Copyright
by
Jessica Ann Plante

2013



The Dissertation Committee for Jessica Ann Plante Certifies that this is the

approved version of the following dissertation:

Impact of West Nile Virus Envelope Domain III Surface Loop Residues

on Antigenicity and Virulence

Committee:

David W.C. Beasley, PhD

Alan D.T. Barrett, PhD

James C. Lee, PhD

Theodore C. Pierson, PhD

Robert B. Tesh, MD

Dean, Graduate School



Impact of West Nile Virus Envelope Domain III Surface Loop Residues

on Antigenicity and Virulence

by

Jessica Ann Plante, B.S.

Dissertation
Presented to the Faculty of the Graduate School of
The University of Texas Medical Branch
in Partial Fulfillment
of the Requirements

for the Degree of

Doctor of Philosophy

The University of Texas Medical Branch
September 2013



Dedication

I dedicate this dissertation to my parents, Linda Ann Lewis and Charles David Lewis, and
to my husband, Kenneth Steven Plante. My parents always encouraged my love of
science and learning, whether that meant asking me what I learned that day in class or
spending their weekend driving me to science seminars for children. I never would have
had the confidence to apply to graduate school or the drive to finish it without you. Ken,
you have been the one rock solid thing that I could depend on in graduate school. You
put things in perspective when I get frustrated, celebrate with me when things go right,
and you are my best sounding board when I need help solving a problem. I love you all

so much. I could not have accomplished any of this without your love and support.



Acknowledgements

Many thanks are due to my mentor, Dr. David Beasley, who has patiently taught
me how to work in a virology lab and has kindly encouraged me on my way to becoming
an independent scientist. The other members of the Beasley lab, namely Dr. Shuliu
Zhang, Josef Lopez, Maricela Ramos, Alexander McAuley, and Evgeniy Bovshik, have
been instrumental in teaching me new techniques and helping me perform experiments.
Shuliu spent countless hours giving me hands-on training and was always kind to me;
without her help I would have been lost with many of the techniques that were essential
to completing this dissertation. I would like to thank my committee members, Drs. Alan
Barrett, James Lee, Theodore Pierson, and Robert Tesh. They have generously helped
me with their time, advice, and reagents. Finally, I would like to thank my two main
funding sources, the Sealy Center for Vaccine Development pre-doctoral fellowship from

Dr. Alan Barrett and the T-32 Biodefense Training program from Dr. Scott Weaver.



Impact of West Nile Virus Envelope Domain III Surface Loop Residues

on Antigenicity and Virulence

Publication No.

Jessica Ann Plante, Ph.D.

The University of Texas Medical Branch, 2013

Supervisor: David W.C. Beasley

West Nile virus (WNV) is an encephalitic flavivirus that is maintained worldwide
in a transmission cycle between birds and mosquitoes. Domain III of its envelope protein
is the target of highly specific and potently neutralizing antibodies, and is thought to bind
the host cell receptors. To determine the role of individual surface loop residues in the
function and antigenicty of WNV EIII, a panel of mutants was generated. Changes in
antibody neutralization, in vitro replication kinetics, and in vivo virulence were
characterized. In general, it was found that diversity in the surface loops was well
tolerated and that all surface loop residues had at least some contribution to antigenicity.
Residue T332 was especially important from an antigenic standpoint. Changes at T332
resulted in escape from neutralization by monoclonal and polyclonal antibodies both in
vitro and in vivo. Changes at residues G331, D333, and N368 resulted in attenuation,

suggesting a possible functional patch involved in receptor binding.
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Chapter 1: Background

WEST NILE VIRUS DISTRIBUTION AND PHYLOGENY

West Nile virus (WNV) is a member of the family Flaviviridae and the genus
Flavivirus. Within the flaviviruses, WNV is a member of the Japanese encephalitis virus
(JEV) serogroup along with Murray Valley encephalitis virus (MVEV) and Saint Louis
encephalitis virus (SLEV).(1) For many decades outbreaks of WNV disease in humans
were mild, caused almost exclusively by members of lineage 1, and were largely
restricted to Africa and Israel with some scattered cases in Europe.(2-12) Then, in 1999,
a lineage 1 strain of WNV with increased virulence in birds was transported from Israel
to New York, and rapidly established an endemic cycle in North America.(13-15) By the
end of 2012 there had been 37,088 confirmed cases of human WNV disease in the United
States, of which 20,892 were West Nile fever (WNF), 16,196 were neuroinvasive, and
1,549 were fatal.(16) WNYV has also spread to Central and South America, although
there have been far fewer human cases of WNV-associated disease.(17-21) Possible
explanations include pre-existing antibodies to related flaviviruses and the increased
diversity and decreased population density of birds in these tropical regions.(22, 23)

In addition to the spread of lineage 1 WNYV strains into the Americas, lineage 2
has recently acquired a more virulent phenotype and caused significant human disease in
Europe and the Mediterranean. Lineage 2 was detected in Hungary in 1994, then in
Russia in 2007.(24, 25) WNYV harvested from birds and mosquito pools during the early
stages of the initial 2010 outbreak in Greece had acquired the T249P mutation in the
WNV NS3 helicase associated with increased avian virulence in the lineage 1 strains
introduced to New York.(26, 27) Pathogenic lineage 2 WNV has since spread to
Italy(28)



Up to five more lineages of WNV have been proposed, but they contain far fewer
isolates and it is less well defined whether some of these proposed lineages represent
lineages of WNV or separate species of viruses.(29, 30) Lineage 3 WNV is represented
by the Rabensberg strain which was isolated from mosquito pools in the Czech Republic
in 1997, 1999, and 2003.(31-33) The Rabensberg strain replicates in C6/36 cells but not
Vero E6, DF-1, BHK, or Hek293 cells.(29) Further efforts revealed that WNV
Rabensberg could be made to replicate in Vero and E6 cells at 28°C but not 37°C, while
it could replicate in C6/36 cells at either temperature.(34) It was also able to be
maintained in mosquitoes via vertical transmission, but poorly disseminated suggesting
that it may not be efficiently spread via horizontal transmission.(29) Lineage 4 originally
consisted of a single isolate collected from a tick in Russia in 1988, but other lineage 4
strains have since been isolated from mosquitoes and frogs in the same region.(35-37)
Lineage 5 contains WNV isolates from India previously classified as lineage 1¢ which
have been proposed to constitute a separate lineage due to genetic and antigenic
variation.(38) It has also been proposed that Kunjin virus, a close relative of WNV from
Australia, may be lineage 6 of WNV and that Koutango virus, a close relative of WNV
from Africa, may be lineage 7 of WNV.(39) Finally, nucleic acid from a single mosquito
pool in Spain was determined to be a new WNV lineage that does not group with the
seven previously described lineages, leading to its tentative assignment as the sole

member of WNV lineage 8.(40)
WNV REPLICATION

Transmission Cycle

The main amplifying hosts of WNV are birds. There is some evidence that WNV
can be passed directly between birds with no need for a mosquito intermediary, likely
through grooming, contact with excrement, or ingestion of infected carcasses.(41, 42)

Susceptibility to WNV infection is widespread among avian species, having been
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detected in 332 species in the United States.(43) This ability to infect such a wide range
of hosts may explain the worldwide distribution of WNV. Laboratory experiments
demonstrated that passerine birds tend to be extremely competent hosts, reaching peak
titers averaging 9.5log;o plaque forming units (pfu)/ml by 2-4 days post-infection.(42)
Extreme mortality in birds, first seen in Israel in 1998 and later a hallmark of the spread
of WNV through North America in 1999, was one of the indicators that the North
American strain originated in the middle east.(13-15, 44, 45) This change is thought to
be caused by a T249P mutation in the NS3 helicase gene, resulting in earlier onset of
viremia, 10,000-fold higher viremia, longer duration viremia, increased mortality, and
lower average survival time (AST) in the American crow.(46) This T249P mutation in
NS3 has also been associated with the emergence of virulent lineage 2 WNV in
Greece.(26) The susceptibility of the American crow does appear to be declining,
perhaps due to the intense selective pressure for naturally resistant bird populations since
1999.(47) Although other vertebrates such as rabbits, squirrels, and alligators and
chipmunks do develop viremia upon WNV infection that approached or exceeds the
presume threshold for mosquito infectivity, their importance in the natural transmission
cycle is poorly defined.(48-50)

WNV is transmitted by mosquitoes and has been detected in 65 species in the
United States.(51) The most important are thought to be members of the Culex genus.
Specifically, Culex pipiens has been implicated in the eastern United States and Culex
tarsalis and Culex quinquifasciatus have been implicated in the western United States.
One key feature that makes Culex mosquitoes important in the spread of WNV is their
selection of both humans and birds for blood feeding.(52-54) Culex mosquitoes are
estimated to deliver 10°-10°pfu of virus to the host when they feed, and a host must in
turn have a viremia of over 10°pfu/ml to infect a naive mosquito.(55-57) This is why
humans, who typically develop a viremia closer to 10°pfu/ml, are considered dead-end

hosts.(58) In addition to female mosquitoes acquiring WNYV infection by feeding on an
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infected host, female and male mosquitoes can acquire WNV infection via vertical
transmission, and vertically infected females can horizontally transmit WNV to a
vertebrate host.(59-61) Emergence of the WNO2 genotype in the United States,
characterized by a V159A mutation in the aA’ o-helix of domain I in the envelope
protein (see Figure 2), is attributed to a shortening the extrinsic incubation period in
mosquitoes from seven days to five days.(62-64) The impact of VI59A may be due to
displacement of the carbohydrate bound to N154, which is shifted by the a A’ a-helix that
contains residue 159 (see the section ‘Structure and Function of WNV E’ for more
details).(65) The precise timing and rate of dissemination in mosquitoes appears to be
sensitive to factors such as age and weather, with warmer temperatures leading to more
rapid dissemination.(66, 67)

Hard ticks can be infected by WNV and can maintain that infection during the
transition from one life stage to the next, but they are incapable of transmitting WNV to a
naive vertebrate under experimental conditions.(68, 69) Soft ticks, on the other hand,
have been collected from the field with WNV infections and have been experimentally

shown to transmit WNV infection to a naive vertebrate.(70, 71)

Replication Cycle

The first step in WNV infection of a cell is binding to the host receptor, but the
identity of that receptor is not well defined. One possibility is the lectin dendritic cell-
specific ICAM-3 grabbing non-integrin (DC-SIGN), which is found on dendritic cells
and macrophages, and/or its endothelial cell homolog, DC-SIGN-related (DC-
SIGNR).(72-74) Both DC-SIGN and DC-SIGNR are receptors for dengue virus
(DENV).(75, 76) Expression of DC-SIGN and DC-SIGNR both increased WNV
infection in cell lines, but the effect of DC-SIGNR was stronger and more consistent
across cell types (i.e. DC-SIGNR substantially increased WNYV infection of K562, Raji,
SupT1, BHK, 293T, and CHO-K1 cells, but DC-SIGN caused only a modest increase in
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WNV infection in all cell lines but Raji, which had the highest levels of DC-SIGN
expression). Binding to DC-SIGN was more dependent on mannose-rich glycosylation
than binding to DC-SIGNR. DC-SIGNR binding, however, did require glycosylation, as
removal of both the prM and envelope (E) glycosylation sites eliminated DC-SIGNR
binding.(77)  Interestingly, when an additional N-linked glycosylation site was
introduced to WNV E at residue D67N, infection was increased by both DC-SIGN and
DC-SIGNR. This D67N glycosylation site is naturally present in DENV, which is also
able to efficiently bind both DC-SIGN and DC-SIGNR.(78) However, a THP cell line
that must express DC-SIGN for successful DENV infection is able to be infected by
WNYV with or without DC-SIGN expression, indicating that DC-SIGN/DC-SIGNR is not
the exclusive receptor for WNV.(76)

One potential alternative is the integrin a,;. Antibodies against either o, or (3
reduced WNV binding, soluble o,; reduced WNV entry into Vero cells, and either
expressing [B; or silencing a,f3; increasing or decreases WNV infection, respectively.(79)
Interestingly, like DC-SIGN/DC-SIGNR, WNV binding to o,8; may require
glycosylation.(80) This is despite the finding that a,B; was bound by envelope domain
III (EII), which has no glycosylation site.(81) However, WNV is capable of infecting
multiple cell lines that do not express .3 integrin, so it, too, cannot be the exclusive
receptor for WNV.(77, 82) It is possible that integrins are involved, not in binding or
internalization, but in replication.(83)

Electron microscopy shows that within 0.5-3 minutes after binding to the receptor
WNV enters the cell via clatherin-dependent endocytosis and the resulting endosome
traffics to the perinuclear region near the endoplasmic reticulum.(84, 85) Upon
endosome acidification, the E dimers dissociate and the fusion loops in domain II of the
monomers swing outward to embed themselves in the endosomal membrane. This forms
a trimer of E, which stabilizes when EIII folds back toward domain II and the stem region

at the C-terminal end of EIIl moves into a hydrophobic groove the runs up the length of E
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in the newly formed trimer. This rearrangement by E brings the endosomal and viral
membranes together and forming the fusion pore (Figure 1).(86) Further details
regarding the structure of E are located in the ‘Structure and Function of WNV E’ section
of this dissertation.
A B

i 1 2 3

E Protein

NS1

ER lumen 4

Cytoplasm —> 72) f
| T™1 T™M2|

E membrane anchor

Stem

Figure 1: Schematic of Flavivirus Envelope During Membrane Fusion

Figure 1A: Diagram of flavivirus E and its attachment to the viral membrane. Figure 1B: Schematic of pH-
induced rearrangement of E resulting in formation of a fusion pore. Red = domain I. Yellow = domain II.
Blue = domain I1l. Figure from Fritz et al., reproduced with permission . See Appendix C.(86)

The WNV genome that is released from the pore is an 11kb, single-stranded, positive-
sense strand of RNA with a 5> m’GpppAmp cap but no 3’ poly-A tail. The structural
genes (C, prM, and E) are located at the 5° end of the genome, and the non-structural
genes (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) are located at the 3” end of the
genome. Upon entering the cytoplasm, the WNV RNA genome is translated as a single
polypeptide.(87) The polyprotein is cleaved into its three structural and seven
nonstructural proteins by the NS2B/NS3 viral protease and host proteases.(88-90) The
WNV RNA genome and the negative-sense template strand are transcribed by the NS5
RNA-dependent RNA polymerase, with production skewed toward the production of

positive sense genomic RNA.(91-96) Two potential assembly and maturation sites for

the WNV virion have been observed. The virus may rarely assemble near the plasma
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membrane and acquire its lipid bilayer during its release from the cell via budding.(97)
More commonly, the virus may assemble on the cytoplasmic surface of the endoplasmic
reticulum and acquire its lipid bilayer by budding into the lumen of the ER, then be
transported to the plasma membrane in a vesicle and exit the cell using the secretory
pathway.(98) Between the assembly and release steps, low pH triggers the cleavage of
‘pr’ from M, changing the positions of E from a protruding to a flat dimer to form the
smooth, mature virion.(99) Complete cleavage of all pr fragments from all M protein,

however, is not necessary.(100)
WNYV DISEASE IN HUMANS

Course of Infection

WNV is typically acquired by mosquito bite and is therefore first introduced
either into a capillary, allowing it to directly seed a systemic infection, or to the
epidermis. The mosquito feeding itself alters the environment into which WNV is
initially introduced, and experiments in mice have shown that feeding by uninfected
mosquitoes immediately prior to intradermal inoculation can accelerate both death and
neuroinvasion.(101) These effects are thought to be due to a local response to the
mosquito saliva.(102) Following the initial inoculation, WNV replicates in the local
keratinocytes and in Langerhans cells, which then migrate to the local draining lymph
node.(103, 104) WNYV then replicates in the lymph node and disseminates through the
blood to peripheral organs. Tissue samples from fatally infected humans confirm that
WNYV can spread to many peripheral organs including the spleen, kidneys, liver, lungs,
stomach, and intestines, but that not all organs will be infected in all cases.(105-107)

There are several mechanisms by which WNV may potentially enter the central
nervous system. One possibility is axonal retrograde transport from the dorsal root
ganglia neurons of the peripheral nervous system that are responsible for sensing

pressure.(108) Similarly, WNV may infect olfactory neurons, thus spreading to the
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olfactory bulb and the rest of the central nervous system.(109) WNYV may infect the
epithelium of the choroid plexus, thus gaining access to the cerebrospinal fluid and from
there the central nervous system.(110)  Similarly, WNV may infect the brain
microvascular endothelial cells of the blood brain barrier, providing access to the central
nervous system without disturbing the integrity of the blood brain barrier.(111) Other
potential methods of crossing the blood brain barrier include the ‘Trojan horse’ method
using infected T cells or the disruption of blood brain barrier integrity by upregulating
matrix metalloproteinases or TNF-a.(112-119) Inside the central nervous system, WNV

infection kills neurons by both apoptosis and necrosis.(120, 121)

WNV Symptoms

A serological survey revealed that approximately one in five WNV-infected
humans will develop WNF and one in 150 WNV-infected humans will develop
neuroinvasive disease.(122) Death occurs in approximately one in ten neuroinvasive
cases.(123) The major risk factor for developing neuroinvasive disease following WNV
infection was being over 65 years old.(122) Risk factors for developing the milder WNF
are less well defined. One study found that the odds of developing WNF are actually
inversely correlated with age, but this finding was not repeated in other studies.(124-126)
The onset of disease for WNV is typically 2-14 days post-infection.(17) The incubation
period for WNV in humans ranged from 2-21 days for transfusion-associated infection,
with individuals who were immunosuppressed due to organ transplants having a higher
average incubation period.(127)

Symptoms of WNF are typically non-specific. The most common reported
symptoms are headache and weakness, and over half of WNF patients also report a rash,
fever, and/or muscle pain. Although WNF is typically self-limiting and acute symptoms
resolve in a week, fatigue can persist.(17) Neuroinvasive disease result in acute flaccid

paralysis, encephalitis, or meningitis. The majority of patients with neuroinvasive
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disease develop the non-specific symptoms of fever, headache, nausea, neck pain,
vomiting, malagia, and chills and the neurologic symptom of tremors. Encephalitic
patients also experience nuchal rigidity (a stiff neck), while meningitis patients are more
likely to experience confusion and Parkinson-like symptoms.(128) Autopsy results
showed widespread inflammation in the spinal cord and brainstem along with glial

nodules and neuron loss.(129, 130)
ANTI-WNYV ANTIBODIES

Kinetics and Common Targets of the Anti-WNV Antibody Response

The antibody response to WNV infection is of interest because neutralizing
antibody is generally accepted as a reliable correlate of protection.(131, 132) It is also
necessary for protection, as demonstrated by the lethality of WNV in mice lacking mature
B cells and the protection conferred upon those mice with the passive transfer of heat-
inactivated immune serum.(133) IgM antibody, produced in mice by 4 days post-
infection, is necessary for protection. Binding IgM titers are a good predictor of survival
outcome, and C57BL/6 mice lacking the ability to generate secreted IgM are more
susceptible to lethal WNV infection and develop higher viral loads than wild-type
C57BL/6 mice.(133, 134) IgG is protective in mice, but it is not typically detected until
the virus has been cleared from the peripheral organs and infected the CNS, which should
be essentially inaccessible to 1gG.(133, 135) Similarly, in viremic human blood donors,
IgM was detected approximately 4 days after the detection of WNV RNA and IgG was
detected approximately 8 days after the detection of WNV RNA.(136)

Studies with monoclonal antibodies against WNV EIII demonstrate that they tend
to be specific and potently neutralizing, but their role in a natural infection is not as
clear.(65, 137-140) In a C56BL/6 model of infection, the IgG response to EIII
constitutes approximately 25% of the total, while convalescent serum from human

patients showed that the IgG response to E constitutes 80% of the total but antibodies
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against EIII constitute only 8% of the anti-E response. In contrast, nearly half of the anti-
E antibodies bind the fusion loop region of EIL.(132) When looking specifically and
antibodies that bind the surface loops of EIII the difference between the mouse model and
the human response is more dramatic, with anti-EIII surface loop antibodies comprising
20% of the anti-E IgG in mice but less than 2% in humans.(135) However, despite their
low abundance, anti-EIII antibodies do tend to be potently neutralizing, and it has been
demonstrated that using EIII as a boost (instead of an Elll-exclusive EIII vaccination
schedule), can effectively raise the level of neutralizing antibodies induced against this

important target.(141)

Elll Epitope Mapping

Many anti-WNV EIIl monoclonal antibodies are available, and their epitopes
have been mapped using diverse methods such as yeast display libraries, the selection and
nucleotide sequencing of neutralization-resistant mutants, and structural analysis of
antibody bound to WNV proteins or virions. One example is SH10, an antibody used
extensively in this dissertation. SH10 was initially mapped to EIII due to its binding to
recombinant EIII protein in a Western blot.(138) This epitope was further refined by the
selection of neutralization-resistant variants which encoded changes at residues 307, 330,
and 332, all of which are located in the surface loops of EIIl. Subsequent neutralization
assays with both naturally occurring and engineered variants in the surface loop residues
confirmed the importance of the initially identified residues and suggest a possible role
for the neighboring residues 331 and 333.(139, 140) The importance of residues 307,
330, and 332 was subsequently confirmed by ELISA using recombinant EIII proteins
with engineered mutations at those residues.(139, 142) The role of 331 and 333 was
confirmed by Western blot with infected cell lysates.(140) The importance of the N-

terminal and BC loops did not correspond to importance for residue 367 of the
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neighboring DE loop (see the ‘Structure and Function of WNV E’ section of this
dissertation for more details regarding the WNV EIII surface loops).(143)

Another monoclonal antibody used in this dissertation is 7H2, and is epitope was
mapped in a similar way to that of SH10. The 7H2 epitope was also localized to EIII
using a Western blot with recombinant EIIl protein. Although 7H2-resistant plaques
were not initially purified and sequenced, the ability of 7H2 to neutralize WNV variants
selected for resistance to other monoclonal antibodies demonstrated that 307 and 332,
and to a lesser extent 330, impact 7H2-mediated neutralization.(138) The importance of
307, 330, and 332 was subsequently demonstrated by ELISA using recombinant EIII
protein.(139, 142) Engineered WNV mutants used in neutralization assays and Western
blots with infected cell lysates suggested that, like SH10, the 7H2 epitope may include
residues 331 and 333.(140) Once again, changes to residue 367 in the DE loop had no
apparent impact on 7H2 binding.(143)

Another WNV EIII antibody for which epitope mapping has been extensively
reported is E16.  An overview of E16 epitope mapping is included here; more details are
available in the ‘Mechanisms of Neutralization’ and ‘Critical Antigenic Residues in
WNV EITI’ sections of this dissertation. A yeast display library demonstrated that
changes to residues 306, 307, 330, and 332, but not to residues 310, 315, 381, 394, or 396
resulted in moderate to strong loss of binding by E16. Note that for residue 332, the
yeast-displayed T332M mutant resulted in strong loss of binding but the T332A and
T332V mutants did not.(137) Following initial mapping with a yeast display library, E16
was crystallized with recombinant WNV EIIIl, and E16 was found to contact EIII at
residues 302, 306-309, 330-333, 365-368, and 389-391, thus confirming and expanding
upon the epitope identified by yeast display. Overlaying this structure onto a cryo-
electron microscopy reconstruction of the WNV virion revealed that steric hindrance
would prevent E16 from binding to EIII oriented about the 5-fold axis of symmetry, thus

restricting E16 to the 120 copies of E involved in the 2-fold and 3-fold axes of
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symmetry.(65) The importance of residues 307 and 332 in particular to E16
neutralization was later confirmed by the in vivo selection of E16 neutralization-resistant

mutants.(144)

Mechanisms of Neutralization

Despite the relative abundance of anti-WNV antibodies and epitope mapping
studies, the exact mechanisms of neutralization have been defined in only a few cases.
Surprisingly, despite the purported role of WNV EIIl in receptor binding and the
neutralizing potency of antibodies that bind WNV EIII, none of the anti-WNV EIII
antibodies have been demonstrated to function by preventing binding to the cell. There
have certainly been examples of anti-EIIl antibodies blocking attachment in other
flaviviruses such as DENV-2, and as more studies are done in this area there may well be
anti-WNV EIII antibodies that are shown to block binding.(145, 146) Antibodies that
bind to WNV EI and WNV EII have been suggested to prevent binding to cells based on
differential neutralizing capacity in cell lines displaying different potential receptor
molecules.(147)

One anti-WNV antibody for which the mechanism of neutralization has been
studied is E16. Structural analysis of E16 in complex with recombinant EIII protein
revealed a binding footprint in the surface loops of EIIl, with some extension into the
EI/EIII linker (namely residue Y302).(65) This allows E16 to bind WNV E oriented at
the 2-fold and 3-fold axes of symmetry, but prevents binding at the 5-fold axes of
symmetry, thus rendering 60 of 180 copies of E inaccessible to E16 binding. E16,
however, remains potently neutralizing despite its inability to bind the 5-fold axis,
requiring only ~30 bound copies to render WNV 50% neutralized and ~54 bound copies
to render WNV essentially completely neutralized.(148) Given that E16 binds the
surface loops of EIII, it would be logical to hypothesize that E16 neutralizes WNV by

preventing attachment to the host cell receptor(s). However, E16 is only weakly able to
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block WNYV attachment to Vero cells.(65, 149) More detailed studies revealed that E16-
bound WNYV is able to bind and enter cells and that the endosomes formed during entry
do acidify, but that WNV is unable to fuse with the membrane upon acidification.(149)
This suggests that E16 prevents the pH-induced rearrangement of E from dimers to
trimers, thus preventing fusion with the endosomal membrane. This mechanism of
neutralization may be due to the binding of E16 to the EI/EIII linker.

The mechanism of neutralization has also been determined for the human-derived
monoclonal antibodies CR4348 and CR4354.(150) CR4348 binds a complex epitope that
includes residues from all three structural domains of E and requires the cross-linking of
two E monomeres.(151) CR4354 is also unable to bind recombinant E protein
monomers, perhaps because its epitope in the flexible EI/EIl hinge region is
conformationally different in a recombinant protein than it is in a whole virion. Similarly
to E16, both CR4348 and CR4354 fail to block attachment but do prevent fusion,
presumably by preventing the rearrangement of E from dimers to trimers.(150) Thus,
three different anti-WNV monoclonal antibodies with three distinct epitopes all seem to
neutralize virus by preventing the structural rearrangement of E associated with pH-

induced fusion.
WNV VACCINES AND THERAPEUTICS

Therapeutics

There is currently no approved, specific therapeutic for WNV infection; only
palliative care is available. The two potential treatments that have advanced to human
clinical trials are both antibody-based. Omr-IgG-am is normal human IgG taken from
healthy donors. An initial study in mice demonstrated that IgG from Israeli donors with
high anti-WNV antibody titers was able to protect 100% of mice when administered 1
and 2 or 2 and 3 days post-challenge. By comparison, serum from American donors with

low anti-WNYV antibody titers offered no protection against lethal challenge.(152) The
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human IgG was also able to protect immunesuppressed mice.(153) Use of intravenous
immunoglobulin in human patients has been limited, and results have been mixed but
promising.(154-158) In addition to intravenous immunoglobulin, an monoclonal
antibody that binds the surface loops of EIII, called E16 or MGAWNI, has been
developed. Early results in a mouse model were quite promising, with 80-90% survival
demonstrated in mice when administered up to five days post-challenge.(137) An
intriguing study in hamsters confirmed that E16 can protect against mortality and further
demonstrated that animals that survived infection with E16 treatment had less cognitive
impairment that untreated survivors nearly a month after recovery.(159) The humanized
E16 antibody has been shown to be safe in humans, but efficacy data is not yet
available.(160) The epitope of E16 has been well mapped, and the potential for escape
fromE16 neutralization has been documented (see ‘Critical Antigenic Residues in WNV

EIIl” for details).
Vaccines

WNV EIlll VACCINES

Five studies of WNV EIII as a potential vaccine have been published(161-165).
The initial investigation of WNV EIII as a potential vaccine was performed by Chu et al
in 2007. This group used recombinant EIIl protein to vaccinate BALB/C mice, and
although the vaccinated mice were not themselves challenged, Chu ef a/ demonstrated
that the resulting sera was able to protect 100% of 2-day-old pups from lethal IC
challenge by WNV. This serum was also able to confer 83% protection against a parallel
challenge with JEV Nakayama.(161) A subsequent group demonstrated that recombinant
WNV EIII could protect 80% of vaccinated C57BL/6 mice from lethal intraperitoneal
(IP) WNV challenge and 60% of vaccinated mice from lethal [P JEV Beijing-1
challenge.(162) The most recent investigation of WNV EIIl recombinant protein as a

vaccinating antigen resulted in 100% protection of Swiss mice from WNV IP challenge,
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although the control mice had 50-83% survival depending on whether or not they
received adjuvant with their PBS. A passive transfer experiment using 4-day-old pups
showed that the resulting immune sera was protective and showed no signs of antibody-
dependent enhancement even at sub-neutralizing concentrations. Finally, this study
demonstrated that EIII vaccination is able to confer protection from mother to pups and
that breast milk contributes more to this protection than trans-placental immunity.(163)

In addition to the use of recombinant protein, WNV EIII vaccines have also been
investigated using plasmid DNA and VLP systems. The plasmid DNA was able to protect
up to 80% of mice and showed a marked difference in protection based on the method of
vaccination (IM syringe injection or ID gene gun injection). This protection was also
able to be conferred via passive transfer.(164) The VLP study showed the most
promising results, with all vaccinated mice surviving lethal challenge after three doses
regardless of the use of adjuvant, compared to no survivors in the sham-vaccinated
group.(165)

Of note, these studies have collectively demonstrated protection in three different
strains of mouse (Swiss, BALB/c, and C57BL/6) and have utilized multiple combinations
of adjuvants, dosing schedules, and vaccine platforms (recombinant protein, VLP, and
plasmid DNA). However, in all cases the amino acid sequence of the immunizing EIII
antigen was a perfect match to the EIIl sequence of the challenge virus. In fact, with the
exception of the Chu et al study which used the lineage 2 Sarafend strain, all other
studies utilized the same lineage 1 NY99 sequence for generating their EIIIl antigens. No
effort has been made to address the impact of EIII diversity on the protective capacity of

a WNV Elll-based vaccine.

