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ABSTRACT OF THE DISSERTATION
The Role of NS1 in Flavivirus Immunity and Pathogenesis
by
Alex W. Wessel
Doctor of Philosophy in Biology and Biomedical Sciences
Immunology
Washington University in St. Louis, 2023
Professor Michael Diamond, Chair

Flaviviruses are a genus of enveloped, arthropod-transmitted RNA viruses that include
clinically relevant pathogens such as yellow fever, dengue, Zika, and West Nile viruses. These
viruses cause a spectrum of potentially life-threatening diseases including hepatitis, vascular shock,
congenital abnormalities, and encephalitis. Dengue virus, alone, infects up to 390 million
individuals in any given year, and its endemic regions continue to expand along with the
geographical spread of its mosquito vectors. Flaviviruses also have a history of emergence and re-
emergence, such as the recent dissemination of Zika virus (ZIKV) to Oceania and the Americas in
2015. During this epidemic, the virus caused an estimated 1.5 million infections in Brazil, drawing
global attention due to new clinical manifestations of microcephaly and other congenital
malformations. The dissemination of West Nile virus (WNV) to North America in 1999 also
resulted in thousands of infections, along with considerable morbidity and mortality due to
neuroinvasive disease. Notwithstanding this epidemiology, no approved vaccine or antiviral
therapeutic exists for many flaviviruses such as ZIKV and WNV.

The approved vaccines for dengue, Japanese encephalitis, and yellow fever viruses have

demonstrated efficacy by targeting the flavivirus envelope protein, generating neutralizing
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antibody responses. However, cross-reactive, sub-neutralizing antibodies reportedly can enhance
infection of homologous and heterologous flaviviruses, particularly for dengue virus and ZIKV.
This phenomenon, termed antibody-dependent enhancement (ADE), remains a concern for
envelope-targeted vaccines and antibody therapeutics. An alternative approach in the field has
been to target the flavivirus nonstructural protein 1 (NS1), a membrane-associated and secreted
glycoprotein also involved in virus replication. Prior reports indicate that anti-NS1 monoclonal
antibodies (mAbs) can confer protection against certain flaviviruses, but the mechanisms and
epitopes associated with protection are poorly characterized.

Herein, I describe correlates of protection by anti-NS1 monoclonal antibodies (mAbs) for
ZIKV and WNV. Panels of anti-ZIKV and anti-WNV NS1 human and murine mAbs were
generated to study their efficacy in vivo. Administration of anti-ZIKV NS1 human and murine
mAbs to non-pregnant mice conferred protection against lethal ZIKV challenge. Additionally,
several mAbs conferred protection to the developing fetus upon infection of pregnant mice by
limiting viral burden in the fetal head and placenta. Protection correlated with the avidity of mAb
binding to cell-surface-expressed NS1 and with Fc effector function engagement, suggesting that
anti-NS1 mAbs may protect through clearance of virus-infected cells. The protective mAbs
mapped to exposed epitopes on the cell-surface form of NS1, including the outer, electrostatic
surface of the wing domain and loop face of the B-platform domain. Administration of anti-WNV
NS1 human mAbs protected mice against lethal WNV challenge. For most mAbs, protection also
correlated with binding to cell-surface-expressed NS1. Epitope mapping through mutagenesis
revealed most of the protective mAbs to bind the outer surface of the wing domain or loop face of
the B-platform. Unlike the anti-ZIK'V NS1 mAbs, however, one protective mAb was identified that

mapped to the flexible loop of the wing domain. Additionally, one mAb conferred protection



against WNV despite lacking binding to cell-surface NS1 and mapping to a poorly exposed epitope
on cell-surface NS1. These data suggest that NS1-specific mAbs likely protect through Fc-
mediated clearance of infected cells expressing NS1 on the surface. However, other mechanisms
potentially exist through binding to secreted NS1 and blocking its pathogenic functions. The
protective epitopes defined in these studies can be informative for the design of NS1-targeted
vaccine immunogens and antibody therapeutics that avoid ADE.

Cell-surface-expressed and secreted NS1 are thought to contribute to viral pathogenesis
through interaction with host factors such as complement, toll-like receptors, and endothelial cells.
Despite these ascribed functions, their relevance during in vivo infection has not been clearly
established for many flaviviruses, such as WNV. Mutagenesis studies are often complicated by the
inability to uncouple the role of NS1 in replication from its accessory roles in pathogenesis. A
proline to lysine substitution at residue 101 (P101K) of WNV NSI1 did not affect WNV replication
yet resulted in decreased lethality in mice, accompanied by lower levels of virus spreading to the
brain. The NS1-P101K substitution led to lower levels of secreted NS1 in circulation in mice, and
exogenous reconstitution of the NS1 levels restored virus levels in the brain. These studies suggest
that the levels of NS1 in circulation during infection can contribute to WNV dissemination to the

brain, and support the general notion that NS1 contributes to flavivirus disease.
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Chapter 1

Introduction to Flavivirus NS1



1.1 Overview of Flaviviruses

Flaviviruses are enveloped, positive-sense RNA viruses belonging to the Flavivirus genus
of the Flaviviridae family. They are transmitted by arthropod vectors and include numerous human
pathogens such as yellow fever (YFV), dengue serotypes 1 to 4 (DENV1-4), Zika (ZIKV), West
Nile (WNV), Japanese encephalitis (JEV), Murray Valley encephalitis (MVEV), St. Louis
encephalitis (SLEV), and tick-borne encephalitis (TBEV) viruses. Flavivirus-endemic regions are
geographically expansive (Figure 1.1) and continue to grow with changes in vector habitats,
climate, and urbanization'. Nearly a quarter of the world’s population live in DENV-endemic
regions, leading to an estimated 390 million infections every year>3. Additionally, YFV, WNV,
and JEV cause thousands to hundreds of thousands of infections annually?*. The dissemination of
flaviviruses to new geographic areas also has caused epidemics in recent decades, such as the
spread of WNV to North America in 1999 and the ZIKV epidemic in 2015.

Flavivirus infections are often asymptomatic or subclinical but can present with diverse
clinical symptoms ranging from mild febrile syndromes to liver failure, hypotensive shock,
congenital malformations, and encephalitis (Figure 1.2). For example, patients with severe DENV
infection develop a vascular leakage syndrome resulting in hypotensive shock. A subset of patients
with WNV or JEV infection develops neuroinvasive disease that can cause life-threatening
meningitis, encephalitis, and acute flaccid paralysis. Notably, the incidence of WNV neuroinvasive
disease in the United States has increased by over 25% in recent years compared to the preceding
decade’. ZIKV infection of pregnant women can lead to serious fetal complications such as
intrauterine growth restriction and microcephaly. Despite the history of epidemics and severity of
disease outcomes, many flaviviruses lack vaccines or therapeutic countermeasures. WNV and

ZIKV, in particular, lack approved antiviral therapies yet pose threats to public health as recently



re-emerged flaviviruses.
1.1.1 ZIKYV epidemiology and disease

The first isolate of ZIKV was recovered in 1947 from a rhesus monkey in the Zika Forest
of Uganda®. For decades, reported cases of ZIKV were sporadic and confined to Africa and Asia.
The first evidence of transmission beyond these continents occurred in 2007 on Yap Island of the
Federated States of Micronesia, where over 70% of the population became infected’. A larger
outbreak encompassing nearly 30,000 cases occurred in 2013 in French Polynesia, demonstrating
further dissemination of the virus in the Pacific islands®. ZIKV was then identified in South
American and the Caribbean in 2015 and caused an estimated 1.5 million infections in Brazil,
alone’. From 2015-2016, transmission occurred throughout numerous countries of the Americas,
the Caribbean, and the Pacific and included additional travel-related cases.

Human transmission of ZIKV primarily occurs through Aedes aegypti and Aedes
albopictus mosquitos. Although humans are the principal amplifying host for ZIKV during
epidemics, sylvatic cycles involving Aedes mosquitos and non-human primates likely serve as
reservoirs. Human-to-human sexual transmission of ZIKV also has been reported, as ZIKV can
replicate in testes and persist in the seminal fluid of infected individuals'®!!. Notably, fetuses
acquire ZIKV through vertical transmission, which can leads to serious fetal complications'?. First
trimester intrauterine transmission, rather than late-stage pregnancy or intrapartum transmission,
seems to be the most detrimental to fetal development'?.

Approximately 80% of ZIKV infections are asymptomatic, whereas the remainder usually
manifest as a mild febrile illness accompanied by rash, arthralgia, and conjunctivitis. In rare cases,
adult patients develop neurologic complications including acute myelitis, meningoencephalitis,

and Guillain-Barré Syndrome®!4. Notably, ZIKV also can cause microcephaly and other fetal



malformations upon infection of pregnant women!>'7, From 2015-2017 in Brazil, over 2,500 cases
of microcephaly were attributed to ZIKV infection!'®. No approved vaccine or therapeutic
countermeasure exists for ZIKV.

1.1.2 WNYV epidemiology and disease

WNV was first isolated in 1937 from a febrile patient in Uganda'®. For decades, WNV
epidemics occurred sporadically in the Nile Delta region and Mediterranean basin, reportedly
causing mostly mild, self-limiting illness?®. However, in the 1960s and 1970s, more severe
neurologic complications were recognized during outbreak in Europe and South Africa?®. WNV
transmitted to North America in 1999 and caused numerous cases of encephalitis in the New York
City region®°. From 1999 to 2019, over 50,000 infections, 25,000 cases of neuroinvasive disease,
and 2,000 deaths have been reported in the United States®. The virus is now widely established
across North America, Africa, Europe, and Asia?’.

Transmission of WNV to humans predominately occurs through Culex species mosquitoes.
In nature, WNV mainly cycles between mosquitoes and birds, which sustain viremias that support
transmission to mosquito vectors?!. In contrast, humans are considered dead-end hosts due to
transient, low-level viremias?!.

An estimated 80% of WNV infections are asymptomatic or subclinical, whereas most other
infections present with mild, self-limiting symptoms including fever, headache, myalgias, and
rash?2, Approximately 1 in 150 infections progress to neuroinvasive disease, characterized by
neurological symptoms such as stupor, disorientation, numbness, and muscle weakness*?. A
subset of patients with neuroinvasive disease develop acute flaccid paralysis or life-threatening
encephalitis and meningitis, with 10% fatality. The risk for neuroinvasive disease and death

becomes higher in elderly and immunocompromised individuals?}. Patients who recover from



WNYV infection often report sequelae consisting of fatigue, muscle weakness, and cognitive
impairment lasting weeks to months?*%>, No approved vaccine or antiviral therapeutic exists for
WNV.

1.1.3 Flavivirus replication and NS1

The flavivirus positive-sense RNA genome is ~11 kilobases in length and encodes three
structural proteins (capsid, C; pre-membrane, prM; and envelope, E) and seven nonstructural (NS)
proteins (NS1, NS2A/B, NS3, NS4A/B, and NS5) (Figure 1.3). Following virus entry and
uncoating, the viral genome is translated into a single polypeptide at rough endoplasmic reticulum
(ER) membranes?®. Viral and host machinery processes the polypeptide into its constituent viral
proteins prior to RNA replication and virion assembly. The mature virus particle is comprised of
C, prM/M, and E proteins. The C protein packages viral RNA to form a nucleocapsid core, which
becomes enveloped by ER membrane?’. The prM and E proteins insert into the membrane to form
the outer surface of the immature virus particle?’”. The host protease furin partially cleaves prM
into membrane protein (M) in the Golgi, generating mature, infectious virus particles (Figure 1.3)
which egress through exocytosis.

The nonstructural proteins perform roles in virus replication, associating at the ER within
vesicle packets to form the viral replicase complex (Figure 1.4). NS3 and NS2B together
constitute the viral protease and also exhibit helicase and nucleoside triphosphatase activity?®,
whereas NS5 serves as the RNA-dependent RNA polymerase. The functions of NS2A, NS4A, and
NS4B are essential for viral RNA accumulation and virus assembly, although their precise
functions are not entirely understood?®2°. Flavivirus NS1 is a glycoprotein that is also essential for
replication, acting as a scaffold to associate the necessary viral and host proteins at the ER

membrane’?-33. In addition, NS1 localizes to the cell surface as a dimer and is secreted from cells



as a soluble hexamer that can be found in circulation of infected animals and humans3*+2.

Extracellular forms of NS1 reportedly play roles in immune evasion and activation and

43-48 However, the relative importance of NS1 in

dysregulation of endothelial blood-tissue barriers
mediating viral pathogenesis in vivo is not entirely understood. NS1 also serves as an immunogen,
eliciting adaptive immune responses which can mediate protection against disease but also
potentially contribute to autoimmunity*-%. How antibodies contribute to either protection or
disease, particularly in terms of the epitopes they bind, remains to be fully elucidated. Recent
structural characterizations of flavivirus NS1 proteins have aided in understanding structure-
function relationships, including how NS1 associates with membranes, contributes to

pathogenesis, and engages antibodies™.

1.2 NSI1 expression, post-translational processing, and localization

During translation of the flavivirus genome, NS1 translocates into the lumen of the ER via
a signal sequence corresponding to the last 24 amino acids of E®°. An ER-resident host peptidase
then cleaves E from the N-terminus of NS1 in the elongating polypeptide®®. At the C-terminus of
NS1, an unidentified protease (likely ER-resident) cleaves NS1 from NS2A via a motif
corresponding to the last eight amino acids of NS161-4, Fully cleaved NS1 is a hydrophilic
monomer consisting of 352 amino acids with six disulfide bonds, which are important for proper
folding and dimerization%>%, Pulse-chase studies indicate that NS1 rapidly homodimerizes (20 to
40 minutes) in the ER?S, after which it becomes partially hydrophobic and associates with
membrane fractions®”678, NS1 also is glycosylated in the ER3%%°; however, glycosylation is
dispensable for dimerization and membrane association’”*°. The dimeric form of NS1 is stable
and resistant to dissociation by ionic and non-ionic detergents*®. It can be visualized by non-heated,

non-reduced SDS-PAGE for virtually all flaviviruses such as YFV, JEV, and DENV?3667.7° Heat



treatment dissociates dimeric NS1 into its monomeric form, which migrates at ~46-55 kDa
depending on N-linked glycosylation®>-¢, For flaviviruses within the Japanese encephalitis (JE)
serocomplex (e.g., JEV, WNV, and MVEV), a higher molecular weight NS1, termed NS1', also
can be observed at ~52-53 kDa%"-"1-72, Mutational studies indicate that NS1' is the product of a -1
ribosomal frameshift’, resulting from a conserved heptanucleotide frameshift motif followed by
an RNA pseudoknot in the NS2A gene of the JE serocomplex’. Notwithstanding the additional
C-terminal amino acids, NS1' displays similar glycosylation and cellular trafficking patterns as
NS16775, and can trans-complement the function of NS1 in replication’.

Intracellular NS1 predominately localizes to vesicle packets of the ER membrane,

associating with other viral nonstructural proteins and dsRNA in the replicase complex’®"7,

37.39.78.79 where it becomes

However, a fraction of NS1 is also trafficked to the infected cell surface
a target of antibodies’®*? (Figure 1.5). Cross-linking studies of the YFV NS1 protein suggest that
cell surface NS1 predominately exists as a homodimer’®, consistent with structural analyses
suggesting that membrane association occurs through hydrophobic interactions with domains
present on one surface of the NS1 dimer®-7 (detailed in Section 1.3). However, at least DENV
and JEV NSI1 also can be found in association with detergent-resistant membrane fractions
characteristic of lipid rafts®!. DENV NSI1 also can acquire a glycosylphosphatidylinositol (GPI)
membrane anchor through a GPI addition motif corresponding to a hydrophobic sequence at the
N-terminus of NS2A®%. The addition motif leads to the incorporation of GPI moiety-specific
components (e.g., ethanolamine and inositol) into NS182. Furthermore, binding of NS1-specific
antibodies to cell surface NS1 reportedly induces tyrosine phosphorylation of cellular proteins,

suggesting that surface NS1 may mediate GPI-linked signal transduction®. Notably, treatment of

cells with phospholipase C releases only a portion of surface NS1 into the supernatant®?, suggesting



that NS1 does not require GPI linkage for membrane association.

A fraction of cellular NSI is trafficked through the secretory pathway of the Golgi
apparatus, as evidenced by the acquisition of Golgi-specific glycan modifications prior to
secretion®®. Secretion is at least partially glycosylation-dependent, as abolishing the N-linked
glycosylation sites or treatment with inhibitors of Golgi-specific glycosylation enzymes reduces
levels of NS1 in the supernatant of infected cells**”. Secreted NS1 consists predominately of

hexamers formed by trimerization of dimer protomers#33-83:84

, although tetramers and other
aggregates may form>*. Unlike the dimer, the hexamer dissociates in the presence of detergent>*%,
Triton X-114 partitioning experiments reveal the amphipathic nature of secreted NS1: whereas
detergent phases contain NS1 dimers, aqueous phases contain hexamers®®. Electron microscopy
(EM) of the DENV hexamer reveals an open barrel-like organization, and a central hydrophobic

core packed with lipid cargod*®>,

Separation of the lipid core contents by thin-layer
chromatography and subsequent NMR analysis indicate the presence of various membrane-
associated lipids, such as triglycerides, cholesteryl esters, and phospholipids®®. Inhibitors of lipid
synthesis (e.g., niacin) reduce NS1 secretion without affecting levels of cell-associated NS1%,
Given these findings, it has been suggested that the formation of hexameric NS1 possibly requires
the interaction of dimeric NS1 with membrane lipids so that they may be dragged into the core of
the hexamer®. This idea is consistent with evidence that NS1 can interact with lipids to remodel
liposomes®¢ and ER membranes to form vesicle packets®>3687, A T164S substitution that leads to
enhanced secretion of DENV NS1 alters the lipid classes carried in the core of hexameric NS188,
further suggesting that differential interactions with lipids possibly regulate NS1 secretion®s.

NS1 glycosylation occurs at two or three asparagine residues (Asnl30, Asn207, +/-

Asnl75), depending on the virus. Almost all flavivirus NS1 proteins contain the conserved N-



linked glycans at Asn130 and Asn207%6%-89-91 For the JE serocomplex (e.g., WNV, MVEV, and
SLEV), NSI acquires additional glycans at Asn175%%2, Glycan analysis of YFV NS1 indicates
that cell-associated NS1 contains predominately high-mannose moieties, whereas secreted NS1
acquires complex carbohydrates that are resistant to digestion by endoglycosidase H%!. This data
supports the notion that NS1 transits through the Golgi prior to secretion, undergoing trimming
and processing of mannose residues. For DENV2 NS1, the glycan at Asn130 undergoes processing
to acquire complex carbohydrates, whereas Asn207 retains high-mannose glycans®.
Glycosylation is not absolutely critical for dimerization of NS137 or expression on the cell

surface®””, though it can affect dimer stability®

and appears to regulate secretion and virus
replication3#%%-93-9¢ This is consistent with lack of NS1 secretion from insect cells, which possess
different glycosidases in the Golgi compared to mammalian cells®’. However, the precise role of

939 In some studies,

N-linked glycans in hexamer stability and secretion remains ambiguous
removal of the glycan at Asn130 leads to instability of the hexamer, whereas removal of the glycan
at Asn207 leads to decreased secretion®->. Another study suggests that the glycan at Asn130 is
required for protein secretion whereas the glycan at Asn207 is dispensable for secretion and
hexamer stability®®. These conflicting results potentially stem from differences in the cell type used
for NS1 expression (BHK-21 versus 293F cells) or the method of NS1 purification®>*°, While the
presence of N-linked glycans may impact secretion, modification of the high-mannose glycans is
not critical, as secretion still occurs in the presence of deoxymannojirimycin (an inhibitor of N-
linked glycan modification in the Golgi)”.

Soluble flavivirus NS1 can be detected in circulation in infected animals and humans*+42-97-

9, reaching particularly high levels during DENV infection (~1 to 10 ug/mL)**190-102 Notably,

flaviviruses secrete variable levels of NS1 which may contribute to differences in NSI



antigenemia. Compared to WNV-infected cells, DENV-infected cells secrete higher levels of NS1
and reciprocally express lower levels of cell surface-associated NS17°. This finding is consistent
with clinical data suggesting that levels of soluble NS1 in circulation are higher in DENV-infected
relative to WNV-infected patients**#>191 For WNV and DENV NSI1, amino acid variation at
positions 10 and 11 affect the retention of NS1 in the ER, leading to an inverse correlation between
the amount of cell surface expression and secretion’. Other amino acid variations also are
associated with differences in NS1 secretion. For example, the substitutions T164S in DENV?®
and A188V in ZIKV!% NS1 lead to enhanced secretion in vifro and elevated NS1 antigenemia in
infected mice. However, the mechanism by which these variations affect NS1 secretion is not
determined.

Following secretion, soluble NS1 can bind back to the surface of infected or uninfected

Cells48,104,105

via surface glycosaminoglycans (GAGs), such as heparan sulfate or chondroitin
sulfate!%. Surface binding by flavivirus NS1 proteins also displays cell type specificity that varies
by flavivirus*®1%4, Remarkably, binding to tissue-specific vascular endothelial cells in vitro and in
vivo correlates with flavivirus disease tropism*®. The mechanism underlying this specificity is not
known; however, cell type differences in expression of GAGs or proteoglycans possibly
contribute!%197, Following surface binding, NS1 is endocytosed in a dynamin- and clathrin-
dependent manner that requires the N-liked glycosylation site, Asn207°°. DENV NS1 internalized
by hepatocytes accumulates in late endosomes, potentiating subsequent virus infection!®.
Endocytosis by endothelial cells mediates disruptions in blood-tissue barrier integrity (outlined in
Section 1.4.3)74896.108.109 "Binding by secreted NS1 can be blocked by inhibiting surface GAG

expression with sodium chlorate treatment of cells, though notably this does not prevent expression

of surface NS1 from intracellular pools of infected cells'®. Moreover, reportedly cell surface NS1
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stems predominately from intracellular pools rather than binding back of secreted NS1!%4,

1.3 NSI1 protein structure

The NSI dimer crystal structure has been solved for DENV2%68 WNV3638  and
ZIKV337110 - Additionally, the C-terminal domain structures for JEV!!! and YFV!!2 NS1 have
been solved. Despite considerable amino acid variation in NS1 between flaviviruses (e.g., ~50-
55% identity between DENV2, WNV, and ZIKV NSI), the available NS1 structures retain
virtually identical folding and domain arrangements>>>¢!11L112 Each protomer of the dimer
comprises three domains: the N-terminal B-roll domain (residues 1-29), the wing domain (residues
30-180), and the C-terminal ‘B-platform’ or ‘B-ladder’ domain (residues 181-352)%¢ (Figure
1.6). The overall structure consists of a cross-shaped dimer, in which the B-platform domains are
aligned end-to-end and flanked by the protruding wing domains®-¢, Dimerization occurs via
intertwining B-hairpins that curve into the roll-like shape of the B-roll domains®>¢. Adjacent to the
B-roll, a discontinuous connector subdomain (residues 30-37 and 152-180) links the wing to the -
platform through a disulfide bond (Cys179 to Cys223)°>38, Each B-platform consists of anti-
parallel B-strands that arrange into B-sheets®-%%%, The interstrand loop between B13 and B14,
termed the ‘spaghetti loop’ (residues 219-272), is particularly long and covers one face of the [3-

sheets55’56’58

. Lacking in secondary structure, the spaghetti loop achieves order through hydrogen
bonds>®. The ‘inner’ face of the NS1 dimer is hydrophobic and thought to mediate interactions
with lipid membranes®>>7 and other nonstructural proteins®®*. The ‘outer’ face is polar and
contains the conserved N-linked glycosylation sites (Asn130, Asn207, +/- Asn175). The outer face
displays the most sequence diversity between flaviviruses, particularly in the outer face of the wing

domain®’. Electrostatic potentials in this region can be markedly variably; for example, ZIKV NS1

displays positively charged residues whereas DENV2 and WNV display negative or neutral
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residues™->7. The outer face of the B-platform domain corresponds to the loop face, with the
underlying anti-parallel B-sheets making up the inner face of the B-platform. Notably, the C-
terminal ‘distal tip’ (residues 278-352) of the B-platform displays considerable sequence

55,56

conservation between flaviviruses as well as peptide sequences (residues 305-330) with

homology to human proteins®!-5113,

The inner face of the NS1 dimer contains the putative membrane-interacting surface,
formed by hydrophobic contributions of three distinct regions: the B-roll, the ‘greasy finger’
(residues 159-163), and the ‘flexible loop’ (residues 108-129) of the wing domain®>-". The greasy
finger protrudes toward the inner surface and consists of invariably hydrophobic amino acids
(usually with two phenylalanine residues) that are likely candidates for membrane association. The
B-roll and flexible loop contribute three conserved tryptophan residues (Trp28, Trpll5, and
Trp118) that also are putative anchor points for hydrophobic membrane interaction. In addition,
the flexible loop contributes a dipeptide (123-124) that is invariably hydrophobic in flavivirus NS1
sequences and often contains phenylalanine>-’. Notably, the flexible loop is disordered in the
crystal structures for DENV2 and WNV NS1°¢, but is relatively stabilized in ZIKV NS1%5°7, The
ZIKV NSI1 structure reveals the flexible loop oriented toward the inner face of the dimer, forming
a hydrophobic ‘spike’ which possibly mediates interactions with membranes®>*’. Notwithstanding
this orientation, the flexible loop displays a considerable amount of conformational flexibility>>->’
and possibly adopts alternative orientations in the context of membrane association and NS1
oligomerization. Mutational analysis suggests that residues in this region (W115, W118, and
G119) facilitate the initial attachment of secreted soluble NS1 to the cell surface®.

DENV2, WNV, and ZIKV NS1 also arrange similarly in the hexamer (Figure 1.6), which

appears in the absence of detergent and is visualized by negative-stain electron microscopy (EM)
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or cryo-EM>3-68485 Three dimers assemble into an open barrel-shaped hexamer, with the outer
polar faces oriented outward and the inner hydrophobic faces oriented toward the inner
channel®>>¢, which carries lipid cargo (as described in Section 1.2)%. Superposition of the dimer
structure on the hexamer reveals the spaghetti loops and polar faces of the wing domains to be on
the exposed outer surface of the hexamer, whereas the hydrophobic inner faces of the dimer are
oriented toward the inner channel®>-°, Notably, the flexible loop extends from one dimer subunit
toward the B-platform of the adjacent dimer subunit, suggesting that it possibly plays a role in

hexamer stability>>-*7.

1.4 NSI1 functions

1.4.1 Virus replication and assembly

Confocal and cryoelectron microscopy reveal that NS1 and dsRNA predominately co-
localize within ‘vesicle packets’ of the ER membrane, the site of flavivirus genome
replication’®!14115, Reportedly, NS1 is required for remodeling ER membranes into vesicle packet
structures, potentially through its interactions with negatively charged lipids®®*’. Protein-liposome
co-floating assays suggest that NS1 preferentially binds negatively charged lipids commonly found
in ER membranes, such as PI4P¥’. On the inner face of the NS1 dimer, positively charged residues
adjacent to the hydrophobic protrusions (e.g., greasy finger and flexible loop) likely facilitate these
interactions®-%’, Indeed, charge-reversal at these positively charged residues or downregulation of
PI4P (through Sacl overexpression) disrupt the ability of NSI to remodel ER membranes and
attenuate virus replication®’. More studies are required to elucidate the mechanism of NSI-
dependent membrane remodeling.

Trans-complementation and mutagenesis studies indicate that NSI is required for

flavivirus replication, serving as a scaffold for assembly of other necessary viral and host factors"-
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33.77.116 Tndeed, NS1 co-localizes in vesicle packets with other nonstructural proteins such as NS2B
and NS3!'% NSI1 also reportedly interacts with NS4A’7!15 and NS4B*, at least for some
flaviviruses (Figure 1.5). WNV NS1 physically associates with NS4B, potentially via the B-roll
as substitutions in this domain (residues 10 and 11) disrupt virus replication but can be rescued by
escape mutations in NS4B3, In contrast, DENV NSI reportedly does not interact with NS4A or
NS4B; rather, it directly interacts with the NS4A-2K-NS4B cleavage intermediate via the greasy
finger*. Due to the proximal locations of the greasy finger and B-roll*, it is possible that both
regions are involved in interactions with the other nonstructural proteins. Indeed, substituting with
charged amino acids in the otherwise hydrophobic greasy finger leads to defective RNA synthesis
by DENV2%, Despite acting as a scaffold, the precise function of NS1 in genome replication is
not entirely understood. Glycosylation at Asnl130 is required for efficient virus replication®,
though it is not clear how the glycans are involved in this process.

Apart from its role in the replicase complex, NS1 appears to be involved in virion assembly
and/or release from infected cells. Study of a WNV-DENV chimeric flavivirus reveals that
adaptive mutations in the ribosomal frameshift motif in NS2A, which regulates the production of
NS1'"17 affect viral genome packaging!!”. Specifically, abolishing the frameshift motif and thus
NS1' with synonymous mutations leads to more efficient encapsidation of particles during virion
assembly!'!’. Co-immunoprecipitation and co-localization studies indicate that NS1 dimers also
interact with the flavivirus structural proteins C, prM, and E at sites of virion assembly!!3:!1%,
Residues within the wing flexible loop (S114 and W115) and wing/B-platform domains (D180 and
T301) of DENV NS1 mediate these interactions''®. Reportedly, substitutions at these sites
disproportionately impair infectious virion production despite only minor effects on virus

replication!'!8. A variant of DENV NS1 containing a threonine to serine substitution at position
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164 (T164S) leads to impaired infectious virus production without affecting viral RNA
replication®®. Possibly, this substitution disrupts interactions between NS1 and the viral structural
proteins without affecting interactions or function in the replicase complex. The precise role of
NS1 in virion assembly and/or egress is not clear, though it potentially serves another scaffolding
function for the structural proteins.

Reportedly, soluble DENV NSI in circulation is endocytosed by hepatocytes, leading to
enhanced hepatocyte infection and virus production'®. Endocytosis of soluble DENV NS1 by
dendritic cells also potentiates subsequent infection and virus production'?’. The mechanism by
which NS1 mediates these effects is not evident; however, one possibly is that elevated
intracellular levels of NS1 enhance genome replication and/or virus assembly.

1.4.2 Immune modulation

Initially, NS1 was identified as a soluble complement-fixing antigen in the blood of
DENV-infected humans and mice!?!"12* following reports that complement consumption and
dysregulation were associated with severe DENV disease 12125, NS1 proteins display interactions
with various complement proteins, some of which are flavivirus-specific whereas others are more
general (Figure 1.7). For instance, WNV but not JEV NSI binds to factor H, promoting factor I-
mediated cleavage of C3b and thus evading deposition of C3b and the C5b-9 membrane attack
complex (MAC) on infected cells**!26. At least DENV NS1 binds to clusterin to evade MAC
deposition on infected cells'?’ and to mannose-binding lectin (MBL) to evade MBL-mediated
neutralization of virus'?®. DENV, WNV, and ZIKV NSI1 bind vitronectin or C9 to inhibit MAC
formation by yet another mechanism'?°. DENV, WNV, and YFV NS1 all bind to C4, recruiting
Cls and leading to accelerated cleavage of C4 into C4b*. NS1 proteins from these three

flaviviruses also directly associate with C4b binding protein, recruiting factor I and attenuating
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complement pathways via inactivation of C4b in solution or on the plasma membrane!*,
Additionally, soluble DENV NS1 can directly activate complement, consistent with the elevated
levels of the C5a anaphylatoxin and C5b-9 detected in the blood of patients with severe DENV!3!,
NS1 possibly contributes to the systemic inflammation and vascular leakage syndrome in severe
DENV through release of these vasoactive and pro-inflammatory complement factors.

