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Abstract

Unraveling the mechanisms of dengue virus non-structural protein 1 (NS1)-mediated
pathogenesis

by
Dustin Robert Glasner
Doctor of Philosophy in Infectious Diseases and Immunity
University of California, Berkeley

Professor Eva Harris, Chair

Dengue virus (DENV) is the most medically-important arbovirus worldwide, and infection
with any of the four serotypes of the virus (DENV1-4) can lead to a range of outcomes,
from inapparent infection to classical dengue fever (DF) to dengue hemorrhagic
fever/dengue shock syndrome (DHF/DSS), severe disease manifestations characterized
by endothelial barrier dysfunction and vascular leak. Non-structural protein 1 (NS1) is the
only protein secreted from DENV-infected cells and is produced as a monomer, is found
in association with cell membranes as a dimer, and is secreted as a hexamer. NS1 is a
key component of the viral replication complex and has been implicated in immune
evasion and pathogenesis. Recently, we and others described novel roles for NS1 in
directly triggering endothelial barrier dysfunction and inducing inflammatory cytokine
production from human immune cells, contributing to vascular leak in vivo. In this
dissertation, the mechanisms behind NS1-induced pathogenesis of the endothelium are
explored.

Using in vitro techniques, we found that NS1 from all four DENV serotypes can induce
endothelial hyperpermeability of human pulmonary microvascular endothelial cells
(HPMEC) and showed that this effect is mediated by endothelial sialidases, cathepsin L,
and heparanase. These enzymes contribute to degradation of the endothelial glycocalyx-
like layer (EGL), an important determinant of endothelial barrier function, and inhibition of
sialidases, cathepsin L, and heparanase prevented NS1-induced endothelial
hyperpermeability. Next, we found that NS1 does not trigger the production of
inflammatory cytokines from human dermal microvascular endothelial cells (HMEC-1) in
vitro and showed that neither TLR4 nor TNF-a signaling contribute to NS1-mediated
vascular leak in the dermis of mice in vivo. Further, we demonstrated that inhibition of
sialidases, cathepsin L, and heparanase prevents NS1-induced hyperpermeability and
EGL degradation of HMEC-1 in vitro and vascular leak in the mouse dermis in vivo. We
then sought to elucidate the early events that occur immediately following NS1 binding to
endothelial cells. Using a glycosylation mutant of NS1, N207Q, we found that the N207
glycosylation site is not required for binding of NS1 to HPMEC but is required for NS1-
induced hyperpermeability and EGL degradation. Further, we observed that wild-type
NS1 is internalized by endothelial cells via clathrin-mediated endocytosis and is trafficked



to the endosome. While the N207Q mutant is internalized, it is not as efficient as wild-
type, is not dependent on clathrin, and does not lead to endosomal localization.

We then broadened our studies to include NS1 proteins from other flaviviruses, including
Zika (ZIKV), West Nile (WNV), Japanese encephalitis (JEV), and yellow fever (YFV)
viruses. We found that these proteins selectively bind to and alter the permeability of
human endothelial cell monolayers from the lung, dermis, umbilical vein, brain, and liver
in vitro and, remarkably, cause vascular leakage upon inoculation into mice in a tissue-
dependent manner, reflecting the pathophysiology of each flavivirus. Mechanistically,
each flavivirus NS1 protein leads to differential disruption of key endothelial glycocalyx
components after activation of sialidases, cathepsin L, and heparanase.

Finally, we sought to determine whether sera from individuals vaccinated with Takeda’s
live-attenuated Tetravalent Dengue Vaccine candidate (TDV) could protect against NS1-
induced hyperpermeability of HPMEC in vitro. We found that sera from DENV-naive
individuals at day O pre-vaccination did not protect against DENV2 NS1-induced
hyperpermeability, while day 0 sera from DENV-pre-immune subjects provided varying
levels of protection. However, all day 120 post-vaccination samples from both DENV-
naive and pre-immune subjects abrogated DENV2 NSl-induced endothelial
hyperpermeability, and, across all serum samples, the magnitude of protection correlated
with the respective anti-NS1 antibody concentration. We observed a similar pattern when
evaluating protection against DENV2 NS1-induced EGL degradation. Lastly, we found
that serum from vaccinees could cross-protect against NS1 from DENV1, DENV3, and
DENV4, and this protection also correlated with anti-NS1 antibody concentration.

Taken together, the work included in this dissertation represents a substantial
advancement of the field’s understanding of NS1 and its pathogenesis and further
supports a key role for NS1 in dengue disease. Although a number of novel findings are
described here, additional important questions remain unanswered, specifically regarding
the molecular pathways and players involved in NS1-mediated pathogenesis as well as
broader topics such as the relative contributions of NS1 in the greater context of the
pathogenesis of dengue and other flaviviral diseases. Nonetheless, this work provides
considerable mechanistic insight into NS1 pathogenesis and establishes NS1 as a key
target for therapeutic intervention and important component of dengue vaccines.
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Chapter 1: Introduction to dengue virus non-structural protein 1
(NS1)-mediated pathogenesis



Background
Epidemiology

Dengue is the most prevalent mosquito-borne viral disease of humans worldwide, with up
to an estimated 396 million dengue virus (DENV) infections and 96 million cases annually
(). Approximately half of the world’s population is at risk of infection, with the majority of
cases occurring in tropical and sub-tropical regions, including Latin America, Southeast
Asia, and India (1). The four serotypes of DENV (DENV1-4) are transmitted by infected
female Aedes aegypti and Aedes albopictus mosquitoes and are members of the
Flavivirus genus in the Flaviviridae family, which also contains the medically important
Zika (ZIKV), West Nile (WNV), Japanese encephalitis (JEV), St. Louis encephalitis
(SLEV), yellow fever (YFV), and tick-borne encephalitis (TBEV) viruses (2).