Elll VACCINES FOR NON-WNYV FLAVIVIRUSES

Many groups have investigated EIIl as a potential vaccine platform for

flaviviruses other than WNV, namely JEV and DENV. EIII is especially attractive as a
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vaccine component for DENV because it is a target of highly specific, potently
neutralizing antibodies, which should be a substantial advantage when designing a
vaccine where antibody dependent enhancement is a concern.(145, 166-171) Two
studies of EIII as a potential DENV vaccine are especially relevant because they address
the impact of naturally occurring EIII variation on the protection afforded by an EIII-
based vaccine.

The first studies compares EIII vaccination from two different strains of dengue
virus type 3 (DENV-3), a genotype III Latin American strain and a genotype IV Asian
strain. The two differ at four residues in EIII: 301, 329, 383, and 391. A dot blot using
serum from naturally infected humans from Cuba and the two recombinant proteins
resulted in binding to the the genotype III Latin American EIII but not the genotype IV
Asian EIII, indicating that the differences in EIII sequence do have an antigenic impact.
Next, the levels of binding and neutralizing antibodies that each EIII protein are able to
elicit in mice were measured by enzyme-linked immunosorbent assay (ELISA) and
plaque reduction neutralization test (PRNT), respectively. The ELISA results showed
that the genotype III Latin American EIII protein was able to induce a stronger binding
antibody response than the genotype IV Asian EIII protein, even though the capture
antigen used in the ELISA matched the genotype IV Asian strain. This indicated that the
Latin American genotype III strain may be more immunogenic. Next, PRNT assays were
carried out using a virus that matched the genotype III Latin American strain at residues
301, 383, and 391 and matched the genotype IV Asian strain at residue 329. The average
PRNTs5 titer from the mice vaccinated with the genotype III Latin American strain of
EIII were higher, indicating that the exact sequence of the immunizing EIII protein is an
important factor in determining which strains will be effectively neutralized. Finally,
vaccinated mice were challenged intracerebrally with the genotype IV Asian strain of
DENV-3. The heterologous protection from the genotype III Latin American strain of

EIIl conferred a higher rate of protection against morbidity than the homologous
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genotype IV Asian strain did. Taken together, these results indicate that small changes in
the sequence of EIIl can have a large impact on both immunogenicity and antigenicity,
and that this should be considered when designing an EIIl vaccine for a virus with
naturally occurring EIII diversity.(172)

In a similar experiment involving dengue EIIl vaccination, Macaca fascicularis
monkeys were vaccinated with EIII from either dengue virus type 1 (DENV-1) or dengue
virus type 2 (DENV-2) and PRNT assays were conducted using that anti-EIIl serum. For
DENV-1, the vaccinating EIIl strain was from genotype V and the PRNTs were
conducted using the corresponding genotype V strain or a type IV strain. The two
DENV-1 strains differ by a single residue, 359, located in EIIl. Control serum from a
monkey infected with whole virus gave similar PRNT titers against both DENV-1 strains.
The EIIl vaccinated monkey, however, generated a 7-fold stronger heterologous
neutralizing response compared to its homologous neutralizing response. In a parallel
experiment with DENV-2, monkeys were vaccinated with EIIl from an Asian genotype
strain and PRNTs were run against the homologous Asian genotype strain, a different
Asian genotype strain, or an American genotype strain. In this case, the Asian and
American genotype strains were different at residue 390, located in EIIl. PRNT results
for the DENV-2 EIII vaccinated monkeys revealed that the serum could neutralize all
thee strains, but that neutralization of the American genotype strain was approximately 4-
fold higher than neutralization of the homologous Asian genotype strain. Like the
experiments with DENV-3 EIIl vaccinated mice, this work demonstrated that small

changes in EIII can have important impacts on antigenicity.(173)

VETERINARY WNV VACCINES

Four equine vaccines for WNV have been developed. The first to be licensed was
WN-Innovator, a formalin-inactivated whole virus vaccine.(174) The RecombiTEK

rWNYV vaccine is based on a recombinant canarypox virus that expresses the prM/E
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proteins of WNV NY99. It has been shown to significantly decrease clinical signs and
eliminate viremia in horses.(175, 176) PreveNile, a Yellow fever virus 17D backbone
that again expresses the prM/E proteins of WNV, was approved for use but subsequently
recalled due to adverse events in vaccinated horses and is now used as a killed
vaccine.(177) Finally, a plasmid DNA vaccine expressing the prM/E proteins of WNV
has been developed and licensed but not marketed for use in horses.(178) Of note, all of
these veterinary vaccines use either whole virus or whole prM/E proteins (as opposed to

the many Elll-based vaccines detailed in this chapter).

STRUCTURE AND FUNCTION OF WNV E

The cryo-electron microscopy structure of the WNV virion reveals that, like other
flaviviruses, each WNV particle contains 180 copies of E arranged in head-to-tail
homodimers that lay flat on the surface of a mature virion (Figure 2A).(179) Recall that
E must also be able to form the spiked dimmers of the immature virion and the spiked
trimers of the membrane-fused virion in order for WNV to complete is replication cycle;
see the ‘Cellcular Replication Cycle’ section for more details. The E protein itself has
three distinct structural domains (Figure 2B). Domain I is the central linker connecting
domains II and III, and it is made up of 9 stranded (Ay-Ip) B-barrel. In addition to its role
as the linker between domains II and III, domain I contains the critical N154
glycosylation site. This N-linked glycosylation site is not found in every strain of WNV
but is critical to mouse neuroinvasion and virulence, interactions with DC-SIGNR, early
production of TNFa in infected macrophages, mosquito dissemination and transmission,
replication in birds, and virus infectivity(77, 180-188) Domain II contains the highly
conserved fusion loop, which is essential for membrane fusion, at its far end. Domain III,
the putative receptor binding domain and focus of this dissertation, is a seven stranded
(A-G) structure with an Ig-G-like fold.(63, 189) Solution structures of recombinant

domain III confirm that, although the overall folds of flavivirus EIII proteins are quite
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similar, the exact properties of the surface exposed residues are unique to each
virus.(142) Also, the mosquito-borne flavivirus EIII proteins more closely resemble each
other than they do the tick-borne flavivirus EIII proteins and are generally less stable than
the tick-borne flavivirus EIIl proteins, which may explain why mosquito-borne
flaviviruses are generally less stable in the environment.(190) There are several lines of
evidence for the hypothesized function of WNV EIII as the receptor binding domain.
Recombinant WNV EIII blocks WNV entry into Vero and C6/36 cells in a dose-
dependent manner.(191) Similarly, WNV EIIl blocks WNV binding to the proposed
receptor avb3 integrin in a dose-dependent manner.(81) Finally, changes at residue 332
in WNV EIII are associated with differential binding of membrane receptor preparations

prepared from mouse brains, further pointing to the role of EIII in receptor binding.(138)

Figure 2: Structure of WNV Envelope Protein

Figure 2A shows the arrangement of WNV E based on the known structure of the dengue virion. The 2-
fold, 3-fold, and 5-fold axes of symmetry are highlighted in the enlargement. EIll = blue. Fusion loop =
green. Glycan =red. Images from Kanai et al., used with permission (See Appendix C).(189) Figure 2B
shows the structure of WNV E with the strands labeled. EI =red. EIl = yellow. EIlll = blue. Fusion loop
= green. Image from Nybakken et al., used with permission (See Appendix C).(63)
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CRITICAL ANTIGENIC RESIDUES INWNYV ElII

Residue S306

The antigenic role of residue S306 was discovered by crystallography and a yeast
display library.(65, 137) When recombinant WNV EIII and the Fab fragment of the E16
monoclonal antibody were crystallized and their structure determined, S306 was found to
be in the binding footprint of the antibody. Specifically, residue S306 has contact with
two E16 residues via van der Waals forces, one E16 residue via direct hydrogen bonding,
and three E16 residues via water-mediated hydrogen bonding.(65) Other evidence for the
role of S306 in antibody binding comes from a yeast display library that expresses WNV
EIII with a S306L mutation. This mutation moderately or strongly inhibited binding by
five of ten strongly neutralizing monoclonal antibodies including E16, E27, E40, E43,
and E49 but not E24, E33, E34, E47, or E58.(137) Of note, none of the experiments
pointing to S306 as a critical antigenic determinant included changes at that residue in the

context of an infectious virus, and there is no known natural diversity at this residue.

Residue K307

The antigenic role of residue K307 had been demonstrated by crystallography,
yeast display, and the selection of neutralization-resistant mutants. = The same
crystallography experiment that demonstrated the importance of residue S306 also
pointed to an important role for residue K307. Specifically, residue K307 contacts the
E16 Fab fragment at five residues via van der Waals contacts, two residues via direct
hydrogen bonds, and three contacts via water-mediated hydrogen bonds.(65) The
importance of residue K307 in antibody binding was further confirmed with a yeast
display library that contained WNV EIII with K307E, K307N, and K307R substitutions.
All three substitutions had widespread impact on the binding ability of the ten strongly

neutralizing antibodies tested: E16, E24, E27, E33, E34, E40, E43, E47, E49, and ESS.
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The K307E mutant strongly inhibited binding by all ten antibodies, the K307N mutant
strongly inhibited binding by all but E16 (which was still moderately inhibited), and the
K307R mutant strongly or moderately inhibited binding by all but E24.(137)

In addition to the recombinant protein and yeast display library, the importance of
residue K307 was confirmed by the selection of neutralization-resistant mutants. A
K307R mutant in a NY99 backbone was selected for in vitro resistance to the monoclonal
antibody 5C5, and a K307R mutant in a strain H-442 backbone was selected for in vitro
resistance to the monoclonal antibody 5H10. In both cases, the K307R mutation
conferred strong resistance to in vitro neutralization by the monoclonal antibodies 3A3,
5C5, and 5HI10, and moderate escape resistance to in vitro neutralization by the
monoclonal antibody 7H2. These results were supported by ELISA results demonstrating
that binding of 7H2 to recombinant WNV EIII with a K307R mutation was roughly 2-
fold lower than binding to wild-type WNV EIIl. The binding of 3A3, 5CS5, and SH10 to
WNV EII with a K307R mutation was roughly 5-10-fold lower binding to wild-type
WNV EIIL(138, 142) In a separate experiment that characterized the antigenicity of
K307R, the K307R mutation in a NY99 backbone was found to have only moderate
impact on the in vitro neutralization of E16, which is consistent with the moderate
reduction in E16 binding to a K307R mutant in a yeast display library described
earlier.(144) The K307R mutants had minimal impact on virulence when delivered IP to
3-4-week-old Swiss Webster mice and did not disrupt binding to a mouse brain tissue
membrane receptor preparation.(138, 142)

Similarly to K307R, a K307N mutant was selected for resistance to in vitro SH10
neutralization on an H-442 backbone. The antigenic properties of the K307N mutant
were similar to those of the K307R mutant, resulting in moderate loss of 7H2
neutralization and strong loss of 3A3, 5C5, and 5H10 neutralization. The K307N mutant
did not disrupt binding to a mouse brain tissue membrane receptor preparation, but unlike

K307R, the K307N mutation was very mildly attenuating in Swiss Webster mice.(138)
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The antigenic importance of a K307E mutation was demonstrated by the in vivo
loss of protection by the monoclonal antibody E16. Swiss Webster mice were treated
with 100pg humanized E16 monoclonal antibody and challenged with 100pfu of virus
one day later. The antibody was able to protect 100% of the wild-type-challenged mice,
but only 10% of K307E-challenged mice. In addition to the ability of a K307E mutation
to confer in vivo resistance to neutralization, it was also demonstrated that K307E
mutants can be selected from a wild-type population under the selective pressure of a
monoclonal antibody therapy in vivo. When B cell- and T cell-deficient RAG mice were
challenged with 100pfu of WNV NY2000 (which is identical to WNV NY99 in the
sequence of its E gene) and treated with 500pug of humanized E16 antibody at 1, 14, and
28 days post-infection, two of the mice that succumbed were found to have WNV with a
K307E mutation in their brains. A K307E mutant was similarly recovered from a Swiss
Webster mouse treated one day pre-challenge with 100pug humanized E16 and challenged
with 10,000pfu of WNV NY99. The ability of the K307E mutation in the in vivo-

selected K307E mutants to resist E16 neutralization was confirmed via PRNT.(144)

Residue T330

The antigenic role of residue T330 has been demonstrated by crystallography,
yeast display, and characterization of neutralization-resistant mutants and viruses with
engineered substitutions at residue T330. The crystallography data showed that residue
T330 in a recombinant WNV EIII protein contacts the Fab fragment of the E16 antibody
at four residues via van der Waals forces and three residues via water mediated hydrogen
bonds, but does not contact E16 via any direct hydrogen bonds.(65) Residue T330 was
also found to be important to antibody binding using a yeast display library expressing
WNV EINI with a T330I mutation. This mutation strongly or moderately inhibited
binding by nine of ten strongly neutralizing antibodies tested: E16, E24, E33, E34, E40,
E43, E47, E49, and E58.(137)
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The impact of the T330I mutation was also evaluated as a neutralization-resistant
NY99 variant selected in the presence of the 5H10 antibody and as a mutation
deliberately added to a NY99 infectious clone. The T330I mutation resulted in strong
escape from neutralization by 3A3.(138, 142) Neutralization by the SH10 antibody gave
more mixed results, with the engineered T330I mutant resulting in 56% loss of
neutralization and the plaque purified T330I mutants resulting in 71-83% loss of
neutralization.(138, 140, 142) The antigenic impact of T330I on 7H2 was moderate, and
the impact on 5C5 was weak.(138, 140, 142) Antibody binding was also assessed using
both a Western blot with infected cell lysates and an ELISA with WNV EIII recombinant
proteins. All three antibodies assessed by the Western blot (SH10, 7H2, and 5C5) were
unable to bind the WNV T330I cell lysate.(140) The ELISA results more closely
resembled the neutralization results, with T330I resulting in a moderate loss of binding
by 7H2 and 5C5 and a strong loss of binding by SH10 and 3A3.(142) Despite these in
vitro suggestions of a role of T330I in escape from neutralization, a T330I mutation in a
NY99 backbone was not able to decrease the protective capacity of humanize E16
antibody administered either pre- or post-challenge in mice.(144) In contrast to its
antigenic impact, the T330I mutation had minimal functional impact. Binding to a mouse
brain tissue membrane receptor preparation, replication kinetics in Vero cells, and mouse
virulence were essentially unaffected.(138, 140, 144)

The impact of a T330A mutation has also been assessed using the NY99
infectious clone.  Unlike the T330I mutation, T330A had minimal impact on
neutralization and binding by 5H10, 7H2, and 5C5. Similarly to the T330I mutation,
T330A had minimal impact on viral growth kinetics in Vero cells and mouse

virulence.(140)
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Residue T332

Residue T332 is perhaps the most well-characterized antigenic determinant in
WNV EIIl. Crystallography demonstrated that residue T332 in recombinant WNV EIII
contacts the Fab fragment of the monoclonal antibody E16 at six residues via van der
Waals forces, two residues via direct hydrogen bonding, and three residues via water
mediated hydrogen bonds.(65) A yeast display library demonstrated that residue T332
can have widespread antigenic impact, but that the identity of the amino acid substitution
is quite important. The T332A and T332V substitutions result in strong or moderate
escape from binding by three of ten monoclonal antibodies tested. Both T332A and
T332V result in escape from E24 and E58, but only T332A escapes from E33 and only
T332V escaped from E27. The T332M substitution, on the other hand, results in
widespread escape from binding to nine of the ten monoclonal antibodies tested: E16,
E24, E33, E34, E40, E43, E47, E49, and ES8.(137)

Unlike the other antigenic determinants detailed in this chapter, residue T332 has
been evaluated in the context of naturally occurring variation. One strain (ISR53) has a
naturally occurring T332A and two strains (MAD88 and SAS58) have a naturally
occurring T332K. The ISR53 strain is a member of lineage 1 and has no other variation
in EIII, and the MAD88 and SAS5S8 strains are members of lineage 2 and have naturally
occurring L312A and A369S variations. The antigenic impact of L312 and A369 were
thought to be minimal due to the lack of neutralization loss demonstrated by other strains
that varied from NY99 at residues L312 or A369. The ISR53 strain (T332A) had
moderate loss of neutralization by 5SH10 and 5C5, and weak loss of neutralization by
7H2, but was strongly neutralized by polyclonal serum against WNV EIII and whole
WNV. The MADS88 and SASS strains (T332K), on the other hand, had essentially total
loss of neutralization by all three monoclonal antibodies (SH10, 5C5, 7H2) and the anti-

WNYV EIII serum, but remained strongly neutralized by serum against whole WNV.(139)
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The importance of the T332K variant SA58 in neutralization was clearly demonstrated in
vivo using the humanized E16 monoclonal antibody. Whereas treatment with E16 pre- or
post-challenge was able to protect against death with NY99, it was unable to protect
against an SA58 challenge. Changing residue 332 from the natural SAS58 lysine to a
NY99 threonine restores protection by E16.(144) In the case of the monoclonal
antibodies SH10, 5C5, and 7H2, binding ability closely mimicked neutralizing ability, but
serum against WNV EIII was able to bind in a Western blot regardless of neutralizing
activity, perhaps due to the display of epitopes in the Western blot that would not be
exposed in an infectious particle. ELISA results with mutant WNV EIIl proteins
confirmed the moderate loss of monoclonal binding to T332A and the total loss of
binding to T332K.(139)

In addition to the naturally occurring T332A variant (ISR53), the impact of
T332A has been evaluated by the introduction of T332A into a NY99 infectious clone.
The T332A substitution reduced neutralization by 7H2 and SH10 by approximately 50%
and reduced neutralization by 5C5 by approximately 30%. These results are roughly
similar to the neutralization information gathered for ISR53.(140) The T332A mutation
did not have any effect on in vivo protection or in vitro neutralization by the humanized
E16 antibody.(144) Western blot binding levels roughly correspond to neutralization
levels for 7H2, 5H10, and 5C5. Mouse virulence and growth in Vero cells were
essentially unaffected by the T332A mutation.(140)

Like T332A, the role of T332K has been assessed in a NY99 infectious clone in
addition to naturally occurring variants (MADS88 and SAS58). Like SAS58 with its natural
T332K, a NY99 virus with a T332K mutation is able to significantly decrease the in vivo
protection conferred by humanized E16 antibody in a mouse model.(144)  Also like
SA58 and MADSS, NY99 T332K is not neutralized or bound in vifro by the monoclonal

antibodies 5C5, 5SH10, or 7H2. The T332K mutation did not functionally impact the
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NY99 virus, as it retained the Vero growth and mouse virulence phenotypes of the wild-
type NY99.(140)

The final T332 mutation evaluated using infectious virus was T332M. The
T332M mutant demonstrated strong escape from S5H10 and moderate reduction in
neutralization by 5C5 and 7H2. The binding and neutralization phenotype corresponded
well for 5SH10 and 5C5, but 7H2 was unable to bind NY99 T332M in a Western blot
despite retaining moderate neutralization.(140) Treatment with humanized E16 antibody,
either pre- or post-challenge, was able to protect mice from lethal NY99 T332M
infection. However, the T332M mutation did reduce in vitro neutralization by E16 and
when mice were treated with 100ug and then challenged with 10,000pfu of wild-type
NY99, one of the mice that succumbed to infection had virus with the T332M mutation in
its brain.(144) The T332M mutation had minimal impact on both replication in Vero

cells and virulence in mice.(140)

Residue A367

Residue A367 does appear to have some antigenic role, although it seems to be
involved in an epitope that is distinct from the other antigenic determinants discussed in
this chapter. The crystallography data revealed that A367 in recombinant WNV EIII
protein contacts that Fab fragment of the E16 antibody at three residues via van der
Waals forces, one residue via direct hydrogen bonding, and no residues via water
mediated hydrogen bonding.(65) However, despite this contact, no A367 mutants were
selected from a yeast display library using any of the ten screening antibodies, including
E16.(137)

When grown in the presence of the monoclonal antibody 5E8, a neutralization-
resistant mutant was selected and found to have an A367V substitution. Subsequent
neutralization experiments with this A367V mutant demonstrated that A367V impacts

neutralization by SE8 but not 3A3, 5C5, SH10, or 7H2. The A367V mutation affected
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SES8 binding as well as neutralization as demonstrated in an ELISA using recombinant

WNV EIII. Mouse virulence was unaffected by the A367V mutation.(143)

Naturally Occurring Variation at Known Antigenic Determinants and Neighboring
Residues

Of the five known antigenic determinants in WNV EIII and their six neighboring
residues, only three had any naturally occurring variation (Table 1). The N-terminal loop
residues (C305, S306, K307, and A308) had no amino acid variation at all. In the BC
loop (T330, G331, T332, and D333), only T332 had any naturally occurring variation.
There were strains with T332A, T332K, T332M, and T332S. All of these amino acid
substitutions were attainable with a single nucleotide change from the wild-type
threonine codon. The T332K variants were found in lineage 2 viruses and in a single
lineage 1 virus, while theT332A, T332M, and T332S variants were all found in lineage 1
viruses.(192-197) In the DE loop, the two neighboring residues (T366 and N368) had
naturally occurring variation, but the known antigenic determinant (A367) did not. The
only T366 variant, T366A, occurred in conjunction with a T332K variant in a lineage 1
virus.(194) Both of the N368 variants were N368D, and both were in lineage 1

strains.(195, 198)
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so is impact on the structure and function of EIII is unknown.(137) Residue K307, on the
other hand, must be able to tolerate at least some diversity despite its strict conservation
in nature. At least three changes (K307E/N/R) have been selected for and/or
successfully engineered into WNV for their resistance to neutralization by E16, SH10,
5C5, 3A3, and to a lesser extent 7H2.(138, 142, 144) None of the changes were
attenuating in mice.(138, 144) The functional and antigenic role of residue 308 is
unknown, as it has no naturally occurring variation and has not been selected as
antigenically important.

The role of individual residues in the BC loop is better defined than the role of
residues in the neighboring N-terminal and DE loops. At residue T332, T332A, T332K,
and T332M have been identified as antigenically important using naturally occurring and
engineered variants.(139, 140, 144) Changes at residue 332 result in varying degrees of
escape from neutralization by SH10, 5C5, 7H2, and E16, with T332K resulting in by far
the most dramatic escape. T332V is known to cause escape from antibody binding, but
was discovered in a yeast display library and so its viability in the context of an actual
WNV virion is unknown.(137) Of the three variants known to be viable and
antigenically important (T332A, T332K, and T332M), none are attenuating in mice or
inhibitory in Vero cells.(140, 144) A third variant, T332S, is known to be viable but is
not characterized. Similarly to 332, residue 330 is a known antigenic determinant. T330I
results in escape from neutralization by 3A3, 5H10, and 7H2, but T330A had a less
dramatic antigenic impact.(138, 140, 142) Despite its lack of naturally occurring
diversity, residue 330 tolerated substitution with minimal impact on virulence or
replication in Vero cells.(140) In sharp contrast to residues 330 and 332, changes at
residues 331 and 333 were not well tolerated. There is no naturally occurring diversity at
these residues and the engineered changes (G331A, D333E, and D33N) are highly

attenuated in mice and restricted in Vero cells. The D333 A mutation is completely non-
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viable.

Changes at residues 331 and 333 resulted in moderate to weak escape from

antibody neutralization.(140)

Interestingly, in the DE loop, residue 367 has been selected as antigenically

important despite its lack of naturally occurring diversity.(143) Its neighboring residues,

on the other hand, do have at least some minor natural variation but were not selected as

being important to antibody binding or neutralization.

Residue
N-Terminal Loop BC Loop DE Loop
305 306 307 308 330 331 332 333 366 367 368
Known K307E T330A T2k
Antigenic No | S306L | K307N | No No No No A367V No
Variant? K307R 3301 T332M
) T332V
Naturally Eggﬁ
Occurring | None | None | None | None | None | None T332M None | T366A | None | N368D
Variation? T3325

Table 2: Comparison of Surface Loop Residues with Known Antigenic Importance and
Naturally Occurring Variation

Summary of current knowledge regarding naturally occurring variation and antigenic importance of
individual residues in the WNV EIII surface loops.(137, 138, 142, 144)
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Chapter 2: Methods

PROPAGATION OF EUKARYOTIC CELL LINES

T-150 flasks of ATCC Vero cells were grown to confluency in Vero growth
media (see Appendix A for details) at 37°C with 5% CO,. The spent media was then
decanted from the flask, and the monolayer was rinsed with approximately 10ml
Dulbecco’s phosphate buffered saline (DPBS). Cells were detached by adding 1.5ml
trypsin (Cellgro, Manassas, VA) and incubating at 37°C with 5% CO, for approximately
3 minutes. The reaction was stopped by adding 10ml Vero growth media. Cells were
gently pipetted several times to break up any clumps. One confluent T-150 could be split
1:2 if cells were needed the following day, or up to 1:10 if cells were not needed until 3
days post-split. Alternately, one T-150 flask could be used to seed up to ten 6-well or 12-
well plates for the following day. T-150 flasks contained 30ml Vero growth media, 6-
well plates contained 4ml Vero growth media per well, and 12-well plates contained 2ml
Vero growth media per well. Vero cells were not used past passage 30, as they become
unreliable for generating WNV plaques past that point.

Duck embryo fibroblast (DEF) cells were propagated essentially the same as Vero
cells, but using DEF growth media (see Appendix A for details). DEF cells were
required only for two growth curve experiments in this dissertation and were used at
passage 15 or lower.

C6/36 cells were propagated similarly to Vero cells, except that trypsin was only
left on the cells for 1 minute and the cells were grown in a 28°C ungassed incubator.
Details of the C6/36 media components are in Appendix A. These cells were only used

for two growth curves, and their passage history is unknown.
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WNV STRAINS

The two Arizona WNV strains (AZ10-75 and AZ10-581) were originally obtained
from Dr. John-Paul Mutebi at the Centers for Disease Control and Protection, Division
of Vector-Borne Diseases and deposited with Dr. Robert Tesh in the World Reference
Center for Emerging Viruses and Arboviruses. They were then passaged twice in Vero
cells to generate a working stock. Both strains were originally collected from mosquito
pools in Gilbert, Arizona during August of 2010.The WNV SAS58 virus (also known as
H-442) was also obtained from Dr. Tesh and was passaged three times in Vero cells. The
NY99ic wild type and mutant viruses were obtained as described in the ‘Recovery of
Wild-Type and Mutant NY99ic Virus’ section of this chapter. Wild-type NY99ic was
always obtained directly from an electroporation (passage 0), typically at three days post-

electroporation. The passage history of individual mutants is described in the results.

GENERATION OF WNYV EIlll RECOMBINANT PROTEIN

The EIII sequence of WNV NY99 and WNV SAS58 encoding the M292-K406
region was previously ligated into pET-15 vector between the Ncol and BamHI
restriction sites, and the resulting plasmid was transformed into E. coli ER2566 bacteria.
The general process used for expression and purification of EIIl for WNV and other
flaviviruses using a reverse ion-exchange affinity column has been previously described
by Volk et al.(200) An overnight culture was diluted 1:100 in 200ml of Luria broth
(LB)Amp (see Appendix A for details), and the culture was allowed to grow at 37°C
with 230rpm shaking for approximately 2 hours until the culture was mid-log phase
(ODgpp=0.5-1.0). At this point isopropylthio-B-galactoside (IPTG) (Fisher, Fair Lawn,
NJ) was added to the culture to a final concentration of ImM. The culture was allowed to
grow for a further 2 hours at 37°C to allow the EIII protein to be expressed. Cells were
then transferred to 50ml conical tubes and centrifuged at 1,800xg for 30 minutes at 4°C.

Media was decanted and cell pellets were stored at -70°C overnight or until needed.
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After thawing on ice, cells were resuspended in 30ml of denaturing buffer (20mM
Tris, 200mM NacCl, 8M urea, pH 8.0, 0.45um filtered) and lysed using a French press.
The lysate was transferred into 7,000 MWCO SnakeSkin Pleated Dialysis Tubing
(Pierce, Rockford, IL) and dialyzed into native buffer (20mM Tris, 200mM NaCl, pH
8.0, 0.45um filtered). Three buffer changes with volumes of 500ml, 500ml, and 1L, were
completed in the presence of a protease inhibitor cocktail (Roche, Mannheim, Germany).