The mechanism of NS1 binding to complement factors is not known, though experimental
data and structural analysis provide some insight. Dimeric NS1 or NSI1 lacking N-linked
glycosylation at Asn130 show less binding to complement factors (C4, C4b, and C1s) compared
to hexameric or fully glycosylated NS1%°. NS1 lacking the Asnl130-linked glycan, however,
predominately forms higher-order aggregates over hexamers®, suggesting that perhaps binding to
complement depends more on the oligomeric state of NS1 than its glycosylation status. Typically,
complement factors like factor H, C4, C4b, and Cls interact with pathogens through repeats of the
complement control protein (CCP) motif, or ‘sushi domain’. For several known pathogen

132-134

proteins , interaction with CCP motifs occurs through domains containing anti-parallel -

sheets that resemble the B-roll or B-platform domains of NS1!3°,

DENV NSI activates platelets and immune cells via Toll-like receptor 4 (TLR4), inducing
platelet aggregation and expression of vasoactive and pro-inflammatory cytokines, and perhaps
contributing to severe DENV disease involving capillary leakge**!3¢ Indeed, severe DENV
infection is associated with thrombocytopenia and the release of vasoactive and pro-inflammatory
cytokines from activated T cells and monocytes'?’. Local DENV NS1-dependent production of
cytokines and chemokines such as CCL2 also potentially promote the recruitment of additional

virus-permissive immune cells such as monocytes, leading to greater infection!?’. WNV NSI

reportedly can inhibit TLR3-mediated gene expression'®8; however, this finding is disputed and

16



the mechanism is not clear'®”. Aside from complement and TLRs, NS1 interacts with additional
host factors to evade or modulate the immune response. For example, NS1 from some ZIKV strains
interacts with TBK1 to antagonize antiviral type I interferon (IFN) production!#’, and this
interaction is dependent on a valine to alanine substitution at position 188'4!, Residue 188 is buried
within the B-platform structure, suggesting that perhaps this substitution affects the interaction
with TBK1 via allosteric rather than direct binding effects. Additional reports suggest a role for
JEV and WNV NSI1 in antagonizing the type I IFN pathway through respective inhibition of
MAVs!#2 or RIG-I and MDAS5!*, Other reports indicate that DENV NS1 interacts with
thrombin'#, human ribonucleoprotein C1/C2'43, and human STAT3B!#¢, though the significance
of these interactions is not apparent.

Circulating soluble NS1 in mammalian hosts enhances the infectivity of mosquito vectors
upon blood feeding!47-!48, Spiking recombinant DENV NS1 into DENV-infected human blood
enhances virus acquisition by Aedes aegypti mosquitos in membrane blood feeding experiments'48.
Addition of anti-NS1 antibodies attenuates mosquito infectivity for both DENV- and JEV-infected
blood!*®. A naturally occurring ZIKV strain with elevated NS1 antigenemia also facilitates
enhanced mosquito infectivity!#”. In this case, an alanine to valine substitution at position 188 in
NS1 leads to enhanced secretion of NS1 and elevated antigenemia in mice without significantly

affecting viremia'4’

. Mechanistically, DENV2 NS1 suppresses the expression of immune-related
genes in the mosquito gut, leading to enhanced virus propagation'*®, Thus, soluble NS1 modulates

immunity in both the mammalian host and mosquito vector.

1.4.3 Endothelial dysfunction

In the context of DENV, NS1-mediated expression of vasoactive cytokines (e.g., through

TLR4, anaphylatoxins, etc.) is thought to contribute to the pathogenesis of vascular leak#>46:136,
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However, soluble flavivirus NS1 also mediates TLR4-independent, endothelial intrinsic effects in
vitro and in vivo*"'%. Following binding to the surface of pulmonary endothelial cells through
sulfated GAGs!*!4? (and possibly other unidentified protein receptors), DENV NS1 induces the
expression of sialidases, heparanase, and cathepsin L'® (Figure 1.8). Together, these enzymes
mediate the degradation of sialic acid and shedding of heparan sulfate proteoglycans (e.g.,
syndecan-1), thereby disrupting the endothelial glycocalyx (EGL) and triggering endothelial
hyperpermeability*’. Indeed, serum levels of syndecan-1 and chondroitin sulfate are positively
associated with plasma leakage in patients with severe DENV!?, These effects require dynamin-
and clathrin-mediated endocytosis of NS1 and are abolished by substitution at the N-linked
glycosylation site Asn207°6. The mechanism by which NS1 mediates subsequent enzyme
expression and activation for EGL disruption remains unknown, although one report suggests that
NS1-dependent vascular permeability requires autophagy'>!!32, Residues at the tip of the f-
platform domain (T301, A303, E326, and D327) are critical for NS1-mediated endothelial
hyperpermeability but not cell binding®. Possibly, the B-platform tip and/or the N-linked glycan
at Asn207 recruit host factors for cell signaling.

NS1 proteins from DENV#74896 7K V48.96.108 - \WNV48.96 - and other flaviviruses®® can
mediate disruptions to the EGL. Remarkably, flavivirus NS1 triggers vascular dysfunction in a
tissue-specific manner that reflects disease tropism and depends on tissue-specific cell binding*®.
For example, NS1 from WNV or JEV binds to brain microvasculature but not pulmonary
endothelial cells, consistent with the neurotropism of these flaviviruses*®. The mechanism
underlying this tissue specificity is not known, but likely reflects local differences in surface
expression of glycocalyx components such as GAGs and proteoglycans*®194153 or possibly of

unidentified protein receptors for NS1. Mutational analysis suggests that initial attachment of NS1
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to cells requires hydrophobic residues in the wing flexible loop (e.g., W115, W118, and G119)*.
Given that these residues are highly conserved amongst flaviviruses, other residues or regions of
NSI1 likely determine the cell-type specificity of binding.

Flavivirus NS1-dependent endothelial hyperpermeability also can be observed in vivo, and
is triggered in an organ-specific manner in mice*’ (Figure 1.8). These findings are consistent with
the vascular leakage syndrome observed in severe DENV infection; however, the relevance of
these findings to the pathogenesis of other flaviviruses is not readily apparent. A role for NS1-
dependent permeability in virus entry and tropism has been suggested*’-¢, although it is not clear
whether flaviviruses cross blood-tissue barrier through a paracellular route or other mechanisms'>*,

96,105 and accumulates in

As discussed above, NS1 is internalized after binding to the cell surface
endosomes!®. Possibly, NS1 facilitates simultaneous endocytosis of infectious virions in
circulation through its interactions with the structural proteins!!®!°, Indeed, flaviviruses such as
DENV can gain entry into cells through clathrin-mediated endocytosis!>>!%6, More studies will be

required to elucidate potential mechanisms of flavivirus migration across blood-tissue barriers,

through the paracellular route, transcytosis, or other mechanisms.

1.5 NSl-targeted antibodies and vaccines

1.5.1 NS1-specific antibodies

Passive administration of NS1-specific antibodies confers protection in animal models for

several different flaviviruses, including YFV>%157 DENV3%:109.138-163 " 7] 164165 WNV4, and

49,164-166

JEV!66.167 ‘Many studies measure protection against lethal flavivirus challenge or other

disease processes such as bleeding time and vascular permeability, particularly for DENV

109,158,163

challenge . Several studies demonstrate protection following prophylactic antibody

administration%-%-10%-157.159-167 " though some NS1-specific monoclonal antibodies (mAbs) confer
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protection when administered up to one'*® or four days* post-infection. One mode of protection
depends on Fc effector functions that promote the clearance of infected cells expressing NS1 on
the surface. Natural human mAbs targeting ZIKV NS1 protect mice against lethal ZIKV challenge
only in the context of an intact Fc, losing protection with Fc variants (e.g., LALA-PG) that lack
binding to Fcy receptors and complement!%*. Murine mAbs generated by immunizing mice with
soluble WNV NSI1 protein protect against WNV mostly through Fc-dependent mechanisms, as
they lose protection in mice deficient in complement or Fcy receptors®. Specific IgG subclasses
(e.g., 1gG2a) also are associated with protection by anti-WNV NS1 murine mAbs, indicating a role
for subclass-specific  effector functions®. Anti-NS1 mAbs indeed can engage
complement!26:198:161.168 and Fey receptors®®!%4 to promote lysis or phagocytosis of infected cells.
For example, anti-NS1 mAbs can sensitize YFV-infected cells to complement-dependent
cytotoxicity, but this effect is lost upon isotype switching to non-complement fixing IgG

168 Anti-NS1 mAbs also can act as opsonins, promoting phagocytosis of WNV-infected

subclasses
cells by Fc receptor-expressing macrophages®. In concept, anti-NS1 mAbs might facilitate natural
killer cell-mediated antibody-dependent cellular cytotoxicity through binding to cell surface NS1.
However, murine mAbs against WNV NSI retain full protection in mice deficient in Fcy receptor
I1I or depleted of NK cells®. The relative importance of different Fec effector functions remains to
be explored using larger panels of anti-NS1 mAbs, and possibly varies between flaviviruses.
Fc-independent mechanisms also contribute to protection, at least for two NS1-specific
antibodies (2B7°° and 1G5.3'%%) in the context of DENV infection. The single-chain variable
fragment (scFv) of 2B7 and Fab fragment of 1G5.3 retain protection against lethal DENV2

infection in mice without the ability to clear infected cells through Fc effector functions®. The

mAbs also prevent soluble NS1 from inducing endothelial hyperpermeability in vitro and in
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mice>10%160 suggesting that blocking soluble NS1 may be an alternative mode of protection by
NS1-specific antibodies. Notably, both mAbs map to the distal tip of the B-platform domain’®-1¢°,
2B7 is speculated to block endothelial hyperpermeability through two mechanisms: i) steric
hindrance of the wing flexible loop to block binding of NSI to cells; and ii) direct binding to the
B-platform tip region known to facilitate permeability®. Notably, the scFv and Fab fragments of
2B7 and 1G5.3 did not retain full protection compared to their respective IgG counterparts®-160,
suggesting that Fc engagement may provide additional benefit (or that intact Fc simply improves
antibody half-life in vivo). Indeed, some antibodies against pathogen toxins require Fc engagement
to efficiently clear toxin from circulation!é®. Alternatively, Fc-dependent clearance of infected
cells and Fc-independent inhibition of soluble NS1 may work in concert to confer protection. The
role of Fc-independent protection for flaviviruses other than DENV is unknown, although one anti-
WNV NS1 mAb (14NS1) retains considerable protection in mice lacking Fcy receptors or
complement®. Potentially, the role of Fc may vary between flaviviruses depending on the relative
expression of cell surface and secreted NS17°.

Currently, few epitopes have been mapped for protective flavivirus NS1-specific mAbs.
At least for DENV NS1, the immunodominant B cell epitopes following infection map to the wing
flexible loop and tip of the B-platform!”?. Indeed, one protective anti-DENV NS1 mAb (33D2)!6!
and one protective anti-WNV NS1 mAb (16NS1)'® map to the wing flexible loop. Two other
protective anti-DENV NS1 mAbs respectively map to the B-platform (2E8)!*® and B-roll
(1H7.4)19%171 Three structures of NS1-antibody complexes help to visualize how mAbs engage
particular epitopes®®>%16°. One such structure indicates that a protective murine mAb against WNV

NS1 (22NS1) binds the spaghetti loop of the B-platform domain®®. Two other structures of

protective mAbs against DENV NS1 (2B7 and 1G5.3) show binding to the distal tip of the -
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platform®”10, Notably, 2B7 and 1G5.3 display broad cross-reactivity with heterologous flavivirus
NS1 proteins®>!'®, consistent with sequence conservation at the tip of the B-platform®’. However,
the epitope for both mAbs corresponds to a region of DENV NSI that reportedly generates
autoreactive and potentially pathogenic mAbs (detailed below)3!->%113:172-174 " Cyrrently, no NS1-
antibody complex structure exists for human mAbs or for mAbs binding other epitopes associated
with protection such as the wing flexible loop. Of the few known epitopes, most are for mAbs
against DENV NSI1. Protective epitopes for other flaviviruses may vary depending on the
expression pattern of cell surface and secreted NS17°, variations in epitope accessibility, or
differences in electrostatic potentials (e.g., in the outer surface of the wing domain)®>->7,
Additionally, little is known about the types of epitopes targeted by protective human mAbs
generated by natural flavivirus infection. To fully discern protective, non-protective, and
pathogenic epitopes, more rigorous mapping studies will be required.

Some anti-DENV NS1 antibodies cross-react with host factors and contribute to
pathogenesis in animal models!'>%!7>:176 Sera from DENV-infected patients or mice immunized
against NS1 bind platelets®*!"7 and plasminogen®!, dysregulating coagulation when administered
to mice. DENV NS1-immune human or murine sera also bind to endothelial cells!7>-178-130
inducing NF-kB activation'®!, caspase-dependent apoptosis!®’, or complement-mediated lysis in

vitro'’®

. Reportedly, immunization of mice against DENV NSI1 also can lead to NS1-specific
antibody deposition on the liver vascular endothelium and induce liver tissue damage!®?. The
above findings suggest that NS1-induced autoantibodies may represent another mechanism by
which DENV causes vascular dysfunction.

Mice immunized against DENV2 NS1 indeed generate mAbs that cross-react with epitopes

of human plasminogen, platelets, and endothelial cells>:!13:175, Autoreactive mAbs can induce
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hemorrhaging in some mouse models as well'7>. Proteomic analysis suggests that some mAbs may
target the C-terminal tip of the B-platform (particularly residues 305 to 330), which possesses
homologous sequences to host platelet and endothelial cell proteins®2. Indeed, immunizing mice
with DENV NSI1 that lacks this C-terminal region (amino acids 271-352) generates antibodies that
do not induce platelet aggregation or increase bleeding time, in contrast with antibodies against
full-length DENV NS1!83, The platelet-expressed protein disulfide isomerase is one such
autoimmune target of mAbs elicited by the 311-330 peptide of DENV NS1!'!3, Another mAD target
is plasminogen, elicited by the cross-reactive peptide 305-311 of NS1°!. These autoreactive mAbs
can induce plasminogen activation and conversion into plasmin’!. Another study finds that some
anti-DENV NS1 mAbs cross-react with the host protein LYRIC, via a homologous peptide in the
wing flexible loop (amino acids 116-119)°*. These mAbs bind endothelial cells and induce
apoptosis or complement-dependent cytotoxicity>*. Altogether, these data suggest that at least
DENYV NSI elicits autoreactive antibodies, some of which confer pathogenic consequences in vivo.
The design of therapeutic mAbs against flavivirus NS1 will require careful testing for possible
autoreactivity, especially mAbs against DENV NS1 and those mapping to particular epitope
regions.

1.5.2 NS1-targeted vaccines

NS1-targeted vaccines exhibit immunogenicity and confer protection in animal models.
For example, recombinant NS1 protein vaccines confer protection against subsequent
YFVI68I84185 o DENVI70186187 challenge in mice!%%170:185-187 and monkeys!'®. Other vaccine
platforms also elicit protective immune responses, such as: i) vaccinia vectors for YFV!88,
DENV!% and MVEV!; ii) replication-defective adenovirus vectors for DENV!®! and TBEV!%*-

194 NS1; iii) DNA vaccines for DENV!?, ZIKV!'#419 and JEV'"7; and iv) Modified Vaccinia
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Ankara vectors for ZIKV!8. Passive transfer of serum from NSI1-immunized mice can confer

protection against flavivirus challenge!63:168.189

, suggesting that humoral immunity may be
sufficient in some cases. However, cellular immunity plays a role for some NSI-targeted
vaccines!*?1%6, An adenovirus vector vaccine for TBEV NS1!9%1%4 confers both protective humoral
and cellular immunity, as transfer of antibodies, B cells, or T cells from vaccinated mice protects
recipient mice against lethal TBEV challenge!®2. One DNA vaccine encoding ZIKV NS1 protects
more efficiently in the presence of CD8" T cells, again suggesting a role for cellular immunity'%.
Indeed, cytotoxic T lymphocytes recognize NS1-derived peptides for DENV! ZIKV!'%, and
JEVPLI9 and can kill infected cells!®.

Other vaccine strategies target both the structural proteins and NS120%201 An attenuated
recombinant vesicular stomatitis virus-based vaccine expressing ZIKV prM-E-NS1 polyprotein
elicits superior responses compared to an NSl-only vaccine?”. Additionally, an adenovirus-
vectored vaccine expressing prM-E-NS1 conferred superior protection compared to both prM-E-
only and NS1-only vaccines®’!.

One study performed epitope mapping of DENV-immune murine and human sera using a
microarray of overlapping NS1 peptides for DENV1-3!7°, Following natural infection with DENV
in mice and humans, immunodominant epitopes mapped largely to the wing flexible loop and tip
of the B-platform domain'’’. However, the immunodominant epitopes in mice varied between
natural DENV infection and adjuvanted DENV NS1 protein immunization!”’. These findings
suggest that recombinant protein vaccination elicits responses to additional epitopes in NSI,
particularly to the B-roll and greasy finger regions on the inner face of the NS1 dimer!”’. Given
that some antibodies protect against DENV by blocking binding of soluble NS1 to cells*®, vaccine

immunogens designed to target the inner face of NS1 possibly provide a means to confer protection
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while avoiding the autoreactive C-terminal region of NS1 (i.e., the tip of the B-platform)’!. Some
vaccine designs indeed demonstrate protection while avoiding these cross-reactive epitopes. For
example, a chimeric DENV NSI1 vaccine that swaps the C-terminal domain (residues 271 to 352)
of DENV?2 for that of JEV retains immunogenicity and generates antibodies that confer protection
against DENV challenge!®!-13, A peptide vaccine corresponding to only amino acids 37 to 55 of
TBEV NSI also protects against lethal challenge, as does adoptive transfer of immune sera to

202 Extensive epitope mapping of protective NS1-specific mAbs may provide insight

naive mice
for the design of vaccine immunogens that focus the immune response on particular epitopes. In
particular, NS1 immunogens could be designed to exclude the conserved C-terminal region or

possibly to mask this epitope by attaching N-linked glycans in a site-specific manner?%3-2%,

1.6 Conclusions

No approved vaccines or antibody therapeutics exist for many clinically relevant
flaviviruses including WNV and ZIKV. Currently, approved flavivirus vaccines target the
structural proteins of YFV, JEV, TBEV, or DENV1-4. Antibody-dependent enhancement (ADE)
of infection and disease, however, remains a concern for anti-E antibodies that cross-react with
heterologous flaviviruses (or across serotypes in the case of DENV). NS1 represents an alternative
target for vaccines and antibody therapeutics to avoid ADE?72%, While NS1-specific antibodies
have been shown to confer protection in animal models, few epitopes have been mapped, and thus
the breadth of epitopes that confer protection against flaviviruses is not known. Knowledge of
epitopes also is critical for identifying therapeutic antibodies that avoid potentially pathogenic,
autoreactive epitopes. Furthermore, the role of human antibodies against NS1 in protection is not
known for many flaviviruses, including WNV. An extensive understanding of protective and non-

protective epitopes, especially for human antibodies, will be important for the design of therapeutic
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antibodies and vaccine antigens targeting flavivirus NS1. The studies herein begin to identify the
breadth of epitopes in NS1 for two clinically relevant flaviviruses, ZIKV and WNV, and provide
insight for the development of therapeutics.

Multiple functions have been ascribed to NS1 that suggest it plays a role in viral
pathogenesis through immune evasion, immune activation, or dysregulation of blood-tissue
endothelial barriers. Secreted NS1 can be detected in sera from infected animals and humans for

40.42,97-101 " and the levels of NSI1 in circulation correlate with disease

virtually all flaviviruses
severity, at least for DENV!92131 Stj]], the relative contribution of secreted NS1 to disease is not
entirely understood for all flaviviruses. Studies herein contribute to the understanding of soluble

WNV NSI1 as a driver of flavivirus pathogenesis and raise interesting questions regarding its

mechanisms.
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Figure 1.1. Geographical distribution of mosquito-transmitted flaviviruses, including (a) ZIKV, YFV, and

DENYV; (b) JEV and WNV; and (c¢) other less common flaviviruses. Figure adapted from Pierson &
Diamond, 2020%%.

41
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Figure 1.2. Clinical manifestations of flavivirus infection in humans. Neurotropic flaviviruses (e.g., WNV,
JEV, ZIKV, MVEV, and TBEV) can infect the brain and spinal cord, causing encephalitis, meningitis, and
acute flaccid paralysis. Other flaviviruses (e.g., YFV and DENV) can cause systemic disease resulting in
liver failure and vascular shock. ZIKV infection of pregnant women can cause congenital complications,
inclug)igng microcephaly and intrauterine growth restriction. Figure adapted from Pierson & Diamond,
2020,
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Figure 1.3. Flavivirus genome organization and virion structure. (a) The flavivirus genome encodes three
structural (C, prM, E) and seven nonstructural (NS1, NS2A/B, NS3, NS4A/B, NS5) proteins (fop) that are
translated at ER membranes (bottom). Arrows indicate polyprotein cleavage sites by host or viral factors.
(b) Mature flavivirus particles are formed by the cleavage of prM protein into M protein on the virion
surface. Figure adapted from Pierson & Diamond, 2020°%.

43



cytoplasm

ER lumen

Figure 1.4. Schematic of the flavivirus replicase complex (RC) within vesicle packets (VP) of ER
membrane. All seven nonstructural proteins (NS1, NS2A/B, NS3, NS4A/B, NS5) co-localize to the RC
with dsRNA, along with host factors (HF). NS1 resides at the luminal membrane, providing a requires
scaffold function during viral genome replication. NS1 indirectly or directly interacts with NS4A, NS4B,
and/or NS4A-2K-NS4B. Figure adapted from Muller & Young, 2013'°.
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Figure 1.5. Schematic of NS1 cellular trafficking in infected cells. (1) NS1 is translocated into the ER via
a signal sequence corresponding to the last 24 amino acids of E. Within the ER, NS1 (2) acquires high-
mannose N-linked glycans (Asnl30, Asn207, +/- Asnl75), (3) dimerizes, and (4) associates with
membranes (MNS1). (5) A fraction of cell associated dimeric NS1 traffics to the plasma membrane, where
sometimes it can be found in associated with lipid rafts and/or GPI anchors. Another fraction of NS1 (6)
hexamerizes, (7) undergoes glycan processing in the Golgi, and (8) is secreted from infected cells. Secreted
NS1 (sNS1) carries lipid cargo in its hollow core (sNS1-LP) and (9) can bind back to infected or non-
infected cells via glycosaminoglycans (GAGs) or possibly unidentified protein receptors. Figure adapted
from Muller & Young, 2013'°.
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Figure 1.6. Protein structure of dimeric and hexameric NS1. (a-b) Structure of dimeric WNV NS1 (PDB
406D) from side (a) and top (b) views. In each structure, one monomer is gray and one is color-coded by
domain (blue, B-roll; yellow, wing; red, B-platform; and salmon, spaghetti loop). The disordered flexible
loop is indicated with orange dashed lines. Amino acid residues corresponding to each particular domain
are indicated in parentheses. (¢) Surface representation of the DENV2 NS1 hexamer (PDB 406B). The
hexamer core contains the inner hydrophobic surfaces (B-rolls colored in blue). The exposed surfaces
include the polar outer surfaces of the wing domains and the spaghetti loops (colored in salmon). Figure

generated using PyMOL version 2.0 (Schrodinger, LLC).
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Figure 1.7. Schematic of NS1 interactions with host factors in the vasculature related to immune evasion,
activation, and modulation. (1) Secreted, soluble NS1 (sNS1) can bind to the surface of endothelial cells
via GAGs or possibly other unidentified receptors. (2) During acute DENV infection, anti-NS1 antibodies
can form immune complexes that (3) can activate complement, releasing anaphylatoxins C3a and C5a to
mediate inflammation. (4) DENV NSI can activate platelets via TLR4, mediating aggregation and
thrombocytopenia. (5) NSl-induced inflammation and platelet aggregation potentially contribute to
enhanced vascular permeability seen during DENV infection. (6) DENV NSI1 can bind TLR4 on monocytes,
leading to expression of pro-inflammatory and vasoactive cytokines contributing to pathogenesis. Cell
surface NS1 (mNS1) expressed on infected cells can engage anti-NS1 antibodies that mediate (7)
complement-dependent lysis or (8) phagocytosis. (9) Antibodies binding to NS1 linked to GPI anchors may
possibly mediate intracellular signaling. (10) Some DENV NS1-specific antibodies are autoreactive with
host factors such as platelets and endothelial cells, potentially contributing to inflammation and
pathogenesis. (11) DENV NS1 can directly activate complement in solution, releasing anaphylatoxin C5a
and soluble C5b9 complexes (sC5b9). (12) Interaction of DENV NS1 with clusterin leads to increased
formation of sC5b9 complexes during infection. (13) WNV NSI binds factor H of the alternative
complement pathway to evade immunity. (14) At least DENV, YFV, and WNV NS1 interact with
components of the classical complement pathway such as C4, recruiting Cls to promote cleavage of C4 to
C4b and thus attenuate C4b deposition and C3 convertase activity. NS1 also interacts with C4 binding
proteziﬂ] (C4BP), recruiting factor I to inactivate C4b on cell surfaces. Figure adapted from Muller & Young,
20137
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Figure 1.8. Schematic of NS1-mediated endothelial hyperpermeability. Soluble NS1 binds to the surface
of endothelial cells via glycosaminoglycans (GAGs) or unidentified receptors. Binding induces the
expression and activation of enzymes such as cathepsin L and heparanase, leading to sialic acid (Sia) and
GAG degradation and shedding of heparan sulfate proteoglycans (HSPG) such as syndecan-1. This
degradation of the endothelial glycocalyx (EGL) is associated with endothelial hyperpermeability. Notably,
flaviviruses trigger vascular permeability in a tissue-specific manner that correlates with disease tropism.
Possibly, increased permeability across blood-tissue barriers facilitates virion entry into tissues, although
this is not known. Figure adapted from Puerta-Guardo et al., 2019*,
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Chapter 2

Antibodies targeting epitopes on the cell-surface form of NS1 protect against
Zika virus infection during pregnancy

This chapter is adapted from a manuscript published in Nature Communications:

Wessel AW, Kose N, Bombardi RG, Roy V, Chantima W, Mongkolsapaya J, Edeling MA, Nelson
CA, Bosch I, Alter G, Screaton GR, Fremont DH, Crowe JE Jr, Diamond MS. (2020) Antibodies
targeting epitopes on the cell-surface form of NS1 protect against Zika virus infection during
pregnancy. Nat Commun. 11(1):5278.

A.W.W. performed all ELISA and flow cytometry studies, antibody sequencing, and infection
studies with ZIKV. A\W.W. and M.S.D. generated the murine anti-NS1 mAbs. N.K., R.G.B.,
W.C., and J.M. generated the human anti-NS1 mAbs. V.R. performed in vitro antibody effector
function studies. M.A.E. generated the expression vectors for full-length and DII/III ZIKV NSI,
and purified DIV/III NS1 protein used in ELISA. I.B. provided murine anti-NS1 mAb 130.99.
A.W.W. performed data analysis. C.A.N. aided in structural analysis. G.A., J.LE.C., D.H.F., G.R.S.,
and M.S.D. acquired resources and directed the project. A.W.W. and M.S.D. wrote the initial
manuscript draft. All other authors provided editorial comments.
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2.1 Summary

There are no licensed therapeutics or vaccines available against Zika virus (ZIKV) to
counteract its potential for congenital disease. Furthermore, antibody-based countermeasures
targeting the ZIKV envelope protein have been hampered by concerns for cross-reactive responses
that induce antibody-dependent enhancement (ADE) of heterologous flavivirus infection.
Nonstructural protein 1 (NS1) is a membrane-associated and secreted glycoprotein that functions
in flavivirus replication and immune evasion but is absent from the virion. Although some studies
suggest that antibodies against ZIKV NS1 are protective, their activity during congenital infection
is unknown. Here we develop mouse and human anti-NS1 monoclonal antibodies that protect
against ZIKV in both non-pregnant and pregnant mice. Avidity of antibody binding to cell-surface
NS1 along with Fc effector functions engagement correlate with protection in vivo. Furthermore,
protective mAbs map to exposed epitopes in the wing domain and loop face of the B-platform.
Anti-NS1 antibodies provide an alternative strategy for protection against congenital ZIKV

infection without causing ADE.
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2.2 Introduction

Zika virus (ZIKV) is an arthropod-transmitted flavivirus that historically caused sporadic
human infections in Africa and Asia after its discovery in 1947 !. However, its recent dissemination
to Oceania and the Americas drew global attention due to its association with new and severe
clinical manifestations 2. Whereas most ZIKV infections are asymptomatic or present as a mild
febrile illness, the epidemic in French Polynesia established a linkage to severe neurological

35 In Brazil and other countries of the

complications including Guillain-Barré syndrome
Americas, infection during pregnancy caused microcephaly and other congenital malformations
67, Although the epidemic has waned, the potential for re-emergence of ZIKV poses a significant
threat to public health. Nonetheless, there are no approved vaccine or therapeutic countermeasures.

ZIKV is related closely to other pathogenic flaviviruses, including the four serotypes of
dengue (DENV), West Nile (WNV), Japanese encephalitis (JEV), yellow fever (YFV), and tick-
borne encephalitis (TBEV) viruses. Flavivirus NS1 is a highly conserved 48-kDa glycoprotein that
dimerizes upon translocation into the endoplasmic reticulum, where it fulfills a scaffolding
function in viral RNA replication 319, NS1 also is expressed on the plasma membrane of infected

cells as a dimer '!-12

and secreted into the extracellular space as a soluble hexamer '*. The cell-
surface and soluble forms of NS1 modulate host immunity through interaction with complement
proteins 17 and possibly Toll-like receptors (TLRs) '®!°. Soluble NS1 accumulates in the serum

of flavivirus-infected human subjects 2022

, which reportedly enhances infectivity of virus
transmitted to mosquito vectors during a blood meal 23*, Soluble NS1 also can bind back to the
surface of uninfected or infected cells, and this activity may impact endothelial integrity and

permeability at blood-tissue barriers 2>-2%. The significance of these findings to pathogenesis,

however, remains uncertain 3.
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NS1 is comprised of three distinct domains: an N-terminal -roll domain (residues 1-29),
a wing domain (residues 30-180), and a B-platform domain (residues 181-352), which has two
faces, one of B-strands and a second largely composed of an extended loop, termed the spaghetti
loop (residues 219-272) 20, Following translation in the ER, NS1 dimerizes via intertwining of
the B-roll domains from two protomers. The dimer creates a surface for membrane interaction via
conserved hydrophobic residues within the B-roll domain and flexible loop (residues 108-129) and
‘greasy finger’ (residues 159-163) regions of the wing domain 2°3!-*2, This hydrophobic surface
also facilitates trimerization of dimers into the NS1 hexamer, which contains an inner hydrophobic
channel that is rich in lipids **. Other regions of the wing and B-platform domains contribute to
forming the electrostatic exterior surface of the hexamer and the membrane-distal surface of the
dimer.
Monoclonal antibodies (mAbs) against NS1 can confer protection against WNV, JEV, and YFV
in animal models 3+, Passive transfer of a single NS1-specific human mAb or polyclonal
antibodies elicited by an NS1 DNA vaccine protected against lethal ZIKV challenge in Star2”
mice 78, Although anti-NS1 mAbs have been developed against multiple flaviviruses, few studies
have mapped the epitopes involved in protection, and the epitope location or mechanism of action
has not been determined for any anti-ZIKV NS1 mAb. Here, we generate murine and human mAbs
against ZIKV NS1 and assess their efficacy in vivo in immunocompetent human STAT2 knock-in
(hSTAT2 KI) mice *. Four murine mAbs (Z11, Z15, Z17, and Z18) and three human mAbs (749-
A4, ZIKV-231, and ZIKV-292) confer protection against ZIKV in non-pregnant mice by limiting
viral infection. A subset of these mAbs also confer protection to the developing fetus following

virus inoculation of pregnant mice. Protection in vivo by anti-NS1 mAbs correlates with strength

and density of binding to NS1 on the cell surface and depends on Fc interactions, as a variant
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antibody that cannot engage Fc-y receptors or complement loses protective activity. Mapping
analyses reveals that the protective mAbs bind to one of two epitopes: (i) the exposed hydrophilic
surface of the wing domain or (ii) the C-terminal tip of the loop face of the B-platform domain.
Our findings suggest that antibodies recognizing epitopes that are accessible on cell-surface forms

of NS1 confer protection against ZIKV in vivo, including during pregnancy.

