F | 5/ -GTGATGGACGATTCTGGTGTTA-3’
SA11NSP3qPCR2R | 5’ -GTATCAGCAAGCCAGTTTCTATTTC-3’

Supplemental Methods:

Rotavirus triple layered particle (TLP) and double layered particle (DLP)
purification: Lysate from 10 T-182 flasks of MA104 cells infected with RRV was frozen
at -80°C and then thawed overnight at room temperature. Lysate was pelleted in an
Allegra X-15R at 3500 rpm for 20 min at 4°C. The supernatant was stored on ice while
the pellet was resuspended in 2 mL of cold 20TNC (20 mM Tris pH 8.0, 100 mM NaCl, 1
mM CaCl2). Resuspended pellet was then sonicated on ice for 5 second intervals at 20%
Amp for a total of 15 seconds. Then 2 mL of freon (1,1,2-Trichlor-1,2,2,-triflouroethane)
was added and mixed by inverting. The mixture was centrifuged at 1000xg for 10 min at
4°C, and the aqueous phase transferred to a new tube. The freon extraction was repeated
on the aqueous phase and then the aqueous phase was combined with the viral lysate’s
supernatant. The combined supernatants were centrifuged in a Ti45 at 45 krpm for 1 h at
4°C, and the resulting pellets combined and resuspended in 3 mL 20TNC. These pellets
were sonicated as before and freon extracted three times and then put over a continuous
CsCl gradient. The gradient was made from 1.45 g/mL to 1.26 g/mL CsCl2 in 20TNC and
poured into SW 55 ti Ultra-clear tubes (13x51 mm). Virus was centrifuged in a SW 55 Ti
rotor at 50 krpm for 2 h 24 min and the DLP and TLP bands were collected. DLPs and

TLPs were then dialyzed three times against 600 mL 20TNC in a 7000 MWCO dialysis
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cassette. Purified DLPs and TLPs were stored at 4°C. If just DLPs are needed, add 5 mM
EDTA to viral lysate and use 20TNE (20 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA)
instead of 20TNC throughout, apart from dialysis, which should be done into 20 mM Tris

pH 8.0, 100 mM NacCl.

Insect cell culture and baculoviruses: The baculoviruses encoding RRV VP4, RRV
VP4V3¥1D and RRV VP7 were a generous gift from Stephen C. Harrison (Harvard
University). Spodoptera frugiperda Sf-9 cells were obtained from Expression System and
cultured in ESF 921 medium in shake flasks at 27°C in a non-humidified, non-COz2
atmosphere and shaken at 130 rpm. Cell concentration and viability were assessed by
hemocytometer counting with cell viability evaluated by trypan blue dye exclusion. Cells

were split when the density reached 6-8x10° cells/mL and seeded at 0.75-1x10° cells/mL.

mADb159 purification: Hybridoma 159 cells seeded into 10 T-225 flasks at 60-90%
confluency with RPMI 1640 media supplemented with L-glutamine and 10% Low IgG FBS
(Thermo Fisher A3381901). 7 days later, the supernatant was harvested, and cells were

removed by centrifugation at 4°C. Supernatant was frozen and stored at -80°C.

Purification of mAb 159 was accomplished on an Amersham Biosciences AKTA
FPLC system using a 1 mL HiTrap protein G HP column (Cytiva 17-0404-03) and
following the manufacturers guidelines. In brief, hybridoma 159 supernatant was filtered
through a 0.45 um filter and then binding buffer (0.02 M sodium phosphate buffer, pH 7.0)
was added at a ratio of 125:100 binding buffer to supernatant. 10 column volumes of
binding buffer were pumped over the column at a flow rate of 1 mL/min. Then the diluted

hybridoma 159 supernatant was pumped over the column at a flow rate of 4 mL/min. The
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column was then washed with 10 column volumes of binding buffer. The antibody was
eluted off the column with 5 column volumes of 0.1 M glycine-HCI, pH 2.7. Fractions of
0.45 mL were collected into 1.5 mL tubes that contained 50 pl of 1 M Tris-HCI, pH 9.0 to
allow the pH of the final samples to be approximately neutral. Pooled fractions were
dialyzed into PBS in a 20,000 MWCO slide A lyzer cassette. Protein concentration was

measured with a Bradford assay (Bio-Rad). Antibody aliquots were stored at -80°C.

mMAb159 column generation: A 1 mL HiTrap protein G HP column was equilibrated with
6 column volumes of 50 mM Tris, pH 7.5 + 150 mM NaCl. Purified mAb159 (1641 ug)
was bound to the column 1 mL at a time and allowed to incubate for 10 min at RT after
each addition (2.5 mL added in total). The column was washed with one column volume
of 50 mM Tris pH 7.5 + 150 mM NacCl, and then one column volume of 200 mM
triethanolamine pH 8.9 was added. Next, one column volume of 50 mM dimethyl
pimelimidate dihydrochloride in 200 mM triethanolamine pH 8.9 was injected and the
injection syringe was kept on the column and the bottom plugged. The crosslinking
solution was allowed to incubate for 60 min at room temperature. After incubation, the
column was washed with one column volume of 200 mM triethanolamine pH 8.9, and
then blocked using one column volume of 100 mM ethanolamine pH 8.9. Unbound
antibody was removed with 1.5 column volumes of 0.1 M glycine + 2 M urea. The column
was then washed with 4 column volumes of 50 mM Tris pH 7.5 + 150 mM NaCl. The mAb

159 column was stored at 4°C in PBS + 0.02% sodium azide.