Dengue is a major public health problem and causes substantial economic burden (3),
and its geographic distribution has increased greatly over the past 50 years, with a 30-
fold increase in global disease incidence (4). In 2010, it was estimated that the direct and
indirect costs of dengue, including mosquito control, surveillance, and medical care, were
$39 billion (5).

Life cycle

DENV is a positive-sense single-stranded RNA virus whose ~10.7-kb genome encodes
for three structural proteins (capsid, C; pre-membrane/membrane, prM/M; envelope, E)
and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) (6).
DENV primarily infects myeloid lineage immune cells in humans, including monocytes,
macrophages, and dendritic cells (DCs) (7-9). Upon receptor-mediated entry into host
cells, a conformational change in the E protein is triggered by acidification of the
endosome, releasing the viral capsid into the cytoplasm, where uncoating of the genome
occurs (6, 10). The genome is translated into a single polyprotein and cleaved into ten
proteins by viral and host proteases. Following synthesis of the NS5 RNA-dependent
RNA polymerase and the NS3 helicase, RNA replication begins, and viral particle
assembly occurs in the endoplasmic reticulum (ER). Particles pass through the ER and
Golgi, where post-translational modifications and maturation occurs before particles are
secreted from the host cell (6, 10).

Clinical characteristics of dengue disease

Following an incubation period of 2-7 days, DENV infection can result in a wide range of
outcomes, with ~75% of infections leading to asymptomatic or inapparent disease (1).
Most patients who are symptomatic suffer from classical dengue fever (DF), a self-limiting
but debilitating disease characterized by high fever, muscle, joint, and bone pain, and
rash (11). However, some patients progress to severe disease, initially designated
dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS), characterized by
vascular leakage, thrombocytopenia, and bleeding, potentially resulting in shock and
organ failure (11). Viremia peaks in the early acute phase (days 1-4), whereas vascular
leak and shock occur during the critical phase (days 4-6). In 2009, a new classification
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scheme of disease severity was introduced by the World Health Organization to facilitate
clinical management, consisting of Dengue without Warning Signs, Dengue with Warning
Signs, and Severe Dengue (12).

Immunopathogenesis of dengue disease

One of the primary hypotheses for severe dengue disease is immunopathogenesis,
where a secondary infection with a different DENV serotype from the first can lead to
more severe disease (13, 14). This is thought to occur in part because of antibody-
dependent enhancement (ADE), whereby cross-reactive but sub-neutralizing antibodies
facilitate viral uptake and infection of Fcy receptor (FcyR)-bearing cells, leading to
increased viremia and activation of target immune cells (15-17). In vitro experiments have
shown that sub-neutralizing antibodies increase infection of FcyR-bearing cells, and
passive transfer of heterologous, poorly-neutralizing antibodies results in antibody-
enhanced lethal disease in mouse models (16, 18, 19). A recent study in a large, well-
characterized pediatric cohort in Nicaragua demonstrated that a narrow range of pre-
existing low antibody titers predicted increased disease severity while high titers were
protective, demonstrating that ADE occurs in humans and contributes to DHF/DSS (20).

In addition to antibodies, serotype cross-reactive T cells may play a role in both the
pathogenesis of severe dengue disease and protection (21, 22), and activation of CD4*
and CD8" T cells has been shown to occur in human patients (23, 24). During secondary
infection, memory T cells are activated, leading to production of interferon-y and tumor
necrosis factor (TNF)-a, further activating macrophages and monocytes, which in turn
produce inflammatory cytokines (e.g., TNF-q, interleukin (IL)-6 and IL-8) that can increase
vascular permeability (23, 25, 26). This dysregulated production of cytokines by T cells,
macrophages, and monocytes, sometimes referred to as a “cytokine storm,” is thought to
contribute to severe dengue disease (27, 28). In addition to cytokines, other inflammatory
mediators such as histamine, platelet-activating factor, and leukotrienes are produced by
mast cells, platelets, and other cell types during DENV infection and have been shown to
be associated with DHF (29-31).

Determinants of endothelial barrier function

The two primary determinants of endothelial barrier function are the endothelial
glycocalyx and intercellular junctional complexes, including tight and adherens junctions
(32, 33). When the endothelial barrier is disrupted, hyperpermeability occurs, and fluids
and molecules leak across the endothelium, extravasating from the vasculature and
accumulating in tissues (34, 35). The endothelial glycocalyx is a complex, membrane-
bound structure of carbohydrates, proteoglycans, and glycoproteins (GPs) that lines the
luminal surface of the endothelium. This dense, forest-like matrix protects the underlying
endothelial cells from shear forces generated by blood flow and creates a physical barrier
that blocks molecules and fluids from reaching the endothelial surface. The glycocalyx
contributes to hemostasis, molecular signaling, and interactions of blood cells with
endothelial cells (36). Sialic acid residues and glycosaminoglycans, such as heparan
sulfate, chondroitin sulfate, and hyaluronic acid, are the major constituents of the
glycocalyx that contribute to the maintenance of the endothelial barrier. Intercellular
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junctions are key complexes involved in endothelial cell adhesion, communication, and
barrier function (33). Specifically, tight and adherens junctions regulate paracellular
permeability, or the passage of molecules between cells (37). Occludin, claudin, and
cadherin proteins, anchored by zona occludens (ZO) and catenin proteins, connect
neighboring endothelial cells to one another and prevent molecules and cells in the blood
from accessing the underlying tissue (38). Upon disruption of the glycocalyx and
intercellular junctions, fluid and molecules are able to extravasate from the bloodstream
more freely, leading to the hallmark characteristics of vascular leak observed in severe
dengue disease (39).