2.3 Results

Generation of anti-ZIKV NS1 mAbs. To generate murine mAbs against NS1, we inoculated and
boosted BALB/c mice with a mouse-adapted variant of ZIKV Dakar 41525 (Senegal, 1984) 3°. To
focus the humoral response on NS1, we also boosted mice two additional times with adjuvanted
recombinant full-length ZIKV NS1 protein. We isolated 42 hybridomas that secreted NS1-binding
mAbs as determined by ELISA with recombinant NS1 protein and flow cytometry of ZIKV-
infected cells (Table 2.1). Ten antibodies of the IgG2a subclass were prioritized given prior
evidence of the protective activity of anti-WNV NS1 mAbs of this isotype **. One IgG2a mAD,
721, displayed weak binding to ZIKV NS1 and was not studied further.

We separately generated human mAbs against ZIKV NS1 from B cells of subjects who
had been infected with ZIKV %, We isolated 22 human mAbs that bound to ZIKV NS1 protein by
ELISA. Initially, we tested the human mAbs in a stringent, lethal challenge model of ZIKV in
immunocompromised mice *'. Two of the 22 human mAbs, ZIKV-231 and ZIKV-292, conferred
some protection against lethality (12 and 40% survival, respectively, compared to 0% of controls)
and were prioritized for further testing. One additional human IgG1, 749-A4, was isolated from a
DENV-immune subject and was prioritized because it cross-reacted with ZIKV NS1.

We evaluated 10 murine IgG2a and all 23 human IgG mAbs for more extensive cross-

reactivity with NS1 proteins of ZIKV, DENV serotype 2 (DENV2), WNV, JEV, TBEV, and YFV
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(Table 2.2). All of the murine IgG2a and 20 of the 23 human IgG mAbs were ZIKV-specific,
whereas human mAbs ZIKV-240 and ZIKV-315 demonstrated weak reactivity with JEV and
DENV2, respectively. However, human mAb 749-A4 bound to ZIKV, DENV2, WNV, and JEV
NS1, but not TBEV or YFV NS1. In comparison, 9NS1, a previously generated mouse IgG1 mAb
against WNV NS1 33, recognized all six flavivirus NS1 proteins tested.

We performed an ELISA-based binding assay to define competition groups for the 10
murine IgG2a and 3 prioritized human IgG1 mAbs (Tables 2.2 and 2.3). The mAbs segregated
into five competition groups: group A, Z12, Z13, and Z19; group B, Z11, Z15, Z18, and ZIKV-
292; group C, Z17, ZIKV-231, and 749-A4; group D, Z14 and Z16; group E, Z20.

Protection by anti-ZIKV NS1 mAbs in immunocompetent mice. We tested the efficacy of anti-
NS1 mAbs against ZIKV in immunocompetent, male and female hSTAT2 KI mice. These animals
support infection because ZIKV can antagonize human STAT2 but not mouse Stat2 3°. The
hSTAT?2 KI mouse model is more typical of moderate human infection and does not support the
severe ZIKV disease seen with immunocompromised mice: 3-week-old infected mice have limited
lethality, and fetuses from infected pregnant mice sustain high levels of ZIKV but do not develop
microcephaly or fetal demise 734!, Three- to 4-week-old mice received a single 200 pg dose (~10
mg/kg) of anti-ZIKV NS1 or isotype control mAb via intraperitoneal injection concurrently with
subcutaneous inoculation of ZIKV in the foot. Whereas murine mAbs Z12, Z13, Z14, Z16, and
720 failed to diminish viral burden in the spleen or brain at 9 days post-infection (dpi), Z11, Z15,
Z18, and Z17 reduced ZIKV infection in both tissues, with several animals having viral RNA
levels below the limit of detection (Figure 2.1A-B). Human mAbs 749-A4 and ZIKV-231
conferred similar reductions in viral burden in the spleen and brain, whereas ZIKV-292 protected

only in the brain (Figure 2.1C-D). No mAb treatment completely protected, as viral RNA
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breakthrough was observed in a subset of animals.

Previous studies with some anti-WNV and anti-YFV NS1 mAbs showed that Fc effector
functions were required for optimal protection **3°. To test for effects on protection against ZIKV,
we engineered leucine (L) to alanine (A) substitutions at residues 234 and 235 (LALA) for three
of the human mAbs (ZIKV-231, ZIKV-292, and 749-A4) and confirmed diminished binding to
FcyRs by direct ELISA (Figure 2.2A). When hSTAT2 KI mice were administered the anti-NS1
mAb IgG-LALA variants and inoculated with ZIKV, we observed no protection in the brain
compared to the isotype control mAb-treated mice, consistent with a contribution of Fc effector
functions (Figure 2.1D).

For a subset of the mAbs that protected in hSTAT2 KI mice, we assessed their ability to
prevent lethal ZIKV infection using a more stringent immunocompromised mouse model 3!,
Four- to five-week-old C57BL/6J mice were administered 1 mg of anti-Ifnarl-blocking mAb and
500 pg (~25 mg/kg) of anti-ZIKV NSI or isotype control mAb via intraperitoneal injection. The
following day, mice were inoculated with ZIKV via subcutaneous injection in the foot, and
lethality and weights were recorded for 21 days. Of the three murine IgG2a mAbs tested, Z17
significantly protected against ZIKV-mediated lethality and weight loss (Figure 2.1E-F).
Although Z15 and Z18 conferred partial protection against lethality, these results did not attain
statistical significance (Z15, p = 0.052; Z18, p = 0.089). Of the two human IgG1 mAbs tested in
this model, both 749-A4 and ZIKV-292 prevented lethality, but only 749-A4 limited weight loss
(Figure 2.1G-H).

Antibody protection in pregnant mice. We tested whether anti-NS1 mAbs could protect against
ZIKV during pregnancy. We used hSTAT2 KI mice, in which ZIKV infection during pregnancy

results in transmission to the fetal brain without fetal demise *°. For the murine mAbs, we focused
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efforts on testing Z15 (group B) and Z17 (group C), given their protection in young hSTAT2 KI
mice and distinct competition groups (Figure 2.3A-C). We tested two human mAbs: ZIKV-292
from competition group B and 749-A4 from group C (Fig 2d-f). After mating adult male and
female hSTAT2 KI mice, at embryo day (E)6.5, females were inoculated subcutaneously with
ZIKV and concurrently administered 250 pg of anti-NS1 or isotype control mAb via
intraperitoneal injection. Pregnant dams were euthanized on E13.5, and viral RNA levels were
measured in the maternal spleen, the fetal-derived placenta, and fetal head. Despite conferring
protection in non-pregnant, young hSTAT2 KI mice, murine mAb Z15 did not reduce viral burden
in maternal or fetal tissues (Figure 2.3A-C). Administration of mAb Z17, however, markedly
reduced ZIKV infection in the placenta and fetal head (Figure 2.3B-C). To determine whether a
combination of mAbs from different competition groups could enhance protection during
pregnancy, we administered pregnant mice a cocktail of Z15 (125 pg) and Z17 (125 pug) mAbs.
Treatment with the mAb cocktail trended toward greater reduction in ZIKV titers in the placenta
and fetal head compared to treatment with Z17 alone (51% versus 21% of samples at the limit of
detection in the fetal head), although this difference did not attain statistical significance.
Treatment of pregnant dams with human mAb ZIKV-292 (group B) also reduced viral
burden in the placenta and fetal head (Figure 2.3D-F). Group C mAb 749-A4 conferred a small
yet statistically significant reduction of virus in these tissues as well. Notably, the protective effect
of 749-A4 was lost when an IgG-LALA variant was used, which suggests a role for Fc effector
functions in anti-NS1 antibody-mediated protection during pregnancy.
Avidity for cell surface NS1 correlates with protection. Given the Fc effector function-
dependence of protection of some of our mAbs, we hypothesized that protective anti-ZIKV NS1

mAbs would recognize cell-surface forms of NS1 to enable antibody-dependent immune cell
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clearance of virus-infected cells. We evaluated this idea using a flow cytometric assay with intact,
ZIKV-infected cells. Murine mAbs Z11, Z15, and Z18, which protected against ZIKV in non-
pregnant hSTAT2 KI mice, bound avidly to the surface of infected cells (half maximal effective
concentration (ECso): Z11, 2.2 ng/mL; Z15, 1.5 ng/mL; Z18, 1.5 ng/mL; Figure 2.4A-B, Table
2.2). Murine mAb Z17, which also protected in vivo, bound slightly less avidly than Z15 and Z18
(ECso of 18.4 ng/mL) but greater than non-protective murine mAbs Z12, Z13, and Z19 (ECso: Z12,
29.2 ng/mL; Z13, 105.7 ng/mL; Z19, 66.2 ng/mL). Since Fc effector function-dependent
protection likely requires antibody cross-linking to low affinity Fc-y receptors, which depends on
both the strength of mAb binding to target antigens and the number of sites bound -6, we
examined the density of mAb binding to the cell surface using the mean fluorescence intensity
(MFI). Antibody binding density was substantially lower for the non-protective mAbs compared
to the protective mAbs Z11, Z15, Z18, and Z17 (Figure 2.4C). The non-protective murine mAbs
had reduced avidity and density of binding (Z14), or did not show binding to NS1 on the surface
of infected cells (Z16 and Z20). The human mAbs ZIKV-231, ZIKV-292, and 749-A4 bound to
NS1 on the cell surface NS1 to a similar extent as mAb Z17 (ECso of 3.9, 3.4, and 14.6 ng/mL,
respectively; Figure 2.4E-F). Despite their differential binding patterns to NS1 on the cell surface,
all murine and human mAbs except for Z19 and Z21 bound strongly to solid-phase, hexameric
ZIKV NS1 in an ELISA (Figure 2.4D and G).

Effector functions of anti-NS1 mAbs. To begin to understand potential Fc effector mechanisms
of protection, we assessed the activity of a subset of our anti-ZIKV NS1 mAbs using in vitro
effector function assays. To assess antibody-dependent complement deposition, we coupled beads
to recombinant ZIKV NS1, added anti-NS1 mAbs, and measured complement (C3b) deposition.

Among the anti-NS1 mAbs tested, Z17, ZIKV-292, and 749-A4 promoted complement (C3b)
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deposition (Figure 2.2B). All of the mAbs tested also promoted internalization of NS1 antigen-
coated beads by neutrophils or monocytes (Figure 2.2C-D).

Protective mAbs bind to distinct epitopes in NS1. To begin to understand the basis for
differential recognition of cell surface NS1 and protection in vivo, we mapped the epitopes of the
anti-ZIKV NS1 mAbs. We localized NS1 binding sites critical for mAb recognition using (i)
alanine-scanning mutagenesis and (ii) structure-guided charge-reversal mutagenesis 7.

‘Shotgun mutagenesis’ *” was performed by substituting each residue of NS1 with alanine.
Pre-existing alanine residues were substituted with serine, and the invariant cysteine residues were
not changed given their requirement in NS1 folding 3!. We assessed binding of anti-ZIKV NSI
mAbs to each mutant NS1 protein using a flow cytometric assay that compared staining of wild-
type and mutant plasmid-transfected cells. Residues were deemed critical for mAb binding if a
substitution resulted in less than 25% binding relative to that of WT NS1 but did not affect
recognition by an oligoclonal pool of nine anti-NS1 mAbs. After evaluating the library of 340
mutants, we found that alanine substitution at three residues (R40, N82, and W115) within or
structurally proximal to the wing domain flexible loop (residues 108-129) caused loss-of-binding
of the non-protective group A mAbs, Z12 and Z13 (Figure 2.5A). Sequencing of the variable
heavy and light chain regions revealed these two mAbs are related clonally, consistent with their
shared binding patterns (Table 2.4). The group A mAb Z19 also showed loss-of-binding with
alanine substitutions at residues R40, N&82, and W115, and mutation at residue R40 resulted in
diminished binding of the non-protective group E mAb Z20. The protective group C mAbs mapped
to residues on the exposed loop face of the B-platform domain (residues 181-352) (Figure 2.5B).
Human mAb ZIKV-231 mapped to residue K265 within the spaghetti loop (residues 219-272) and

to residue R314 at the C-terminal tip of the B-platform domain (278-352), whereas Z17 and 749-
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A4 mapped to residues exclusively at the C-terminal tip of the B-platform (e.g., E289 and R338).
For unclear reasons, we were unable to map the epitopes of the protective group B and non-
protective group D mAbs using this approach.

A previous study identified immunodominant B cell epitopes in DENV NS1 for mice and
humans *¥. Using these epitope regions as guides, we engineered charge-reversal mutants (Table
2.5) at solvent-exposed and adjacent residues predicted by the ZIKV NS1 atomic model 3!. We
examined binding to these mutants as an alternative approach for mapping the anti-ZIKV NS1
mAbs in competition groups B (Z11, Z15, Z18, and ZIKV-292) and D (Z14). The protective group
B murine mAbs mapped to residues clustered on the membrane-distal, charged surface of the wing
domain: Z15: K146; Z11 and Z18: Q102; and ZIKV-292: P101 and L177/E178 (Figure 2.5C).
The non-protective group D mAb, Z14, mapped to two residues (G305 and V307) on the
membrane-facing surface of the B-platform domain (Figure 2.5D). This approach also identified
key residues for binding of group C mAbs: Z17: T290; ZIKV-231: T293 (Figure 2.5D and Table
2.5).

Mutated residues that resulted in loss of Ab binding were mapped onto the ZIKV NS1
crystal (Figure 2.5E, top view; Figure 2.5F, side view) and secondary structures (Figure 2.5G).
The mAb competition groups localize to distinct epitopes. The non-protective mAbs (groups A,
D, and E) map to the membrane-facing surface of the dimer including the wing flexible loop and
B-strand face of the B-platform. The protective mAbs (groups B and C) map to the membrane-
distal, accessible surface of the dimer including the charged surface of the wing domain and the

loop face of the B-platform.

2.4 Discussion

We examined the protective efficacy of newly generated mAbs targeting ZIKV NS1 in
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vivo. We identified four murine (Z11, Z15, Z18, and Z17) and three human mAbs (ZIKV-292,
ZIKV-231, and 749-A4) that conferred protection against ZIKV in non-pregnant hSTAT2 KI
mice, whereas five other murine mAbs (Z12, Z13, Z14, Z16, and Z20) did not show this activity.
Three of the mAbs tested (Z17, ZIKV-292, and 749-A4) also protected against lethal ZIKV
challenge in immunocompromised mice and reduced viral infection the fetuses of pregnant mice.
Whereas all mAbs recognize the soluble NS1 hexamer relatively equivalently, the protective and
non-protective groups of antibodies differentially bind to cell-surface NS1, which is believed to
be expressed as a dimer 2%, The protective mAbs bind avidly and at high site density to cell-
surface NS1 and map to two accessible regions on the membrane-distal surface of the dimer: the
wing domain and the loop face of the B-platform. In contrast, the non-protective mAbs bind
relatively poorly to cell-surface NS1 and map to less accessible epitopes near the hydrophobic,
membrane-facing surface of the NS1 dimer.

A prior study suggested that protection against lethal WNV infection by anti-NS1 mAbs
correlated with recognition of NS1 on the surface of infected cells °!. Our data suggest that avid
and high-density binding to cell-surface NS1 is a determinant of protection for anti-NS1
antibodies. Structural studies suggest that dimeric NS1 interacts with the cell membrane through
the hydrophobic beta-roll domain, the flexible loop, and greasy finger of the wing domain 2%3!,
These regions on the cell-surface form of NS1 may be relatively inaccessible for antibody binding,
which could explain why group A mAbs (Z12 and Z13; flexible loop) bound poorly and do not
protect. The membrane-distal surfaces of the dimer, which should be accessible on cell-surface
forms of NS1, include the charged surface of the wing domain and the loop face of the pB-platform
domain. These regions are recognized efficiently by group B (wing) and C (loop-face) mAbs,

which protect against ZIKV infection in vivo.
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The protective group C mAbs (Z17, ZIKV-231, and 749-A4) map to residues within the
C-terminal region of the B-platform, which contains conserved sequences in flaviviruses. One
epitope within the B-platform of NS1 has been described structurally. The WNV NS1-specific
mAb, 22NS1, which protects against WNV challenge, contacts residues within an elongated loop
that connects the fourth and fifth B-strand of the B-platform (spaghetti loop) as well C-terminal tip
residues (Figure 2.5G) *°. Two of our group C mAbs bind epitopes that share contact residues
with 22NS1. ZIKV-231 maps to two C-terminal tip residues, which are structurally equivalent to
22NS1 epitope contacts (T293 and R314), and the third ZIKV-231 residue we identified (K265)
is located within the spaghetti loop proximal to the 22NS1 epitope. We also identified two C-
terminal tip epitope residues for the broadly NS1 reactive 749-A4 mAb (E289 and R314), and both
of these are conserved in WNV and contacted by 22NS1. Murine mAb 9NS1, which was isolated
against WNV 35, cross-reacts with all tested flavivirus NS1 proteins and also maps to conserved
residues at the C-terminal tip. Thus, it is possible that other mAbs binding this C-terminal epitope
could provide cross-protection against other flaviviruses, although this warrants further
examination. Whereas we observed a protective effect against ZIKV following passive
administration of group C mAbs, some anti-DENV NSI antibodies that bind C-terminal epitopes
(particularly residues 305-330) reportedly react with human endothelial cells, platelets, and
plasminogen and are speculated to contribute to pathogenesis 3234,

The wing domain, particularly within residues 101-130, contains immunodominant B-cell
epitopes for DENV NS1 in mice and humans *¢. The group A (Z12, Z13, and Z19), group B (Z11,
Z15, Z18, and ZIKV-292), and group E (Z20) mAbs map to these residues, although to distinct
regions. The protective group B mAbs map to the membrane-distal, hydrophilic surface of the

wing domain, whereas the non-protective group A mAbs map to the hydrophobic flexible loop
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(W115) of the wing domain. A previously generated murine mAb against WNV NS1, 16NS1, also
maps to residues (W118 and 1122) within the flexible loop *¢. The flexible loop (residues 108-129)
was disordered in the WNV and DENV NSI1 crystal structures but stabilized in the ZIKV NSI
structure 3132, This region is believed to facilitate membrane association with the distal end of the
wing domain via conserved hydrophobic residues. MAb 16NS1 protected mice against lethal
WNV challenge 3, whereas Z12 and Z13 failed to inhibit ZIKV infection. Although further studies
with a larger panel of mAbs that map to this particular epitope are warranted, we speculate that the
flexible wing domain hydrophobic loops of ZIKV and WNV NS1 may interact differently with
membranes, thereby modulating their unique antibody epitope accessibilities. Moreover, structural
studies that achieve atomic-level resolution of mAb bound to NS1 may help to identify further
how protective and non-protective mAbs engage NS1.

We evaluated a combination of two mouse mAbs (Z15 and Z17) during pregnancy to
determine whether concurrent targeting of more than one epitope could enhance protection, as

35-57 This combination trended

there is precedence for this approach in antiviral antibody therapies
toward reducing viral infection in fetal heads, although it did not attain statistical significance. We
evaluated a second combination of human antibodies that bound distinct epitopes (ZIKV-292 and
749-A4) during pregnancy as well, but did not observe greater protection. In the future, additional
two- or even three-antibody combinations could be tried in this model.

Passive transfer of NS1-specific mAbs can protect mice from lethal challenge with WNV,
JEV, or YFV 3436, The mechanism of protection for many of the anti-WNV NS1 mAbs was Fc-
dependent, as it was lost in mice lacking Fc-y receptors or C1q ¥. Analogously, an anti-YFV NS1

antibody mediated antiviral protection in mice when using IgG2a, but not IgG1 isotype switch

variants or cleaved F(ab’), fragments **. More recently, passive transfer of a single human anti-
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ZIKV NS1 mAb (AA12) protected Stat2”~ mice against lethal challenge with ZIKV 373 although
epitope mapping data was not provided. Similar to our data, protection was Fc-dependent, as
determined with loss-of-function mutations in the Fc region 8. To test Fc-dependent protection by
the human mAbs, we generated Fc region LALA variants, which have reduced binding to Fc-y
receptors and complement. Although we observed loss of protection in the hRSTAT2 KI mice using
the Fc region LALA variants, the effect might be greater with LALA-PG or other mutations that
more completely eliminate binding to Fc receptors and complement 8. Given that ZIKV-infected
cells express high levels of NS1 on the plasma membrane, NS1-specific antibodies that bind avidly
and with high site density may promote clearance of infected cells via cross-linking and promoting
Fc-mediated effector functions. The specific effector functions of a mAb might explain differences
we observed in protection between non-pregnant and pregnant mice. Mouse mAb Z17 protects in
both mouse models, whereas Z15 protects only in non-pregnant mice. Given that Z17 induces
more complement deposition than Z15 in Fc effector function assays, complement-dependent
cytolysis or opsonization might contribute to antibody-mediated protection of the fetus against
ZIKV. Indeed, human mAbs ZIKV-292 and 749-A4, which protected in pregnancy, also promoted
complement deposition. We cannot exclude the possibility that antibodies also may protect by
targeting the secreted form of NS1 and blocking its potential effects on immune evasion and
pathogenesis 1318192628 ‘Tndeed, soluble ZIKV NS1 protein may promote placental dysfunction
and permeability through modulation of glycosaminoglycan expression on chorionic villi 2.
Most antibody-based therapeutic or vaccine strategies against ZIKV have focused on
generating neutralizing antibodies against the viral envelope protein, which indeed protect in
different animal models 4%>%0. However, pre-existing anti-envelope protein antibodies reportedly

can augment both ZIKV and DENV infection, a phenomenon termed ADE 62, NS1-targeted
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vaccines have been developed as an alternative to envelope protein-targeted strategies to avoid
ADE because NS1 is absent from the virion. Indeed, NS1-based vaccines can protect mice against
lethal YFV, TBEV, and ZIKV infections -7, Whether any of these vaccine candidates can protect
the developing fetus from ZIKV, however, remains to be tested. Given that several anti-NS1 mAbs
that limited ZIKV infection in the placenta and fetus, NS1-targeted vaccines or antibody-based
therapies might confer protection during pregnancy, without the risk of immune enhancement of
homologous or heterologous flavivirus infection.

In summary, we defined a panel of anti-NS1 mAbs that limit ZIKV infection in non-
pregnant and pregnant mice and established functional correlates of protection: binding to cell
surface forms of NS1 and engagement of Fc receptors by mAbs. One limitation of this study is
that it does not assess protection in a model of ZIKV-induced fetal demise. To achieve such
extensive disease in mice requires the use of highly immunocompromised animals where ZIKV
disseminates widely and replicates to high titer 3*%%. Anti-NS1 mAbs could be developed alone or
in combination with anti-envelope protein antibodies (the latter possibly engineered to lack Fc
interactions to avoid ADE) for prevention against ZIKV infection and congenital disease. Our
studies suggest that NS1-specific antibodies recognizing antigenic sites in the charged surface of
the wing domain and C-terminal end of the B-platform domain loop face optimally mediate
protection in vivo because they are accessible in the cell-surface associated form of dimeric NS1.
Vaccines targeting these epitopes may induce the most protective NS1-specific antibodies. Future
studies that elucidate the atomic structures of protective mAbs bound to NS1 may refine antigen

engineering strategies for rational NS1 vaccine design.

2.5 Methods

Ethics statement. All animal procedures were carried out in accordance with the
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recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocols were approved by the Institutional Animal Care and Use
Committee at the Washington University School of Medicine (assurance no. A3381-01). To
minimize animal discomfort and suffering, injections were performed under anesthesia that was
induced and maintained with ketamine hydrochloride and xylazine. All human anti-ZIKV mAbs
except for 749-A4 were isolated from the blood of subject 973 “0%°) who had a history of ZIKV
(African lineage strain) infection. Blood samples were collected by the Vanderbilt Clinical Trials
Center following written informed consent using a protocol approved by the Vanderbilt University
Medical Center Institutional Review Board. Human mAb 749-A4 was isolated after written
informed consent from blood collected from an inpatient who tested positive for DENV by RT-
PCR at the Hospital for Tropical Diseases "°. The study protocol was approved by the Scientific
and Ethical Committee of the Hospital for Tropical Diseases, the Oxford Tropical Research Ethical
Committee, and the Riverside Ethics Committee in the United Kingdom.

Cells. Vero, HEK-293T, and C6/36 cells (all from American Type Culture Collection) were
propagated in Dulbecco’s modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 1 mM sodium pyruvate, and 10 mM HEPES, pH 7.3. Hybridoma cells were grown
in Isocove’s modified Eagle Medium supplemented with 20% FBS (Hyclone), 1 mM sodium
pyruvate, and 100 U/mL of penicillin and streptomycin.

Viruses. The mouse-adapted variant of ZIKV strain Dakar 41525 (Senegal, 1984) has been
described *°. Virus stocks were propagated in C6/36 or Vero cells and titered by focus-forming
assay 1.

Purification of NS1 domain (D)II/III protein. A ZIKV NS1 C-terminal construct was

engineered, expressed, and purified essentially as described for WNV and DENV NS1 30,
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Briefly, residues 966-1148 of the ZIKV strain H/PF/2013 polyprotein (residues 172-352 of ZIKV
NS1) was cloned into the Nhel and Notl restriction sites of pET21a for expression in BL21 (DE3)
codon plus E.coli cells by autoinduction 72, Inclusion bodies (200 to 300 mg) were denatured in 7
M guanidinium hydrochloride and 30 mM B-mercapthanol for 1 h at 37°C, centrifuged for 10 min
at 4°C, and diluted to 2 M guanidinium hydrocloride in 50 mM sodium acetate pH 5.2. The
supernatant was filtered and refolded by rapid, serial dilution (I mL injections, hourly) in 1 L of
refolding buffer (400 mM L-arginine, 100 mM Tris-base pH 8.3, 2 mM EDTA, 0.5 mM oxidized
glutathione, 5 mM reduced glutathione, and 0.2 mM phenylmethanesulfonyl fluoride) at 4°C. The
recombinant protein was concentrated using a stirred cell concentrator with YM10 membrane
(Millipore), centrifuged to remove aggregates, and purified on a S-75 size exclusion
chromatography column equilibrated in 20 mM HEPES pH 7.4, 150 mM NacCl, and 0.01% NaNj.
Antibody generation. (i) Mouse mAbs: Six-week-old female BALB/c mice were primed and
boosted 3 weeks later with 10° focus forming units (FFU) of ZIKV following administration of 1
mg of an Ifnarl-blocking mAb (clone MAR1-5A3; Leinco 1-401) 7. At 6 weeks after initial
infection, mice were boosted with 25 pg of recombinant ZIKV NS1 protein (Native Antigen)
mixed 1:1 with Freund’s Incomplete Adjuvant. Mice were given a final pre-fusion boost with 25
ug of ZIKV NSI1 protein in PBS at 10 weeks after initial infection. Three days later, splenocytes
were harvested and fused with P3X63 Ag8.653 myeloma cells to generate hybridomas 7.
Supernatants were screened for antibody binding to ZIKV-infected cells by flow cytometry or to
recombinant ZIKV NSI1 protein by ELISA. Briefly, ZIKV-infected C6/36 cells (MOI of 0.1, 3 dpi)
were fixed with 4% paraformaldehyde (PFA), permeabilized in PBS, 0.1% saponin, 0.1% bovine
serum albumin (BSA), and then incubated with hybridoma culture supernatants supplemented with

0.1% saponin. Anti-NS1 mAbs were detected using Alexa Fluor 647-conjugated goat anti-mouse
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IgG (1:2000 dilution; Thermo Fisher). For screening by direct ELISA, recombinant ZIKV NSI
(0.4 pg/ml; Native Antigen) was immobilized onto MaxiSorp 96-well plates (Thermo Fisher)
overnight at 4°C in 50 pl of sodium bicarbonate buffer, pH 9.3. Subsequently, plates were washed
four times with PBS and blocked with ELISA buffer (PBS, 1% BSA, and 0.05% Tween 20) for 1
h at 37°C. Plates then were incubated with undiluted hybridoma culture supernatants for 1 h at
room temperature. After washing four times with ELISA buffer, plates were incubated with
biotinylated anti-mouse IgG (H + L; 1:2000 dilution; Jackson ImmunoResearch) for 30 min. Plates
were washed again and incubated with streptavidin-conjugated horseradish peroxidase (1:625
dilution; Vector Laboratories) for 30 min. After a final wash series, plates were developed using
3,3°,5,5 -tetramethylbenzidine substrate (Agilent). The reaction was stopped using 2 N H2SO4 and
absorbance at 450 nm was read with a TriStar Microplate Reader (Berthold Technologies) to detect
anti-NS1 antibodies. Positive hybridomas were cloned by limiting dilution, and selected mAbs
were purified by a commercial source (Bio X Cell). (ii) Human mAbs: Human mAbs were
generated two ways: (a) MAbs ZIKV-231 and ZIKV-292: The ZIKV-immune human donors were
described previously *%. Peripheral blood mononuclear cells (PBMCs) from heparinized blood
were isolated using Ficoll-Histopaque and density gradient centrifugation. Ten million PBMCs
were cultured in 384-well plates (Nunc) using culture medium (ClonaCell-HY medium A;
StemCell Technologies) supplemented with 8 pg/mL of the Toll-like receptor (TLR) agonist CpG
(phosphorothioate-modified oligodeoxynucleotide ZOEZOEZZZ7Z7Z0OEEZOEZZZT; Invitrogen),
3 pg/mL of Chk2 inhibitor (Sigma), 1 pg/mL of cyclosporine (Sigma), and clarified supernatants
from cultures of B95.8 cells (ATCC) containing Epstein-Barr virus. After 7 days, cells from each
384-well culture plate were expanded into four 96-well culture plates (Falcon) using ClonaCell-

HY medium A containing 8 pg/mL of CpG, 3 pg/mL of Chk2 inhibitor, and 107 irradiated
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heterologous human PBMCs (Nashville Red Cross) and cultured for an additional 4 days.
Supernatants were screened by ELISA for reactivity with ZIKV NS1. Hybridoma cell lines were
cloned by single-cell flow cytometric sorting in a sterile FACSAria III cytometer (BD
Biosciences). (b) MAb 749-A4: 749-A4 was generated from plasmablasts during acute DENV
infection 77>, PBMCs were stained with anti-CD3 (1:20; BD Pharmingen 345766), anti-CD19
(1:50; Dako RO0808), anti-CD20 (1:20; BD Pharmingen 345794), anti-CD27 (1:20; BD
Pharmingen 555440), and anti-CD38 (1:20; BD Pharmingen 555462), and plasmablasts were
single-cell sorted into 96-well plates containing RNase inhibitor (Promega) by gating on CD19",
CD3-, CD20° to CD20, CD27", and CD38". RT-PCR (Qiagen). Nested PCR (Qiagen) was
performed to amplify genes encoding y-chain, A-chain, and x-chain with ‘cocktails’ of primers
specific for human IgG”>. PCR products encoding heavy and light chain genes were digested with
the appropriate restriction endonuclease(s) and cloned into expression vectors for human IgG1 or
Ig x-chain or A-chain (gift from H. Wardemann)’®. For the expression of antibodies, plasmids
encoding heavy and light chains were co-transfected into 293T cells using the polyethylenimine
method 7.