Following dialysis, the sample was passed through a 0.45um filter and stored on
ice. The AKTAprime plus LP Chromatography System (GE Healthcare, Uppsala,
Sweden) with an attached Sml HiTrap Q FF column (GE Healthcare, Uppsala, Sweden)
was flushed with 50ml of high salt buffer (20mM Tris, IM NaCl, pH 8.0, 0.45um
filtered), then with 30ml of native buffer. The sample was then loaded into the machine,
and the machine was programmed to flush the column with another 25ml of native buffer
before loading the sample onto the column. The first 24ml to be eluted following each
run contained the EIIl protein. After the last sample had run through the system, the
column was flushed with 50ml of high salt buffer followed by 30ml of native buffer to
remove the bound bacterial proteins, and then stored in 20% ethanol. The eluted sample
was centrifuged through a 30kD VivaSpin 20 Filter Column (Sartorius, Goettingen,
Germany) at 1,800xg and 4°C until all of the sample had gone through the filter to
remove any remaining bacterial contaminants. The flow-through containing the EIII
protein was centrifuged through a SkD VivaSpin 20 Filter Column at 1,800xg and 4°C
until approximately 1ml remained above the filter. The size, concentration, and purity of
the final product was assessed using the Protein 80 or Protein 230 kit (Agilent, Santa

Clara, CA)

GENERATION OF MUTANT NY991C PLASMIDS BY QUIKCHANGE MUTAGENESIS

Two separate methods of mutagenesis were used to generate mutant plasmids for

use in the NY99ic system. All mutagenesis work was done on the pWN-AB plasmid,
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which encodes the structural proteins of WNV. The QuikChange mutagenesis Kkit,
described first, was used to generate mutants for residues L312 and T332, as well as the
S66R plasmid used to evaluate the impact of a compensating mutation.

Mutants generated with the QuikChange Multi Site-Directed Mutagenesis Kit
(Stratagene, Cedar Creek, TX) were obtained according to the manufacturer’s
instructions. Primers for the L312 and T332 mutants were designed so that four
mutagenesis reactions would generate all possible amino acid substitutions by holding the
first nucleotide of the codon constant and allowing the second and third nucleotides to
vary. Later, some individual plasmids were generated for L312 and T332 mutants that
were not easily obtained by plasmid or plaque purification. Mutagenesis primer
sequences are listed in Table 3. All primers were designed using the Stratagene website
(currently owned and operated by Agilent Technologies at
www.genomics.agilent.com/primerDesignProgram/jsp) and synthesized by Sigma

(Woodlands, TX).
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Residue | Mutants Encoded | Sequence (5’-3°)

L312 I/K/M/N/R/S/T GGCGTCTGTTCAAAGGCTTTCAAGTTTANSGGGACTCCCGCAGA
L312 H/P/Q TGTTCAAAGGCTTTCAAGTTTCMSGGGACTCCCGCAGAC

L312 A/D/E/G/V CGTCTGTTCAAAGGCTTTCAAGTTTGNSGGGACTCCCGCAG

L312 C/F/L/W/Y GGCGTCTGTTCAAAGGCTTTCAAGTTTTDSGGGACTCCCGCAGA
L312 F CTGTTCAAAGGCTTTCAAGTTTTTTGGGACTCCCG

L312 R TTCAAAGGCTTCAAGTTTCGTGGGACTCCCGCAG

T332 I/K/M/N GGAATTGCAGTACACTGGCAWKGATGGACCTTGCAA

T332 H/P/Q/R GGAATTGCAGTACACTGGCCVKGATGGACCTTGCAAAGTT

T332 A/D/E/G/V GAATTGCAGTACACTGGCGNKGATGGACCTTGCAAAGT

T332 C/F/L/S/W/Y GAATTGCAGTACACTGGCTINKGATGGACCTTGCAAAGTT

T332 C GGAATTGCAGTACACTGGCTGCGATGGACCTTGCAAAGTTC

T332 D TTGGAATTGCAGTACACTGGCGATGATGGACCTTGCAAAGTTCCT
T332 F TGGAATTGCAGTACACTGGCTTCGATGGACCTTGCAAAGTTC
T332 G GAATTGCAGTACACTGGCGGGGATGGACCTTGCAAAGT

T332 P TGCAGTACACTGGCCCGGATGGACCTTGC

T332 \Y GGAATTGCAGTACACTGGCGTGGATGGACCTTGCAAAGT

T332 W GAATTGCAGTACACTGGCTGGGATGGACCTTGCAAAGT

T332 Y TTGGAATTGCAGTACACTGGCTATGATGGACCTTGCAAAGTTCCT
S66 R ATTTGGCTACCGTCAGGGATCTCTCCACCAAAG

Table 3: Primers Used in QuikChange Mutagenesis of pWN-AB

List of primers used to generate pWN-AB plasmids with mutations at residue L312, T332, or S66
using the QuikChange mutagenesis kit. Mutated codons are designated with bolded and
underlined text. D=G/A/T, M=A/C, N=A/C/G/T, V=G/A/C, W=A/T.

For each reaction, the following components were added to a 0.2ml PCR tube one at a

time on ice in the order listed:

2.5ul QuikChange Multi reaction buffer (10x)

18.75-Xul H20

0.75ul QuikSolution

Xul pWN-AB plasmid (100ng)

1ul primer (100ng/pl)

Il ANTP mix (10mM each) (Roche, Mannheim, Germany)

1ul QuikChange Multi enzyme blend
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Once the individual reaction components were combined, mutant plasmids were
amplified by a Mastercycler gradient machine (Eppendorf, Westbury, NY), using the

parameters described in Figure 3:

105°C N
oo \L95°C | 95°C 30x
1:00 1:00 65°c
55°C | 11:00
1:00
e
Hold

Figure 3: Cycle Parameters for QuikChange Mutagenesis of pWN-AB
Cycle parameters used to amplify mutant pWN-AB plasmids using the QuikChange Multi Kit.

Following amplification, 10 units of Dpnl was added to the reaction and was
allowed to incubate for 1 hour at 37°C. After the Dpnl digest was complete, Sul of DNA
was added to 50ul of chemically competent E. coli DH5a cells. The cells and plasmid
were incubated on ice for 30 minutes to allow for plasmid adsorption to the cell
membrane, at 42°C for 50 seconds to permeablize the membrane and allow the plasmid
to enter the cell, and then held on ice for 2 minutes to allow the membrane pores to close.
Finally, 500ul of 2% LB media with no antibiotic was added to the cells, and they were
grown at 37°C with 230rpm shaking for 1 hour. For reactions intended to yield plasmid
pools, all 500l of transformed bacteria were used to inoculate an overnight liquid culture
of 5Sml LB/Amp. For individual mutant plasmids, 100ul of transformed bacteria were
grown on LB/Amp plates (see Appendix A for details). Both types of culture were grown
for 15-17 hours at 37°C, either in a stationary incubator for plates or a 230rpm shaking
incubator for liquid media. After this, the liquid cultures of plasmid pools were ready for
immediate processing, while the plates of single mutants required the further step of
picking two to three individual colonies for 16-18 hours of growth in liquid culture of 2%

LB containing 100pg/ml ampicillin. Once liquid cultures were ready, 1ml of bacteria
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was set aside and combined with 1ml of 1% LB, 50% glycerol to make a permanent
freezer stock. Plasmid DNA was harvested from the remaining liquid culture using the
GenFElute Plasmid Miniprep Kit (Sigma, St. Louis, MO) according to the manufacturer’s
protocol. The presence of the desired mutation(s) was confirmed by submitting the
plasmids to the UTMB Molecular Genomics Core for sequencing with ABI Prism 3100
Avant and 3130XL DNA sequencers. Sequences were analyzed using the Lasergene

suite (DNASTAR, Madison, WI).

GENERATION OF MUTANT NY991C PLASMIDS BY FusioN PCR

Phusion site-directed mutagenesis was used to generate all remaining mutant
pWN-AB plasmids for residues C305, S306, K307, A308, T330, G331, D333, T366,
A367, and N368. First, two overlapping segments were generated using a set of outer
and inner primers. The outer primers were the same for all EIIl mutants, and the inner
primers contained the desired mutation. Similarly to the L312 and T332 mutants,
degenerate primers were designed to generate multiple mutants per reaction, although in
the fusion groups only amino acids within one nucleotide of the wild type codon were
included (as opposed to all 19 possibilities as was the case with the QuikChange
reactions). For viruses that were not easily selected by plaque purification, individual
primers were designed. Mutagenesis primers are listed in Table 4. All primers were

designed by hand and synthesized by IDT (Coralville, IA).
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Residue | Mutants | Sense | Sequence (5°-3”)
Encoded

C305 F/S/Y + AAGAAACTTGAAAGCCTTTGAGDAGACGCCATAGGTTGTTCCCTTCA
C305 F/S/Y - TGAAGGGAACAACCTATGGCGTCTHCTCAAAGGCTTTCAAGTTTCTT
C305 G/R/W + AAGAAACTTGAAAGCCTTTGACCDGACGCCATAGGTTGTTCCCTTCA
C305 G/R/W - TGAAGGGAACAACCTATGGCGTCBGGTCAAAGGCTTTCAAGTTTCTT
S306 A/P/T + AGTCCCAAGAAACTTGAAAGCCTTGGBACAGACGCCATAGGTTGTTCCCT
S306 A/P/T - AGGGAACAACCTATGGCGTCTGTYCCAAGGCTTTCAAGTTTCTTGGGACT
S306 L + | AGTCCCAAGAAACTTGAAAGCCTTCAAACAGACGCCATAGGTTGTTCCCT
S306 L - AGGGAACAACCTATGGCGTCTGTTTGAAGGCTTTCAAGTTTCTTGGGACT
K307 E/Q + AGTCCCAAGAAACTTGAAAGCTTISTGAACAGACGCCATAGGTTGTTCCCT
K307 E/Q - AACAACCTATGGCGTCTGTTCASAAGCTTTCAAGTTTCTTGGGACT
K307 M/R/T + AGTCCCAAGAAACTTGAAAGCCVTTGAACAGACGCCATAGGTTGTTCCCT
K307 M/R/T - AACAACCTATGGCGTCTGTTCAABGGCTTTCAAGTTTCTTGGGACT
K307 N + AGTCCCAAGAAACTTGAAAGCATTTGAACAGACGCCATAGGTTGTT
K307 N - AACAACCTATGGCGTCTGTTCAAATGCTTTCAAGTTTCTTGGGACT
A308 D/G/V + TGCGGGAGTCCCAAGAAACTTGAAGHCCTTTGAACAGACGCCATAGGTT
A308 D/G/V - AACCTATGGCGTCTGTTCAAAGGDCTTCAAGTTTCTTGGGACTCCCGCA
A308 P/S/T + TGCGGGAGTCCCAAGAAACTTGAAGGDCTTTGAACAGACGCCATAGGTT
A308 P/S/T - AACCTATGGCGTCTGTTCAAAGHCCTTCAAGTTTCTTGGGACTCCCGCA
A308 T + TGCGGGAGTCCCAAGAAACTTGAATGTCTTTGAACAGACGCCATAGGTT
A308 T - AACCTATGGCGTCTGTTCAAAGACATTCAAGTTTCTTGGGACTCCCGCA
A308 Vv + TGCGGGAGTCCCAAGAAACTTGAATACCTTTGAACAGACGCCATAGGTT
A308 A\ - AACCTATGGCGTCTGTTCAAAGGTATTCAAGTTTCTTGGGACTCCCGCA
T330 A/P/S + ACTTTGCAAGGTCCATCCGTGCCGGVGTACTGCAATTCCAACACCACAGT
T330 A/P/S - ACTGTGGTGTTGGAATTGCAGTACBCCGGCACGGATGGACCTTGCAAAGT
T330 I/N + ACTTTGCAAGGTCCATCCGTGCCGWTGTACTGCAATTCCAACACCACAGT
T330 I/N - ACTGTGGTGTTGGAATTGCAGTACAWCGGCACGGATGGACCTTGCAAAGT
T330 S + ACTTTGCAAGGTCCATCCGTGCCCGAGTACTGCAATTCCAACACCACA
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T330 S TGTGGTGTTGGAATTGCAGTACTCGGGCACGGATGGACCTTGCAAAGT
G331 A/D/IV AGGAACTTTGCAAGGTCCATCCGTADCAGTGTACTGCAATTCCAACACCA
G331 A/D/IV TGGTGTTGGAATTGCAGTACACTGHTACGGATGGACCTTGCAAAGTTCCT
G331 C/R/S AGGAACTTTGCAAGGTCCATCCGTACDAGTGTACTGCAATTCCAACACCA
G331 C/R/S TGGTGTTGGAATTGCAGTACACTHGTACGGATGGACCTTGCAAAGTTCCT
D333 | A/E/G/V AGATAGGAACTTTGCAAGGTCCINCCGTGCCAGTGTACTGCAATTCCAA
D333 | A/E/G/V TTGGAATTGCAGTACACTGGCACGGNAGGACCTTGCAAAGTTCCTATCT
D333 H/N/Y AGATAGGAACTTTGCAAGGTCCGTDCGTGCCAGTGTACTGCAATTCCAA
D333 H/N/Y TTGGAATTGCAGTACACTGGCACGHACGGACCTTGCAAAGTTCCTATCT
T366 A/P/S TCAATCAGGACCTTAGCGTTGGCAGVGGCCACTGAAACAAAAGGGTTGA
T366 A/P/S TCAACCCTTTTGTTTCAGTGGCCBCTGCCAACGCTAAGGTCCTGATTGA
T366 K/M/R TCAATCAGGACCTTAGCGTTGGCCHTGGCCACTGAAACAAAAGGGTTGA
T366 K/M/R TCAACCCTTTTGTTTCAGTGGCCADGGCCAACGCTAAGGTCCTGATTGA
A367 D/G/V AATTCAATCAGGACCTTAGCGTTAHCCGTGGCCACTGAAACAAAAGGGT
A367 D/G/V ACCCTTTTGTTTCAGTGGCCACGGDTAACGCTAAGGTCCTGATTGAATT
A367 P/S/T AATTCAATCAGGACCTTAGCGTTTGDCGTGGCCACTGAAACAAAAGGGT
A367 P/S/T ACCCTTTTGTTTCAGTGGCCACGHCAAACGCTAAGGTCCTGATTGAATT
N368 D/H/Y TCCAATTCAATCAGGACCTTAGCATVGGCCGTGGCCACTGAAACAAAA
N368 D/H/Y TTTTGTTTCAGTGGCCACGGCCBATGCTAAGGTCCTGATTGAATTGGA
N368 I/S/T TCCAATTCAATCAGGACCTTAGCAVTGGCCGTGGCCACTGAAACAAAA
N368 I/S/T TTTTGTTTCAGTGGCCACGGCCABTGCTAAGGTCCTGATTGAATTGGA
N368 K TCCAATTCAATCAGGACCTTAGCTTTGGCCGTGGCCACTGAAACAAAA
N368 K TTTTGTTTCAGTGGCCACGGCCAAAGCTAAGGTCCTGATTGAATTGGA

Table 4: Primers Used in Fusion PCR Mutagenesis of pWN-AB

List of primers used to generate pWN-AB plasmids with mutations at residue C305, S306, K307, A308,
T330, G331, D333, T366, A367, or N368 using fusion PCR mutagenesis. Mutated codons are designated
with bolded and underlined text. B=G/T/C, D=G/A/T, H=A/T/C, N=A/C/G/T, S=G/C, V=G/A/C, W=A/T.
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For segment 1, the outer forward primer
(CCCAAATACAGTGTCACAATGCCGGCTGATGTCTATGGCACACCCA) was used with the
inner reverse primer. For segment 2, the inner forward primer was used with the outer
reverse primer (GATTCAGCATCACTCCTGCGGCGCCTTCATACACACTAAAGCTTGGA). All
reaction components were added individually on ice in the order listed:

31.2-XuL H,O

10uL Phusion HF Reaction Buffer (5x) (Finnzymes, Espoo, Finland)

1L PCR Nucleotide Mix (10mM each)(Roche, Mannheim, Germany)

3.65uL Forward Primer (100ng/pL)

3.65uL Reverse Primer (100ng/pL)

XuL pWN-AB (20ng DNA)

0.5uL Phusion Hot Start DNA Polymerase (2U/pL)( Finnzymes, Espoo, Finland)
Segments 1 and 2 were amplified by a Mastercycler gradient machine (Eppendorf,

Westbury, NY) using the parameters described in Figure 4:

105°C ( 25x
. \ 98°C 98°C
Lid Heat \ 72

0:30 0:10 2°c
1:00 10:00

4°C
Hold

Figure 4: Cycle Parameters for the Generation of Segments 1 and 2 with Fusion PCR
Cycle parameters used to amplify overlapping segments of the pWN-AB plasmid using fusion PCR.

After checking this initial amplification on a gel, segments 1 and 2 were used as
the template for a second round of amplification using the outer primers
pWNAB NgoMIV_F and pWNAB Narl R. Again, all reaction components were added

individually in the order listed:
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29.2uL H,O

10pL Phusion HF Reaction Buffer (5x)

1uL PCR Nucleotide Mix (10mM each)

3.65uL pWNAB NgoMIV _F (100ng/uL)

3.65uL pWNAB Narl R (100ng/puL)

1L Segment 1 PCR Product

IpuL Segment 2 PCR Product

0.5uL Phusion Hot Start DNA Polymerase (2U/puL)

The fusion product was amplified by a Mastercycler gradent machine using parameters
similar to those described in Figure 2, except that the 72°C extension was increased from
1 minute to 1 minute 15 seconds.

The entire fusion product was then loaded onto a 1.2% agarose (BioExpress,
Kaysville, UT), 1XTAE gel with 0.2x GelRed stain (BioTium, Hayward, CA), run at 120-
180V, and visualized with on a UV light box. The PCR product was excised from the gel
and purified using the QIAquick Gel Extraction Kit (Qiagen, Germantown, MD)
according to the manufacturer’s instructions and its concentration was determined with a
Nanodrop 1000 (NanoDrop, Wilmington, DE).

Once the fusion PCR product was available, both the PCR insert and the pWN-
AB backbone were digested with 5 units NgoMIV and 5 units Narl in buffer 4 (NEB,
Ipswich, MA). The pWN-AB backbone also had 0.5 units of CIP (NEB, Ipswich, MA)
added to it at that time to prevent it from self-annealing during the subsequent ligation.
The amount of PCR insert and pWN-AB backbone digested was such that the subsequent
ligation contained 1pug of DNA with a 3:1 insert:vector molar ratio. The reaction was
allowed to proceed at 37°C for 2 hours, followed by a 20 minute incubation at 80°C to
inactivate the enzymes. The digestions were loaded onto a 13x16.5cm 1.2% agarose,
IXTAE gel with 0.2x GelRed and run at 120V until the dye front reached the end of the

gel. The bands were visualized on a UV box, and the 1kb insert and 4.6kb vector bands
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were excised and purified using the QIAquick Gel Extraction Kit according to the
manufacturer’s instructions. The insert and vector were ligated together by 400 units T4
DNA ligase (NEB, Ipswich, MA) at 16°C overnight.

After ligation, mutant pWN-AB plasmids were recovered as described in the
QuikChange protocol. Briefly, the plasmids were transformed into E. coli DH5a
bacterial cells, overnight cultures were generated, bacterial stocks were frozen down for
future use, and plasmids were harvested and sent to the UTMB Molecular Genomics core

for sequencing.

RECOVERY OF WILD-TYPE AND MUTANT NY991C VIRUS

The general protocol for recovery of WNV NY99ic virus and the construction of
the pWN-AB and pWN-CG plasmids have been described previously by Beasley et
al.(183) Bacterial stocks of E. coli DH5a containing either wild-type or mutant pWN-AB
or wild-type pWN-CG plasmid were used to inoculate 100ml of LB/Amp, which was
grown for 16-18 hours at 37°C with 200rpm shaking. The cells were then transferred to
two 50ml conical tubes and centrifuged for 20 minutes at 2,850xg and 4°C to pellet the
cells. Plasmid was harvested from the cells using the Plasmid Midi Prep kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions, with the final DNA pellet
being resuspended in 90ul TE buffer. Concentration and purity of each purified plasmid
was determined using the NanoDrop 1000 (NanoDrop, Wilmington, DE).

Once plasmids were successfully recovered, 2ug each of pWN-AB and pWN-CG
were digested by 5 units of NgoMIV and 10 units of Xbal (NEB, Ipswich, MA) for 2
hours at 37°C. The digested plasmids were loaded into a 13x16.5cm 1% agarose gel in
IXTAE with a lane of 1kb ladder (NEB, Ipswich, MA) flanking both the pWN-AB and
pWN-CG plasmid(s). The samples were run at 120-150V until the dye front reached the
end of the gel. At this point a strip of gel containing the 1kb ladder and a small fraction

of the first plasmid lane was excised from the gel and placed in a container with 1xTAE
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and 0.2xGelRed for 10-15 minutes. The ladder and the sliver of plasmid were visualized
on a UV light box, and the location of the desired bands (5.2kb for pWN-AB and 8kb for
pWN-CG) was marked by cutting a small notch out of the excised gel strip. The strip
was removed from the UV light and returned to the rest of the gel, where the notch was
used as a guide to cut the desired bands from the remaining, unstained portion of the gel
without having to expose it to UV light and thus avoiding the risk of cross-linking
thymines. The linearized pWN-AB and pWN-CG plasmids were purified away from the
agarose using the QIAquick Gel Extraction Kit (Qiagen, Germantown, MD) according to
the manufacturer’s directions. The digested pWN-AB and pWN-CG bands were ligated
overnight at 4°C by 400 units of T4 DNA ligase (NEB, Ipswich, MA).

After the ligation was complete, the T4 DNA ligase was heat inactivated at 70°C
for 10 minutes, and the sample was digested by 50 units of Xbal at 37°C for 2 hours. The
restriction enzyme was then inactivated by the addition of proteinase K (Sigma, St. Louis,
MO) to a final concentration 0.67mg/ml and incubated for 1 hour at 37°C. An equal
volume of phenol/chloroform/isoamyl alcohol (Roche, Indianapolis, IN) was then added,
and the sample was vortexed for 25 seconds, held at room temperature for 5 minutes,
then centrifuged for 2 minutes at 15,700xg. The aqueous phase containing the DNA was
transferred to a fresh 1.5ml tube, and the sample was phenol/chloroform/isoamyl alcohol
purified one more time. Finally, an equal volume of chloroform (Fisher, Fair Lawn, NJ)
was added to the sample, which was vortexed for 30 seconds and centrifuged for 1
minute at 15,700xg. The aqueous phase (approximately 500ul) was transferred to a final
fresh 1.5ml tube, to which 50ul of 3M potassium acetate, pH 5.2 (Sigma, St. Louis, MO)
and 1ml of 100% ethanol (Fisher, Fair Lawn, NJ) were added. The sample was left at -
20°C overnight to precipitate the DNA.

On the final day of the infectious clone recovery, the tube containing the ligated,
full-length-genome-equivalent DNA was centrifuged for 20 minutes at 15,300xg and

4°C. The liquid was carefully pipetted out of the tube, and the DNA pellet was allowed
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to air dry before being resuspended in 10ul TE. RNA was in vitro transcribed using the
T7-Flash Ampliscribe Kit (Epicentre, Madison, WI), supplemented with the
m7G(5")ppp(5°)A RNA cap structure analog (NEB, Ipswich, MA). For each
transcription reaction, the following reagents were added to the DNA one at a time, in the
order listed:

7.2ul NTP solution (2.5mM A, 25mM C/G/U)

2.5ul AmpliScribe reaction buffer (10x)

1.8ul m7G(5”)ppp(5°)A RNA cap structure analog (40mM)

2ul DTT (100mM)

2ul AmpliScribe T7-Flash enzyme solution
The in vitro RNA transcription was allowed to proceed for 30 minutes at 37°C, and the
resulting RNA-containing sample was stored on ice until immediately prior to
electroporation.

Flasks of Vero cells were rinsed with DPBS (Cellgro, Manassas, VA), detached
with trypsin (Cellgro, Manassas, VA), and resuspended in Vero growth media. The cell
suspensions were transferred to 50ml conical tubes and centrifuged at 1,500xg and 4°C
for 5 minutes. The media was discarded, and the cells were resuspended in 20ml chilled
DPBS, then stored on ice. A further 1:10 dilution of cells in DPBS was made and used to
determine the total number of cells using a hemocytometer. After counting, cells were
centrifuged again at 1,500xg and 4°C for 5 minutes, then resuspended in the appropriate
amount of DPBS to give a final concentration of 0.6-1.2x10"cells/ml. Pre-chilled 2mm
gap sterile electroporation cuvettes (Fisher, Fair Lawn, NJ) were loaded with 500ul of
cells and the previously transcribed RNA. Samples received two pulses of electricity in
quick succession from a GenePulser Electroporation System (BioRad, Hercules, CA) at a
setting of 1.50V, 25uFD, and 400Q. After a 10 minute rest at room temperature, the cells
were transferred to a T-75 flask containing 20ml of Vero growth media and transferred to

the 37°C, 5%CO, incubator in the BSL-3 laboratory. Virus was typically ready for
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harvest 2-4 days post-electroporation. Aliquots of virus were stored at -70°C until

needed.

NUCLEOTIDE SEQUENCING OF WNV

WNYV RNA was extracted from virus stocks using the QIAamp Viral RNA Mini
Kit (Qiagen, Germantown, MD). Once the RNA was obtained from WNYV stocks, the
prM/E coding region between nucleotides 401 and 2504 was amplified by RT-PCR using
either the Titan One Tube RT-PCR kit (Roche, Indianapolis, IN) or a two step RT-PCR.
(201) In case of a two step reaction, the cDNA was generated using AMV reverse
transcriptase (Roche, Mannheim, Germany), and PCR was done using the High Fidelity
PCR Master Mix (Roche, Mannheim, Germany).

RNA was amplified with the Titan kit by combining the following components:

25.2ul H,O

Iul ANTP Mix (10mM each)

2.5u1 DTT (100mM)

1ul RNase Inhibitor (5U/ul)

10ul RT-PCR Buffer (5x)

1l Titan Enzyme Mix

2.13ul WN-401 (100ng/pl)

2.13ul WN-2504A (100ng/pl)

5ul RNA
Typically, a master mix containing all reaction components except the RNA template was
used. An H,O negative control was always included to ensure that the sequences
obtained were not the result of contamination. Amplicons were generated by a
Mastercycler gradient machine (Eppendorf, Westbury, NY) using the parameters

described in Figure 5:
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x10 x25

55°C 94°C
30:00 2:00

Lid Heat

2:00
+0:05/c

4°C
Hold

Figure 5: Cycle Parameters for Amplification of WNV prM/E Region Using Titan Kit

Cycle parameters used to amplify the prM/E region of WNV using the WN401/WN2504A primer pair with
the Titan One Tube RT-PCR Kit.

When the two-step RT-PCR was used, 2ul of RNA was combined with 5.4ul
WN-2504A (100ng/pl), and the mix was heated to 95°C for 5 minutes before being
cooled on ice for 2 minutes. After the primer and template had cooled, 2.6ul of a mix
containing 2pul RT buffer (5x), 0.4pl ANTP mix (10mM each), and 0.2ul AMV RT were
added to each sample. The cDNA was generated by a Mastercycler gradient machine

(Eppendorf, Westbury, NY) using the parameters described in Figure 6:

105°C

55°C
10:00

Lid Heat

Hold

Figure 6: Cycle Parameters for Generation of WNV cDNA Using AMV RT
Cycle parameters used to generate WNV cDNA using the WN2504A primer with AMV RT enzyme.

After cDNA synthesis, 45ul of a master mix containing the equivalent of the
following reaction components was added to Sul cDNA:
19.1ul H,O
0.47ul WN-401 (100ng/ul)
0.46ul WN-2504A (100ng/ul)
25ul High Fidelity PCR Master Mix
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An H,O negative control was always included to ensure that the sequences obtained were
not the result of contamination. Amplicons covering the 401 to 2504 nucleotide region
were generated by a Mastercycler gradient machine using the parameters described in

Figure 7:

x10 x20

105°C (
\ ° 94°C
Lid Heat 94°C

2:00 0:10 72°C 72°C
2:30 7:00
1:10 0:30 +0:05/c
4°C
Hold

Figure 7: Cycle Parameters for Amplification of WNV prM/E Region Using High
Fidelity PCR Master Mix

Cycle parameters used to amplify the prM/E region of WNV using the WN401/WN2504A primer pair with
High Fidelity PCR Master Mix.