NS1 biology

NS1 is synthesized by DENV-infected cells as a monomer, which then dimerizes in the
ER. NS1 is glycosylated in both the ER and the trans-Golgi network. NS1 forms part of
the replication complex and can be found on intracellular membranes and the cell surface.
NS1 is also secreted into the extracellular milieu as a hexamer and circulates in the blood
during acute illness, where its presence is useful as a diagnostic biomarker. NS1 is a key
factor during infection, with roles in viral RNA replication, virion production, immune
evasion, and multiple aspects of pathogenesis {Muller, 2013 #30}.

Structure and morphology of a multimeric viral protein

The NS1 gene in all flaviviruses is approximately 1,056 nucleotides in length and encodes
a 352-amino acid (aa) protein with a molecular weight of 46-55 kDa, depending on its
glycosylation status (40, 41). Phylogenetic analyses of NS1 amino acid sequences from
different flaviviruses, including DENV1-4, ZIKV, WNV, JEV, SLEV, YFV, Murray Valley
encephalitis virus (MVEV), and TBEV, revealed variable conservation that ranges from
50% to ~80% (42, 43). This analysis suggests that different flavivirus NS1 proteins have
conserved functions as well as unique features leading to group-specific NS1 clusters
(42).

After translation of the flavivirus polyprotein in the ER, newly synthesized NS1 monomers
undergo post-translational modifications in the trans-Golgi network, such as glycosylation
at asparagine (Asn)-130 (complex glycan), Asn-207 (high-mannose glycan), and, in some
flaviviruses, Asn-175 (complex glycan) (41, 44, 45). Following glycosylation, NS1
monomers dimerize, facilitating membrane association of the protein. The dimeric form
associates with intracellular membranes as well as the plasma membrane at the cell
surface. Subsequent oligomerization of flavivirus NS1 dimers leads to formation of
different multimeric species (e.g., tetramers, hexamers) (41, 46). The hexameric form is
secreted from infected cells, and glycosylation at Asn-130 and Asn-207 stabilizes the
hexamer and facilitates its secretion (47) (Figure 1.1).

DENV NSL1 is secreted at high levels into the extracellular environment during DENV
infection, predominantly as a soluble hexamer that is a barrel-shaped, high-density
lipoprotein containing a hydrophobic core that interacts tightly with lipids such as
triglycerides, cholesteryl esters, and phospholipids (41, 48, 49) (Figure 1.1). Recently,
the macromolecular organization of NS1 was finally solved at high resolution (3.0 A) (50,
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51). The crystal structure of NS1 reveals three distinct domains that constitute each NS1
monomer. A small dimerization domain known as the central B-roll domain (aa 1-29)
forms the inner-facing hydrophobic face that interacts with lipids (50). A second,
protruding domain designated the wing domain (aa 30-180) contains two glycosylation
sites (Asn-130 and Asn-175), an internal disulfide bond (Cysteine (Cys)-55 — Cys-143),
and two discrete subdomains: the a/f subdomain (aa 38-151) and a discontinuous
connector subdomain (aa 30-37 and 152-180) that links the wing domain to the central 3-
roll domain. The hydrophobic protrusion (greasy finger) between the B-roll and the wing
domains facilitates NS1 interaction with the membrane of the ER and viral proteins, such
as NS4A and NS4B, that are essential for viral replication (50). Finally, a third domain,
known as the B-ladder (aa 181-352), is formed by a continuous 3-sheet that forms half of
the C-terminus of NS1 (50). As the extracellular NS1 hexamer is a target of humoral
immune system recognition, the C-terminal tip of the 3-ladder along with the wing domain
are the most antigenic regions and contain the most frequently identified epitopes of the
NS1 hexamer (52-54).

Hexamer Dimer
(extracellular) Lipid cargo (intracellular/cell surface)
: (hydrophobic core)

B-roll
(inner face)

B-ladder
(outer face)

Figure 1.1. Model of the 3D organization of the DENV NS1 hexamer and dimer.

Three NS1 dimers bind together to form a barrel-shaped hexamer structure. Each dimer contains three
domains: B-roll (red), wing (yellow), and B-ladder (blue). The lipid cargo-containing hydrophobic core
(orange) inside the hexamer is also shown. Structure based on the DENV NS1 protein crystal structure
deposited in the Protein Data Bank (PDB406B) (50). Molecular graphics were performed using the
PyMOL Molecular Graphics system v1.3r1.

Viral cofactor in flavivirus replication

Intracellular expression of NS1 in the lumen of the ER colocalizes with double-stranded
RNA (dsRNA) and other components of the viral replication complex in membranous
compartments known as vesicle packets (55, 56). This finding suggests that NS1 plays a
role in viral replication and negative-strand viral RNA synthesis (57-59), and deletion of
NS1 prevents viral replication and infection (58). Substitution of DENV sequences into
WNV NS1 at RQ10NK, a site previously identified to play a role in cell membrane
association, enhanced WNV NS1 secretion but also reduced viral replication (55). NS1
has also been shown to interact with multiple host proteins and the transmembrane viral
replicase proteins NS4A and NS4B (55, 59). More recently, physical interactions between
NS1 and the structural proteins E and prM were reported (60). Together, these data
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suggest that NS1, along with other viral proteins, may fulfill a structural role, helping to
anchor the replication complex to membranes and inducing formation of membrane
compartments that facilitate viral RNA replication, virus assembly, and release.

