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Abstract

Molecular determinants of flavivirus non-structural protein 1
by
Nicholas Lo Tzu Ning
Doctor of Philosophy in Infectious Diseases and Immunity
University of California, Berkeley

Professor Eva Harris, Chair

Flaviviruses are arthropod-borne, positive-sense RNA viruses of significant medical and public
health importance. While safe and effective vaccines have been developed against some members
of the Flavivirus genus, limited progress has been made against others, such as dengue (DENV),
West Nile (WNV), and Zika (ZIKV) viruses — which cause distinct human diseases and affect
different tissues. Importantly, there are currently no flavivirus-specific therapeutics. Flaviviruses
encode a secreted non-structural protein 1 (NS1) that directly interacts with endothelial cells,
resulting in barrier dysfunction. The clinical manifestations of these interactions are thought to
include DENV NS1-induced vascular leak in the lungs, WNV NS1 enhancing viral infection of
the brain, and ZIKV NS1 causing hyperpermeability in placental tissues. We previously found that
flavivirus NS1 binds to endothelial cells and disrupts barrier functions in a tissue-specific manner
consistent with the disease tropism of the respective viruses. Understanding the underlying
molecular mechanism of tissue-specific NS1-endothelial cell interactions will help guide better
interventions to prevent and control flaviviral diseases. To elucidate the distinct role(s) that the
domains of NS1 (B-roll, wing, and B-ladder) play in NS1 interactions with endothelial cells, we
constructed flavivirus NS1 chimeras that exchanged the wing and B-ladder domains in a pair-wise
manner between DENV, WNV, and ZIKV NS1. We found that both the NS1 wing and B-ladder
domains conferred NSI1 tissue-specific endothelial dysfunction, with the wing conferring cell
binding and the B-ladder involved in inducing endothelial hyperpermeability as measured by trans-
endothelial electrical resistance assay. Then, we utilized the DENV-WNV NSI chimera and
identified residues 91 to 93 (GDI) of DENV NS1 as a molecular motif determining binding
specificity. Using a mouse model of localized leak, we corroborated that the NS1 wing domain
and GDI molecular determinant motif triggered NS1-induced vascular leak in vivo. Further, we
report other molecular determinants of interest, including a highly conserved motif in the NSI
wing domain that mediates pan-flavivirus NS1 binding to pulmonary endothelial cells and
identified the wing domain to mediate interactions with endothelial cell surface glycans. Finally,
we explored the protective effects of the iminosugar UV-4B against DENV NS1-induced
endothelial dysfunctions by inhibiting proper host-dependent glycosylation processing of NSI.
Taken together, these findings contribute to improved understanding of flavivirus NS1 and the
molecular details conferring its tissue-specific functional patterns, that could help guide future
vaccine design and therapeutic developments.
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Chapter 1

Introduction



Flaviviruses

Flaviviruses are vector-borne, positive-stranded RNA viruses that cause human diseases of
public health significance, collectively causing approximately 400 million annual infections
globally with half of the global population at risk [ 1,2]. Most flaviviruses are transmitted to humans
via mosquitoes. Consequently, most of the diseases occur in low- and middle-income countries
within the tropical and sub-tropical regions, where the human and economic costs are significant.
While safe and effective human vaccines have been developed against some of these viruses such
as yellow fever (YFV) and Japanese encephalitis (JEV) viruses, less progress has been made
against others such as dengue (DENV) and West Nile (WNYV) viruses [3] . With climate change,
increased global movement of people and goods, and changing land usage as countries develop
[4-6], flaviviruses remain a major public health concern that warrant greater research and
understanding for effective mitigation strategies.

Flaviviral diseases are clinically diverse. Zika (ZIKV), WNV, JEV, and tick-borne encephalitis
(TBEV) viruses cause neurological pathologies such as encephalitis and meningitis, which can
lead to cognitive impairment, seizures, and paralysis [7]. ZIKV also causes Guillain-Barré
syndrome in adults and congenital Zika syndrome in infants, the best known of which is
microcephaly [8]. In contrast, YFV causes the prototypical haemorrhagic fever with symptoms
such as fever, nausea, and haemorrhage that share pathophysiological features with other unrelated
haemorrhagic fevers, but with increased severity in hepatic dysfunctions [9]. DENV, the most
widespread flavivirus, causes the eponymous systemic disease, dengue fever, where patients
present with myalgia, arthralgia, retroorbital and abdominal pain, rash, and in severe cases
haemorrhagic fever and shock with pronounced pathologies in the lungs [10].

Flavivirus virology

As an enveloped, positive-stranded RNA virus, flaviviruses have a ~10.7kb genome which
encodes 3 structural proteins (capsid, C; (pre-)membrane, pr/M; envelope, E) and 7 non-structural
(NS) proteins (NS1, NS2a, NS2b, NS3, NS4A, NS4B, NS5) [11,12]. The spherical virion surface
consists of E and pr/M proteins arranged in icosahedral-like symmetry. While the structural
proteins provide the scaffold of the virus, the non-structural proteins play critical roles in
supporting the viral life cycle. Briefly, NS1 is involved broadly in viral replication and viral
pathogenesis; NS2A orchestrates virion assembly and maturation [13,14]; NS2B and NS3 form a
viral protease complex responsible for the proteolytic processing of the translated flavivirus
polyprotein [15—-17]; NS3 additionally has helicase activity [18,19]; NS4A/4B are involved in
membrane remodeling [20] and interact with NS1 to form the replication complex at the ER [21—
241]; and NS5 acts as the RNA-dependent RNA polymerase and is essential for capping of the
nascent RNA genome [25,26]. Additionally, NS1 [27-30], NS2B/3 [31-33], NS4B [34], and NS5
[35,36] all contribute to flavivirus immune evasion by subverting various innate immune responses
such as RIG-1, MDA-5, complement, JAK-STAT, and cGAS-STING pathways. Two fascinating
discoveries regarding DENV immune evasion are that DENV NS2B/3 could only cleave human
but not murine or other primate STING proteins [37], and that DENV and ZIKV NS5 can only
cleave human but not murine STAT2 [38,39], in part explaining why modeling DENV and
flaviviral infections in animal models has been difficult.

Flaviviruses bind to a variety of mammalian cell types through interactions with cell surface-
bound glycosaminoglycans (GAGs) and the cognate receptor(s) of each virus, as well as certain
attachment factors such as C-type lectins (e.g., dendritic-cell-specific intracellular adhesion
molecule-3-grabbing non-integrin [DC-SIGN]) [40—42]. Notably, DENV primarily infects



immune cells of myeloid lineage in humans, including monocytes, macrophages, and dendritic
cells [43—45]. Upon receptor-mediated entry into host cells, a conformational change in the
flavivirus E protein is triggered by decrease in pH in the endosome, catalyzing the membrane
fusion that releases the viral capsid into the cytoplasm, allowing for genome uncoating. The viral
genome is then translated directly in the endoplasmic reticulum (ER) as a single polyprotein, which
then gets cleaved into individual proteins by both viral and host proteases [46]. Following the
synthesis of NS3 helicase and NS5 RNA-dependent RNA polymerase, RNA replicates in vesicle
packets where the initial viral assembly also occurs [47]. The nascent viral particles are then
transported through the Golgi apparatus where viral maturation and post-translational
modifications such as glycosylation occur, before being secreted from the host cell into the
bloodstream [1,11,12].

Dengue and dengue virus

Among flaviviruses, the four dengue virus serotypes (DENV1-4) are among the most well-
known and well-studied, understandably so in part due to two main reasons: 1) DENV is the most
widely-transmitted mosquito-borne virus, and 2) antibody-dependent enhancement of disease can
occur in heterologous secondary infections (secondary infection with a distinct serotype from the
first infection).

While around 75% of DENV infections are asymptomatic [2], symptomatic DENV infections
can result in classic dengue fever (DF), which presents with debilitating but self-limiting
symptoms characterized by high fever, rash, retro-orbital pain, myalgia, and arthralgia [2,48].
Some symptomatic DENV infections can progress to the more severe dengue haemorrhagic fever
(DHF) and dengue shock syndrome (DSS) [49], which were re-classified by the World Health
Organization (WHO) in 2009 as “severe dengue” [50].

Some of the clinical hallmarks of severe dengue (DHF/DSS) include thrombocytopaenia and
vascular leak [51]. Thrombocytopenia is defined as low platelet count (<100,000 in the case of
DHEF/DSS), as a result of platelet destruction or reduced platelet production in the bone marrow
[52-54]. This, together with other coagulopathies, leads to haemorrhagic manifestations
characteristic of DHF/DSS.

In vascular leak, the vascular endothelium becomes hyperpermeable and fluids extravasate into
tissues. One such presentation is pleural effusion, leading to pulmonary oedema, which can
progress to respiratory distress. Leakage of fluid from the circulatory system into the interstitial
space results in hypotension (low blood pressure) and/or narrow pulse pressure, which can lead to
hypovolaemic shock and death [55,56].

Vascular leak occurs as a result of endothelial hyperpermeability and dysfunction, which has
traditionally been attributed to a hyperactivated and misdirected immune response to the prior
rather than the current infecting serotypes, leading to uncontrolled viral infection and immune cell
activation [57,58]. However, over the past few years, our laboratory and others have demonstrated
that the secreted NS1 protein of DENV directly contributes to endothelial dysfunction and vascular
leak through interactions with endothelial and immune cells that result in the breakdown of
endothelial barrier components such as the glycocalyx and intercellular junctional proteins [59—
67]. As I further elaborate in the following sections, the observation that NS1 directly causes
endothelial dysfunction sets the foundation for my projects in the Harris laboratory and in this
dissertation.



Vascular leak and endothelial hyperpermeability

During a viral infection, the immune system responds by producing pro-inflammatory
cytokines such as interferon (IFN)-y, tumor necrosis factor (TNF)-a, interleukin (IL)-6, and IL-8.
These cytokines can increase vascular permeability to allow innate immune cells and humoral
effector molecules to extravasate from the blood into the tissue to control and eliminate the
pathogens [68,69]. A hyperactivated, dysregulated immune activation can result in disruption of
the endothelial barrier that lines the vasculature, making the endothelium Ayperpermeable to allow
fluids and solutes to extravasate into tissues and accumulate there [57,70,71]. Clinically, the rapid
loss of fluids from the blood can lead to sudden loss of blood pressure resulting in hypovolemic
shock, which can be fatal, while the fluid accumulation can be observed as pulmonary edema that
makes breathing challenging, one of the clinical presentations of severe dengue [72,73].

One of the primary hypotheses for the causation of severe dengue is immunopathogenesis,
when immune activation becomes dysregulated, often referred to as a “cytokine storm™ [74]. This
is thought to occur during a secondary heterologous DENV infection, where the infecting DENV
serotype differs from the serotype of a previous DENV infection, leading to antibody-dependent
enhancement (ADE). During ADE, cross-reactive but sub-neutralizing antibodies facilitate viral
uptake by Fcy-receptor bearing cells, leading to increased viraemia, infection, and activation of
the target monocytes that result in a cytokine storm. The ADE phenomenon has been shown in
vitro [75-78], as well as through a well-characterized human cohort study in Nicaragua [79-81].
In addition to the immune system gone awry, other inflammation modulators such as platelet
activating factors, macrophage migration inhibitory factors, and endopeptidases, have also been
shown to mediate vascular leak [53,55,82].

Determinants of endothelial barrier function

The two barrier determinants of endothelial cells in the vasculature are the intercellular
junctional complexes and the endothelial glycocalyx. When the endothelial barrier is disrupted,
either as a result of immune activation or endothelial-intrinsic factors, the endothelium becomes
hyperpermeable [83—85], allowing leakage of fluid out of the circulatory system, which could
result in shock and fluid build-up in tissues.

Intercellular junctional complexes form the physical contact sites between two cells and are
involved in cell-cell adhesion, communication, and barrier function [84,86]. Specifically, tight (TJ)
and adherens (AJ) junctions mediate the inter-cellular permeability [87]. The occludin, claudin (of
TJ), and cadherin proteins (of AJ) connect neighbouring endothelial cells and physically regulate
fluid passage into the underlying tissues in a semi-permeable manner [86,88].

The glycocalyx is a complex network of membrane-bound glycoproteins and proteoglycans
that coat the luminal surface of endothelial cells [57,83,89,90]. The glycocalyx is a dense, kelp
forest-like matrix that protects the underlying endothelial cells from the shear force generated by
blood flow, forming a physical barrier that prevents bloodstream molecules from reaching the
endothelium [83,89]. Sialic acid (Sia) molecules and glycosaminoglycans (GAGs) such as heparan
sulfate, chondroitin sulfate, and hyaluronic acid are major components of the glycocalyx and
contribute to the maintenance of its barrier function by mediating homeostasis, signaling, and
interactions with blood cells. In severe dengue patients, elevated levels of Sia and various GAG
components have been observed in circulation [91-95], which is recapitulated in a murine model
of severe dengue [96].



Disruptions of both the glycocalyx and the intercellular junctional complexes have been
observed clinically and strongly associate with plasma leakage, a hallmark of severe dengue
[94,95].

Flavivirus and DENV NS1

When a patient presents with dengue-like symptoms at a clinic or hospital, various laboratory
diagnostic tests are available to confirm a positive DENV infection. These tests utilize different
molecular and serological approaches such as reverse transcription-polymerase chain reaction
(RT-PCR), virus isolation, detection of IgM and IgG antibodies, and detection of the secreted
DENV NSI protein. Detection of DENV NS1 in blood samples is one of the most widely used
approaches in clinical diagnosis, as NS1 antigenemia in DENV-infected individuals correlates
with both viraemia and disease severity [97-99]. Circulating levels of NS1 have been reported to
vary from 0.1 to 10 pg/mL, with concentrations up to 200 ng/mL in dengue fever and levels >600
ng/ml in severe dengue patients [98,100].

NSI is a ~55-kDa glycoprotein secreted by flavivirus-infected cells that is highly conserved
across the flaviviruses [101-103]. DENV NS1 dimerizes in the ER and is displayed as a dimer on
intracellular membranes. It plays key roles in viral replication [104], interacting with NS2B and
NS4B to contribute to the formation of the viral replication complex [22,24,47,105]. The NS1
dimers can trimerize to form hexamers that are secreted by DENV-infected cells into the
bloodstream as a soluble lipoprotein that contains non-specific, size-restricted lipid cargo
[102,106—-109]. Secreted NS1 aids in viral particle production and interacts with lipids [110,111].
Secreted NS1 also helps DENV evade immune detection by binding to components of the
complement pathway, protecting the virus from complement-mediated neutralization and
preventing the killing of infected cells [27-29,112,113]. NS1 is also intimately involved in DENV
pathogenesis, which will be further reviewed in dedicated sections. Of particular note is that NS1
is the only secreted protein of DENV and other flaviviruses [107], which is interesting as it is
atypical for viral proteins to be secreted by infected cells — most viruses typically retain the viral
proteins intracellularly to promote viral replication and to evade immune detection.

DENYV NSI1 causes vascular leak in vivo and endothelial hyperpermeability in vitro

As the level of NS1 in DENV-infected individuals correlates with disease severity, we initially
hypothesized that NS1 may play a direct role in DENV pathogenesis. It was first reported by our
laboratory that NS1-vaccinated mice were protected against lethal DENV challenge compared to
ovalbumin (OVA) control-vaccinated mice, and that the protection was against lethal vascular leak
syndrome [64]. Passive transfer of serum from NS1-vaccinated mice also protected against lethal
DENV?2 challenge and inhibited NS1-induced endothelial hyperpermeability in vitro compared to
serum from OV A-vaccinated mice [64]. In the same study, it was also shown that the addition of
exogenous NS1 to an otherwise sub-lethal DENV infection rendered the infection lethal,
suggesting that NS1 indeed plays a role in DENV pathogenesis.

Subsequently, several studies explored the mechanisms by which DENV NS1 may contribute
to vascular leak, which I describe in the following paragraphs as their relative direct or indirect
effects on endothelial cells.

Endothelial cell-intrinsic mechanism

To investigate whether DENV NS1 directly mediates the barrier functions of endothelial cells,
the Harris laboratory modelled vascular leak in vitro using a trans-endothelial electrical resistance
(TEER) assay that measures the electrical resistance differential between endothelial cell



monolayer seeded in the apical chamber of a transwell versus the basal chamber, following
treatment of NS1 on the endothelial cell monolayer. We found that NS1 disrupts the endothelial
glycocalyx layer (EGL) on pulmonary endothelial cells in a dose-dependent manner by inducing
degradation of sialic acid and cleavage of heparan sulfate proteoglycans, resulting in TEER
reduction, which is a proxy for increased endothelial hyperpermeability [59]. A follow-up study
revealed that NS1-induced EGL disruption is independent of cytokines and other inflammatory
mediators [65].

Numerous pathways that link NS1 to disruption of EGL components have been proposed. NS1
can stimulate leukocytes to produce matrix metalloproteinases (MMPs) through the NF-«B
signaling pathway, leading to degradation of tight and adherens junction proteins and increasing
vascular permeability in vitro and in vivo [114]. Separately, NS1 can also stimulate endothelial
cells to secrete macrophage migration inhibitory factor (MIF), resulting in EGL degradation
[82,115]. The observation that NS1 leads to EGL degradation resulting in enhanced vascular
permeability is corroborated by clinical data. Alongside NS1 levels, the levels of EGL components
such as syndecan-1, MMP-9, MIF, heparan sulfate, and chondroitin sulfate have been observed to
be elevated in dengue patient sera in a manner that that correlated with disease severity [91,92,94].

In addition to EGL disruption, NS1 has also been implicated in compromising the adherens
(AJ) and tight junction (TJ) proteins that mediate cell-cell barriers. DENV NS1 has been shown to
modulate the permeability and TJ/AJ proteins of skin [82] and umbilical vein endothelial cells
[114,116]. Further studies showed that DENV NSI, along with NS1 from ZIKV, WNV, JEV, and
YFV triggered internalization of vascular endothelial (VE)-cadherin and phosphorylation of -
catenin, both components of the interjunctional complex, through the canonical interjunctional
protein remodeling pathway that occurs during endothelial barrier breakdown [67]. Ongoing
studies in our laboratory and others aim to better define the various endothelial-intrinsic
mechanisms through which DENV and other flavivirus NS1 proteins could be causing endothelial
hyperpermeability.

Non-endothelial cell-intrinsic mechanism

Vascular leak during severe dengue is usually attributed to an aberrant immune reaction, such
as cytokine storm, in response to the viral infection. However, several groups were curious as to
whether DENV NS1 could independently trigger an immune reaction to cause vascular leak and
endothelial hyperpermeability. NS1 was found to activate both human peripheral blood
mononuclear cells (PBMCs) and murine bone marrow-derived macrophages (BMDMs)
potentially via Toll-like receptor (TLR) 4, resulting in the production of inflammatory cytokine
IL-6 and the transcription of TNF-a, IL-18, and IL-8 genes [66]. However, the specific TLRs and
pathways involved in NS1 activation of immune cells remain contested, where conflicting data
regarding the contributions of TLR2 and TLR6 exist [117,118]. NS1 has also been demonstrated
to activate vascular growth factors such as angiopoietin-2 [63] and lipid mediators such as
phospholipase A» [119]. These associations collectively are likely to cause damage to the
endothelial glycocalyx and intercellular junctional complexes, leading to vasculopathy.

Thrombocytopaenia as a result of severe dengue has been associated with activated platelets,
which along with its released extracellular vesicles can stimulate pro-inflammatory cytokine
secretion that leads to vascular dysfunction [120]. Platelets are anucleated blood cells responsible
for clotting and are critical for maintaining vascular homeostasis. Activated platelets undergo
enhanced coagulation and desialytion, accelerating their clearance, which contributes to
thrombocytopenia and vascular leak [53,121]. DENV NSI has been directly linked to triggering



platelet activation by binding to surface-expressed TLR4, resulting in platelet aggregation and
adhesion to monocytes [53]. Increased levels of platelet-monocyte aggregates have been observed
in dengue patients exhibiting thrombocytopaenia, and these aggregates triggered the release of
pro-inflammatory cytokines such as IL-1 and IL-8 in the corresponding ex vivo observations
[122]. While NS1 can activate platelets, whether activated platelets directly contribute to vascular
dysfunction remains undetermined. Nonetheless, a growing body of evidence suggest that platelets
are involved in complex interactions with neutrophils and monocytes to promote inflammation-
associated vascular dysfunction and hyperpermeability.

In the same vein, NS1 has been reported to induce auto-antibodies that interfere with the blood
clotting cascade. Together with platelets, fibrin, when converted from its inactive form fibrinogen,
forms a physical mesh that contributes to clotting and hemostasis. Its counterpart, the anti-clotting
mechanism, involves the plasma constituent plasminogen, which when converted to its active form
of plasmin can cleave fibrin clots to promote blood flow. DENV NS1 has been shown to induce
plasminogen cross-reactive autoantibodies through molecular mimicry of anti-NS1 antibodies,
which can contribute to haemorrhage in severe dengue [123]. Similar molecular mimicry of anti-
NS autoantibodies have been reported for the cross-species conserved lysine-rich CEACAMI1 co-
isolated (LYRIC) protein [124,125], which is expressed on endothelial cells but whose functions
are otherwise unknown; these autoantibody epitopes concentrate towards the C-terminus of DENV
NSI.

NSI is thought to circulate as a hexameric protein, which carries a lipid cargo within the
hexamer barrel [101,107]. Recently, the link between the NS1 lipid cargo and wvascular
hyperpermeability has been explored. NS1 has been reported to interact with high-density
lipoprotein (HDL), which are lipoprotein complexes comprised of large lipid units surrounded by
apolipoproteins (ApoAl) [110,126]. It has been reported that lipoprotein particles circulating in
the blood can mediate vascular homeostasis and regulate inflammation and innate immune
responses that impact endothelial and vascular integrity [127,128]. While NS1 and HDL each
independently does not stimulate cytokine production from macrophages, HDL component
ApoAl neutralized NS1-induced activation of primary murine macrophages in a dose-dependent
manner [126]. Conversely, in primary human macrophages, NS1-HDL complex stimulated
production of inflammatory cytokines TNF-a, IL-6, and IL-1p [110], which can increase vascular
hyperpermeability and contribute to viral dissemination into tissues. The NS1-HDL association
may indeed play greater roles in DENV pathogenesis, as NS1 can use the HDL scavenger receptor
SRBI1 to internalize into cultured cells [129].

NS1 interacts with endothelial cells in a tissue-specific manner consistent with viral tropism

NSI1 is a highly conserved protein across the Flavivirus genus, exhibiting up to 60% similarity
among different viruses [130,131]. While the characteristics of NS1 from other flavivirus
infections in humans remain to be explored, NS1 has been detected in sera from mice infected with
WNYV, ZIKV, JEV, and YFV [132-134]. In particular, the contribution of NS1 to vascular
hyperpermeability in other flavivirus infections has been explored in various studies. ZIKV NSI
was found in ZIKV-infected human placental tissues [135], and ZIKV NS1 caused
hyperpermeability in human placental explants by inducing the shedding of GAG components
such as heparan sulfate and hyaluronic acid [62]. ZIKV NSI1 induced vascular degeneration in
retinal cells [136], and also disrupted junctional proteins in brain endothelial cells, resulting in
their barrier dysfunction [60,137]. WNV NSI can remodel the actin cytoskeleton of cultured cells,
leading to formation of tunneling nanotubules that WNV could use to infect neighbouring cells



[138]. WNV NSI1 also facilitates WNV dissemination across the blood-brain barrier in a murine
model of WNV infection [139].

Flaviviruses infect different tissues and cause clinical pathologies in the specific tissues they
infect. Interestingly, the Harris laboratory found that the NS1 proteins from multiple flaviviruses
interact with the endothelial cells of distinct tissue origin in a manner consistent with the tropism
of their respective flaviviruses [140]. For example, DENV NS1 binds multiple cell lines including
human pulmonary microvascular endothelial cells (HPMEC), which correlates with the systemic
nature of DENV infection that can be observed in the lungs [141]. In contrast, WNV NSI1 binds
human brain microvascular endothelial cells (HBMEC) but interacts minimally with HPMEC, as
WNV causes neurological pathologies such as encephalitis and meningitis but not pulmonary
pathologies [7]. Similarly, ZIKV NS1 binds strongly to both HBMEC and human umbilical vein
endothelial cells (HUVEC), but minimally with HPMEC, as ZIKV causes neurological and
congenital pathologies transmitted in utero but not pulmonary pathologies.