Mouse experiments. Antibody protection studies were performed using hSTAT2 KI mice *. For
non-pregnancy studies, 3- to 4-week-old male and female hSTAT2 KI mice were administered
200 pg of mAb (anti-NSI or isotype control mAb) via intraperitoneal injection and then
immediately inoculated subcutaneously in the footpad with 103 FFU of ZIKV in a 50 uL volume.
Serum samples were obtained at 3 dpi via facial vein puncture, and tissues were harvested at 9 dpi
following perfusion with 20 mL of PBS. For pregnancy studies, 8- to 16-week-old female hSTAT2
KI mice were paired with male hSTAT2 KI mice and checked each morning for a copulation plug;

this day was defined as E0.5. On E6.5, plugged mice were administered 250 pg of mAb (anti-NS1
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or isotype control mAb) via intraperitoneal injection and then immediately inoculated
subcutaneously in the footpad with 10° FFU of ZIKV in a 50 pL volume. Mice were sacrificed on
E13.5, and the maternal spleen, placentas, and fetal heads were collected. For antibody cocktail
treatments, mice received 125 pg of each antibody.

To assess antibody-mediated protection against lethal ZIKV infection, four- to five-week-old
C57BL/6J mice were administered 1 mg of anti-Ifnar1 blocking mAb (MAR1-5A3) and 500 pg of
anti-NS1 or isotype control mAb via intraperitoneal injection *°. The following day, mice were
inoculated subcutaneously in the footpad with 10° FFU of ZIKV in a 50 uL volume. Lethality and
weights were tracked for 21 days, at which point surviving mice were euthanized.

Viral burden analysis. Organs were weighed and homogenized by bead dissociation using a
MagNA Lyzer (Roche) in a volume of DMEM containing 2% FBS. Viral RNA was isolated from
tissue homogenates using the RNeasy Mini kit (Qiagen), per the manufacturer’s instructions.
ZIKV RNA levels were determined by TagMan one-step quantitative reverse transcriptase PCR
(qQRT-PCR; Forward primer: TTCGGACAGCCGTTGTCCAACACAAG; Reverse primer:
CCACCAATGTTCTCTTGCAGACATATTG; Probe: 56-
FAM/AGCCTACCT/ZEN/TGACAAGCAGTC/3IABKFQ) *. To calculate FFU equivalents from
RNA levels, an RNA standard curve was generated from a defined viral stock.

Antibody domain mapping and cross-reactivity analysis. Recombinant NS1 proteins (0.4
pg/mL) were immobilized onto MaxiSorp 96-well plates (Thermo Fisher) overnight in 50 pL of
sodium bicarbonate buffer, pH 9.3. For mAb domain mapping, full-length ZIKV NS1 (residues 1-
352) or ZIKV NSI1 DII/II (residues 172-352) 3° was immobilized. For determination of cross-
reactivity, ZIKV, DENV2, WNV, JEV, TBEV, or YFV NSI1 proteins (all from Native Antigen)

were adsorbed to wells of MaxiSorp microtiter plates overnight at 4°C. Subsequently, plates were
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washed four times with PBS and blocked with ELISA buffer (PBS, 1% BSA, and 0.05% Tween
20) for 1 h at 37°C. Plates then were incubated with anti-NS1 or isotype control mAbs diluted in
ELISA buffer for 1 h at room temperature. After washing four times with ELISA buffer, plates
were incubated with biotinylated goat anti-human or goat anti-mouse IgG (H + L; 1:2000 dilution;
Jackson ImmunoResearch) for 30 min. Plates were washed again and incubated with streptavidin-
conjugated horseradish peroxidase (1:625 dilution; Vector Laboratories) for 30 min. After a final
wash series, plates were developed using 3,311,5,5[]-tetramethylbenzidine substrate (Agilent). The
reaction was stopped using 2 N H>SO4 and absorbance at 450 nm was read with a TriStar
Microplate Reader (Berthold Technologies).

Antibody binding to NS1 on the cell surface. Vero cells were inoculated with ZIKV at an MOI
of 1. After 24 h, the cells were washed in PBS, detached after incubation in 10 mM EDTA in PBS
for 15 min at 37°C, and then washed again in chilled PBS, 4 mM EDTA, 0.4% BSA (FACS buffer).
The cells then were incubated with serial dilutions (20 pg/mL to 2 pg/mL) of each anti-NS1 or an
isotype control mAb for 1 h at 4°C. After washing in FACS buffer, cells were stained with Fixable
Viability Dye eFluor 506 (eBioscience) and Alexa Fluor 647 conjugated to goat anti-human or
anti-mouse IgG (Thermo Fisher). Cells were washed before fixing in 4% PFA in PBS for 10 min,
and then processed on a MACSQuant Analyzer (Miltenyi Biotec) using FlowJo software. After
gating on live cells, the percent reactivity to cell surface-expressed NS1 was determined and
plotted for each dilution of mAb. The ECso of binding value was calculated using a 4-parameter
logistic curve.

Antibody competition ELISA. Anti-NS1 mAbs were conjugated to biotin using a sulfo-NHS-
biotin kit (Thermo Scientific). MaxiSorp 96-well plates were coated with ZIKV NS1 protein,

washed, and blocked as described above. Plates then were incubated with unmodified anti-NS1
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mAbs at 10 pg/mL for 1 h at room temperature. Without washing, biotinylated mAbs were added
to the plates at pre-optimized concentrations and incubated for 10 min at room temperature. Plates
then were washed four times in PBS, 0.05% Tween 20, and incubated with streptavidin-conjugated
horseradish peroxidase (1:625 dilution) for 30 min. After washing, plates were developed and
absorbance was read as described above.

FcyR I ELISA. MaxiSorp 96-well plates were coated overnight with 50 pL of recombinant human
FcyR I (CD64) protein (1 pg/mL; R&D Systems), washed, and blocked as described above. Serial
dilutions of the anti-NS1 human antibodies (WT and LALA variants) in ELISA buffer were added
to the plates and incubated for 1 h at room temperature. Subsequently, plates were washed four
times and incubated with biotin-conjugated goat anti-human IgG (H + L; 1:2,000 dilution; Thermo
Fisher) for 45 min. Plates then were washed and incubated with streptavidin-conjugated
horseradish peroxidase (1:625 dilution) for 30 min. After a final wash series, plates were developed
and absorbance was read as described above.

Alanine-scanning mutagenesis and epitope mapping. Epitope mapping was performed using
alanine-scanning mutagenesis /. A mammalian expression vector (pFM-A1.2) was constructed to
encode full-length ZIKV NSI1 (strain H/PF/2013), preceded by the native signal sequence (last 25
amino acids of envelope protein) and followed in frame with a hexahistidine affinity tag. The pFM-
A1.2 expression vector was subjected to site-directed mutagenesis (GENEWIZ) to generate a
library of 340 total mutants. Non-alanine codons were mutated to alanine, alanine codons were
mutated to serine, and cysteine codons were not changed. HEK293T cells were transfected with
each mutant construct by using Lipofectamine 3000 (Thermo Fisher) and incubated at 37°C for 1
day to allow for protein expression. Cells were fixed, permeabilized, and incubated with individual

mADbs or an oligoclonal cocktail of anti-NS1 mAbs (Z22,74,711,712,714,715,717,718, 130.99)
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as a control for NS1 protein expression. Anti-NS1 mAb binding was detected using Alexa Fluor
647 conjugated to goat anti-human or goat anti-mouse IgG (1:2,000 dilution; Thermo Fisher). Flow
cytometry was performed on a MACSQuant Analyzer (Miltenyi Biotec) and analyzed using
FlowJo software. Based on previously published criteria 78, critical binding residues for each mAb
were defined as alanine mutants with <25% reactivity relative to WT protein. Mutants with <70%
binding (compared to WT) of the oligoclonal antibody pool were considered poorly expressed and
excluded from further analysis. Additional structure-guided charge-reversal mutants were
generated (GENEWIZ) and assessed for binding to individual mAbs or the oligoclonal cocktail.
The following mAbs were mapped using the entire alanine-scanning library and all charge-reversal
mutants: Z12, Z13, Z14, Z15, Z17, Z18, ZIKV-231, ZIKV-292, and 749-A4. The other mAbs
(Z11, Z19, and Z20) were mapped using the mutants identified as part of epitopes for the former
set of mAbs.

Antibody-dependent complement deposition. Recombinant ZIKV NSI protein (Native
Antigen) was biotinylated and coupled to red fluorescent Neutravidin beads (Life Technologies)
and then incubated with serial dilutions of anti-NS1 mAbs for 2 h at 37°C to allow for binding.
Freshly reconstituted guinea pig complement (Cedarlane Labs) was diluted 1:10 in veronal buffer
containing 0.1% gelatin (Boston Bioproducts), which then was incubated with the antibody-bead
complexes for 20 min at 37°C. After washing in 15 mM EDTA in PBS, the complexes were stained
with a FITC-conjugated anti-guinea pig C3b antibody (1:100; MP Biomedicals 0855385) for 15
min at room temperature. Complement deposition was detected using an IntelliCyt iQue Screener
Plus or a 3L Stratedigm S1300EXI flow cytometer, and the median fluorescent intensity of FITC
was measured for all beads using FlowJo software.

Antibody-dependent neutrophil and cellular phagocytosis. Recombinant ZIKV NS1 protein
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(Native Antigen) was biotinylated and conjugated to streptavidin-coated Alexa Fluor 488 beads.
NS1-coated beads were incubated with serial dilutions of mAbs (5 to 0.0016 pg/mL) in cell culture
medium for 2 h at 37°C. For the neutrophil phagocytosis assays, bone marrow cells from C57BL/6
mice were harvested, washed with PBS, and aliquoted into 96-well plates (5.0 x 10* cells per well).
The bead-antibody complexes were added to cells and incubated for 1 h at 37°C. After washing,
cells were stained with the following antibodies: CD11b APC (1:20; clone M1/70; BioLegend
101212), CD11c APC/Cy7 (1:20; clone N418; BioLegend 117324), Ly6G Pacific Blue (1:20;
clone 1A8; BioLegend 127612), Ly6C BV605 (1:20; clone HK1.4; BioLegend 128036), and CD3
PE/Cy7 (1:20; clone 17A2; BioLegend 100220). Cells were fixed with 4% PFA, processed on an
IntelliCyt iQue Screener Plus flow cytometer, and analyzed using FlowJo software. Neutrophils
were defined as CD3" and CD11c cells that were Ly6C, CD11b", and Ly6G". The neutrophil
phagocytosis score was determined using the following calculation: (% Alexa Fluor 488" cells) x
(geometric mean fluorescent intensity of Alexa Fluor 488" cells)/10,000.

For the cellular phagocytosis assays, J774A.1 (ATCC TIB-67) murine monocyte cells were
incubated with the NS1-coated bead-antibody complexes for 1 h 37°C. Cells were washed in 5
mM EDTA PBS, fixed with 4% PFA, and analyzed on an IntelliCyt iQue Screener Plus or a 3L
Stratedigm S1300EXI flow cytometer. The cellular phagocytic score was calculated as described
for the neutrophil phagocytosis assays.

Statistical analysis. The statistical tests for each data set are indicated in the respective legends
and were performed using GraphPad Prism software. Viral burden data were analyzed by a
Kruskal-Wallis test with Dunn’s post-test, survival analyses were performed using a Mantel-Cox
log-rank test with Bonferroni correction, weight loss data were analyzed by two-way ANOVA

with Dunnett’s post-test, and epitope mapping data were analyzed by two-way ANOVA with
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Holm-Sidak’s post-test. Statistical significance was defined as p<0.05.

Data availability. The authors declare that all data supporting the findings of this study are
available within the paper or from the corresponding author upon request. Hybridomas or purified
antibodies will be made available under an MTA with Washington University or Vanderbilt
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Table 2.1 List of anti-ZIKV NS1 mAbs

Binding to
recombinant  Binding to
mAb Species? Isotype®  NSI® infected cells®
ZIKV-198 Human IgG1 + +
ZIKV-231 Human IgG1 + +
ZIKV-240 Human IgG1 + +
ZIKV-243 Human IgG1 + +
ZIKV-267 Human IgG1 s +
ZIKV-276 Human IgG1 s +
ZIKV-277 Human IgG1 s +
ZIKV-283 Human IgG1 s +
ZIKV-292 Human IgG1 + +
ZIKV-303 Human IgG1 s +
ZIKV-307 Human 1gG3 4 +
ZIKV-315 Human IgG1 s +
ZIKV-318 Human IgG1 + +
ZIKV-327 Human IgG1 s +
ZIKV-332 Human IgG1 s +
ZIKV-344 Human IgG1 s +
ZIKV-346 Human IgG1 s +
ZIKV-352 Human IgG1 s +
ZIKV-354 Human IgG1 s +
ZIKV-363 Human IgG1 s +
ZIKV-364 Human IgG1 s +
ZIKV-379 Human IgG1 s +
749-A4 Human IgG1 s +
13G3 Mouse IgG1 4 +
33E7 Mouse IgG1 + 1
5BS8 Mouse IgG1 + 1
TA3 Mouse IgG1 + 1
22C8 Mouse IgG1 + +
22E4 Mouse IgG1 s +
25F8 Mouse IgG1 4 4
3B5 Mouse IgG1 + 1
15E4 Mouse IgG1 s +
22G3 Mouse IgG1 4 4
22G10 Mouse IgG1 4 4
34E4 Mouse IgG1 s +
39B6 Mouse IgG1 + 1
4D7 Mouse IgG1 s +
4F3 Mouse IgG1 s +
8E1 Mouse IgG1 + 1
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21H10 Mouse IgG1 + +
19A11 Mouse IgG1 + +
33E8 Mouse IgG1 4 4
5G6 Mouse IgG1 4 +
39A6 Mouse IgG1 + 1
39C6 Mouse IgG1 + 1
20B7 Mouse IgG1 + +
Z11 Mouse I1gG2a + +
712 Mouse I1gG2a + +
Z13 Mouse I1gG2a + +
714 Mouse I1gG2a + +
Z15 Mouse I1gG2a + +
716 Mouse I1gG2a + +
Z17 Mouse I1gG2a + +
Z18 Mouse I1gG2a + +
Z19 Mouse I1gG2a + +
720 Mouse I1gG2a + +
721 Mouse I1gG2a + +
722 Mouse 1gG2b + +
723 Mouse 1gG2b 4 4
724 Mouse 1gG2b + +
725 Mouse 1gG2b 4 4
726 Mouse 1gG2b 4 4
727 Mouse 1gG2b 4 4
2H12 Mouse 1gG3 + +
12F2 Mouse 1gG3 + +

* All anti-ZIKV NS1 human mAbs except for 749-A4 were derived from donor 973 in a previously
published study*. Prior to blood donation and B cell collection, donor 973 had been infected with an
African lineage strain of ZIKV (serum neutralization ICso of 798) and immunized with the YFV vaccine
but had no known DENYV infection. Human mAb 749-A4 was isolated from a subject with a history of
DENYV infection and no other known flavivirus infections.

b Reactivity to recombinant, soluble ZIKV NS1 and murine IgG subclass were determined by ELISA.
Human IgG subclass was determined by sequencing.

“Reactivity to ZIKV-infected C6/36 cells was determined by flow cytometry.
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Table 2.2 Characteristics of anti-ZIKV NS1 mAbs

ECso (ng/mL) Binding to

Cross- Binding Cell Competition  NS1 Domain Critical Epitope
mADb? Isotype®  reactivity®  Surface NS1¢ Group® DI/ Localization®  Residues®
712 mlgG2a none 29.2 No Wing R40, N82, W115
Z13 mlgG2a none 105.7 No Wing R40, N82, W115
Z19 mlgG2a  none 66.2 No Wing N82
Z11 mlgG2a  none 2.2 B No Wing Q102
Z15 mlgG2a  none 1.5 B No Wing K146
Z18 mlgG2a  none 1.5 B No Wing Q102
Z17 mlgG2a  none 18.4 C Yes B-platform T290, R338
714 mlgG2a  none 1112.0 D Yes B-platform G305, V307
716 mlgG2a  none No binding D Yes Not identified
720 mlgG2a  none No binding E No Wing R40
ZIKV-292  higGl none 34 B No Wing P101, L177/E178
ZIKV-231 hlgGl none 3.9 C Yes B-platform K265, T293, R314
749-A4 hlgG1 W, J, D2 14.6 C Yes B-platform E289, R314

*To generate murine mAbs, mice were inoculated and boosted with ZIKV (Dakar-MA) and then boosted
with recombinant ZIKV NS1 protein. Human mAbs were isolated from subjects with a history of ZIKV
(ZIKV-292 and ZIKV-231) or DENV (749-A4) infection.

b IgG subclass was determined by ELISA (m, murine; h, human).

¢ Cross-reactivity was determined by direct ELISA using recombinant NS1 proteins: W, WNV; J, JEV; D2,
DENV2; Y, YFV; T, TBEV.

4ECso value for binding to cell-surface NS1 was determined by flow cytometric analysis of ZIKV-infected
cells, as described in Figure 2.4.

¢ Competition groups were determined by ELISA, as described in Table 2.3.

"Binding to recombinant ZIKV NS1 DII/III protein (amino acids 172-352) was determined by ELISA.

£ Domain localization was determined by binding to cells transfected with WT or mutant ZIKV NS1, as
described in Figure 2.5. Critical epitope residues were defined as mutants with <25% binding to mAb
compared to WT NS1.
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Table 2.3 MAb competition groups
Competition Second antibody
group B C D C/D E
ZIKV- ZIKV- | 749-
mAb | z12 | z13 | z19 | z11 | z15 | Z18 292 | 717 231 | A4 | z14 | Z16 | 130.99 | 720
Z12 B 103 | 96| 94 95 | 95 97 | 90| 90| 99 93 | 74
Z13 92 | 95| 87 92 | 94 9% | 99 | 89| 100 93 | 74
z15 | 86| 82| 71 0 90 93 | 100 | 88| 92 82| 70
B z18 | 73 | 63 [N 4 94 93 | 100 | 92| 93 91 | 81
5
2 ZIKV-
= 202 | 112 | 60| 71 86 9% | 85| 93| 93 97 | 114
=
B4
L’* Z17 87 | 89| 86 85 0 94 | 85
ZIKV-
c 231 | 87| 84| 70| 8| 83| 103 94 | 69 40 92 | 73 9 | 117
749-
A4 | 100 | 8| 73| 103| 90| 80 90 | 72 94 92 | 73 89 | 92
Dl zia | 63 9 | 87| 85 89 | 80 94 0

To determine mAb competition groups by ELISA, recombinant ZIKV NS1 protein was coated onto
microtiter plates and incubated with the indicated first set of mAbs. Without washing, the indicated
secondary set of mAbs (biotinylated) were added and after washing binding was detected using
streptavidin-conjugated HRP. Values indicate percent of absorbance (OD450) signal detected relative to
that obtained when the first antibody added was an irrelevant isotype control mAb.
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Table 2.4 Murine mAb Variable Region Sequencing

Heavy chain Kappa chain

Gene CDR amino acid sequence Gene CDR amino acid sequence
mAb | ¥ D J CDRI1 CDR2 CDR3 Vv J CDRI | CDR2 | CDR3
712 | IGHVS | IGHD2 | IGHJ2 | GFTFSSYG | ISGGGIYT | ATYDYYEDF IGKV4 | IGKJ2 | SSVSY | GIC | QQWXYRVIT
713 | IGHVS | IGHD2 | IGHJ2 | GFTFSTYG | ISTGGIYT | TTYDYYFDF IGKV4 | IGKJ2 | SSVSY | GIC | QQWNYRVIT
711 | IGHVI | IGHD3 | IGHJ3 | GYTFTGYY | INPGTGYS | ARSGAHSGSIAY
715 | IGHVI | IGHD3 | IGHJ3 | GFTFINSW | IHPGGGHV | ARTVWGFAF
718 | IGHVI | IGHDI | IGHJ2 | GFTFTSSW | IHPNSGIT | ARLGYYGYVRDY

The variable regions of the indicated murine antibodies were sequenced using previously described methods
™ Total RNA was isolated from each hybridoma and cDNA was synthesized using SuperScript IV First
Strain Synthesis kit. The heavy and light (kappa) chain variable regions were amplified using allele-specific
primers and submitted for Sanger sequencing. For Z12 and Z13, differences in variable region amino acid
sequences are indicated in red. One residue within the kappa chain CDR3 sequence for Z12 could not be
resolved from the Sanger sequencing trace files and is indicated by a red X. For Z11, Z15, and Z18, the
heavy chain variable region sequences were determined to be unique, so we did not proceed with

sequencing of the light chain.

84




Table 2.5 List of charge-reversal mutants

Mutant® 712° 7Z13° 714° 715° 717° 718" ZIKV- ZIKV- 749-A4° Oligo®
WS50R 0.86 0.86 1.21 0.96 1.30 0.71 1.26 1.04 1.11
ES1IR 0.86 0.87 1.05 1.06 1.18 1.11 1.12 1.02 1.02
D52R 1.03 1.03 1.12 1.04 1.26 1.00 1.07 1.09 1.11 0.76
ED51RR 0.71 0.70 1.19 0.91 1.20 0.88 1.10 0.99 1.04
E81R 0.95 1.05 1.10 1.03 0.91 0.95 0.88
G83R 0.92 1.01 1.09 1.13 1.04 1.08 0.98
Q85E 0.96 0.93 0.90 1.10 1.14 1.14 1.06 1.06 0.95
V89R 0.93 0.87 0.85 0.99 0.99 1.09 0.85 0.93 0.94
RY9E 1.05 1.06 1.01 0.96 1.00 0.94 1.02 0.91 0.99 1.05
P101K 0.97 1.01 0.91 0.85 0.87 0.69 0.78 0.01 0.81 1.04
Q102R 1.21 1.27 1.24 1.16 1.24 0.64 1.24 1.18 1.17 1.21
Q102W 1.06 1.05 1.08 0.96 1.24 0.03 1.14 1.06 1.04 0.72
D138R 0.76 0.65 0.98 1.00 1.05 1.21 1.12 1.00 0.96
K146E 1.23 1.27 1.26 0.00 1.24 1.27 1.25 1.12 1.24 1.17
K146G 1.05 0.84 1.06 0.65 1.20 0.97 0.98 0.98 0.91
K170D 0.92 0.90 1.09 1.06 1.13 1.07 1.10 1.01 1.07 0.82
E173K 1.22 1.23 1.23 1.05 1.12 1.23 1.23 1.01 1.12 1.18
D174K 1.20 1.17 1.22 1.04 1.20 1.07 1.13 0.97 1.18 1.15
ED173KK 1.04 0.96 1.10 0.99 1.10 1.01 1.04 0.71 0.98 0.92
Y175K 1.20 1.27 1.32 1.08 1.23 1.19 1.36 1.01 1.21 1.18
L177K 1.16 1.16 1.13 1.00 1.07 1.02 1.09 1.02 1.14 1.14
E178M 0.87 0.80 0.80 0.83 0.80 0.71 1.01 0.82 1.00 0.97
E178K 1.19 1.23 1.12 1.01 1.14 0.93 0.90 0.65 1.20 1.09
E178R 1.36 1.27 1.27 1.12 1.22 1.43 1.19 0.63 1.17 0.78
LE177RR 1.27 1.28 1.20 0.87 1.03 1.04 0.98 0.00 1.01 0.91
K191D 0.76 0.73 0.87 1.10 0.99 1.25 0.79 0.89 0.84
D208K 1.17 1.21 1.11 1.07 1.16 1.03 1.02 0.93 1.07 1.12
T209K 1.01 1.03 1.00 0.99 0.97 0.97 0.97 0.90 1.03 1.08
T209E 1.13 1.14 1.05 1.10 1.11 0.89 1.16 1.02 1.14 1.15
DT208RR 0.92 0.78 1.27 1.13 1.21 1.17 1.10 1.13 1.13 0.74
K227S 0.96 0.87 0.82 0.84 0.84 0.84 0.94 0.93 0.90 0.93
K227E 1.21 1.22 1.15 1.12 1.12 1.17 1.10 0.96 1.26 1.14
W232D 0.82 0.79 0.74 0.91 0.80 0.73 0.93 0.88 0.88 0.98
G235K 1.13 1.11 1.17 1.02 1.15 1.18 1.20 0.93 1.12 1.17
E237R 0.70 0.83 0.73 1.04 0.91 1.20 0.58 0.98 0.63 0.71
E238K 1.14 1.10 1.09 0.93 1.06 0.97 1.03 0.91 0.95 1.17
K245E 0.78 0.75 0.88 0.91 0.94 1.00 0.93 0.84 0.82 0.80
L251K 0.77 0.63 0.70 0.75 0.78 0.77 0.93 0.83 0.87 0.91
E258D 0.84 0.68 0.77 0.87 0.80 0.82 0.89 0.86 0.86 0.93
E258K 1.25 1.32 1.36 1.11 1.30 1.20 1.33 1.04 1.37 1.30
E289K 1.03 1.02 1.08 1.01 0.83 0.92 0.84 1.01 0.00 0.95
T290K 1.11 1.13 1.05 1.01 0.00 1.06 1.04 1.01 0.86 1.09
G292D 0.91 0.79 0.85 1.08 0.98 0.80 0.94 0.96 1.10 0.83
T293K 0.95 0.97 1.11 0.97 0.99 0.86 0.00 1.00 0.79 0.97
A303R 1.01 0.99 1.00 1.02 1.06 1.11 1.07 0.97 1.02 1.13
S304R 0.63 0.57 0.62 1.02 0.92 1.12 0.95 0.94 0.63
G305K 1.33 1.27 0.09 1.09 1.22 1.53 1.29 1.17 1.20 0.75
R306D 0.98 0.97 0.73 1.03 1.09 1.11 1.12 1.05 0.86 1.08
V307R 1.32 1.25 0.00 1.06 1.09 1.51 1.52 1.13 1.18 0.82
E309R 0.78 0.80 1.04 0.96 1.15 0.93 0.98 0.87 0.91
E309W 1.43 1.35 0.55 1.08 1.26 1.65 1.33 1.15 1.32
E310R 0.76 0.92 0.02 1.05 0.88 0.85 0.62
E315K 0.66 0.77 0.72 1.01 0.86 0.84 0.92
K326D 0.79 0.89 0.83 0.82 0.67 0.82 0.67 0.88
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*The indicated mutants were engineered in the pFM-A1.2 expression vector for ZIKV NS1 and transfected
into 293T cells, and the mAb reactivity to each mutant relative to WT NS1 was measured by flow cytometry
as described in Figure 2.5.

® For each mutant, the relative mAb reactivity was normalized to the staining of an oligoclonal mAb
cocktail. Critical residues were defined as those mutants with <25% binding compared to WT NS1 (red,
<25%; yellow, <50%).