Another important feature of secreted NS1 that may influence its role in viral replication
is the two N-glycosylation sites at Asn-130 and Asn-207. Removal of either one or both
glycosylation sites in DENV, WNV, or YFV results in decreased NS1 secretion and virus
yield, as well as reduced invasion of the central nervous system and neuropathology in
mice (40, 44, 47, 61). Recently, a global proteomic analysis of human host factors
interacting with NS1 combined with a functional RNA-interference screen identified many
host cellular pathways, including those related to glycosylation of NS1 and NS4B, that
may facilitate or restrict DENV infection (62). Additionally, the flavivirus replication cycle
induces intracellular lipid redistribution that results in extensive membrane
rearrangements (63, 64). Given that NS1 dimers have been found to localize with
cholesterol-associated molecules on cell membranes (65) and present a markedly
hydrophobic surface that promotes interactions with the ER membrane (50), NS1 may
contribute to the modulation of cellular lipid dynamics during flavivirus infection and/or
lead to recruitment of cholesterol and triglycerides to the replication complex. Together,
these results indicate that NS1 glycosylation as well as the lipid composition of the
hydrophobic core of NS1 may represent important factors not only for protein secretion,
but also for viral RNA replication and possibly membrane rearrangement.

Diagnostic antigen and potential biomarker for clinical prognosis

Laboratory diagnostic methods for confirming DENV infection involve different molecular
and serological approaches, such as reverse transcription-polymerase chain reaction
(RT-PCR), virus isolation, and detection of increased levels of IgM and IgG antibodies,
especially against E. Currently, the detection of NS1 circulating in the serum/plasma of
infected patients constitutes a commonly used approach for the early diagnosis of
flavivirus infection, particularly DENV, although sensitivity varies by serotype and is
greater in primary than secondary infection (66, 67). Further, the duration of NS1
antigenemia is significantly longer in primary than in secondary infections (68). Different
generations of commercially available kits and in-house enzyme-linked immunosorbent
assays (ELISA) as well as rapid immunochromatographic assays are widely available
(67). NS1 antigenemia in DENV-infected patients has been shown to correlate with
disease severity (68-70). Circulating levels of NS1 have been described to vary from 0.1
to 2 pg/ml, with reports of up to 50 ug/ml, and persist for up to 14 days from the onset of
fever (69, 71-75). These data are based on NS1 levels measured in the bloodstream of
infected patients. However, NS1 may exit the bloodstream into tissues, leading to an
apparent clearance of NS1 from the blood and increased presence in tissues.

With the recent emergence of new flaviviruses, such as ZIKV (76), and the potential re-
emergence of flaviviruses such as YFV (77), the differential diagnosis of flavivirus
infection is challenging, especially in regions of the world where multiple flaviviruses co-
circulate (78, 79). The limited window to detect viral RNA in body fluids, as well as the
highly cross-reactive antibody responses generated during different flavivirus infections
such as DENV and ZIKV, especially during the acute phase, represent a significant
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obstacle for the efficient, accurate, and specific diagnosis of these infections using either
molecular techniques or serological assays. Recently, two studies reported NS1-based
assays for differential diagnosis and surveillance of ZIKV and DENV infections (80, 81).
One assay detects the circulation of anti-NS1 antibodies, the other detects soluble NS1,
and both distinguish between DENV and ZIKV infections with high sensitivity and
specificity (80-82). An NS1-based assay was also recently used to distinguish natural
infection from vaccination with Sanofi Pasteur's Dengvaxia®, a chimeric dengue vaccine
built on a YFV backbone, enabling determination of pre-immune status (83). Thus, NS1
can serve as a diagnostic and prognostic biomarker and can differentiate between
flavivirus infections.

DENV NS1-mediated pathogenesis

Because NS1 antigenemia levels correlate with disease severity, it was hypothesized that
NS1 may directly influence pathogenesis. However, NS1 had not been shown to play a
direct pathogenic role during DENV infection until recently. Researchers from two
different groups showed that DENV NS1 alone is capable of inducing endothelial
hyperpermeability of human pulmonary, dermal, and umbilical vein endothelial cells in
vitro (84, 85). DENV NS1 also induced lethality in a mouse model when administered with
a sublethal dose of virus, and NS1 alone triggered vascular leak in the lung, liver, and
small intestine of mice (84). The specific mechanisms of NS1-mediated pathogenesis
identified to date are described below.
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Figure 1.2. Mechanisms of DENV NS1 pathogenesis leading to disease during DENV infection.
DENV NS1 mediates pathogenesis through multiple pathways in the host. Secreted DENV NS1
circulating in the blood of infected humans influences virus transmission from human to mosquito by
helping DENV to overcome the midgut barrier in the vector, and NS1 in the saliva of infected mosquitoes
may modulate capillary permeability in the dermis of the host and impact viral dissemination in humans.
(a) Direct DENV NS1 interaction with endothelial cells leads to increased expression and/or activation of
cathepsin L; heparanase; and the endothelial sialidases Neul, Neu2, and Neu3, leading to disruption
and shedding of key glycocalyx components (heparan sulfate (HS), syndecan-1 (Synd-1), sialic acid
(Sia)). (b) NS1 also modulates intercellular junction proteins, resulting in endothelial hyperpermeability.
(c,d) NS1 can directly activate TLR4-expressing immune cells to trigger the secretion of proinflammatory
cytokines that cause endothelial dysfunction. NS1 may also stimulate secretion of other soluble
molecules with vasoactive and proteolytic activities that can affect endothelial barrier integrity. (e) NS1
contributes to immune evasion via interaction with components of the complement pathway, leading to
their activation (e.g., C3 convertase; Factor D, Factor H, C5b-9) or degradation (e.g., C4b, C5b-9).
Hence, NS1 protects DENV from complement-mediated clearance and DENV-infected cells from
complement-mediated lysis, leading to more viral replication and potentially contributing to endothelial
injury resulting in vascular leakage. (f) Cross-reactive anti-NS1 antibodies may also contribute to DENV
pathogenesis by binding to platelets and components of the clotting cascade (e.g., plasminogen,
thrombin) and may recognize autoreactive epitopes expressed on the surface of endothelial cells,
potentially leading to endothelial cell damage via apoptosis. Mosquito graphic modified with permission
from Chisenhall et al. (86).