Following NS1 binding to human endothelial cells, it enters the cell via clathrin-mediated
endocytosis [142]. NS1 induces the production of enzymes such as cathepsin-L and sialidases that
cleave EGL components heparan sulfate and syndecan-1 [59,65], as well as disrupt the adherens
and tight junction protein complexes that form the physical endothelial cell-cell barrier [67] —
collectively resulting in a hyperpermeable endothelium. Interestingly, NS1-induced disruption of
EGL and intercellular junctional complexes, leading to endothelial hyperpermeability, also occur
with the same tissue-specificity as NS1-endothelial cell binding, which again is concomitant with
the tropism of the respective “parent” flaviviruses. The same NS1-host tissue specificity was also
observed in both localized and systemic in vivo murine models [65,140,143]. One notable outlier
was the YFV NS1, which binds endothelial cells of every major tissue, and exhibits liver tissue
specificity only in relation to endothelial disruption and hyperpermeability as well as in vivo. It
was found that while YFV NS1 was able to bind to multiple human endothelial cells of different
tissue origins, it was only internalized into human liver sinusoidal endothelial cells (HLSECs),
subsequently triggering downstream pathogenic processes. How and why different flavivirus NS1
proteins exhibit differential tissue-specific interactions is where the projects in this dissertation
begin.

NS1 receptor(s) identity remains elusive

While NS1 has many associated binding factors and interacts with surface glycans of
endothelial cells, attempts to identify the definitive receptor remains a major question within the
field.

NSI initiates its binding to endothelial cells via surface-bound glycan components. This
interaction is thought to be mediated by the positively charged residues that form the exposed
surface of NS1 hexamer, which initiate a non-specific interaction with the largely negatively
charged sulfated glycans on endothelial cell surfaces [144]. Endothelial cells have been shown to
harbour distinct tissue-specific GAGs that contribute to NS1 tissue-specific binding to endothelial
cells [145]. This initial interaction is thought to facilitate NS1 binding to a proteinaceous
receptor(s), enter cells through clathrin-mediated endocytosis [142], and cause downstream
endothelial dysfunctions.

Several receptors have been proposed over the years, including TLR4, and more recently SRB1.
NSI activates platelets, resulting in thrombocytopaenia via binding with TLR4 [53]. NS1 has also
been reported to bind TLR4 on both endothelial and immune cells, resulting in endothelial-intrinsic
and immune-mediated endothelial dysfunction [66,117]. NS1 also induces endocan production by



endothelial cells that contributes to lymphopenia in a TLR4-dependent manner [146]. Since NS1
is a lipoprotein that associates with HDL [107,110], it was thought that NS1 could hijack the lipid
metabolism pathway to gain cell entry, using HDL scavenger receptor B1 (SRB1). NS1 entry into
C6/36 and Huh7 cells were blocked by anti-SRB1 antibodies, and NS1-SRBI1 interaction was
demonstrated in situ by proximity ligation and in vitro by surface plasmon resonance (SPR) [129].

Recent projects in the Harris laboratory have identified a G-protein coupled receptor, beta-2
adrenergic receptor (B2AR), as well as a receptor tyrosine kinase, epidermal growth factor receptor
(EGFR) as putative NS1 receptors. 2AR and EGFR are vital membrane proteins implicated in
phosphatidylinositol 3-kinase (PI3K) signaling, which is required for NS1-mediated endothelial
dysfunction [67]. NS1-induced B2AR can transactivate EGFR via matrix metalloproteinase (MMP)
intermediates, and can also mediate clathrin-mediated endocytosis. The identification of these NS1
receptors were corroborated by RNA-seq analyses that compared the transcriptome of endothelial
cells that were treated with either wild-type NS1 or endocytosis-deficient NS1-N207Q mutant
[142]. siRNA knockdown, CRIPSR-Cas9 knock-out, and inhibitor studies, as well as functional
data, all unequivocally support B2AR as a major receptor for NS1 on endothelial and other cells.
Ongoing studies are underway to further validate P2AR and EGFR as NS1 receptors and to
examine the implications for designing NS1-centric dengue vaccines and therapeutics.

NS1 structure

Flavivirus NS1 is 352 amino acids (aa) in length, with a molecular mass between 40-50 kDa
depending on its glycosylation states at asparagine (N) residues 130 and 207 for most of the
flaviviruses, and an additional N-linked glycosylation site at residue 175 for some neurotropic
flaviviruses such as WNV, St. Louis encephalitis (SLEV) and Murray Valley encephalitis
(MVEYV) viruses [147].

NS1 monomer contains three highly conserved domains — the B-roll (residues 1-29), wing (38—
151), and B-ladder (181-352) domains [131,148,149] (Fig. 1A). The two connecting regions
between B-roll/wing and wing/B-ladder domains (residues 30-37 and 152—-180) form one 3-
stranded B-sheet in the tertiary NS1 structure. In the membrane-binding dimer form [101,109], the
B-ladder domain makes up the central dimer structure with extensive [-sheets on the external-
facing side termed “spaghetti loop” (Fig. 1B). The wing domain of each monomer extends out of
the central structure in both directions; it encompasses a flexible loop at residues 108—129, which
have not been successfully resolved except for ZIKV NS1 [148,149]. The B-roll is positioned at
the membrane-facing side accompanied by the two connecting regions and the wing flexible loop,
together forming the hydrophobic inner surface of the flavivirus NS1 dimer, which also faces in
towards the lipid-filled center of the barrel formed by the NS1 hexamer. The N-linked
glycosylation at N130 and N207 are essential for stabilizing the secreted hexamer for secretion
and extracellular stability [150], as well as internalization into endothelial cells [142].

Secreted NSI is thought to exist as a hexamer in circulation but is found as a dimer in the
membrane-bound state, although high-resolution structural evidence has been lacking, and
secreted NS1 has increasingly been shown to exist as a heterologous mixture of oligomerization
states [ 151]. Nonetheless, how the hexamer-dimer switch occurs and its significance towards NS1-
mediated flavivirus pathogenesis remains elusive and is a bourgeoning question. It has been shown
recently that NS1 interacts with the ApoA1 of HDL either directly or through hydrophobic protein-
lipid interactions [110,152], and can exist in various forms of dimers, tetramers, and hexamers
depending on the dynamic equilibrium between the amount of circulating HDL and free NSI
[151,152]. Dimeric NS1 is also found to have a higher thermal dissociation requirement from HDL



particles than from the NS1 hexamer itself [110], further supporting the idea that NS1 dimers could
be drawn away from circulating hexamers/ oligomers to the lipids and glycoproteins on the surface
of endothelial cells to initiate the interactions with their various association factors and cognate
receptor(s).
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Figure 1. Structure of flavivirus non-structural protein 1 (NS1).

(A) NSI1 is one of the seven non-structural proteins of flaviviruses and contains three domains — -roll,
wing, and B-ladder — with two glycosylation sites at residues Asn-130 and Asn-207 (three for WNV and
several other NS1). (B) Crystal structure of NS1 dimers with the corresponding domains labelled and color-
coded, adapted from [104].

The NS1 B-roll and wing domains contain many hydrophobic residues that are predicted to
interact with the plasma membrane of cells [131,149]. Previous immunization studies by our group
that vaccinated mice with DENV NS1 found the wing domain to be highly immunodominant,
where a majority of the antibodies in sera were made against the wing domain. This observation
was corroborated by human clinical samples, where we found a majority of NS1 antibodies to be
targeting the wing domain [153]. Moreover, anti-wing antibodies were found to be protective
against lethal DENV challenge in mice [64,125], suggesting that the wing domain might play a
major role in mediating NS1-induced pathogenesis.

The surface-exposed residues in the wing and B-roll domains are conserved among DENV
serotypes but divergent across the Flavivirus genus (e.g., between DENV and WNV), supporting
their possible roles in mediating NS1 tissue-specific interactions. Several studies have examined
the relative contributions of various residues across the entire NS1 protein. Conserved,
hydrophobic residues in the flexible loop within the wing domain (Trp-115, Trp-118, Gly-119)
have been identified to partially contribute to DENV NS1 binding to HPMEC [131,142,143].
Interestingly, NS1 dimer interactions with ApoA1 have been mapped also to residues in the wing
domain and hydrophobic parts of the B-roll domains of DENV NS1 [152], highlighting the
importance of NS1 wing domain and hydrophobic residues. In contrast, select residues in the -
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ladder domain have been implicated as important for NS1-induced endothelial hyperpermeability
[154,155], while being dispensable for binding endothelial cells [142,143].

While these data offer clues about NS1 molecular determinants of tissue-specific interactions
with endothelial cells, open questions remain — such as which domains and residues play what
roles in NS1-induced pathogenesis and tissue-specificity, what host factors are involved, and what
potential implications these results would have on DENV and broader flavivirus vaccines and
therapeutics.

Potential of DENV NS1 as a vaccine or therapeutic target

Vaccine target

Dengue remains a major health issue in part due to the lack of effective therapeutics and the
limited efficacy of the only licensed vaccine (as of June 2022), Dengvaxia. Dengvaxia is a live-
attenuated tetravalent chimeric vaccine based on the existing YFV vaccine, using YFV-17D
vaccine strain as the backbone and contains the prM and E proteins from all four DENV strains
[156]. Counter-intuitively, Dengvaxia is indicated only for people with prior DENV infection, for
fear of antibody-dependent enhancement (ADE), which may exacerbate subsequent DENV
infection in DENV-naive (i.e., seronegative) individuals. ADE has been demonstrated only for
structural proteins, predominantly the E protein [79,157], but not for non-structural proteins. As a
secreted protein that does not induce antibodies (Abs) against the virion, NS1 thus serves as an
attractive vaccine target without the fear of ADE.

Since NS1 antigenaemia in infected individuals correlates with DENV viraemia, its presence
early in infection can elicit a robust humoral and cell-mediated immune response. The
immunodominant wing domain and the C-terminus of B-ladder domain provide many B cell
epitopes, and the resulting anti-NS1 Abs can limit NS1-mediated dengue pathogenesis to protect
against severe dengue. In T-cell-mediated immunity, PBMCs recognize NS1 via pattern
recognition receptors such as TLR4, which will trigger the release of inflammatory cytokines such
as IL-6, IL-8, and TNF-a that help resolve viral infection when produced in appropriate, non-
pathogenic amounts [158].

However, anti-NS1 Abs elicited from NS1 immunization with atypical DENV strains such as
D2YO98P that circulate in Southeast Asia may not be protective against disease, cautioning the
approach heralding NS1 as a universal dengue vaccine candidate [159]. Moreover, NS1 is known
to exhibit molecular mimicry with human self-antigens in the blood clotting system [123] and
endothelial cells [124,160-162], potentially presenting anti-NS1 Abs with a threat of
autoimmunity [163,164].

Nonetheless, numerous NS1-based dengue vaccines are currently under development [165].
The current vaccines based on live-attenuated viruses include the entire DENV genome, in contrast
to Dengvaxia which elicits immunity only against the DENV prM and E proteins. One of the
vaccines furthest along in the development pipeline is Takeda’s TAK-003 tetravalent vaccine,
which comprises DENV2 backbone with prM and E from all four DENV serotypes. The sera
elicited from immunization contained NS1 Abs that were able to protect against NS1-induced
endothelial dysfunction [166]. Thus far, the TAK-003 vaccine has demonstrated efficacy and little
safety concern arising from ADE in both adults [167] and children [168], although long-term
follow-up studies after the Phase 3 clinical trial are still ongoing.

Therapeutic target
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On the therapeutics front, currently only supportive treatments exist for dengue, with no
licensed therapeutic drugs available. As severe dengue is significantly associated with and
enhanced by NSI1, targeting NS1 with therapeutic antibodies or compounds to prevent severe
dengue appears prudent. As NS1 is not a structural component of the virion, anti-NS1 mAbs should
pose little risk of ADE. Moreover, as NS1 plays multifaceted roles in the DENV life cycle ranging
from replication and immune evasion to direct pathogenesis, anti-NS1 Abs or compounds can
protect via distinct therapeutic mechanisms against different NS1 functions.

Indeed, anti-NS1 Abs utilize complement-dependent cytotoxicity of infected cells to reduce
viral replication in both DENV and JEV [125,169,170]. Anti-NS1 Abs can also block NS1-induced
pathogenicity both in vivo and in vitro, with no demonstrated ADE activities [64,143,154,171].

Besides Abs, iminosugars have been shown to be a class of potent anti-NS1 compounds.
Iminosugars are monosaccharide analogues where a nitrogen atom has replaced the oxygen atom
in the ring of the saccharide structure. Iminosugars have been shown to competitively inhibit a-
glucosidases I and II [172,173], which are important ER glycoprotein enzymes that process N-
linked oligosaccharides attached to proteins. Improper trimming and processing of the
oligosaccharides on proteins result in misfolding, mis-assembly, and reduced secretion of proteins.
Iminosugars have thus been explored as antivirals against enveloped viruses, and their antiviral
properties have been demonstrated against flaviviruses. One alkyl iminosugar derivative NN-DNJ
blocked JEV and DENYV infection of BHK21 cells, and reduced the secretion of E and NS1
proteins [174].

Given their antiviral and pharmaceutical potential, derivatives of one natural iminosugar
product, 1-deoxynojirimycin (DNJ), commonly identified as UV-1 through UV-5, have been
developed and marketed for clinical use in humans [175]. These compounds were evaluated
against DENV in an in vivo screen, and a resulting DNJ derivative, UV-4, protected mice against
lethal DENV challenge under both regular and ADE conditions, with reductions in both viraemia
and immune activation [176]. The hydrochloride salt of UV-4, N-(9’-methoxynonyl)-1-
deoxynojirimycin or MON-DNJ (UV-4B), showed high genetic barrier to escape mutations [177],
and was further tested against DENV in a dosage and pharmacokinetics study. UV-4B was found
to reduce infectious virus production in vitro against all four DENV serotypes, including clinical
isolates. Inhibition of the ER a-glucosidase pathway and not the glycosphingolipid pathway was
found to be the underlying anti-DENV mechanism of UV-4B [178]. In the ongoing COVID-19
pandemic, UV-4B has also demonstrated in vitro antiviral effects against multiple strains of SARS-
CoV-2, the causative viral agent of COVID-19 [179]. The pharmacokinetics study supported UV-
4B’s Investigational New Drug (IND) filing with the U.S. FDA, which has recently completed its
Phase Ib clinical trial for safety [180].

The antiviral effects of UV-4B were attributed to its inhibition of ER a-glucosidases, which
impeded proper glyco-processing of viral proteins, resulting in reduced viral secretion. One project
in this dissertation explores the impact of UV-4B on DENV NS1, which is also a secreted protein.
As all proteins undergo post-translational processing in the ER and Golgi apparatus, it is
conceivable that UV-4B would have similar effects on NS1 as it does on the E protein, thus
presenting another mechanism underlying its antiviral effects on DENV infections.

Summary and overview of dissertation

Since the discovery of the roles that DENV NS1 plays in dengue pathogenesis by the Harris
laboratory and other groups in 2015, significant advances have been made across the fields of
flavivirus, DENV, and NS1. Both the endothelial cell-intrinsic and immune-mediated mechanisms
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of NS1-induced pathogenesis were described; the tissue-specific nature of NS1-endothelial cells
interactions were reported; high-resolution crystal structures of multiple flavivirus NS1 proteins
were solved, several in complex with monoclonal antibodies; the cognate receptors of NS1 are
being identified; and anti-NS1 vaccines and therapeutics are being explored. Given the exciting
advances in the field, this dissertation fills several existing gaps in knowledge.

In Chapter 2, I use NS1 chimeric proteins to identify the wing domain of flavivirus NS1 to
contain molecular determinants of NS1 tissue-specificity and further identify residues 91 to 93 in
the wing domain as molecular determinants for DENV NSI1 both in vitro and in vivo. In Chapter
3, I describe the additional data that informed my path to identify the critical domains and residues
described in Chapter 2, as well as some preliminary clues regarding host determinants of NSI
tissue-specificity. In Chapter 4, I test the antiviral iminosugar UV-4B with respect to its anti-NS1
effects. Taken together, this work contributes to the flavivirus and dengue fields and improves our
understanding of the multifaceted NS1 in relation to its structure, propensity to bind host cells of
different tissue origins, and interactions with glycans. Further, it presents new avenues for NS1-
based interventions in not just dengue, but also Zika and other flaviviral diseases that have
increasing needs for better vaccines and therapeutics.
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Abstract

Members of the mosquito-borne flavivirus genus such as dengue (DENV), West Nile (WNV), and
Zika (ZIKV) viruses cause distinct diseases and affect different tissues. We previously found that
the secreted flaviviral non-structural protein 1 (NS1) interacts with endothelial cells and disrupts
endothelial barrier function in a tissue-specific manner consistent with the disease tropism of the
respective viruses. However, the underlying molecular mechanism of this tissue-specific NS1-
endothelial cell interaction is not well understood. To elucidate the distinct role(s) that the wing
and B-ladder domains of NS1 play in NSI interactions with endothelial cells, we constructed
flavivirus NS1 chimeras that exchanged the wing and B-ladder domains in a pair-wise manner
between DENV, WNV, and ZIKV NS1. We found that both the NS1 wing and B-ladder domains
conferred NSI tissue-specific endothelial dysfunction, with the wing conferring cell binding and
the B-ladder involved in inducing endothelial hyperpermeability as measured by trans-endothelial
electrical resistance assay. To narrow down the amino acids dictating cell binding specificity, we
utilized the DENV-WNYV NSI1 chimera and identified residues 91 to 93 (GDI) of DENV NS1 as a
molecular motif determining binding specificity. Further, using an in vivo mouse model of
localized leak, we found that the GDI motif of the wing domain was essential for triggering DENV
NS1-induced vascular leak in mouse dermis. Taken together, we identify molecular determinants
of flavivirus NS1 that confer NS1 binding and vascular leak and highlight the importance of the
NS1 wing domain for flavivirus pathogenesis.

Importance

Flavivirus non-structural protein 1 (NS1) is secreted into the bloodstream from infected cells
during a viral infection. Dengue virus NS1 contributes to severe dengue pathology such as
endothelial dysfunction and vascular leak independently of the virus. We have shown that multiple
flavivirus NS1 proteins result in endothelial dysfunction in a tissue-specific manner consistent with
their respective viral tropism. Here, we aimed to identify the molecular determinants that make
some, but not other, flavivirus NS1 proteins bind to select endothelial cells in vitro and cause
vascular leak in a mouse model. We identified the wing domain of NS1 as a primary determinant
conferring differential endothelial dysfunction and vascular leak and narrowed the contributing
amino acid residues to a three-residue motif within the wing domain. The insights from this study
pave the way for future studies on the effects of flavivirus NS1 on viral dissemination and
pathogenesis and offer potential new avenues for antiviral therapies.
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Introduction

Dengue virus (DENV) is a mosquito-borne positive-stranded RNA virus of the Flavivirus
genus, consisting of four serotypes (DENVI1-4). DENV causes ~100 million symptomatic
infections per year globally, ranging from classic dengue fever to the more severe dengue
haemorrhagic fever and dengue shock syndrome [1-3]. The severe forms of dengue are
characterized by clinical presentation of vascular leak as a result of endothelial dysfunction [4].
Traditionally, endothelial dysfunction has been attributed to a hyperactivated immune response as
a result of uncontrolled viral infection and immune cell activation [5,6]. Recently, we and others
have demonstrated that the secreted non-structural protein 1 (NS1) directly contributes to
endothelial dysfunction and vascular leak through interactions with endothelial and immune cells
that result in the breakdown of endothelial barriers such as the endothelial glycocalyx and
intercellular junctions [7-14]. In addition to DENV, West Nile (WNV) and Zika (ZIKV) viruses
are also members of the Flavivirus genus that cause human diseases of public health significance.
Like DENV NSI1, the NS1 proteins of WNV and ZIKV have also been shown to modulate
endothelial barriers. WNV NS1 also has been shown to contribute to WNV infection in the brain
[15], while ZIKV NSI1 has been shown to modulate the barrier integrity of placental explants [11]
as well as the testis, contributing to ZIKV infection of Sertoli cells [10,16].

NSI is a ~55-kDa glycoprotein that is highly conserved across the flaviviruses [17]. It
dimerizes in the endoplasmic reticulum and is found as a component of the viral replication
complex. The dimers can also trimerize to form hexamers that are secreted by DENV-infected
cells into the bloodstream as a soluble lipoprotein containing lipid cargo [18-20]. In severe dengue
patients, the levels of detectable NS1 in the blood are generally reported as 1-10 ug/mL [21,22].
Secreted NS1 has been shown to associate with components of the innate immune system such as
toll-like receptors [13,23] and complement proteins [24-26], as well as components of the blood-
clotting cascade such as platelets [27-29], which results in both host immune evasion and
modulation of barrier integrity of endothelial cells. Separately, NS1 can also directly disrupt
endothelial cell barrier integrity by promoting the degradation of endothelial glycocalyx
components that line the surface of endothelial cells [7,8,30,31] and disrupting junctional proteins
that mediate cell-cell interactions [9,32,33]. In mouse models, NS1 vaccination has been shown to
be protective against lethal DENV challenge. Conversely, addition of NS1 to sub-lethal DENV
infection was shown to exacerbate pathology resulting in a lethal infection, suggesting the potential
of NS1 as a vaccine component and therapeutic target [7].

NSI proteins from multiple flaviviruses have been shown to interact with endothelial cells of
distinct tissue origin in a manner consistent with the tropism of their respective flaviviruses [34].
For example, DENV NSI1 interacts with multiple cell lines including human pulmonary
microvascular endothelial cells (HPMEC), which correlates with the systemic nature of DENV
infection that can be observed in the lungs. In contrast, WNV NSI1 interacts well with brain
endothelial cells but minimally with HPMEC, as WNV causes neurological pathologies, such as
meningitis and encephalitis, but not pulmonary pathology. Similarly, ZIKV NSI interacts well
with both brain and umbilical vein endothelial cells but minimally with HPMEC, as ZIKV causes
neurological and congenital but not pulmonary pathologies. However, how these tissue-specific
NSI1 interactions are modulated remains unclear.

Flavivirus NS1 contains three domains that are highly conserved: the B-roll (residues 1-29),
wing (residues 30-180), and B-ladder (residues 181-352) [35]. The NS1 wing domain contains
many hydrophobic residues that are predicted to interact with the cell’s plasma membrane and
lipid cargo in its hexameric form [36,37]. Interestingly, these surface-exposed residues are
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conserved among DENV serotypes but divergent across the Flavivirus genus (e.g., between DENV
and WNYV), suggesting their possible roles in mediating NS1 tissue-specific interactions.
Additionally, prior studies have suggested that the three domains of NS1 may have distinct
functions. DENV NS1 wing domain has been shown to be immunodominant in both humans and
mice [7,38,39], where conserved, hydrophobic residues in the flexible loop (residues 108—129)
within the wing domain (Trp-115, Trp-118, Gly-119) have been identified to partially contribute
to DENV NS1 binding to HPMEC [36,40]. In contrast, select residues in the B-ladder domain (such
as residues N207, A303, E326, and D327) have been implicated as important for NS1-induced
endothelial hyperpermeability, while being dispensable for binding endothelial cells [32,40].
While these data offer clues about NS1 molecular determinants of tissue-specific interactions with
endothelial cells, a systematic investigation of these different domains in distinct flavivirus NS1
proteins has not been undertaken.