Once the amplicons were generated, either by one step or two step RT-PCR, they
were loaded onto a 1.2% agarose, 1XTAE gel with 0.2x GelRed stain, run at 120-180V,
and visualized on a UV light box. The PCR product was excised from the gel and
purified using the QIAquick Gel Extraction Kit (Qiagen, Germantown, MD) according to
the manufacturer’s instructions. Purified PCR amplicons were send to the UTMB
Molecular Genomics Core for sequencing using the WN-401, WN-1219A, WN-1101,
WN-1816A, WN-1751, WNSA58-1751, WN-2504A, and WNSAS58-2504A primers
described in Table 5.(201)
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Primer Sequence (5°-3’)

WN-401 AAAAGAAAAGAGGAGGAAAG
WN-1219A GTTTGTCATTGTGAGCTTCT
WN-1101 GATGAATATGGAGGCGGTCA
WN-1816A TGCATCAAGCTTTGGCTGGA
WN-1751 CCGACGTCAACTTGACAGTG

WNSAS58-1751 | TGCACCAAGCTTTGGCTGGG

WN-2504A TCTTGCCGGCTGATGTCTAT

WNSAS58-2504A | TCTTGCCTACCAATGTCAAT

Table 5: Primers for Sequencing the prM/E region of WNV

Set of primers used to sequence the prM/E region of WNV. Primers were previously designed by Beasley
et al.(201)

WNYV PLAQUE ASSAYS

Media was discarded from a 12-well plate of nearly confluent Vero cells, and the
monolayer was rinsed with DPBS. Virus was serially 10-fold diluted in DPBS, typically
covering a range of 1:10'-1:10°, and 100pl of diluted virus was added to individual wells
of a 12-well plate. The plates were incubated for 1 hour at room temperature before 2ml
of overlay was added to each well. Overlay consists of an equal mix of 2% agar (Sigma,
Portugal) and 2x Vero maintenance media (see Appendix A for details). The plates were
incubated at 37°C with 5% CO, for 2 days. As this point, Iml of stain overlay was added
to each well. The stain overlay is the same as the original overlay with the addition of
neutral red solution (Sigma, St. Louis, MO) to a final concentration of 160mg/L. The
plates were covered with foil to protect them from light and returned to the 37°C, 5%
CO; incubator. Plaques were read with the aid of a light box at days 3 and 4 post-

infection.
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WNYV NEUTRALIZATION INDEX ASSAYS

WNV neutralization index assays were performed to compare the ability of
monoclonal antibodies and polyclonal sera to neutralize wild-type and mutant WNV.
Virus was serially 10-fold diluted in Vero maintenance media (see Appendix A for
details) in 96-well plates. Antibody was also diluted in Vero maintenance media. Anti-
WNYV monoclonal antibodies SH10 and 7H2 (BioReliance, Rockville, MD) were diluted
to 2.5ng/ul and anti-WNV EIIl rabbit serum (Harlan Bioproducts for Science,
Indianapolis, IN) was diluted 1:50.  After their subsequent 1:2 dilution these
concentrations were equivalent to 80 times the SH10 PRNTsy, 420 times the 7H2
PRNTSsy, and 100 times the anti-WNV EIII serum PRNT5.(202) A no-antibody control
was also included for the calculation of neutralization indices. Equal volumes of diluted
virus and antibody were combined and allowed to bind to each other for 1 hour at room
temperature. After the 1 hour incubation period, 100ul of diluted virus was added to
individual wells of a 12-well plate of Vero cells. The virus:antibody mixture was
allowed to infect the monolayer for 1 hour, and was then overlaid, stained, and visualized
as described in the WNV plaque assay method. Assays were conducted in duplicate.
Neutralization indices were defined as the logo reduction in antibody titer caused by each
antibody in comparison with the no-antibody control. Neutralization index averages and
standard deviations were calculated in Excel 2003 (Microsoft, Redmond, WA). When all
neutralization index data had been gathered, clustering analysis was performed to identify
significant differences in neutralization activity for the various virus/antibody
combinations that had been evaluated. First, the appropriate number of clusters was
determined using k-means analysis performed with the ‘stats’ package in R 3.0.2 (R
Foundation for Statistical Computing, Vienna, Austria). The data for all antibodies and
all mutants was combined to ensure that the full range of possible values, from strong

neutralization to strong escape, was adequately represented when determining groups.
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Individual mutant/antibody combinations were assigned to a particular cluster by the
average method of hierarchical clustering, also using R 3.0.2 (R Foundation for Statistical

Computing, Vienna, Austria).

WNV PLAQUE REDUCTION NEUTRALIZATION TESTS

WNYV PRNTs were performed to compare the ability of anti-EIIl mouse sera to
neutralize homologous and heterologous strains of WNV. Virus was diluted to
approximately 400pfu/ml in Vero maintenance media. Sera was serially 2-fold diluted
from 1:20-1:320. A no-antibody control was also included for the calculation of PRNT
value. Equal volumes of virus and antibody were combined and allowed to bind to each
other for 1 hour at room temperature. After the 1 hour incubation period, 100ul of
diluted virus was added to individual wells of a 12-well plate of Vero cells. The
virus:antibody mixture was allowed to infect the monolayer for 1 hour, and was then
overlaid, stained, and visualized as described in the WNV plaque assay method. PRNT5,
values were defined as the highest dilution capable of reducing the number of plaques by
at least 50% in comparison with the no-antibody control. PRNTSj, values, averages, and
standard deviations were calculated and the results for mutants were compared to wild-
type using an unpaired, 2-tailed student’s t-test in Excel 2003 (Microsoft, Redmond,

WA). Graphs were also generated in Excel 2003.

PREPARATION OF INFECTED CELL LYSATES

To make cell lysates for Western blotting, T-25 flasks of Vero cells were rinsed
with DPBS and infected with 100ul virus for 30-60 minutes, then filled with 6ml Vero
maintenance media and placed in a 37°C incubator with 5% CO2. When early cytopathic
effect (CPE) was visible, typically 2-3 days post-infection, the media was poured out of
the flask and the flask was stored at -70°C overnight. The cells were then thawed at room

temperature and the monolayer was resuspended in Iml of 10% w/v sodium dodecyl
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sulfate (Sigma, Japan). The lysate was incubated at room temperature for 10 minutes

before being transferred to a cryovial and heat inactivated at 56°C for 30 minutes.

POLYACRYLAMIDE GEL ELECTROPHORESIS (PAGE) AND WESTERN BLOTTING

Binding of monoclonal antibodies and polyclonal sera to wild-type and mutant
WNYV E proteins was assessed by Western blotting. To separate the cell lysates, a
8x10x0.75cm SDS-polyacrylamide gel was poured with a 12% acrylamide (Sigma, St.
Louis, MO) body and a 4% polyacrylamide stack. Once the gel solidified, 2.5ul of lysate
was run against the Full Range Rainbow Recombinant Protein Molecular Weight Marker
(GE Healthcare, Piscataway, NJ). The samples were run at 120V in a Mini-PROTEAN
Tetra cell (Bio-Rad Hercules, CA) until the loading dye reached the bottom of the body
of the gel. The gel was then gently removed from its glass plates and placed flush against
a Trans-Blot transfer medium nitrocellulose membrane (BioRad, Hercules, CA). The gel
and membrane were sandwiched between one fiber pad and two pieces of filter paper on
either side, and the proteins were transferred to the membrane for 2 hours at 200mA in a
Mini Trans-Blot cell (Bio-Rad, Hercules, CA). The locations of the protein weight
markers were marked on the membrane with a pencil, and the membrane was placed in a
container of 1xTBS with 3%BSA (Sigma, St. Louis, MO) at 4°C overnight to block non-
specific binding.

After the overnight blocking step, the membrane was placed in a container with
approximately 30ml wash buffer (1xXTBS with 0.2% Tween-20) on a rocker for 5 minutes
at room temperature. A piece of parafilm was then secured to the rocker, and the
membrane was placed on the parafilm. Appropriately diluted primary antibody was
pipetted onto the membrane and was allowed to wash over the membrane for 1 hour at
room temperature with gentle rocking. More diluted antibody was added as necessary to

prevent the membrane from drying. Primary antibodies included anti-WNV mouse
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immune ascitic fluid (MIAF) at 1:500, anti-WNV EIII rabbit serum at 1:500, SH10 at
0.5ng/ul, and 7H2 at 0.25ng/ul. All antibodies were diluted in wash buffer.

After the primary antibody incubation, the membrane was washed three times for
five minutes each in a container with approximately 30ml wash buffer with gentle
rocking. Secondary antibody, either goat anti-mouse IgG with horseradish peroxidase
(HRP) or goat anti-rabbit IgG with HRP (Sigma, St. Louis, MO), was diluted 1:5,000.
The membrane was incubated with the diluted secondary antibody for 1 hour at room
temperature with gentle rocking, followed by another three washes. The membranes
were developed using the ECL Western Blotting Detection Reagents (GE Healthcare,
Buckinghamshire, UK) and then exposed to ECL Hyperfilm (GE Healthcare,

Buckinghamshire, UK) for visualization.

ELISA

ELISAs were performed to compare the ability of anti-EIIl mouse sera to bind to
EIII proteins from homologous and heterologous strains of WNV. Proteins were diluted
to 2ng/ul in borate saline (0.12M NaCl, 0.024M NaOH, 0.05M H3BO3, pH 9.0), and
50ul of diluted protein or a borate saline-only negative control was added to the wells of
a MaxiSorp U-bottom plate (Nunc, Roskilde, Denmark). The plate was covered and left
at 4°C overnight. The plate was then washed one time by hand by filling all wells with
wash buffer (IxPBS with 0.05% Tween-20) and then removing the buffer by inverting
the plate and vigorously blotting on a stack of paper towels. The wells were blocked with
65ul blocking buffer (wash buffer with 3% BSA to prevent non-specific antibody
binding), covered, and left at room temperature for 1 hour. After blocking the plates
were washed twice as described above. Primary antibodies were serially 2-fold diluted in
wash buffer from 1:250-1:32,000, and 50ul of each diluted sample were added to the
wells of the ELISA plate. The primary antibodies were allowed to bind for 1 hour at

room temperature before the plates were washed three times. Secondary antibody, in this
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case goat anti-mouse IgG with HRP (Sigma, St. Louis, MO), was diluted 1:5,000 in wash
buffer and 50ul were added to each well. The secondary antibody was allowed to bind
for 1 hour at room temperature, before the plates were washed with four times. For
visualization, 50ul of 3,3’,5,5’-tetramethylbenzidine (TMB) liquid substrate system for
ELISA (Sigma, S. Louis, MO) was added to each well. After 10 minutes, the reaction
was stopped by the addition of 50ul 3M HCI to each well. Absorbances were read on a
Sunrise plate reader (Tecan, San Jose, CA) at 450nm, with a reference reading at 650nm.
The reference reading was subtracted from the absorbance at 450nm, and the resulting
number was used in downstream analysis. Averages and standard deviations were
calculated and the results were compared using an unpaired, 2-tailed Student’s t-test in

Excel 2003 (Microsoft, Redmond, WA). Graphs were also generated in Excel 2003.

WNV IN VITRO REPLICATION KINETICS

To measure in vitro replication kinetics, Vero, DEF, and C6/36 cells were grown
to confluency in 6-well plates. Media was decanted from the plates and the monolayers
were rinsed once with DPBS, then 9.5x10°pfu of virus in 200ul DPBS was added to each
well for an approximate multiplicity of infection (MOI) of 0.01. Infections were
conducted in duplicate. The virus was allowed to infect the monolayer for one hour at
room temperature, then the monolayers were rinsed three times with DPBS to remove
any unbound virus and cells were overlaid with 6ml of the appropriate maintenance
media (see Appendix A for details).

Vero and DEF plates were incubated at 37°C with 5% CO,, and C6/36 cells were
incubated at 28°C in an ungassed incubator. Samples for L312 and T332 mutants were
collected at 0, 0.5, 1, 1.5, 2, 3, 4, and 5 days post-infection. Samples for all other mutants
were collected at 0, 1, 3, and 5 days post-infection. During collections, two 250ul
samples were collected from each well and the volume was replaced with 500ul of fresh

maintenance media. Aliquots were stored at -70°C until needed for analysis. Viral titers
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at each timepoint were determined via WNV plaque assay as described above. Variation
at each timepoint was assessed using a one-way ANOVA analysis of the logj titers in
PASW Statistics 18 (SPSS, Quarry Bay, Hong Kong) with a significance threshold of
p<0.05. Logo titers were used instead of raw titers to allow for the detection of
significance for strains with higher and lower titers than wild type. For those timepoints
with significant variation, the individual strains that differed significantly from the wild
type control were determined using a post-hoc Bonferroni test with a significant threshold
of 0.05 (comparing 6 and 8 to 7 gives equal weight to the 10-fold changes from wild type
in either direction, whereas raw numbers would give a difference of 9,000,000 for the
decrease and 99,000,000 for the increase, making increased titers much more likely to
reach statistical significance then decreased titers). Graphs were generated in Excel 2003
(Microsoft, Redmond, WA) using the average log;o values, with error bars representing

standard deviation of the log; values.

WNYV MOoOUSE VIRULENCE STUDIES

Groups of 3-4-week-old female Swiss Webster mice (Harlan Laboratories,
Houston, TX) were injected with virus diluted in 100ul PBS via the IP route. For
virulence screening studies, the virus dose was 100pfu and the cohort sizes were 8-10
mice. For 50% lethal dose (LDsp) studies, the doses included 10-fold serial dilutions
ranging from 1,000-0.1pfu and each dose had a cohort size of 5 mice. Mice were
monitored for 21 days post-infection. Animals were counted as deceased on a given day
if they were either found dead during the health check or were euthanized due to severity
of symptoms (paralysis or hunching with immobility). Average survival times with
standard deviations were determined using Excel 2003 (Microsoft, Redmond, WA).
Survival analysis was conducted using the Kaplan-Meir test in SPSS Statistics 17.0

(IBM, Armonk, NY).
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WNV MOUSE PROTECTION STUDIES

Groups of 3-4-week-old female Swiss Webster mice received two doses of either
NY99 EIII or SAS58 EIII protein before being challenged with either homologous or
heterologous virus. Cohort sizes were as follows:

1. NY99 EIII vaccination vs. NY99ic challenge, n=10

2. SASS8 EIII vaccination vs. NY99ic challenge, n=10

3. PBS vaccination vs. NY99ic challenge, n=5

4. NY99 EIII vaccination vs. SA58 challenge, n=9

5. SASS8 EIII vaccination vs. SA58 challenge, n=10

6. PBS vaccination vs. SA58 challenge, n=4

On day 0 the mice were given 8ug of protein in DPBS (or plain PBS for as a
control) emulsified in an equal volume of Freund’s incomplete adjuvant (Thermo,
Rockford, IL) in a final volume of 80ul per mouse. On day 16 the mice were given 25ug
of protein in DPBS (or plain PBS for a control) emulsified in an equal volume of
Freund’s incomplete adjuvant in a final volume of 100ul per mouse. Both vaccinations
were delivered via the IP route. On day 28, mice were ear punctured to allow for
individual identification, and blood was collected from each animal via a retro-orbital
bleed. On day 30 the mice were challenged with 500pfu of either NY99ic or SAS58 virus
diluted in DPBS to a final volume of 100ul and delivered via the IP route. Mice were
monitored for 30 days post-infection. Animals were counted as deceased on a given day
if they were either found dead during the health check or were euthanized due to severity
of symptoms (paralysis or hunching with immobility). Average survival times with
standard deviations were determined and difference between homologous and
heterologous protection were assessed via unpaired, 2-tailed Student’s t-test using Excel
2003 (Microsoft, Redmond, WA). Survival analysis was conducted using the Kaplan-
Meir test in SPSS Statistics 17.0 (IBM, Armonk, NY).
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Chapter 3: Impact of Variation at Residue L312

RATIONALE AND APPROACH

In 2010 there were 167 cases of human West Nile disease in Arizona, a large
increase from the 20 cases recorded in 2009.(203) To investigate entomological
characteristics of this outbreak, mosquitoes were collected from Gilbert, Arizona, where
there was a significant amount of WNV activity, and from Phoenix, Arizona, where there
was relatively little disease.(204) Behavioral and environmental differences between
humans with WNV disease and uninfected humans were also examined.(205)  Gross
physical examination and PCR analysis of bloodmeal type and WNV infection status
revealed that Culex quinquefasciatus were likely the main vector responsible for
spreading WNV between birds and to humans during the 2010 Arizona outbtreak.(204)
Culex quinuefasciatus mosquitoes from Gilbert fed on birds (77%) and humans (13%),
while mosquitoes from Phoenix fed exclusively on birds. Culex quinquefasciatus
mosquitoes collected from Phoenix were slightly more likely to be infected with WNV,
but the overall number of mosquitoes in Gilbert was so much higher, and they were so
much more likely to have fed on a human prior to capture in Gilbert, that the overall
chances of a human encountering a WNV-infected Culex quinquefasciatus mosquito
were much higher in the outbreak region of Gilbert than the control region of Phoenix.
Subsequent analysis of behavioral and environmental factors at the homes of infected
and uninfected humans confirmed the importance of mosquito abundance to WNV risk,
with the presence of standing water at the home and the proximity to the water district
both significantly increasing the likelihood of human disease.(205)

To assess the potential contribution of virological changes to the outbreak, several
strains of WNV were isolated from the infected mosquitoes. Of the fifteen strains for

which E genes were sequenced, seven encoded an L3121 mutation. These strains cluster
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with the recently described SW/WNO3 genotype.(206) Residue L312 is located on the
surface of EIIl, immediately after the C-terminus of the A strand.(63) Because it is
surface exposed, it is possible that residue L312 is important to the antigenicity and/or
function of EIIl. Unlike lineage 1 WNV, the majority of lineage 2 WVN strains have an
alanine at position 312. There is diversity at this residue within lineage 2 viruses, which
have on occasion been isolated with a valine at position 312: a crombec bird from South
Africa in 1958 (accession HM147822), a warbler from Cyprus in 1968 (accession
GQ903680), a parrot from Madagascar in 1978 (accession DQ176636), and a human
from South Africa in 2000 (accession EF429199).(192, 207, 208) In addition to the
naturally occurring difference between lineage 1 and lineage 2 strains of WNV and the
diversity within lineage 2 WNYV, there is diversity at residue L312 within the lineage 1
WNYV isolates. In addition to its detection during the 2010 Arizona outbreak, several
other strains have had the L3121 mutation: a crow from Illinois in 2005 (accession
DQ874409), a human from South Dakota in 2005 (accession DQ666452), a human from
Missouri in 2007(accession GQ502396), a human from Nevada in 2009 (accession
JF957175), and a human from Arizona in 2011 (accession JQ700438).(195, 209-211)
Interestingly, all of the lineage 1 strains with the L3121 variant group with the SW/WNO03
genotype that emerged in the United States in 2003.(206)

Because residue L312 has naturally occurring diversity both between and within
lineages 1 and 2, because the L3121 mutation has been detected in the United States
periodically for a span of 6 years, because all of the L312I strains belong to the newly
identified SW/WNO3 genotype, and because L3121 was detected in multiple isolates from
a significant outbreak of human disease in Arizona during 2010, the functional and
antigenic impact of L312 was investigated. All amino acid substitutions that could be
obtained with a single nucleotide substitution to the wild-type NY99 codon were
generated in the NY99ic. An exception was L312V, which was not characterized due to

valine being the dominant codon in lineage 2 strains and therefore being assumed to be
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well tolerated. The viable L312 mutants, along with two strains from the Arizona 2010
outbreak encoding natural L3121 substitutions, were characterized. = Antibody
neutralization was determined for two monoclonal antibodies known to bind EIII (SH10
and 7H2) and for polyclonal serum against WNV EIIl meant to simulate the immune
response to a potential Elll-based vaccine. The impact of residue L312 on viral fitness
was determined by examining replication kinetics in three cell types: Vero, DEF, and
C6/36. Finally, the LDsy value in a Swiss Webster mouse model was determined to

examine any potential attenuation.
RESULTS

Mutant Recovery

All of the desired L312 mutants (L312F, L312H, L3121, L212P, and L312R) were
viable. No compensating mutations in the prM/E coding region of the working stocks

were detected, and the L312 substitutions were stable during three passages in Vero cells.

Antibody-Mediated Neutralization

Changes at residue 312 had only minor impacts on antibody neutralization (Table
6). One issue of note is that even the NY99ic wild-type control groups with the moderate
neutralization cluster for the monoclonal antibodies SH10 and 7H2. This is likely due to
the use of an older aliquot of antibody than was utilized in other experiments. Of all the
NY99ic L312 mutants and Arizona strains, only AZ10-75 clustered apart from the wild-
type, and it did so with both monoclonal antibodies and with the polyclonal anti-EIII
serum. Although there was significant variation within each antibody group, none of the
NY99ic L312 mutants or the Arizona strains significantly differed from wild-type. The
only strain-antibody combination to approach significance compared to wild-type was
L312P with 7H2, which had a Bonferroni-corrected p-value of 0.053 when compared to
NY99ic wild-type with 7H2.
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Antibody
WNV NY99ic Strain | SH10 7TH2 Anti-EIIIl Serum

Wild-type 1.5£0.2 | 1.5£0.2 2.4+0.3
L312F 1.5£0.4 | 1.5£0.4 2.5+0.4
L312H 2.0£0.1 | 1.7£0.3 2.9+0.0

L3121 1.4+0.3 | 1.8+£0.4 2.5+0.4
AZ10-753121) [ 2.1:03
AZ10-581 (312]) 1.5£0.2 | 1.4+0.4 2.5+0.2
L312P 2.2+0.1 | 2.0+0.1 2.6+0.2
L312R 1.8+0.2 | 1.7+0.1 2.7+0.0

Table 6: Neutralization Indices of WNV L312 Mutants and Naturally Occurring Variants

Neutralization indices of WNV NY99ic wild-type and L3312 mutants and naturally occurring variants by
the 5H10 and 7H2 monoclonal antibodies and by rabbit anti-Elll polyclonal serum. Values given as
AvgxSD. Green = strongly neutralized, yellow = moderately neutralized, and red = weakly neutralized. *
indicates statistically significant difference (p<0.05) from wild-type using the Bonferroni post-hoc test
following one-way ANOVA.

In vitro Replication Kinetics

All of the WVN NY99ic L312 mutants and naturally occurring AZ10 variants
were able to replicate in Vero cells (Figure 9). When the NY99ic wild-type reached its
peak at 3 days post-infection, all other strains were within 0.1 log;o pfu/ml of the NY99ic
wild-type titer except for L312P, L312R, and AZ10-581, which were 0.7-1.0 log;opfu/ml
lower than that of wild-type. Several L312 mutants lagged behind the NY99ic wild-type
by at least 1.0 log;o pfu/ml at 1 day post infection: L312H, L312I, and L312P. The
L312H mutant, in particular, was 3.2 log;o pfu/ml below the NY99ic wild-type titer at 1
day post infection, and it remained 1.1 log;o pfu/ml below the NY99ic wild-type at 1.5
days post infection before recovering to wild-type-level titers. The only other strains to
differ from NY99ic wild-type by at least 1.0 log;o pfu/ml were L312R, which was 1.0
logjo pfu/ml below NY99ic wild-type at 3 days post-infection, and AZ10-581, which was
1.1 log;o pfu/ml below NY99ic wild-type at 4 days post-infection.

There was significant variation between the strains at all timepoints except the
very early timepoints (0 and 0.5 days post-infection) when the majority of strains are
below the limit of detection and the 2 days post-infection timepoint (Table 7). In addition

to those strains that differed from NY99ic wild-type by at least 1.0log;o pfu/ml at some
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point, there were eight strain/timepoint combinations that were statistically different from
NY99ic wild-type: AZ10-75 and AZ10-581 at 1 day post-infection, AZ10-581 and
L312P at 3 days post-infection, AZ10-75 and L312P at 4 days post-infection, and AZ10-
75 and L312P at 5 days post-infection. In all cases, the strains that were significantly

different from NY99ic wild-type were at lower titers than NY99ic wild-type.
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Figure 9: Replication of WNV L312 Mutants and Naturally Occurring Variants in Vero
Cells

Growth kinetics of WNV wild-type and L312 mutants and naturally occurring variants in Vero cells.
Dashed black line = limit of detection. Error bars = standard deviation. Dark blue = neutral polar. Red =
hydrophobic aliphatic. Orange = hydrophobic aromatic. Purple = Basic. Light blue = unique. Pink =
naturally occurring variant. * = statistically significant variation between strains using one-way ANOVA
analysis with a significance threshold of 0.05.
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Days Post-Infection

0 0.5 1 1.5 2 3 4 5

ANOVA N/A | 0.493 | 0.000 | 0.000 | 0.318 | 0.000 | 0.000 | 0.000
WNYV NY99ic Strain

L312F N/A | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 0.351 | 1.000
L312H N/A | 1.000 1.000 | 1.000 | 1.000 | 1.000
L3121 N/A | 1.000 1.000 | 1.000 | 1.000 | 1.000
AZ10-75 N/A | 1.000 1.000 | 1.000
AZ10-581 N/A | 1.000 1.000
L312P N/A | 1.000 1.000
L312R N/A | 1.000 1.000

Table 7: Statistical Analysis of WNV L312 Mutant and Naturally Occurring Variant
Replication in Vero Cells

Significance values obtained by one-way ANOVA with Bonferroni post-hoc analysis comparing each
strain to the wild-type control. N/A = not applicable. Green = mutant is significantly higher than the wild-
type control. Red = mutant is significantly lower than the wild-type control. White = mutant is not
significantly different than the wild-type control. Threshold for significance = 0.05.

All of the WVN NY99ic L312 mutants and naturally occurring AZ10 variants
were also able to replicate in DEF cells (Figure 10). When N99ic wild-type was at its
peak at 3 days post-infection all L312 mutants and naturally occurring AZ10 variants
were within 0.6 log;o pfu/ml of the wild-type titer except for AZ10-581, which wasl.1
logip pfu/ml below the wild-type. Other than AZ10-581 at the peak, only two strains
differed from NY99ic wild-type by at least 1.0 log;o pfu/ml at any measured timepoint:
L312P was 1.5 log;o pfu/ml below NY99ic wild-type at 1 day post-infection and L312R
was 1.0 log;o pfu/ml above NY99ic wild-type at 5 days post-infection.

When statistical analysis was performed, however, there were several other
strain/timepoint combinations that differed significantly from NY99ic wild-type and
there was statistically significant variation between strains at all timepoints with
measurable titers (Table 8). At 1 day post-infection, the earliest timepoint with
measurable titers, every strain except for L312F is significantly lower than the NY99ic
wild-type titer. By day 1.5 post-infection, however, all of the strains have recovered to
wild-type-level titers. The L312P mutant is also statistically lower than NY99ic wild-

type at 2 and 4 days post infection, and the AZ10-581 strain is statistically lower than

NY99ic wild-type at 3 and 4 days post-infection. By 5 days post-infection only L312H
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and L312R are statistically higher than NY99ic wild-type, and they are both at higher
titers than NY99ic wild-type.
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Figure 10: Replication of WNV L312 Mutants and Naturally Occurring Variants in DEF
Cells

Growth kinetics of WNV wild-type and L312 mutants and naturally occurring variants in DEF cells.
Dashed black line = limit of detection. Error bars = standard deviation. Dark blue = neutral polar. Red =
hydrophobic aliphatic. Orange = hydrophobic aromatic. Purple = Basic. Light blue = unique. Pink =

naturally occurring variant. * = statistically significant variation between strains using one-way ANOVA
analysis with a significance threshold of 0.05.
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Days Post-Infection
0 0.5 1 1.5 2 3 4 5
ANOVA N/A | N/A | 0.000 | 0.021 | 0.001 | 0.000 | 0.000 | 0.000
WNV NY99ic Strain
L312F N/A | N/A | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
L312H N/A | N/A 1.000 | 0.774 | 0.512 | 1.000 | 0.005
L3121 N/A | N/A 0.842 | 1.000 | 1.000 | 1.000 | 1.000
AZ10-75 N/A | N/A 0.658 | 1.000 | 0.873 | 1.000 | 0.155
AZ10-581 N/A | N/A 0.141 | 1.000
L312P N/A | N/A 1.000
L312R N/A | N/A 0.266

Table 8: Statistical Analysis of WNV L312 Mutant and Naturally Occurring Variant
Replication in DEF Cells

Significance values obtained by one-way ANOVA with Bonferroni post-hoc analysis comparing each
strain to the wild-type control. N/A = not applicable. Green = mutant is significantly higher than the wild-
type control. Red = mutant is significantly lower than the wild-type control. White = mutant is not
significantly different than the wild-type control. Threshold for significance = 0.05.

All NY99ic L312 mutants and naturally occurring AZ10 variants were also able
to replicate in C6/36 cells (Figure 11). At 5 days post-infection, all of the L312 mutants
on the NY99ic backbone were within 0.6 log;o pfu/ml, and the two naturally occurring
variants (AZ10-75 and AZ10-581) were 0.9 log;o pfu/ml below the wild-type titer. The
two naturally occurring variants were also the only two strains to differ from NY99ic
wild-type by at least 1.0 log;o pfu/ml at any measured timepoint. AZ10-75 was 1.1 log)o
pfu/ml below NY99ic wild-type at 1.5 days post infection and is 1.8 logjo pfu/ml below
NY99ic wild-type at 4 days post-infection. AZ10-581 was 1.4 log;o pfu/ml below
NY99ic wild-type at 1.5 days post-infection, 1.0 log;o pfu/ml below NY99ic wild-type at
3 days post-infection, and 1.8 log;p pfu/ml below NY99ic wild-type at 4 days post-
infection.