Endothelial-intrinsic pathogenesis
Endothelial glycocalyx

After being secreted by infected cells, DENV NS1 circulates in the blood of patients and
can bind to the surface of microvascular endothelial cells in capillary beds (87). Recent
studies have shown that NS1 from all four DENV serotypes induces endothelial
hyperpermeability in multiple human endothelial cell lines as measured by
transendothelial electrical resistance (88). NS1 upregulates expression of the sialidases
Neul, Neu2, and Neu3, leading to cleavage of sialic acid on the surface of endothelial
cells. NS1 also triggers increased activation of cathepsin L, which leads to increased
expression and activation of heparanase that then cleaves heparan sulfate and heparan
sulfate proteoglycans, such as syndecan-1, from the surface of the endothelium.
Altogether, the ensuing degradation of the endothelial glycocalyx-like layer (EGL) results
in barrier dysfunction. Cathepsin L activation, heparanase expression, sialic acid
shedding, and hyperpermeability can all be blocked in vitro using inhibitors of sialidases
(Zanamivir), cathepsin L (Cathepsin L Inhibitor), and heparanase (OGT 2115) (88, 89).
These results were recently supported in an animal model of localized vascular leak,
where NS1-induced vascular leak in the dorsal dermis of wild-type mice was prevented
using a cocktail of Zanamivir, Cathepsin L Inhibitor, and OGT 2115, suggesting that the
glycocalyx and its components are key mediators of NS1-induced pathogenesis in vivo
(89) (Figure 1.2a).

The glycocalyx was originally hypothesized to play a role in severe dengue after
increased levels of heparan sulfate were detected in the urine of children with DSS (39,
90). A later study investigating the molecular sieving properties of the microvasculature
in Viethamese dengue patients further implicated the glycocalyx (91). Because dextran
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fractional clearance studies showed no difference between dengue patients with evidence
of vascular leak and healthy controls, it was hypothesized that administration of dextran
may have contributed to stabilization of the glycocalyx after loss of plasma proteins during
DENV infection, leading to restoration of endothelial glycocalyx integrity and normal
barrier function (91). Further, recent studies have evaluated patient sera during acute
DENV infection and found that levels of key endothelial glycocalyx molecules, such as
hyaluronic acid, heparan sulfate, chondroitin sulfate, and syndecan-1, are all elevated to
a greater degree in patients with severe disease (92, 93). This suggests that disruption
of the glycocalyx occurs during DENV infection, potentially as a result of NS1 interactions
with the vascular endothelium, and is associated with disease severity in humans.

Intercellular junction complexes

No lasting structural damage to the endothelium has been observed in human DHF/DSS
cases (9, 94). Therefore, it is likely that transient disruption of intercellular junctions that,
along with the glycocalyx, control vascular homeostasis may be one of the mechanisms
responsible for vascular leak. DENV NS1 has been shown to stimulate production of
macrophage migration inhibitory factor (MIF) from dermal endothelial cells in vitro, and
MIF can induce endothelial hyperpermeability through autophagy of intercellular junction
proteins in dermal endothelial cells (95). Both NS1-induced endothelial hyperpermeability
and autophagy were prevented using a specific inhibitor of MIF, and hyperpermeability
was prevented by blocking autophagy. Further, loss of the normal distribution of the
adherens junction protein vascular endothelial cadherin (VE-cadherin) was blocked by
MIF and autophagy inhibitors, suggesting its involvement in increased permeability (95).
Additionally, studies using human endothelial cells from different tissues including lung,
brain, and umbilical vein also showed that NS1 induces disruption of both tight and
adherens junction proteins in a cytokine-independent manner. Using confocal microscopy
analyses, investigators found that NS1 induces mobilization of intercellular junction
proteins (e.g., ZO-1, VE-cadherin, and B-catenin) via clathrin-mediated internalization
and/or phosphorylation, which may compromise the integrity of cell-to-cell contacts (H.
Puerta-Guardo & E. Harris, unpublished data). Further, in a study of dengue patients in
Indonesia, increased levels of the tight junction protein claudin-5 circulating in the blood
were associated with vascular leak in patients with severe plasma leakage, suggesting a
role for the disruption of intercellular junctions during severe dengue (92). Together, these
data suggest an additional mechanism for NS1-mediated vascular leak via disruption of
endothelial intercellular junctions (Figure 1.2b).

Cytokine-mediated pathogenesis

Inflammatory cytokines are thought to play an important role in the pathogenesis of
severe dengue. Dysregulated production of cytokines has been hypothesized as a
mechanism for vascular leak in DHF/DSS, and several cytokines, including TNF-a, IL-10,
IL-6, and IFN-y, have been proposed as potential predictors of disease severity (96-100).
In human studies, levels of TNF-a were elevated in DHF/DSS cases (97), and levels of
IL-6 were elevated in patients with fatal dengue compared with survivors of severe or mild
disease (101, 102). In a mouse model, intravenous administration of DENV2 NS1 resulted
in significantly higher levels of both TNF-a and IL-6 in the blood 3 days post-injection
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compared with injection of the control protein ovalbumin, supporting a role for NS1 in
inducing secretion of inflammatory cytokines that may contribute to vascular leak during
severe disease (84) (Figure 1.2c,d).