In this study, we provide new insights on the tissue-specific interactions between flavivirus
NSI1 and endothelial cells using NS1 chimeras that exchange the wing and B-ladder domains of
DENV, WNV, and ZIKV in a pair-wise manner with one another. We found that both the wing
and B-ladder domains confer tissue-specific barrier dysfunction, with the wing influencing initial
attachment to endothelial cells and the p-ladder involved in inducing endothelial
hyperpermeability in vitro. We further identified a variable 3-amino acid (aa) motif in the wing
domain as a molecular determinant for tissue specificity. Finally, we identify the wing domain and
the 3-aa motif as a driver of DENV-triggered vascular leak in vivo. Taken together, our results
provide insights into the tissue-specific interactions of flavivirus NSI.
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Results
The wing domain of flavivirus NS1 confers tissue-specific binding to endothelial cells

In previous work, we showed that DENV NS1 binds to human lung endothelial cells (HPMEC)
at higher levels than WNV and ZIKV NS1 [34], correlating with the capacity of DENV NS1 but
not WNV or ZIKV NSI to cause endothelial hyperpermeability of HPMEC and pleural effusion
in humans. Similarly, DENV and ZIKV NS1 exhibited higher binding than WNV NS1 to human
umbilical vein microvascular endothelial cells (HUVEC) and caused endothelial
hyperpermeability of HUVEC [34]. To uncover the molecular determinants of flavivirus NS1 that
dictate this tissue-specific endothelial cell tropism, we generated chimeric NS1 proteins that
exchanged either the wing or the f-ladder domains between DENV and WNV NS1 (Fig. 1A). We
cloned and expressed the C-terminally His-tagged NS1 proteins in HEK-293 cells, which were
successfully secreted, and then purified NS1 oligomers using cobalt affinity chromatography (Fig.
2). Chimeric proteins are annotated by their 3 domains from the respective flavivirus NS1 proteins
in sequence “B-roll-wing—B-ladder” (e.g., D-D-W designating DENV B-roll — DENV wing —
WNYV B-ladder). We treated HPMEC with either wild-type (WT) or DENV-WNV chimeric NS1
proteins and measured the levels of NS1 binding to HPMEC using an immunofluorescence
microscopy assay (IFA). We found that the chimeric NS1 constructs containing DENV NS1 wing
domain (D-D-W and W-D-W) bound to HPMEC at comparable levels to WT DENV NS1, whereas
the constructs containing WNV NS1 wing (W-W-D and D-W-D) exhibited significantly lower
binding than WT DENV NSI1, but at comparable levels to WT WNV NSI (Fig. 1B and C). A
similar pattern was observed when we treated HUVEC with the same DENV-WNV chimeric NS1
proteins, where constructs containing the DENV NS1 wing domain drove binding to HUVEC at
comparable levels as WT DENV NS1 (Fig. 1D and E).

To investigate whether the wing domain of other flaviviruses conferred NSI1 binding to
endothelial cells, we constructed similar chimeric NS1 proteins that exchanged the wing and -
ladder domains between WNV and ZIKV NS1 and DENV and ZIKV NS1, respectively (Fig. 3A
and D). We treated HUVEC with WNV-ZIKYV chimeric NS1 and found that constructs containing
the ZIKV NS1 wing domain (Z-Z-W and W-Z-W) bound to HUVEC at comparable levels to WT
ZIKV NSI1, whereas the constructs containing the WNV NS1 wing (W-W-Z and Z-W-Z) bound
to HUVEC at lower levels, consistent with WT WNV NS1 (Fig. 3B and C). We subsequently
treated HPMEC with DENV-ZIKV chimeric NS1 and found that while constructs with ZIKV NS1
wing (Z-Z-D and D-Z-D) exhibited significantly diminished binding to HPMEC, the constructs
with DENV NS1 wing (D-D-Z and Z-D-Z) did not gain binding to HPMEC comparably to WT
DENV NSI1 (Fig. 3E and F), possibly due to differential effects of interdomain interactions
between flaviviruses. Overall, these results indicate that the tissue-specific patterns of flavivirus
NSI1 binding to endothelial cells are driven by the wing domain of NSI.
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Figure 1. The wing domain of DENYV NS1 confers tissue-specific binding to endothelial cells.
(A) Schematic representation of chimeric NS1 proteins that exchange wing or B-ladder domains between
DENV and WNV NSI1. Red box represents DENV NSI1, and blue box represents WNV NSI1. (B)
Recombinant WT or chimeric NS1 (10 pg/mL) was added to HPMEC and incubated at 37°C for 1 hour.
NS1 binding was assessed by immunofluorescence microscopy, and representative images from three
experiments are shown. (C) Quantification of (B), normalized to untreated controls. (D) NS1 binding as in
(B), but on HUVEC. (E) Quantification of (D), normalized to untreated controls. MFI, mean fluorescence
intensity. Images represent 3 independent experiments. Scale bars, 100um. Data plotted as mean + standard

deviation (SD). *p<0.05, **p<0.01,

##%p20.005,

*Hx%p<0.001 by one-way ANOVA with multiple

comparisons. Star colors indicate the respective control to which each construct was compared.
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Figure 2. Production and quality control of flavivirus NS1 chimeric constructs.

Proteins were evaluated by silver stain following SDS-PAGE (A, C, E) and native PAGE (B, D, F). 2 ug
of each NS1 construct was used. For native gels, proteins were detected using anti-His mAb. (A) Silver
stain of DENV-WNV NS1 chimeras. (B) Native PAGE of DENV-WNV NS1 chimeras. (C) Silver stain of
WNV-ZIKV NS1 chimeras. (D) Native PAGE of WNV-ZIKV NS1 chimeras. (E) Silver stain of DENV-
ZIKV NS1 chimeras. (F) Native PAGE of DENV-ZIKV NS1 chimeras.
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Figure 3. The wing domain of flavivirus NS1 confers tissue-specific binding to endothelial cells.

(A, D) Schematic representation of chimeric NS1 proteins produced with WNV and ZIKV NS1 (A) or
DENYV and ZIKV NS1 (D). Red box represents DENV NS1, blue box represents WNV NS1, and green box
represents ZIKV NS1. (B) Recombinant WT or WNV-ZIKV chimeric NS1 (10 pg/mL) was added to
HUVEC and incubated at 37°C for 1 hour. NS1 binding was assessed by immunofluorescence microscopy,
and representative images from three experiments are shown. (C) Quantification of (B), normalized to
untreated controls. (E) NS1 binding as in (B), but with DENV-ZIKV chimeric NS1 to HPMEC. (F)
Quantification of (E), normalized to untreated controls. MFI, mean fluorescence intensity. Images represent
3 independent experiments. Scale bars, 100 um. Data plotted as mean + SD. *p<0.05, **p<0.01,
**%p<0.005, ****p<0.001 by one-way ANOVA with multiple comparisons. Star colors indicate the
respective control to which each construct was compared.



The wing and B-ladder domains of flavivirus NS1 proteins are necessary for inducing
endothelial hyperpermeability

Following binding to endothelial cells, DENV NSI1 is taken up by cells via clathrin-mediated
endocytosis, trafficks to endosomes, and activates enzymes that degrade the endothelial glycocalyx
and disrupt intercellular junctional complexes [8,11,14,30,32]. This results in disruption of
endothelial barrier integrity, making endothelial cells hyperpermeable to solutes and fluids. We
have previously shown that DENV NSI can cause endothelial barrier dysfunction by inducing
endothelial hyperpermeability independently of the virus [7,8,30]. Given this finding, we next
explored whether the NS1 wing domain that conferred DENV NS1 binding to HPMEC was also
responsible for causing HPMEC hyperpermeability. To investigate how different flavivirus NS1
domains influence the capacity of NSI to trigger endothelial hyperpermeability, we utilized the
DENV-WNV NSI chimeras in a trans-endothelial electrical resistance (TEER) assay. We treated
HPMEC seeded in the apical chamber of a Transwell with either WT or chimeric NS1 (2.5 pg/ml)
and measured the TEER values between the apical and the basolateral chambers of the Transwell
(Fig. 4A and B). Consistent with previous observations [34], WT DENV NSI1 resulted in
significantly greater TEER reduction of HPMEC than WNV NSI1, indicating greater endothelial
barrier hyperpermeability. Interestingly, the constructs containing either the DENV wing or -
ladder domain (D-D-W, W-D-W, W-W-D, D-W-D) were unable to cause TEER reduction to the
same extent as WT DENV NSI1, indicating that while the wing domain confers cell binding, both
the DENV wing and the DENV [-ladder domains are required for NS1 to trigger endothelial
hyperpermeability of HPMEC.

Since we have previously observed that NS1 triggers endothelial hyperpermeability in a dose-
dependent manner [8,9], we tested whether our chimeric NS1 proteins would trigger endothelial
hyperpermeability when cells were treated with a higher concentration. We repeated the TEER
experiments using 5 and 10 pg/mL of our NS1 proteins (Fig. 4C to F), and observed that at both
concentrations, the constructs containing the DENV NS1 B-ladder (W-W-D and D-W-D) caused
a decrease in TEER on HPMEC comparably to WT DENV NS1, whereas the constructs containing
the WNV B-ladder domain (D-D-W and W-D-W) did not cause endothelial hyperpermeability,
similar to WT WNV NSI1. This implicates a role for the DENV B-ladder in inducing endothelial
hyperpermeability as measured by TEER, consistent with our previous findings [32,40].
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Figure 4. The wing and p-ladder domains of flavivirus NS1 are necessary for inducing endothelial
cell hyperpermeability.

(A) HPMEC monolayer was seeded in the apical chambers of 24-well Transwell inserts and treated with
either WT or chimeric NS1 proteins at 2.5 ug/mL. The trans-endothelial electrical resistance (TEER)
between the apical and basolateral chamber were measured over time and normalized to the untreated
controls at each respective timepoint. (B) Quantification of the area between the curve and Y=1.0 in (A)
(“area under curve”), correlating to a decrease in electrical resistance and an increase in permeability. (C,
E) Endothelial hyperpermeability (TEER) assay as in (A), but with the indicated NS1 protein at (C) 5 and
(E) 10 ug/mL, respectively. (D, F) Area of the curve of (C) and (E), respectively. AUC, area under the
curve. a.u., arbitrary units. Data represent at least n=3 biological replicates, plotted as mean =+ standard error
of the mean (SEM). *p<0.05, **p<0.01, ***p<0.005, ****p<0.001 by one-way ANOVA with multiple
comparisons. Star colors indicate the respective control to which each construct was compared.
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A 3-amino acid motif in the wing domain of DENV NSI1 confers endothelial cell binding
specificity between DENV and WNV NS1

While NS1 is highly conserved across the Flavivirus genus [41], regions of variability can be
found within the wing domain, specifically between amino acid (aa) residues 90 and 120 (Fig. 5A).
We have previously identified the same stretch of residues within the NS1 wing domain to be
immunodominant, eliciting robust antibody responses in DENV2-infected mice and natural human
infections [38]. Multiple structural studies have reported a flexible loop structure located near
residues 90-120 that is thought to be critical for endothelial cell binding, given its exposure on the
surface of dimeric NS1 and its predicted proximity to cell membranes [36,42]. This suggests a
functional importance that could explain the tissue-specificity of flavivirus NS1. As such, we
hypothesized that amino acids within residues 90 to 120 of the wing domain confer tissue-specific
endothelial binding.

To test this hypothesis, we aligned the DENV and WNV NS1 sequences to identify
differentially conserved residues that were predicted to be surface-exposed, reasoning that these
divergent residues may dictate tissue specificity of NS1 [36,42]. We identified five sites of 3-4aa
between residues 90 and 120 that contained divergent residues across flaviviruses, but were
conserved within each flavivirus (Fig. 5A). To test the involvement of these residues in the
differential DENV-WNV NS1 cell binding phenotype, we generated 5 pairs of site-specific
mutants that exchanged these motifs between DENV and WNV NS1 (Figs. 5 and 6). We then
treated HPMEC with either WT NS1 or site-specific NS1 mutants and measured the levels of NS1
binding to HPMEC by IFA (Fig. 5B). Interestingly, we found that while 4 pairs retained the
binding pattern of their parental NS1 protein, one pair exhibited the opposite pattern. WNV NS1
containing DENV2 residues 91-93 (WNV-GDI) gained the capacity to bind to HPMEC at
comparable levels to WT DENV NSI1, whereas the DENV NS1 containing residues 91-93 from
WNV NS1 (DENV-EKQ) had reduced capacity to bind to HPMEC, exhibiting levels similar to
WT WNV NS1 (Fig. 5B and C). These results suggest that residues 91-93 of DENV NS1 form a
motif that contributes to the DENV-WNV tissue-specific endothelial cell binding pattern we
observe.

To determine if residues 91-93 conferring NS1 cell binding specificity between DENV-WNV
also dictate the capacity of DENV-WNV NSI1 to trigger endothelial hyperpermeability, we
conducted a TEER assay on HPMEC with NS1 mutants swapped at residues 91-93 and 101-103
for comparison (Fig. 5D). Similar to our observations above, at low NS1 levels (2.5 pg/mL), only
WT DENV NS1 was able to induce endothelial hyperpermeability, in contrast to WT WNV and
mutants from the DENV-WNV 91-93 and 101-103 swaps that did not noticeably alter
permeability, suggesting that while the residues in the wing domain are important for inducing
endothelial hyperpermeability, they alone are not sufficient.

We next repeated the TEER experiments at 5 pg/mL to confirm if the wing deficiency
phenotype of DENV NS1 could be overcome by utilization of a higher dose of NS1 (Fig. SE). WT
DENV NSI and NS1 constructs containing WNV motifs of either residues 91-93 and 101-103
(both containing DENV B-ladder) were able to trigger endothelial hyperpermeability, whereas WT
WNV NSI caused less TEER decrease, and WNV NSI1 constructs containing DENV NS1 motifs
of both residues 91-93 and 101-103 (both containing WNV B-ladder) remained unable to cause
TEER decrease. Together, these results are consistent with the previous TEER data involving NS1
domain chimeras (Fig. 4), where at the higher NS1 concentrations of 5 and 10 pg/mL, only the
constructs containing DENV B-ladder triggered endothelial hyperpermeability. Using a published
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DENV2 NS1 structure at 2.89A resolution [40], we highlight the location and orientation of the
GDI motif (Fig. 5SF and G), indicating its predicted interaction with the plasma membrane.
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Figure 5. Residues 91-93 of DENV NS1 drive DENV NS1-endothelial cell interactions.

(A) Sequence alignment of DENV and WNV NS1 from amino acid residue 91 to 120, with black bars
indicating the 3-4 residue motifs swapped in the site-directed mutants between DENV and WNV NS1.
Colors of the residues indicate their similarities based on biochemical properties. (B) NS1 binding assay
where 10ug/mL of WT or mutant NS1 as indicated were added to HPMEC and imaged using
immunofluorescence microscopy. (C) Quantification of (B). (D) HPMEC monolayer was seeded in the
apical chamber of a Transwell and treated with either WT or site-directed mutant NS1 proteins at 2.5ug/mL.
Trans-endothelial electrical resistance (TEER) was measured over time, normalized to the untreated
controls of respective timepoints. Area-under-the-curve (AUC) quantification of TEER curves is shown.
(E) Same as (D) but treating with NS1 proteins at 5.0 ug/mL. AUC quantification of TEER curves is shown.
(F, G) Dimeric DENV2 NS1 structure at 2.89A (PDB 7K93 [40]) was annotated to denote the location of
the 91-93 GDI motif within the wing domain in spatial and structural reference to the rest of NS1. One
monomer is coloured grey while the other monomer is coloured as follows: blue for B-roll, yellow for wing,
red for f-ladder, and orange for inter-domain connecting regions. Arrows point towards GDI motif on both
monomers, coloured in cyan. Plasma membrane is shown to indicate the position in which NS1 is proposed
to interact. (F) and (G) are rotated 90° along the Y-axis from each other. All data are from at least 3
biological replicates, plotted as mean + SEM. *p<0.05, **p<0.01, ***p<0.005, ****p<0.001 by one-way
ANOVA with multiple comparisons. a.u., arbitrary units. Star colors indicate the respective control to which
each construct has been compared.
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Figure 6. Production and quality control of flavivirus NS1 site-directed mutants.

Proteins were evaluated by silver stain following SDS-PAGE gel (A) and native PAGE (B, C). 2 ug of each
NS1 construct was used. For native gels, proteins were detected using anti-His mAb. Top row labels
indicate the flavivirus NS1 backbone. Numbering under bands refer to the residues that were swapped
between DENV and WNV NSI1. (A) Silver stain of site-directed NS1 mutants between DENV and WNV
NS1. (B, C) Native PAGE of site-directed NS1 mutants between DENV and WNV NS1, divided into two
gels each with respective WT DENV and WNV NS1 controls. WT, wild-type.
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The wing domain of DENYV NS1 confers NS1-induced vascular leak in vivo

To explore whether the tissue-specific NS1-endothelial cell interactions we observed in vitro
could be recapitulated in vivo, we next asked which NS1 domains were required for tissue-specific
vascular leak in vivo. We used a mouse model of localized dermal leak, in which we have
previously shown that DENV NS1 causes significantly higher leak than WNV NS1 [30]. We
shaved the hair from the back (dorsal side) of wild-type C57BL/6 mice and administered injections
intradermally (ID): PBS as baseline vehicle control, WT parental NS1, and DENV-WNV NSI
chimeras. Immediately following ID injections, we retro-orbitally administered dextran
conjugated to Alexa-680. Two hours post-NS1 treatment, we excised the dorsal dermis and used
a fluorescent scanner to measure the extent of vascular leak as indicated by dextran-associated
fluorescence, since dextran is a small molecule that can extravasate into tissues (Fig. 7A and B).

Using this model, we found that the NS1 chimeras containing DENV wing domain (D-D-W
and W-D-W) caused comparable levels of leak as WT DENV NS1, which is significantly higher
leak than the leak caused by WT WNV NSI1 (Fig. 7C). Conversely, the NS1 chimeras containing
WNV wing domain —and DENV B-ladder (W-W-D and D-W-D) — caused leak comparable to
WT WNV NSI1, and significantly less than WT DENV NS1. It should be noted that while WT
WNYV NSI caused visible vascular leak, the leak was not statistically significant when compared
to PBS. These data suggest that the DENV NS1 wing is driving NS1-induced vascular leak in the
dorsal dermis of mice in vivo.

Since we identified residues 91-93 of DENV as a determinant of wing-mediated endothelial
hyperpermeability in vitro, we asked whether this motif was also a determinant for wing-mediated
dermal leak in vivo. Using the same dermal leak model as above, we intradermally injected PBS,
WT parental NS1 proteins, and DENV NS1 with WNV NS1 residues 91-93 and vice versa,
followed by retro-orbital administration of Dextran-A680 (Fig. 7D). We found that WNV NSI
with DENYV residues 91-93 gained the ability to trigger vascular leak at comparable levels as WT
DENV NSI1, while DENV NS1 with WNV residues 91-93 caused significantly less leak,
comparable to WT WNV NS1 (Fig. 7E). Taken together, these results suggest that the DENV NS1
wing domain, along with residues 91-93 (GDI), are required to trigger localized vascular leak in
this in vivo model.
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Figure 7. The wing domain of DENV NS1 and residues 91 to 93 within the wing domain confer NS1-
induced localized vascular leak in vivo.

(A, B) Wild-type C57BL/6J mice were shaved by removing hair from their backs 3 days before the
experiment. On the day of experiment, PBS, WT and chimeric NS1 proteins (15 pg) were administered
intradermally into discrete spots on the shaved dorsal dermis. Immediately following NS1 injections, 25 pg
of Dextran conjugated to Alexa Fluor 680 was administered retro-orbitally. Two hours post-injection, the
dermis of each mouse was collected and visualized using a fluorescent scanner. Representative images of
the dorsal dermis from 4 to 6 mice are shown. Chimeric proteins were analyzed in different mice with each
mouse containing both positive and negative controls (WT DENV and WNV NS1, respectively). (C) Mean
fluorescent intensity (MFI) quantification of (A) and (B), normalized to PBS injection. (D) Same as (A)
and (B), but using site-directed NS1 mutants that exchanged residues 91 to 93 between DENV and WNV
NS1. Representative image of the dorsal dermis from 4 mice backs are shown. (E) MFI quantification of
(D), normalized to PBS injection. Data plotted as mean £ SEM. *p<0.05, **p<0.01, ***p<0.005,
***%1n<(.001 by unpaired Mann-Whitney U test. Star colours indicate the respective control to which each
construct was compared.
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Discussion

In this study, we determined that both the wing and -ladder domains of flavivirus NS1 proteins
drive differential interactions with human endothelial cells, with the wing influencing binding to
endothelial cells and the B-ladder involved in inducing endothelial hyperpermeability in vitro. We
further identified residues 91 to 93 (GDI) within the flexible loop of the DENV NS1 wing domain
as a critical molecular determinant for tissue-specific NS1-endothelial cell binding. Finally, we
showed that the wing domain, along with the GDI motif, also dictate the capacity of NS1 to trigger
vascular leak in vivo. Our finding that the NS1 wing domain contributes to endothelial binding and
hyperpermeability is consistent with our previous observations [40] and with studies reporting that
in DENV NSI-vaccinated mice, anti-wing antibodies were highly protective against lethal DENV
infection [39]. While in its cell-bound dimeric form, residues within the 90 to 120 region of the
wing domain are expected to interact with the plasma membrane [35-37,42], which our findings
support. In addition, the hydrophobic residues in the DENV NS1 wing domain have also been
implicated to be involved in membrane remodeling [43].

It could be expected that flavivirus NS1 contains both conserved core residues mediating
interactions with endothelial cells, as well as divergent residues that confer tissue-specificity. In
agreement with this hypothesis, previous work from our group uncovered NS1 residues involved
in endothelial cell binding that are conserved across the Flavivirus genus (W115-W118-G119);
these residues are located in the flexible loop within the wing domain [40]. In that study, we
mutated the W-W-G residues to alanines; the DENV NSI-WWG mutant bound to HPMEC at
lower levels than WT DENV NSI and had reduced capacity to cause endothelial
hyperpermeability in HPMEC. This finding suggests that the highly conserved WWG residues
may mediate a baseline level of NS1-endothelial cell binding across all flavivirus NS1 proteins,
while the tissue-specificity is likely mediated by non-conserved molecular determinants. The
conserved WWG residues contrast with the DENV-GDI motif we identified in the present study,
which is highly variable among flaviviruses.

One interesting observation in our data was how the DENV-WNV NS1 chimeras that bound
weakly at 2.5 pg/mL to HPMEC (W-W-D and D-W-D, containing WNV NS1 wing domain and
DENV NSI1 B-ladder), at much lower levels than WT DENV NSI1, could induce HPMEC
hyperpermeability at comparable levels to WT DENV NS1 at the higher NS1 concentrations of 5
and 10 pg/mL (Fig. 4). We observed the same trend again when we tested the capacity of the site-
directed mutants to cause endothelial hyperpermeability, where at higher concentrations, the
DENV-EKQ mutant NS1 bound at a low level to HPMEC while remaining able to cause HPMEC
hyperpermeability, whereas WNV-GDI NS1 bound HPMEC but could not cause HPMEC
hyperpermeability. This implicates the B-ladder in conferring endothelial cell hyperpermeability,
and is consistent with prior studies that identified residues in the B-ladder as important for
endothelial hyperpermeability at a step following endothelial cell binding. A glutamine point
mutant of the glycosylated residue N207 [32] and targeted mutations at residues T301, A303,
E326, D327 [40], which are in the B-ladder domain, were able to bind to HPMEC but were
deficient in causing hyperpermeability. While the present study tested the relative contributions of
the wing and B-ladder domains to binding and hyperpermeability, the contribution of the -roll
domain cannot be ruled out.

It is important to note that while WT WNV NS1 bound to HPMEC less efficiently than DENV
NSI, it did bind at detectable levels, although this level of binding was not sufficient to trigger
endothelial hyperpermeability (Fig. 4) (14). In the TEER model used to measure endothelial
hyperpermeability in vitro, cells are treated with NS1 and left undisturbed over time under static
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conditions, in contrast to DENV infection in vivo, where NS1 travels through the bloodstream with
constant blood flow. As a result, when the DENV-WNV NS1 chimeras (containing WNV wing
but DENV B-ladder) that bound poorly to HPMEC were left undisturbed on HPMEC in TEER
assays, we hypothesize that their low-level binding was then sufficient to induce
hyperpermeability, which was driven by the DENV B-ladder domain. In the in vivo environment,
we observed that the vascular leak phenotype was conferred by the wing domain, which is
consistent with the observation of wing-driven endothelial binding in vitro. This suggests that in
the fluid condition of the in vivo environment, it is critical for NS1 to have strong interactions with
host factors on the cell surface such that NS1 binding, which is mediated by the wing domain, can
occur despite blood flow.