There was statistically significant variation between the strains at all timepoints
measured between 1.5 and 5 days post-infection (Table 9). AZ10-581 was the only strain
to differ significantly from NY99ic wild-type at 1.5 days post-infection, and no strains
differed significantly from NY99ic wild-type at 2 days post infection. The later

timepoints (days 3-5 post-infection), however, had more widespread significant variation

from NY99ic wild-type. L312H and L312R differed from NY99ic wild-type at only a
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one timepoint each (4 and 5 days post-infection, respectively). L3121 and L312P both
differed significantly from NY99ic wild-type at two timepoints (days 3-4 and 4-5 post-
infection, respectively). Finally, the two naturally occurring variants from Arizona,
AZ10-75 and AZ10-581, differed significantly from NY99ic wild-type at 3, 4, and 5 days
post-infection. All strains that differed significantly from NY99ic wild-type were

significantly lower than NY99ic wild-type at the relevant timepoint.
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Figure 11: Replication of WNV L312 Mutants and Naturally Occurring Variants in C6/36
Cells

Growth kinetics of WNV wild-type and L312 mutants and naturally occurring variants in C6/36 cells.
Dashed black line = limit of detection. Error bars = standard deviation. Dark blue = neutral polar. Red =
hydrophobic aliphatic. Orange = hydrophobic aromatic. Purple = Basic. Light blue = unique. Pink =
naturally occurring variant. * = statistically significant variation between strains using one-way ANOVA
analysis with a significance threshold of 0.05.
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Days Post-Infection

0 0.5 1 1.5 2 3 4 5

ANOVA N/A | 0.469 | N/A | 0.001 | 0.027 | 0.000 | 0.000 | 0.000
WNV NY99ic Strain

L312F N/A | 1.000 | N/A | 0.894 | 1.000 | 0.385
L312H N/A | 1.000 | N/A | 1.000 | 1.000 | 1.000
L3121 N/A | 1.000 | N/A | 0.356 | 1.000
AZ10-75 N/A | 1.000 | N/A | 0.087 | 0.253
AZ10-581 N/A | 1.000 | N/A
L312P N/A | 1.000 | N/A
L312R N/A | 1.000 | N/A 1.000 | 0.691

Table 9: Statistical Analysis of WNV L312 Mutant and Naturally Occurring Variant
Replication in C6/36 Cells

Significance values obtained by one-way ANOVA with Bonferroni post-hoc analysis comparing each
strain to the wild-type control. N/A = not applicable. Green = mutant is significantly higher than the wild-
type control. Red = mutant is significantly lower than the wild-type control. White = mutant is not
significantly different than the wild-type control. Threshold for significance = 0.05.

Mouse Virulence

Variation at residue L312 generally had no significant impact on mouse virulence,
with LDsy values ranging from 0.3-2.0 pfu (Table 10). The exception was the L312P
mutant, was highly attenuated in mice, resulting in 100% survival at the 100 pfu
screening dose and having a LDsy value above 250 pfu. There was no statistically

significant variation in the AST.

WNYV Strain LDs (pfu) | ASTESD (days)
NY99ic Wild-type 0.3 8.4£1.1
NY99ic L312F 1.3 10.8+2.5
NY99ic L312H 0.8 8.8+1.8
NY99ic L3121 1.3 8.6x1.5
AZ10-75 (3121) 0.5 7.81.3
AZ10-581 (312]) 0.8 9.4+2.1
NY99ic L312P >250 N/A
NY99ic L312R 2.0 8.0+2.0

Table 10: Virulence of WNV L312 Mutants and Naturally Occurring Variants in a Swiss
Webster Mouse Model

Survival data for WNV wild-type and L312 mutants and naturally occurring variants in 3-4-week-old Swiss
Webster mice. AST includes data for the 100pfu cohort.* = p-value <0.05compared to wild type values
using the Kaplan Meier log rank test (% Survival column) or the Bonferroni post-hoc test following one-
way ANOVA (AST+SD column).
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DiscussiON

In general, mutations of residue L312 seemed to have very little impact on the
antigenicity or function of WNV EIIl. Only AZ10-75 grouped apart from the NY99ic
wild-type cluster regarding strength of antibody-mediated neutralization. The reason for
the different neutralization of AZ10-75 compared to the L312 mutants and AZ10-581 is
unknown; although AZ10-75 has no additional mutations in E at the consensus level, it is
possible that there are subpopulations within AZ10-75 that are responsible for escape
from neutralization. Previous studies of antibody-mediated neutralization using strains
with variable amino acids at residue 312 had also hinted that L.312 is unlikely to have a
strong antigenic role.(139) This is consistent the residue’s location away from the cluster
of surface loop residues in the N-terminal, BC, and DE loops that have previously been
identified as antigenic determinants and have had at least some impact on viability and
fitness.(63, 65, 137-140, 142-144, 189) All attempted amino acid substitutions at residue
312 were tolerated, but they did have some statistically significant impacts on in vitro
replication. Changes at 312 tended to cause decreased titers at early and late timepoints
in Vero cells, at early timepoints in DEF cells, and at late timepoints in C6/36 cells.
These differences in cell culture did not, however, translate to differences in mouse
virulence (except in the case of L312P, which significantly lower than NY99ic wild-type
at 4 of 8 timepoints in Vero cells, 3 of 8 timepoints in DEF cells, and 2 of 8 timepoints in
C6/36 cells, and was highly attenuated in mice). Although these experiments did not
demonstrate a clear role for L312 in either antigenicity or function, selection analysis has
suggested that L312 may be under positive selective pressure.(192) It is possible that
L312 plays some role that was not detected in cell culture or a mouse model but might be
identifiable though in vivo studies of the avian or mosquito hosts that more closely mimic
the natural transmission cycle of WNV. Of these two possibilities (bird and mosquito),

the in vitro replication data suggests that the mosquito might be more likely to
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demonstrate a difference in vivo; the main source of variation in DEF cells was early in
the timecourse when technical issues such as the exact amount of virus input is likely to
have more influence, whereas the main source of variation in C6/36 was later in the
timecourse when the titers were at their highest measured points. However, the Arizona
strains tested were isolated from mosquitoes, so perhaps the in vitro late-timepoint lag
was a function of C6/36 cells being derived from Aedes albopictus as opposed to the

Culex spp. primarily responsible for WNV transmission.
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Chapter 4: Impact of Variation at Residue T332

RATIONALE AND APPROACH

Residue T332 is a known major antigenic determinant for WNV, with three
possible mutations (T332A, T332K, and T332M) already documented in the literature. A
study similar to this one used a single virus pool containing all possible T332 mutants to
demonstrate that many substitutions (15 of 19) result in some degree of resistance to
antibody-mediated neutralization, but that that resistant pool can be quickly purified to
only one or two mutants that are both extremely resistant to neutralization and viable (in
this case it was T332K and T332R mutants resisting neutralization by E16).(212)
Mutants at residue T332 have been selected both in vitro and in vivo for resistance to
neutralization by the monoclonal antibodies E16 and SH10.(138, 144) In addition, it has
been shown in vitro that naturally occurring lineage 1 and lineage 2 T332 variants are
resistant to neutralization by polyclonal serum raised against recombinant WNV EIII
protein (although neutralization by polyclonal serum raised against whole virus is
retained).(139) There are several naturally occurring strains that have amino acids other
than threonine at residue T332. None of the engineered, selected, or naturally occurring
WNV T332 variants result in major changes in mouse virulence or growth in Vero
cells.(138, 140) For these reasons, the full range of tolerated T332 mutants and their
impact on antigenicity, growth, and virulence was assessed.

To accomplish this, pools of mutant NY99ic virus covering all possible
substitutions were generated. Individual mutants were purified either from these pools of
mutant NY99ic virus or from individual electroporations using individual mutant
plasmids. Antigenicity of successfully recovered mutants was assessed by determining a
neutralization index for the monoclonal antibodies SH10 and 7H2 and for polyclonal

serum raised against WNV EIIl. Western blots with infected cell lysates were run to
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determine whether any observed loss in neutralization was necessarily associated with a
complete or partial loss of binding. Replication kinetics were assessed in Vero, DEF, and
C6/36 cells. These cell lines were selected to represent a mammalian, avian, and
mosquito host. Samples were collected daily for five days, with half day timepoints
collected at 0.5 and 1.5 days post-infection. The five day range was chosen because it
covers the time of initial infection through the time at which a WNV-infected Vero
monolayer dies. Half-day samples were collected early in the growth curve to reveal any
changes in early replication efficiency which may have impacted fitness in a host or
vector. Virulence was assessed using a lethal Swiss Webster mouse model as a proxy for
the potential of WNV to cause neuroinvasive disease and death in infected humans. A
subset of viruses underwent LDso characterization in Swiss Webster mice. The mutants
were selected to represent the full range of amino acid categories (acidic, aromatic, basic,
etc.) and to represent any mutants with non-wild-type phenotypes discovered during the

antigenicity and/or replication kinetics screening.
RESULTS

Mutant Recovery

All of the WNV T332 mutants were viable. A summary of how each mutant was
obtained (individual electroporation vs. plaque purification) and which passage(s) were
used for characterization experiments can be found in Table 11. Viruses obtained from
individual electroporations were available as passage 0 and passage 1 stocks representing
the original electroporation (passage 0) and a stock obtained by passaging the original
electroporated virus one time in Vero cells (passage 1). Plaque purified viruses were
available as passage three stocks because they were obtained from an electroporated pool
(passage 0), titered in a 6-well plate on a Vero monolayer to allow for selection of
individual plaques (passage 1), and those individual plaques were then grown in a T-25

of Vero cells and 2-3 aliquots were frozen in advance of identification by nucleotide
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sequencing (passage 2). Once the identities of each plaque purified stock were known,
individual stocks were selected to be amplified in a T-75 of Vero cells to make a large
working stock (passage 3). Sequencing of the prM/E coding region revealed that both the
T332P and T332W mutants had an additional S66R mutation. These mutants were both
plaque purified from separate virus pools, and in each case the S66R mutation was
present in the earliest possible sample for a plaque purified virus (passage 2).  The
closest distance between residue T332 and S66 is 55.1 angstrom, measuring between the
T332 residue about a 3-fold axis of symmetry and a S66 residue about a neighboring 5-
fold axis of symmetry (the distance between T332 and S66 within an E monomer is 83.3
angstrom). Both residues T332 and S66 are surface exposed to at least some extent
(Figure 12). To assess the impact of the S66R mutation and its potential role as an
adaptive mutation, individual T332P, T332W, and S66R mutants were recovered from
individual electroporations. The single and double 332/66 mutants were evaluated in

Vero cells and in mice.
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WNV NY99ic Mutant Source Passage(s) Used
T332A Electroporation 0,1
T332C Electroporation 0,1
T332D Electroporation 0,1
T332E Plaque Purification 3
T332F Electroporation 0,1
T332G Electroporation 0,1
T332H Plaque Purification 3
T3321 Plaque Purification 3
T332K Electroporation 0, 1
T332L Plaque Purification 3
T332M Electroporation 0, 1
T332N Plaque Purification 3
T332P Electroporation 0
T332P+S66R Plaque Purification 3
T332Q Plaque Purification 3
T332R Plaque Purification 3
T332S Plaque Purification 3
T332V Electroporation 0,1
T332W Electroporation 0
T332W+S66R Plaque Purification 3
T332Y Electroporation 0,1
S66R Electroporation 0

Table 11: Generation of WNV T332 Mutant Stocks

Summary of how each WNV T332 mutant stock was obtained.
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Surface-exposed T332

Figure 12: Location of Residues T332 and S66

(A) Top view and (B) side view of E trimers. (C) Whole virus and (D) enlarged section of whole virus.
Monomers shaded such that light = 5-fold axis of symmetry, bright = 3-fold axis of symmetry, and dark =
2-fold axis of symmetry. Red = El, yellow = Ell, blue = Elll, green = T332, and purple = S66. Images
generated using the PyMol Graphics System, Version 1.3, Schrédinger, LLC with PDB ID 31'YW.
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Antigenicity

The vast majority of substitutions at residue T332 had moderate or severe impacts
on antibody neutralization (Table 12). None of the 19 possible substitutions retained
strong neutralization by either SH10 or 7H2. Even the polyclonal anti-WNV EIII serum
was only able to strongly neutralize three of the 19 possible substitutions (T332A,
T332P+S66R, and T332S). The non-conservative acidic, basic, and aromatic
substitutions were not strongly neutralized by any of the monoclonal or polyclonal
antibodies tested. Only two of the 19 possible substitutions, T332A and T332P+S66R,
retained moderate neutralization by the monoclonal antibodies and strong neutralization

by the polyclonal antibody.

Antibody
WNV NY99ic Strain 5H10 7H2 Anti-EIII Serum

Wild-type 2.5£0.0 | 3.3£0.3 2.6+0.2
T332A 1.4+£0.1* | 1.5+0.0% 2.4+0.1
T332C
T332D
T332E
T332F
T332G
T332H
T3321
T332K
T332L
T332M
T332N

T332P+S66R
T332Q
T332R
T332S 1.9+0.1* 3.040.1
T332V 1.8+0.2% 1.6+0.1%
T332W+S66R

T332Y

Table 12: Neutralization Indices of WNV T332 Mutants

Neutralization indices of WNV NY99ic wild-type and T332 mutants by the 5H10 and 7H2 monoclonal
antibodies and by rabbit anti-Elll polyclonal serum. Values given as Avg+SD. Green = strongly
neutralized, yellow = moderately neutralized, and red = weakly neutralized. * indicates statistically
significant difference (p<0.05) from wild-type using the Bonferroni post-hoc test following one-way
ANOVA.
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Western blotting demonstrated that most mutations of residue T332 affected the
strength of monoclonal but not polyclonal antibody binding (Figure 13). SHI10 strongly
bound the T332A, T332E, T332G, T332L, T332M, T332S, and T332V mutants. These
strongly SH10-bound mutants had neutralization indices of at least 1.0 except for T332E
and T332L, which had neutralization indices of 0.1 and 0.5, respectively (Table 13). 7H2
strongly bound T332A, T332E, T332I, T332L, T332S, and T332V. The strongly 7H2-
bound mutants again generally had neutralization indices of at least 1.0, but there were a
few more exceptions than was the case for SH10. The T332M, T332N, and T332P+S66R
mutants were weakly bound by 7H2 despite having neutralization indices of 1.7, 1.2, and
1.1, respectively. Conversely, the T332E mutant was again strongly bound despite
having a neutralization index of 0.1. Binding by anti-WNV EIIIl serum was roughly
equal for all mutants, despite differences in neutralization. This may be due to the
antibody response to EIIl recombinant protein generating a population of antibodies that
bind epitopes exposed in this infected cell lysate but hidden in the context of an
assembled virion. Coomassie staining and WNV MIAF controls were approximately

even across all mutants as was expected.
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Figure 13: Binding of Monoclonal and Polyclonal Antibodies to WNV T332 Mutants

Western blot of WNV T332 mutant cell lysates. Images have been cropped to show only the ~50kDa region
of the gels and films corresponding to the size of whole E. White lanes separate individual gels.
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5H10 TH2 o-Ell

Strain Neut Binding Strain Neut Binding Strain Neut Binding
Wild-type | 2.5+0.0 Strong Wild-type | 3.3#0.3 Strong T332P 3.1+0.0 Strong
T332S 2.240.0 Strong T332S 1.9+0.1* | Strong T332S 3.0+0.1 Strong
T332A 1.4+0.1* | Strong T332V 1.8+£0.2* | Strong Wild-type | 2.6+0.2 Strong
T332G 1.3+0.1* | Strong T332M 1.740.0* | Weak T332A 2.4+0.1 Strong

Strong T332A 1.5+£0.0* | Strong T332G 1.8+0.1* | Strong

Strong T332L 1.5+0.0* | Strong T332V 1.6+0.1* | Strong

Weak T332N 1.2+0.1* | Weak T332M

Weak T332P Weak T332N

Weak T3321 Strong T332C

Weak T332G Weak T3321

Weak T332F Weak T332E

Weak T332Q Weak T332R

Strong T332W Weak T332D

Weak T332Y Weak T332F

Weak T332K Weak T3320Q

Weak T332E Strong T332K

Weak T332H Weak T332L

Strong T332C Weak T332W

Weak T332R Weak T332Y

Weak T332D Weak T332H

Table 13: Correlation Between Antibody Neutralization and Antibody Binding for WNV
T332 Mutants

Summary of neutralization indices and binding strength for each virus:antibody combination using WNV
T332 mutants. For each antibody, mutants are ordered with the most strongly neutralized at the top and the
most weakly neutralized at the bottom. For neutralization indices, values given as Avg+SD. Green =
strongly neutralized, yellow = moderately neutralized, and red = weakly neutralized. * indicates statistically
significant difference (p<0.05) from wild-type using the Bonferroni post-hoc test following one-way
ANOVA. Binding strengths were qualitatively described, see figure 13 for images.
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In vitro Replication Kinetics

All WNV T332 mutants replicated in Vero cells (Figurel4). Twelve of the 19
NY99ic mutants differed from NY99ic wild-type by at least 1.0logl0 pfu/ml at at least
one timepoint, with the majority of that variation occurring before 2 days post-infection.
Mutants T3321, T332Q, T332S, and T332V differed from NY99ic wild-type at only one
timepoint between 0 and 1 days post-infection, and their titers were only higher than
NY99ic wild-type by 1.0-1.1log;o pfu/ml. Mutants T332E, T332L, T332N, and T332R
reached titers higher than those of NY99ic wild-type at both 1 and 1.5 days post-
infection; these mutants were within 1.1-1.4log;o pfu/ml of NY99ic wild-type, except for
T332L, which was 2.0-2.1log;o pfu/ml different than NY99ic wild-type. Similarly,
T332H was 1.1log;o pfu/ml higher than NY99ic wild-type at 0.5 days post-infection and
1.6log;o pfu/ml higher than wild-type at 1.5 days post-infection. Only three strains were
below NY99ic wild-type by at least 1.0log;o pfu/ml at any timepoint: T332P+S66R,
T332W+S66R, and T332Y. T332P+S66R was 1.7log;o pfu/ml below NY99ic wild-type
at both 3 and 4 days post-infection. Interestingly, both T332W+S66R were higher than
NY99ic wild-type early in the timecourse and lower than NY99ic wild-type late in the
timecourse. T332Y was 1.1logjp pfu/ml above NY99ic wild-type at 1.5 days post-
infection, but it was 1.0-1.4log;o pfu/ml below NY99ic wild-type at 4 and 5 days post-
infection. T332W+S66R was 1.1logjo pfu/ml above NY99ic wild-type at 0 days post-
infection and was 1.1-1.6log;o pfu/ml above NY99ic wild-type at 1, 1.5, and 2 days post-
infection. By days 4 and 5 post-infection, though, T332W+S66R was 1.4-1.9log;¢ pfu/ml
below NY99ic wild-type.

According to the results of the one-way ANOVA, there was statistically
significant variation between the strains at all timepoints except for 0 days post-infection
(Table 14). In general, mutants that differed from NY99ic wild-type by at least 1.0log10

pfu/ml were also statistically different than NY99ic wild-type at that timepoint according
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to Bonferroni post-hoc analysis. Exceptions include T332V at 0 days post-infection,
T332E,T3321I, and T332S at 1 day post-infection, T332W+S66R at days 0 and 2 post-
infection, and T332Y at 4 days post-infection, which all differed from NY99ic wild-type
by 1.0-1.1log;o pfu/ml but were not statistically different. T332N at 1 day post-infection
was on the border of significant (p=0.050) and was 1.2log;o pfu/ml higher than NY99ic
wild-type. There were also two instances of mutant titers being classified as statistically
different from NY99ic wild-type despite differing by less than 1.0log;o pfu/ml: T332H,
which was 0.5log;o pfu/ml higher than NY99ic wild-type at 5 days post-infection, and
T332P+S66R, which was 0.7log;o pfu/ml lower than NY99ic wild-type at 5 days post-

infection.
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Figurel4: Replication of WNV T332 Mutants in Vero Cells

Growth kinetics of WNV wild-type and T332 mutants in Vero cells. Dashed black line = limit of detection.
Error bars = standard deviation. Dark blue = neutral polar. Red = hydrophobic aliphatic. Green = acidic.
Orange = hydrophobic aromatic. Purple = Basic. Light blue = unique. * = statistically significant variation
between strains using one-way ANOVA analysis with a significance threshold of 0.05.
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Days Post-Infection
0 0.5 1 1.5 2 3 4 5
ANOVA 0.442 | 0.000 | 0.000 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000
WNYV NY99ic Strain
T332A N/A | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
T332C N/A | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 0.159
T332D N/A | 0.295 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
T332E N/A | 1.000 | 0.094 | 0.019 | 1.000 | 1.000 | 1.000 | 1.000
T332F N/A | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
T332G N/A | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 0.852
T332H N/A | 0.002 | 0.428 | 0.000 | 1.000 | 1.000 | 1.000 | 0.043
T3321 N/A | 1.000 | 0.287 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
T332K N/A | 1.000 | 1.000 | 0.828 | 1.000 | 1.000 | 1.000 | 0.261
T332L N/A | 0.192 | 0.000 | 0.000 | 1.000 | 0.865 | 1.000 | 1.000
T332M N/A | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 0.318
T332N N/A | 1.000 | 0.050 | 0.003 | 1.000 | 1.000
T332P+S66R N/A | 1.000 | 1.000 | 1.000 | 1.000
T332Q N/A | 0.007 | 1.000 | 0.105 | 1.000 | 1.000
T332R N/A | 1.000 | 0.044 | 0.001 | 1.000 | 1.000
T332S N/A | 1.000 | 0.141 | 1.000 | 1.000 | 1.000
T332V N/A | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
T332W+S66R N/A | 1.000 | 0.008 | 0.000 | 0.339 | 1.000
T332Y N/A | 0.140 | 0.392 | 0.009 | 1.000 | 1.000 | 1.000

Table 14: Statistical Analysis of WNV T332 Mutant Replication Kinetics in Vero Cells

Significance values obtained by one-way ANOVA with Bonferroni post-hoc analysis comparing each
strain to the wild-type control. N/A = not applicable. Green = mutant is significantly higher than the wild-
type control. Red = mutant is significantly lower than the wild-type control. White = mutant is not
significantly different than the wild-type control. Threshold for significance = 0.05.

To elucidate a possible compensating role of the S66R compensating mutation on
WNV replication in Vero cells, the T332P, T332W, and S66R single and double mutants
underwent an additional growth comparison experiment in Vero cells (Figure 15). The
S66R mutation alone did not impact growth in any significant way. The T332W and
T332W+S66R mutants replicated very similarly to each other and to wild-type, despite
the early high and later low titers for T332W+S66R seen in the previous growth curve in
Vero cells (Figure 14). It may be worth noting that the increased post-peak decline of
T332Y and T332W+S66R seen in Figure 14 and the lack of increased decline of
T332W+S66R seen in Figure 15 may be due to the physical handling of the infected
plates during the timecourse. During the timecourse conducted for Figure 14, the plate

containing the T332W+S66R and T332Y duplicates was on the bottom of the stack of

infected plates. Such plate stacking was not necessary during the timecourse evaluating
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the impact of S66R. Thus, it is possible that restricted gas circulation may have
accelerated the onset of CPE between days 3 and 4 post-infection, thus causing the
increased decline of T332W+S66R and T332Y titers seen in Figure 14.

The T332P and T332P+S66R mutants both replicated to lower titers compared to
wild-type, with deficits of 1.3log;opfu/ml and 1.6log;opfu/ml, respectively. The results

for T332P+S66R are comparable to those seen in the previous growth curve in Vero cells

(Figure 14).
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Figurel5: Role of S66R Compensating Mutation in WNV Replication in Vero Cells

Growth kinetics of WNV wild-type, T332+S66 combined mutants, and T332 and S66 individual mutants in
Vero cells. Dashed black line = limit of detection. Error bars = standard deviation. Dark blue = neutral
polar. Orange = hydrophobic aromatic. Light blue = unique. Brown = S66R .
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All of the WNV T332 mutants replicated in DEF cells, and there was generally
very little deviation from NY99ic wild-type (Figure 16). In fact, only T332M differed
from NY99ic wild-type by at least 1.0log;o pfu/ml at more than one timepoint (days 1
and 1.5 post-infection). At 1 day post-infection, T332I was 1.0log;o pfu/ml below
NY99ic wild-type and T332M was 1.0log;o pfu/ml higher than NY99ic wild-type. At 1.5
days post-infection, when the highest number of mutants differed from NY99ic wild-
type, T332F, T332K, T332M, T332R, and T332Y were 1.0-1.5log;o pfu/ml higher than
NY99ic wild-type. Finally, at 4 days post-infection, T332G and T332V were 1.0log;o
and 1.2log;o pfu/ml higher than NY99ic wild-type, respectively.

Unlike the WNV T332 mutant replication in Vero cells, there was statistically
significant diversity at all timepoints measured (Table 15). All of the mutant/timepoint
combinations that differed from NY99ic wild-type by at least 1.0log;o pfu/ml were also
statistically different from NY99ic wild-type. There were also six mutant/timepoint
combinations that were less than 1.0log;o pfu/ml higher than NY99ic wild-type but were
statistically higher than N'Y99ic wild-type. T332F and T332K were 0.6log;o and 0.7log;
pfu/ml higher than NY99ic wild-type at 1 day post-infection, respectively. T332C and
T332G were 0.8log;p pfu/ml and 0.91log;o pfu/ml higher than NY99ic wild-type at 1.5
days post-infection, respectively. Finally, at 2 days post infection T332D was 0.8log;o
pfu/ml lower than and T332R was 0.9log;y pfu higher than NY99ic wild-type,

respectively.
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Figure 16: Replication of WNV T332 Mutants in DEF Cells

Growth kinetics of WNV wild-type and T332 mutants in DEF cells. Dashed black line = limit of detection.
Error bars = standard deviation. Dark blue = neutral polar. Red = hydrophobic aliphatic. Green = acidic.
Orange = hydrophobic aromatic. Purple = Basic. Light blue = unique. * = statistically significant variation
between strains using one-way ANOVA analysis with a significance threshold of 0.05.

Days Post-Infection
0 0.5 1 1.5 2 3 4 5
ANOVA 0.021 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
WNV NY99ic Strain

T332A 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 0.100 | 1.000
T332C 1.000 | 1.000 | 1.000 | 0.027 | 1.000 | 1.000 | 0.453 | 1.000
T332D 1.000 | 1.000 | 1.000 | 1.000 1.000 | 1.000 | 1.000
T332E 1.000 | 1.000 | 0.270 | 0.185 | 1.000 | 1.000 | 1.000 | 1.000
T332F 1.000 | 1.000 | 0.025 | 0.000 | 1.000 | 0.264 | 0.597 | 1.000
T332G 1.000 | 1.000 | 1.000 | 0.006 | 1.000 | 1.000 | 0.026 | 1.000
T332H 1.000 | 1.000 | 1.000 | 0.091 | 1.000 | 1.000 | 0.307 | 1.000
T3321 1.000 | 1.000 1.000 | 1.000 | 0.525 | 0.597 | 1.000
T332K 1.000 | 1.000 | 0.021 | 0.000 | 1.000 | 1.000 | 0.453 | 0.310
T332L 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
T332M 1.000 | 1.000 | 0.000 | 0.000 | 1.000 | 0.738 | 1.000 | 0.682
T332N 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
T332P+S66R 1.000 | 1.000 | 1.000 | 0.091 | 1.000 | 1.000 | 1.000 | 1.000
T332Q 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 0.525 | 1.000 | 1.000
T332R 1.000 | 1.000 | 0.489 | 0.000 | 0.009 | 1.000 | 0.453 | 1.000
T3328 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
T332V 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 0.003 | 1.000
T332W+S66R 1.000 | 1.000 | 1.000 | 0.199 | 1.000 | 0.738 | 1.000 | 1.000
T332Y 1.000 | 1.000 | 1.000 | 0.001 | 1.000 | 1.000 | 1.000 | 1.000

Table 15: Statistical Analysis of WNV T332 Mutant Replication Kinetics in DEF Cells

Significance values obtained by one-way ANOV A with Bonferroni post-hoc analysis comparing each
strain to the wild-type control. N/A = not applicable. Green = mutant is significantly higher than the wild-
type control. Red = mutant is significantly lower than the wild-type control. White = mutant is not
significantly different than the wild-type control. Threshold for significance = 0.05.
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As with the Vero and DEF cells, all WNV T332 mutants are able replicate in
C6/36 cells (Figure 17). Nine of 19 mutants differed from NY99ic wild-type by at least
1.0log)o pfu/ml at at least one timepoint. Six of those mutants differed by 1.0-1.11og10
pfu/ml lower than NY99ic wild-type at a single timepoint: T332P+S66R at 2 days post-
infection, T332A, T332E, T332F, and T332l at 3 days post-infection, and T332N at 4
days post-infection. T332K was 1.0-1.3log;o pfu/ml lower than NY99ic wild-type at 1, 3,
and 4 days post-infection. T332W+S66R was 1.1-1.6log;o pfu/ml lower than NY99ic
wild-type at 1, 3, 4, and 5 days post infection. Finally, T332Y was 1.0-1.1log;o pfu/ml
lower than NY99ic wild-type at days 3 and 5 post-infection.