DENV NS1 has been shown to activate both murine bone marrow-derived macrophages
and human peripheral blood mononuclear cells (PBMCs) via Toll-like receptor 4 (TLR4),
leading to secretion of the inflammatory cytokine IL-6 and transcription of the TNF-a, IL-
1B, and IL-8 genes (85). Further, vascular leak in the small intestine and liver of mice
infected with DENV2 was reduced in the presence of lipopolysaccharide from
Rhodobacter sphaeroides (LPS-RS), a TLR4 antagonist (85). Treatment of human
pulmonary endothelial cells with LPS-RS also partially reduced loss of sialic acid on the
cell surface following treatment with NS1, an effect that may be mediated by TLR4-
dependent translocation of Neul to the cell surface (88). Another group has reported that
NS1 may induce secretion of inflammatory cytokines from PBMCs via TLR2 and TLR6
(103); however, these data are controversial (104).

Monocyte-derived dendritic cells (mo-DCs) are one of the primary targets of DENV
infection, and they have been shown to take up NS1 in vitro (105). Internalization of NS1
increased infection and early viral replication in mo-DCs by DENV1, and this led to an
increase of IL-6 production during infection; however, NS1 did not affect expression of
DC maturation markers, such as DC-SIGN, HLA-DR, CD80, or CD86 in uninfected mo-
DCs (105). Though it is unclear if NS1, virus infection, or a synergistic effect leads to the
increase of IL-6 production, these data suggest that NS1 may mediate the production of
IL-6 by DCs, contributing to the “cytokine storm” observed in DHF/DSS.

In addition to inflammatory cytokines, levels of IL-10, an immunoregulatory cytokine, have
been shown to be elevated in patients with severe dengue disease (106, 107). NS1
stimulates high levels of IL-10 production from monocytes, and this effect was blocked
with NS1-specific monoclonal antibodies (mAbs) (108). Though the precise role of IL-10
in dengue disease has yet to be defined, these results support a role for NS1 in increasing
the levels of IL-10 in DHF/DSS patients.

Collectively, these studies demonstrate that NS1 can interact with innate immune cells,
potentially through TLR4, leading to the secretion of cytokines and other mediators that
contribute to vascular leak and viral pathogenesis. Though it has yet to be demonstrated,
NS1 may also interact with other immune cells that have been described to actively
participate in DENV pathogenesis, including mast cells and platelets (31, 109-112),
leading to their activation and secretion of non-cytokine mediators such as eicosanoids,
leukotrienes, or proteases that also may contribute to inflammation and vascular leak
during DHF/DSS (Figure 1.2c¢,d).

NS1 and complement

Early literature identified DENV NS1 as a soluble complement-fixing protein (113-115).
Complement proteins are primarily serine proteases found throughout the blood and in
tissues that, when activated, can lead to inflammation, opsonization, or cell lysis via
formation of the C5b-9 membrane attack complex (Figure 1.2e).
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Anti-NS1 antibodies and complement activation

Anti-NS1 antibodies have been demonstrated to activate complement (C’), presumably
to lyse virus-infected cells (116), and recent work has identified an anti-NS1 mAb that
triggers complement-mediated lysis of DENV-infected cells (117). Soluble NS1 was
shown to activate serum C’, but cell surface-associated NS1 may cause antibody-
dependent C’ lysis, which could be a mechanism to eliminate DENV-infected cells (118).
However, if soluble NS1 binds non-specifically to cells, it could trigger antibody-mediated
C’ activation and lysis of uninfected cells and, thus, potentially enhance viral pathogenesis
(87).

Immune evasion

DENV NS1 has been shown to bind to the complement protein C4 and to recruit and
activate the protease C1ls, leading to cleavage of C4 to C4b and reducing both the
deposition of C4b on the surface of cells and C3 convertase activity, thereby protecting
DENYV from complement-mediated neutralization and protecting DENV-infected cells from
lysis (119) (Figure 1.2e). A second mechanism was identified wherein NS1 binds to C4b
binding protein (C4BP), a protein that attenuates the classical and lectin pathways of
complement, leading to inactivation of C4b in solution and on the cell surface (120). More
recently, NS1 has been shown to bind to vitronectin, a complement regulator, and this
interaction was demonstrated in vitro and in DENV-infected patients (121). In the same
study, NS1 inhibited the membrane attack complex and polymerization of the complement
protein C9. NS1 also binds to mannose-binding lectin, a key component in complement
activation, thereby protecting DENV from the lectin pathway of complement (122). Taken
together, evidence supports a role for NS1 in binding complement components, thus
protecting the virus from complement-mediated neutralization and preventing the killing
of infected cells.

Pathogenesis

Clinically, dysregulated complement activation has been demonstrated in DHF patients,
with higher levels of complement Factor D and lower levels of Factor H observed in DHF
versus DF patients, suggesting formation of the C3 convertase and activation of
complement (123). Further, C3a, C5a, and soluble C5b-9 were present at higher levels
in the plasma of DHF patients starting 3 days before signs of plasma leakage, suggesting
a role for complement activation in severe dengue disease (118). Additionally, NS1 may
lead to generation of higher levels of Cb5a, resulting in increased vascular leak and
pathogenesis (Figure 1.2e).