Further, the complexity of the in vivo condition likely accounts for the discrepancy we observe
between the in vitro endothelial permeability system and the in vivo murine dermal leak model,
where constructs containing DENV wing and WNV B-ladder could cause vascular leak in vivo
despite not causing endothelial hyperpermeability in vitro. The in vitro TEER assay contains only
endothelial cells, whereas in the in vivo mouse model, other non-endothelial intrinsic factors may
be at play, which could be mediated by the wing domain of NS1. In addition, the kinetics differed
in our in vivo model of localized leak versus in vitro TEER assay. Finally, the NS1 proteins might
have different effects on the dermal cells in the in vivo system as compared to pulmonary cells in
the in vitro system. Future studies are needed to fully characterize the relative contribution of non-
endothelial factors to NS1-mediated vascular leak.

A critical question to address next is the mechanism by which the residues 91-93 of the wing
domain mediate tissue-specific endothelial cell binding. We propose two models to explain the
manner in which residues 91 to 93 may mediate tissue-specific interactions. One possibility is that
the motif directly interacts with specific host factors on the surface of endothelial cells such as
glycans or proteins. In particular, the carboxylate side chain of D92 points directly towards the cell
surface; it may interact with host factors, distinct from the WWG motif, which may facilitate
association with the plasma membrane (Fig. 5F, G). A second possibility is that the aa 91-93 motif
modulates the flexibility of the flexible loop containing the WWG motif [40], which is ultimately
the site predicted to interact with endothelial cells.

On the other side of NSI tissue-specific interactions lies the host endothelial cell. The
endothelial cell surface is made up of the endothelial glycocalyx, which is a network of luminal
membrane-bound glycoproteins and proteoglycans with both short, branched carbohydrates and
long, unbranched glycosaminoglycan side-chains [44,45]. Glycocalyx components include sialic
acid, heparan sulfate, chondroitin sulfate, and hyaluronan [44]. The composition and ratio of the
components that make up the glycocalyx can vary significantly depending on the tissue of origin
of endothelial cells, which in turn can result in differential binding of viral proteins to distinct
tissues. As such, different residues in both the aa 91-93 motif and the broader wing domain may
influence the interactions with specific types of glycans on different endothelial cells.

Our study begins to uncover the molecular determinants for flavivirus NS1 binding and tissue
tropism. We establish the flavivirus NS1 wing domain to be important for binding endothelial cells
and causing vascular leak, and in the case of DENV NS1, identify residues 91 to 93 within the
wing domain as key determinants driving such interactions. This new molecular insight into what
determines flavivirus NS1 tissue specificity is crucial for understanding pan-flaviviral
pathogenesis and offers new approaches for antiviral therapies.
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TABLE 1 Primers used for mutagenesis in this study.
Construct NS1 Mutation / Primer S
Backbone Insertion Direction cquence
- Plasmid Forward CTCTAGACCGGTACGCGTGCCGCCACC
pPMAB
Plasmid Rever GGATCCCTGCAGCTCGAGTCAGTGATGG
pPMAB Verse TGATGGTGATG
AACACAACTGAATGCGACTCAAAACTCA
WNV DENYV p-ladder Forward
W-W-D TGTCAGCG
TGACATGAGTTTTGAGTCGCATTCAGTT
WNV DENYV p-ladder Reverse TG
AGGATGTATTCTGCGACTCGAAGATCAT
DENV WNV (-ladder Forward TGG
D-D-W AATGATCTTCGAGTCGCAGAATACATCC
DENV WNV (-ladder Reverse TG
-roll +
DENV DENV B roll Reverse TAGGCCTTGTGGCGTTTCTGGTTGGAAC
WNV wing
-roll +
DENV DENV f-roll Forward AAGTTCCAACCAGAAACGCCACAAGG
WNV wing
D-W-D WNV wing +
w
DENV R AACTTCCAACGAATTCCAAGCGCG
DENV B-ladder everse
WNV wing +
DENV F d ATCGCGCTTGGAATTCGTTGGAAGTTG
DENV B-ladder orwar
- +
WNV WNV rf)ll Reverse GTTTTGAAGGGGATTCAGGGTAATACTT
DENYV wing GTAC
WNV B-roll + GTACAAGTATTACCCTGAATCCCCTTCA
WNV p r.o Forward
W-D-W DENV wing AAAC
DENV wing +
WNV R TCCACTTCTAAGCTATTCCAAGCTC
WNV p-ladder everse
DENV wing +
WNV F d TAGAGCTTGGAATAGCTTAGAAGTGG
WNV B-ladder orwar
-roll +
WNV WNVB r oll Reverse TCTACGGGGGGATTCAGGGTAATAC
ZIKV wing
-roll +
WNV WNVB r oll Forward TATTACCCTGAATCCCCCCGTAGATTGG
WoZ-W ZIKV wing
ZIKV wing + WNV TCCACTTCTAAGCTGTTCCATGCTCTAT
WNV Reverse
B-ladder G
ZIKV wing + WNV ATAGAGCATGGAACAGCTTA
WNV wing Forward GAAGTGGA
B-ladder GG
- +
ZIKV ZIKV r oll Reverse TAGGCCTTGTGGCGTGTCAGGATGGTAC
WNV wing
-roll +
ZIKV ZIKV r oll Forward TACCATCCTGACACGCCACAAGG
WNV wing
LWz WNV wing + ZIKV
ZIKV wing Reverse ACAAGAAAGCTATTCCAAGC
B-ladder
ing +
ZIKV ;Vgligmg 28V Forward TTGGAATAGCTTTCTTGTGG
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WNV ZIKV B-ladder Reverse AATAACGGCTGGGTCGCATTCAGTTG
W-W-Z
WNV ZIKV B-ladder Forward AACTGAATGCGACCCAGCCGTTATTGG
ZIKV WNV B-ladder Reverse TGATCTTCGAATCACACTC
Z-7Z-W
ZIKV WNV [-ladder Forward AGAGTGTGATTCGAAGATCATTGG
-roll +
DENV DENV p-roll Reverse ATCTACGGGGGGATTCTGGTTGGAAC
ZIKV wing
-roll + A
DENV DENV B roll Forward GTTCCAACCAGAATCCCCCCGTAGATT
D-Z-D ZIKV wing GG
DENV ZIKV wing + Reverse TCAACTTCCAACGAGTTCCATGCTCTAT
DENV p-ladder v G
ZIKV wing +
DENV F d TAGAGCATGGAACTCGTTGGAAGTTG
DENV p-ladder orwar
-roll +
ZIKV ZIKV B rf)ll Reverse AGTTTTGAAGGGGAGTCAGGATGGTAC
DENV wing
- +
ZIKV ZIKV froll Forward TACCATCCTGACTCCCCTTCAAAAC
DENV wing
z-b-2 DENV wing +
w
ZIKV R ACAAGAAAGCTATTCCAAGCTCT
ZIKV B-ladder everse
DENV wing +
ZIKV TAGAGCTTGGAATAGCTTTCTTGTGG
ZIKV p-ladder Forward
DENV ZIKV B-ladder Reverse ATAACGGCTGGGTCGCAGAATAC
D-D-Z
DENV ZIKV B-ladder Forward TATTCTGCGACCCAGCCGTTATTG
ZIKV DENYV B-ladder Reverse ACATGAGTTTTGAATCACACTCTAATGA
Z-7-D
ZIKV DENV B-ladder Forward AGAGTGTGATTCAAAACTCATG
91-93 EKQ (WNV AACTATTATGACAGAGAAACAGAAAGGA
DENV sequence) Forward ATCATGCAGG
91-93 EKQ (WNV TGCATGATTCCTTTCTGTTTCTCTGTCA
DENV sequence) Reverse TAATAGTTAAC
WNV 91-93 GDI (DENV F d TAGTGTCGTGGTTGGAGACATCGAGGGA
*2 sequence) orwar ATGTACAAG
g WNV 91-93 GDI (DENV Reverse TTGTACATTCCCTCGATGTCTCCAACCA
E sequence) v CGACACTAAGG
g DENV 98-101 KSAP F d ACATCAAAGGAATCATGAAGTCAGCACC
> (WNV sequence) orwar TCGATCTCTGCGGCCTCAGC
o
R 98-101 KSAP TGAGGCCGCAGAGATCGAGGTGCTGACT
= DENV Reverse
i (WNYV sequence) TCATGATTCCTTTGATGTC
N
s 98-101 QAGK AACAGGAGGGAATGTACCAGGCAGGAAA
& WNV Q Forward
(DENV sequence) AAAACGCCTCACCGCC
98-101 QAGK TGGCGGTGAGGCGTTTTTTTCCTGCCTG
WNV Reverse
(DENYV sequence) GTACATTCCCTCCTGTTTC
101-103 PKR TGCAGGCAGGACCTAAACGCCTGCGGCC
DENV (WNV) Forward TCAGC
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DENV

WNV

WNV

DENV

DENV

WNV

WNV

DENV

DENV

WNV

WNV

101-103 PKR
(WNV)

101-103 KRS (DV)

101-103 KRS (DV)

105-108 TATT
(WNV)
105-108 TATT
(WNV)
105-108 RPQP
(DV)

105-108 RPQP
(DV)

108-110 TEK
(WNV)
108-110 TEK
(WNV)

108-110 PTE (DV)

108-110 PTE (DV)

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

TGAGGCCGCAGGCGTTTAGGTCCTGCCT
GCATG
TACAAGTCAGCAAAACGATCTCTCACCG
CCACC
TGGCGGTGAGAGATCGTTTTGCTGACTT
GTAC
AAAACGATCTCTGACCGCCACCACGACT
GAGCTGAAG
TTCAGCTCAGTCGTGGTGGCGGTCAGAG
ATCGTTTTCC
ACCTAAACGCCTCCGGCCTCAGCCCGAA
AAATTGGAA
TTCCAATTTTTCGGGCTGAGGCCGGAGG
CGTTTAGGTG
TCTGCGGCCTCAGACGGAAAAACTGAAG
TATTCATG
ATGAATACTTCAGTTTTTCCGTCTGAGG
CCGCAG
TCACCGCCACCCCCACTGAGTTGGAAAT
TGGC
AGCCAATTTCCAACTCAGTGGGGGTGGC
GGTGAG
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Materials and Methods

Cell lines

FreeStyle 293F suspension cells (Thermo Fisher Scientific) were used for production of
recombinant NS1 proteins. 293F cells were cultured in FreeStyle 293 Expression medium (Thermo
Fisher Scientific) containing 1% penicillin/streptomycin (P/S) and grown in a CO; incubator at
37°C with 8% CO; and maintained on a cell shaker at ~130 rpm. HPMEC (HPMEC-ST1.6r) were
kindly donated by Dr. J.C. Kirkpatrick at Johannes Gutenberg University, Germany, and were used
for NS1 cell binding and TEER assays. HUVEC were kindly gifted from Dr. Melissa Lodoen at
the University of California, Irvine. HUVEC are primary endothelial cells obtained from a single
female donor (Lonza). Both HPMEC and HUVEC cell lines were propagated (passages 5—10) and
maintained in endothelial growth medium 2 (EGM-2) using the EGM-2 bullet kit from Lonza
following the manufacturer’s specifications and grown in a CO: incubator at 37°C with 5% COx.

NS1 mutagenesis and cloning chimeric NS1 proteins

Chimeric NS1 proteins were produced by amplifying fragments of B-roll, wing, and B-ladder
domains from the WT DENV2 NS1 (Thailand/16681), WNV NS1 (NY99), or ZIKV NS1 (Uganda
MR766), using primers listed in Table 1. The N-terminus of B-roll and C-terminus of B-ladder
primer sequences were flanked with nucleotide bases complementary to the protein expression
vector plasmid “pMAB”. The pMAB vector encodes a N-terminal CD33 signal sequence and C-
terminal 6xHis tag, a kind gift from Dr. Michael Diamond, Washington University at St. Louis.
The domain fragments and pMAB vector were fused together using overlap extension PCR. Site-
directed NS1 mutants were produced using a site-directed mutagenesis kit (QuikChange XL Site-
Directed Mutagenesis Kit, Agilent) following the manufacturer’s instructions, with primers listed
in Table 1. All mutant NS1 constructs were sequence-verified with 5 and 3’ primers that recognize
the pMAB vector beyond the mutagenesis insertion region.

NS1 protein production and purification

Plasmids containing WT or mutant NS1 sequence were transfected into FreeStyle 293F cells using
polyethylenimine (PEI) (40K) (Sigma) according to the manufacturer’s instructions. 48 to 72 hours
post-transfection, NS1-containing supernatants were collected, filtered through a 0.45 pum
cellulose acetate membrane to remove cell debris, and stored at -80° prior to protein purification.
The NS1-containing supernatants were thawed, mixed 1:1 with binding buffer (20 mM sodium
phosphate, 500 mM sodium chloride, 20 mM imidazole, pH 7.4), and bound to HisPur cobalt resin
(Thermo Fisher Scientific) with shaking for 2 hours at room temperature. The NS1-resin mixture
then transferred to a column and washed 5 times in wash buffer (20 mM sodium phosphate, 500
mM sodium chloride, 25 mM imidazole, pH 7.4). NS1 was then eluted from the HisPur cobalt
resin with elution buffer (20 mM sodium phosphate, 500 mM sodium chloride, 200 mM imidazole,
pH 7.4) over 5 fractions. The purified NS1 stocks were then subjected to dialysis against 1X PBS
for 48 hours at 4°C and concentrated using Amicon filters with 10,000 molecular weight cut-off
(Millipore). The Pierce BCA protein quantitation kit (Thermo Fisher Scientific) was used to
quantify the purified recombinant proteins according to manufacturer’s instructions. These
proteins were used for all experiments within this study.
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SDS-PAGE and western blot

Recombinant proteins were collected in protein sample buffer (0.1 M Tris pH 6.8, 4% SDS, 4 mM
EDTA, 286 mM 2-mercaptoethanol, 3.2 M glycerol, 0.05% bromophenol blue) and then resolved
by SDS-PAGE. For native gels, the same protocol was followed except that the sample buffer
contained no SDS and 2-mercaptoethanol. Proteins were then transferred onto nitrocellulose
membranes and probed with primary antibodies diluted in Tris-buffered saline with 0.1% Tween20
(TBST) containing 5% nonfat dry milk. Membranes and antibodies were incubated overnight
rocking at 4°C. The next day, membranes were washed three times with TBST before being probed
with anti-mouse HRP secondary antibodies diluted in 5% milk in TBST at a dilution of 1:5,000 at
room temperature for 1 hour. Afterwards, membranes were washed with TBST three more times
before being developed with ECL reagents and imaged on a ChemiDoc system with Image Lab
software (Bio-Rad). The following antibodies were used: mouse anti-His (MA1-21315, Thermo
Scientific), goat anti-mouse HRP (405306, Biolegend).

NSI1 cell binding assays

To measure binding of WT and mutant NS1 proteins to HPMEC and HUVEC, 1x10° cells were
seeded on glass coverslips in 24-well plates. Cells were allowed to form a fully confluent
monolayer for 3 days, with medium change every other day. On the day of experiment, 10 ug/mL
(3 pg in 300 pL) of NSI proteins were prepared in 10 uL medium, then added to the cells.
Untreated wells were used as negative controls. NS1 and cells were incubated for 1 hour at 37°C.
Mouse anti-6xHis antibody conjugated to Alexa Fluor 647 (Novus Biologicals) was then added at
a dilution of 1:200, together with Hoechst 33342 (Immunochemistry) at a 1:2000 dilution for
staining of nuclei, for 30 minutes at 37°C. Cells were then washed twice in 1X PBS followed by
fixation in 4% formaldehyde diluted in 1X PBS (Thermo Fisher Scientific). Coverslips were
mounted onto microscope slides on a drop of ProLong Gold (Thermo Fisher Scientific) and imaged
using a Zeiss LSM 710 inverted confocal microscope (CRL Molecular Imaging Center, UC
Berkeley). Images were processed using ImagelJ software.

Trans-endothelial electrical resistance (TEER)

The trans-endothelial electrical resistance assay was used to measure the functional effect of NS1
on endothelial barrier function in HPMEC as previously described [34]. Briefly, 1x10° cells
(HPMEC) were seeded in 300 pL of medium on the polycarbonate membrane insert of a trans-
well (Transwell permeable support, 0.4 um, 6.5 mm insert; Corning Inc.). The trans-well is placed
in a well on a 24-well plate, becoming the apical (upper) chamber. 1.5 mL of media is added to
the basolateral (lower) chamber. Cells were allowed to form a monolayer for 3 days with media
changes in both apical and basolateral chambers every day, until the inter-chamber electrical
resistance reaches about 60Q difference between trans-wells seeded with (~150€2) and without
cells (~90Q2). On the day of experiment, 2.5, 5, or 10 pg/mL of indicated NS1 proteins (0.75 or 1.5
ug proteins, respectively) were mixed with media up to 10uL, and added to the apical chambers
of the trans-wells. Electrical resistance between the apical and basolateral chambers is measured
in ohms using an Epithelial Volt Ohm Meter (EVOM) with an electrode pair (World Precision
Instruments), at the times indicated in the figures. Trans-wells containing no cells and untreated
trans-wells containing only cells were used as negative controls to calculate the baseline electrical
resistance at each timepoint. Relative TEER is calculated as a ratio of resistance values
((Qexperimental — Qmedia only) / (Quntreated cells — L2media only))- Area under the curve (AUC) analyses were
calculated using the area between TEER curves and Y=1.
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Mouse model of localized vascular leak

Five- to eight-week-old WT C57BL/6 male mice were purchased from the Jackson Laboratory
(Bar Harbor, ME) and maintained under specific pathogen-free conditions at the University of
California, Berkeley, Animal Facility. Mice were housed in a controlled temperature environment
on a 12-hour light/dark cycle, with food and water provided ad [libitum. All experimental
procedures involving animals were pre-approved by the Animal Care and Use Committee (ACUC)
of the University of California, Berkeley. Three to four days prior to experiment, the dorsal
dermises of 6- to 10-week-old WT C57BL/6 female mice (Jackson Laboratory) were shaved using
hair clippers, and residual hair removed using Nair (Church & Dwight). On the day of experiment,
15 pg of WT or mutant NS1 was mixed with PBS in a total volume 50 puL each. NS1 mixtures and
PBS were then injected intradermally (ID) into discrete spots in the shaved mouse dermis.
Immediately following ID injections, 25 pg of 10-kDa dextran conjugated to Alexa Fluor 680 (1
mg/mL; Sigma) was delivered intravenously (IV) through the retro-orbital route. Two hours post-
injection, mice were euthanized, and the dorsal dermis was removed and placed in Petri dishes.
The dermis was then placed on a fluorescent scanner (LI-COR Odyssey CLx Imaging System) to
visualize the fluorescence signal accumulation at a wavelength of 700 nm. Vascular leak at the ID
injection sites was quantified using Image Studio software (LI-COR Biosciences) as described
previously [30,32].

Statistics

All quantitative analyses were conducted, and all data were plotted, using GraphPad Prism 9
software. Experiments were repeated at least 3 times, to ensure reproducibility. All experiments
were designed and performed with both positive and negative controls (indicated in the figures),
which were used for inclusion/exclusion determination. For immunofluorescence microscopy
experiments, images of random fields were captured. For all experiments with quantitative
analysis, data are displayed as mean + standard error of the mean (SEM). All cell binding and
TEER quantitative data were analyzed using a One-way ANOVA analysis with Tukey’s multiple
comparisons test. For the localized dermal leak experiments, a non-parametric, unpaired Mann-
Whitney U test was used to determine statistical significance between groups. The resulting p-
values from the above statistical tests were displayed as n.s., not significant; p >0.05; *p <0.05;
*¥p <0.01; ***p <0.001; ****p <0.0001.
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Abstract

The mosquito-borne, positive-sense RNA dengue virus (DENV) causes up to 400 million
infections globally each year and continues to cause substantial dengue cases in tropical and sub-
tropical regions. While most symptomatic cases present as the milder dengue fever, some can
develop severe dengue, which is characterized by vascular leak. DENV non-structural protein 1
(NS1) is a secreted glycoprotein with 3 domains: the B-roll, wing, and B-ladder. We previously
found that NS1 can directly induce endothelial cell (EC) barrier dysfunction, leading to EC
hyperpermeability in vitro and vascular leak in vivo independently of the virus. We further
discovered that different flavivirus NS1 proteins bind to human EC and induce vascular leak in a
tissue-specific manner, consistent with the virus’s respective disease tropism. For example, NS1
from systemic DENV affects EC from all tissues including the lungs, while NS1 from neurotropic
West Nile (WNV) only affects brain EC. In the preceding chapter, I established that the NS1 wing
domain confers flavivirus NS1-EC binding and drives DENV NS1-induced vascular leak, as well
as identified residues 91-93 as the molecular determinants of binding and vascular leak. In this
chapter, I include all the data that contributed to the publication of the previous chapter, as well as
extended NS1 structure-function data that I accumulated during my studies. I show that the -
ladder N207Q mutant of DENV NSI1 that abrogates NS1-induced EC dysfunction could cause
localized vascular leak in our dorsal dermal mouse model comparable to wild-type NS1; that the
highly conserved W-W-G motif in the NS1 wing domain mediates binding to pulmonary EC; that
NS1 wing domain confers binding to EC surface glycans; and that the 2B7 mouse mAb that
protects against lethal DENV challenge binds unequivocally to the B-ladder of DENVNSI
blockade and binding. Taken together, results in this chapter will help guide future flavivirus NS1,
host factors, and therapeutic studies.
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Introduction

The four dengue virus serotypes (DENV1-4) are mosquito-borne positive-stranded RNA
viruses of the Flavivirus genus which cause up to 400 million annual infections worldwide, of
which up to 100 million result in symptomatic infections [1]. These can be categorized into mostly
classic dengue fever (DF) or less commonly, severe dengue, which includes dengue haemorrhagic
fever (DHF) and dengue shock syndrome (DSS). Severe dengue is characterized by increased
vascular leak, where fluids accumulate in tissues after extravasating form the vasculature; the
sudden and rapid loss of fluids can lead to shock, which can be fatal [2]. In dengue, one of the
most common clinical presentations of vascular leak is pleural effusion resulting in respiratory
distress.

DENV, along with other flaviviruses such as Zika (ZIKV) and West Nile (WNV) viruses,
contains a 10.7 kb genome that encodes three structural and seven non-structural proteins,
including non-structural protein 1 (NS1). NSI is produced by DENV-infected cells and exists as
membrane-bound dimers intracellularly [3]. While intracellular NS1 plays a role in membrane
remodeling and viral replication [4—6], NS1 can also be secreted as an oligomeric lipoprotein [7].
The specific oligomeric states of secreted NS1 as well as the roles its lipid cargo plays have
recently become points of active discussion in the field where open questions remain [8—10].
Nonetheless, secreted NS1 is multifaceted and involved in pathogenesis [11,12], wviral
dissemination [13,14], and immune evasion [15,16].

While vascular leak in severe dengue has traditionally been attributed to aberrant immune
responses to the virus, we and other groups have shown that NS1 can directly cause vascular
dysfunction that results in leak, independently of the virus. NS1-induced vascular leak can occur
by promoting the degradation of endothelial glycocalyx components that line the surface of
endothelial cells to compromise the endothelial barrier [11,17-19], as well as by disrupting
interjunctional proteins that mediate the physical cell-cell interactions [20-22].

NSTI is highly conserved across flaviviruses. We have shown that, intriguingly, NS1 proteins
from multiple flaviviruses interact with endothelial cells of distinct tissue origins in a manner
consistent with the tropism of its ‘parental’ flavivirus [23]. For example, DENV NSI interacts
with multiple cell lines including human pulmonary microvascular endothelial cells (HPMEC),
which correlates with the systemic nature of DENV infection that can be observed in the lungs. In
contrast, WNV NS1 interacts well with human brain microvascular endothelial cells (HBMEC)
but minimally with HPMEC, as WNV causes neurological pathologies, such as meningitis and
encephalitis, but not pulmonary pathology. However, how these tissue-specific NS1 interactions
are modulated has remained unclear and is the central research question of the preceding chapter.