“The oligoclonal antibody pool reactivity to each mutant relative to WT NS1 is shown. Mutants with <70%
binding relative to WT (orange) of the oligoclonal antibody pool were considered poorly expressed and
excluded from epitope mapping analysis.
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Figure 2.1. Protection by anti-ZIKV NS1 mAbs in non-pregnant mice. Three- to 4-week-old male and
female hSTAT2 KI mice were administered 200 pg of the indicated murine (A-B) or human (C-D) mAbs
and inoculated subcutaneously with 10° FFU of ZIKV. Viral burden was assessed at 9 dpi in the spleen (A,
C) and brain (B, D). (A-B) Isotype control, n=33; Z12,n=8; Z13,n=10; Z11,n=10; Z15,n=10; Z17,
n=9;7Z18,n=15;Z14,n=10; Z16,n=10; Z20, n =9. (C-D) Isotype control, n =27; 749-A4, n= 11, 749-
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A4 LALA, n=11; ZIKV-231,n=11; ZIKV-231 LALA, n = 11; ZIKV-292, n = 15; ZIKV-292 LALA, n
= 11. Data are pooled from at least 2 experiments (Kruskal-Wallis one-way ANOVA with Dunn’s post-test
comparison between the indicated groups; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; A: Z11, p =
0.002; B: Z11, p = 0.015; Z15, p = 0.006; Z17, p = 0.003; C: Isotype vs. 749-A4, p = 0.0001; ZIKV-231
vs. ZIKV-231 LALA, p = 0.004; D: Isotype vs. ZIKV-231, p = 0.039; Isotype vs. ZIKV-292, p = 0.012;
Isotype vs. 749-A4, p = 0.013; ZIKV-231 vs. ZIKV-231 LALA, p = 0.004; ZIKV-292 vs. ZIKV-292
LALA, p=0.003; 749-A4 vs. 749-A4 LALA, p = 0.013). Dotted lines denote the limit of detection (LOD)
of the assay. (E-H) Four- to 5-week-old male C57BL/6J mice administered 1 mg of an anti-Ifnarl blocking
mAb and 500 pg of the indicated murine (E-F) or human (G-H) mAbs. The following day, mice were
inoculated subcutaneously with ZIKV and mortality (E, G) and weights (F, H) were tracked. Data are
representative of two experiments, and survival analysis was performed using the Mantel-Cox log-rank test
with Bonferroni correction compared to the isotype group (e: isotype, n=13; Z15,n = 14, p = 0.052; Z17,
n=14,p=0.018; Z18,n= 14, p = 0.089; g: isotype, n = 16; ZIKV-292, n =16, p = 0.026; 749-A4, n = 16,
p <0.002). In the Figure: *p<0.05, **p<0.01. Weights were analyzed by two-way ANOVA with Dunnett’s
post-test comparison to isotype-treated animals (¥*p<0.05 F: Z15: day 10, p=0.037; Z17: day 8, p =0.037;
day 9, p = 0.009; day 10, p = 0.002; day 11, p = 0.006; H: 749-A4: day 9, p = 0.014; day 10, p = 0.005;
ZIKV-292: day 16, p = 0.045; day 18, p = 0.037; day 20, p = 0.027); error bars represent the mean values
+/- standard deviations (SD).
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Figure 2.2. Effector functions of anti-NS1 mAbs. (A) Binding to hFcyRI (CD64) of wild-type and LALA
variant mAbs was assessed by ELISA. Absorbance values are the average of duplicates and representative
of 2 experiments. (B) Complement deposition assay. ZIKV NS1 protein was coupled to beads and incubated
with anti-NS1 or isotype control mAb at indicated concentrations. Following incubation with complement,
C3b deposition was assessed by flow cytometry (a minimum of 15,000 beads were collected). Data are
presented as the mean of 2 experiments performed in duplicate or triplicate and represent the fold increase
in mean fluorescent intensity (MFI) of C3b binding for anti-NS1 mAbs compared to isotype control mAb
(dashed line); error bars represent SD. (C-D) Antibody-dependent neutrophil (C) and monocyte (D)
phagocytosis of ZIKV NS1-coated fluorescent beads. The phagocytosis score was calculated as described
in the Methods and is shown as the fold over the isotype control. A minimum of 7000 (C) or 2000 cells (D)
were collected for each sample. Data are presented as the mean of 2 experiments performed in duplicate or
triplicate; error bars represent SD.
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Figure 2.3. Protection by anti-ZIKV NS1 mAbs in pregnant hSTAT2 KI mice. Eight- to 16-week-old
hSTAT?2 KI female and male mice were mated. On E6.5, plugged females were administered 250 pg of the
indicated murine (A-C) or human (D-F) mAbs and inoculated subcutaneously with 10° FFU of ZIKV. For
experiments with antibody cocktail treatment, mice received 125 pg of each mAb. Viral burden was
assessed on E13.5 in maternal spleen (A, D), placenta (B, E), and fetal head (C, F). Viral burden data for
the maternal spleen includes mice that were plugged but did not become pregnant. For each pregnant dam,
5 placentas and fetal heads were evaluated unless the total number of fetuses was less than 5. (A) Isotype,
n=16;7Z15,n=4;7Z17,n=6; Z15+ Z17, n =17. (B-C) Isotype, n = 61; Z15 n=20; Z17, n = 28; Z15 +
Z17,n=135. (D) Isotype, n =9; ZIKV-292, n = 4; 749-A4 and 749-A4 LALA, n = 5. (E-F) Isotype, n = 45;
ZIKV-292, n = 26; 749-A4, n = 20; 749-A4 LALA, n = 25. Data are pooled from at least 3 experiments
(Kruskal-Wallis one-way ANOVA with Dunn’s post-test comparison between the indicated groups;
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; A: Isotype vs. Z15+ Z17, p=0.010; B: Isotype vs. Z17,
p = 0.0006; Isotype vs. Z15 + Z17, p <0.0001; C: Isotype vs. Z17, p <0.0001; Isotype vs. Z15+ Z17,p <
0.0001; D: Isotype vs. ZIKV-292, p = 0.048; E: Isotype vs. ZIKV-292, p < 0.0001; Isotype vs. 749-A4, p
=0.004; F: Isotype vs. ZIKV-292, p <0.0001; Isotype vs. 749-A4, p = 0.0003; 749-A4 vs. 749-A4 LALA,
p = 0.002). Dotted lines denote the LOD.
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Figure 2.4. Binding properties of anti-ZIKV NS1 mAbs. Binding to NS1 by anti-NS1 mAbs. Binding to
cell-surface-associated NS1 was assessed by flow cytometry following staining at 4°C of live, ZIKV-
infected Vero cells with serial dilutions of murine (A-C) or human (E-F) mAbs. (A) Representative flow
cytometry plots showing binding of anti-NS1 mAbs to NS1 on the cell surface. A minimum of 5,000 cells
was collected per sample. The percentage of cells staining (B, E) or the mean fluorescence intensity (MFI)
(C, F) is shown as the average of 2 replicates and is representative of 2 or 3 experiments; error bars represent
the mean +/- SD. (D, G) Binding of mAbs to recombinant, soluble NS1 was assessed by ELISA.
Absorbance values for each concentration of mAb are the average of duplicates and representative of 2
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experiments. ECso values for binding are reported in Table 2.1.
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Figure 2.5. Epitope mapping of anti-ZIKV NS1 mAbs. Critical binding residues were mapped using (A-
B) an alanine-scanning library and (C-D) targeted charge-reversal mutants. 293T cells were transfected
with plasmids encoding ZIKV NS1, and the mAb reactivity to each mutant relative to WT NS1 was
measured by flow cytometry. For each mutant, the relative mAb reactivity was normalized to the relative
reactivity of an oligoclonal staining cocktail. Critical residues were defined as those mutants with <25%
binding compared to WT NS1. Data are shown for critical residues in the wing (A, C) and B-platform (B,
D) domains. A minimum of,5000 cells was collected for each sample. Data are the average of 3 experiments
(error bars represent the mean +/- SD) and were analyzed by two-way ANOVA with Holm-Sidak’s multiple
comparison of each mutant to (A) V84A, (B) P341A, (C) R99E, or (D) T209K. Superscript letters indicate
significance: a, p<0.01; b, p<0.001; c, p<0.0001 (Z12: LE177/178RR, p = 0.009; Z13: LE177/178RR, p =
0.002; Z18: G305K, p =0.007; V307R, p=0.007; Z19: Q102W, p = 0.007; Z20: N82A, p = 0.0002; 749-
A4: T293K, p = 0.0068). (E-F) Mapping of critical residues for anti-NS1 mAbs onto the crystal structure
of the ZIKV NS1 dimer (PDB 5K6K [http://dx.doi.org/10.2210/pdb5SK6K/pdb]) in top view (E) or side
view (F). Critical residues are indicated by spheres and are color-coded according to mAb panel in A-D. In
each structure, one monomer is grey and one is color-coded by domain (blue, B-roll; yellow, wing; red, B-
platform; orange, connector subdomain and greasy finger). This figure was prepared using PyMOL. (G)
Secondary structure representation of epitopes in ZIKV NS1 as defined by alanine-scanning (circles) and
charge-reversal mutagenesis (squares). Sequence alignment is shown for ZIKV (H/PF/2013), DENV2
(Thailand/16681/84), WNV (NY99), and YFV (17D); red shading indicates 100% sequence conservation.
Colored bars above the alignment indicate domains: B-roll (blue, 1-29); wing (yellow, 30-180) with
connector subdomain (orange); B-platform (red, 181-352). The dashed line above the alignment indicates
the wing flexible loop (108-129). The corresponding contact residues of 22NS1, an anti-WNV NS1 mAb,
which were determined by X-ray crystallography *°, are shown underlined in the alignment for comparison.
This figure was prepared using ESPript 3.0 *.
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Chapter 3

Human monoclonal antibodies against NS1 protein protect against lethal West
Nile virus infection

Alex W. Wessel, Michael P. Doyle, Taylor B. Engdahl, Jessica Rodriguez, James E. Crowe Jr.,

and Michael S. Diamond
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authors provided editorial comments.
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3.1 Summary

Envelope protein-targeted vaccines for flaviviruses are limited by concerns of antibody-
dependent enhancement (ADE) of infections. Nonstructural protein 1 (NS1) provides an
alternative vaccine target that avoids this risk since this protein is absent from the virion. Beyond
its intracellular role in virus replication, extracellular forms of NS1 function in immune modulation
and are recognized by host-derived antibodies. The rational design of NS1-based vaccines requires
an extensive understanding of the antigenic sites on NS1, especially those targeted by protective
antibodies. Here, we isolated human monoclonal antibodies (mAbs) from individuals naturally
infected with WNV, mapped their epitopes using structure-guided mutagenesis, and evaluated
their efficacy in vivo against lethal WNYV challenge. The most protective epitopes clustered at three
antigenic sites that are exposed on cell-surface NS1: (i) the wing flexible loop, (ii) the outer,
electrostatic surface of the wing, and (iii) the spaghetti loop face of the B-platform. One additional
mAb mapped to the distal tip of the B-platform and conferred a lower level of protection against
WNYV despite not binding to NS1 on the surface of infected cells. Our study defines the modes and
epitopes of protective anti-NS1 mAb antibodies following WNV infection, which informs the

development of NS1-based countermeasures against flaviviruses.
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3.2 Introduction

West Nile virus (WNV) is an enveloped, positive-sense RNA virus transmitted by Culex
species mosquitos. Although the virus originally was endemic to parts of Africa, Europe, and Asia,
it disseminated to North America in 1999, where it is now widely established causing thousands
of human and equine infections in any given year !. Though most WNV infections remain
subclinical, a subset of patients, principally the elderly and immunocompromised, develops life-
threatening neurological disease. WNV can invade the central nervous system (CNS) and infect
neurons in the brain and spinal cord, causing meningitis, encephalitis, and/or acute flaccid
paralysis 2. Surviving patients often develop long-term sequelae that can include persistent fatigue,
muscle weakness, and cognitive impairment **. No approved therapeutics or vaccines exist for
WNV infection in humans.

WNV is in the Flavivirus genus of the Flaviviridae family, which includes other clinically
relevant viruses such as Japanese encephalitis (JEV), dengue (DENV), Zika (ZIKV), yellow fever
(YFV), and tick-born encephalitis (TBEV) viruses. The licensed vaccines for JEV, DENV, and
TBEYV target the viral structural proteins and elicit neutralizing antibody responses . The concern
for possible antibody-dependent enhancement (ADE) of homologous or heterologous flavivirus
infection, however, has slowed progress for E protein-targeted vaccines and antibody therapeutics,
especially for DENV and ZIKV 78, Alternative strategies targeting the flavivirus nonstructural
protein 1 (NS1) have been proposed to avoid ADE *-!!. NS1 is a 46-55 kilodalton glycoprotein that

) 12,13

homodimerizes in the endoplasmic reticulum (ER , Where it acts as a scaffold to recruit viral

and host factors necessary for replication '#!7. Infected cells also express dimeric NS1 on the

18-20

plasma membrane and secrete a soluble, hexameric form of NS1 2125, Secreted NS1 can be

26-28

detected in circulation in infected individuals , and also binds back to the surface of infected
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or uninfected cells through interactions with glycosaminoglycans and possibly other receptors 2°.
Extracellular forms of NS1 can bind complement 3%-3 and Toll-like receptors -3¢ to modulate or
evade host immunity, and also interact with endothelial cells to regulate permeability across blood-
tissue barriers 223742,

The WNV NSI1 dimer structure is comprised of three domains: the B-roll, wing, and -
platform (Figure 1.6A-B) 2%, The B-roll domains (residues 1-29) of two protomers intertwine
and create a hydrophobic ‘inner surface’ that mediates interactions with lipid membranes 2°. The
wing domains (residues 30-180) also contribute to this inner hydrophobic surface through two
subdomains: the flexible loop (residues 108-129) and the ‘greasy finger’ (residues 159-163) 254445,
In the hexamer (Figure 1.6C), these regions create a hydrophobic inner core that packs with lipid
cargo 2*. The opposite ‘outer surface’ of the wing domain contains polar residues and is more
variable in sequence among flaviviruses . The B-platform domain (residues 181-352) consists
largely of B-strands that face the plasma membrane in the dimeric form of NS1. The opposite face
of the B-platform, termed the ‘loop face’, is covered by the spaghetti loop subdomain (residues
219-272), an extended loop positioned between two B-strands 234,

Although extracellular NS1 is believed to contribute to pathogenesis during infection, it is
also immunogenic and elicits antibody responses. NS1-specific monoclonal antibodies (mAbs)
have been isolated that confer protection against challenge in animal models for YFV, DENV,
ZIKV, JEV, or WNV !0:11:46-50 Protection can occur via Fe-dependent clearance of virus-infected

11464751.52 or Fe-independent mechanisms °*%. Extensive epitope mapping of ZIKV NSI-

cells
specific mAbs suggests that protective mAbs target a subset of surface-exposed regions in NS1,

including the exposed spaghetti loop surface of the B-platform and the electrostatic surface of the

wing domain 46, For WNV, a previous study generated several protective NS1-specific murine
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mAbs after immunization with recombinant hexameric WNV NS1 %2, Although the epitopes for
two of these protective mAbs were mapped #>*%, the breadth of epitopes in WNV NS1 that mediate
protection remains largely unknown. Furthermore, no study has evaluated whether anti-NSI
human mAbs generated during natural WNV infection are similar to those induced in mice after
immunization with recombinant proteins, or whether they can confer protection. These questions
are important for the development of WNV NS1-based therapeutics and vaccines. Here, we
generated NS1-specific mAbs from an individual naturally infected with WNV during the 2012
outbreak in Dallas, Texas. Twelve of 13 mAbs tested conferred varying degrees of protection
against lethal WNV challenge in mice by limiting viral burden. Ten of the anti-WNV NS1 human
mAbs that protected mice bound strongly and at high density to the surface of WNV-infected cells,
whereas one non-protective mAb (WNV-100) bound poorly to the cell surface. The epitopes of
mAbs that mediated protection localized principally to the surface-exposed spaghetti loop face of
the B-platform domain, though one protective mAb (WNV-99) mapped to the wing flexible loop.
Additionally, one mAb (WNV-97) conferred a lower level of protection despite lacking binding
to cell surface-expressed NS1. As our findings suggest that human antibodies targeting specific
epitopes on NS1 can protect against infection and disease, a path forward for rational design of

NS1-based vaccine seems plausible.

3.3 Results

Generation of anti-WNV NS1 human monoclonal antibodies. We obtained matched serum and
blood samples from 13 individuals with laboratory-confirmed, symptomatic WNV infection
during the 2012 outbreak in Dallas, Texas >3->*, We first screened sera for binding to recombinant
WNV NS1 by ELISA and identified the donor with the highest serum anti-NS1 antibody titers.

From this donor, we isolated B cells from the matched blood sample and generated human
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hybridomas, whose supernatants were screened by ELISA for reactivity to recombinant WNV NS1
protein (Figure 3.1). Thirteen hybridoma clones secreting NS1-specfic monoclonal antibodies
(mAbs) were recovered (Table 3.1), and the antibody genes were sequenced (Table 3.2). We
analyzed the constant region sequences to determine the IgG subclass for each mAb, which
revealed eleven mAbs as IgG1 and two mAbs (WNV-99 and WNV-120) as IgG3. Analysis of the
variable regions confirmed that all clones expressed unique antibody molecules with different
combinations of heavy and light chain genes. The variable region sequences for twelve of the
mAbs were cloned into plasmids for recombinant hIgG1 expression. One mAb, WNV-106, was
not cloned into an expression vector due to poor sequence recovery, although we purified this mAb
from hybridoma supernatant for some studies.

We evaluated all thirteen human mAbs by ELISA for cross-reactivity with other flavivirus
NS1 proteins (Table 3.1), including JEV, ZIKV, DENV serotype 2 (DENV2), YFV, and tick-
borne encephalitis virus (TBEV). Eight mAbs were WNV-specific, whereas the other mAbs
displayed varying degrees of cross-reactivity. Four mAbs bound to the closely-related (77% amino
acid identity) NS1 of JEV (WNV-99, WNV-106, WNV-120, and WNV-100), and three of them
bound to the more distantly-related (43% amino acid identity) NS1 of TBEV (WNV-97, WNV-
99, and WNV-100). Two mAbs cross-reacted with DENV2 NS1 (55% amino acid identity)
(WNV-100 and WNV-106) and one with YFV NS1 (43% amino acid identity) (WNV-106). No
mAbs cross-reacted with ZIKV NS1 protein.
Epitope mapping. We used biolayer interferometry (BLI) and ELISA to define competition
groups between the human mAbs and several murine mAbs that were generated previously after
immunizing mice with soluble WNV NS1 (Figure 3.2A and 3.3A) . The mAbs segregated into

four competition groups. Group A consisted of only one human mAb, WNV-120, and one murine
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mAb, 8NS1. Group B also contained only one human (WNV-99) and one murine (16NS1) mAb.
Group C consisted of nine human mAbs and four murine mAbs. Among these, WNV-103 showed
unidirectional competition with other group C mAbs, and two group C mAbs (WNV-104 and
WNV-113) demonstrated partial competition with group D mAbs. Group D contained two human
mADbs, WNV-97 and WNV-100, and one murine mAb, 9NSI.

To define the epitopes in greater detail, we mapped amino acid interaction residues of the
thirteen human mAbs and several of the previously published murine mAbs 7. We identified key
residues for antibody binding by assessing for loss-of-binding to engineered charge-reversal
substitutions in mammalian-cell expressed WNV NS1 (strain 382-99; Figure 3.2B and Table 3.1).

2543 and previously

We prioritized solvent-exposed residues based on published NS1 structures
identified epitopes in the related ZIKV NS1 “6, which shares structural similarity to WNV NS1
4445 Tn total, we generated 102 WNV NSI mutants, each expressing a single substitution, and
compared mAb binding relative to WT WNV NSI1 using a flow cytometry assay. Residues were
deemed critical for mAb binding if the substitution resulted in less than 25% binding relative to
WT NS1 but did not affect binding by a cocktail of five anti-NS1 human mAbs from different
competition groups. We found that substitution at residues K44, N82, or G83 at the distal end of
the wing domain resulted in loss-of-binding for the group A mAb WNV-120. The group A murine
mADb 8NS1 mapped to proximal residues in this region (T77, K80, and G83). Substitution at LL.123
within the wing flexible loop resulted in reduced binding by the group B human mAb WNV-99.
The murine mAb in group B, 16NS1, also mapped to adjacent residues (W118, 1122, and L123)

within the wing flexible loop. This latter result is consistent with previous ELISA-based peptide

mapping of 16NSI to this region %
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The group C human mAbs mapped principally to the B-platform domain. Notwithstanding
this finding, the group C mAb WNV-103 mapped to residue K141 within the wing domain. This
residue lies within the outer electrostatic surface of the wing domain and is adjacent to the spaghetti
loop surface of the B-platform 2%, Four group C human mAbs (WNV-95, WNV-96, WNV-104,
and WNV-117) and one murine mAb (I0NS1) mapped to residues within the spaghetti loop
(residues 219-272) and loop face of the B-platform: S239, D240, R256, K261, H293, and R294.
The group C murine mAb 22NS1 also has contact residues in the spaghetti loop, as determined by
a crystal structure of it bound to a C-terminal fragment of WNV NS1 %3, The group C mAbs WNV-
98 and WNV-113 mapped to residues that are more C-terminal within the B-platform, although
still on the spaghetti loop face (WNV-98: R314; and WNV-113: D341, E342, and K343). Two
murine mAbs in this competition group, 14NS1 and 17NS1, mapped to proximal residues in this
region: G295 and R314. Despite substantial effort, the epitopes for group C mAbs WNV-106 and
WNV-116 were not identified using the charge-reversal substitutions. In contrast, both human
mAbs and the one murine mAb in group D mapped to the distal tip of the B-platform domain
(WNV-97: R339; WNV-100: L307; and 9NS1, L307).

Residues identified as key for binding were mapped onto the WNV NSI crystal structure
(Figure 3.2C-D). Notably, the four competition groups localized to distinct regions on the
structure. Group A mAbs bound at the distal end of the wing domain, adjacent to the binding site
for the group B mAbs within the wing flexible loop. Antibodies in group C localized primarily to
the spaghetti loop surface of the B-platform, except for WNV-103, which mapped to the adjacent
outer surface of the wing. Both regions are predicted to be exposed on the cell-surface form of

NS1 %, Group D mAbs localized to the tip of the B-platform domain, at residues on or
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approximating the membrane-facing fB-strand surface. As such, these residues may be less
accessible on the cell-surface form of NS1.
NS1 binding properties. Given that NS1 is expressed as a dimer on the cell surface and as a
soluble hexamer in the extracellular space and in circulation during infection, we evaluated binding
of the human and murine mAbs using two methods. First, we assessed binding to solid-phase
recombinant WNV NSI1 protein by ELISA. All human mAbs bound avidly (half maximal effective
concentration, ECso: ~1 to 5 ng/mL; Figure 3.4A-D). We then measured binding to NS1 expressed
on the surface of intact, WNV-infected Vero cells using flow cytometry (Figure 3.4E-H and Table
3.1). The mAbs in groups A and B bound infected cells relatively similarly (ECso: WNV-120: 132
ng/mL; and WNV-99: 294 ng/mL; Figure 3.4E-F). Within group C, WNV-95, WNV-98, and
WNV-103 bound most avidly (ECso: WNV-95: 15 ng/mL; WNV-98: 11 ng/mL; and WNV-103:
15 ng/mL), whereas most other group C mAb bound slightly less efficiently (ECso: ~20 to 30
ng/mL; Figure 3.4G). One exception was WNV-116, which bound approximately 10- to 20-fold
less avidly (ECso: 233 ng/mL) than the other group C mAbs. The group D mAb WNV-100 (ECso:
116 ng/mL) bound with similar strength as WNV-116 and the mAbs in groups A and B (Figure
3.4H). The group D mAb WNV-97, which mapped to a residue on the membrane-facing surface
of the B-platform, failed to bind the surface of infected cells. We also compared the density of
surface binding by the human mAbs using the mean fluorescence intensity (MFI; Figure 3.41-L).
On average, the group C mAbs bound to infected cells with the highest site density (Figure 3.4K),
with the exception of WNV-99 in group B (Figure 3.4J). The mAbs in groups A and D bound at
lower density to infected cells (Figure 3.41 and L).

For comparison, we also measured the surface binding for published anti-WNV NS1

murine mAbs (Figure 3.3B-C) #7. Avidity of surface binding varied by competition group, as seen
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with the human mAbs. The group C murine mAbs 10NS1, 14NS1, 17NS1, and 22NS1 all bound
avidly and to a similar extent as the human mAbs in group C. Most mAbs in groups A, B, and D
bound the cell surface less avidly and at lower density compared to group C. However, the group
B mAb 16NS1 bound with a similar density as the group C mAbs, although with less avidity.

Protection by anti-WNV NS1 human mAbs. We next assessed the ability of anti-WNV NSI
human mAbs to protect against virus challenge in mice *°. Four- to five-week-old C57BL/6J male
mice were inoculated subcutaneously with 10? focus-forming units (FFU) of WNV (New York
strain 382-99) and concurrently administered a single 200 pg (10 mg/kg) dose of antibody. We did
not evaluate WNV-120 in group A due to its poor stability in solution or the group C mAb WNV-
106 because it was not cloned successfully into an expression vector. Whereas only ~10% of mice
administered an isotype control antibody (hu-CHK-152) ¢ survived infection over three weeks,
the NS1-specific human mAbs conferred varying degrees of protection (Figure 3.5). The group B
mAb WNV-99 conferred ~50% protection at either a 200 or 50 pg dose (Figure 3.5A). The group
C mAbs conferred the greatest protection, resulting in about 65% to 75% survival rates (Figure
3.5B). The protection was Fc-dependent for at least one mAb tested in group C, WNV-96, as
demonstrated by a lack of protection using an I[gG1-LALA variant that abrogates binding to most
Fcy receptors and complement 7. The group D mAb WNV-97 trended towards conferring
protection (40%), although this did not reach statistical significance (Figure 3.5C). The group D

mAb WNV-100 did not protect against lethality.

3.4 Discussion

In this study, we show that human anti-WNV NS1 mAbs that bind with the greatest
strength and site density to cell-surface-expressed NS1 confer the highest levels of protection

against WNV infection. Antibody-mediated protection in mice and avid cell surface binding were
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associated with epitopes on the loop face of the B-platform domain (group C), which is exposed
on cell surface forms of NS1. However, one protective group C human mAb (WNV-103) mapped
to the outer electrostatic surface of the wing domain, another exposed epitope on cell surface NS1.
We also mapped several previously generated, protective murine mAbs (10NS1, 14NS1, 17NSI1,
and 22NS1) within group C to the loop face of the B-platform *’. Our data are consistent with a
recent study of anti-ZIKV NS1 mAbs, which found that protective mAbs mapped to exposed
epitopes on cell surface forms of NS1, including the spaghetti loop face of the B-platform and outer
surface of the wing domain *®. Protection by anti-ZIKV NS1 mAbs was Fc-dependent, which is
consistent with our data for at least one group C mAb (WNV-96). Anti-NS1 mAbs binding to cell
surface NS1 may facilitate Fc-mediated clearance of WNV-infected cells, such as through
phagocytosis by macrophages 2 or classical complement-mediated cytolysis '>°°. Avid binding
with high site density to infected cells may be required to cross-link bound antibodies and promote
Fc effector functions -1,

One human (WNV-99) and one murine (16NS1) mAb in group B 47*¥, which mapped to
the wing flexible loop, also conferred protection. In comparison to the group C human mAbs,
however, WNV-99 yielded less protection and bound less avidly to NS1 on the cell surface. Two
previously generated anti-ZIKV NS1 mAbs (Z12 and Z13), which also mapped to the wing flexible
loop, failed to protect against ZIKV infection and pathogenesis *. These mAbs, however, bound
with even lower density to cell surface forms of NS1 than 16NS1 or WNV-99. Notably, the wing
flexible loop is comparatively less disordered in the crystal structure for ZIKV NS1 than WNV
NS1 254445 The flexible loop structure in ZIKV NS1 forms a hydrophobic protrusion or ‘spike’
that is thought to facilitate association with the plasma membrane %44, Potentially, this region

is more flexible in WNV NS1 to allow for greater mAb binding to NS1 on the cell surface.
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Alternatively, the angle of binding may differ between the anti-ZIKV and anti-WNV NSI mAbs
such that the plasma membrane sterically inhibits binding of some anti-ZIKV NS1 mAbs. It is also
possible that substitution at the identified residues for these two mAbs might disrupt binding
through allosteric rather than direct effects on contact residues. High-resolution structural studies
using X-ray crystallography or cryo-electron microscopy of WNV-99 or 16NS1 Fab fragments
bound to WNV NS1 may be needed to definitively characterize this epitope.

The human mAbs in groups A (WNV-120) and D (WNV-97 and WNV-100) bound less
efficiently to NS1 on the cell surface than group C mAbs. Whereas WNV-97 failed to bind the
surface of infected cells entirely, WNV-120 and WNV-100 bound at lower site density than group
C mAbs. Based on the NS1 dimer structure, the critical binding residues for the group A mAbs
span the inner and outer surfaces at the distal tip of the wing domain 2°. Potentially, the binding
orientation of the mAbs may be angled toward the inner surface, leading to steric hindrance by the
cell plasma membrane. Consistent with the relatively poor accessibility of their epitopes on the
surface of infected cells, WNV-100 or WNV-97 conferred no or low levels of protection in vivo,
respectively. The residual protection conferred by WNV-97, despite lacking binding to the infected
cell surface, could be explained by blocking of pathogenic functions of soluble NS1, including
effects on endothelial permeability *73°40, Indeed, two anti-DENV NSI mAbs mapping to this
same region blocked endothelial hyperpermeability and protected mice through Fc-independent
mechanisms %8, Residues at the tip of the B-platform (near the epitope for WNV-97) also are
critical for inducing endothelial hyperpermeability after binding by DENV NS1 3842, Some group
C mAbs such as 14NS1, WNV-98, or WNV-113 also might be expected to act through Fc-
independent mechanisms as well, given their epitopes are proximal to the tip of the B-platform

domain. Indeed, the previously generated group C murine mAb 14NS1 protected C1qg-deficient or
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Fey receptor-deficient mice #7.

Several of the anti-WNV NS1 mAbs demonstrated varying degrees of cross-reactivity with
other flavivirus NS1 proteins. The group B mAbs 16NS1 and WNV-99 both bound JEV NS1 and
mapped to the wing flexible loop, which contains several highly conserved residues (e.g., W115,
K116, W118, and G119). This region could be conserved due to its importance in association of
NS1 with cell membranes 34445 All three mAbs in group D (9NS1, WNV-97, and WNV-100)
bound at least one heterologous flavivirus NS1 protein. This result is consistent with the epitope
location of these mAbs at the conserved regions in the tip of the B-platform domain 243, At least
three other previously generated, protective NS1-specific mAbs [749-A4 %6, 2B7 38, and 1G5.3 °]
also map to the distal tip of the B-platform and cross-react with multiple flavivirus NS1 proteins.
Two of these mAbs (2B7 and 1G5.3) block DENV NS1-mediated endothelial hyperpermeability
and protect against DENV pathogenesis without requiring Fc effector functions *%, Thus, the tip
of the B-platform might be a candidate site for immune focusing efforts to generate protective,
cross-reactive mAbs against multiple flaviviruses ¢*%*. Nonetheless, several reports suggest that
epitopes at the tip of the B-platform of DENV NSI (residues ~305-330) can induce autoantibodies
that react with human endothelial cells, platelets, and coagulation factors ®-7!. In some mouse
models, these mAbs induce thrombocytopenia, coagulopathy, and plasma leakage 7®’!. Thus,
further studies are warranted to determine the safety of mAbs binding to this conserved, C-terminal
region of NS1. Alternatively, targeting of other epitopes in NS1 (e.g., the outer surface of wing
domain or spaghetti loop) may provide protection without the risk of adverse consequences.
Vaccines could be designed to focus the immune response on particular epitope locations, either
through design of NS1 immunogens lacking the conserved C-terminal region or by masking these

epitopes by adding additional N-linked glycans in a site-specific manner 7275,
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In summary, we isolated a panel of NS1-specific mAbs from a human subject naturally
infected with WNV and defined three main epitopes associated with protection: (i) the wing
flexible loop, (ii) the outer, electrostatic surface of the wing, and (iii) and the loop face of the -
platform (including the spaghetti loop and adjacent C-terminal loop face). Most protective epitopes
were associated with avid binding to NS1 on the surface of infected cells, with the caveat that a
subset of mAbs may confer protection without binding to the cell surface. One limitation of this
study is that we only analyzed thirteen NS1-specific mAbs from one individual. A larger panel of
mAbs from more human donors might enable a more extensive characterization of functionally

important epitopes in WNV NS1 and provide greater resolution to structure-function analyses.

3.5 Methods

Ethics statement. (i) Animal procedures. Animal procedures were performed in accordance with
the recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. Protocols were approved by the Institutional Animal Care and Use Committee
at Washington University School of Medicine (assurance no. A3381-01). To minimize suffering
during procedures, animals were anesthetized with ketamine hydrochloride and xylazine. (if)
Human subjects. In 2014, blood samples were collected from adults with a history of
symptomatic, laboratory-confirmed WNV infection during the 2012 outbreak in Dallas, Texas >*.
The study was approved by the Institutional Review Board of Vanderbilt University Medical
Center, and samples were obtained by the Vanderbilt Clinical Trials Center following written
informed consent from each subject.

Cell culture. BHK-21 (American Type Culture Collection (ATCC), CCL-10), C6/36 (ATCC,
CRL-1660), HEK-293T (ATCC, ACS-4500), and Vero cells (ATCC, CCL-81) were propagated

in Dulbecco’s modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
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(FBS), 1 mM sodium pyruvate, and 10 mM HEPES, pH 7.3. Raji-DCSIGNR cells 7® were
propagated in RPMI 1640 medium supplemented with 7% FBS, GlutaMAX (Invitrogen), and 100
U/mL penicillin/streptomycin (Invitrogen). DCSIGNR expression on Raji-DCSIGNR cells was
confirmed using mouse anti-human DC-SIGNR/CD299 (10 pg/mL; R&D Systems, clone
MAB162, 120604). Cells were maintained at the following conditions: C6/36 cells, 28°C and 5%
CO3; Raji-DCSIGNR cells, 37°C and 7% COz; all other cells, 37°C and 5% CO..

Production of infectious WNV. We generated recombinant, infectious WNV using a two-plasmid
(pWN-AB and pWN-CG) infectious clone for WNV-NY99, strain 382-99 (GenBank accession
no. AF196835) 7778, The pWN-AB and pWN-CG plasmids were purified from SURE 2 competent
cells (Agilent), digested with NgoMIV and Xbal, and then treated with alkaline phosphatase.
Following phenol/chloroform extraction and precipitation with ethanol, the DNA fragments were
joined with T4 DNA ligase at 16°C overnight. The assembled DNA was subsequently linearized
with Xbal (5 h at 37°C) and treated with proteinase K (30 min at 50°C). After purifying by
phenol/chloroform extraction and ethanol precipitation, the resulting DNA was used as a template
for in vitro transcription using the AmpliScribe T7 High Yield Transcription Kit (Lucigen). RNA
product was electroporated into BHK-21 cells using a GenePulser Xcell electroporator (Bio-Rad)
at 850 V, 25 mF, and infinite Q. The PO virus stocks were recovered within four days and
propagated in C6/36 cells to generate P1 virus stocks. Titers of virus stocks were determined by
focus-forming assay (FFA) using Vero cells 7.