Concanavalin A column packing: 25 mL of concanavalin A agarose (G-Biosciences
#786217) was packed sequentially into a 25 mL XK 16/20 column. 100TNC buffer (100

mM Tris pH 8.0, 100 mM NaCl, 1 mM CacCl2) was used during the packing process. The
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concanavalin A column was stored upright at 4°C in ConA Storage Buffer (100 mM
sodium acetate pH 6.0, 1 M NaCl, 1 mM CaClz, 1 mM MnClz, 1 mM MgClz, 20% ethanol)

when not in use.

Purification of VP774: Recombinant VP7 was expressed in Sf9 cells using the Bac-to-
Bac expression system. 2.4 L of 2x10° Sf9 cells/mL were infected with passage 4
baculovirus containing VP7 where the baculovirus makes up 2% of the flask volume. 72
h p.i. the cells were removed from the supernatant by centrifuging at 3200 rpm for 20 min
at 4°C. Benzamidine was added to the supernatant to a concentration of 2.5 mM and
sodium azide was added to a final concentration of 0.02% of the total volume. The
Concavalin A resin column was equilibrated with 2 column volumes of 100TNC (100 mM
Tris pH 8.0, 100 mM NaCl, 1 mM CaClz). The supernatant was filtered through a 0.45 pm
filter before being loaded onto the Concavalin A resin column using an Amersham
Biosciences AKTA FPLC system. The column was washed with 4 column volumes of
100TNC before the VP7 was eluted using 100TNC + 0.8 M a-methyl-mannose. The
pooled fractions containing VP7 were then loaded onto the mAb 159 column that had
been equilibrated with “Buffer A” (20 mM Tris pH 8.0, 50 mM NacCl, 0.1 mM CacCly).
Recombinant VP7 was eluted using 25 column volumes of “Buffer B” (20 mM Tris pH 8.0,
50 mM NaCl, 1 mM EDTA). Eluted VP7 was collected into tubes that contained 20 mM
Tris pH 8.0, 50 mM NacCl, 5 mM CacCl: at half the fraction volume. Pooled fractions were
dialyzed into 0.1 HNE (2 mM HEPES pH 7.5, 10 mM NaCl, 1 mM CacClz) and then
concentrated to 1.43 mg/mL using Amicom Ultra 10,000 MWCO. Aliquoted recombinant

VP7 was flash-frozen with liquid nitrogen, and stored at -80 °C.
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VP4 enrichment: Recombinant VP4 was expressed in Sf9 cells using the Bac-to-Bac
expression system. 1.2 L of 2x10°8 Sf9 cells/mL were infected with passage 4 baculovirus
containing VP4 (26 mL baculovirus/1 L Sf9 cells). Cells were harvested when the viability
had dropped to 75%, approximately 3 d p.i.. Cells were pelleted and then resuspended in
80 mL lysis buffer (75 mM Tris-HCI pH 8.0, 100 mM NaCl, 5 mM EDTA, 7.5% glycerol).
After a freeze thaw, the suspension was sonicated three times on ice for 2 min 30 seconds
with 1 second pulses at 40% amp, and the sample was put on ice for 5 min between each
round of sonication. Sample was clarified by centrifuging in a Beckman 45 Ti rotor at 30
krpm for 1 h at 4 °C. VP4 was precipitated overnight at 4 °C from the supernatant by
adding 0.24 g ammonium sulfate per mL solution. Pellet the VP4 precipitate in a
Beckmann 45 Ti rotor at 30 krpm for 30 min at 4 °C. Discard supernatant and resuspend
the pellet in a total of 60 mL cold 20 mM Tris pH 8.0, 1 mM EDTA, and 0.1X HALT
protease inhibitors. Sample was then Dounce homogenized and the homogenate
centrifuged in a Beckmann 45 Ti rotor at 30 krpm for 30 min at 4 °C. Supernatant was
diluted with cold 20 mM Tris pH 8.0, 1 mM EDTA, 1 mM PMSF to a total of 900 mL, this
is to ensure that the conductivity of the sample is below the Q column’s start buffer (20
mM Tris pH 8.0, 10 mM NaCl, 1 mM EDTA), and then loaded using an Amersham
Biosciences AKTA FPLC system onto a 5 mL Q Sepharose column (Cytiva) that was
equilibrated with the Q column’s start buffer. Elute VP4 off the column with a gradient
from 20 mM Tris pH 8.0, 10 mM NaCl, 1 mM EDTA to 20 mM Tris pH 8.0, 150 mM NacCl,
1 mM EDTA. VP4 containing fractions were pooled, buffer exchanged into HNE (20 mM
Hepes pH 7.5, 100 mM NaCl, 1ImM EDTA) with 0.1 mM PMSF, and concentrated to 16.5

mg/mL using a 10 kDa MWCO Amicon-Ultra centrifugal filter. Enriched VP4 was snap



118

frozen with liquid nitrogen and stored at -80 °C. Q Sepharose column was stored in 20%

EtOH at 4 °C.