Flavivirus NS1 contains three domains that are highly conserved: the B-roll (residues 1-29),
wing (residues 30—180), and B-ladder (residues 181-352) [24]. The NS1 B-roll and wing domains
contain many hydrophobic residues that are predicted to interact with the cell’s plasma membrane
and the lipid cargo within the secreted oligomeric NS1 lipoprotein [25,26]. Interestingly, these
surface-exposed residues are conserved among DENV serotypes but divergent across the flavivirus
genus (e.g., between DENV and WNV), suggesting their possible roles in mediating NS1 tissue-
specific interactions. Additionally, prior studies have suggested that the three domains of NS1 may
have distinct functions. DENV NS1 wing domain has been shown to be immunodominant
[11,27,28]; conserved, hydrophobic residues in the flexible loop (residues 108—129) within the
wing domain (Trp-115, Trp-118, Gly-119) have been identified to partially contribute to DENV
NSI1 binding to HPMEC [25,29]. In contrast, select residues in the B-ladder domain (such as
residues N207, A303, E326, and E327) have been implicated as important for NS1-induced
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endothelial hyperpermeability, while being dispensable for binding to endothelial cells [20,29].
One notable residue in the B-ladder domain is the Asn-207 glycosylation site, as we have shown
that the N207Q mutant in DENV NSI binds to endothelial cells comparably to wild-type (WT)
DENV NS1 but abrogates NS1’s capacity to internalize into cells and cause endothelial
dysfunction [20]. These data offer clues about NS1 molecular determinants of tissue-specific
interactions with endothelial cells, and a systematic investigation of the different domains has been
described in Chapter 2.

Some of the open questions in the flavivirus NS1 field are the identity and roles that the cognate
receptor, as well as various glycan association factors, play in mediating NS1-induced
pathogenesis. The surface of endothelial cells is decorated with the glycocalyx , which is a complex
network of membrane-bound glycoproteins and proteoglycans that contribute to the endothelial
barrier integrity. The glycocalyx is a dense, kelp forest-like matrix that protects the underlying
endothelial cells from shear force generated by blood flow [30]. Major components of the
glycocalyx include sialic acid (Sia) and glycosaminoglycans (GAGs) such as heparan sulfate,
chondroitin sulfate, and hyaluronic acid. While this dissertation focuses on the NS1 molecular
determinants of tissue specificity, the flip side of this tropism are the host determinants, one of
which is believed to be the differential GAG composition across endothelial cells of distinct tissue
origins. Part of this chapter begins to address this question by using short protein-bound glycans
that have different lengths and sulfation levels to evaluate their relative binding capacity with
various DENV/WNV NSI chimeras.

As mentioned in the introduction, NS1 is a promising therapeutic target candidate to treat
dengue, as no specific therapeutics are currently available. As severe dengue is significantly
associated with NSI, targeting NS1 with an anti-NS1 monoclonal antibody (mAb) could
potentially protect against severe dengue. This chapter covers my involvement in the project
characterizing 2B7, a mouse anti-NS1 mAb that is protective in a DENV lethal challenge model
in mice, and blocks NS1-induced endothelial hyperpermeability in vitro [29]. We showed that 2B7
binds to the B-ladder domain of NSI and blocks the wing domain-driven interactions with
endothelial cells through steric hindrance, demonstrating a proof-of-concept for anti-NS1 mAb
therapeutics [29].

Overall, this chapter highlights additional structure-function studies of DENV NSI1 that I
performed. This includes negative data, data that were included as part of bigger studies, as well
as several pilot experiments that will form parts of more complete stories in the future.
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Results
Residues 101-135 of DENV NS1 are necessary but not sufficient for NS1 binding to
endothelial cells

In work leading up to this dissertation project, we had identified amino acid (aa) residues 101
to 135 of the DENV NS1 wing domain to be immunodominant [27]. Following up on this
observation, we made chimeric NS1 proteins that exchanged residues 101-135 between DENV
and WNV NSI1. Additionally, we made chimeric NS1 that swapped a smaller region of residues
110-122 from WNV into DENV NS1; the smaller region contained highly conserved Trp and Gly
residues (W115, W118, G119) and Lys residues (K116 and K120) (Fig. 1A). We cloned and
expressed the C-terminally His-tagged NS1 proteins in HEK-293 cells, which were successfully
secreted, and then purified NS1 oligomers using cobalt ion affinity chromatography. We treated
human pulmonary endothelial cells (HPMEC) with either wild-type (WT) NS1 or DENV/WNV
chimeric NS1 proteins and measured the levels of NS1 binding to HPMEC using an
immunofluorescence microscopy assay (IFA) (Fig. 1B, C). We found that the DENV NS1 mutants
containing WNV NS1 residues 101 to 135 (DENVWNVI0I-135) showed lower levels of binding to
HPMEC compared to WT DENV NSI1, at a level comparable to WT WNV NS1, suggesting that
the stretch of residues contain the molecular determinants for specificity or that the chimeric
protein was not folded correctly.

Interestingly, the reciprocal chimera with WNV NS1 containing residues 101-135 of DENV
NS1 (WNVPENVIOI-135) did not bind HPMEC differently from WT WNV NS1, suggesting that this
stretch of residues alone was not sufficient for HPMEC binding. However, the DENV NS1 mutant
containing the smaller region of WNV NS1 (DENVWNV110-122y hound HPMEC at comparable
levels to WT DENYV, suggesting the possibility for residues within the smaller region to be
mediating conserved, pan-flavivirus baseline binding, while the residues responsible conferring
tissue specificity are outside the smaller region.

To further investigate this inconsistency, we subjected the DENVWNVIOI-I35 NST mutant to
size-exclusion chromatography (SEC) on a fast protein liquid chromatography (FPLC) system (Fig.
1D). We found that the DENVWNVI0I-135 mytant exhibited different elution profiles compared to
both WT DENV NS1 made in the laboratory and WT DENV NS1 acquired from a commercial
source. Its elution profile suggested that the protein was likely aggregated as a result of disruption
of secondary protein structures during the chimerization process. This was supported by native
PAGE gel that showed a smearing band for DENVWNVI0I-135 construct compared to distinct bands
of WT DENV NSI1 (data not shown). Residues 101-135 were not resolved in any of the DENV
NSI structures solved via X-ray crystallography due to the flexible nature of this region [24]. This
region was resolved only for ZIKV NS1, which had overall structural difference compared to
DENV NSI1 [25,26]; in ZIKV NSI1, contiguous secondary -sheets span through residues 101-135,
which could explain the protein aggregation phenotype of construct DENVWNVI01-135 Nonetheless,
since the swap of resides 110-122 (NS1 DENVWNV110-122) 4id not affect the NS1 binding phenotype,
this suggested that NS1 residues 110-120 are likely not driving NS1 tissue-specific interactions.
Current crystal structures of DENV NS1 have not been able to resolve residues 101-135. However,
this region has been resolved for ZIKV NS1 and was revealed to contain a flexible loop that is
thought to be disordered [25]. To investigate how residues 101-135 could be presented on DENV
NSI1, we used AlphaFold to predict the DENV2 NSI crystal structure in its dimeric form (Fig. 1E)
[31]. The predicted structure revealed an alpha helix within residues 101-135 (in green) of the
wing domain (in yellow). While this predicted structure is similar to the crystallized ZIKV NS1
structure, ZIKV NS1 does not contain secondary structures within the flexible loop [25].
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Figure 1. Residues 101-135 of DENV NSI1 are necessary for NS1 binding to cells but not sufficient.

(A) Schematic of chimeric NS1 proteins used in this figure. (B) WT or chimeric NS1 proteins were added
to human pulmonary endothelial cells (HPMEC); cell binding was assessed by detection of conjugated anti-
His antibody using immunofluorescence microscopy, quantified in (C). (D) Size-exclusion chromatography
plot of WT and chimeric NS1 proteins. (E) Dimeric DENV2 NS1 structure was predicted using AlphaFold.
One monomer is coloured grey while the other monomer is coloured as follows: blue for B-roll, yellow for
wing, red for B-ladder, and orange for inter-domain connecting regions. Residues 101-135 are highlighted
in green. Data are representative of N=3 biological replicates, plotted as mean + SEM. Scale bar, 50 pm.
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Tissue-specific NS1-endothelial cell binding cannot be measured by flow cytometry

Concurrently, we were interested in establishing an alternate assay to measure NS1-endothelial
cell binding. We explored flow cytometry, as it allows for high-throughput analysis with the ability
to incorporate multiple NS1 concentrations in a given experiment. Following several studies that
measured NS1 binding to glycosaminoglycans (GAGs) on the endothelial cell surface [17], we
detached HPMEC from the cell culture flask before proceeding with the NS1 binding experiment,
and then measured NS1 binding by flow cytometry using anti-His antibody conjugated to Alexa
Fluor 647 (Fig. 2A, B). We found that all flavivirus NS1 proteins tested (DENV, WNV, ZIKV,
and yellow fever virus [YFV]) bound to HPMEC, in contrast to previous data based on our
standard IFA assay that had shown that DENV and YFV NSI bound HPMEC at high levels
whereas WNV and ZIKV NS1 exhibited only baseline binding to HPMEC [23]. We repeated the
flow cytometry-based binding assay using human brain endothelial cells (HBMEC) (Fig. 2C, D),
and found that all the flavivirus NS1 proteins tested (DENV, WNV, ZIKV) bound equally,
consistent with the previous IFA data [23].

Overall, these data suggest that the tissue-specificity of NS1-endothelial cell binding cannot
be captured by flow cytometry, possibly due to alteration of endothelial cell surface glycan
components during the cell detachment process, which are known host factors to mediate tissue
tropism of both virus and NS1. Notably, we also tried cell detachment after the NS1 cell binding
step instead of before the binding step, which was also unsuccessful as the cell detachment step
also removed the NS1 that was bound to the cells.
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Figure 2. Tissue-specific NS1-endothelial cell binding cannot be measured by flow cytometry.

(A) HPMEC was suspended and treated with WT NSI1 proteins from different flaviviruses (FV); NS1
binding was measured using flow cytometry. (B) Flow cytometry histogram of positive and negative
controls of (A). (C) Same as (A), but with HBMEC. (D) Histogram of positive and negative controls of (C).
APC, Allophycocyanin. Data are representative of n=3 biological replicates, plotted as mean £ SEM.
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ZIKV NSI1 causes partial endothelial hyperpermeability

As part of the manuscript revision process of the paper presented in Chapter 2, we included
ZIKV NS1 in the TEER experiments. Here, the main point was that at higher NS1 concentrations,
the endothelial cell hyperpermeability is driven by DENV NS1 B-ladder domain (W-W-D and D-
W-D). Additionally, I found that like WNV NS1, ZIKV NSI also induces partial endothelial
hyperpermeability on HPMEC (Fig. 3).
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Figure 3. ZIKV NSI1 causes partial endothelial hyperpermeability on HPMEC.

Extension of Figure 4 of Chapter 2. HPMEC seeded on Transwells were treated with WT or chimeric NS1
at 10 ug/mL. The trans-endothelial electrical resistance (TEER) between the apical and basolateral chamber
was measured over time and normalized to the untreated controls at each timepoint. Data are representative
of n=3 biological replicates, plotted as mean = SEM.

Residues 123-130 do not affect NS1-endothelial cell binding

In the process of testing flow cytometry-based methods with HPMEC to measure cell binding,
we also explored using suspension cells in flow cytometry, which would eliminate the need for
cell detachment and would preserve the integrity of cell surface glycan attachment factors as well
as NS1-cell binding. We tested NS1-cell binding on flow cytometry using HEK-293F cells that
we use to produce NS1 proteins, and found that the NS1-HEK293F binding pattern by flow
cytometry recapitulated the NS1-HPMEC binding data by IFA (Fig. 4A, B). WT DENV NS1 from
both commercial and lab sources, as well as DENVWNVI0-122NS 1 bound HEK-293F at high levels,
whereas WNV NS1, DENVWNVIOI-I35 " and WNVPENVIOI-I3S NS exhibited low-level binding.

In addition to DENVWNVII0-122 'ye also divided the 101-135-residue portion into two additional
parts — residues 101-109 and 123-135 (Fig. 4C) — and cloned and produced the proteins. We found
that while construct DENVWNVI23-135 yielded comparable protein production as WT DENV NS1,
construct DENVWNVI0I-109 \wag poorly secreted (data not shown), suggesting that residues 101-109
harbour critical secondary structures that were disrupted in the chimeric protein. We tested NS1
binding to HEK293F using flow cytometry and found that construct DENVWNVI23-135 hound
HEK293F at comparable levels to WT DENV NS1 (Fig. 4D, E), suggesting that these residues
likely do not contain the molecular determinants for tissue-specific binding.

Using DENV2 NSI1 structure previously predicted using AlphaFold (Fig. 1E), we show the
locations of residues 101-109 (in pink) and 123-135 (in green) in the context of dimeric DENV
NSI1 (Fig. 4F, G). Residues 101-109 appear to be situated at a less surface-exposed location within
the NS1 dimer than residues 123-135, which could be less amenable to chimerization and thus
explain the poor secretion of the DENVWNVI0I-109 chimera.
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These data provided snippets of the bigger picture. Coupled with the structural integrity issues
with several key NS1 chimeras, we decided to re-examine our approach and to re-start with
chimeras that exchange the complete wing and -ladder domains, which would minimize the risk

of disrupting crucial secondary structures. These data and the story that developed were published
and included in Chapter 2 of this dissertation.
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Figure 4. Residues 123-130 do not affect NS1-cell binding.

(A) HEK-293F cells were treated with WT or chimeric NS1 proteins that were previously measured by [FA
on HPMEC. Binding was measured using flow cytometry. (B) Flow plot of positive and negative controls
of (A). (C) Schematic of chimeric DENV NS1 proteins that exchanged specific wing domain residues with
WNV NSI1. (D) HEK-293F cells were treated with WT DENV NS1 from commercial or lab sources, or
chimeric NS1 proteins and assessed for cell binding using flow cytometry. (E) Flow plot of positive and
negative controls of (D). (F, G) Dimeric DENV2 NSI1 structure was predicted using AlphaFold. One
monomer is coloured grey while the other monomer is coloured as follows: blue for -roll, yellow for wing,
red for f-ladder, and orange for inter-domain connecting regions. Residues 101-109 are highlighted in pink,
and residues 123-135 are highlighted in green. (F) and (G) are rotated 45° along the X-axis from each other.
APC, Allophycocyanin.
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WWG motif in the NS1 wing domain confers partial binding to HPMEC and HUVEC

While we were curious about the tissue-specific interactions of flavivirus NS1, we consistently
observed a baseline level of NS1 binding to endothelial cells and wanted to determine the residues
that might be mediating this conserved, baseline level of binding. Sequence alignment of NSI
proteins from multiple flaviviruses revealed that Trp-115, Trp-118, and Gly-119 residues within
the wing domain are conserved across all flaviviruses, including tick-borne flaviviruses [32]. To
determine whether the W115-W118-G119 motif mediated pan-flavivirus NS1 binding to
endothelial cells, we mutated these residues to alanine (“DENVYWS) cloned and produced the
proteins, and measured their capacity to bind HPMEC using IFA (Fig. 5A). We observed a partial
binding reduction (Fig. 5B), suggesting a role for the WWG motif. To further examine whether
the WWG motif also played a role in NS1-induced endothelial hyperpermeability, we treated
HPMEC seeded on Transwells with either WT DENV or DENVWWG NS1 and measured TEER as
an inverse proxy for endothelial hyperpermeability (Fig. 5C). We found that DENVWWG NS1
induced a lower TEER reduction (i.e., less hyperpermeability) than WT DENV NSI1, suggesting
that the WWG motif indeed also plays a role in endothelial hyperpermeability. This is consistent
with our findings in Chapter 2 that identified the wing domain as playing a role in mediating NS1-
induced TEER reduction.

Next, we explored whether the WWG motif also played a role in the binding of other flavivirus
NSI1 proteins to endothelial cells. We cloned and produced WWG mutants in WNV and ZIKV
NSI1 and treated HPMEC, HBMEC, and human umbilical vein endothelial cells (HUVEC) with
these proteins to measure for cell binding using IFA (Fig. 5D-J). We normalized the mutant NS1
binding to that of WT NS1 binding, as each flavivirus NS1 bound each endothelial cell line at
different levels. We found that the WWG mutant resulted in lower HPMEC binding compared to
WT NSI for all three flaviviruses tested, while having no effect on binding to HBMEC across all
flavivirus NS1 proteins tested (Fig. 5K-M). Notably, WNVWWG and ZIKVWWG NS1 exhibited
lower binding on HUVEC than their WT counterparts, suggesting a possible role for WWG for
HUVEC binding as well (Fig. 5H, J).

Using DENV2 NSI structure previously predicted using AlphaFold (Fig. 1E), we modeled the
location of the WWG motif (in pink and labeled with black arrowheads) in the context of dimeric
DENV NS1 (Fig. 5N, P). We found that the indole of Trp-115 and Trp-118 are predicted to
protrude downwards on the exposed surface of NS1 dimer that is hypothesized to interact with the
plasma membrane of cells — potentially explaining the roles of the WWG motif in endothelial
binding and hyperpermeability.
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Figure 5. WWG motif in the NS1 wing domain confers partial binding to HPMEC.

(A) WT DENV or DENV W115A-W118A-GI119A (“WWG”) NS1 point mutant were treated on HPMEC
and cell binding was assessed by immunofluorescence microscopy and quantified in (B). (C) WT DENV
or WWG NS1 mutant was treated on HPMEC seeded on trans-well. Endothelial hyperpermeability was
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measured by TEER over time. (D-F) WT DENV, WNV, ZIKV NSI1, and the respective WWG mutants
were treated on (D) HPMEC, (E) HBMEC, and (F) HUVEC. Cell binding was measured by
immunofluorescence microscopy and quantified based on either the cell types (G-J), or the respective
flavivirus NS1 or mutants in (K) DENV, (L) WNV, and (M) ZIKV. (N, P) Dimeric DENV2 NS1 structure
was predicted using AlphaFold. WWG motif was denoted with its side chains in pink and indicated with
black arrowheads. One monomer is coloured grey while the other monomer is coloured as follows: blue for
B-roll, yellow for wing, red for f-ladder, and orange for inter-domain connecting regions. (N) and (P) are
rotated 45° along the Y-axis from each other. Scale bar, 10um. Data plotted representative of 3 biological
replicates, as mean = SEM. **p<0.01 by unpaired t-test.
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Endocytosis-deficient DENV™N2?7Q¢ NS1 mutant causes comparable leak as WT DENV NS1 in
a mouse model of localized leak

Flavivirus NS1 contains two conserved N-linked glycans (N-glycans) at Asn-130 and Asn-207,
with an additional site at Asn-175 for WNV, St. Louis encephalitis virus (SLEV), and Murray
Valley encephalitis virus (MVEV) NSI1 proteins. Previous studies from our laboratory
demonstrated that Asn-207 glycosylation is particularly important for DENV NS1-mediated
endothelial dysfunction [20]. The DENVN297Q NS1 mutant was shown to exhibit comparable
HPMEC binding to WT DENV NSI1, while abrogating the capacity for both endocytosis and
endothelial hyperpermeability as measured by TEER. As we discovered intriguingly in Chapter 2
that it was the wing, not B-ladder domain that appeared to drive vascular leak in vivo as measured
by a mouse model of localized leak in the dorsal dermis, we explored whether Asn-207
glycosylation also affected vascular leak.

We administered PBS, WT NS1, or DENVN207Q NS1 onto discrete spots of shaved dorsal
dermis of mice, followed by intravascular injection of fluorophore-conjugated Dextran, and
measured the relative fluorescence as a proxy for vascular leak (Fig. 6A, 6B). We found that while
WT WNV NS1 caused lower levels of leak compared to WT DENV NS1 as expected, DENVN207Q
NSI1 caused comparable levels of leak as WT DENV NS1. This suggests that while Asn-207 was
critical for endocytosis and causing endothelial hyperpermeability in vitro, it does not play a role
in vascular leak in the mouse dermis. Although unexpected, this result is supported by data from
NS1 domain-exchanged chimeras in Chapter 2.
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Figure 6. Endocytosis-deficient DENV N207Q NS1 mutant causes comparable leak as WT DENV
NS1 in mouse model of localized leak.

The dorsal dermis of WT C57BL/6J mice were shaved 2 days prior to the experiment. PBS, WT, or mutant
NS1 proteins were injected intradermally onto discrete spots in the shaved backs of mice, followed by
intravascular injection of Alexa Fluor 648-conjugated Dextran. (A) The dorsal dermis was collected 2 hours
post-treatment and measured for fluorescence indicating leak using fluorescent scanner, quantified in (B).
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NS1 wing domain mediates binding to glycosaminoglycans on the endothelial cell surface

NSI initiates its binding to endothelial cells via surface-bound GAGs. This is thought to be
mediated by interactions between the positively charged residues on NSI1 and the largely
negatively charged GAGs on EC surfaces [17]. Endothelial cells have been shown to harbour
distinct tissue-specific GAGs that contribute to NS1 tissue-specific binding to ECs [33].

Having shown that the DENV NS1 wing domain drives NS1-HPMEC binding, we wondered
whether the presence of certain surface GAGs contributed to the higher binding levels of DENV
NS1 compared to WNV NS1. We obtained HPMEC lines that had two genes individually knocked
out (KO) by CRISPR-Cas9 technology for a different project in the laboratory [34]; the two genes,
SLC35B2 and XYLT?2, are involved in the heparan sulfate proteoglycan biosynthetic pathway. We
confirmed by IFA that these KO HPMEC possessed less detectable heparan sulfate on the cell
surface compared to control cells treated with non-targeting guide RNAs (Fig. 7A, B). We then
treated non-targeted or XYLT2-KO HPMEC with the DENV/WNYV NS1 proteins characterized in
Chapter 2 — WT DENV, WNV, DENV/WNYV chimera, and DENV/WNV NSI1 that exchanged
residues 91-93. We found that while all NS1 proteins showed reduced binding in XYLT2-KO
HPMEC compared to the non-targeting control cells, the difference in binding levels between non-
targeting and XYLT-KO cells were similar across NS1 proteins with both DENV and WNV
backbones alike (Fig. 7C, D). This supports the overall hypothesis that EC surface-bound glycan
components do play a significant role in overall NS1-EC binding, but the relative contribution of
GAGs to NS1 tissue-specificity remains to be determined.
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Figure 7. Depleting glycans on HPMEC surface reduces NS1 binding to HPMEC.

(A) Representative images of HPMEC transduced with lentivirus encoding the indicated guide RNAs for
CRISPR knock-out cells, stained for heparan sulfate. (B) Quantification of (A), as a percentage of cells
treated with the non-targeting guide (NTG). (C) 10ug/mL of WT or chimeric NS1 as indicated were added
to HPMEC that had been transduced with lentivirus encoding the indicated guide RNAs, and cells were
stained for NS1 on the cell surface. Images selected are representative of three independent experiments for
two NS1 proteins that showed a significant difference between NTG and XYLT2. (D) Quantification of
(C); constructs for images in (C) are underlined. Scale bars, 100um; MFI, mean fluorescence intensity;
NTG, non-targeting guide; XYLT2, xylosotransferase 2. Data plotted are 3 biological replicates, as mean
+ SEM. *p<0.05, **p<0.01, ***p<0.005, ****p<0.001 by ANOVA with multiple comparisons (B) and
Student’s t-test (D), respectively.