Generation of anti-WNV NS1 human antibodies. The WNV-immune human donors were
described previously >*. Peripheral blood mononuclear cells (PBMCs) were isolated by gradient
centrifugation of heparinized blood layered on Ficoll Histopaque. Subsequently, B cells from

donor 876 were transformed by incubating in medium containing Epstein Barr virus (obtained
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from the supernatant of B95.8 cells, ATCC), 2.5 ug/mL CpG (phosphorothioate-modified
oligodeoxynucleotide ZOEZOEZZZZ7ZOEEZOEZZZT, Life Technologies), 10uM Chk2
inhibitor (Sigma), and 10 pg/mL cyclosporine A (Sigma). After incubating in 384-well plates for
7 days, the B cells were expanded into 4 96-well plates containing CpG, Chk2 inhibitor, and
irradiated heterologous human PBMC:s (to serve as feeder layers for lymphoblastoid cell clusters).
After 3 days, supernatants (5 pL per well) were screened by ELISA for binding to recombinant
soluble WNV NSI1 protein (Native Antigen).

For wells with anti-NS1 antibody, cells were subjected to electrofusion with HMMAZ2.5
myeloma cells . The fused cells then were cultured for 14 to 18 days in selective medium
containing 100 uM hypoxanthine, 0.4 uM aminopterin, 16 uM thymidine (HAT Media
Supplement, Sigma HO262) and 7 pg/mL ouabain (Sigma O3125). Hybridomas were screened by
ELISA for anti-WNV NS1 antibody, and cells from positive wells were cloned by sorting live,
single cells into 384-well plates using a FACSAria III cell sorter (Becton Dickinson). Cloned cells
were cultured for about 14 days and screened by ELISA again for NS1-specific antibody. For
purification of antibody from hybridoma clones, cells were cultured in serum-free medium
(Hybridoma SFM, Life Technologies) for 21 days. Antibody in the supernatant was captured by
affinity chromatography on HiTrap MabSelect SuRe columns (Life Technologies) according to
the manufacturer’s protocol. Antibodies subsequently were eluted from the affinity columns and
concentrated using Amicon centrifugal filters (Millipore). Antibody heavy and light chain variable
genes were amplified by RT-PCR from hybridoma cell RNA and Sanger sequenced.
Complementary DNAs encoding antibody variable genes were synthesized and cloned into
expression vectors for recombinant human IgG1, IgG1 LALA, or IgG1 LALA-PG. Recombinant

antibodies were expressed in 293F cells.
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Recombinant antibody purification. To generate recombinant antibodies, mRNA was isolated
from hybridoma cell lines, and heavy and light chain gene sequences were amplified using 5’
RACE (Rapid Amplification of cDNA Ends). A Pacific Biosciences instrument then was used to
sequence amplicon libraries. To express recombinant antibodies, heavy and light chain genes were
cloned into pML or Twist plasmid expression vectors. Constructs were transfected into ExpiCHO
cells using ExpiFectamine CHO reagent according to the vendor’s instructions (Thermo Fisher
Scientific). After 7 to 8 days, cell supernatants were harvested and clarified through 0.45 pm filters.
Antibody then was purified by affinity chromatography (AKTA pure, Cytiva) using HiTrap
MabSelect SuRe (IgG1) or Protein G (IgG3) columns (Cytiva). Eluted antibody was quenched
immediately in Tris buffer and buffer-exchanged into DPBS by centrifugation or dialysis.

Epitope mapping. Epitope mapping was performed using charge-reversal mutagenesis at targeted
residues in WNV NS1. A mammalian expression vector pFM-A1.2 was constructed to encode full-
length WNV NSI1 (strain 382-99), preceded by the cluster of differentiation 33 (CD33) signal
sequence and followed in frame with a 6X histidine affinity tag. The pFM-A1.2 expression vector
was subjected to site-directed mutagenesis (GenScript or GENEWIZ) to generate a library of 102
total mutants. Hydrophobic and negatively charged residues were substituted with arginine, and
positively charged residues were substituted with aspartic acid or glutamic acid. In a few cases,
residues were substituted with alanine. HEK293T cells were transfected with each substitution
variant plasmid using Lipofectamine 3000 (Thermo Fisher) and incubated at 37°C for 1 day to
allow for NS1 expression. Cells were fixed in 4% PFA in PBS for 10 min at room temperature and
washed in PBS containing 2 mM EDTA and 0.2% BSA (FACS buffer). Subsequently, cells were
incubated for 1 h at 4°C with individual mAbs or a cocktail of 5 anti-WNV NS1 mAbs (WNV-96,

WNV-98, WNV-100, WNV-113, and WNV-116) as a control for NS1 protein expression. After
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washing, cells were incubated for 30 min at 4°C in Alexa Fluor 647 conjugated to goat anti-human
or goat anti-mouse IgG (1:2,000 dilution; Thermo Fisher Scientific). Flow cytometry was
performed on a MACSQuant Analyzer (Miltenyi Biotec). Based on previously published criteria
4681 " critical binding residues for each mAb were defined as substitution variants with <25%
reactivity relative to WT protein. Only variants with >70% reactivity (compared to WT) to the
oligoclonal antibody pool were considered for epitope mapping. Critical binding residues were
mapped onto the NS1 dimer structure (PDB 406D) using PyMOL software (version 2.3.4,
Schrodinger).

Biolayer interferometry-based antibody competition. Competition-binding studies were
performed using a FortéBio HTX biolayer interferometry instrument. HIS1K sensor tips (FortéBio
lot #1907172) were soaked in wells containing recombinant WNV NS1 at 5 pg/mL diluted in
kinetics buffer (Pall, lot #6090032) for 180 seconds. After a brief baseline step, a first antibody
then was associated to coated sensortips at 100 pg/mL for 600 sec to achieve complete saturation.
After another baseline step, tips were soaked in a second antibody at 100 pg/mL for 180 sec.
Binning data were analyzed using FortéBio Data Analysis HT software (version 11.1.2.48). A
buffer-only control was used to normalize all antibody binding. The competition groups were
defined using a Pearson correlation analysis (embedded in Data Analysis HT software).
Antibody competition-binding ELISA. MaxiSorp 96-well microtiter plates (Nunc) were coated
overnight at 4°C with 20 ng of recombinant WNV NSI protein (Native Antigen) in 50 pL of
sodium bicarbonate buffer, pH 9.3. Subsequently, plates were washed four times with PBS and
blocked with ELISA buffer (PBS containing 2% BSA and 0.05% Tween-20) for 1 h at 37°C. Plates
then were incubated with anti-WNV NS1 murine mAbs at 10 pg/mL for 1 h at room temperature.

Without washing, anti-WNV NS1 human mAbs were added to the plates at pre-optimized
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concentrations and incubated for 10 min at room temperature. Plates then were washed four times
in PBS containing 0.05% Tween 20 and incubated with goat anti-human IgG conjugated to
horseradish peroxidase (1:2,000 dilution; Jackson ImmunoResearch 109-035-088) for 30 min at
room temperature. After washing, plates were developed using 3,3’,5,5’-tetramethylbenzidine
substrate (Agilent) for 5 to 10 min. The reaction was stopped using 2 N H>SO4 and absorbance
(450 nm) was read using a TriStar Microplate Reader (Berthold Technologies).

NS1 ELISA. 50 ng of WNV, JEV, DENV2, ZIKV, YFV, or TBEV NSI1 proteins (all from Native
Antigen) were immobilized on MaxiSorp microtiter plates overnight at 4°C in 50 pL of sodium
bicarbonate buffer, pH 9.3. Plates were washed four times with PBS and blocked with ELISA
buffer by incubating for 1 h at 37°C. Subsequently, plates were incubated with mAb (anti-WNV
NS1 or isotype control) diluted in ELISA buffer for 1 h at room temperature. For cross-reactivity
ELISAs, plates were incubated with mAb at 1 pg/mL; for avidity studies, plates were incubated
with serial dilutions of mAb as indicated in the figures. After washing four times in PBS containing
0.05% Tween-20, plates were incubated with biotinylated goat anti-human or goat anti-mouse IgG
(H + L; 1:2000 dilution; Jackson ImmunoResearch) for 1 h. Plates were washed again and
incubated with streptavidin-conjugated horseradish peroxidase (1:625 dilution; Vector
Laboratories) for 15 min. After a final wash series, plates were developed and absorbance was read
as described above. For avidity studies, the ECso of binding to solid-phase NS1 was calculated
using a 4-parameter logistic curve.

Binding to cell-surface NS1. Vero cells were inoculated with WNV at an MOI of 5. After 24 h,
the cells were washed in PBS and detached by incubating in PBS containing 10 mM EDTA for 15
min at 37°C. The cells were washed in chilled FACS buffer and pelleted by centrifugation at 300

x g for 3 min at 4°C. Subsequently, the cells were resuspended in serial dilutions (20 pg/mL to 2
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pg/mL) of mAb (anti-NS1 or isotype control) for 1 h at 4°C. After washing in FACS buffer, cells
were stained with Fixable Viability Dye eFluor 506 (1:1000 dilution; eBioscience) and Alexa Fluor
647 conjugated to goat anti-human or anti-mouse IgG (1:2000 dilution; Thermo Fisher). Cells were
washed again before fixing in 4% PFA in PBS for 10 min, and then processed on a MACSQuant
Analyzer (Miltenyi Biotec). After gating on live cells, the percent reactivity to cell-surface-
expressed NS1 was determined for each dilution of mAb. The ECso of binding to cell-surface NS1
was calculated using a 4-parameter logistic curve.

Mouse experiments. Animal studies were performed using 4- to 5-week-old C57BL/6J male mice
(Jackson Laboratory, 000664). Mice were inoculated by subcutaneous injection in the footpad with
10> FFU of WNV (New York strain 382-99) in a 50 pL volume. Concurrently, mice were
administered mAb (anti-WNV NSI or an isotype control, hCHK-152) %6 by intraperitoneal
injection. Mice were euthanized after 21 days or on day 7 for assessment of virus titers in specific
organs. Mice were perfused with 20 mL of PBS prior to organ harvest.

Viral burden analysis. Mouse organs were weighed and homogenized by zirconia bead
dissociation using a MagNA Lyzer (Roche) in a volume of DMEM containing 2% FBS. RNA was
isolated from the tissue homogenates using either the RNeasy 96 kit (Qiagen) or the MagMAX-96
Viral RNA Isolation kit (Applied Biosystems). WNV RNA levels were determined by TagMan
one-step quantitative reverse transcriptase PCR (qQRT-PCR) using the following primer and probe
sequences: forward primer, 5-GGGTCAGCACGTTTGTCATTG-3'; reverse primer, 5'-
TCAGCGATCTCTCCACCAAAG-3' probe, 5'-TGCCCGACCATGGGAGAAGCTC-3' . An
RNA standard curve was generated using a defined viral stock to calculate FFU equivalents from

RNA levels.
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Data analysis. The statistical tests for each data set are indicated in the respective legends and
were performed using Prism version 8 software (GraphPad). The ECso of mAb binding to solid-
phase (ELISA) and cell-surface-expressed (flow cytometry) NS1 was determined by nonlinear
regression using a 4-parameter logistic curve. Survival curves were analyzed by the log-rank
Mantel-Cox test with a Bonferroni correction. To compare viral titers in specific organs between
mAb groups, Mann-Whitney tests or one-way ANOVAs with Dunn’s post-test were performed.
Statistical significance was defined as p < 0.05. FlowJo software version 10 (Becton, Dickinson
and Company) was used to analyze all flow cytometry data sets.

Data availability. All primary data will be made publicly available upon publication. Antibodies

will be made available under an MTA with Vanderbilt University.
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Table 3.1 Characteristics of anti-WNV NS1 mAbs

ECso Binding ~ Competition
MAb Isotype Cross-reactivity ~ Surface NS1 Group Domain Localization Critical Binding Residues
WNV-120 hlgG3 J 1323 A Wing, distal end K44E, N82, G83
8NS1 mlgG1 263.6 A Wing, distal end T77,K80, G83
WNV-99 hlgG3 I, T 294.0 Wing, flexible loop L123
16NS1 mlgG2a J 90.3 Wing, flexible loop WI118, 1122, L123
WNV-103 hlgG1 14.5 C Wing, outer surface K141
WNV-95 hlgG1 15.0 C B-ladder, spaghetti loop K261, R294
WNV-96 hlgG1 27.4 C B-ladder, spaghetti loop S239, D240, K261, R294
WNV-104 hlgG1 22.1 C B-ladder, spaghetti loop S239, K261, H293, R294
WNV-117 hlgG1 333 C B-ladder, spaghetti loop S239, D240, K261, R294
10NS1 mlgG2a 13.3 C B-ladder, spaghetti loop D240, N253, R256, K261, R294
22NS1 mlgG2a J 18.8 C B-ladder, spaghetti loop S239, K261
WNV-98 hlgG1 10.8 C B-ladder, loop face R314
14NS1 mlgG2a 13.3 C B-ladder, loop face G295,R314
17NS1 mlgG2a 15.9 C B-ladder, loop face G295,R314
WNV-113 hlgG1 33.2 C B-ladder, loop face D341, E342, K343
WNV-106 hlgG1 1,D2,Y 22.5 C Not identified
WNV-116 hlgG1 233.0 C Not identified
WNV-100 hlgG1 J,D2, T 115.6 D B-ladder, C-terminal tip L307
INS1 mlgG1 J1.D2,Z2,Y, T 73.5 D B-ladder, C-terminal tip L307
WNV-97 hlgG1 T No binding D B-ladder, C-terminal tip R339
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Table 3.2 Amino acid sequences of anti-WNV NS1 human mAbs

MAb

Heavy Chain

Light Chain

WNV-95

QVQLQESGPGLVKPSQTLSLTCTVSGGSINSGAFY
WSWIRQHPGKGLEWIGFIYYSGSTYYNPSLRSRV
TISVDTSKNQFSLKLISVTAADTAVYYCARDRPD
DPGPYFDSWGRGTLVTVSS

QSALTQPASVSGSPGQSITISCTGTSNDVGRYNSVSWY
QQHPGNAPKLMIYDVSNRPSGVSNRFSGSKSGNTASL
TISGLQAEDEADYYCSSYTSSSSVVFGGGTKLTVL

WNV-96

QVQLVQSGAEVKKPGASVKVSCRPSGYIFTNYYI
EWVRQAPGQGLEWMGIINPSGGKTTYAQKFQGR
VIMTSDTSTSTVYMELSSLRSDDTAVYYCARDG
NGSDYWGQGTRVTVSS

DVQMTQSPSSLSASVGDRVTITCRASQNINNYLNWYQ
QKPGRAPKLLIYATSNLESGVPSRFSGSRSGADFTLTIS
SLQPEDFASYYCQQSYNAPRTFGHGTKVEIK

WNV-97

QVQLVESGGGLVQPGGSLRVSCAASGFTFSTYE
MNWVRQAPGKGLEWVSYISNSGTIIYYADSVKG
RFTISRDNAKNSLYLQMNSLRAEDTAIYYCGRVL
RDRDVVAGPPARVWDYYYYGMDVWGQGTTVT
VSS

DIVMTQSPLSLPVTPGEPASISCRSSQSLLHSSGYNCLD
WYLQKPGQSPQLLIYLRSNRASGVPDRFSGSGSGTDF
TLKISRVEAEDVGVYYCMQTLQTPWTFGQGTKVEIK

WNV-98

QVQLVESGGGLVKPGGSLRLSCAASGFPFTNYY
MSWIRQAPGKGLEWISYITSRGDTAYYADSVKG
RFTVARDNSKNSLYLQMNSLRAEDTAMYFCARG
GDDYADSWGQGILVTVSS

EIVLTQSPATLPLSPGERATLSCRASQSINTNLAWYQQ
KPGQAPRLLIYETSHRASAIPARFSGSGSGTDFTLKISS
LEPEDLAIYYCQQYRNWPQTFGQGTRLEIK

WNV-99

QVRLVESGGGVVQPGRSLRLSCAASGFTLSSYG
MHWVRQAPGKGLEWVAIISYDGSDKYYADSVK
GRFTISRDNSKNTLYLQMNSLRPEDTAMYYCAK
PDRSSSPFAHWGQGTLVTVSS

SYELTQPPSVSVSPGQTARITCSGDALPKQYAFWYQQ
KPGQTPVVVISKDSERPSGIPERFSGSSSGTTVTLTISG
VQAEDEADYYCQSADSSGIWVFGGGTKLTVL

WNV-100

QLQLQESGSGLVKPSQTLSLTCTVSGDSIGSGGFS
WTWIRQPPGKGLEWIGNIYHSGGTY YNPSLKSRV
TISIDNSTHFSLKLSSVTAADSAVYYCARDRGMVI
KRRPWSYGLDVWGQGTTVSVSS

QSVLTQPPSASGTPGQRVTISCSGGSSNIGSNSVSWYQ
HLPRTAPKLLIYSNNQRSSGVPDRFSGSKSGTSASLAIS
GLQSDDEADYYCAAWDDSLHVLFGGGTKLTVL

WNV-103

EVQLVESGGGLLQPGGSLRLSCAASGFSFSRYW
MHWVRQAPGKGLIWVSRINTDGSTTIYADSVKG
RFTVSRDNAKNTLFLQMSRLRPEDTAVYYCARVI
ASPGISYGMDVWGHGTTVTVSS

SHELTQPPSVSVSPGQTATITCSGDALPKQYAYWYQQ
KSGQAPVLVIYKDTKRPSGIPERFSGSSSGTVVTLTISG
VQAEDEADYYCQSADISSTYVVFAGGTKLTVL

WNV-104

QVQLVESGGGVVQPGTSLRLSCAASGFTFRSYG
MHWVRQAPGKGLEWVALIWYDGSNKYYADSV
KGRFTISRDNSRSTLYLQMNSLRAEDTAVYYCAR
DLGEYDSLVGPLYTARLGYWGQGTLVTVSS

DIQMTQSPSSLSASVGDRVTMTCQASQDISNYLNWYQ
QKPGKAPNLLIYDASNLETGVPSRFSGSGSGTDFTFTIS
SLQPEDIATYYCQQYDNLPITFGQGTRLEIK

WNV-113

QITLKESGPTLVKPTQTLTVTCTFSGFSLNTNGVG
VGWIRQPPGKALEWLALIYWDDVKRYRPSLESR
LTITKDTSKNQVVLTMTDMDPVDTGTYYCAHRF
HSRGWYTFDYWGQGTRVTVSS

SYVLTQPPSVSVAPGQTARITCGGNNIGGKNVHWYQ
QKPGQAPVLVVYDDNDRPSGIPERFSGSNSGNTATLTI
SRVEAGDEADFYCQVWDSNSEHVVFGGGTKLTVL

WNV-116

QMQLVESGGGVVQPGRSLRLSCVASGFNFKTYV
MNWVRQAPGKGLEWVAVILSDGDNKYYADSVK
GRFTISRDNSKNTLFLQMDSLRADDTAVYYCTRV
PHCSTSSCYKEYYNYYMDVWGKGTTVSVSS

EIVLTQSPATLSLSPGDRATLSCRASQSLSTSLAWYQQ
KPGQAPRLVIYDASNRAADIPARFSGSGSGTDFTLTIR
SLEPEDFAVYYCQQRSNWPPRYTFGQGTKLEIK

WNV-117

EVQLLESGGGLVQPGGSLRLSCAASGFTFSNYAM
SWVRQAPGKGLEWVSSISDRGDYTYYADSVKGR
FTISRDKSRNTLYLQIKSLRAEDTAVYYCAKCWG
RGSYSGIPDYWGQGTLVTVSS

DIQMTQSPSSLSASVGDRVTISCQASHDITNFLNWYQQ
KPGKAPKLLIYDASNLEAGVPSRFSGSGSGTDFTFTISS
LQPEDIATYYCQQYDNLFITFGQGTRLEIK

WNV-120

KVQLEESGGGWVKPGRSLRLSCGASGFRFDDYA
MHWVRQVPGKGLEWVSGISWDSDGIGYADSVK
GRFTISRDNAKNSLFLQMNSLRAEDTALYYCVK

DKGWLIQGRFDSWGQGIRVTVSS

DIVVTQSPDSLAVSLGERVTINCKTSQSVLYTFNNQNY
LAWYQQKSGQPPKLLIYWASTRESGVPDRFSGSGSGT
DFTLTISRLQAEDVAVYYCQQFYISPPGTFGQGTKVEI
K
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Figure 3.1. Scheme of NS1 hybridoma screen. (A) Analysis of human donor sera for binding to
recombinant WNV NS1 by ELISA. A sample from the immune individual 876 was chosen for monoclonal
antibody discovery. (B) Screening ELISA results of lymphoblastoid cell line (LCL) supernatants from
transformed peripheral blood mononuclear cells (PBMCs). Wells highlighted in red represent LCLs chosen
for electrofusion with HMMA 2.5 cells to generate hybridoma cell lines. (C) Full schematic of hybridoma
discovery campaign design used to isolate WNV NS1-specific mAbs for further study. Panel adapted from
“Monoclonal ~ Antibodies  Production” by  Biorender.com  (2021). Retrieved  from
https://app.biorender.com/biorender-templates.
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Figure 3.2. Epitope mapping. (A) BLI-based antibody competition for binding WNV NSI. Values
represent the percent binding of the second mAbD relative to its binding without a competing first mAb. Box
shading indicates the degree of competition: black, strong competition (i.e., minimum residual binding);
gray, intermediate competition; and white, no competition. Antibodies are grouped and labeled according
to their competition group. Data are representative of one experiment. (B) Heatmap of mAb binding to NS1
substitution variants relative to WT WNV NS1. 293T cells were transfected with plasmids encoding WNV
NS1, and the mAb reactivity to each substitution variant relative to WT NS1 was measured by flow
cytometry. Values represent the relative WT binding (average of two experiments), and only critical binding
residues are shown (i.e., residues at which substitution resulted in less than 25% binding relative to WT
NS1). (C-D) Mapping of critical binding residues onto the WNV NS1 dimer structure (PDB 406D) in top
view (C) or side view (D). Critical residues are indicated by spheres and are color-coded according to the
mAb labels in B. In each structure, one monomer is gray, and one is color-coded by domain (blue, B-roll;
yellow, wing; red, B-platform; and salmon, spaghetti loop). This figure was prepared using PyMOL (version
2.0, Schrodinger, LLC).
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Figure 3.3. Binding properties of anti-WNV NS1 murine mAbs. (A) Recombinant, soluble WNV NS1
was adsorbed to plates and pre-bound to the indicated murine mAb first. Subsequently, the indicated
human mAb was added, and the percent binding relative to binding in the absence of competition (i.e., no
first mAb) was determined by ELISA. Box values are the average of duplicates and representative of one
experiment. (B-C) Binding to cell-surface-associated NS1 on live, WNV-infected Vero cells was assessed
by flow cytometry. The percentage of cells staining (B) or the MFI (C) are from one experiment. ECsy
values for binding to cell-surface-associated NS1 are reported in Table 3.1.
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Figure 3.4. Binding properties of anti-WNV NS1 human mAbs. (A-D) Binding to recombinant, soluble
WNV NS1 was determined by ELISA. Absorbance values are the average of duplicates and representative
of two experiments. (E-L) Binding to cell-surface-associated NS1 on live, WNV-infected Vero cells was
assessed by flow cytometry. The percentage of cells staining (E-H) or the mean fluorescence intensity
(MFI; I-L) are shown for one experiment. ECso values for binding to cell-surface-associated NS1 are
reported in Table 3.1. Data are separated by antibody competition group: (A, E, I)) group A; (B, F, J) group
B; (C, G, K) group C; and (D, H, L) group D.
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Figure 3.5. Protection against WNV challenge. (A-C) Survival analysis. Four- to five-week-old male
C57BL/6J mice were inoculated subcutaneously with 10 FFU of WNV and concurrently administered an
anti-WNV NS1 human mAb or an isotype control mAb. Except where indicated, mice received a 200 pg
dose of mAb. (A) Survival for the group B mAb WNV-99 was analyzed using the log-rank Mantel-Cox
test (*p<0.05; isotype, n = 82, 9 experiments; WNV-99 (200 pg dose), n = 18, 2 experiments; and WNV-
99 (50 pg dose), n = 64, 7 experiments). (B-C) Survival for the mAbs in group C (B) and group D (C) were
analyzed together using the log-rank Mantel-Cox test with a Bonferroni correction (*p<0.05; isotype, n =
45, 6 experiments; WNV-96, n = 26, 4 experiments; all other mAbs, n =20, 2 experiments).
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Chapter 4

Levels of circulating NS1 impact West Nile virus spread to the brain

This chapter is adapted from a manuscript under review at the Journal of Virology:

Alex W. Wessel, Kimberly A. Dowd, Scott B. Biering, Ping Zhang, Melissa A. Edeling,
Christopher A. Nelson, Kristen E. Funk, Christina R. DeMaso, Robyn S. Klein, Janet L. Smith,
Thu Minh Cao, Richard J. Kuhn, Daved H. Fremont, Eva Harris, Theodore C. Pierson, and Michael
S. Diamond.

K.A.D. and C.R.D. generated and performed cell infectivity assays with the GFP-expressing WNV
variants. P.Z. generated the WNV variants without GFP. P.Z. and A.W.W. performed virus growth
curves and survival studies in mice. K.E.F prepared the mouse cortical neuron cultures. A.W.W.
performed all ELISA, Western blotting, NS1 cell surface expression, intracranial inoculation, and
other mouse studies. S.B.B. performed NS1 cell binding and TEER studies in HBMECs. M.A.E.
generated the expression vectors for recombinant NS1. M.A.E. and C.A.N. purified the
recombinant NS1 proteins. J.L.S. performed structural analysis of NS1. A.\W.W. and S.B.B.
performed data analysis. R.S.K., RJ.K., D.H.F., EH., T.C.P., and M.S.D. acquired resources and
directed the project. A.W.W. and M.S.D. wrote the initial manuscript draft. All other authors
provided editorial comments.
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4.1 Summary

Dengue (DENV) and West Nile (WNV) viruses are arthropod-transmitted flaviviruses that
respectively cause systemic vascular leakage and encephalitis syndromes in humans. However, the
viral factors contributing to these specific clinical disorders are not completely understood.
Flavivirus nonstructural protein 1 (NS1) is required for replication, expressed on the cell surface,
and secreted as a soluble glycoprotein, reaching high levels in the blood of infected individuals.
Extracellular DENV and WNV NSI interact with host proteins and cells, have immune evasion
functions, and promote endothelial dysfunction in a tissue-specific manner. To characterize how
differences in DENV and WNV NS1 might function in pathogenesis, we generated WNV NS1
variants with substitutions corresponding to residues found in DENV NS1. We discovered that the
substitution NS1-P101K led to reduced WNYV infectivity of the brain and attenuated lethality in
infected mice, although the virus replicated efficiently in cell culture and peripheral organs and
bound at wild-type levels to brain endothelial cells and complement components. The P101K
substitution resulted in reduced NS1 antigenemia in mice, and this was associated with reduced
WNYV spread to the brain. As exogenous administration of NS1 protein rescued WNV brain
infectivity in mice, we conclude that circulating WNV NS1 facilitates viral dissemination into the

central nervous system and impacts disease outcome.
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4.2 Introduction

Flaviviruses are a genera of arthropod-transmitted RNA viruses that include important
human pathogens such as yellow fever (YFV), Zika (ZIKV), Dengue (DENV), West Nile (WNV),
and Japanese encephalitis (JEV) viruses !. DENV infects up to 390 million people every year,
whereas cases of WNV, ZIKV, JEV, and YFV tally in the thousands or hundreds of thousands '-2.
Infected individuals present with a spectrum of illness and disease, ranging from febrile
syndromes, hypotensive shock, liver failure, congenital malformations, meningitis, and
encephalitis. For example, in severe dengue, patients develop a plasma leakage syndrome that can
result in cardiovascular collapse and death. After WNV and JEV infections, some individuals
progress to potentially life-threatening neuroinvasive diseases (i.e., encephalitis or meningitis), in
which the virus crosses the blood-brain barrier and infects neurons of the central nervous system
!. The viral and host factors contributing to the distinct tropism and pathology caused by different
flaviviruses remain poorly characterized.

Flavivirus nonstructural protein 1 (NS1) is a 46-55 kDa glycoprotein that has a
required scaffold role in virus replication in the endoplasmic reticulum (ER) 3°. NSI
homodimerizes in the ER, traffics through the Golgi complex, and is expressed on the cell surface
-8 A fraction of NS1 dimers also trimerizes into soluble hexamers that are secreted °. Secreted
NS1 accumulates in the blood of affected individuals and can be detected at particularly high levels
during DENV infection (1 to 10 pg/mL) '°!2, These extracellular forms of NS1 can interact with
components of the innate immune system, such as toll-like receptors (TLRs) !*!* and complement

proteins 1318

, enabling modulation or evasion of mammalian host immunity. Secreted NS1 can
also bind back to the surface of endothelial cells and promote degradation of the endothelial

glycocalyx, leading to disruption of blood-tissue barriers °22, Despite these many ascribed
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functions, the degree to which NS1 contributes to viral pathogenesis in the host is poorly
understood, as it has been challenging to uncouple the role of NS1 in flavivirus replication from
its accessory functions. Mutations disrupting the function of NS1 in virus replication render it
impossible to study their effects on pathogenesis.

The NS1 dimer structure has been determined for several flaviviruses and consists of three
structurally conserved domains (Figure 4.1A): the B-roll (residues 1-29), wing (residues 30-180),
and B-platform (residues 181-352) 22, Hydrophobic residues within the B-roll and subdomains
of the wing (flexible loop and greasy finger) form a surface for the association of the NS1 dimer
with membranes and with other dimers to form the hexamer 23242627, The opposite surfaces contain
electrostatic residues that vary between flaviviruses and are exposed on the cell surface form of
NS1 224 providing targets for antibody recognition 2-2°. Common solvent-exposed regions lie in
the C-terminal tip of the B-platform, the spaghetti loop of the B-platform (an elongated loop
between consecutive B-strands), and the adjacent surface of the wing domain 272, Although these
surfaces are thought to mediate interactions with host proteins, the functional properties of
individual domains in NS1 are still poorly characterized.

Despite highly related tertiary and quaternary structures 23, the DENV and WNV NS1
proteins display just over 50% identity and 70% similarity at the amino acid level. Moreover, the
NS1 proteins of DENV and WNV exhibit functional differences. A short peptide motif at the N-
terminus of NS1, which differs between DENV and WNV, targets most of WNV NS1 to the cell
surface and most of DENV NS for secretion 3%; this explains in part the higher circulating levels
of DENV compared to WNV NS1 in infected individuals 23!, Although DENV and WNV NSI
both can interact with complement proteins including C4 and C4b %7, the outcome of complement

modulation differs between WNV and DENV infections >3, and some flavivirus-specific binding
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patterns are observed (e.g., WNV but not JEV NS1 binds to the alternative pathway regulator
factor H) 3. Differences in NS1-mediated regulation of endothelial blood-tissue barriers also exist.
Whereas DENV NS1 can bind microvasculature and promote capillary permeability in many
different tissues, WNV NSI targets endothelial cells more specifically in the central nervous
system (CNS). This pattern of NS1 binding appears to correlate with the systemic vascular effects
of DENV and the neurotropism of WNV 2!, The mechanism by which NS1 triggers endothelial
dysfunction is incompletely understood, particularly in terms of the residues or domains involved
in cell signaling. The conserved N207 glycosylation site and other residues at the C-terminal tip
of the B-platform (e.g., 301 and 305) have been identified as essential for triggering endothelial
hyperpermeability for DENV NS1, yet are dispensable for binding to endothelial cells 27-%.
Hydrophobic residues within the wing flexible loop (W115, W118, and G119) contribute to DENV
NS1 binding to endothelial cells 242527 but do not explain the tissue-specific binding patterns of
different flaviviruses, as these residues are conserved between flaviviruses.