Cross-reactive pathogenic anti-NS1 antibodies

Murine anti-NS1 antibodies bind to human platelets, thrombin, plasminogen, and
endothelial cells in vitro (124-126), and data from mouse models suggested that cross-
reactive antibodies to NS1 may contribute to pathogenesis (127-131). Initial studies
tested the cross-reactivity of mAbs and polyclonal antibodies from mice (124, 132);
subsequent studies examined human anti-DENV sera for binding to endothelial cells
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(133) and plasminogen (134). Another study showed that anti-NS1 antibodies could
trigger endothelial cell apoptosis via nitric oxide production by glycogen synthase kinase-
3b-induced NF-kB activation and inducible nitric oxide synthase (iNOS) expression (132,
135); however, whether DENV infection leads to endothelial cell apoptosis in humans has
not been established. The ability of anti-NS1 antibodies to bind to self-molecules and
trigger increased production of nitric oxide provides evidence of indirect pathogenesis
triggered by NS1 (Figure 1.2f). Host cross-reactive NS1 epitopes have been mapped to
various regions of NS1, with the cross-reactivity to endothelial cells thought to target
epitopes in the C terminus of NS1 (aa 300-352). In a vaccine mouse model, deleting this
region of NS1 reduced the production of host cross-reactive antibodies (136-139).
Though a role for NS1-derived autoantibodies has been implicated in DENV infection and
NS1 immunization models, it has been difficult to demonstrate a direct role for these
antibodies in human dengue disease, and there is no indication of autoimmune
manifestations during DENV infections or post-infection sequelae.

NS1 and the mosquito vector

Beyond its demonstrated functions during human infection, NS1 has also been shown to
enhance mosquito acquisition of flaviviruses, including DENV. When mosquitoes feed on
DENV-infected humans, they acquire virus along with soluble NS1 in the blood meal. NS1
was found to help the virus overcome the midgut barrier in mosquitoes — a key step in the
flavivirus life cycle in the vector — through the inhibition of reactive oxygen species
production and the JAK-STAT pathway, thus helping the virus establish infection in the
mosquito (140). Additionally, soluble NS1 has been detected in the saliva of infected
Aedes aegypti mosquitoes, suggesting that NS1 may be inoculated along with virus
during blood feeding (122). Combined with proteins in mosquito saliva that impact viral
replication and pathogenesis (141-143), soluble NS1 may play a role in early immune
evasion, viral infection, and induction of endothelial hyperpermeability in the human
dermis, possibly contributing to further virus dissemination (Figure 1.2).

Conclusions

Taken together, recent research advances have further demonstrated the multifactorial
role of NS1 during dengue disease. Beyond its described functions in immune evasion
and viral replication, recent literature supports a key role for NS1 in the pathogenesis of
severe dengue disease. Researchers have identified multiple pathways that contribute to
NS1-mediated vascular leak, including degradation of the endothelial glycocalyx and
secretion of inflammatory cytokines following NS1 stimulation of innate immune cells.
There remain several significant unanswered questions, including the molecular
determinants of pathogenesis, the binding partner(s) for NS1 on endothelial and immune
cells, and the full mechanism of action of NS1 in its various functions. NS1 offers a
potential target for both therapeutics and vaccine design, and further research into the
mechanisms that drive pathogenesis and the nuances of the immune response to the
protein may lead to substantial advances in the treatment and prevention of severe
dengue disease.
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Dissertation Overview

Given the novel role for NS1 in pathogenesis described by our group and others in 2015,
the work in this dissertation represents recent efforts to further elucidate the mechanisms
underlying NS1-induced barrier dysfunction. In Chapter 2, | describe the identification of
key endothelial cell enzymes, including cathepsin L, heparanase, and the Neu family of
sialidases, and their role in degrading the endothelial glycocalyx-like layer. In Chapter 3,
we developed a model of local vascular leak in the dermis of mice and show that TLR4
and TNF-a signaling are not required for NS1-mediated barrier dysfunction in vivo,
whereas the endothelial cell-intrinsic pathway and endothelial glycocalyx components are
necessary. In Chapter 4, | discuss the importance of the N207 glycosylation site for NS1-
mediated pathogenesis and show that internalization of NS1 by endothelial cells via
clathrin-mediated endocytosis is required for downstream pathogenic functions of NS1.
In Chapter 5, we demonstrate a striking pattern of differential induction of flavivirus NS1-
and tissue-specific endothelial barrier dysfunction that parallels the pathophysiology of
the respective flaviviruses both in vitro and in vivo. In Chapter 6, we describe for the first
time the functionality of an anti-NS1 antibody response elicited by vaccination with a
dengue vaccine, Takeda’s live-attenuated Tetravalent Dengue Vaccine candidate. Taken
together, this work contributes substantially to the field’s understanding of NS1
pathogenesis and opens doors for additional mechanistic studies as well as NS1-based
interventions.
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Chapter 2: Dengue virus NS1 disrupts the endothelial glycocalyx,
leading to hyperpermeability

This chapter was published in:

Puerta-Guardo, H., Glasner, D.R., Harris, E. Dengue Virus NS1 Disrupts the Endothelial
Glycocalyx, Leading to Hyperpermeability. PLoS Pathog. 2016 Jul 14;12(7):e1005738.
doi: 10.1371/journal.ppat.1005738. eCollection 2016 Jul.
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Summary