There was statistically significant variation between strains at all measured
timepoints between 1 and 5 days post-infection (Table 16). The strain/timepoint
combinations that differed from NY99ic wild-type by at least 1.0log;y pfu/ml were all
statistically significant except for T332W+S66R at 1 day post-infection, which was
1.1log;o pfu/ml lower than NY99ic wild-type but had a p-value of 0.139. There were also
19 strain/timepoint combinations that were statistically different than NY99ic wild-type
despite being less than 1.0log;¢ pfu/ml different. T332C was 0.8log;¢ and 0.5log;o pfu/ml
lower than NY99ic at days 3 and 5 post-infection, respectively. T332D was 0.4log;
pfu/ml higher than NY99ic wild-type, the only strain/timepoint combination to be
significantly higher than NY99ic wild-type in C6/36 cells. T332F, in addition to the
previously described differences at day 3 post-infection, was 0.91og;o and 0.5log;o pfu/ml
lower than NY99ic wild-type at days 4 and 5 post-infection. T332I, in addition to its
differences at day 3, was 0.5logjo pfu/ml lower than NY99ic wild-type at 5 days post-
infection. T332K, in addition to its differences at 1, 3, and 4 days post-infection, was
0.91og;o and 0.7log;o pfu/ml lower than NY99ic wild-type at 2 and 5 days post-infection,
respectively. T332N, in addition to its previously noted differences, is 0.9log;o and
0.4log;o pfu/ml lower than NY99ic wild-type at 3 and 5 days post-infection, respectively.
T332P+S66R, in addition to being below NY99ic wild-type at 2 days post-infection, was
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0.8logp and 0.7log;o pfu/ml lower than NY99ic wild-type at 3 and 4 days post-infection,
respectively. T332R, which did not differ from NY99ic wild-type by 1.0log;o or greater
pfu/ml at any timepoint, was 0.8-0.91og;o pfu/ml lower than NY99ic wild-type at days 3-
5 post-infection. Similarly, T332S, which also didn’t differ from NY99ic wild-type by
1.0log;o pfu/ml or greater at any timepoint, was 0.9log;o and 0.4log;o pfu/ml lower than
NY99ic wild-type at 3 and 5 days post-infection, respectively. T332W-+S66R, which was
previously mentioned as being lower than NY99ic wild-type at 1, 3, 4, and 5 days post-
infection, was 0.9log;o pfu/ml lower than NY99ic wild-type at 1.5 days post-infection.
Finally, T332Y, previously mentioned as differing from wild-type at 3 and 5 days post-

infection, was 0.9log;¢ pfu/ml lower than NY99ic wild-type at 4 days post-infection.
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Figure 17: Replication of WNV T332 Mutants in C6/36 Cells

Growth kinetics of WNV wild-type and T332 mutants in C6/36 cells. Dashed black line = limit of
detection. Error bars = standard deviation. Dark blue = neutral polar. Red = hydrophobic aliphatic.
Green = acidic. Orange = hydrophobic aromatic. Purple = Basic. Light blue = unique. * = statistically
significant variation between strains using one-way ANOVA analysis with a significance threshold of 0.05.
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Days Post-Infection
0 | 05 1 1.5 2 3 4 5
ANOVA N/A [ N/A | 0.000 | 0.000 | 0.000 [ 0.000 [ 0.000 | 0.000
WNYV NY99ic Strain

T332A N/A [ N/A | 1.000 | 1.000 | 1.000 0.097 | 1.000
T332C N/A | N/A | 1.000 | 1.000 | 1.000 1.000
T332D N/A | N/A | 1.000 | 1.000 | 1.000 1.000 | 0.007
T332E N/A | N/A | 1.000 | 1.000 | 1.000 0.097 | 0.118
T332F N/A | N/A | 1.000 | 1.000 | 0.394
T332G N/A | N/A | 1.000 | 1.000 | 1.000
T332H N/A [ N/A | 1.000 | 1.000 | 1.000 [ 1.000 | 1.000 | 1.000
T3321 N/A | N/A | 1.000 | 1.000 | 1.000
T332K N/A | N/A | 0.139
T332L N/A [ N/A | 1.000 | 1.000 | 1.000 | 0.141 | 1.000 | 1.000
T332M N/A [ N/A [ 1.000 | 1.000 | 1.000 [ 1.000 | 1.000 | 1.000
T332N N/A | N/A | 1.000 | 1.000

T332P+S66R N/A | N/A | 1.000 | 1.000
T332Q N/A | N/A | 1.000 | 1.000 | 1.000 0.569
T332R N/A | N/A | 1.000 | 0.390 | 0.126
T3328 N/A [ N/A | 1.000 | 0.135 | 1.000 0.197
T332V N/A | N/A | 1.000 | 0.887 1.000

T332W+S66R N/A | N/A | 0.139
T332Y N/A | N/A | 1.000

Table 16: Statistical Analysis of WNV T332 Mutant Replication Kinetics in C6/36 Cells

Significance values obtained by one-way ANOVA with Bonferroni post-hoc analysis comparing each
strain to the wild-type control. N/A = not applicable. Green = mutant is significantly higher than the wild-
type control. Red = mutant is significantly lower than the wild-type control. White = mutant is not
significantly different than the wild-type control. Threshold for significance = 0.05.

Mouse Virulence

In general, mutations at residue T332 did not strongly impact virulence in mice
(Table 17). This was true regardless of whether the change was conservative or non-
conservative. The only substitution that caused major attenuation was T332P and this
was true whether the additional S66R mutation was present or absent. Of the mutants
encoding conservative neutral polar substitutions, T332C came the closest to attenuation,
with 40% survival compared to 7% survival for the wild-type. The mutants encoding
hydrophobic aliphatic substitutions were also quite similar to wild-type, with the
exception of T332I, which had a significantly higher % survival. The mutants encoding
acidic, basic, and hydrophobic aromatic substitutions were all virulent in mice, although

T332R had a slightly higher LDs, value of 12.6pfu compared to 0.5pfu for wild-type. Of
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note, both the T332W and T332W+S66R mutants were virulent in mice as measured by
LDs, % survival, and AST. Both the T332P and the T332P+S66R mutants were highly
attenuated in mice. The LDso values of the T332P mutants were over 2,000-fold
increased compared to wild-type, and over half of the mice survived the 100pfu dose.
The AST values for T332P and T332P+S336, while not significantly different than wild-

type, were 1.8-4.3 days longer.

Survival
WNV NY99ic Strain | LDsy (pfu) | % | Alive/Total | ASTESD (days)
Wild-type 0.5 7 1/15 8.7£2.3
S66R 0.1 0 0/10 9.7£1.9
T332A ND 10 1/10 8.3+1.3
T332C ND 40 4/10 8.7+1.9
T332D 0.8 0 0/10 8.2+1.2
T332E ND 0 0/10 7.6£1.1
T332F ND 0 0/10 8.0£1.5
T332G ND 0 0/10 8.6£1.6
T332H 0.3 10 1/10 8.7£2.2
T3321 ND 30* 3/10 10.9+£2.7
T332K ND 0 0/10 8.5£1.0
T332L ND 20 2/10 8.5+0.8
T332M ND 20 2/10 8.8+£2.1
T332N ND 0 0/10 8.3t1.4
T332P >1,000 70%* 7/10 11.3+£2.1
T332P + S66R >1,000 87* 12/15 13.0+£7.1
T332Q ND 0 0/10 9.3£1.5
T332R 12.6 20 2/10 9.442.3
T332S ND 10 1/10 7.4+1.0
T332V ND 0 0/10 8.2+0.9
T332W 0.2 30 3/10 9.4+1.9
T332W + S66R 1.3 20 3/15 8.8+£2.1
T332Y 0.1 0 0/10 9.4+1.3

Table 17: Virulence of WNV T332 Mutants in a Swiss Webster Mouse Model

Survival data for WNV wild-type and T332 mutants in 3-4-week-old Swiss Webster mice. ND = no data.
AST includes data for the 100pfu cohort.* = p-value <0.05compared to wild type values using the Kaplan
Meier log rank test (% Survival column) or the Bonferroni post-hoc test following one-way ANOVA
(ASTZSD column).

104



DiscussiON

Residue T332 of WNV NY99ic E tolerated a wide range of amino acid
substitutions. In fact, all possible amino acids at residue 332 yielded viable virus. The
T332P mutant was the only one with markedly different in vitro growth and mouse
virulence phenotypes. In addition to its lower peak titer compared to wild-type in Vero
cells, T332P was highly attenuated in mice. Interestingly, lower post-peak titers in Vero
cells (as was seen for T332W+S66R and T332Y) did not seem to correlate with in vivo
attenuation, perhaps because after day 3 the monolayer had degraded enough that titers
did not reflect a replication phenotype so much as a stability phenotype. Also, between
the collection of the 3 days post-infection and 4 days post-infection timepoints, the
infected plates sat for 24 hours without observation, so it is possible that the rate of
inactivation in culture media at 37°C is the same for T332W+S66R/T332Y and the wild-
type, but that the degradation of the monolayers in T332W+S66R/T332Y-infected wells
began earlier than the degradation of the wild-type infected wells. Furthermore, the more
rapid post-peak decrease of T332W+S66R was not replicated in the subsequent growth
curve designed to elucidate the role of S66R. Whatever defect caused T332P to reach
lower peak titers in the mammalian Vero cell line may have had an impact in vivo in the
mammalian Swiss Webster mouse model. Because residue T332 so readily tolerated all
other amino acids, it is possible that the introduction of a proline at this site was
attenuating, not because it disrupted the functional role of residue 332, but because it
introduced a kink in the BC loop of EIIl and therefore disrupted some other, more
functionally critical residue. The previously documented functional importance of
neighboring residues G331 and D333 supports this hypothesis.(140)

Of note, the decrease in peak titer seen for WNV T332P in Vero cells was not
duplicated in the DEF or the C6/36 cells. Because the main functional role of EIII is

thought to be receptor binding, this may indicate that WNV utilizes different receptor(s)
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in these different cell lines even though soluble WNV EIII is antagonistic to infection of
both Vero and C6/36 cells.(81, 191, 213) In fact, previous studies have described two
possible mammalian receptors, DC-SIGN and a,[3; integrin, with molecular weights of
45kDaand 105kDa, respectively, and the possible C6/36 receptors identified thus far are
70kDa and 95kDa.(74, 79, 80, 214) The 70kDa protein may be heat shock cognate 70.
Initial discovery of the 70kDa protein’s involvement in WNV infection also
demonstrated its importance to DENV-2 and JEV infection, and both of these
flaviviruses use heat shock cognate 70 (a 72kDa protein) during entry into mosquito
cells.(214-216) However, although WNV T332P replicated to wild-type level titers in
DEF and C6/36 cells, it is the only mutant obtainable within one nucleotide of the wild-
type codon that has not yet been found in any natural isolates. This may indicate critical
differences between WNV receptor binding and replication in vitro (which was
performed without obvious defect in the growth curves) and irn vivo (as would be required
of a naturally occurring isolate) in birds and mosquitoes. The reason for the relative
scarcity of naturally occurring variation at residue T332 was not clearly defined by these
experiments, however the results of the C6/36 growth curve hint that T332 mutants may
face at least a subtle disadvantage regarding replication in mosquito cells. To investigate
this possibility with any kind of certainty further studies would be needed, including
growth curves using a Culex spp. cell line and ideally a higher number of replicates. It
would also be useful to examine the impact of changes to T332 on the level of viremia
needed to infect mosquitoes, the kinetics of spread throughout the mosquito, and the
concentration of virus reached in the various parts of the mosquito, especially the saliva.
Two of the nineteen WNV T332 mutants had a S66R mutation. Both were
obtained via plaque purification (as opposed to individual electroporations). There is no
naturally occurring variation at residue S66, and the S66R mutation did not impact WNV
replication kinetics in Vero cells or WNV virulence in mice. One possible explanation

for the acquisition of this mutation is an adaptation to growth in Vero cells. Although
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WNYV does not typically use heparan sulfate as a receptor, gain-of-charge mutations do
allow other viruses to acquire a heparan sulfate-binding phenotype. However, these
mutations are often associated with in vivo attenuation, which was not the case with the
S66R mutation.(80, 81, 213, 217-219)

In contrast to its apparently minor functional role, residue T332 had a substantial
impact on antigenicity. This is consistent with previous studies indicating that changes at
residue T332 have impacts on neutralization by monoclonal and polyclonal
antibodies.(65, 137, 139, 140, 144) Every single mutation at residue T332 resulted in
moderate or strong escape from neutralization by 7H2, and all but T332S gained
moderate or strong escape from SH10 neutralization. Perhaps more alarmingly, 16 of the
19 possible T332 mutants gained moderate or strong escape from neutralization by the
polyclonal anti-WNV EIII serum. The strongest escape from both the monoclonal and
polyclonal antibodies tended to be from the acidic, basic, and aromatic substitutions (see
Appendix B). The apparent ease with which WNV can tolerate mutation at residue T332,
combined with the likelihood that a change at 332 will result in resistance to
neutralization by monoclonal and/or polyclonal antibodies, is a potential issue for the
development of vaccines and therapeutics that target only EIIl. Although the dead end
host status of humans means that any such acquired resistance is unlikely to become

widespread, it could complicate prevention and treatment efforts for individual patients.
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Chapter 5: Impact of Variation in WNV EIIlI Surface Loop Residues

RATIONALE AND APPROACH

Residues S306, K307, T330, T332, and A367 in WNV EIII have all been
identified as critical antigenic determinants through selection of neutralization or binding
resistant mutants. However, neighboring residues (C305, A308, G331, D333, T366, and
N368) have not been selected, despite their close physical proximity (Figure 17). Little is
known about whether this is due to the relative antigenic irrelevance of the neighboring
residues, or whether it is due to structural or functional constraints. On the one hand,
residue C305 is part of a critical disulfide bond, and engineered changes at residues G331
and D333 are attenuating .(140, 142) On the other hand, residues T366 and N368 both
have naturally occurring variation but have not been selected in antigenic studies, while

A367 has no natural variation but has been selected in antigenic studies.(143)

Figure 17: Location of Antigenic Determinants in WNV EllI

Green = Known antigenic determinants. Red = Neighboring residues. Blue = Other EllI residues. Image
generated using the PyMol Graphics System, Version 1.3, Schrédinger, LLC with PDB ID 1S6N.
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To determine the extent of variation tolerated in residues of the N-terminal (C305,
S306, K307, and A308), BC (T330, G333, and D333) and DE (T366, A367, and N368)
loops, and to assess how those residues contribute to the antigenic and functional
phenotype of EIII, a panel of surface loop mutants was generated using the NY99ic
system. This panel was designed to include all possible mutants that could be obtained
with a single nucleotide substitution to the wild type NY99ic backbone, for a total of 59
possible mutants. Viable mutants were obtained from both plaque purification of virus
pools and individual electroporations.

Antigenicity was assessed using neutralization index assays with the monoclonal
antibodies SH10 and 7H2 and with polyclonal serum against WNV EIIl. Western blots
were not included because Zhang et al. and the assessment of residue T332 described in
Chapter 4 of this dissertation already demonstrated that binding by monoclonal
antibodies correlates extremely well with neutralization and that binding by polyclonal
serum against EIIl is not affected by surface loop mutations even if they result in
neutralization deficits.(140)

In vitro growth kinetics were assessed in Vero cells, with samples collected at 1,
3, and 5 days post-infection. These timepoints were selected to give a snapshot of early
titers, peak titers, and post-monolayer death titers. The other intermediate timepoints
were not included in this work because they were not especially informative in previous
experiments. Vero cells were chosen both because they were the only cell line to show
any major difference in the T332 mutants (see Chapter 4). Virulence was determined
using a Swiss Webster mouse model of fatal neuroinvasive disease.

Several mutants which would otherwise have been included in the 59-virus panel
had been previously recovered and characterized, and so were not used extensively in this
work (Table 18). A K307E neutralization escape mutant of WNV NY99 was previously
characterized by Zhang et al. (144) They found that, antigenically, K307E is quite an

important change and that its PRNTS5, value for the potently neutralizing antibody E16 is

109



over 10pg/ml, compared to wild type which was 50% neutralized at approximately
0.1pg/ml. Also, K307E is virulent in mice. Both T330A and T330I mutants of NY99ic
were previously recovered and characterized.(140) T330A is strongly neutralized by
both SH10 and 7H2, grows to high titer in Vero cells, and is virulent in mice. In contrast,
the T330I mutation causes moderate escape from SH10 and 7H2 neutralization, but is
also able to grow to high titers in Vero cells and is virulence in mice. G331A results in
borderline strong/moderate neutralization escape from both SH10 and 7H2, but reaches a
low peak titer in Vero cells and is highly attenuated in mice, suggesting a functional or
structural role for G331.(140) Finally, D333E and D333N mutants of NY99ic were also
generated and characterized by Zhang et a/.(140) A D333 A mutant was not successfully
recovered. The D333E mutant is fully neutralized by SH10 but demonstrates moderate
escape from 7H2 neutralization. D333N, on the other hand, is fully neutralized by 7H2
but demonstrates moderate escape from 5SH10. Both D333E and D333N grow to low
peak titers in Vero cells. D333E is moderately attenuated in mice, with an LDsg
approximately 60-fold higher than that of wild-type, and D333N is strongly attenuated
with an LDsy over 770-fold higher than that of wild-type. These results suggest that 333

may also have a functional or structural role.

Category of Data
WNV NY99ic Strain Antigenicity Vero Growth Virulence

K307E Yes (escape) No Yes (virulent)
T330A Yes (neutralized) Yes (high) Yes (virulent)
T3301 Yes (escape) Yes (high) Yes (virulent)
G331A Yes (escape) Yes (low) Yes (attenuated)
D333E Yes (mixed) Yes (low) Yes (mildly attenuated)
D333N Yes (mixed) Yes (low) Yes (attenuated)

Table 18: Previously Characterized WNV EIII Surface Mutants

Summary of previously characterized WNYV ElII surface loop mutants. In the antigenicity category,
mutants were either well neutralized by all antibodies tested (neutralized), escaped from neutralization by
all antibodies tested (escape), or displayed a combination of escape from some antibodies and
neutralization by others (mixed). In the Vero Growth category, mutants either reach high peak titers
approximately equivalent to wild-type or low peak titers compared to wild-type (low = >1log;/pfu/ml
deficit). In the Virulence category, mutants can either be virulent, mildly attenuated (>50-fold LDsg
increase), or attenuated (>500-fold LDs, increase).(140, 144)
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RESULTS

Mutant Recovery

Of the 59 EIII surface loop mutants originally included in this panel, six had been
previously characterized and therefore were not included, 15 were not viable, and 38
were successfully recovered (Table 19). The non-viable mutants were located at either
C305, G331, or D333. None of the C305 mutants in the panel were viable. At residue
G331, only the G331A and G331S mutants were successfully recovered. Both were
recovered via plaque purification, but G331A was not used in these experiments due to
its previous characterization.(140) At residue D333, the only viable mutants in the panel
were D333E and D333N, which had both been previously recovered and
characterized.(140)

Full prM/E sequencing revealed several additional mutations in the panel. The
K307N virus had a single nucleotide substitution in prM, but it was a non-coding change.
Another K307 mutant, K307T, was found to have a T129S mutation located in domain II
of E, located at the C-terminal end of the e strand, just upstream of the link between
strand e of EII and strand E of EI. The closest distance between K307 and T129 is 31.3
angstrom and is between neighboring E monomers about the 3-fold axis of symmetry.
The G331S mutant acquired a H395Y mutation in strand G of the EIIl domain. The
closest distance between G331 and H395 is 20.9 angstrom within a given monomer of E.
Finally, the G331D mutant was obtained as a small passage 2 stock immediately
following plaque purification, but the virus reverted to its wild-type G331 residue when
growing a larger passage 3 stock for experimental use. Both compensating mutations
(T129S and H395Y) are at locations that are surface exposed in the context of an E
monomer but are largely buried between multiple monomers in the context of a whole
virion (i.e., they are in the envelope layer of the capsid, not exposed on the surface facing

either the interior or the exterior of the virion) (Figure 18).
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WNV

WNV NY99ic Passage(s) NY99ic Passage(s)
Mutant Source Used Mutant Source Used
C305F Not Viable Not Viable G331R Not Viable Not Viable
C305G Not Viable Not Viable G331S+H395Y | Plaque Purified 4
C305R Not Viable Not Viable G331V Not Viable Not Viable
C305S Not Viable Not Viable D333A Not Viable Not Viable
C305W Not Viable Not Viable D333E Not Included N/A
C305Y Not Viable Not Viable D333G Not Viable Not Viable
S306A Electroporation 0 D333H Not Viable Not Viable
S306L Electroporation 0 D333N Not Included N/A
S306P Plaque Purified 3 D333V Not Viable Not Viable
S306T Electroporation 0 D333Y Not Viable Not Viable
K307E Not Included N/A T366A Plaque Purified 4
K307M Plaque Purified 3 T366K Plaque Purified 4
K307N Plaque Purified 3 T366M Plaque Purified 4
K307Q Plaque Purified 3 T366P Plaque Purified 4
K307R Plaque Purified 4 T366R Electroporation 0
K307T+T129S | Plaque Purified 4 T366S Plaque Purified 4
A308D Electroporation 0 A367D Electroporation 0
A308G Electroporation 0 A367G Electroporation 0
A308P Electroporation 0 A67P Electroporation 1
A308S Electroporation 0 A367S Electroporation 0
A308T Electroporation 0 A367T Electroporation 1
A308V Electroporation 0 A367V Plaque Purified 4
T330A Not Included N/A N368D Plaque Purified 4
T3301 Not Included N/A N368H Electroporation 0
T330N Electroporation 1 N3681 Plaque Purified 4
T330P Plaque Purified 4 N368K Plaque Purified 4
T330S Electroporation 0 N368S Electroporation 0
G331A Not Included N/A N368T Plaque Purified 4
G331C Not Viable Not Viable N368Y Plaque Purified 3
G331D Not Viable Not Viable

Table 19: Generation of WNV EIII Surface Loop Mutant Stocks

Summary of how each WNV ElIII surface loop mutant stock was obtained.
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Surface-exposed G331

Figure 18: Location of Residues T129, K307, G331, and H395

(A) Top view and (B) side view of E trimers. (C) Whole virus and (D) enlarged section of whole virus.
Monomers shaded such that light = 5-fold axis of symmetry, bright = 3-fold axis of symmetry, and dark =
2-fold axis of symmetry. Red = El, yellow = Ell, blue = Elll, bright purple = K307, dark purple = T129,
bright green = G331, dark green H395. Images generated using the PyMol Graphics System, Version 1.3,
Schrédinger, LLC with PDB ID 31YW.
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Antibody-Mediated Neutralization

The impact of EIIl surface loop mutations to antibody-mediated neutralization
varied depending on which residue was mutated (Table 20). It should be noted that the
antigenicity of the N368Y mutant was not assessed due to low stock titers, and the
neutralization of A308V by 5H10 and 7H2 could not be assessed due to a lack of
available virus aliquots. All other viable mutants that were not previously characterized
were included. Every residue had at least one substitution that resulted in weak
neutralization by SH10 or 7H2 except for N368. For SH10, residues S306, K307, T330,
and T366, were most important to neutralization, with all characterized mutants at these
residues resulting in weak or moderate escape. This was compared to 50-67% of the
A308, A367, and N368 mutants. For 7H2, all K307 mutants resulted in moderate or
weak neutralization, but the other residues had a more limited impact with 0% of N368,
20% of A308, 25% of S306, and 33% of T330, T366, and A367 mutants resulting in
moderate or weak neutralization. The G331S+H395Y mutations affected epitopes
recognized by SH10 and 7H2, but because only one G331 mutant was characterized it
was impossible to deduce a pattern.

In contrast to the previous observations with NY99ic T332 mutants, neutralization
by the polyclonal anti-WNV EIII serum was largely unaffected by the vast majority of
these surface loop mutations. Roughly one third of the mutants tested (32%) retained
strong neutralization by the anti-EIIl serum, with 50% being moderately neutralized and
only 18% resulting in weak neutralization. Loss of neutralization was most common in
S306, K307, and T330 mutants, all of which were moderately or weakly neutralized.
A367 was close, with 83% of mutants resulting in moderate or weak neutralization. Next
was N368, which had no weakly neutralized mutants but was moderately neutralized
66% of the time. A308 and T366 had the least impact on neutralization by anti-EIII

serum, with no weakly neutralized mutants and only 33% moderately neutralized.

115



. . Antibody
WNV NY99ie Strain ™00 7H2 | Anti-EII Serum

Wild-type 2.840.2 >3.2 2.7+0.0
S306A 1.940.0% | >2.9 2.0+0.1*
S306L 1.540.0*% | 2.7+0.1%
S306P >2.8 1.90.1*
S306T 2.040.1* 1.4+0.0*
K307M 1.7+0.1*
K307N
K307Q
K307R

K307T-+T129S
A308D 1.5+0.1*
A308G 1.20.1* 1.9+0.1*
A308P >3.0 2.8+0.0
A308S 1.740.0* | >33 2.620.1
A308T 22403 | 2.9+0.1 2.4%0.1
A308V N/A N/A 2.6+0.1
T330N 2.240.1* 1.4+0.0*
T330P 1.840.4* | 3.2%0.2 1.7+0.1*
T3308 1.4+0.2* | 2.540.1% 2.2+0.1*
G331S+H395Y 1.9+0.0*

T366A 1.840.1* | >3.0 2.0+0.0*
T366K 1.340.1* | >3.0 3.040.1
T366M 1.4+0.0% | >2.7* 2.8+0.0
T366P >1.9 >1.9% 1.740.1*
T366R WO 1.5-0.5 >3.1
T3665 1.7£0.2* [ >3.0 2.5+0.2
A367D >3.3
A367G 1.440.1% | 2.120.1* 2.340.5
A367P 2.1+0.1 | >32 1.8+0.1*
A367S 23403 | >3.0
A367T 2.1+0.1 | >3.1 1.9+0.0*
A367V 2.1£0.0 | >3.1 1.940.1*
N368D 1.4+0.1* | 3.4%0.1 2.8+0.0
N368H 2.3+0.1 | >3.0 23402
N3681 27406 | >3.1 1.240.2%
N368K 27404 | >3.0 2.2+0.0*
N368S 2.0+0.1 | 3.2%0.1 1.2+0.1*
N368T >3.0 >3.0 2.1%0.1*

Table 20: Neutralization Indices of WNV Elll Surface Loop Mutants

Neutralization indices of WNV NY99ic wild-type and Elll surface loop mutants by the 5H10 and
7H2 monoclonal antibodies and by rabbit anti-EIll polyclonal serum. Values given as Avg+SD.
Green = strongly neutralized, yellow = moderately neutralized, and red = weakly neutralized. *
indicates statistically significant difference (p<0.05) from wild-type using the Bonferroni post-

hoc test following one-way ANOVA.
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In vitro Replication Kinetics

Similar to NY99ic wild-type, the viable N-terminal loop (residues 306-308)
mutants were able to replicate to 7-8log;o pfu/ml by 3 days post-infection (Figure 19).
There is, however, a fairly large amount of variation, especially at the 1 day post-
infection timepoint. In fact, nine of the 16 mutants are substantially lower than NY99ic
wild-type at 1 day post-infection, with the deficit ranging from 1.2-2.0log;o pfu/ml:
S306A, S306L, S306P, K307E, K307M, K307N, K370Q, A308T, and A308V.
Conversely, the S306T mutant is 2.4log;o pfu/ml higher than NY99ic wild-type at 1 day
post-infection. In addition to their absolute differences, all of the strains that differ from
NY99ic wild-type by at least 1.0logl0 pfu/ml at 1 day post-infection are statistically
different from NY99ic wild-type (Table 21). There are no mutants that differ from
NY99ic wild-type by at least 1.0log;o pfu/ml at 3 or 5 days post-infection, and there are

also no mutants that are statistically different from NY99ic wild-type at these timepoints.
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Figure 19: Replication of WNV EIll N-Terminal Loop Mutants in Vero Cells

Growth kinetics of WNV wild-type and Elll N-terminal surface loop mutants in Vero cells. Dashed black
line = limit of detection. Error bars = standard deviation. * = statistically significant variation between
strains using one-way ANOVA analysis with a significance threshold of 0.05.
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Days Post-Infection
0 1 3 5
ANOVA N/A | 0.000 | 0.000 | 0.000
WNYV NY99ic Strain

S306A N/A 1.000 | 1.000
S306L N/A 1.000 | 1.000
S306P N/A 1.000 | 1.000
S306T N/A 1.000 | 1.000
K307E N/A 1.000 | 1.000
K307TM N/A 1.000 | 1.000
K307N N/A 1.000 | 1.000
K307Q N/A 1.000 | 1.000
K307R N/A | 1.000 | 0.697 | 1.000
K307T+T129S N/A | 1.000 | 0.101 | 1.000
A308D N/A | 1.000 | 1.000 | 1.000
A308G N/A | 1.000 | 1.000 | 1.000
A308P N/A | 1.000 | 1.000 | 1.000
A308S N/A | 1.000 | 1.000 | 1.000
A308T N/A - 1.000 | 0.976
A308V N/A 1.000 | 1.000

Table 21: Statistical Analysis of WNV EIlIl N-Terminal Loop Mutant Replication
Kinetics in Vero Cells

Significance values obtained by one-way ANOVA with Bonferroni post-hoc analysis comparing each
strain to the wild-type control. N/A = not applicable. Green = mutant is significantly higher than the wild-
type control. Red = mutant is significantly lower than the wild-type control. White = mutant is not
significantly different than the wild-type control. Threshold for significance = 0.05.