Recoating of DLPs to make TLPs8!: 2 ug of purified RRV DLPs were recoated by adding
recombinant RRV VP7 in a stoichiometry excess of 2 and recombinant RRV VP4 in a
stoichiometry excess of 40. A 0.5 mL Zeba spin desalting column was equilibrated in
TNO.1E (20 mM Tris pH 8.0, 100 mM NaCl, 0.1 mM EDTA). Recombinant VP4 was diluted
two-fold in TNO.1E and then buffer exchanged using the Zeba column. 2 ug of purified
RRV DLPs and approximately 40-fold excess recombinant VP4 were diluted in 1 M
sodium acetate pH 5.2 such that the final concentration is 100 mM sodium acetate pH
5.2, this mixture was incubated at room temperature for 1 h. Recombinant VP7, in about
2-fold excess, was mixed with a volume of 10 mM CaClzin 20 mM Tris pH 8.0, as well as
more 1 M sodium acetate pH 5.2, and added to the DLP+VP4 mixture such that the final
concentrations would contain 1 mM CaCl. and 100 mM sodium acetate pH 5.2.
DLP+VP4+VP7 mixture was then incubated for 1 h at room temp before being quenched

with 2.22 ul of Tris pH 8.
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Statistical analysis

Chapter 2: Statistical analysis was performed using Prism 8.3.0. Specific analyses are
indicated in the figure legends. For all tests, not significant (ns), P > 0.05; *, P = 0.01 to
0.05; **, P = 0.001 to 0.01; ***, P = 0.0001 to 0.001; *** P < 0.0001.

Chapter 3: Statistical analysis and non-linear regression of log-transformed data were
performed using GraphPad Prism 9.2.0. Hill slopes are best fit values. For enhanced or
resistant infection data, results of ordinary two-way ANOVA with Sidak’s multiple
comparisons test, with individual variances computed for each concentration, comparing
protocol 1 and protocol 2 from 1.25-20 uM defensin are indicated by asterisks: P > 0.05;
*, P =0.01 to 0.05; **, P = 0.001 to 0.01; ***, P = 0.0001 to 0.001; **** P < 0.0001.
Unmarked comparisons within the specified analysis range are not significant. For
neutralized infection data, log 1Cs0 values between protocol 1 and protocol 2 were
compared using the extra sum-of-squares F test, and the P value of the comparison is
given.

Chapter 4: Statistical analysis and non-linear regression of log-transformed data were
performed using GraphPad Prism 9.5.1. Hill slopes are best fit values. For neutralized
data in Fig. 4-1, the log ICgo values between SR-WT and VP4 mutant rotaviruses were
compared using the extra sum-of-squares F test, and the P value of the comparison is
given. For neutralized data in Fig. 4-6, the log ICso values between SR-WT and VP4
mutant rotaviruses, except V184A, were compared using the extra sum-of-squares F test,
and the P value of the comparison is given. To compare V184A to SR-WT, each individual
replicate's ICso value was calculated using a non-linear regression with the top value

constrained to 100 (additionally, values greater than 100 were excluded from the analysis)
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and the bottom value constrained to 0. A Mann Whitney t-test comparing the log ICso
values between V184A and SR-WT was done, and the P value of the comparison is given.
In Fig. 4-9 an ordinary one-way ANOVA with Dunnett’'s multiple comparisons test, with a
single pooled variance, was performed to compare each virus to the level of infection in
the absence of both neuraminidase and defensin. The P values are indicated by asterisks
as follows: *, P=0.01 to 0.05; **, P=0.001 to 0.01; ***, P=0.0001 to 0.001; and ****,

P <0.0001. Bars marked with a “ns” indicates P>0.05.
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Chapter 1: Figure 1-2 was modified and reprinted with permission from PLOS
Pathogens: Long CP, McDonald SM (2017) Rotavirus genome replication: Some
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Chapter 2: “Defensin driven adenoviral evolution” was modified and reprinted with
permission from PLOS Pathogens: Diaz K, Hu CT, Sul Y, Bromme BA, Myers ND,
Skorohodova KV, Gounder AP, and Smith JG. (2020) Defensin-driven viral evolution.

PLOS Pathogens 16(11): e1009018.

Chapter 3: “VP4 is a determinant of alpha-defensin modulation of rotaviral infection”
was modified and reprinted with permission from the Journal of Virology: Hu CT, Diaz K,
Yang LC, Sharma A, Greenberg HB, and Smith JG. (2022) VP4 Is a Determinant of
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