Ongoing glycan-related projects in the Harris laboratory and with collaborators found that
there are distinct heparan sulfate sulfation patterns across HPMEC, HBMEC, HUVEC, and dermal
(HMEC) endothelial cells. To further explore whether levels of sulfation and what components of
surface glycans are specifically mediating NS1 tissue-specificity from the host perspective, we
obtained several bovine serum albumin (BSA)-conjugated glycans that were previously identified
in a glycan array screen as part of an ongoing collaboration with Dr. Kamil Godula’s laboratory at
the University of California, San Diego. HS-1 is unsulfated, while HS-15, 16, 20, and 23 each
contains varying levels and types of sulfation (Fig. 8A). We conducted an enzyme-linked
immunosorbent assay (ELISA) that measured the binding levels of WT and chimeric DENV/WNV
NSI1 proteins added to plates coated with BSA-conjugated GAGs, including a BSA-heparin as
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baseline control. We found that NS1 proteins bound all sulfated GAGs at higher levels than the
non-sulfated HS-1 species, with little difference between each HS species. Unexpectedly, WNV
NSI1 bound all GAGs at higher levels than DENV NSI1, and constructs W-W-D and D-W-D that
contain the WNV NSI1 wing domain bound higher than constructs D-D-W and W-D-W that
contain the DENV NS1 wing domain (Fig. 8B). These data suggest that the NS1 wing domain
drives NS1-GAG binding, which could partially contribute to the wing-driven NS1-endothelial
cell binding. However, further studies are needed to solve the unexpectedly high levels of WNV
NS1 wing-driven GAG binding versus DENV NS1 wing-driven EC binding.
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Figure 8. NS1 wing domain drives NS1 binding with select glycosaminoglycans.

(A) Structures of glycans identified in a previous glycan array screen; the glycans have varying disaccharide
components and sulfation levels. (B) Glycans were coated on ELISA plates; WT or chimeric NS1 proteins
were added and their binding capacity measured using ELISA. Data plotted are 3 biological replicates, as
mean + SEM.
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Anti-DENV NS1 mouse monoclonal antibody 2B7 blocks NS1-endothelial cell binding and
binds to the p-ladder domain of NS1

The Harris laboratory had previously shown that 2B7, an anti-DENV NS1 immunoglobulin
G2b (IgG2b) monoclonal antibody (mAb), inhibits NS1-induced endothelial dysfunction in vitro
[11]. As part of the follow-up study which resolved 2B7 crystal structure in complex with NS1
and characterized its effects in vivo and in vitro [29], we examined the in vitro mechanism of 2B7-
NSI1 blockade and binding.

We measured via IFA the levels of DENV NSI1 binding to HPMEC that were treated with NS1
incubated with or without 2B7, 2B7 fragment antigen-binding (Fab) region, or an IgG control, and
we found that both 2B7 and 2B7 Fab blocked NSI-HPMEC binding (Fig. 9A, 9B). This
demonstrates that 2B7 potently blocks NS1-HPMEC binding in a manner independent of antibody
Fc effector functions, which was repeated orthogonally in HEK-293F cells using flow cytometry
(Fig. 9C).

The 2B7 structural study identified the NS1 epitopes to be in the B-ladder domain, specifically

residues between residues 326 and 346. It was predicted that 2B7 binds to the -ladder in a tilted
orientation towards the NS1 hydrophobic surface in a manner that indirectly creates steric
hindrance for the wing domain, blocking NS1-EC binding regardless of whether NSI is in the
dimeric or hexameric form [Ref 29, Fig. 4A, B]. As an additional confirmation that 2B7 blocks
NS1 wing-driven endothelial cell binding by steric hindrance instead of direct inhibition, we
conducted an ELISA with WT DENV NS1 and DENVWYWGNS] and found that 2B7 bound to both
NSI proteins equally, supporting the steric hindrance prediction (Fig. 9D).
At the beginning of the NS1-tissue specificity project before the co-crystal structure was solved,
there were conflicting data as to where on NS1 2B7 bounds. As part of the 2B7 project, 2B7
binding profile to a number of different flavivirus NS1 proteins was assessed, and it was found to
bind YFV NS1 at low levels compared to DENV NS1 [Ref 29, Fig. 3C]. Making use of this
distinction, we constructed DENV/YFV NSI1 chimera that exchanged YFV NS1 residues 101-135
and B-ladder separately into DENV NSI1 (Fig. 9E). We conducted an ELISA with WT DENV,
YFV, DENVYFVIOI-35 “and DENVYFV B-ladder N1 We found that 2B7 bound WT DENV and
DENVYFVIOI-135 gtrongly, which contain the DENV NS1 B-ladder, whereas 2B7 bound WT YFV
and DENVYFV Bladder \yeqkly, which contain YFV NS1 B-ladder (Fig. 9F). This suggests that the
2B7 binding pattern reflects the presence of the DENV NS1 B-ladder and supports the eventual
identification of 2B7 epitopes on the -ladder domain of NS1.
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Figure 9. Anti-DENV NS1 mouse monoclonal antibody 2B7 blocks NS1-endothelial cell binding and
binds to the B-ladder domain of NS1.

(A) DENV NS1-HPMEC binding in the presence or absence of full-length 2B7 mAb, the 2B7 Fab, or
indicated controls, was measured by immunofluorescence assay (IFA) 90 minutes post-NS1 treatment and
quantified in (B). (C) DENV NSI1 cell binding assay using HEK-293F suspension cells. NS1 was incubated
with indicated concentration of 2B7 mAb or 2B7 Fab and added to U-bottom 96-well plate containing 293F
cells. NS1 binding to cells was assessed by flow cytometry. (D) Direct ELISA of WT DENV and
DENVYYSmutant NS1, detected by 2B7. (E) Schematic diagram of DENV/YFV NS1 chimeras. (F) Direct
ELISA of WT DENV, YFV, and chimeric DENV/YFV NSI1 proteins, detected by 2B7. For (A), data are
representative images from n=3 biological replicates. Scale bar, 50 um. Data are presented as mean = SEM
of n=3 biological replicates for all. ****p<(0.001 by unpaired t-test. Part of this figure was published in
Biering,* Akey* et al (2021) [29].
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Virion binding-deficient DENVE343X NS1 mutant does not affect HPMEC binding or
hyperpermeability

One of the ongoing projects in the Harris laboratory studies the capacity of flavivirus NSI to
enhance viral dissemination of flavivirus infections. In this project, NS1 was found to enhance
virus crossing through endothelial cell monolayers and infection of monocytes in the basolateral
chamber, in part due to NS1-virion interactions (data not shown, manuscript in preparation). Our
collaborator Dr. Richard Kuhn at Purdue University identified E343 in the -ladder of DENV NSI1
to be a molecular determinant for NS1 interaction with DENV virion. We cloned and produced
the DENVE3*K NS1 mutant in the Harris laboratory for further characterizations. We found that
in a Transwell setup that models cross-endothelial barrier infection, DENV treatment of apical
cells in the presence of DENVE3*3K NS1 mutant resulted in significantly lower rate of infection of
the basolateral monocytic cells compared to DENV treatment in the presence of WT DENV NSI,
suggesting that DENV infection of monocytic cells depends on direct NS1-virion interactions.

To investigate whether DENVE3#3K NS1 has any deficiencies in NS1-EC interactions, we
measured NS1-HPMEC binding by IFA, and found that DENVF*3K NS1 bound at comparable
levels to WT DENV NSI1, which were significantly higher than the binding levels of WT WNV
NS1 (Fig. 10A, B). We further found that DENVF**3K NS1 also results in comparable HPMEC
hyperpermeability compared to WT DENV NSI1 as measured by TEER. In the TEER assay, WT
WNV NS1 was included as a control, which resulted in reduced HPMEC hyperpermeability,
alongside endothelial cell dysfunction-deficient DENVN27Q NS1 which showed abrogated
hyperpermeability as expected (Fig. 10C). The location of residue E343 was highlighted on a
DENV2 NSI dimer that was resolved in a previous study [29]. E343 was found to be located in
the upper part of NS1 dimer (Fig. 10D, E), on the protein face that is hypothesized to be interacting
with the DENV virion. Taken together, this suggests that while DENVF*3K NS1 is deficient in
binding DENV virion, it functions comparably to WT DENV NS1 in binding EC and triggering
endothelial hyperpermeability.
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Figure 10. DENV NS1-E343K mutant does not affect binding or TEER on HPMEC.

(A) WT DENV, WNV, or mutant DENV-E343K NSI1 proteins were added to HPMEC at 10ug/mL for 2h
at 37°C. NS1 binding was assessed with A684-conjugated anti-His antibody using immunofluorescence
microscopy and quantified as mean fluorescence intensity (MFI) in (B). (C) WT or mutant NS1 are added
to HPMEC seeded on trans-wells. The trans-endothelial electrical resistance (TEER) between the apical
and basal chambers are measured over time. (D, E) Dimeric DENV2 NS1 structure at 2.89A (PDB 7K93,
[29]) was annotated to show the location of residue E343 in the B-ladder in spatial and structural reference
to the rest of NS1. One monomer is coloured grey while the other monomer is coloured as follows: blue for
B-roll, yellow for wing, red for B-ladder, and orange for inter-domain connecting regions. E343 is coloured
in cyan and indicated with black arrowheads. (D) and (E) are rotated 45° along the X-axis from each other.

Data are representative of N=3 biological replicates, plotted as mean = SEM. Scale bar, 50pum. ***p<0.005
by unpaired t-test.
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Table 1. NS1 mutants used in this chapter.

Lab notation NS1 backbone Construct chimera/ mutation
C1 DENV-2 WT

C2 WNV WT

C1 DENV-2 aa 101-135

C14 DENV2 Glycosylation mutant N207Q
Cc23 ZIKV WT

C30 DENV2 W115A+W118A+G119A
C32 WNV DENV2 aa101-135

C35 DENV2 WNV aa110-122

C36 WNV W115A+W118A+G119A
C37 ZIKV W115A+W118A+G119A
C41 DENV2 WNV aa101-109

C42 DENV2 WNV aa123-135

C44 YFV WT

C45 DENV2 YFV aa101-135

C46 DENV2 YFV aa101-119

Cc47 DENV YFV NS1 B-ladder

C55 DENV E343K
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Discussion

In this chapter, I laid out a series of investigations supporting my main finding in Chapter 2
that led to defining the wing domain as the driver of NSI-tissue specific interactions with
endothelial cells (EC). We first showed that our initial data suggested residues 101-135 to harbour
residues important for NS1 tissue specificity, which was subsequently found to be due to protein
misfolding. We then attempted to use a high-throughput flow cytometry-based method to evaluate
HPMEC binding and discovered that while we could show NS1-HPMEC binding, the tissue-
specificity of different flavivirus NS1 was lost. However, by using HEK-293F suspension cells,
we could model the EC tissue specificity and showed that residues 123-135 likely did not affect
tissue-specific binding. We further showed that the W-W-G motif in the wing domain affects only
NSI1 binding with HPMEC and to a smaller extent HUVEC, but not HBMEC. Further, we found
that the EC entry-deficient N207Q mutant NS1 could cause comparable vascular leak as WT
DENV NSI1 in a model of localized leak in the mouse dermis. On the host front, we showed that
the NS1 wing domain drives binding with the endothelial cell surface-bound glycans. Finally, we
examined the virion binding-deficient E343K NS1 mutant and found that it has no defects in
binding ECs and causing endothelial hyperpermeability.

Based on the initial binding data of DENVWNVI0I-135 'we thought that residues 101-135 might
harbour residues involved in determining NS1 tissue-specificity. However, when we analyzed the
chimeric protein on native PAGE gel (data not shown) as well as size-exclusion chromatography,
we found that DENVWNVI0I-135 wag likely misfolded (Fig. 1). Based on the ZIKV NS1 structure,
which is the only NS1 structure that has the flexible loop (residues ~108-129) resolved [25], we
hypothesize that the chimerization likely disrupted secondary structures to result in protein
misfolding. Notably, the DENV NSI1 structure we predicted using AlphaFold (Fig. 1E, 4F—G, and
SN-P) suggested an alpha helix at residues 115-122, which was also present in the AlphaFold
prediction of ZIKV NSI1 (data not shown). However, the alpha helix was not present in the
crystallized structure of ZIKV NS1 [25], the only flavivirus NS1 structure that resolved the flexible
loop. This caveat points to the limits of protein structure prediction, and highlights the disorderly
nature of the flexible loop of the wing domain which requires further structural studies.

Our attempt to evaluate HPMEC binding using flow cytometry did not work as expected, as
HPMEC lost the tissue-specific binding capacity and bound all flavivirus NS1 proteins at equal
levels (Fig. 2). This methodology was in part adapted from a study demonstrating that DENV NS1
attaches to uninfected cells via interaction with GAGs using flow cytometry, which showed that
DENV NSI1 bound strongly to dermal and lung ECs, Vero, and CHO cells, among others [17]. As
it has been suggested that the GAG components present on EC surfaces play important roles in
viral tropism and macrophage localization [33,35,36], it is possible that HPMEC lost its unique
GAG composition that determine NS1 tropism after being detached from the adherent surface. In
an orthogonal approach, we used flow cytometry to assess NS1 binding to HEK-293F suspension
cells, where we found that DENV NS1 but not WNV NS1 bound to 293F cells (Fig. 4). We divided
residues 101-135 into three portions, each in a different construct, and found that DENVWNV123-135
bound 293F cells comparably to WT whereas DENVWNVI0I-109 had negligible secretion, suggesting
that the chimerization of residues 101-135 had disrupted secondary structure within residues 101-
109, and that residues 123-135 likely did not harbour the molecular determinants of NS1 tissue-
specific interactions.

While different flavivirus NS1 proteins contain residues that mediate tissue-specific binding
and interactions with ECs, we hypothesized that certain highly conserved residues might mediate
a baseline binding for all flavivirus NS1 proteins with ECs. A group of such residues are W115-
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W118-G119 within the NS1 wing domain, which form a motif. The DENVYWG NS1 that mutated
this motif to alanines showed reduced HPMEC binding and TEER reduction (Fig. 5). However,
WNVWWGand ZIKVYWGE NS1 mutants showed reduce binding only on HPMEC but not HUVEC
or HBMEC, suggesting that the WWG motif is only a pan-FV NS1 binding motif on HPMEC.
One explanation could be that the WWG motif interacts preferentially with the specific GAGs
present on the surface of HPMEC, as evident in the predicted DENV NS1 structure which showed
the downward orientation of W115 and W118 pointing towards the plasma membrane (Fig. 5N,
P). Data from ongoing glycan projects in the Harris laboratory suggest that GAGs on the HPMEC
surface are generally less sulfated than on other endothelial cells, where sulfation is known to
dictate signaling and trafficking. Indeed, we found that knocking out heparan sulfate on HPMEC
reduces overall NS1 binding regardless of its parental viral source (Fig. 7), and that it is the NS1
wing domain that mediates binding to GAG components (Fig. 8). It is no surprise that NS1-GAG
binding is also driven by NS1 wing domain, which is consistent with wing-driven EC binding from
Chapter 2. The interesting finding is that it is the WNV and not DENV NSI wing domain that
displays higher binding to ECs, and that WNV NS1 bound GAGs at higher levels than DENV NSI.
One hypothesis is that the lower DENV NS1-GAG binding levels suggest lower specificity, which
would enhance the breadth of GAGs DENV NS1 could in turn bind to, hence explaining the more
promiscuous nature of DENV compared to WNV NS1 in interacting with ECs. Overall, the pan-
flavivirus NS1 binding data alongside these preliminary glycan data will complement the ongoing
glycan and NS1 host receptor projects.

Our previous data from Chapter 2 and other studies [20,29] showed that residues in the NS1
B-ladder domain mediate NS1-induced dysfunction, suggesting that these residues likely also
affect NS1-induced vascular leak in vivo. In Chapter 2, I found that WNV NSI containing DENV
NS1 molecular determinants for binding were able to cause comparable leak as WT DENV NS1
in our mouse dorsal dermis model, contradicting this reasoning. In this chapter, I find that the
N207Q NS1 mutant, which is deficient for cell internalization and NSIl-induced EC
hyperpermeability [20], caused comparable intradermal leak as WT DENV NSI1, at higher levels
than WNV NSI1 (Fig. 6). This further supports the idea that even though B-ladder residues mediate
NS1-induced EC dysfunctions in vitro, it is possible that the wing domain remains the dominant
determinant pertaining to vascular leak. This then raises the follow-up question as to what the
TEER assay is modeling, e.g., mislocalization of TJ/AJ proteins and paracellular transport vs
glycocalyx disruption. Alternatively, it is possible that the tissue source plays a role, as the TEER
assay was performed on HPMEC (lung origin), while the localized vascular leak model involves
the dermal ECs. While it is also possible that vascular leak in vivo is driven by cytokine or non-
EC intrinsic mechanisms, our data from other projects show negligible NS1-induced secretion of
IL-6, IL-8, and TNF-a from human monocytes, making this case less likely. Future experiments
would include systemic instead of localized vascular leak, as well as using HMEC for TEER to
better model vascular leak in vitro. Of course, transferring these and all the aforementioned NS1
mutations into DENV and other flavivirus infectious clones would be the eventual goal, where we
could assess the roles of these molecular determinants in the context of viral infections.

Our initial data suggested that the mouse mAb 2B7 may bind to NS1 in the wing domain. As
I was unraveling whether the data derived from DENVWNVI0I-135 mytant could be relied on, it was
crucial that we know whether 2B7 binds NS1 in the wing or B-ladder domain. We had found that
2B7 recognizes YFV NS1 poorly compared to DENV NS1, and used the DENV/YFV chimeric
NSI1 to determine that 2B7 binds NS1 in the B-ladder domain. We eventually identified specific
residues within the range of 299-340 as the 2B7 epitopes, and showed that 2B7 protects against
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vascular leak in lethal DENV challenge by causing steric hindrance with the NS1 wing domain,
thus blocking NSI1-EC interactions regardless of the oligomeric state of NS1. Data from 2B7
demonstrate a proof-of-concept for an anti-NS1 mAb as an antiviral therapeutic to reduce
morbidity and mortality in severe dengue patients.

Overall, this chapter lays out additional structure-function studies conducted on DENV NSI,
and provides molecular insights on future studies into pan-flavivirus NS1 molecular determinants,
NSI host factors, as well as flavivirus pathogenesis.
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Materials and Methods

Cell lines

FreeStyle 293F suspension cells (Thermo Fisher Scientific) were used for production of
recombinant NS1 proteins. 293F cells were cultured in FreeStyle 293 Expression medium (Thermo
Fisher Scientific) containing 1% penicillin/streptomycin (P/S) and grown in a CO; incubator at
37°C with 8% CO; and maintained on a cell shaker at ~130 rpm. HPMEC (HPMEC-ST1.6r) were
kindly donated by Dr. J.C. Kirkpatrick at Johannes Gutenberg University, Germany, and were used
for NS1 cell binding and TEER assays. HUVEC were received as a kind gift from Dr. Melissa
Lodoen at the University of California, Irvine. HUVEC are primary endothelial cells obtained from
a single female donor (Lonza). HPMEC and HUVEC cell lines were propagated (passages 5—10)
and maintained in endothelial growth medium 2 (EGM-2) using the EGM-2 bullet kit from Lonza
following the manufacturer’s specifications and grown at 37°C with 5% CO,. Human brain
microvascular endothelial cells (HBMEC) were kindly donated by Dr. Ana Rodriguez at New
York University. HBMECs were maintained in endothelial cell medium supplemented with
endothelial growth factors from ScienCell Research Labs and grown at 37°C with 5% COa.

NS1 mutagenesis and cloning chimeric NS1 genes

Chimeric NS1 proteins were produced by amplifying fragments of the B-roll, wing, and B-ladder
domains from WT DENV2 NSI1 (Thailand/16681), WNV NSI1 (NY99), or ZIKV NS1 (Uganda
MR766), using primers listed in Table 1. The N-terminus of the B-roll and C-terminus of B-ladder
primer sequences were flanked with nucleotide bases complementary to the protein expression
vector plasmid “pMAB”. The pMAB vector encodes a N-terminal CD33 signal sequence and C-
terminal 6xHis tag, a kind gift from Dr. Michael Diamond, Washington University at St. Louis.
The domain fragments and pMAB vector were fused together using overlap extension PCR. Site-
directed NS1 mutants were produced using a site-directed mutagenesis kit (QuikChange XL Site-
Directed Mutagenesis Kit, Agilent) following the manufacturer’s instructions, with primers listed
in Table 1. All mutant NS1 constructs were sequence-verified with 5 and 3’ primers that recognize
the pMAB vector beyond the mutagenesis insertion region.

NS1 protein production and purification

Plasmids containing WT or mutant NS1 sequences were transfected into FreeStyle 293F cells
using polyethylenimine (PEI) (40K) (Sigma) according to the manufacturer’s instructions. 48 to
72 hours post-transfection, NS1-containing supernatants were collected, filtered through a 0.45
um cellulose acetate membrane to remove cell debris, and stored at -80°C prior to protein
purification. The NS1-containing supernatants were thawed, mixed 1:1 with binding buffer (20
mM sodium phosphate, 500 mM sodium chloride, 20 mM imidazole, pH 7.4), and bound to HisPur
cobalt resin (Thermo Fisher Scientific) with shaking for 2 hours at room temperature. The NS1-
resin mixture was then transferred to a column and washed 5 times in wash buffer (20 mM sodium
phosphate, 500 mM sodium chloride, 25 mM imidazole, pH 7.4). NS1 was then eluted from the
HisPur cobalt resin with elution buffer (20 mM sodium phosphate, 500 mM sodium chloride, 200
mM imidazole, pH 7.4) over 5 fractions. The purified NS1 stocks were then subjected to dialysis
against 1X PBS for 48 hours at 4°C and concentrated using Amicon filters with 10,000 molecular
weight cut-off (Millipore). The Pierce BCA protein quantitation kit (Thermo Fisher Scientific) was
used to quantify the purified recombinant proteins according to manufacturer’s instructions. These
proteins were used for all experiments within this study.
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Size-exclusion chromatography

For size-exclusion chromatography, 0.125 mg (500 uL of a 0.25 mg/mL stock) of the indicated
purified and dialyzed NS1 proteins was injected into a Superose 6 Increase 10/300 GL column
(GE Life Sciences) previously equilibrated with 1X PBS; the eluate was monitored by absorbance
at 280 nm. Peak fractions were analyzed by SDS-PAGE (2.5 puL of each 1-mL fraction) and probed
with anti-His antibody.

Production of 2B7 antibody and Fab fragment

The 2B7 hybridoma cells were expanded in RPMI media (Gibco) with 10% FBS and 1% P/S
(GoldBio). At 800 mL or 1.6 L, the conditioned media was cleared by centrifugation at 1,000 RPM
at 4°C for 30 minutes. The cleared media was then mixed with an equal volume of protein G
binding buffer (Thermo Scientific). This mixture was then passed over a protein G column (6 mL
resin) and washed with binding buffer, and the antibody was eluted with several 5 mL fractions of
protein G elution buffer (Thermo Scientific).

The 2B7 Fab fragment was produced by incubation of 600 pL of 2B7 mAb (~12 mg/mL) with
immobilized papain at 37°C for 16-18 hours on an orbital rocker, followed by separation on a
protein A column (Pierce™ Fab Preparation Kit, ThermoFischer 44985). The protein A flow-
through was collected and further purified on a Sephadex 75 (GE) column equilibrated in 50 mM
Tris pH 8.5, 50 mM (NH4)2SO4 and 10% glycerol.

NS1 adherent cell binding immunofluorescent assay (IFA)

To measure binding of WT and mutant NS1 proteins to HPMEC, HUVEC, and HBMEC, 1x10°
cells were seeded on glass coverslips in 24-well plates. Cells were allowed to form a fully confluent
monolayer for 3 days, with medium change every other day. On the day of the experiment, 10
pg/mL (3 ug in 300 uL) of NS1 proteins were prepared in 10 uL medium, then added to the cells.
Untreated wells were used as negative controls. NS1 and cells were incubated for 1 hour at 37°C.
Mouse anti-6xHis antibody conjugated to Alexa Fluor 647 (Novus Biologicals) was then added at
a dilution of 1:200, together with Hoechst 33342 (Immunochemistry) at a 1:2000 dilution for
staining of nuclei, for 30 minutes at 37°C. Cells were then washed twice in 1X PBS followed by
fixation in 4% formaldehyde diluted in 1X PBS (Thermo Fisher Scientific).

For heparan sulfate staining, 1x10° HPMEC were seeded on 0.2% gelatin (Sigma)-coated glass
coverslips in 24-well plates. Cells were allowed to form a fully confluent monolayer for 3 days,
with medium change every other day. On day of experiment, cells were washed 2x with PBS and
fixed with 4% formaldehyde in PBS (Thermo Fisher Scientific), followed by another 2x PBS wash.
Heparan sulfate was stained with 1:2000 heparan sulfate antibody (Amsbio, clone F58-10E6,
370255-s) overnight at 4°C. Cells were then washed 2x with PBS and stained with anti-mouse IgM
conjugated to Alexa Fluor 488 (Novus Biologicals) together with Hoechst 33342
(Immunochemistry) for 2 hours at RT.