Following the results of the initial in vifro replication results for the EIIl mutants,
a second, smaller growth curve was conducted to determine whether the early variation
was due to actual, biological differences or simply technical differences such as different
quantities of virus being used during the initial infections. To this end, three viruses were
selected: NY99ic wild-type, S306A (which was 2.0log;o pfu/ml below NY99ic wild-type
at 1 day post-infection in the initial timecourse), and S306T (which was 2.4log;o pfu/ml
above NY99ic wild-type at 1 day post-infection in the initial timecouse). These viruses
were used to infect Vero cells in 6-well plates at expected MOIs of 0.04, 0.01, and 0.001
(0.04 was the highest MOI possible for the stock with the lowest titer). The dilutions
were back-titered to determine the actual MOI, and samples were collected daily for 5
days and titered on Vero cells.

The back-titers revealed that NY99ic wild-type and S306A had actual MOIs quite
close to their expected MOIs (Table 22). S306T, on the other hand, had actual MOlIs
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approximately 10-fold higher than expected. This is consistent with the extremely

elevated 1 day post-infection titer for S306T seen in Figure 19.

Virus NY99ic wild-type | NY99ic S306A NY99ic S306T
Expected MOI | 0.001 | 0.01 | 0.04 | 0.001 | 0.01 | 0.04 | 0.001 | 0.01 | 0.04
Actual MOI 0.002 ] 0.02 | 0.06 | 0.001 | 0.01 | 0.08 | 0.02 | 0.2 | 0.9

Table 22: Expected and Actual MOIs in Repeat Timecourse

Expected MOIs for NY99ic wild-type, S306A, and S306T+T129S and their actual MOls as determine by
back-titer.

The results of the multi-MOI timecourse highlight the role of virus input on early
timepoint titers (Figure 20A). At 1 day post-infection, the earliest post-infection
timepoint measured by the full EIIl surface loop mutant timecourse and the first
timepoint in the multi-MOI timecourse for which all strain/MOI combinations have a
measurable titer, the NY99ic wild-type samples have a range of 1.6logo pfu/ml, the
S306A samples have a range of 1.0log;¢ pfu/ml, and the S306T samples have a range of
0.91og;o pfu/ml. These 1 day post-infection timepoints had the largest range for NY99ic
wild-type and S306A, but S306T had a larger range at 0 (2.0log;o pfu/ml) and 0.5
(2.8logio pfu/ml) days post-infection. By the time titers begin to plateau at 2 days post-
infection there is considerably less range both within and between each strain.

When the growth curves with the most similar actual, back-titered MOIs are
compared (expected MOI 0.01 for NY99ic wild-type and S306A, and expected MOI
0.001 for S306T), a clearer picture emerges (Figure 20B). When changes in MOI were
accounted for, the differences between NY99ic wild-type and S306T became negligible.
The differences between NY99ic wild-type and S306A, however, were maintained. In
the initial timecourse, S306A was undetectable at 1 day post-infection, while NY99ic
wild-type was at 2.7log;o pfu/ml, giving a difference of at least 2.0log;o pfu/ml. In the
multi-MOI timecourse, S306A was undetectable at 0 and 0.5 days post-infection, while

NY99ic wild-type was at 1.3log;o pfu/ml and 1.8log; pfu/ml, respectively. Even at 1 day
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post-infection, S306A had a deficit of 1.6log;o pfu/ml compared to NY99ic wild-type.
Thus, while the radical early difference of S306T was likely technical artifact, some of

the more subtle early replication deficits of the WNV surface loop EIIl mutants may be

real.
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Figure 20: Replication of Selected WNV EIIl Surface Loop Mutants with Multiple MOls
in Vero Cells

Replication kinetics of WNV NY99ic wild-type, S306A, and S306T in Vero cells (A) at expected MOls of
0.04, 0.01, and 0.001, and (B) at actual, back-titered MOlIs of approximately 0.01.
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The BC surface loop mutants all replicated in Vero cells (Figure 21). At 1 day
post-infection, G331S+H395Y is 1.4log;p pfu/ml higher than NY99ic wild-type and
T330S is 1.0log;o pfu/ml lower than NY99ic wild-type. The other mutants (T330N and
T330P) are both within 1.0log;o pfu/ml at 1 day post-infection. In addition to the mutants
that differ from NY99ic wild-type by at least 1.0logl0 pfu/ml, T330S is statistically
different from NY99ic wild-type at 3 days post-infection, despite only being 0.7log)o
pfu/ml higher (Table 23).

amies\\t
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Figure 21: Replication of WNV EIlll BC Loop Mutants in Vero Cells

Growth kinetics of WNV wild-type and EIlll BC surface loop mutants in Vero cells. Dashed black line =
limit of detection. Error bars = standard deviation.
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Days Post-Infection

0 1 3 5
ANOVA N/A | 0.000 | 0.016 | 0.221
WNYV NY99ic Strain
T330N N/A | 1.000 | 1.000 | 1.000
T330P N/A | 0.405 | 1.000 | 1.000

T330S N/A 0.008 | 1.000
G331S+H395Y N/A | 0.000 | 1.000 | 1.000

Table 23: Statistical Analysis of WNV EIll BC Loop Mutant Replication Kinetics in
Vero Cells

Significance values obtained by one-way ANOVA with Bonferroni post-hoc analysis comparing each
strain to the wild-type control. N/A = not applicable. Green = mutant is significantly higher than the wild-
type control. Red = mutant is significantly lower than the wild-type control. White = mutant is not
significantly different than the wild-type control. Threshold for significance = 0.05.

All DE loop mutants were able to replicate in Vero cells (Figure 22). At 1 day
post infection T366M, T366P, A367P, N368I, and N368S are 1.0-1.4log;o pfu/ml below
NY99ic wild-type. Similarly, A367S, A367T, N368K, N368T, and N368Y are 1.9-
2.0logl10 pfu/ml below NY99ic wild-type at 1 day post-infection, being either below or
just above the limit of detection. No strains differ from NY99ic wild-type by 1.0log;o
pfu/ml or more at 3 days post-infection. At 5 days post-infection, A367D, A367T, and
N368D are 1.0-1.2log;o pfu/ml below NY99ic wild-type, and A367G and T366R are both
2.2logio pfu/ml below NY99ic wild-type.

All of the mutant/timepoint combinations that differ from NY99ic wild-type by at
least 1.0log;o pfu/ml are also statistically different from NY99ic wild-type except for
N368D at 5 days post-infection (Table 24). In addition, there are three mutants that differ
from NY99ic wild-type by less than 1.0log;p pfu/ml at 3 days post-infection but are
statistically different from NY99ic wild-type at that timepoint: T366A with a 0.7logo
pfu/ml excess, N368I with a 0.8log;o pfu/ml deficit, and N368Y with a 0.9log;o pfu/ml

deficit.
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Figure 22: Replication of WNV EIllI DE Loop Mutants in Vero Cells

Growth kinetics of WNV wild-type and EIlll DE surface loop mutants in Vero cells. Dashed black line =
limit of detection. Error bars = standard deviation.

Days Post-Infection

0 1 3 5
ANOVA N/A | 0.000 | 0.000 | 0.000

WNV NY99ic Strain

T366A N/A | 0.204 | 0.008 | 1.000
T366K N/A | 1.000 | 1.000 | 1.000
T366M N/A 1.000 | 1.000
T366P N/A 1.000
T366R N/A
T366S N/A
A367D N/A
A367G N/A
A367P N/A
A367S N/A
A367T N/A
A367V N/A | 0.463 | 1.000 | 1.000
N368D N/A | 1.000 | 1.000 | 0.181
N368H N/A | 1.000 | 1.000 | 1.000
N368I N/A
N368K N/A
N368S N/A
N368T N/A
N368Y N/A

Table 24: Statistical Analysis of WNV EIll DE Loop Mutant Replication Kinetics in
Vero Cells

Significance values obtained by one-way ANOVA with Bonferroni post-hoc analysis comparing each
strain to the wild-type control. N/A = not applicable. Green = mutant is significantly higher than the wild-
type control. Red = mutant is significantly lower than the wild-type control. White = mutant is not
significantly different than the wild-type control. Threshold for significance = 0.05.
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Mouse Virulence

The relative virulence of viable mutants varied widely by residue within the
surface loops (Table 25). On the N-terminal loop, mutants encoding threonine at either
S306 or K307 were significantly attenuated (50% and 75% survival following 100 pfu
challenge, respectively, compared to 13% survival for the wild-type), but other viable
mutants at those residues retained virulence comparable to the wild-type. The
neighboring residue A308 was virulent with all mutations tested, including the A308T
mutation. In the BC loop, substitutions at T330 resulted in no loss of virulence, but the
G331S+H395Y mutant was completely attenuated at the 100pfu dose tested. Finally, in
the DE loop, residues T366 and A367 were mutated without impacting virulence. In
contrast, four of seven attempted mutations at residue N368 caused statistically
significant attenuation (N368I resulted in 63% survival, N368K resulted in 38% survival,

N368T resulted in 88% survival, and N368Y resulted in 100% survival).
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Survival
WNV NY99ic Strain | % | Alive/Total | AST+SD
Wild-type 13 1/8 8.3+1.4
S306A 13 1/8 8.9+1.2
S306L 0 0/8 9.6+£1.2
S306P 0 0/8 8.4+2.0
S306T 50* 4/8 9.8+2.4
K307M 0 0/8 9.6+£2.0
K307N 0 0/8 7.6+0.7
K307Q 13 1/8 9.1£2.0
K307R 13 1/8 11.0£2.1*
K307T+T129S 75% 6/8 11.542.1%
A308D 13 1/8 11.0+4.1
A308G 0 0/8 9.5+1.9
A308P 38 3/8 8.2+1.6
A308S 13 1/8 7.7+0.8
A308T 0 0/8 8.8+1.3
A308V 0 0/8 8.6+1.4
T330N 25 2/8 9.3+£3.9
T330P 38 3/8 8.2+0.4
T330S 0 0/8 8.4+0.9
G331S+H395Y 100* 8/8 N/A
T366A 13 1/8 8.6+1.0
T366K 0 0/8 9.6+£2.3
T366M 25 2/8 8.0+0.6
T366P 25 2/8 9.842.9
T366R 13 1/8 8.7+0.8
T366S 0 0/8 8.8+1.9
A367D 0 0/8 8.1£1.0
A367G 0 0/8 9.8+1.8
A367P 13 1/8 7.6+0.5
A367S 0 0/8 8.8+1.8
A367T 0 0/8 9.3+1.2
A367V 13 1/8 93+1.3
N368D 25 2/8 9.0+0.6
N368H 0 0/8 9.3+1.8
N368I 63* 5/8 9.3+0.6
N368K 38* 3/8 11.0£1.9*
N368S 0 0/8 9.3+2.2
N368T 88* 7/8 10.0£N/A
N368Y 100* 8/8 N/A

Table 25: Virulence of WNV EIII Surface Loop Mutants in a Swiss Webster Mouse
Model

Survival data for WNV wild-type and Elll surface loop mutants in 3-4-week-old Swiss Webster mice.
AST is in days.* = p-value <0.05compared to wild type values using the Kaplan Meier log rank test (%
Survival column) or the Bonferroni post-hoc test following one-way ANOVA (AST£SD column).
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DiscussiON

Residue C305 yielded no viable mutants, which was expected given its critical
role in a cysteine bridge.(200) The other N-terminal residues each tolerated the full range
of attempted substitutions. Residue S306, which has previously been implicated as an
antigenic determinant by crystallography and yeast display epitope mapping, but which
has not been tested in the context of infectious virus, had very little impact on virulence
or replication in Vero cells.(65, 137) The exception was S306T, which was attenuated in
mice despite having no decrease in titer in Vero cells. Antigenically, S306 mutations had
widespread impacts on neutralization by SH10 and polyclonal anti-EIII serum but not on
neutralization by 7H2.

Substitutions at residue K307 had minor impacts on virulence and replication in
Vero cells but a strong impact on antigenicity. Like S306T, the K307T+T129S mutant
replicated like wild-type in Vero cells but was attenuated in mice. It is difficult to
speculate why the S306T and K307T mutants were attenuated but the other mutants at
those residues were not. Threonine was slightly smaller than lysine and the other
substitutions at K307, but other than that, threonine is less different from the wild-type
amino acid than at least one mutant that retained virulence in terms of category, size, pl,
and hydropathy index (See Appendix B). In contrast to its apparently minor role in WNV
EIII structure and function, K307 was very important antigenically, and was in fact the
only residue in this set for which all mutants resulted in moderate or weak neutralization
by 5H10, 7H2, and anti-EIIl serum. These results are in agreement with previously
published data regarding residue K307.(138)

Mutations at residue A308 did not strongly impact replication in Vero cells or
mouse virulence. All of the attempted mutants were viable, replicated to high titers in

Vero cells, and were virulent in mice. The strongest antigenic change came from the
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A308D mutant, which was also the only charged substitution. A308G and A308S
resulted in moderate neutralization by SH10 and A308P resulted in weak neutralization
by 7H2. G and P are each amino acids with unique structural/chemical characteristics (G
because it is not chiral and has a single hydrogren as its side chain, and P because its side
chain binds its amino group to form a ring, often resulting in kinks or turns in a protein),
although the antigenic impact of A308S is less easily explained by the physiochemical
properties of the amino acid.

The BC loop was overall quite different from the N-terminal loop. Consistent
with earlier studies, residues in this loop appear to play major roles in antigenicity and/or
structure and function of EIIL.(140) The T330 mutants behaved essentially as expected.
None of the T330 mutants had any deleterious effect on replication in Vero cells or
virulence in mice except for T330P, which was slightly (although not statistically)
attenuated in mice. Antigenically, T330 had wisespread impact on SH10 and polyclonal
anti-EIIl serum neutralization but T330N decreased 7H2 neutralization to moderate
levels.

Two of the three BC loop residues investigated here (G331 and D333) had
previously been characterized, based on a much smaller number of mutations, as
functionally and/or structurally critical.(140) In the case of G331, only two of the six
possible mutants investigated here and in earlier studies were viable. One, G331A, had
been studied previously, but G331S had not yet been characterized. Alanine and serine
are the two amino acids closest in size to glycine, so it is perhaps not surprising that those
were viable if residue 331 is important to the conformation of the BC loop. G331S grew
to high titers in Vero cells, which was surprising considering that G331A grows to lower
titers compared to wild-type in Vero cells. They are both strongly attenuated in
mice.(140) The cause for the G331S mutant’s strong replication in vitro in light of its
attenuation in vivo is not currently known. Both G331A and G331S were critical

antigenic determinants. It seems likely that residue G331 has an important antigenic role,
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but that its inability to tolerate substitution without severe attenuation means that
neutralization-resistant mutants with variation at residue G331 are unlikely to ever be
selected for. The role of the G331S mutant’s H395Y mutation is unknown. The only
naturally occurring H395Y strain (accession DQ823112) was obtained from the kidney of
a crow collected in New York during May 2004, and no characterization has been done
beyond sequencing.(220) Mutagenesis of residue F309 during other studies in our
laboratory has also been associated with selection of variants also encoding H395Y (E. L.
Bovshik and D. W. C. Beasley, unpublished), suggesting that this mutation may have
some compensating effect for mutations at or close to the EIII surface.

An attempt to recover seven different D333 mutants was made, but only two
(D333E and D333N) were viable. These two mutants had already been described in
earlier studies. Both replicated to lower titers than wild-type NY99ic in Vero cells, were
attenuated in mice (especially D333N), and had a substantial impact on neutralization by
anti-WNV EIIl MAbs and polyclonal sera.(140) Like residue G331, D333 appears to be
antigenically critical but unlikely to be selected for due to its critical functional or
structural role. Upon examining the physical characteristics of the amino acids that
yielded viable and non-viable virus, it was noticed that both glutamatic acid and
asparagine are the most similar to aspartic acid in terms of hydropathy (See Appendix B).

The DE loop residues seemed to be less involved antigenically than the N-
terminal or BC loop residues. The exception was T366, which was important for SH10
neutralization but less so for 7H2 or polyclonal anti-EIIl neutralization. None of the
T366 mutants were strongly affected in terms of either Vero growth or mouse virulence.
While it seems unlikely that a T366 mutant could escape from the pressure of a
polyclonal response to WVN EIIL it is does appear that selective pressure from a
monoclonal antibody could lead to the emergence of a T366 mutant within a pool of
virus. It is worth noting that a naturally occurring T366A variant does exist, confirming

that variation at residue T366 is a real possibility and that the neutralization resistance
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demonstrated by these mutants could pose an issue for an anti-WNV EIIl monoclonal
antibody therapy.

The A367 mutants replicated to high titer in Vero cells and are virulent in mice.
The one acidic substitution tested, A367D, had a weak neutralization phenotype with
both 7H2 and the anti-WNV EIII serum, although it retained strong neutralization by
S5H10. Overall, the changes to A367 had scattered impacts on SH10 and polyclonal anti-
EIII neutralization but only minimal impacts on 7H2 neutralization. It appears that A367
is capable of causing antibody escape and that changes are well tolerated, raising the
possibility that it may be possible to select for resistant A367 mutants from a wild-type
population.

Residue N368 has only minor antigenic importance. Changes to N368 caused
scattered and minor loss of neutralization by SH10 and polyclonal anti-EIIl serum, but
had essentially no impact on 7H2 neutralization. Functionally, four of the seven N368
mutants were significantly attenuated in mice. Two of these attenuated mutants, N3698K
and N368T, grew to a peak titer of within 0.1log;opfu/ml of wild-type in Vero cells, but
allowed 38% and 88% survival in mice, respectively. The N3681 and N368Y mutants
grew to 0.8-0.9logiopfu/ml lower titers than wild-type in Vero cells, and they allowed
63% and 100% survival, respectively. This may mean that residue N368 has a slightly
different role when replicating in an in vitro primate cell compared to an in vivo mouse
cell, perhaps due to utilization of different receptors. The remaining mutants replicated
normally in Vero cells and were virulent in mice. There is no obvious pattern separating
the attenuated mutants from the virulent mutants in terms of category, size, pl, or
hydropathy (See Appendix B).

In summary, there appeared to be a range of distinct roles for the residues of the
surface loops, although all were involved in antigenicity of EIII to at least some extent.
Structurally and functionally, residue C305 in the N-terminal loop and residues G331 and

D333 in the BC loop appear to be critical given that no or very few, primarily
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conservative, mutations at those sites resulted in viable virus in Vero cells. Changes at
residue N368 had no impact on viability in Vero cells, but did result in attenuation in
mice. Mutations at other surface loop residues were able to vary with no strong
consequences. Antigenically, the workload appeared to be more evenly spread: 100% of
S306, K307, T330, and T366 mutants resulted in moderate or weak neutralization by
5H10, 100% of K307 mutants resulted in moderate or weak neutralization by 7H2, and
100% of S306, K307, and T330 mutants resulted in moderate or weak neutralization by
polyclonal anti-EIIl serum. A367 and N368 were close, with 83% and 66% of mutants
resulting in moderate to weak polyclonal anti-EIIl neutralization, respectively. Residues
K307 and T332 were thus especially important, as they were the only two that resulted in
widespread escape from neutralization by both SH10 and 7H2 monoclonal antibodies and
by polyclonal anti-EIIl serum. Furthermore, the fact that S306 and T330 were important
to neutralization by SH10 and polyclonal anti-EIIl serum but not by 7H2 might indicate
that the rabbit neutralizing antibody response to recombinant WNV EIIl might be more
“SH10-like” than “7H2-like”.

Taken together, this seems to indicate that residues C305 and N368 have not been
selected for antibody resistance because they are only moderately important in an
antigenic sense but are extremely important in a structural and/or functional sense.
Residues G331 and D333 contribute to the epitopes recognized by neutralizing antibodies
, but they have not been selected for antibody neutralization resistance because they are
too important functionally and any changes acquired for the sake of antibody escape
would most probably be too costly in terms of fitness. The remaining residues that have
not been selected for resistance to antibody neutralization are A308 and T366. The
reason for A308 not being selected for neutralization resistance may be that it has only
scattered antigenic importance so the majority of mutations acquired are unlikely to be
selected for under antigenic pressure. T366, on the other hand, resulted in widespread

resistance to SH10 neutralization but only scattered resistance to neutralization 7H2 and
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polyclonal anti-EIIl serum, suggesting that its selection under antigenic pressure would
be highly dependent on which antibody was used (as opposed to K307 or T332, which

could likely be selected for by most anti-EIII surface loop antibodies).
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Chapter 6: Homologous and Heterologous Protection from WNV EllI

Subunit Vaccination with Variable Surface Loop Residues

RATIONALE AND APPROACH

Several promising studies have demonstrated that vaccination with WNV EIII can
protect against lethal challenge in mouse models.(161-165) However, in each one of
these studies the amino acid sequence of the EIII protein used for vaccination exactly
matched the amino acid sequence of EIII in the challenge virus; no attempt was made to
address the impact of naturally occurring EIII variation or the potential for the selection
of an EIII variant within an infected patient with previous vaccination. Previous studies
of WNV demonstrated that single amino acid differences in EIIl can impact in vitro
neutralization by anti-WNV EIII serum.(139) Although the in vivo impact of EIIl amino
acid sequence variation on neutralization by polyclonal anti-EIIl serum has not been
evaluated for WNV, it has been evaluated for related flaviviruses. One study used EIII
from two strains of DENV-3 virus for vaccination of mice and demonstrated that small
differences in EIIl sequence can impact antigenicity and immunogenicity with dot blot,
ELISA, PRNT, and survival data.(172) Similar results were from serum monkeys
immunized with EIIl from DENV-1 or DENV-2 virus and then analyzed via PRNT for
their ability to neutralize viruses of the same species but different genotype.(173) This
work aimed to address whether differences in WNV EIIl sequence affect in vivo
protection.

Groups of 3-4-week-old female Swiss Webster mice were vaccinated with WNV
NY99 EIll, WNV SAS58 EIII, or a PBS control. All immunizations were given with
Freund’s incomplete adjuvant. These two strains were chosen because they are from the
two different WNV lineages responsible for major outbreaks of human disease (NY99 is

linage 1 and SAS58 is lineage 2) and because SA58 naturally has the T332K change that
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results in in vitro escape from neutralization by anti-WNV EIIl serum.(139) There are
two additional differences in the EIIl sequences of NY99 and SA58: NY99 has L312
while SA58 has A312, and NY99 has A369 while SA58 has S369. Neither of these two
residues are thought to contribute strongly to antigenicity.(139) Vaccination took place
at two week intervals with doses of 8ug and 25ug. The first dose was lower than the
second dose because of accidental sample loss during the emulsification process for the
first dose. Two weeks after the final dose, a small blood sample was collected to measure
levels of binding and neutralizing antibody. Binding antibody levels were used to divide
vaccinated animals into the homologous and heterologous challenge groups such that
each group had approximately even numbers of high, medium, and lower responders.
Survival of homologous and heterologous challenge was observed, and relationships
between antibody levels and survival were examined.

Of note, when the experiment was initially conducted, none of the PBS-
vaccinated, NY99ic-challenged mice died, but all four of the PBS-vaccinated, SA58-
challenged mice died. It was initially feared that an error had been made during the
sample preparation and that the NY99ic-challenged mice had not actually received any
virus. However, when pre- and post-challenge serum samples from the PBS-vaccinated,
NY99ic-challenged mice were analyzed via ELISA it was seen that the NY99ic-
challenged animals did, in fact, seroconvert (data not shown). It was later discovered that
the supplier had discovered Streptococcus spp. Group B and Klebsiella pneumoniae in
some of their animal colonies around the time this experiment was conducted. Whether
or how these bacteria might have affected the immune system of the mice and led to their
resistance to NY99ic (but not SA58) infection is not known. However, the vaccination
and challenge schedule for NY99ic was repeated with a second set of animals that
succumbed to infection as expected, and the data from that second experiment is included

here for all NY99ic-challenged cohorts.
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RESULTS

Antibody Response to WNV EIlIl Vaccination

NY99 EIIlI vaccination generated a strong anti-EIIl IgG binding antibody
response (Figure 23 and Table 26). The homologously binding antibody signal was

significantly higher than the heterologously binding antibody signal at all dilutions

measured by the ELISA.
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Figure 23: Homologous and Heterologous Binding Antibody Generated by NY99 ElII
Vaccination

ELISA results demonstrating the levels of anti-NY99 Elll and anti-SA58 Elll binding antibody generated
by NY99 Elll vaccination. * = p-value <0.05 by unpaired Student’s T-test.

Serum Group | ELISA Antigen | Logarithmic Equation | R? Value | Binding 1gG Titer
a-NY99 EllI NY99 EllI y=-0.405In(x)+4.7677 | 0.9946 87,079
a-NY99 Elll SA58 EllI y=-0.344In(x)+3.6405 | 0.9724 24,069

Table 26: Binding 1gG Antibody Titers Generated by NY99 EIll Vaccination

Reciprocal titers of binding IgG generated by NY99 Elll vaccination. Titer given as the dilution factor at
which the absorbance value is 0.17 (twice the highest absorbance measured from PBS-vaccinated mice).
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Vaccination with SAS58 EIIl produced a more balanced homologous and
heterologous binding antibody response than NY99 EIII vaccination at all dilutions tested
(Figure 24). The levels of anti-NY99 EIII binding antibody generated by SAS58 EIII
vaccination compared to NY99 EIII vaccination were statistically indistinguishable at all
but the most concentrated serum dilution. The same is true for anti-SAS58 EIII binding
antibody levels. However, the ratios of the calculated anti-NY99 EIII titers to anti-SA58
EIII titers were quite similar (3.6 for NY99 Elll-vaccinated mice and 3.2 for SA58 EIII-
vaccinated mice) (Table 27). It is interesting to note that both vaccinations induce higher
binding antibody levels against NY99 EIII than SAS58 EIIl. Results of the ELISA using
anti-PBS serum are not shown, but confirmed that the negative control groups had no

detectable antibody able to bind recombinant EIII protein from either WNV strain.
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Figure 24: Homologous and Heterologous Binding Antibody Generated by SA58 EllI
Vaccination

ELISA results demonstrating the levels of anti-NY99 EIll and anti-SA58 Elll binding antibody generated
by SA58 Elll vaccination. * = p-value <0.05 by unpaired Student’s T-test.
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Serum Group | ELISA Antigen | Logarithmic Equation | R Value | Binding 1gG Titer
a-SA58 EllI NY99 EllI y=-0.258In(x)+3.4169 | 0.9999 292,109
a-SA58 EllI SA58 EllI y=-0.283In(x)+3.3982 | 0.9989 89,955

Table 27: Binding 1gG Antibody Titers Generated by SA58 EIlll Vaccination

Reciprocal titers of binding 1gG generated by SA58 Elll vaccination. Titer given as the dilution factor at
which the absorbance value is 0.17 (twice the highest absorbance measured from PBS-vaccinated mice).

PRNT results from pre-challenge serum demonstrated that both NY99 EIII and
SASS EIII vaccination generated antibody capable of neutralizing WNV (Table 28). As
was the case with binding antibody, the NY99 EIIl vaccination resulted in a larger
difference in homologous vs. heterologous antibody levels than SAS58 EIII vaccination,
and the anti-SA58 antibody was lower than the anti-NY99 antibody with both
vaccinations. Those trends, while interesting, had no statistical significance (one-way

ANOVA p-value for non-PBS-vaccinated cohorts = 0.419).

Vaccine PRNT50 vs. NY99 Virus | PRNTS5, vs. SA58 Virus
NY99 EIII 197+196 137+161
SAS58 EIII 121+£154 117148
PBS <40 <40

Table 28: Homologous and Heterologous Neutralizing Antibody Generated by NY99 EllI
and SA58 Elll Vaccination

PRNT results demonstrating the levels of anti-N'Y99 and anti-SA58 neutralizing antibody generated by
NY99 Elll and SA58 Elll vaccination.

Survival of Homologous or Heterologous WNV Challenge

Both the NY99 challenge and SAS58 challenge resulted in lower heterologous
protection compared to homologous protection (Table 29). For both sets, homologous
challenge resulted in 90% survival and heterologous protection resulted in approximately
70% survival. Survival rates for both homologous and heterologous protection were
significantly different from the PBS control vaccination, but were not statistically
different from each other (NY99-challenged mice p=0.239, SAS58-challenged mice
p=0.189). There was statistically significant variation in AST between all six cohorts

(one-way ANOVA p=0.000). According to Bonferroni post-hoc analysis, AST for the
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heterologous SA58 Elll-vaccinated, NY99-challenged cohort was significantly different
from both the heterologous NY99 Elll-vaccinated, SA58-challenge cohort (p=0.003) and
both of the PBS-vaccinated cohorts (p=0.001). Note that the homologously challenged

cohorts were not included in the post-hoc analysis due to having only a single data point.

Survival
Vaccine | Challenge | % | Alive/Total | ASTESD
NY99 EIIl NY99 90 9/10 20.0£N/A
SAS8 EIII NY99 70 7/10 15.74£2.5
PBS NY99 20 1/5 9.3£1.0
NY99 EIIl SAS8 67 6/9 10.0£1.0
SAS8 EIII SASS8 90 9/10 12.0£N/A
PBS SAS8 0 0/4 9.0+0.8

Table 29: Homologous and Heterologous Protection Following WNV EIlIlI Vaccination

Survival data for NY99 and SA58 homologous and heterologous protection following EllI vaccination in
3-4-week-old Swiss Webster mice. AST is in days.