Here, to begin to define the structure-function relationships between DENV and WNV
NS1, we substituted single amino acid residues in WNV NS1 for those in DENV and evaluated
effects on replication and pathogenesis. We discovered that a proline to lysine substitution at
residue 101 (P101K) in WNV NS1 did not affect WNV infectivity in vitro yet resulted in decreased
lethality in mice. This phenotype with WNV NS1-P101K was associated with lower levels of virus
in the brain but not in peripheral organs. The substitution did not disrupt known interactions of
NS1 with brain microvasculature endothelial cells or complement proteins. Instead, the NS1-
P101K substitution resulted in reduced amounts of cell-associated NS1 and less circulating NS1

in mouse serum. Exogenous administration of NS1 to mice restored brain infectivity of WNV
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NS1-P101K. Our results suggest that levels of circulating WNV NS1 impact viral dissemination

into the brain and disease outcome.

4.3 Results

An NS1 variant of WNYV replicates efficiently in vitro, but is attenuated in mice. To discover
residues in WNV NSI1 that could be important for pathogenesis in the CNS but not for infectivity,
we engineered a series of single amino acid substitutions in NS1 within the backbone of a GFP-
expressing infectious cDNA clone by exchanging WNV (strain 382-99) residues with
corresponding ones that were different in DENV, but conserved among all DENV serotypes 367,
We focused on the membrane-interacting and the exposed electrostatic surfaces of NS1 given that
both are potentially involved in host interactions 234, These regions included residues within the
membrane-interacting surfaces of the [1-roll and wing domains (including the ‘greasy finger’), the
flexible loop of the wing domain, and the spaghetti loop and C-terminal tip of the beta-platform
domain (Figure 4.1A). We prioritized the following features: (i) residues with surface charge
differences between WNV and DENV and (ii) regions with variable conformations between
DENV and WNV NS1 based on published NS1 structures 2. In total, we constructed 53 NSI-
variant GFP-tagged viruses. Given the critical role of NS1 in virus replication ¥, we first assessed
infection efficiency for each variant compared to wild-type (WT) WNV by inoculating Vero cells
and measuring viral yield in the supernatant after four days (Figure 4.1B). While the majority of
the 53 variants demonstrated impaired replication, 17 replicated to similar levels as the WT virus.
We selected five of these variants spanning different regions of the NS1 protein to study potential
effects on viral pathogenesis without confounding effects on replication (colored bars in Figure

4.1B). We constructed these variants in an infectious cDNA clone without GFP to avoid
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attenuation in vivo 3°. All five variants displayed similar replication kinetics relative to the WT
control virus in multistep growth curve analyses in BHK21 cells (Figure 4.1C).

To determine whether the NS1 variants affected WNV pathogenesis, four- to five-week-
old male C57BL/6J mice were inoculated subcutaneously with 10> FFU of WT or NS1-variant
WNV. In this model, approximately 10% of mice survive infection over a three-week time course
40 Infection with four of the variants (A27T, Y34F, A70Q, and S199G) resulted in similar
mortality rates as the WT virus (Figure 4.1D). The NS1-P101K variant, however, showed greater
survival as reflected both by decreased mortality rates and greater mean time to death. As the
P101K substitution variant replicated efficiently in vitro, we hypothesized the substitution might
affect an accessory function of NS1 in viral pathogenesis.

P101K substitution results in lower levels of cellular and secreted NS1. Cell surface
and secreted forms of NS1 have immune evasive properties and modulate endothelial barrier
permeability 31517202141 "To address how a P101K substitution might affect the expression and
cellular localization of NS1, Vero cells were inoculated with WNV WT or NS1-P101K. The
accumulation of NS1 was measured at different times following infection in cell lysates by
Western blotting using 8NS1, a monoclonal antibody (mAb) against WNV NS1. We demonstrated
that 8NS1, as well as other anti-NS1 mAbs, recognize recombinant WT and P101K NS1 proteins
with similar avidity by ELISA (Figure 4.2A-F). We also demonstrated that 8NS1 and 16NSI
recognize both proteins equally well by Western blotting (Figure 4.2G). At all of the time points
tested, we found that lower levels of cell-associated NS1 were apparent after infection with the
P101K virus compared to the WT virus despite producing equivalent levels of cell-associated E
protein (Figure 4.3A, lysates). Levels of secreted NSI in the supernatant also were lower

following infection with the NS1-P101K variant than the WT virus (Figure 4.3A, supernatants).
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To determine whether the P101K substitution affects NS1 localization on the cell surface, we
assayed cell surface expression of NS1 on WNV-infected Vero cells using flow cytometry (Figure
4.3B-C). Levels of NS1 on the cell surface, however, were not different between cells infected
with the WT or NS1-P101K variant virus.

We hypothesized that the decrease in cell-associated NS1 might be due to an instability of
the NS1-P101K protein. We addressed this using a cycloheximide-chase assay in which Vero cells
were inoculated with virus for 20 h and then treated with cycloheximide to arrest protein
translation. Levels of NS1 in cell lysates were then assessed over the chase time by Western
blotting (Figure 4.3D). As observed in Figure 4.3A, the levels of NS1-P101K were lower than
WT NSI at all time points post-infection in the vehicle-treated cells. Over the course of a 12 h
cycloheximide treatment, levels of both WT and P101K NSI1 proteins diminished at equivalent
rates (Figure 4.3E). This suggests that NS1-P101K is not inherently more unstable than WT NS1.
Rather, the lower levels of NS1-P101K in cells are likely due to less efficient translation, folding,
or oligomeric assembly in the ER.

Since lower levels of NS1-P101K were detected in the supernatant of infected cells, we
measured the in vivo correlate, NS1 antigenemia. Four- to five-week-old male C57BL/6J mice
were inoculated subcutaneously with WNV WT or NS1-P101K, and serum was collected at
various days to measure NS1 levels by capture ELISA (Figure 4.3F). Similar to the findings in
vitro, levels of soluble NS1 in the serum at 5 and 6 days post-infection (dpi) were lower for the
NS1-P101K variant than the WT virus.

WNYV NS1-P101K replicates efficiently in the periphery of mice but produces lower viral
titers in the brain. Since the NS1-P101K variant virus showed reduced lethality rates in mice, we

hypothesized that the virus might be restricted in vivo, which also could explain the differences in
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NS1 antigenemia. To evaluate this hypothesis, we compared viral burden over time in different
tissues after inoculation of C57BL/6J mice with 10> FFU of WNV WT or NS1-P101K. In the
serum and spleen, viral burden levels were equivalent between the two viruses at 2, 5, or 7 dpi
(Figure 4.4A-B). In the brain, however, titers of the NS1-P101K variant were approximately 10-
fold lower at 7 dpi (Figure 4.4C). Nonetheless, at the time points analyzed, few mice had
detectable levels of infectious virus in the spinal cord (Figure 4.4D), which is consistent with prior
studies in mice showing WNV infects the brain before the spinal cord 2. We next examined the
kinetics of NS1-P101K spread and infection at earlier time points in greater detail by measuring
viral RNA. Mice were subcutaneously inoculated with WNV, and viral RNA levels were assessed
at4, 5, or 6 dpi in peripheral organs and different regions of the brain. No differences in viral RNA
were observed in the spleen or gastrointestinal tract, where WNV can infect enteric neurons
(Figure 4.4E-G) *3. Additionally, no substantive differences in viral RNA levels were observed in
the spinal cord, olfactory bulb, or cerebellum of mice infected with WT or NS1-P101K viruses at
4,5, and 6 dpi (Figure 4.4H-J). However, at 6 dpi, levels of the NS1-P101K variant were 30- to
100-fold lower than the WT virus in the brainstem and cortex (Figure 4.4K-L.).

NS1-P101K substitution does not impair brain-intrinsic infection of WNV. Although the NS1-
P101K variant virus displayed efficient replication kinetics in Vero and BHK21 cells and in the
peripheral organs of mice, we questioned whether the substitution might affect replication directly
in the brain. To address this question, we examined replication kinetics in neurons in vitro using a
multi-step growth curve. Primary cortical neurons from mice were inoculated with the WNV WT
or NS1-P101K, and infection over time was quantified by focus-forming assay (FFA) (Figure
4.5A). No differences in replication kinetics were observed between the two viruses, suggesting

that the NS1-P101K substitution does not affect neuron-intrinsic replication. We also tested the
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ability of the NS1-P101K variant to replicate in the brain by inoculating C57BL/6J mice by
intracranial injection with WNV WT or NS1-P101K (Figure 4.5B). All mice infected by this route
of inoculation succumbed by 8 dpi with equivalent kinetics. In a separate experiment, mice were
inoculated by intracranial injection, and viral burden was measured in different brain regions at 3
and 5 dpi (Figure 4.5C-F). Notably, and in contrast to that observed by subcutaneous inoculation,
no significant differences in infectivity of different brain regions were observed between the two
viruses after intracranial inoculation. These data suggested that the WNV WT and NS1-P101K
replicate efficiently and equivalently in the brain.

NS1-P101K substitution does not alter functional interactions with the endothelial barrier
or complement proteins. Given the differences in brain infectivity observed with the NS1-P101K
variant virus when administered via the subcutaneous and intracranial routes, we hypothesized that
the substitution in NS1 might affect virus entry into the brain from circulation. Indeed, soluble
NS1 from different flaviviruses differentially promotes vascular endothelial dysfunction in distinct
tissues in a manner that correlates with virus tissue tropism 2!, WNV NS1 in particular binds to
brain microvasculature endothelium and enhances permeability, and exogenous administration of
WNV NS1 in mice induces vascular leakage in the brain but not in other organs 2!. Based on these
studies, we hypothesized that the lower brain infection of the NS1-P101K variant virus after
subcutaneous inoculation might be due to a failure of NS1-P101K to modulate brain endothelial
cell permeability. We tested this idea first by assessing whether the P101K substitution affected
the interaction of NS1 with endothelial cells. Increasing concentrations of recombinant WT or
PI0OIK NSI1 protein were incubated with hCMEC/D3 cells, a human blood-brain barrier
endothelial cell line, and the percentage of cells binding to NS1 was measured by flow cytometry.

At all three different concentrations of NS1 (1, 5, and 10 pg/mL), the WT and P101K proteins
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bound cells equivalently (Figure 4.6A). We also imaged and quantitated binding of NS1 (10
pg/mL) to human brain microvascular endothelial cells (HBMECs) using confocal microscopy
(Figure 4.6B-C). No differences in cell binding were observed between the WT and P101K
proteins.

We next assessed whether the NS1-P101K protein retained the ability to induce endothelial
hyperpermeability of a brain vasculature-derived endothelial monolayer of HBMECS using a trans-
endothelial electrical resistance (TEER) assay 2°. Recombinant WT or P101K WNV NSI was
incubated with HBMECs, and TEER was measured over time (Figure 4.6D). As previously
observed 2!, a commercially produced recombinant WNV NS1 protein caused a decrease in TEER
across the cell monolayer. Similarly, recombinant, purified WT and P101K NSI1 proteins that we
generated induced an equivalent decrease in TEER over time. Thus, the NS1-P101K substitution
did not appreciably affect the ability of NS1 to disrupt the integrity of a monolayer of brain
endothelial cells.

WNV NSI1 interacts with different components of the classical and alternative complement
pathways 317, Binding of NS1 to the complement regulatory protein factor H results in enhanced
cleavage of C3b and reduced activity of the alternative pathway '°>. WNV NSI1 also attenuates the
classical and lectin binding mannose pathways through direct interaction with C4, C4b, and C4b-
binding protein (C4BP) %17, We explored whether the NS1-P101K protein differentially interacted
with different complement factors by ELISA (Figure 4.6E-G). WT and P101K NS1 displayed
similar avidity for factor H, C4, and C4b, suggesting that the P101K substitution does not disrupt
these viral evasion mechanisms.

Exogenous administration of NS1 rescues infectivity in the brain of WNV NS1-P101K after

subcutaneous inoculation. Since the P101K substitution did not affect interactions of NS1 with
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the endothelium or complement proteins, we hypothesized that the lower levels of circulating NS1
might result in less virus translocation into the brain. To test this hypothesis, C57BL/6J mice were
inoculated subcutaneously with WNV WT or NS1-P101K. At 5 dpi, mice were administered 5 pg
of recombinant WNV NS1 protein by intravenous injection (Figure 4.7A). We chose this time
point because NS1 antigenemia was reduced for the NS1-P101K variant at 5 dpi (Figure 4.3E),
and the earliest time point for which we observed differences in brain infectivity for the NS1-
P101IK variant virus was one day later (Figure 4.4K-L). Six hours after NS1 administration, we
measured levels in the serum using a capture ELISA (Figure 4.7B). NS1 antigenemia was
increased to approximately 1,000 ng/mL (three-fold increase over WT NS1 levels and six-fold
increase over NS1-P101K levels). Two days later, at 7 dpi, viral burden was assessed in the spleen
and brain (Figure 4.7C-D). Whereas exogenous NS1 administration did not affect viral burden in
the spleen for both viruses or in the brain for WT WNV, it facilitated infection in the brain for the

NS1-P101K variant virus.

4.4 Discussion

DENV and WNV have distinct mechanisms of viral pathogenesis and cause disparate
clinical syndromes (e.g., systemic vascular leakage and encephalitis for DENV and WNV,
respectively). NS1 has been implicated as a contributor to these distinct outcomes. For example,
DENV NS1 binding to TLR4 on platelets and monocytes results in platelet aggregation and the
production of pro-inflammatory vasoactive cytokines '#*'. Binding of DENV NSI1 to the
microvasculature of the lung, liver, and other organs promotes permeability across multiple blood-
tissue barriers 3202235 Together, these data suggest that DENV NS1 may contribute to the severe
vascular leakage syndrome seen in some patients. Indeed, levels of DENV NS1 correlate with

disease severity **. In contrast, WNV NSI1 specifically targets the brain microvasculature,
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promoting permeability where the virus causes its most significant clinical disease 2!. Differences
in complement consumption or generation of inflammatory mediators during DENV and WNV
infection also might be explained by differences in NS1 binding to specific complement proteins
15-18 Tn this study, we attempted to define potential mechanisms by which DENV and WNV NS1
mediate distinct disease outcomes by exchanging residues in WNV NS1 for those in DENV NSI
and focusing on ones that did not impact cell infectivity. We discovered that NS1-P101K
substitution attenuated WNV infection in the brain without affecting virus replication, NS1 binding
to endothelial cells, or NS1 interaction with complement proteins.

Exogenous addition of soluble NS1 to DENV2-infected mice worsens disease by inducing
a lethal vascular leakage syndrome 2°. Other reports have shown that substitutions that alter NS1
secretion and antigenemia can impact pathogenesis. For example, a T164S substitution in DENV
NS results in enhanced secretion of NS1 and more severe disease in AG129 mice “°. The naturally
occurring A188V substitution in ZIKV NS1 also boosts secretion and antigenemia in mice, and
promotes mosquito infection during a bloodmeal #’. However, it remains unclear how these
variants alter NS1 secretion or affect viral pathogenesis. In contrast, the WNV R10N substitution
(which uses the asparagine from DENV) results in enhanced secretion of WNV NS1 but attenuates
the virus due to a detrimental effect on virus replication #3°, The R10N substitution within the -
roll domain disrupts a key association of NS1 with the viral replication complex at the ER
membrane . Our data suggest that the levels of circulating NS1 contribute to WNV pathogenesis
by facilitating dissemination to the brain without impacting replication in peripheral organs.

Residue 101 of NS1 lies on the exposed surface of the wing domain, which is an epitope
recognized by protective anti-ZIKV antibodies 28. Only three anti-WNV NS1 antibodies (9NS1,

16NS1, and 22NS1) have been mapped previously, and none of these localize to this region 25284,
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All antibodies used in this study retained binding to NS1-P101K, suggesting that they do not map
to this residue. The P101K substitution within WNV NS1 led to decreased accumulation of cell-
associated and secreted NS1. Nonetheless, cycloheximide-chase studies revealed no obvious
differences in stability between the WT and P101K proteins, suggesting a potential effect on
translation efficiency or folding of NS1-P101K in the ER. Potentially, the introduction of a
positively charged lysine at residue 101 of WNV NS1 alters the conformation of the wing domain
and slows folding in the ER and assembly of the hexamer. Despite impacting overall levels of cell-
associated NS1, the P101K substitution does not appear to interfere with the interactions of dimeric
or hexameric NS1 with the plasma membrane 2>*4, Indeed, we did not observe differences in cell
surface expression of NS1-P101K on WNV-infected cells or in binding of soluble NS1-P101K to
the surface of endothelial cells. This is consistent with the location of residue 101 on the wing
surface opposite of the greasy finger and wing flexible loop, which are thought to be the membrane
interfaces 22426, Thus, we speculate that the lower levels of cell-associated and secreted NS1
reflect slowed hexamer assembly in the ER. Notably, residue 101 is conserved among neurotropic
flaviviruses as a nonpolar amino acid (proline: WNV, JEV, St. Louis encephalitis virus, Murray
Valley encephalitis virus, and ZIKV; glycine or valine: tick-borne encephalitis virus) 2°. In non-
neurotropic flaviviruses, however, residue 101 is positively charged (lysine: DENV serotypes 1-
4) or polar (threonine: YFV) 26, We speculate that P/G101K substitutions in other neurotropic
flaviviruses might similarly affect NS1 expression and/or dissemination to the CNS, though this
remains to be tested.

Flavivirus NS1 can trigger endothelial dysfunction and permeability in a tissue-specific
manner that reflects disease tropism 2!. After binding to endothelial cells, DENV NSI is

endocytosed and induces enzymes that degrade the endothelial glycocalyx 223349, This results in a
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loss of endothelial cell barrier integrity and enhanced permeability to solutes and liquids 22334°, In

our cell-based experiments, the P101K substitution did not alter WNV NS1 binding to brain
microvascular endothelial cells or impact TEER across endothelial monolayers. Whereas residues
in the wing flexible loop mediate cell binding and those at the C-terminal tip of the B-platform
contribute to endothelial hyperpermeability 27, P101 lies outside of these regions in the exposed
surface of the wing domain. Instead, the lower levels of NS1-P101K in circulation may be below
the threshold for causing endothelial dysfunction in vivo. Consistent with this idea, exogenous
administration of NS1 boosted levels of circulating NS1 and rescued dissemination to the brain of
mice inoculated with WNV NS1-P101K. Nonetheless, the precise mechanism remains unclear and
will need to be explored. Possibilities include NS1 dose-dependent effects on blood-brain barrier
permeability or interactions of soluble NS1 with E and prM proteins on virions in plasma that
enhance entry and infectivity of specific endothelial cell types **-32. Notably, the WNV NSI1-
P101K variant was more attenuated in the cerebral cortex and brainstem than other brain regions.
This could be explained in part by regional heterogeneity in permeability of the blood-brain barrier
to different molecules 3%, Possibly, endothelial cells, pericytes, or neurons may respond
differently throughout the brain to cytokines such as type I or type III interferons, leading to

57,58

regional differences in blood-brain barrier permeability or antiviral immunity . Alternatively,

WNV NSI could affect endothelial function more in the cortex and brainstem than other regions

1939 or an unidentified

due to local differences in expression of NS1-binding glycosaminoglycans
NS1-specific protein receptor. After internalization of NS1 by endothelial cells ¥, regional
differences in NS1-dependent signaling also could affect infectivity and spread.

Our experiments suggest that levels of circulating NS1 during infection contribute to the

neurotropism of WNV infection, at least in mice. Lower levels of NS1 in serum correlate with less
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dissemination to the brain, and this phenotype is rescued by exogenous addition of NS1 protein.
Based on our cell culture studies, analysis of viral RNA levels in the serum, spleen, and
gastrointestinal tract, and experiments using direct intracranial virus inoculation, the P101K
substitution does not appear to affect replication or viral yield of WNV. This observation that
slightly lower levels of cell-associated WNV NS1 do not impact viral yield is consistent with
complementation experiments using a ANS1 deletion virus 8. Thus, small differences in NS1
expression may preferentially affect pathogenic mechanisms associated with extracellular NS1
functions rather than intracellular function in the replication complex. In summary, our study
establishes a role for NS1 antigenemia in the context of flavivirus pathogenesis, which has been
speculated for years based on the correlation of levels of DENV NSI in plasma and disease

pathogenesis .

4.5 Methods

Ethics statement. Animal procedures were carried out in accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Protocols were approved by the Institutional Animal Care and Use Committee at Washington
University School of Medicine (assurance no. A3381-01). To minimize suffering during
procedures, animals were anesthetized with a ketamine hydrochloride and xylazine solution.

Cell culture. BHK-21 (American Type Culture Collection (ATCC), CCL-10), C6/36 (ATCC,
CRL-1660), HEK-293T (ATCC, ACS-4500), and Vero cells (ATCC, CCL-81) were propagated
in Dulbecco’s modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 1 mM sodium pyruvate, and 10 mM HEPES, pH 7.3. Raji-DCSIGNR cells % were
propagated in RPMI 1640 medium supplemented with 7% FBS. HBMECs (ScienCell Cat. No.

1000) were cultivated in endothelial cell medium (ScienCell Cat. No. 1001) supplemented with
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5% FBS, endothelial cell growth supplement (ScienCell Cat. No. 1052), and
penicillin/streptomycin. The hCMEC/D3 cells (Sigma Cat. No. SCC066) were propagated on
collagen-coated flasks (1:20; Sigma Cat No. 08-115) in EndoGRO-MV Complete Media (Sigma
Cat. No. SCME004) supplemented with 1 ng/mL of FGF-2 (Sigma Cat. No. GF003). Cells were
maintained at the following conditions: C6/36 cells, 28°C and 5% CO2; HEK-293T and Raji-
DCSIGNR cells, 37°C and 7% COg; all other cells, 37°C and 5% COa.

Isolation of cortical neurons. Primary cortical neurons were prepared from embryonic day 18
mouse embryos (strain C57BL/6J) ¢1:%2. Pups were sacrificed by decapitation, and brains were
placed in a dish containing sterile PBS. The meninges were removed using Dumont #5 forceps,
and the cortices were dissected and transferred to a 15-mL conical tube containing Hibernate E
media (Gibco A1247601). Cortical tissue was pelleted at 1,000 x g for 5 min, then the media was
removed and replaced with digestion media containing 20 U/ml papain (Worthington Biochemical
Corporation L.S003126) and 2.5 U/mL DNase I (Invitrogen 18047019) dissolved in Hibernate E
for 30 min at 37°C with periodic agitation. Following digestion, tissue was pelleted at 125 x g for
10 min, and the digestion media was removed and replaced with fresh Hibernate E media. Tissue
was mechanically triturated using progressively smaller glass Pasteur pipettes, then centrifuged at
125 x g for 5 min. Following centrifugation, dissociated cells were resuspended in Neurobasal
Plus media (Gibco 21103-049) supplemented with 2% B27 serum-free supplement (Gibco
17504044), 2 mM Glutamax (Gibco 35050061), and 100 U/mL Penicillin-Streptomycin (Gibco
15140122). After counting, 5 x 10° cells were seeded into each well of a 12-well plate that was
pretreated for 1 h in poly-D-lysine (50 pg/mL; Sigma Cat No. P-6407). The cells were maintained
at 37°C and 5% CO. for eight days, with a medium change on day four. On day +8, the cells were

inoculated with WNV for analysis of virus growth kinetics as described below.
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Purification of recombinant NS1 proteins. To generate recombinant NS1 protein, we cloned
WNV NS1 (strain 382-99) into the mammalian expression vector pFM-1.2 6. We included the
cluster of differentiation 33 (CD33) signal peptide sequence directly preceding the NS1 gene to
enable proper targeting to the ER. Additionally, we included a 6X His tag following the NS1
sequence. A construct containing the P101K mutation was generated using site-directed
mutagenesis. To generate protein, Expi293F cells were transiently transfected with the pFM-
WNV-NSI construct and after 3 days, supernatants were collected. Subsequently, NS1 was loaded
on an Ni-NTA (Qiagen) column pre-equilibrated with 20 mM Tris pH 8.5, and 50mM NaCl,
washed with buffer containing 10 mM then 20 mM imidazole and eluted in buffer containing 300
mM imidazole. Imidazole was removed by ultrafiltration. Alternatively, after 4 days, supernatants
were collected, concentrated, and buffer exchanged into PBS, pH 6.5 and then PBS, pH 8.0, using
a stirred cell concentrator loaded with a 30 kDa ultrafiltration membrane. Imidazole was added to
a final concentration of 10 mM. The protein was captured on a Ni-NTA (Qiagen) column pre-
equilibrated with PBS, pH 8.0 and eluted with 250 mM imidazole. The eluate was purified further
using size exclusion chromatography on Superdex 200, and the NS1 protein-containing fractions
were pooled.

Production of infectious WNV. (a) GFP-expressing WNV. We generated infectious GFP-
expressing WNV using a previously described DNA-launched WNV-NY99 (strain 382-99)
molecular clone system %37, In this system, a truncated WNV genome under control of a CMV
promoter (from pWNV-GFP-backbone) is complemented by ligation to a DNA fragment encoding
the structural genes (from pWNV-complement) using the unique BssHII and BamHI restriction
sites. To construct some NS1 variants (D7N, D7S, and I8W), we performed site-directed

mutagenesis on pWNV-complement, which encodes a portion of NS1 (amino acids 1-19)
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downstream of the structural gene cassette and upstream of the engineered BamHI site.
Alternatively, we used a three-part ligation strategy to generate the other NS1 variants. First,
pWNV-GFP-backbone was truncated further by removing the sequence encoding NS1 and part of
NS2. The excised NSI-NS2 fragment was cloned into pDONR221 via Gateway cloning to
generate a new plasmid called pWNV-complement-NS1, which served as the template for NS1
mutagenesis. We then utilized a unique AflII restriction site in pWNV-GFP-backboneANS] to
complement this plasmid with pWNV-complement and the mutant variants of pWNV-
complement-NS1. To produce virus using either the 2-part or 3-part ligation strategy, 1 ug of each
plasmid was digested as follows: pWNV-GFP-backbone and pWNV-complement,
BssHII/BamHI; pWNV-backboneANS1, AfIIl/BssHII; pWNV-complement-NS1, BamHI/AfIIIL.
The appropriate fragments were ligated with T4 DNA ligase in a total volume of 50 puL for 15 min
at room temperature or 16°C overnight. The entire ligation mixture was then transfected into HEK-
293T cells in 6-well plates using Lipofectamine 3000 (Life Technologies) according to
manufacturer instructions. At days four and six post-transfection, virus-containing supernatants
were harvested and filtered through a 0.22 um filter. The titers of GFP-expressing WNV stocks
were determined by infecting Raji-DCSIGNR cells in technical duplicates with serial two-fold
dilutions of these virus-containing supernatants. Cells were incubated at 37°C for 16 to 20 h and
then fixed with 2% paraformaldehyde, and the number of GFP-positive infected cells was
determined by flow cytometry. The titer of each GFP virus (infectious units per mL, [U/mL) was
calculated from the linear portions of the virus dilution-infectivity curve. (b) WNV without GFP.
We also generated recombinant, infectious WNV without GFP using a two-plasmid (pWN-AB
and pWN-CG) infectious clone for WNV-NY99, strain 382-99 (GenBank accession no.

AF196835) 6495, Using the QuikChange site-directed mutagenesis kit (Agilent), we engineered
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mutations in pWN-CG to encode the following amino acid substitutions in NS1: A27T, Y34F,
A70Q, P101K, and S199G. PCR primers used for site-directed mutagenesis are listed in Table
4.1. Following propagation in SURE 2 competent cells (Agilent), the pWN-AB and pWN-CG
plasmids were purified and digested with NgoMIV and Xbal and then treated with alkaline
phosphatase. The DNA fragments were purified by phenol/chloroform extraction, precipitated
with ethanol, and joined with T4 DNA ligase at 16°C overnight. The assembled DNA was
linearized with Xbal (5 h at 37°C), treated with proteinase K (30 min at 50°C), and then purified
again by phenol/chloroform extraction and ethanol precipitation. The resulting DNA was used as
a template for in vitro transcription using the AmpliScribe T7 High Yield Transcription Kit
(Lucigen). The RNA product was electroporated into BHK21 cells using a GenePulser Xcell
electroporator (Bio-Rad) at 850 V, 25 mF, and infinite Q. The PO virus stocks were recovered
within four days and then propagated in C6/36 cells to generate P1 virus stocks. Virus stocks were
titered on Vero cells by focus-forming assay (FFA) .

Analysis of virus growth Kkinetics. (a) Vero cells. We inoculated Vero cells in duplicate in 24-
well plates with the GFP-expressing NS1 variants of WNV at a multiplicity of infection (MOI) of
0.01 in a final volume of 0.15 mL. After incubating for 1-2 h, the virus inoculum was removed,
the cells were washed twice with PBS, and 1 mL of low-glucose DMEM (ThermoFisher
12320032) was added. Virus-containing supernatant was harvested at day +4. All supernatants
were clarified by centrifugation and titered on Raji-DCSIGNR cells as described above. (b)
BHK?21 cells. BHK21 cells were plated one day prior to inoculation with WNV at an MOI of 0.01
for 2 h at 37°C. Supernatant was collected to confirm the inoculum virus titer, and cells were
washed with PBS to remove unbound virus. After incubation of the cells at 37°C for the indicated

time points, supernatant was collected and clarified by centrifugation at 300 x g for 5 min. Virus
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titers were determined on Vero cells by FFA . (¢) Neurons. For neuronal cultures, the cells were
plated in 12-well plates as described above and, eight days later, were inoculated with WNV at an
MOI of 0.001. Two hours post-inoculation, the medium was removed to confirm input virus titer
and replaced with fresh medium. Supernatants were taken at the indicated time points, clarified by
centrifugation, and titered on Vero cells by FFA 66,

Western blotting. Cellular and secreted WT and P101K NS1 were assessed by Western blotting.
3 x 10° Vero cells were seeded in 10-cm dishes one day prior to inoculation with the WT or NS1-
P101K variant of WNV at an MOI of 5. After 1 h, the inoculum was removed, cells were washed
with PBS, and fresh medium was added. At the indicated time points following infection, cell
lysates were prepared in RIPA buffer (Thermo Cat. No. 89900) containing Halt Protease Inhibitor
Cocktail (EDTA-free; Cat. No. 78425) and frozen at -80°C. Cell lysates were prepared similarly
for cycloheximide-chase experiments (see details below). In both cases, cell lysates were thawed
on ice, vortexed, and centrifuged at 18,800 x g for 10 min at 4°C to remove cellular debris. Total
protein was quantitated using a Pierce bicinchoninic acid (BCA) assay (Thermo Cat. No. 23225).
For each lysate sample, 10 pug of total protein was prepared in NuPAGE LDS sample buffer and
reducing agent (Thermo), heated at 70°C for 10 min, and loaded into a NuPAGE 10% Bis-Tris gel
(Thermo). Following polyacrylamide gel electrophoresis in NuPAGE MOPS SDS running buffer
(Thermo), protein was transferred to a nitrocellulose membrane using an iBlot Gel Transfer Device
(Thermo) on the manufacturer’s PO setting. The membranes were washed in PBS containing 0.05%
Tween-20 (PBST) and incubated with blocking buffer (PBST containing 5% (w/v) non-fat milk)
for 1 h at room temperature. The membranes were incubated overnight at 4°C with blocking buffer
containing the murine anti-NS1 mAbs 8NS1 (3 pg/mL) or 16NS1 (1:1000 dilution of ascites fluid)

7 and an anti-GAPDH rabbit antibody (1:1000; clone 14C10; Cell Signaling Cat. No. 2118). The
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next day, membranes were washed three times in PBST (10 min per wash) and then incubated for
1 h at room temperature in blocking buffer containing the following secondary antibodies (LI-
COR): IRDye 680 donkey anti-mouse IgG and IRDye 800 donkey anti-rabbit IgG. Following three
additional washes in PBST, membranes were imaged on an Odyssey infrared imager (LI-COR).
To measure E protein levels in the lysates, the membranes were stained overnight at 4°C in
blocking buffer containing the anti-E mAbs human E16 (hE16; 5 pg/mL) and chimeric human E60
(chE60; 5 pg/mL) %89, The next day, membranes were washed in PBST and incubated for 1 h at
room temperature in blocking buffer containing peroxidase-conjugated goat anti-human IgG
(1:10,000; Jackson ImmunoResearch Cat. No. 109-035-088). After washing, membranes were
incubated with SuperSignal West Pico Chemiluminescent Substrate (Thermo), and E protein levels
were assessed after developing autoradiography film. Following image acquisition, levels of NS1
and GAPDH were quantified by densitometry using Image Studio Lite software (LI-COR). The
ratio of NS1 to GAPDH was calculated at each time point for normalization, and then the fraction
of NS1 remaining in the cell lysate compared to the starting amount was determined, using the
time of initiation of cycloheximide treatment as the starting point.