For the 2B7 cell binding assay, 2B7 or an IgG isotype control was added to live cells instead of
the fluorophore-treated anti-His antibody and were instead stained with a goat anti-mouse
secondary IgG antibody conjugated to Alexa Fluor 647 (Abcam) after fixation to detect 2B7
binding to cells.
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For all, coverslips were then mounted onto microscope slides on a drop of ProLong Gold (Thermo
Fisher Scientific) and imaged using a Zeiss LSM 710 inverted confocal microscope (CRL
Molecular Imaging Center, UC Berkeley). Images were processed using Imagel software.

NS1 suspension cell binding assay and flow cytometry

To measure binding of WT and mutant NS1 proteins to suspended HPMEC, HPMEC was detached
from culture flask using fibronectin-cleaving protease “Dispase” (StemCell Technologies). 1x10°
cells/well were used in a 96-well round-bottom plate in FACS buffer (1X PBS + 5% FBS).

To measure binding of WT and mutant NS1 proteins to HEK-293F suspension cells, 1x10°
cells/well were seeded into a 96-well round-bottom plate in FACS buffer (1X PBS + 5% FBS).

For 2B7 blocking NS1-EC binding experiments, 2B7 was diluted at indicated concentrations and
co-incubated with NS1 for 30 minutes at 37°C before treatment to cells.

Concurrently, NS1 dilutions were made 1:2 from 10 ug/mL. NS1 ranging from 0.3 to 10 pg/mL
was then added to cells and allowed to incubate for 45 minutes at 37°C and was then washed 2x
in FACS buffer. A mouse anti-His antibody conjugated to Alexa Fluor 647 (Novus Biologicals)
was then added to cells at a dilution of 1:200 and allowed to incubate for 30 minutes at room
temperature protected from light. Cells were washed 2x more in FACS buffer, followed by fixation
in 4% formaldehyde (Thermo Fisher Scientific) and then resuspension in PBS. Flow cytometry
was conducted using an LSR Fortessa Flow Cytometer (UC Berkeley Flow Cytometry Facility) or
Intellicyt iQue3 to assess NS1 binding to cells. Flow cytometry profiles were gated on single cells
and NS1-positive/negative controls.

Trans-endothelial electrical resistance (TEER)

The trans-endothelial electrical resistance assay was used to measure the functional effect of NS1
on endothelial barrier function in HPMEC as previously described [23]. Briefly, 1x10° cells
(HPMEC) were seeded in 300 uL of medium on the polycarbonate membrane insert of a Transwell
(Transwell permeable support, 0.4 um, 6.5 mm insert; Corning Inc.). The Transwell was placed in
a well on a 24-well plate, becoming the apical (upper) chamber. 1.5 mL of media was added to the
basolateral (lower) chamber. Cells were allowed to form a monolayer for 3 days with media
changes in both apical and basolateral chambers every day, until the inter-chamber electrical
resistance reached about 60 difference between Transwells seeded with (~150€2) and without
cells (~90€2). On the day of experiment, 2.5 or 5 pug/mL of indicated NS1 proteins (0.75 or 1.5 pg
proteins, respectively) were mixed with media up to 10uL, and added to the apical chambers of
the Transwells. Electrical resistance between the apical and basolateral chambers was measured in
ohms using an Epithelial Volt Ohm Meter (EVOM) with an electrode pair (World Precision
Instruments), at the times indicated in the figures. Transwells containing no cells and untreated
Transwells containing only cells were used as negative controls to calculate the baseline electrical
resistance at each timepoint. Relative TEER was calculated as a ratio of resistance values
((Qexperimental — Qmedia only) / (Quntreated cells — 2media only))- For area under the curve (AUC) analyses,
the net AUC was taken from all curves using baseline of Y=1.

80



Mouse model of localized vascular leak

Five- to eight-week-old WT C57BL/6 male mice were purchased from the Jackson Laboratory
(Bar Harbor, ME) and maintained under specific pathogen-free conditions at the University of
California, Berkeley, Animal Facility. Mice were housed in a controlled temperature environment
on a 12-hour light/dark cycle, with food and water provided ad [libitum. All experimental
procedures involving animals were pre-approved by the Animal Care and Use Committee (ACUC)
of the University of California, Berkeley. Three to four days prior to experiment, the dorsal
dermises of 6- to 10-week-old WT C57BL/6 female mice (Jackson Laboratory) were shaved using
hair clippers, and residual hair was removed using Nair (Church & Dwight). On the day of
experiment, 15 ug of WT or mutant NS1 was mixed with PBS in a total volume 50 uL each. NS1
mixtures and PBS were then injected intradermally (ID) into discrete spots in the shaved mouse
dermis. Immediately following ID injections, 25 pg of 10-kDa dextran conjugated to Alexa Fluor
680 (1 mg/mL; Sigma) was delivered intravenously (IV) through the retro-orbital route. Two hours
post-injection, mice were euthanized, and the dorsal dermis was removed and placed in Petri dishes.
The dermis was then placed on a fluorescent scanner (LI-COR Odyssey CLx Imaging System) to
visualize the fluorescence signal accumulation at a wavelength of 700 nm. Vascular leak at the ID
injection sites was quantified using Image Studio software (LI-COR Biosciences) as described
previously [19,20].

Enzyme-linked immunosorbent assay (ELISA)

Enzyme-linked immunosorbent assay (ELISA) Direct NS1 ELISAs were conducted to measure
binding of 2B7 to different flavivirus WT and chimeric NS1 proteins. MaxiSorp ELISA plates
(Thermo Fisher Scientific/Nunc) were coated with the indicated NS1 protein at a concentration of
0.5 ug/mL in 100 uL 1X PBS and allowed to incubate overnight at 4°C. The next day, plates were
blocked in 1X PBS + 1% BSA for 2 hours then washed 3x with 1X PBS. 2B7 was then diluted in
blocking buffer, as indicated in the figures, and 100 pL was added to plates. After a 1-hour
incubation at 37°C, plates were washed 3x in 1X PBS + 0.1% Tween20. Plates were then incubated
for 1 hour at 37°C with an HRP-conjugated secondary antibody diluted at 1:5000 in blocking
buffer. Plates were washed 3x in PBS + 0.1% Tween20 and then developed using the 3,3',5,5'-
tetramethylbenzidine (TMB) substrate (Sigma). Plates were allowed to develop for ~10 minutes
before the addition of 2N H>SO4 stop buffer. Absorbance was read at a wavelength of 450 nm
using a microplate reader.

For the NS1-BSA-GAG binding ELISA, assay was conducted as above except plates were coated
with 200 ng of BSA-GAG, BSA-heparin, and 1% BSA controls diluted in PBS, and allowed to
incubate overnight at 4°C. After the initial blocking step, WT and chimeric NS1 proteins were
added to plates at 5 pg/mL for 1 hour at 37°C, and washed 3x with wash buffer. Bound NS1 was
then detected using detected using rabbit anti-His antibody diluted 1:5000 in blocking buffer
before being developed as described in the paragraph above.

Statistics

All quantitative analyses were conducted, and all data were plotted, using GraphPad Prism 9
software. Experiments were repeated at least 3 times, to ensure reproducibility. All experiments
were designed and performed with both positive and negative controls (indicated in the figures),
which were used for inclusion/exclusion determination. For immunofluorescence microscopy
experiments, images of random fields were captured. For all experiments with quantitative analysis,
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data are displayed as mean =+ standard error of the mean (SEM). All cell binding and TEER
quantitative data were analyzed using a One-way ANOVA analysis with Tukey’s multiple
comparisons test. For the localized dermal leak experiments, a non-parametric, unpaired Mann-
Whitney U test was used to determine statistical significance between groups. The resulting p-
values from the above statistical tests were displayed as n.s., not significant; p >0.05; *p <0.05;
**p <0.01; ***p <0.001; ****p <0.0001.
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Chapter 4

Evaluation of iminosugar UV-4B against dengue virus non-structural protein 1
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Abstract

The positive-stranded flavivirus DENV causes approximately 100 million symptomatic cases of
dengue annually, with half of the global population at risk of infection. While symptomatic DENV
infections are mostly asymptomatic or result in mild cases of dengue fever, some develop severe
dengue, which is characterized by vascular leak. The current treatment regimen includes only
supportive care, with no DENV-specific therapeutics available. The iminosugar UV-4B has
previously been shown to demonstrate anti-DENV properties in vivo and in vitro through inhibiting
proper glycosylation processing of viral proteins by host endoplasmic reticulum a-glucosidases,
which viruses are reliant on. DENV non-structural protein 1 (NS1) is a secreted glycoprotein with
two N-linked glycosylation sites. DENV NS1 has been shown to directly cause vascular leak in
vivo and endothelial hyperpermeability in vitro, independently of the virus. Here, we explored the
direct effects of UV-4B against DENV NS1. We found that UV-4B treatment leads to reduced
NSI1 production of DENV-infected cells but not reduction of NS1 secretion of transfected cells.
The NS1 that is secreted under UV-4B treatment exhibits proper glycosylation and pathogenicity.
Finally, we showed that UV-4B protects against NSI-induced endothelial dysfunction and
hyperpermeability. Taken together, we present the direct effects of UV-4B against DENV NS1.
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Introduction

The positive-stranded RNA dengue virus (DENV) of the Flavivirus genus causes up to 100
million infections annually with about 4 billion people worldwide at risk of infection [1]. DENV
exists as four antigenically distinct serotypes (DENV1-4), each containing multiple genotypes.
Symptomatic DENV infection ranges from classic dengue fever to the more severe dengue
hemorrhagic fever and dengue shock syndrome [2]. The severe forms of dengue are characterized
by vascular leak as a result of endothelial dysfunction and can be fatal [3]. While vaccines have
been developed against other flaviviruses such as Japanese encephalitis (JEV) and yellow fever
(YFV) viruses, the complexity of DENV immunopathogenesis has impeded the development of a
safe and effective vaccine against DENV [4]. Whereas the immune response after primary DENV
infection protects against dengue disease with the same serotype, subsequent heterologous
infection with different DENV serotypes can increase the risk of severe disease due to antibody-
dependent enhancement (ADE) of the infection [5], making DENV vaccine development
challenging. Currently, there are no specific treatments for vascular leak besides supportive care.
Thus, there is an urgent need for new therapeutics that target severe dengue and its vascular leak
pathology.

Enveloped viruses such as DENV rely on the host glycosylation machinery for modifications
of virus-encoded glycoproteins. DENV possesses four N-linked glycoproteins: the envelope (E),
(pre-)membrane (prM), and non-structural proteins 1 (NS1) and 4B (NS4B) [6]. During DENV
replication in the endoplasmic reticulum (ER), precursor oligosaccharides are added to specific
asparagine residues (“N-linked”’) on the DENV glycoproteins [6,7]. The ER-resident enzymes -
glucosidases I and II then trim the glycan groups of the attached oligosaccharides to form
glycoproteins with the typical high-mannose, hybrid, and complex types of oligosaccharides [8].
Proper oligosaccharide processing of glycoproteins is crucial for protein folding and progression
through the Golgi apparatus and for their eventual transport towards intra- or extra-cellular
functions [9]. A recent CRISPR screen for flavivirus host machinery identified ER-resident
enzymes as critical host factors for flavivirus replication and infectivity, further supporting its
importance [10]. Notably, no virus has been identified to encode the a-glucosidases required for
the biosynthesis of N-linked oligosaccharides; thus, these host glycosylation processes are thus
vital for the viral life cycle.

Previous studies have identified this host-dependent N-linked oligosaccharide biosynthesis
pathway as a potential antiviral target [11,12]. Inhibiting or disrupting the host glycosylation
pathways can lead to misfolding and subsequent degradation of the viral glycoproteins, resulting
in decreased progeny virions. One such class of antiviral compounds that target the host
glycosylation pathways is iminosugars, which are monosaccharide mimics that have demonstrated
antiviral properties against DENV and other enveloped viruses such as hepatitis C (HCV) and
influenza A (IAV) viruses [13,14], as well as the causative agent SARS-CoV-2 of the ongoing
pandemic [15]. In DENV specifically, iminosugars have been shown to inhibit viral assembly and
egress [16]. One of the iminosugars, UV-4 (methoxy-N-nonyl deoxynojirimycin, MON-DNJ) has
been identified as a therapeutic candidate against DENV. UV-4 was shown to protect against lethal
DENV infection under ADE conditions, and UV-4-treated mice displayed reductions in viral load
and inflammatory cytokine induction [17]. Subsequently, dosing and pharmacokinetics studies of
the UV-4 hydrochloride salt UV-4B were conducted in an ADE mouse model of severe DENV
infection [18]. In the same study, the mechanistic basis for the antiviral activity of UV-4B was
identified to be its inhibition of the ER a-glucosidases and not the glycosphingolipid pathway.
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UV-4B has since undergone Phase 1 clinical trials demonstrating safety with no adverse events,
and Phase 2 clinical trials have been planned [19].

DENV encodes three structural and seven non-structural (NS) proteins. NS1 participates
intracellularly in viral replication and membrane remodeling [20-22] and is also secreted as an
oligomeric lipoprotein at levels that correlate with viraemia and disease severity [23—25]. Secreted
DENV NSI plays multiple roles in immune evasion and viral pathogenesis [26-28]. In particular,
NSI1 has been shown to trigger endothelial hyperpermeability and vascular leak independently of
viral infection [29,30], and lethal DENV?2 infection can be blocked by anti-NS1 antibodies in
mouse models [26,31,32]. NS1-induced pathogenesis occurs in part through the disruption of
endothelial glycocalyx layer (EGL) that lines the endothelium, compromising its barrier function
[30,33,34], as well as through triggering the release of vasoactive cytokines from immune cells,
contributing to endothelial hyperpermeability [28]. Given the multifaceted roles that DENV NSI
plays in DENV pathogenesis and its contribution to severe dengue pathologies, NS1 has been
identified as a promising therapeutic target [31,32].

While it has been shown that UV-4B acts against DENV pathogenesis by inhibiting N-linked
oligosaccharide processing of viral proteins [18], it remains unclear whether part of UV-4B’s
antiviral effects is through acting against NS1-induced pathology. NS1 can trigger vascular leak,
a hallmark of severe dengue; as such, targeting NS1 is a promising strategy to not only block this
critical DENV pathology, but also to inhibit its role in the viral life cycle. An anti-NS1 therapeutic
delivered early in DENV infection could reduce the likelihood of developing severe dengue and
vascular leak. DENV NSI contains two N-linked glycosylation sites — Asn-130 and Asn-207
— which are decorated with both complex and high-mannose sugars when produced in mammalian
cells [35]. The glycosylation sites are highly conserved across flaviviruses, specifically within NS1
of West Nile (WNV) and Zika (ZIKV) viruses. We previously showed that an N207Q
glycosylation mutant of DENV, WNV, and ZIKV NS1 proteins abrogated their respective abilities
to trigger EGL disruption and induce endothelial hyperpermeability [36], highlighting the
importance of glycosylation for viral proteins and NS1.

In this study, we explored the direct effects of UV-4B against DENV NS1. By treating DENV-
infected cells and NS1-transfected cells with UV-4B or control iminosugars, we found that UV-
4B leads reduced DENYV infection due to improper NSI glycosylation processing, but had no
effects on transfections of cells with NS1 plasmid. However, the NS1 that is secreted under UV-
4B treatment exhibits proper glycosylation and functions as wild-type (WT) NS1. We further
found that UV-4B treatment of human endothelial cells protects against NS1-induced endothelial
dysfunction and hyperpermeability. Taken together, we present the effects of UV-4B against
DENV NSI-mediated pathogenesis.
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Results
UV-4B treatment of DENV-infected monocytes results in reduced NS1 secretion

UV-4B has been demonstrated to impede DENYV infection in vivo and in vitro as a result of
inhibition of ER a-glucosidases [13,18], resulting in mis-folding of essential viral proteins. Given
that DENV NSI1 has been previously shown to independently cause severe DENV-associated
pathologies including endothelial dysfunction in vitro and vascular leak in vivo [29,30,34], and
that NS1 is one of the four proteins encoded by DENV that are glycosylated, we hypothesized that
UV-4B could have direct effects on NS1 secretion from DENV-infected cells. To test the capacity
of UV-4B to inhibit NS1 secretion, we infected human monocytic U937 cells transduced with
dendritic cell-specific intercellular adhesion molecule 3-grabbing non-integrin (DC-SIGN), a
known DENV attachment factor, with DENV?2 in the presence or absence of UV-4B and its control
iminosugar UV-204. We measured the amount of secreted and intracellular NS1 by western blot
(Fig. 1A) and enzyme-linked immunosorbent assay (ELISA) (Fig. 1B). We found that U937-DC-
SIGN cells treated with UV-4B during DENV infection resulted in dose-dependent reduction of
NSI1 secretion, beginning at 1 uM of UV-4B, while UV-204-treated DENV infections of U937
exhibited no change in levels of NS1 secretion beyond 10 uM of compounds. While there were no
observable differences in levels of intracellular NS1 between UV-204- and UV-4B-treated DENV
infections, the intracellular NS1 under UV-4B treatment displayed a higher molecular weight on
western blot, indicating an increase in protein size likely due to the impeded glycosylation
trimming and processing. These data suggest that UV-4B inhibits glycosylation of NS1, inhibiting
NS1 secretion.

Uv-204 Uv-4B U937 DC-SIGN Infection
UT 0 1 10 50100 0 1 10 50 100 uM 0.6 - UV4B

70 kDa - b L ® | secreted T uv 204
55 kDa — NS1 o 0.4 :

- 2 ~

(]
70 kDa — - O oz J
[ ——— Intracellular

55 kDa — NS1

-

0.0

T T T T T
OuM  1uM 10uM 50uM 100uM

Figure 1. UV-4B reduces NS1 production from DENV-infected monocytes.

U937-DC-SIGN was infected with DENV at an MOI of 0.01 in the presence or absence of UV-4B or the
UV-204 iminosugar control. (A) Supernatant and cell pellet were collected 24 hpi and analyzed by western
blot detecting for NS1. (B) Supernatant 24 hpi were separately measured for amounts of NS1 using NS1-
capture ELISA. Data plotted from n=3 biological replicates, as mean £ SEM.

UV-4B treatment of transfected cells has no effect on NS1 secretion but affects NS1
glycosylation

The change in molecular weight of intracellular NS1 produced by DENV-infected cells under
UV-4B treatment suggests that UV-4B could have a direct effect on NS1. To investigate whether
the reduced NSI1 secretion observed was due to the overall reduced viral replication or direct
effects on NS1 production, we transfected HEK-293T cells with a plasmid encoding DENV NSI1
in the presence or absence of UV-4B or its UV-204 control iminosugar (Fig. 2A-C). 24 hours post-
transfection, we collected transfected cell supernatants and analyzed by western blot (Fig. 2A and
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B), and also quantified NS1 levels using an NS1-capture ELISA (Fig. 2C). We found that UV-4B
did not affect either the levels of NS1 production intracellularly or the levels of NS1 secretion. In
addition, intracellular NS1 was analyzed by western blot and quantified, with actin normalization.
While there was no difference in the amount of intracellular NS1 between UV-4B and UV-204-
treated transfections, a gradual dose-dependent increase in the size of the NS1 band in UV-4B-
treated cells was observed, indicating the gradual inhibition of glycan processing of NS1 as UV-
4B concentration increased (Fig. 2A).
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Figure 2. UV-4B altering intracellular NS1 glycosylation, but secreted NS1 behaves normally.
HEK-293F cells were lipofectamine-transfected with plasmid containing DENV NS1 with or without
indicated UV-4B or control iminosugar UV-204 at indicated concentrations. (A) Cells were collected and
measured for intracellular NS1 by western blot and quantified by densitometry in (B). (C) Supernatants
were collected 24hpt and the amount of NS1 is measured by ELISA. (D) NS1 produced in the presence or
absence of UV-4B and UV-204 were treated with endoglycosidases as indicated, and analyzed on western
blot. (E) NS1 produced in presence or absence of UV-4B or UV-204 were treated on human pulmonary
endothelial cells (HPMEC) seeded on Transwells. Trans-endothelial electrical resistance was measured
over time as indicator for HPMEC permeability. UT, untreated. Data plotted from n=3 biological replicates,
as mean + SEM.

Secreted DENV NS1 produced under UV-4B treatment is functionally comparable to WT
NS1

It has been previously shown that UV-4B blocks the DENV life cycle by inhibiting ER a-
glucosidases. Intracellular NS1 from 293T cells treated with UV-4B during transfection exhibited
higher molecular weight, suggesting larger unprocessed glycans. While we found that UV-4B
treatment of cells decreased NS1 secretion, it did not completely abrogate protein secretion. To
determine if the residual secreted NS1 protein was structurally and functionally comparable to WT
NSI1, we produced NS1 via 293T transfection in cells treated with either UV-204 or UV-4B. We
then purified and concentrated secreted proteins for further downstream analyses. To determine if
NSI secreted in the presence of UV-4B and UV-204 were properly glycosylated, we subjected
purified proteins to digestion with endoglycosidases H (Endo H) or peptide:N-glycosidase F
(PNGase F). While both endoglycosidases cleave N-linked oligosaccharides from glycoproteins,
Endo H can only cleave high-mannose oligosaccharides whereas PNGase F cleaves high-mannose,
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hybrid, and complex oligosaccharides, resulting in a deaminated protein. We found that secreted
NSI1 produced under both iminosugar treatments had the same glycosylation patterns, with no
difference even at a higher concentration of UV-4B treatment (Fig. 2G). This suggests that while
UV-4B affects proper glycosylation of intracellular NS1, the NS1 proteins that are nonetheless
secreted are properly glycosylated. To further determine whether secreted NS1 proteins produced
under UV-4B treatment possess functional defects, we tested the capacity of these purified proteins
to trigger endothelial hyperpermeability of human pulmonary microvascular endothelial cells
(HPMEC) seeded on the apical chamber of a Transwell. We measured the trans-endothelial
electrical resistance (TEER) over time to assess the degree of NSl-induced endothelial
hyperpermeability, a well-established assay [33,37]. We found that all NS1 proteins tested resulted
in comparable endothelial hyperpermeability, suggesting that secreted NS1 produced under UV-
4B treatment function normally as WT DENV NS1 (Fig. 2H).

UV-4B blocks NS1-induced endothelial dysfunctions

Next, we tested the impact of UV-4B treatment on NSI1-mediated endothelial dysfunction,
investigating if UV-4B may block the capacity of soluble hexameric NSI1 to trigger pathology. We
co-treated HPMEC seeded on Transwells with NS1 and UV-4B or UV-204 as described above
and measured TEER over time (Fig. 3A). We found that UV-4B inhibited NS1-mediated
endothelial hyperpermeability in a dose-dependent manner, resulting in a partial TEER reduction
at 50 and 100 uM. These data indicate a cell-intrinsic property of UV-4B against NS1-induced
endothelial dysfunction.

It has previously been shown mechanistically that DENV NS1 triggers endothelial dysfunction
by disrupting key endothelial barriers including the endothelial glycocalyx layer (EGL). Major
EGL components sialic acid and heparan sulfate have been detected circulating in serum of severe
dengue patients experiencing vascular leak [38]. In vitro, HPMEC treated with DENV NS1 exhibit
decreased levels of sialic acid and heparan sulfate, among other EGL components, on the cell
surface [30]. To determine if UV-4B treatment of cells could inhibit NS1-mediated EGL disruption,
we treated HPMEC that were pre-treated with UV-4B or the iminosugar control UV-0061 (a
compound structurally similar to UV-204) with DENV NS1, and measured sialic acid levels on
the surface of HPMEC by immunofluorescence microscopy (IFA) (Fig. 3B). We found that NS1
treatment of UV-0061-treated HPMEC resulted in comparable sialic acid degradation as the
controls with no iminosugar treatment, whereas NS1 treatment of UV-4B-treated HPMEC showed
partial abrogation of sialic acid degradation at 100 uM, and full abrogation at 500 uM of UV-4B
(Fig. 3C). Together, these results demonstrate that UV-4B is able to block NSI-induced EGL
degradation, which in turn partially blocks the resulting endothelial hyperpermeability.
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Figure 3. UV-4B blocks NS1-induced endothelial dysfunctions.