Relationship Between Survival Outcomes and Antibody Response

Following the results of the challenge, the ELISA and PRNT data from the pre-
challenge serum was re-analyzed to look for any potential patterns in which mice
survived the challenge and which mice succumbed to infection. First, the mice that were
vaccinated with NY99 EIII and challenged with the homologous NY99 EIII virus,
resulting in 90% survival, were analyzed (Figure 25). In this group, the total anti-EIII
IgG binding antibody response of the surviving mice against NY99 EIIl was stronger
than the response against SA58 EIIl. It was also observed that the single mouse that
succumbed to homologous NY99 challenge had very low levels of binding antibody
against either NY99 EIII or SA58 EIll. There was no statistically significant variation
between the four datasets in Figure 25, however this may be due to the fact that there is
only a single reading in each of the two ‘anti-NY99 EIII vs. NY99 deaths’ datasets. In

fact, the calculated NY99 EIlll-binding IgG titer of the surviving animals was 15.6-fold
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higher than the NY99 Elll-binding IgG titer of the mouse that succumbed to infection

(Table 30)
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Figure 25: Homologous and Heterologous Binding Antibody Generated by NY99 EllII
Vaccination in Homologous NY99 Challenge Cohort

ELISA results demonstrating the levels of anti-NY99 Elll and anti-SA58 Elll binding antibody generated
by NY99 Elll vaccination in cohort of mice that received homologous NY99 challenge. Closed markers =
survivors. Open markers = Deaths. Solid lines = NY99 Elll binding antibody. Dashed lines = SA58 Ell|
binding antibody. * = p < 0.05 by one-way ANOVA.

Serum Grou ELISA Logarithmic R? Binding Fold Difference
P Antigen Equation Value | 1gG Titer | (Survivors / Deaths)
o-NYIIEII vs. NY99 | \\vgg Ey1) | y=-0.268In(x)+3.4675 | 0.9945 | 220,600
Virus, Survivor(s) 156
a-NY99 Elll vs. NY99 ~ '
Virus, Death(s) NY99 Elll |y=-0.504In(x)+4.9864 | 0.9377 | 14,134
o-NYIIEII vs. NY99 | g npe 111 | y=-0.381In(x)+4.2669 | 0.9926 | 46,771
Virus, Survivor(s) 31
o-NY99 BN vs. NY99 | g npe 111 | y=-0.457In(x)+4.4566 | 0.9043 | 15,052

Virus, Death(s)

Table 30: Binding IgG Antibody Titers in NY99 Elll-Vaccinated, NY99-Challenged

Mice

Reciprocal titers of binding 1gG generated by N'Y99 Elll vaccination in mice that were subsequently
challenged with NY99 virus. Titer given as the dilution factor at which the absorbance value is 0.17 (twice

the highest absorbance measured from PBS-vaccinated mice).
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Next, the mice that received the SA58 EIII vaccination and the heterologous
NY99 challenge were examined (Figure 26). Unlike the mice that succumbed to
homologous NY99 challenge, the mice the succumbed to heterologous NY99 challenge
did not have a low anti-EIIl IgG binding antibody response. In fact, the mice that
succumbed to infection had slightly higher anti-EIII IgG binding antibody responses than
the mice that survived. Again, there was no statistically significant difference between
the four datasets. Calculated anti-NY99 EIII and anti-SA58 EIII binding IgG titers were

approximately equal for the surviving mice and the mice that succumbed (Table 31).
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Figure 26: Homologous and Heterologous Binding Antibody Generated by SA58 EllI
Vaccination in Heterologous NY99 Challenge Cohort

ELISA results demonstrating the levels of anti-NY99 Elll and anti-SA58 Elll binding antibody generated

by SA58 Elll vaccination in cohort of mice that received heterologous NY99 challenge. Closed markers =

survivors. Open markers = Deaths. Solid lines = NY99 Elll binding antibody. Dashed lines = SA58 Elll
binding antibody. * = p < 0.05 by one-way ANOVA.
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Serum Grou ELISA Logarithmic R’ Binding Fold Difference
b Antigen Equation Value | 1gG Titer | (Survivors / Deaths)
a-SA58 Elll vs. NY99
NY99 Virus, Nl y=-0.278In(x)+3.2167 | 0.9888 57,489
Survivor(s) 0.9
a-SA58 Elll vs. NY99 '
NY99 Virus, y=-0.391In(x)+4.5017 | 0.9942 64,765
EllI
Death(s)
a-SA58 Elll vs. SA58
NY99 Virus, Nl y=-0.266In(x)+3.1449 | 0.9858 71,958
Survivor(s) 0.9
a-SA58 Elll vs. SA58 '
NY99 Virus, y=-0.375In(x)+4.4113 | 0.9957 81,645
EllI
Death(s)

Table 31: Binding 1gG Antibody Titers in SA58 Elll-Vaccinated, NY99-Challenged
Mice

Reciprocal titers of binding 1gG generated by SA58 Elll vaccination in mice that were subsequently

challenged with NY99 virus. Titer given as the dilution factor at which the absorbance value is 0.17 (twice

the highest absorbance measured from PBS-vaccinated mice).

The binding antibody response of the NY99 EIIl vaccinated, SA58 virus
challenged cohort was also analyzed (Figure 27). In this heterologous challenge group,
both the survivors and the mice that succumbed generated more homologous anti-EIII
IgG binding antibody against NY99 EIIl than heterologous anti-EIIl IgG binding
antibody against SA58 EIIl. The mice that succumbed did have a lower level of anti-EIII
IgG binding antibody against NY99 EIII, but they did not have especially low levels of
anti-EIIl IgG binding antibody against SA58 EIIl. However, unlike the previous two
groups which had been NY99-challenged, these NY99 Elll-vaccinated, SA58-challenged
dataset did have significant variation between the groups, and there was significance and
all dilutions tested. This is despite the fact that calculated binding IgG titers between
surviving and succumbing mice were fairly even (Table 32) These calculated titer
datapoints are consistent, however, with the lack of significance between the absorbance

signals of the surviving and succumbing mice for either EIIl antigen at any dilution

tested.
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Figure 27: Homologous and Heterologous Binding Antibody Generated by
NY99 EIlll Vaccination in Heterologous SA58 Challenge Cohort

ELISA results demonstrating the levels of anti-N'Y99 Elll and anti-SA58 Elll binding antibody generated
by NY99 Elll vaccination in cohort of mice that received heterologous SA58 challenge. Closed markers =
survivors. Open markers = Deaths. Solid lines = NY99 Elll binding antibody. Dashed lines = SA58 Ell|
binding antibody. * = p < 0.05 by one-way ANOVA.

Serum Group ELISA Logarithmic R’ Binding Fold Difference
Antigen Equation Value | 1gG Titer | (Survivors / Deaths)
a-NY99 EllI
vs.SAS58 Virus, NY99 Elll | y=-0.397In(x)+4.8392 | 0.9666 | 128,182
Survivor(s) 25
a-NY99 Elll '
vs.SAS58 Virus, NY99 Elll | y=-0.432In(x)+4.8598 | 0.9902 51,845
Death(s)
a-NY99 Elll
vs.SAS58 Virus, SA58 Elll | y=-0.353In(x)+3.4915 | 0.9373 12,202
Survivor(s) 15
a-NY99 Elll '
vs.SAB8 Virus, SA58 Elll | y=-0.179In(x)+1.7874 | 0.9434 8,398
Death(s)

Table 32: Binding 1gG Antibody Titers in NY99 EllI-Vaccinated, SA58-Challenged

Mice

Reciprocal titers of binding 1gG generated by N'Y99 Elll vaccination in mice that were subsequently
challenged with SA58 virus. Titer given as the dilution factor at which the absorbance value is 0.17 (twice
the highest absorbance measured from PBS-vaccinated mice).
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Finally, the binding antibody response of the SAS58 EIII vaccinated, SA58
challenged cohort was analyzed (Figure 28). The homologous survivors had a strong
anti-NY99 EIII and anti-SA58 EIII binding antibody response. The mouse that died, on
the other hand, had virtually undetectable binding antibody levels against both NY99 EII
and SAS58 EIIl. There was significant variation between the four datasets at the two most
concentrated serum dilutions, however because there was only a single mouse in the
‘succumbed’ categories post-hoc Bonferroni analysis could not be performed to confirm
the significant difference between the binding antibody response of the surviving and
succumbing mice. That difference is, however, strongly supported by the binding IgG

endpoint titer (Table 33).
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Figure 28: Homologous and Heterologous Binding Antibody Generated by
SA58 Elll Vaccination in Homologous SA58 Challenge Cohort
ELISA results demonstrating the levels of anti-NY99 Elll and anti-SA58 Elll binding antibody generated
by SA58 Elll vaccination in cohort of mice that received homologous SA58 challenge. Closed markers =

survivors. Open markers = Deaths. Solid lines = NY99 EllI binding antibody. Dashed lines = SA58 Elll
binding antibody. * = p < 0.05 by one-way ANOVA.
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Serum Group EL!SA Logarithmic R? Bindpg Fol_d Difference
Antigen Equation Value | IgG Titer | (Survivors / Deaths)
a-SA58 EllI
vs.SA58 Virus, NY99 Elll | y=-0.226In(x)+3.5801 | 0.9826 | 3,573,078
Survivor(s)
-SAS3 EINl ~40,000,000,000
vs.SA58 Virus, NY99 Elll | y=-0.008In(x)+0.0954 | 0.8725 0
Death(s)
a-SA58 EllI
vs.SA58 Virus, SAS8 Elll | y=-0.296In(x)+3.6169 | 0.9947 | 114,112
Survivor(s)
o-SA58 Elll 165,300
vs.SA58 Virus, SA58 Elll | y=-0.017In(x)+0.1637 | 0.8492 1
Death(s)

Table 33: Binding IgG Antibody Titers in SA58 Elll-Vaccinated, SA58-Challenged Mice

Reciprocal titers of binding 1gG generated by SA58 Elll vaccination in mice that were subsequently
challenged with SA58 virus. Titer given as the dilution factor at which the absorbance value is 0.17 (twice
the highest absorbance measured from PBS-vaccinated mice).

After analyzing the importance of anti-EIIl IgG binding antibody, the impact of
neutralizing antibody on the outcome of homologous or heterologous challenge was
examined (Table 34). Similar to the binding antibody results, it was found that the mice
the succumbed to homologous challenge had very low neutralizing antibody titers that
were either below or just at the limit of detection of 40. The mice that succumbed to
heterologous challenge, on the other hand, had strong neutralizing antibody responses.
The NY99 EIII vaccinated, SA58 challenged mice that succumbed to infection had
average PRNTs5, titers of 267 against NY99 and 140 against SA58. The SAS58 EIII
vaccinated, NY99 challenged mice that succumbed to infection had average PRNT5,

titers of 273 against NY99 and 293 against SAS58. There was no statistically significant

variation in PRNTs, values between the groups (one-way ANOVA p=0.156)
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Vaccine | Challenge | Outcome | PRNTsovs. NY99 Virus | PRNT5, vs. SAS8 Virus
NY99 Elll NY99 | Alive (n=9) 1404210 176+211
NY99 Elll NY99 Dead (n=1) 40+0 40+0
SAL8 EllI NY99 | Alive (n=7) 123+102 57+56
SAL8 EllI NY99 Dead (n=3) 273+325 293+303

PBS NY99 | Alive (n=1) <40 <40
PBS NY99 Dead (n=4) <40 <40
NY99 EllI SA58 Alive (n=6) 273+209 93473
NY99 EllI SA58 Dead (n=3) 267492 140+159
SA58 EllI SA58 Alive (n=9) 80+101 109493
SA58 EllI SA58 Dead (n=1) <40 <40
PBS SA58 Alive (n=0) N/A N/A
PBS SA58 Dead (n=4) <40 <40

Table 34: Homologous and Heterologous Neutralizing Antibody Generated by NY99 EllI
and SA58 Elll Vaccination and Analyzed by the Result of Homologous or
Heterologous Challenge

PRNT results demonstrating the impact of neutralizing antibody on the outcome of homologous or
heterologous challenge following NY99 EIlll or SA58 Elll vaccination.
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DiscussiON

This study demonstrated that the exact sequence of the WNV EIIl immunizing
antigen has important implications for immunogenicity and protection. Immunization
with either recombinant protein generated higher levels of anti-EIII IgG binding antibody
against NY99 EIII, suggesting that NY99 EIIl might be more antigenic than SA58 EIIIL.
Immunization with NY99 EIII generated higher levels of anti-EIIIl IgG binding antibodies
against both NY99 EIII and SA58 EIII than did SAS58 EIII vaccination, suggesting that
NY99 EIIl might be more immunogenic than SA58 EIIl. A similar pattern in PRNT
results also suggested that NY99 EIIl may be more immunogenic than SA58 EIII in
Swiss Webster mice. This was consistent with the earlier studies of DENV EIII
vaccination, which demonstrated that different strains generate different strengths of
antibody response and that homologous binding and neutralization is not always stronger
then heterologous binding and neutralization.(172, 173)

Although not statistically significant, there was a trend of decreased heterologous
protection, with a difference of approximately 20%. Mice that were vaccinated with
WNV NY99 EIII and challenged with either WNV NY99 or Japanese encephalitis virus
Beijing-1 also demonstrated a 20% loss of protection with the heterologous
challenge.(162) The NY99 EIIl and SAS8 EIII sequences differed at 3 of 115 residues,
while NY99 EIII and Japanese encephalitis virus Beijing-1 differed at 28 of 105 residues
including the equivalents of residues 312, 332, and 369. The lack of statistical
significance may be due to the wide range of strong to weak responders in each cohort of
Swiss Webster mice. Although this variability can make interpretation of data from
outbred mice more challenging, it more accurately represents the genetic diversity in the
human population than an inbred model would.

The mice the succumbed to homologous infection generated a weak antibody

response to vaccination. The mice that succumbed to heterologous infection, on the other
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hand, produced normal levels of binding and neutralizing antibodies. This could indicate
that even individuals who seroconvert following EIIl vaccination could be at risk of
infection if changes at key antigenic residues (T332) are tolerated with little or no
apparent loss of virulence. Given that naturally occurring T332 variants have been
detected in both lineage 1 and lineage 2 strains, on multiple continents, and in multiple
host species over the course of decades, the potential impact of T332 variation in
particular should be taken into consideration when evaluating the potential of an EIII

subunit vaccine.(192-194, 196, 197)
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Chapter 7: Overall Conclusions and Future Directions

This study analyzed the functional and antigenic importance of specific surface
residues in WNV EIIl. It was found that residue 312, which is located immediately
following the C-terminus of the A strand, contributed very little to antibody
neutralization or the functional role of EIIl. Within the surface loops, all of the residues
except for C305 tolerated at least some change. Given that C305 forms a disulfide bond
with C336, it was expected that all attempted substitutions at that site would be lethal to
the virus.(142) Of the remaining residues studied (S306, K307, A308, T330, G331,
T332, D333, T366, A367, and N368), all had at least some impact on antibody
neutralization, although not necessarily for every substitution or antibody tested.
Residues T332 and K307 seemed to be the most important residues from an antigenic
standpoint because substitutions at those residues almost universally resulted in escape
from neutralization by polyclonal serum raised against recombinant WNV EIII and from
the two monoclonal antibodies SH10 and 7H2. Residues S306, T330 and T366 were
important for neutralization by SH10 but not as much for 7H2. Residues S306 and T330
were also important for anti-EIIl serum neutralization, suggesting that neutralizing
antibodies the immune response to an Elll-subunit vaccine (at least in a rabbit) are
skewed more toward the SH10 epitope than the 7H2 epitope. It is also consistent with
SH10 and 7H2 having overlapping but not identical epitopes. Importantly, changes at
residues T332 and K307 were well tolerated by the virus, and changes at residue T332
have been found in naturally occurring strains, and led to resistance to neutralization by
monoclonal and polyclonal anti-EIII antibodies both in vitro and in vivo.(144, 192-197)

While impacts on antibody-mediated neutralization were widespread, mutations at
only a few residues led to decreased growth in cell culture or attenuation in a mouse
model. Residues G331 and D333 only tolerated a few of the attempted substitutions, and,

while N368 tolerated all attempted substitutions, changes at any of those three residues
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led to attenuation in mice (Figure 29). When mapped onto a NMR structure of WNV
EIIl, these residues formed a continuous patch despite their separation in the sequence of
WNV EIII. This patch appeared to form a “canyon” that ran between the more prominent
“peak” residues K307, T330, T332, and T366. While the peaks played a more important
antigenic role, the canyon appeared to be more critical to the structure and function of
WNV EIII. This may be due to a functional role (the canyon residues are interacting with
the receptor) or a structural role (the peaks are interacting with the receptor, but changing

the canyon residues alters the position of the peaks in some critical way).

Figure 29: Location of Virulence and Viability Determinants in WNV ElII

Green = Known virulence/viability determinants. Red = Neighboring residues. Blue = Other EIlI residues.
Image generated using the PyMol Graphics System, Version 1.3, Schrédinger, LLC with PDB ID 1S6N.

It is worth noting that, although the G331/D333/N368 functional patch appears
continuous in the NMR structure of recombinant WNV EIII, that is not necessarily the
case in all available structures that incorporate WNV EIII (Figure 30). In fact, two of the
eight x-ray diffraction- and electron microscopy- generated structures that contain WNV
EIII do not even show residue G331 as being surface exposed and thus available to form
a continuous patch. That NY99ic was viable with all attempted N368 mutations (with
half of them attenuating the virus in mice) while G331 and D333 were extremely
restricted in Vero cells (and highly attenuated in mice) might be explained by the slight
physical separation of N368 from G331/D333 in the x-ray diffraction- and electron

microscopy-derived structures.
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Figure 30: X-Ray Diffraction and Electron Microscopy Structures Containing WNV EllI

Grey = EI+ElI, blue = Elll residues not addressed in this dissertation, green = structurally or functionally
critical residues (C305, G331, D333, and N368), red = structurally and functionally non-critical residues
(S306, K307, A308, T330, T332, T366, and A367). Residues G331, D333, and N368 are labeled when
visible. Bound antibodies are not included in the images. Images generated using the PyMol Graphics
System, Version 1.3, Schrédinger, LLC.
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The functional explanation is consistent with the so-called canyon hypothesis,
first put forth by Michael Rossmann in 1985 in the context of the common cold
virus.(221) Rossmann suggested that, at their 5-fold axes of symmetry, the structural
proteins of picornaviruses form deep (~25 angstrom), narrow canyons that allow access
by the cellular receptor protein but not the Fab fragment of antibodies. This would allow
the virus to avoid immune detection at its critical receptor binding site, mitigating the
selective pressure to mutate the receptor binding residues in the canyon to avoid antibody
binding at the cost of decreased receptor binding ability. Because the interaction with the
cellular receptor took place in the canyon, the peaks would be left free to mutate in
response to the selective pressures of the immune response.(221-224) Four major lines of
evidence in support of the canyon hypothesis in Picornaviridae have been
proposed:(223)

1. The canyon residues are better conserved than the peak residues,
consistent with their high functional importance and low antigenic
importance.(225, 226)

2. Plant and insect viruses do not generally have these canyons, perhaps
because they are not exposed to the selective pressure of neutralizing
antibodies and thus do not need to hide their receptor-binding residues in
a canyon.(227, 228)

3. Mutation of canyon residues affects receptor binding.(229)

4. Antiviral compounds are capable of blocking receptor binding by
inducing conformational changes in the canyon residues.(230)

One key difference between the proposed WNV “canyon” and the picornavirus
canyon is the depth: the picornavirus canyon is approximately 25 angstroms deep, while
the difference between the G331/D333/N368 patch and the surrounding
K307/T330/T332/T366 “peaks” is closer to 4-5 angstroms, and the peaks do not

completely encircle the functional residues. Influenza, however, has also been proposed
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to use a canyon- like strategy to protect its receptor pocket, and that canyon is only 8
angstroms deep.(231) Given that the surface of the flavivirus virion is relatively flat,
lacking the spike proteins found in so many viruses, perhaps WNV has been able to
achieve the same end (protecting the functional receptor binding residues that must be
conserved by surrounding them with protruding residues that can change in response to
antibody-mediated selective pressures with minimal impact on viral fitness) using a
modified means more suited to a virus with a smoother surface. Furthermore, as was the
case with the picornaviruses, the key determinants of viability and virulence are much
more strongly conserved between viruses than the neighboring residues are (Table 35).
Although the experiments described in this dissertation did not directly address the
question of receptor binding, they demonstrated that the “canyon” residues are more
important to WNV viability and virulence than the “peak” residues, and given WNV
EIIl’s putative receptor binding function it seems likely that changes in virulence and
viability are a function of changes in receptor binding ability.(81, 191) Although insect-
only flaviviruses are known to exist, structural data about the envelope protein or whole
virion is not currently available. Although the previously described importance of
glycosylation makes it unlikely that DC-SIGN is interacting with the EIII canyon, a cryo-
EM reconstruction of DENV-2 with DC-SIGN demonstrated that DC-SIGN bound the
glycosylation sites on E in such a way that left EIIl available to bind some other
receptor.(77, 78, 232) The proposed receptor a3 integrin, on the other hand, does bind
EIIl, and the antagonistic effect of soluble EIIl on WNV infection of Vero and C6/36
cells leaves open the possibility that as yet unidentified receptors may also interact with
EIIl via the G331-D333-N368 “canyon”.(81, 191) Future studies determining the
identity of the WNV receptor(s) and the structure of receptor-bound WNV may help
determine the role of the proposed WNV EIII canyon and elucidate whether the canyon
hypothesis can be applies to flavivirus receptor binding. The G331-D333-N368

“canyon” may also be an attractive target for drug design.
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305 | 306 | 307 308 | 330 | 331 | 332 | 333 | 366 | 367 | 368
DENV-1| C | T | G|-|S|E|G | T|D| - |K|E
DENV-2| C | T| G |-|K|E|G|D|G]| - |K|D

 |DENV-3| C | L [N |-| T |K|G|E|D K | E

g DENV4| C | S| G|-|K|E|G|A| G| -|T]|N

SIMVEV | C | T|E|-|K|T|G|S|D|T]|A]|N

El v [Cc|T[E[-|K[s|G|[s|D|[s|A[N

| WNV | C | S|K|-|]A|T|G|T|D|T|A]|N

| mmv |c|K|G|-|T|T|G|T|D|A|K]S
SLEV | C | D|S|-|A| T|G|S|N|G|A|N
YFV | C | T |D|-|K|P|K|G]| -] -|N|D
TBEV | C | D | K |T| K|S |G| T]| -] -|N|G
2| LGTV | C |D |K|T|K|S|G|T|-]-|N|G
=|POWV | C | D | K|A|K|T|G|S|D| - |N|G
KFDV | C | E | G|S|K | T |G| S| -|-|T]|G

Table 35: Alignment of Key Surface Loop Residues in Mosquito-Borne and Tick-Borne
Flaviviruses

Amino acid alignment of flavivirus surface loop residues. Alignment data kindly provided by Dr. David
Beasley. Unlabeled column between 307 and 308 represents a residue position commonly found in tick-
borne but not mosquito-borne flaviviruses. Amino acid numbering is based on WNV E.
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Appendix A: Recipes for Growth Media

VERO GROWTH MEDIA

500ml Minimum Essential Medium Eagle (1x) (Cellgro, Manassas, VA)

40ml Heat-Inactivated Bovine Growth Serum (HyClone, Logan, UT)

Sml Penicillin (10,000IU/ml) Streptomycin (10,000pg/ml) (Cellgro, Manassas, VA)
Sml MEM Non-Essential Amino Acid Solution (100x) (Sigma, St. Louis, MO)

1.5ml L-Glutamine (200mM) (Gibco, Brazil)

VERO MAINTENANCE MEDIA

500ml Minimum Essential Medium Eagle (1x) (Cellgro, Manassas, VA)

10ml Heat-Inactivated Bovine Growth Serum (HyClone, Logan, UT)

5ml Penicillin (10,000IU/ml) Streptomycin (10,000png/ml) (Cellgro, Manassas, VA)
Sml MEM Non-Essential Amino Acid Solution (100x) (Sigma, St. Louis, MO)

1.5ml L-Glutamine (200mM) (Gibco, Brazil)

2X VERO MAINTENANCE MEDIA

500ml Modified Eagle Medium (2x) (Gibco, Grand Island, NY)

20ml Heat-Inactivated Bovine Growth Serum (HyClone, Logan, UT)

10ml Penicillin (10,000IU/ml) Streptomycin (10,000pg/ml) (Cellgro, Manassas, VA)
10ml MEM Non-Essential Amino Acid Solution (100x) (Sigma, St. Louis, MO)
3ml L-Glutamine (200mM) (Gibco, Brazil)

2.5ml Phenol Red (0.5%) (Sigma, St. Louis, MO)

DEF GRoOwTH MEDIA

500ml Minimum Essential Medium Eagle (1x) (Cellgro, Manassas, VA)
50ml Heat-Inactivated Fetal Bovine Serum (HyClone, Logan, UT)

Sml Penicillin (10,0001U/ml) Streptomycin (10,000pg/ml) (Cellgro, Manassas, VA)
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DEF MAINTENANCE MEDIA

500ml Minimum Essential Medium Eagle (1x) (Cellgro, Manassas, VA)
10ml Heat-Inactivated Fetal Bovine Serum (HyClone, Logan, UT)

Sml Penicillin (10,000IU/ml) Streptomycin (10,000png/ml) (Cellgro, Manassas, VA)

C6/36 GROWTH MEDIA

500ml Minimum Essential Medium Eagle (1x) (Cellgro, Manassas, VA)

50ml Heat-Inactivated Fetal Bovine Serum (Hyclone, Logan, UT)

25ml Tryptose Phosphate Broth (2x)

5ml Penicillin (10,000IU/ml) Streptomycin (10,000pg/ml) (Cellgro, Manassas, VA)
Sml Sodium Pyruvate (100mM) (Sigma, St. Louis, MO)

MEM Non-Essential Amino Acid Solution (100x) (Sigma, St. Louis, MO)

C6/36 MAINTENANCE MEDIA

500ml Minimum Essential Medium Eagle (1x) (Cellgro, Manassas, VA)

10ml Heat-Inactivated Fetal Bovine Serum (Hyclone, Logan, UT)

25ml Tryptose Phosphate Broth (2x)

Sml Penicillin (10,0001U/ml) Streptomycin (10,000pg/ml) (Cellgro, Manassas, VA)
Sml Sodium Pyruvate (100mM) (Sigma, St. Louis, MO)

MEM Non-Essential Amino Acid Solution (100x) (Sigma, St. Louis, MO)

2X TRYPTOSE PHOSPHATE BROTH

20g Tryptose (Difco, Detroit, MI)

2g Glucose (Sigma, St. Louis, MO)

5g NaCl (Fisher, Fair Lawn, NJ)

2.5g Na,HPOy4 (Sigma, St. Louis, MO)

Bring up to 500ml with ddH,O. Adjust pH to 7.3. Sterilize with 0.22um filter.
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LB/AMP MEDIA

LB (2%) (Fisher, Fair Lawn, NJ)
Ampicillin (100pg/ml) (Fisher, Fair Lawn, NJ)

LB/AMP PLATE

LB (2%) (Fisher, Fair Lawn, NJ)

Bacto Agar (1.5%) (BD, Sparks, MD)

Ampicillin (100pg/ml) (Fisher, Fair Lawn, NJ)

IPTG (500uM) (Fisher, Fair Lawn, NJ)

5-bromo-4-chloro-3-indolyl B-D-galactopyranoside (X-GAL) (5ug/ml) (Bioline,

Taunton, MA)
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Appendix B: Physical and Chemical Characteristics of Amino Acids

Code | Amino Acid Category Mass | pl | Hydropathy Index
A Alanine Hyrophobic - aliphatic | 89 | 6.01 7.8
C Cysteine Neutral - polar 121 | 5.07 1.9
D Aspartic Acid Acidic 133 | 2.77 5.3
E | Glutamic Acid Acidic 147 | 3.22 6.3
F Phenylalanine | Hyrophobic - aromatic | 165 | 5.48 3.9
G Glycine Unique 75 | 5.97 7.2
H Histidine Basic 155 | 7.59 2.3
I Isoleucine Hyrophobic - aliphatic | 131 | 6.02 53
K Lysine Basic 146 | 9.74 5.9
L Leucine Hyrophobic - aliphatic | 131 | 5.98 9.1
M Methionine Neutral - polar 149 | 5.74 2.3
N Asparagine Neutral - polar 132 | 541 4.3
P Proline Unique 115 | 6.48 5.2
Q Glutamine Neutral - polar 146 | 5.65 4.2
R Arginine Basic 174 | 10.76 51
S Serine Neutral - polar 105 | 5.68 6.8
T Threonine Neutral - polar 119 | 5.87 59
\/ Valine Hyrophobic - aliphatic | 117 | 5.97 6.6
W Tryptophan | Hyrophobic - aromatic | 204 | 5.89 1.4
Y Tyrosine Hyrophobic - aromatic | 181 | 5.66 3.2

Table 36: Physical and Chemical Characteristics of Amino Acids

Relevant properties of amino acids. Mass, pl, and Hydropathy Index data are taken from the Lenhinger
Principles of Biochemistry textbook, 4" edition.(233) Category is taken from the Sigma-Aldrich
website.(234)
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