Detection of NS1 on the cell surface. Vero cells were inoculated with the WNV WT or NSI-
P101K variant at an MOI of 5. After 1 h, the inoculum was removed and replaced with fresh
medium. Eighteen hours later, the cells were washed in PBS and detached by incubating in PBS
containing 10 mM EDTA and 0.5% bovine serum albumin (BSA) for 20 min at 37°C. Cells then
were washed in PBS containing 0.5% BSA and 2 mM EDTA (FACS buffer) and stained by
incubating for 1 h on ice in FACS buffer containing an oligoclonal pool of anti-NS1 mouse mAbs
(8NS1,9NS1, 10NS1, and 17NS1; 2 pg/mL for each mAb) ¢7 or an isotype control antibody. After

washing, cells were incubated for 30 min on ice with Fixable Viability Dye eFluor 506 (1:1000;
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eBioscience) and goat anti-mouse IgG conjugated to Alexa Fluor 647 (1:2000; Thermo). Cells
were washed again and fixed in PBS containing 4% PFA for 10 min, followed by washing in
perm/wash buffer (PBS containing 0.1% saponin and 0.1% BSA). Cells then were incubated for
30 min on ice in perm/wash buffer containing the anti-E mAb hE16 (2 pg/mL) or an isotype
control. After washing, the cells were incubated for 30 min on ice in perm/wash buffer containing
goat anti-human IgG conjugated to Alex Fluor 488 (1:2000; Thermo). After a final few washes in
perm/wash buffer, the cells were resuspended in FACS buffer and processed on a MACSQuant
Analyzer (Miltenyi Biotec). Data was analyzed using FlowJo software by first gating on single,
live cells. Within this population, the mean fluorescence intensity (MFI) of cell surface (ch17NS1)
and total cellular NS1 (8NS1) for infected cells was normalized to that for non-infected cells.

Cycloheximide-chase experiments. Stability of cellular NS1 (WT and P101K) in infected cells
was analyzed using a cycloheximide-chase assay. Vero cells were seeded at 5 x 10° cells per well
in 6-well plates and incubated overnight. The next day, the cells were inoculated with the WT or
NS1-P101K variants of WNV at an MOI of 1. The inoculum was removed and replaced with 1
mL of fresh medium after two hours. Twenty hours post-inoculation, protein translation was
stopped by adding cycloheximide (Sigma; final concentration of 75 pg/mL) in a 0.1 mL volume.
At the indicated time points following cycloheximide addition, the cells and supernatants were
harvested, and cell lysates were prepared in RIPA buffer containing Halt Protease Inhibitor
Cocktail as described above. Protein levels were assessed by performing SDS-PAGE and Western
blotting as described above, using the anti-NS1 mAb 16NS1 (1:1000 dilution of ascites fluid).

NS1 capture ELISA. Levels of WNV NS in serum were determined using a previously described
capture ELISA 7°, Murine anti-NS1 mAb 10NS1 (2.5 pg/well) was immobilized onto MaxiSorp

96-well plates (Thermo) overnight at 4°C in 50 pL of sodium bicarbonate buffer, pH 9.3.
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Subsequently, plates were washed four times with PBS and blocked with ELISA buffer (PBS
containing 2% BSA, and 0.05% Tween 20) for 1 h at 37°C. Plates then were incubated with mouse
serum samples diluted in ELISA buffer for 2 h at 37°C. To generate a standard curve for NS1
quantitation, plates were incubated with serial dilutions of recombinant WNV NS1 (Native
Antigen). After washing four times with ELISA buffer, plates were incubated with biotinylated
3NS1 %7 (5 pg/mL) for 1 h at room temperature. Plates were washed again and incubated with
streptavidin-conjugated horseradish peroxidase (1:625 dilution; Vector Laboratories) for 30 min.
After a final wash series, plates were developed using 3,3[1,5,5)-tetramethylbenzidine substrate
(Agilent). The reaction was stopped using 2 N H2SO4 and absorbance at 450 nm was read with a
TriStar Microplate Reader (Berthold Technologies).

Mouse experiments. All animal studies were performed using C57BL/6J male mice (Jax Cat. No.
000664). For most experiments, 4- to 5-week-old mice were inoculated by subcutaneous injection
in the footpad with 100 FFU of WT or NS1-variant WNV in a 50 pL volume. Mice were euthanized
after 21 days or on the indicated days for assessment of virus titers in specific organs. For NS1
addition experiments, on day 5 post-inoculation, mice were administered 5 pg of WNV NS1-WT
(strain New York 1999; Native Antigen) in a 50 uLL volume by retro-orbital injection. Commercial
WNV NS1 was certified to be free of endotoxin contaminants by the manufacturer. Six hours after
injection, facial vein phlebotomy was performed to quantitate NS1 in serum. For intracranial
infection studies, 4- to 5-week-old mice were inoculated by intracranial injection into the right
cortex with 10 FFU of WT or P101K WNV in a 10 uL volume.

Viral burden analysis. Organs were weighed and homogenized by bead dissociation using a
MagNA Lyzer (Roche) in a volume of PBS or DMEM containing 2% FBS. Viral RNA was

isolated from the tissue homogenates and serum using the RNeasy 96 and Viral RNA Mini kits
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(Qiagen), respectively. WNV RNA levels were determined by TagMan one-step quantitative
reverse transcriptase PCR (qQRT-PCR) using the following primer and probe sequences: forward
primer, 5’-GGGTCAGCACGTTTGTCATTG-3’; reverse primer, 5’-
TCAGCGATCTCTCCACCAAAG-3’; probe, 5°-TGCCCGACCATGGGAGAAGCTC-3’ %, To
calculate FFU equivalents from RNA levels, an RNA standard curve was generated using a defined
viral stock.

NS1 cell-binding assays. (a) ”CMEC/D3 cells. To measure binding of NS1 to the blood-brain
barrier hCMEC/D3 cells, the cells were seeded in flasks one day prior to the experiment. The next
day, the cells were washed in PBS containing 4 mM EDTA and detached by incubating in FACS
buffer for 5-10 minutes at 37°C. After counting, 10° cells were aliquoted into wells of a 96-well
plate, pelleted by centrifugation, and resuspended in 100 uL. of DMEM containing recombinant
WT or PIOIK NSI (1, 5, or 10 pg/mL). The cells were incubated on ice for 1 h and then washed
in FACS buffer. Subsequently, the cells were resuspended in an oligoclonal mix of murine anti-
NS1 mAbs (1 ug/mL of each): 4NS1, 8NS1, 9NS1, 10NSI, 15NS1, 17NS1, and 22NS1) ¢7. After
incubating for 1 h on ice, the cells were washed and stained in goat anti-mouse IgG conjugated to
Alexa Fluor 647 (1:2000; Thermo) and Fixable Viability Dye eFluor 506 (1:1000; eBioscience).
After incubating for 30 min on ice, the cells were washed, fixed in 1% PFA in PBS, and then
resuspended in FACS buffer prior to analysis on a MACSQuant Analyzer (Miltenyi Biotec).
Binding data was analyzed using Flowjo software by first gating on single, live cells and then
measuring the percent of cells bound to NS1. (b)) HBMECs. To measure binding of WT and P101K
NS1 to HBMECs %7, 10° cells were seeded on 0.2% gelatin-coated glass coverslips (Sigma) in 24-
well plates. Cells were allowed to form a confluent monolayer for three days, with medium

changes every other day. On the day of the experiment, recombinant His-tagged NS1 protein at 10

152



ug/mL (3 pg total protein) was added to wells and incubated for 1 h at 37°C. Subsequently, cells
were incubated for 30 min at 37°C with a mouse anti-His antibody conjugated to Alexa Fluor 647
(1:200; Novus Biologicals) and nuclear stain Hoechst 33342 (1:200; Immunochemistry Cat. No.
639). Cells were washed twice in PBS and fixed in 4% formaldehyde. Coverslips were mounted
onto microscope slides on a drop of ProLong Gold (Thermo Cat. No. P10144) and imaged using
a Zeiss LSM 710 inverted confocal microscope (CRL Molecular Imaging Center, University of
California, Berkeley).

Trans-endothelial electrical resistance (TEER) assay. As previously described 2!, we used a
TEER assay to measure the capacity of NS1 proteins to trigger endothelial hyperpermeability of
HBMECs. 10° HBMECs were seeded in 300 uL of culture medium into each apical chamber of a
24-well polycarbonate membrane transwell (Corning Transwell with 0.4 um pore size with 6.5
mm insert; Fisher Cat. No. 07-200-147). Medium (1.5 mL) was added to the basolateral chamber,
and the cell monolayer was allowed to grow to confluence for three days, with daily media changes
for the apical and basolateral chambers. On the day of TEER assay, NS1 protein at 5 pg/mL (1.5
ug total protein) was added to the apical chambers of the transwells. Electrical resistance values
were measured in ohms (Q) at specified timepoints using an Epithelial Volt Ohm Meter (EVOM)
with “chopstick™ electrodes (World Precision Instruments). Transwells without cells (medium
only) or with non-treated HBMEC:s served as negative controls to calculate the baseline electrical
resistance. Relative TEER was calculated as the ratio of resistance values according to the
following formula: (Q NS1-treated cells - Q medium alone)/(Q2 non-treated cells - Q medium
alone).

Complement factor binding ELISAs. Binding of WT and P101K NS1 proteins to complement

factors (purchased from Complement Technologies) was performed by ELISA. The complement
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proteins (factor H, 2.5 pg; C4 and C4b, 0.5 pg) were adsorbed to MaxiSorp 96-well plates
(Thermo) overnight at 4°C in 50 pL of sodium bicarbonate buffer, pH 9.3. Subsequently, plates
were washed four times with PBS and blocked with ELISA buffer (PBS containing 2% BSA, and
0.05% Tween 20) for 4 h at room temperature. Plates then were incubated with serial dilutions of
recombinant WT or P101K NSI proteins in ELISA buffer for 1.5 h. After washing, plates were
incubated for 30 min with an oligoclonal cocktail of biotinylated anti-NS1 mAbs (3NS1, 8NSI,
ONSI1, and 22NS1; 2 pg/mL for each mAb). After another wash series and incubation with
streptavidin-conjugated horseradish peroxidase, plates were developed and read as described
above.

Data analysis. The statistical tests for each data set are indicated in the respective legends and
were performed using GraphPad Prism 8 software. Survival curves were analyzed by the log-rank
Mantel-Cox test with a Bonferroni correction. Expression levels of WT versus P101K NS1 in flow
cytometric assays were assessed by the Mann-Whitney test. To compare WNV WT and P101K in
the context of NS1 antigenemia and tissue viral burden across multiple days post-infection, Mann-
Whitney tests or two-way ANOV As were performed with Sidak’s post-test. Statistical significance
was defined as p < 0.05.

Data availability. All primary data will be made publicly available upon publication.
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Table 4.1 List of mutagenesis primers

Mutant | Primer | Sequence

A27T Forward | TACACAATGATGTGGAGACTTGGATGGACCGGTAC

Y34F Forward | GATGGACCGGTACAAGTTTTACCCTGAAACGCCAC

A70Q | Forward | CTGGAGCATCAAATGTGGGAACAGGTGAAGGACGAGCTGAACAC
P101K | Forward | GGGAATGTACAAGTCAGCAAAGAAACGCCTCACCGCCACCA
S199G | Forward | GCGATCCACAGTGACCTGGGCTATTGGATTGAAAGCAG

A27T Reverse | GTACCGGTCCATCCAAGTCTCCACATCATTGTGTA

Y34F Reverse | GTGGCGTTTCAGGGTAAAACTTGTACCGGTCCATC

A70Q | Reverse | GTGTTCAGCTCGTCCTTCACCTGTTCCCACATTTGATGCTCCAG
P101K | Reverse | TGGTGGCGGTGAGGCGTTTCTTTGCTGACTTGTACATTCCC
S199G | Reverse | CTGCTTTCAATCCAATAGCCCAGGTCACTGTGGATCGC
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Figure 4.1. The NS1-P101K variant of WNYV replicates efficiently in vitro but is attenuated in mice.
(A) Structural representation of the WNV NS1 dimer (PDB 406D), with one monomer colored by domain:
blue, B-roll; yellow, wing; red, B-platform. The second monomer is colored silver in each dimer.
Substitution variants that were generated in the GFP-expressing WNV infectious clone are represented by
gray or colored spheres. This figure was prepared using PyMOL software (Version 1.2r3pre, Schrodinger,
LLC). (B-C) WNYV replication kinetics in vitro. (B) Vero cells were inoculated with GFP-expressing WNV
NSI1 variants at an MOI of 0.01. Four days post-inoculation, virus in the supernatant was titered on Raji-
DCSIGNR cells (IU/mL, infectious units per mL). Each dot represents an independent experiment (n = 10
for WT, n = 2-4 for each NS1 variant). Bar height, mean values; error bars, standard deviation (SD). Black
dashed line represents the mean titer of WT virus; red dotted line represents one SD from the WT mean.
(C) BHK-21 cells were inoculated with five selected WNV NS1 variants (without GFP; colored bars in B)
at an MOI of 0.01. Virus in the supernatant was titered at the indicated time points by focus-forming assay
(FFA). Data are pooled from two experiments performed in duplicate; error bars, SD. (D) Survival analysis.

161



Four- to five-week-old male C57BL/6J mice were inoculated with 10? FFU of the same WNV NS1 variants
as in C. Survival was analyzed by the log-rank Mantel-Cox test with a Bonferroni correction (*p<0.05; WT,
n =52, two experiments; P101K, n = 38, three experiments; all other variants, n = 30, two experiments).
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Figure 4.2. Anti-NS1 mouse mAbs retain binding to NS1-P101K protein. (A-F) Avidity of binding to
recombinant WT and P101K protein was determined by direct ELISA for the following anti-NS1 mouse
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proteins (5 or 50 ng per lane) was performed by Western blotting.
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Figure 4.3. NS1-P101K substitution results in lower levels of cellular and secreted NS1. (A) Cellular

and secreted levels of NS1. Vero cells were inoculated with the WT and NS1-P101K variant of WNV at an

MOI of 5. Cell lysates and supernatants were harvested at the indicated time points, and protein levels were

assessed by Western blotting using the following antibodies: anti-NS1 (8NS1), anti-E (hE16 and chE60),

and anti-GAPDH. Images are representative of three experiments. (B-C) Cell surface NS1. Vero cells were

inoculated with WNV as in A for 18 h and then analyzed by flow cytometry. Representative histograms are

shown for cell surface staining with an oligoclonal mix of anti-NS1 mAbs (§NS1, 9NS1, 10NS1, and 17NS1)
(B) and intracellular staining with an anti-E mAb (hE16) (C). Surface and intracellular staining with isotype

control mAbs are shown. Data are representative of two experiments performed in duplicate. (D) Stability

of cellular NS1. Vero cells were inoculated with WNV at an MOI of 1 for 20 h and then treated with

cycloheximide (0 h chase time point). Cell lysates were harvested at the indicated chase time points, and
protein levels were assessed by Western blotting using anti-NS1 16NS1, anti-E hE16, and anti-GAPDH

antibodies. Images are representative of two experiments. (E) Densitometry analysis of D. Data represent

the fraction of NS1 (normalized to GAPDH) remaining over time compared to the initiation of
cycloheximide treatment. Densitometry was performed for two experiments; error bars, SD. (F) NS1

antigenemia. Four- to five-week-old male C57BL/6J mice were inoculated subcutaneously with 10 FFU

of the WNV WT or NS1-P101K. On the indicated days post-infection, serum was collected and NS1 levels

were determined by capture ELISA. Data are from at least two experiments per time point (two-way

ANOVA with Sidak’s post-test: **p<0.01; day +4: WT, n= 8 and P101K, n = 8§; day +5: WT, n =20 and

P101K, n=21; day +6: WT, n=9 and P101K, n=9).
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Figure 4.4. WNV NS1-P101K replicates efficiently in peripheral organs of mice but produces lower
titers in the brain. (A-D) Four- to five-week-old male C57BL/7J mice were inoculated subcutaneously
with 10> FFU of WNV WT or NS1-P101K. On the indicated days post-infection, viral titers were
determined by RT-qPCR in serum (A) and by plaque assay in the (B) spleen, (C) brain, and (D) spinal cord.
Data are from two experiments per time point (two-way ANOVA with Sidak’s post-test: ****p<0.0001;
Day +2: WT, n =10 and P101K, n = 10; Day +5: WT, n = 10 and P101K, n = 9; Day +7: WT, n =9 and
P101K, n = 9). (E-L) Mice were inoculated with 10> FFU of WNV as in A-D, and viral RNA levels were
determined by RT-qPCR in the following tissues: (E) spleen, (F) distal small intestine (SI), (G) proximal
colon, (H) spinal cord, (I) olfactory bulb, (J) cerebellum, (K) brainstem, and (L) cerebral cortex. Data are
from at least two experiments per time point (two-way ANOVA with post-test: **p<0.01; Day +4: WT, n
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=8 and P101K, n = §; Day +5: WT, n =13 (E-H) or 17 (I-L) and P101K, n = 10 (E-H) or 14 (I-L); Day
+6: WT,n =9 (E-H) or 12 (I-L) and P101K, n =8 (E-H) or 11 (I-L)).
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Figure 4.5. WNV NS1-P101K replicates efficiently in neurons in vitro and in vivo. (A) WNV replication
kinetics in neurons. Primary murine cortical neurons were inoculated with the WNV WT or NS1-P101K at
an MOI of 0.001. Virus in the supernatant was titered at the indicated time points by focus-forming assay
(FFA). Data include two experiments performed in duplicate; error bars, SD. (B) Survival analysis
following intracranial infection. Four- to five-week-old male C57BL/6J mice were inoculated via
intracranial injection with 10' FFU of the WNV WT or NS1-P101K. Data are from two experiments and
were analyzed by the log-rank Mantel-Cox test (WT, n =25; P101K, n = 25). (C-F) Mice were inoculated
via intracranial injection with WNYV as in B, and viral burden was measured by plaque assay on the indicated
days post-infection in the following tissues: (C) cerebral cortex, (D) cerebellum, (E) brainstem, and (F)
spinal cord. Data are from two experiments (two-way ANOVA with Sidak’s post-test: Day +3: WT,n="7
and P101K, n = §; Day +5: WT, n =8 and P101K, n = 8).
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Figure 4.6. NS1-P101K substitution does not affect NS1 binding to endothelial cells or complement
factors. (A-C) NS1 binding to endothelial cells. (A) Recombinant WT or P101K NS1 at the indicated
concentrations was incubated with hCMEC/D3 cells and detected by flow cytometry using a cocktail of
anti-NS1 mAbs. Data are from three experiments performed in triplicate. (B) Recombinant WT or P101K
NS1 (10 pg/mL) was incubated with HBMECs for 1 h and then imaged by immunofluorescence microscopy.
Representative images from three experiments are shown (scale bars, 50 pm). (C) Quantitation of B. (D)
HBMEC permeability measured by trans-endothelial electrical resistance (TEER) assay at the indicated
time points after the addition of WT or P101K WNV NS1. Commercially purchased WNV NS1 (Native
Antigen) served for comparison. Relative TEER was calculated as the ratio of resistance values according
to the following formula: (2 NS1-treated cells - Q medium alone)/(Q2 non-treated cells - Q medium alone).
Data are pooled from two experiments performed in triplicate. (E-G) NS1 binding to complement proteins

by direct ELISA: (E) factor H, (F) C4, and (G) C4b. Data are pooled from two experiments performed in
duplicate; error bars, SD.
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Figure 4.7. Exogenous administration of soluble NS1 rescues the infectivity of WNV NS1-P101K in
the brain. (A) Experimental outline. Four- to five-week-old male C57BL/6J mice were inoculated
subcutaneously with 10 FFU of WNV WT or NS1-P101K. At 5 dpi, mice were administered 5 pg of WNV
NS1-WT protein by retro-orbital injection. (B) Six hours after injection, mice were bled to measure NS1
levels in serum by capture ELISA. (C-D) Two days later (at 7 dpi), viral RNA levels were determined by
RT-qPCR in the (C) spleen and (D) brain. Data were analyzed by Mann-Whitney test between the indicated
groups. B: two experiments (¥***p<0.001; ****p<0.0001; WT, n=16; WT + NS1-WT, n=6; P101K, n=
18; P101K + NS1-WT, n = 18); C and D: four experiments (*p<0.05; WT, n=26; WT + NS1-WT, n=13;
P101K, n=28; P101K + NS1-WT, n = 28).
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Conclusions and Future Directions
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5.1 Summary and Future Directions

In these studies, we examined the protective efficacy of murine and human mAbs targeting
NS1 in animal models for ZIKV and WNV. Although the NS1 proteins of these viruses retain only
~50% amino acid identity, our epitope mapping studies revealed common features. In particular,
protective mAbs against ZIKV or WNV NS1 predominantly mapped to similar epitopes on the
respective NS1 protein structures: 1) the loop face of the B-platform domain and ii) the electrostatic
outer face of the wing domain. Notably, these regions lie on the outer face of the NS1 dimer which
is predicted to be accessible in the cell surface form of NS1!2. Given that virtually all flaviviruses
express NS1 on the surface of infected cells*®, these epitopes may represent a common target of
protective mAbs against flaviviruses. Most likely, protective mAbs binding these epitopes promote
clearance of infected cells through Fc effector functions, such as complement-dependent
cytotoxicity’ or phagocytosis®. Indeed, studies using Fc-variant mAbs (e.g., LALA or LALA-PG)
suggested that NS1-specific human mAbs for ZIKV and WNYV tended to protect through Fc-
dependent mechanisms. This is consistent with prior reports of protection associated with Fc
receptor engagement for murine mAbs against WNV NS1° and other human mAbs against ZIKV
NS1°,

Recent reports demonstrate that some NS1-specific mAbs confer protection against DENV
through Fc-independent mechanisms!!!2, In particular, two mAbs engaging the tip of the P-
platform conferred protection against lethal DENV challenge and prevented NSI-dependent
endothelial hyperpermeability!!!2. Structural analysis for one of these mAbs suggested that it
prevented binding of soluble DENV NS1 to endothelial cells through steric hindrance of the wing
flexible loop'?. Additionally, this mAb directly contacted residues at the tip of the B-platform that

are critical for NS1-dependent endothelial permeability following binding. Vascular dysfunction

171



and plasma leakage are hallmarks of clinical DENV infection, and disease severity correlates with
the levels of soluble NS1 in blood!*!'*. Thus, blocking of binding of soluble NS1 and limiting
endothelial hyperpermeability possibly represents one mechanism of antibody-based protection
against DENV. The relevance of this mechanism to other flaviviruses that express lower levels of
secreted NS1, such as WNV or ZIKV, remains unclear. One recent study identified an NSI-
specific human mAb that conferred partial Fc-independent protection against ZIKV in neonatal
mice; however, its epitope was not precisely mapped'. In our studies using limited panels of
mAbs, we did not identify mAbs with robust Fc-independent protection. However, one human
mADb (WNV-97) against WNV NS1 and one murine mAb (Z14) against ZIKV NS1 trended toward
low levels of protection despite no or poor binding to cell surface NS1. Notably, WNV-97 and
Z14 mapped to the tip of the B-platform at similar positions as the contact residues for the
protective mAbs against DENV NS1!2, Since WNV-97 and Z14 bind poorly to the surface and
therefore likely cannot promote clearance of virus-infected cells, they possibly contribute to
protection by blocking effects of soluble NS1. Indeed, soluble ZIKV and WNV NSI1 proteins can
promote hyperpermeability at blood-tissue barriers!®!7. Furthermore, our studies with WNV NS1-
P101K suggest that circulating soluble NS1 plays a role in WNV dissemination to the brain.
Soluble ZIKV and WNV NSI1 also may mediate pathogenesis through other unidentified
mechanisms which potentially could be blocked by antibody binding.

We identified mAbs mapping to the wing flexible loop of NS1 for both ZIKV (Z12 and
Z13)and WNV (WNV-99 and 16NS1!®). Whereas WNV-99 and the previously generated 16NS118
conferred protection against lethal WNV challenge, Z12 and Z13 failed to protect hNSTAT2 KI
mice against ZIKV. Notably, WNV-99 and 16NS1 bound avidly to cell surface NS1 and with

considerable site density. Z12 and Z13 bound with comparatively much lower site density. Avid
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binding with high site density to infected cells may be required to cross-link bound antibodies and
promote efficient Fc effector functions!®-?2. Although these mAbs mapped to similar residues,
structural differences in the flexible loops of ZIKV and WNV may explain the differential
protection in vivo. The flexible loop was disordered in the WNV NS1 dimer structure { Akey, 2014
#19}. In contrast, the ZIKV NS1 dimer structure revealed the flexible loop to form a hydrophobic
‘spike’ oriented toward the inner face of the dimer!->%3. This orientation suggests that the flexible
loop could be less accessible in the cell surface form of ZIKV NSI1. Alternatively, Z12 and Z13
may bind the flexible loop at different angles than WNV-99 or 16NS1, such that they are orientated
toward the membrane. Structural studies that achieve atomic-level resolution of mAb bound to
NS1 may help to elucidate differences in how WNV-99, 16NS1, Z12, and Z13 engage NS1.
Although our studies mostly assessed protection by individual NS1-specific mAbs, the
combination of two murine mAbs (Z15 and Z17) trended toward enhanced protection against
ZIKV in the placenta and fetal heads of pregnant mice. These antibodies mapped to distinct regions
of NS1 that were associated with protection for ZIKV and WNV, namely the outer surface of the
wing domain and the loop face of the B-platform domain. Additionally, mAbs targeting the wing
flexible loop in this study and in a previous study{Lee, 2012 #72} {Chung, 2006 #70} conferred
protection against lethal WNV challenge. Future studies could assess combinations of two or more
mAbs from distinct competition groups. Though mAbs like Z14 and WNV-97 conferred limited
protection (likely due to poor binding to cell surface NS1), co-administration of these mAbs with
other surface-binding mAbs could potentially provide synergistic protection. Compared to mAbs
and vaccines targeting the flavivirus structural proteins, NS1-targeted mAbs and vaccines tend to
confer lower levels of protection in animal models. NS1 mAbs or vaccines also could be combined

with strategies targeting the structural proteins to provide potentially synergistic antiviral
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responses.

Various reports suggest that epitopes at the tip of the B-platform of DENV NSI (residues
~305-330) can induce autoantibodies that react with human endothelial cells, platelets, and
coagulation factors?*3°. These mAbs are speculated to contribute to pathogenesis, and indeed can
induce thrombocytopenia, coagulopathy, and plasma leakage in some mouse models?**°. While
these findings have only been shown for mAbs generated from DENV NS1 immunization, the C-
terminal region of flavivirus NS1 displays considerable sequence conservation. We identified
several protective mAbs mapping to epitopes that overlapped with this cross-reactive C-terminal
region (e.g., Z17, ZIKV-231, 749-A4, WNV-98, 14NS1°, and 17NS1°). Though these mAbs
conferred protection in our animal models, further studies are warranted to determine the safety of
mAbs and vaccines targeting this region of NS1. Alternatively, vaccine immunogens could be
designed to focus the immune response on other protective epitopes (e.g., the outer surface of the
wing domain or spaghetti loop). This could be accomplished by designing NS1 immunogens

31,32

lacking the cross-reactive C-terminal region’'-* or by masking these epitopes by attachment of N-

linked glycans in a site-specific manner>3-3,

For murine and human mAbs against ZIKV or WNV, the most commonly targeted regions
were the loop face of the B-platform and outer face of the wing domain. This is consistent with
peptide microarray mapping studies using DENV-immune sera, which suggest that these are
immunodominant antibody epitopes for DENV NS1°%7. Indeed, the NS1 dimer structures for
DENV, WNV, and ZIKV and C-terminal domain structures for JEV and YFV all adopt similar
folding and domain organization!->23-33-40_ Future studies looking at larger panels of NS1-specific

mAbs potentially could hasten epitope mapping by prioritizing assessment of these

immunodominant regions, especially since these epitope regions tend to be associated with
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protection.

In summary, we defined panels of mAbs against the NS1 proteins of ZIKV and WNV that
conferred protection in multiple animal models for these viruses. We identified two epitopes
associated with protection against ZIKV and WNV: (i) the electrostatic outer surface of the wing
domain and (ii) the loop face of the B-platform domain. These epitopes facilitated avid binding at
high site density to cell surface NS1 and engagement of Fc receptors. Importantly, these studies
suggest that vaccine immunogens could be designed to target protective epitopes while avoiding
adverse risks associated with the cross-reactive C-terminal region of NS1. Future studies that
elucidate the atomic structures of protective mAbs bound to NS1 may refine antigen engineering
strategies for rational NS1 vaccine design. A major limitation of our studies is that we assessed
limited panels of mAbs against ZIKV and WNV and did not address the role of Fc for all protective
mAbs. Future studies could perform more extensive epitope mapping on larger panels of NS1-
specific mAbs to fully understand the breadth of epitopes associated with protection against

flaviviruses.

5.2 Concluding remarks

Flaviviruses continue to disseminate geographically and to emerge and re-emerge, causing
epidemics that threaten public health. Although successful vaccines exist for some flaviviruses,
the concern for antibody-dependent enhancement of disease hampers the design of vaccines
targeting the structural proteins. NSI-targeted approaches offer a promising alternative and
demonstrate success in animal models. These studies can serve as a resource for the continued
development of NS1-targeted antibodies and vaccines, providing insight into the rational design
of immunogens that could focus immune responses on protective epitopes while avoiding

potentially pathogenic responses.
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