(A) NS1 with indicated concentrations of UV-4B or indicated control was treated on human pulmonary
microvascular endothelial cells (HPMEC) seeded on Transwells. Trans-endothelial electrical resistance
(TEER) between the apical and basolateral chambers were measured over time, as proxy for HPMEC
permeability. (B) HPMEC pre-treated with UV-4B or control iminosugar UV-0061 at indicated
concentrations was treated with 5 pg/mL DENV NSI1 and stained for sialic acid, imaged by
immunofluorescence microscopy and quantified in (C). Part of this figure is contributed by Dr. Henry
Puerta-Guardo. Data plotted from n=3 biological replicates, as mean + SEM.
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Discussion

In this study, we characterized the direct effects of UV-4B against DENV NSI1 protein, a viral
protein that has been shown to cause endothelial dysfunction and vascular leak independently of
the virus. We observed that UV-4B treatment of DENV-infected monocytes resulted in reduced
DENV replication as well as NS1 secretion, while UV-4B treatment of NS1-transfected cells did
not result in lower NS1 secretion. The NS1 that was secreted under UV-4B treatment exhibited
the same glycosylation patterns as control treatments, and induced comparable endothelial
dysfunction as WT NSI, as measured by TEER. We further found that UV-4B has cell-intrinsic
anti-NS1 effects, as treatment of human endothelial cells with UV-4B was able to block NS1-
induced TEER and EGL disruption.

Our observation that UV-4B treatment of DENV-infected U937-DC-SIGN cells resulted in
reduced NS1 secretion (Fig. 1) is expected given that UV-4B also blocks viral replication. What
was unknown was whether this reduction in NS1 secretion due to improper glycosylation of NS1
directly impacts NS1-modulated endothelial pathologies. Unexpectedly, UV-4B treatment of cells
transfected with NS1 plasmid had no effects on either intracellular NS1 production or NSI
secretion. One explanation was that the effects of UV-4B could have been overridden by the robust
polyethylenimine (PEI) transfection on HEK-293 cells. UV-4B could potentially still antagonize
NSI secretion, which might be observed by using a cell line that has lower transfection efficiency,
or by transfecting using lower levels of NS1 plasmid.

Further, while UV-4B hampered proper intracellular NS1 glycosylation, which was suggested
by an apparent upward shift of protein bands in western blots, the proteins that were successfully
secreted appeared properly glycosylated and functioned comparably to WT NSI (Fig. 2).
Presumably, NS1 proteins that are improperly glycosylated would be recycled back through the
Golgi apparatus and targeted to the proteosome for degradation [8]. An interesting follow-up
experiment would be to compare UV-4B blockade of DENV infection by infectious clones
containing the NS1N?07Q glycosylation mutant. NS1N¥207Q does not have N-glycosylation at Asn-
207 and is unable to be internalized by endothelial cells or cause endothelial dysfunction [36].
Asn-207 is not expected to directly impact viral replication [21], thus it would be interesting to
measure the extent to which UV-4B would impact DENVNSI'N207Q replication and infectivity.
Ongoing RNA-seq studies by our group that compared HPMEC transcriptomic profiles between
WT NS1 and NS1M97Q mutant treatments have revealed significant differences across multiple
signaling pathways, highlighting the importance of glycosylation (S.B. Biering, D.R. Glasner, and
E. Harris, unpublished). It remains to be seen what effects UV-4B might have on a DENV strain
that already has glycosylation defects in its NS1 protein.

UV-4B treatment of cells can partially block NS1-induced endothelial hyperpermeability and
EGL disruption. This is not due to the intrinsic effects on NS1, as we have shown in the present
study that NS1 secreted under UV-4B treatment exhibit wild-type properties, and instead points to
cell-intrinsic effects. Indeed, NS1 treatment of HPMEC leads to loss of glycocalyx components
such as sialic acid and heparan sulfate via the activation of cathepsin L, heparinase, and sialidases,
which can be blocked by inhibiting these activated enzymes [30]. Given that UV-4B blocks NS1
cleavage of sialic acid (Fig. 3), the mechanism of UV-4B inhibition of EGL disruption may involve
an inhibition of sialidase activations by hindering their glycosylation processing to prevent proper
localization to the cell surface. Alternatively, UV-4B could also hinder the disassembly of
intercellular junctions, which form the physical endothelial cell-cell barrier that NS1 has also been
shown to disrupt [34].
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One weakness of the present study is the lack of in vivo studies. Several studies have shown
the effects of UV-4B against DENV infection [13,17,18], but none have been directly against NS1-
mediated dysfunction. Untangling NS1 from DENV effects in vivo has been a challenging
endeavor, as NS1 itself is intimately involved in multiple steps of the viral life cycle. Performing
in vivo studies of UV-4B inhibiting EGL disruption would involve in vivo imaging of the
glycocalyx, which requires advanced techniques and expertise to perform. Alternatively, future in
vivo studies could assess the extent to which mice treated with UV-4B can be better protected from
NS1-induced vascular leak, either in a systemic or localized model of leak [26,29].

Overall, this study examined the relative contribution of anti-NS1 effects of UV-4B as a
component of its previously described antiviral activity against DENV. It provides a proof-of-
concept for therapeutics that can target the post-translational modifications of viral proteins.
Beyond DENV, the cell-intrinsic effects of UV-4B could be expanded against other enveloped
RNA viruses such as HCV and SARS-CoV-2, expanding our arsenal of antiviral therapeutics.
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Materials and Methods

NS1 protein and UV iminosugars

Recombinant NS1 proteins from DENV-2 (Thailand strain 16681) were obtained from Native
Antigen (United Kingdom) and certified to be endotoxin-free and > 95% purity. Recombinant NS1
proteins produced under UV-4B or UV-204 treatment conditions were obtained from KempBio.
UV-4B and UV-204 iminosugars were provided by Emergent BioSolutions Inc. (Gaithersburg,
MD, USA). Both stocks of 100 mM were reconstituted in sterile molecular grade water. All
compounds were stored according to the manufacturers’ recommendations.

Cell lines and viruses

Human monocytic U937 cells expressing DC-SIGN (dendritic cell-specific intercellular adhesion
molecule3-grabbing nonintegrin), a known DENV attachment factor, kindly provided by Dr.
Aravinda de Silva, University of North Carolina (UNC), Chapel Hill, were used for antiviral assays.
U937-DC-SIGN were maintained as suspension cell cultures at 37°C with 5% CO 2 in RPMI 1640
(Gibco) supplemented with 1% non-essential amino acids, 1% penicillin and streptomycin, and
5% fetal bovine serum (FBS; HyClone). Human pulmonary microvascular endothelial cells
(HPMEC, clone ST1.6R) were a gift from Dr. J.C. Kirkpatrick, Johannes-Gutenberg University,
and were used in endothelial barrier dysfunction studies. HPMEC were maintained in endothelial
growth medium 2 (EGM-2) using the EGM-2 bullet kit from Lonza following the manufacturer’s
specifications and grown in a CO; incubator at 37°C with 5% CO>. HEK-293T cells were obtained
from American Type Culture Collection (ATCC) and were expanded and frozen down at early
passages upon receipt. HEK-293T cells were maintained with DMEM media (Gibco)
supplemented with 1% penicillin and streptomycin, and 5% FBS.

DENV2 mouse-adapted strain D220 was used for U937-DC-SIGN infections, with a titer of
1.7x108 pfu/mL. D220 was generated in Dr. Eva Harris’ laboratory from the parental strain DENV
PL046 and was propagated in C6/36 cells, tittered via plaque assay in BHK-21 cells as described
previously [39]. All viral stocks were confirmed to be Mycoplasma-free.

293T transfection of NS1 in presence/ absence of iminosugars

HEK-293T cells were seeded in 24-well plate and allowed to grow to confluency over 2 days. On
the day of experiment, media was changed, followed by addition of iminosugars at indicated
concentrations, and incubated at 37°C for 30 minutes. DENV NSI plasmid was incubated with
lipofectamine transfection reagents (Invitrogen) at room temperature for 20 minutes, then added
to cells. 6 hours post-transfection, media was replaced with fresh media containing iminosugars at
indicated concentrations. 24 hours post-transfection, supernatant was collected. Cell pellets were
washed 1x with PBS and permeabilized with RIPA buffer containing protein inhibitor (Roche) by
incubating with shaking at 4°C for 10 minutes, then stored at -80°C. Cell pellets were analyzed by
western blot while supernatant was analyzed by NS1 capture ELISA.

U937-DC-SIGN infection

On the day of experiment, 1 x 10° cells were seeded in 24-well plates. Iminosugars were added to
cells at indicated concentrations and incubated at 37°C for 30 minutes. DENV was then added to
cells at MOI of 0.01. 24 hours post-infection, the mixture was spun down and the supernatant was
collected and analyzed by NS1 capture ELISA. Cell pellet was washed 1x with PBS and
permeabilized with RIPA buffer containing protein inhibitor (Roche) by incubating with shaking
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at 4°C for 10 minutes, then stored at -80°C. Cell pellets were subsequently analyzed by western
blot.

Western blot

Recombinant proteins or cell pellets were collected in protein sample buffer (0.1 M Tris pH 6.8,
4% SDS, 4 mM EDTA, 286 mM 2-mercaptoethanol, 3.2 M glycerol, 0.05% bromophenol blue)
and then resolved by SDS-PAGE. Proteins were then transferred onto nitrocellulose membranes
and probed with primary antibodies diluted in Tris-buffered saline with 0.1% Tween20 (TBST)
containing 5% nonfat dry milk. Membranes and antibodies were incubated overnight rocking at
4°C. The next day, membranes were washed three times with TBST before being probed with anti-
mouse HRP secondary antibodies diluted in 5% milk in TBST at a dilution of 1:5,000 at room
temperature for 1 hour. Afterwards, membranes were washed with TBST three more times before
being developed with ECL reagents and imaged on a ChemiDoc system with Image Lab software
(Bio-Rad). The following antibodies were used: mouse anti-DENV NS1 (2B7, Harris lab; 7E11,
Walter Reed Military Medical Center), mouse anti-His (MA1-21315, Thermo Scientific), goat
anti-mouse HRP (405306, Biolegend).

Enzyme-linked immunosorbent assay (ELISA)

NSI1 detection ELISAs were conducted to measure the amounts of NS1 in the supernatant of cells
transfected with NS1, or infected with DENV. MaxiSorp ELISA plates (Thermo Fisher
Scientific/Nunc) were coated with mouse anti-NS1 mAb at a concentration of 2.5 pg/mL in 100
pL PBS and incubated overnight at 4°C. The next day, plates were blocked in 1X PBS + 1% BSA
for 2 hours then washed 3x with PBS. 200 pL of cell supernatant from either NS1 transfection or
DENV infection was added to the plate and incubated at for 1h at 37°C. Plates were then washed
3x in PBS + 0.1% Tween20. NS1 was detected using biotin-conjugated 2B7 mouse mAb for 1h at
37°C. Plates were then washed 3x in PBS + 0.1% Tween20, and then developed using the 3,3',5,5'-
tetramethylbenzidine (TMB) substrate (Sigma). Plates were allowed to develop for ~10 minutes
before the addition of 2N H>SOj4 stop buffer. Absorbance was read at a wavelength of 450 nm
using a microplate reader.

Endoglycosidase treatment

1 pg of WT NS1 or NSI1 produced under either UV-4B or UV-204 conditions were treated with
either Endo H or PNGase F (New England BioLabs) under denaturing conditions, following
manufacturers’ recommendations. NS1 samples were boiled in glycoprotein denaturing buffer at
100°C for 10 minutes, chilled on ice and centrifuged for 10 seconds, followed by addition of either
1.5 ul of Endo H or 1 pL of PNGase F (in 20 pL total volume) and incubated at 37°C for 1 hour.
For PNGase F treatment, NP-40 compound was additionally added into the mixture. Samples were
then analyzed by western blot.

Trans-endothelial electrical resistance

The trans-endothelial electrical resistance assay was used to measure the functional effect of NS1
on endothelial barrier function in HPMEC as previously described [33]. Briefly, 1x10° cells
(HPMEC) were seeded in 300 uL of medium on the polycarbonate membrane insert of a Transwell
(Transwell permeable support, 0.4 pm, 6.5 mm insert; Corning Inc.). The Transwell is placed in a
well on a 24-well plate, becoming the apical (upper) chamber. 1.5 mL of media was added to the
basolateral (lower) chamber. HPMEC were allowed to form a monolayer for 3 days with media
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changes in both apical and basolateral chambers every day, until the inter-chamber electrical
resistance reached approximately 60€Q difference between Transwells seeded with (~150Q) and
without cells (~90Q). On the day of experiment, 5 pg/mL of indicated NS1 proteins (1.5 pg
proteins) and indicated amounts of UV-4B as described in figure legends were mixed with media
up to 20uL total volume, and added to the apical chambers of the Transwells. Electrical resistance
between the apical and basolateral chambers is measured in ohms using an Epithelial Volt Ohm
Meter (EVOM) with an electrode pair (World Precision Instruments), at the times indicated in the
figures. Transwells containing no cells and untreated Transwells containing only cells were used
as negative controls to calculate the baseline electrical resistance at each timepoint. Relative TEER
is calculated as a ratio of resistance values ((experimental — 2media only) / (Cuntreated cells — Cmedia only))-
For area under the curve (AUC) analyses, the net AUC was calculated as the area between the
curves and Y=1.

Sialic acid binding

To measure the capacity of flavivirus NS1 proteins to degrade sialic acid, 6x10* HPMECs were
seeded on 0.2% gelatin (Sigma)-coated glass coverslips in 24-well plates. Cells were allowed to
form a fully confluent monolayer for three days, with media change every other day. On the day
of the experiment, cells were either pre-incubated with UV-4B or UV-0061 as indicated in the
figures at 37°C for 30 minutes, and 5 ug/mL of DENV NS1 was added directly to the wells. NS1,
iminosugars, and cells were allowed to incubate for 6 hours. Sialic acid was detected using sialic
acid-specific lectin, wheat germ agglutinin (WGA), conjugated to Alexa Fluor 647 (Thermo Fisher
Scientific). A 1 mg/mL stock of WGA-647 was diluted 1:100 in the media of live cells 5.5 hours
post-NS1 treatment (30 minutes pre-fixation). Nuclei were stained using Hoechst 33342
(Immunochemistry) at a dilution of 1:200 alongside WGA treatment. Cells were then washed twice
in 1X PBS followed by fixation in 4% formaldehyde (Thermo Fisher Scientific). Coverslips were
mounted onto microscope slides on a drop of ProLong Gold (Thermo Fisher Scientific) and imaged
using a Zeiss LSM 710 inverted confocal microscope (CRL Molecular Imaging Center, UC
Berkeley).

Statistics

All quantitative analyses were conducted, and all data were plotted, using GraphPad Prism 9
software. Experiments were repeated at least 3 times, to ensure reproducibility. All experiments
were designed and performed with both positive and negative controls (indicated in the figures),
which were used for inclusion/exclusion determination. For immunofluorescence microscopy
experiments, images of random fields were captured. For all experiments with quantitative analysis,
data are displayed as mean =+ standard error of the mean (SEM). All cell binding and TEER
quantitative data were analyzed using a one-way ANOVA analysis with Tukey’s multiple
comparisons test. The resulting p-values from the above statistical tests were displayed as n.s., not
significant; p >0.05; *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001.
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Summary

This dissertation aimed to unravel the molecular determinants of flavivirus NS1 protein, a
multifaceted viral protein with roles in pathogenesis, immune evasion, viral replication, and viral
dissemination. Following the observation that NS1 proteins from different flaviviruses interact
with endothelial cells in a tissue-specific manner, further work was undertaken to determine the
specific roles of individual domains or amino acid residues or motifs within distinct NS1 domains.

In Chapter 2, I identified the wing domain to be driving tissue-specific NS1-endothelial cell
(EC) interactions for DENV, WNV, and ZIKV NS1. I further pinpointed a 3-residue motif of Gly-
Asp-Ile as a molecular determinant for DENV NSI-EC binding, endothelial hyperpermeability,
and vascular leak. In Chapter 3, I laid out the additional data that set the foundation for this
dissertation. Focusing on the structure-function relationship of DENV NS1 and EC interaction, |
identified further molecular determinants. I found that the cell entry-deficient glycosylation
N207Q NS1 mutant was still able to cause vascular leak in vivo; that the virion binding-deficient
E343K NS1 mutant maintained WT-equivalent functions; that the highly conserved W-W-G motif
in the NS1 wing domain mediated pan-flavivirus NS1 binding with pulmonary ECs; and that the
mouse anti-NS1 mAb 2B7 definitively bound the $-ladder domain of DENV NSI1. These findings
had helped inform the strategy of domain-swapping to map NS1 residues in Chapter 2. In Chapter
4, I explored the anti-NS1 capacity of an iminosugar “UV-4B”, a known anti-DENYV antiviral that
acts by disrupting the post-translational glycan-processing modification of proteins. I showed that
UV-4B treatment resulted in reduced DENV infection of human monocytes as well as reduced
NS1 production in transfected cells. In addition, I found that UV-4B exhibits cell-intrinsic
properties that reduce NS1-induced endothelial barrier dysfunction. These results demonstrate a
proof-of-concept for anti-NS1 compounds as a viable therapeutic class against NS1-induced severe
dengue pathologies of endothelial dysfunction, in contrast to existing antiviral compounds.

Future Directions

NSI is a multifaceted protein intimately involved in the major steps of the flavivirus life cycle.
With key functions in viral replication, immune evasion, and pathogenesis, it is arguably the most
important protein for DENV and flaviviruses. Significant research advances have been made in
the field since our group first connected NS1 to DENV pathogenesis by directly triggering
endothelial hyperpermeability in 2015 [1]. While this dissertation contributes to further elucidation
of the residues and motifs on NSI as they pertain to NSI-induced endothelial dysfunction,
intriguing open questions remain — particularly surrounding the mechanism, interaction partners,
and structure.

One of the most obvious open questions is the apparent disconnect between the NS1-induced
TEER phenotype and that of binding and vascular leak in the dorsal dermis mouse model. In
Chapter 2, I found that while the wing domain drives NS1-EC binding and localized vascular leak
in vivo, it is the B-ladder that drives the TEER phenotype at higher concentrations of 5 and 10
pg/mL. The B-ladder domain driving NS1-induced functional outcome is supported by alanine
point mutations of other B-ladder residues, where these NS1 mutants retained their ability to bind
EC, but displayed abrogated TEER and EGL disruption phenotypes [2]. However, none of the [3-
ladder NS1 mutants had been tested in in vivo experiments until the glycosylation mutant NS1N207Q,
as elaborated in Chapter 3. We have shown that NS1N27Q ig deficient for endocytosis and TEER
[3], and it was hypothesized that the in vivo outcome would follow the in vitro endothelial
dysfunction data. Surprisingly, NS1N207Q (which contains an intact DENV wing domain) was still
able to cause vascular leak, which supports the data from Chapter 2 that pointed to the wing domain
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and the 3-residue motif within, GDI, to be the molecular determinants of DENV NSI1 functions.
As the EC binding and localized vascular leak data are consistent with each other across multiple
NSI1 chimeras and point mutants, further study is required to better understand how TEER is
modeling vascular leak. For instance, EGL disruption and transcytosis of solutes and fluids is
distinct from intercellular junction disruption and paracellular transport, and it is likely that the
distinct in vitro and in vivo assays model these processes differently. In addition, it would be
interesting to investigate whether systemic leak data using these NS1 mutants corroborate data
obtained using the localized leak model.

Flavivirus infectious clones are infamously challenging to work with, as the toxicity and
instability of the flavivirus genome in bacterial hosts often necessitates piecemeal genomic
assembly using several sub-genomic cDNA segments [4]. Nevertheless, it remains to be seen what
effects the residues highlighted in this dissertation across the NS1 protein would have on flavivirus
(and specifically DENV) replication, pathogenesis, and tissue-specific tropism. The residues 91-
93, as well as B-ladder residues identified herein are not among residues known to interfere with
viral replication [5—7], thus reducing the risk of recovering replication-dead DENV mutants.

The mechanisms and molecular determinants underlying NSI-induced endothelial
hyperpermeability in this dissertation are only part of a bigger story. The other aspect of NS1-
induced pathology is the interaction with immune cells — however, NS1 induction of cytokine
production by immune cells remains to be further investigated [8,9]. For instance, data from our
laboratory (not shown) has indicated that the DENV/WNV chimeric NS1 proteins that induced
localized vascular leak in the murine dorsal dermis (Chapter 2) did not induce production of
inflammatory cytokines such as IL-6 and IL-8 in THP-1 cells, consistent with previous
observations [8]. In the context of the virus, DENV infection of immune cells as well as antibody-
dependent enhancement in heterologous secondary infections add to the complexity of the role
that immune factors play in both DENV- and NSI-induced pathogenesis, which remains to be
further elucidated.

On the host perspective, the roles of EGL on the EC surface and the proteinaceous receptor(s)
of NSI1 are important paths to follow up with. Data from Chapter 3 of this dissertation identified
the NS1 wing domain to be conferring NS1 binding to different GAG species, albeit in an
unexpected manner where the wing domain of WNV NSI instead of DENV NS1 conferred GAG
binding. One explanation for this could be that the DENV NS1-GAG interaction is less specific,
hence binding at lower levels, which in turn could broaden the diversity of GAGs to which DENV
NSI1 could bind, accounting for the more promiscuous nature of DENV compared to WNV NS1
in EC interactions. The specific types of glycans that confer flavivirus NS1-EC binding specificity,
the levels of sulfation, and the species composition remain to be further studied.

NSI1 carries a lipid cargo within its oligomeric barrel that has recently been linked to
interactions with HDL, with possible roles in inducing vascular dysfunction having been proposed
[10—15]. Emerging evidence points to differences in the structure of flavivirus NS1 proteins (e.g.,
DENV, WNV, and ZIKV NS1), and it could be hypothesized that these different structures could
have an impact on the lipid cargo NS1 harbours. Moreover, it is possible that structural differences
among flavivirus NS1 proteins could have an effect on tissue-specific interactions with endothelial
and other cell types, and the molecular determinants identified herein and others could affect tissue
specificity by altering NS1 structure. Structural studies of the chimeric NS1 proteins and NS1 point
mutants would yield further insights with regards to specific structure-function relationships, as
well as the lipid cargos these NS1 proteins might contain, and their collective roles in NS1-induced
endothelial dysfunction. Given data from our group and others showing that NS1 may be used as
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a viral toxin by flaviviruses during infection to gain access to the underlying tissues beyond
endothelial barriers, answers to these questions will illuminate the fate of NS1 during human
disease and contribute to our overall understanding of its role in infection.

As far as dengue vaccines and therapeutics are concerned, the field still has a long journey
ahead. Any E protein-based vaccines will have to resolve potential ADE issues, making NS1 an
attractive vaccine target. However, NS1-based vaccines will need to elicit sufficient, long-lasting
immunity and would only protect against (severe) disease and not infection. On the therapeutics
front, NS1 is a viable candidate to target against severe dengue, either using antibodies that do not
pose ADE risks, or small molecule compounds. The anti-NS1 mAb 2B7 and the iminosugars
highlighted in this dissertation are some of many molecules that have shown promise towards
protection against severe dengue and other flaviviral diseases. Putting NS1 on the horizon of future
anti-flavivirus efforts would expand the breadth of candidate molecules that can protect against
these diseases.

With accelerating climate change and increased connectivity of humans and goods, we will
witness an increase in diseases caused by arboviruses such as flavivirus, alphavirus, bunyaviruses
and others in time to come. Work in this dissertation represents advances in understanding the
molecular determinants that make a particular flavivirus NS1 unique from another distinct
flavivirus NS1 in its interactions with host cells. NS1 remains a fascinating topic in the flavivirus
field; inclusion of the insights from this dissertation into studies of different viruses in the future
will broaden our understanding of both NS1 and flaviviruses.
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