Dengue is the most prevalent arboviral disease in humans and a major public health
problem worldwide. Systemic plasma leakage, leading to hypovolemic shock and
potentially fatal complications, is a critical determinant of dengue severity. Recently, we
and others described a novel pathogenic effect of secreted dengue virus (DENV) non-
structural protein 1 (NS1) in triggering hyperpermeability of human endothelial cells in
vitro and systemic vascular leakage in vivo. NS1 was shown to activate toll-like receptor
4 signaling in primary human myeloid cells, leading to secretion of pro-inflammatory
cytokines and vascular leakage. However, distinct endothelial cell-intrinsic mechanisms
of NS1-induced hyperpermeability remain to be defined. The endothelial glycocalyx layer
(EGL) is a network of membrane-bound proteoglycans and glycoproteins lining the
vascular endothelium that plays a key role in regulating endothelial barrier function. Here,
we demonstrate that DENV NS1 disrupts the EGL on human pulmonary microvascular
endothelial cells, inducing degradation of sialic acid and shedding of heparan sulfate
proteoglycans. This effect is mediated by NS1-induced expression of sialidases and
heparanase, respectively. NS1 also activates cathepsin L, a lysosomal cysteine
proteinase, in endothelial cells, which activates heparanase via enzymatic cleavage.
Specific inhibitors of sialidases, heparanase, and cathepsin L prevent DENV NSI1-
induced EGL disruption and endothelial hyperpermeability. All of these effects are specific
to NS1 from DENV1-4 and are not induced by NS1 from West Nile virus, a related
flavivirus. Together, our data suggest an important role for EGL disruption in DENV NS1-
mediated endothelial dysfunction during severe dengue disease.
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Introduction

The four dengue virus serotypes (DENV1-4) are mosquito-borne flaviviruses that are
responsible for ~390 million infections per year worldwide (1). Of these, up to 96 million
manifest in clinical disease. The majority of these cases are dengue fever (DF), the
uncomplicated form of disease. However, a subset develop severe dengue disease,
including dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS),
characterized by increased vascular leak, leading to shock and potentially death (12).
Pleural effusion resulting in respiratory distress is one of the most common signs of
plasma leakage in DHF/DSS cases (144).

Vascular hyperpermeability arises as a result of endothelial barrier dysfunction, leading
to increased passage of fluids and macromolecules across the endothelium. Traditionally,
tight and adherens junctions have been considered to be the primary determinants of
endothelial barrier function (33). Over the past few years, however, the endothelial
glycocalyx layer (EGL) has been recognized as a key regulator of vascular permeability
(32). The EGL is a network of glycoproteins bearing acidic oligosaccharides and terminal
sialic acid (N-acetyl-neuraminic acid, Sia), as well as membrane-bound proteoglycans
associated with glycosaminoglycan (GAG) side chains including heparan sulfate (HS),
hyaluronic acid, and chondroitin sulfate (36). The EGL extends along the endothelial layer
coating the luminal surface of blood vessels.

Secondary DENV infection with a serotype distinct from the first DENV infection is a
known risk factor for severe dengue disease. Several hypotheses have been proposed
to explain severe dengue disease, including poorly neutralizing, cross-reactive antibodies
and exacerbated T cell responses that together lead to production of vasoactive
cytokines, causing vascular leakage that can result in shock (145). Another potential
component is DENV non-structural protein 1 (NS1), a glycosylated 48 kDa protein that is
the only viral protein secreted from infected cells, with high concentrations circulating in
the blood of patients with severe dengue disease. NS1 plays a role in viral replication,
immune evasion, and pathogenesis via activation of complement pathways (146). More
recently, we and others demonstrated that DENV NS1 alone can trigger endothelial
hyperpermeability, resulting in vascular leakage (84, 85). Modhiran et al. (85) showed
that NS1 acts as a pathogen-associated molecular pattern (PAMP), activating mouse
macrophages and human peripheral blood mononuclear cells (PBMCs) via toll-like
receptor 4 (TLR4) to secrete pro-inflammatory cytokines such as tumor necrosis factor-a
(TNF-a), interleukin-6 (IL-6), interferon-B (IFN-B), IL-1B, and IL-12. This effect was
inhibited by a TLR4 antagonist (LPS-RS) and an anti-TLR4 antibody (85). Further, we
found that inoculation of mice with NS1 alone causes increased vascular leakage and
induction of pro-inflammatory cytokines (TNF-a, IL-6), while NS1 combined with a sub-
lethal DENV inoculum results in a lethal vascular leak syndrome (84). Our in vitro
experiments showed that NS1 also increases the permeability of human endothelial cells
(84). The increased permeability in vitro, as well as mortality in mice, was prevented by
administration of NS1-immune polyclonal mouse sera or anti-NS1 monoclonal antibodies
(84). Likewise, immunization with recombinant NS1 from each of the four DENV
serotypes protected against lethal challenge in the vascular leak model (84).
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However, the mechanism by which DENV NS1 stimulates endothelial cells to induce
vascular leak is poorly understood. NS1 has been proposed to bind to heparan sulfate on
the surface of endothelial cells (87), but how this interaction leads to an increase in
endothelial permeability has not been described. Therefore, we evaluated whether NS1
triggers disruption of the EGL and defined the mechanism through which this occurs.
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Results
Binding of DENV2 NS1 to endothelial cells induces endothelial hyperpermeability

Soluble DENV2 NS1 attaches to the surface of human endothelial cells, especially
pulmonary microvascular endothelial cells (87). In severe dengue disease, major
accumulation of fluids occurs in the pleura (pleural effusion), a thin membrane that lines
the surface of the lungs (147). This suggests that the lung represents an important site of
endothelial barrier dysfunction characteristic of severe dengue. In this study, we used an
in vitro model of endothelial permeability to initially examine the ability of soluble NS1
from DENV serotype 2 and West Nile virus (WNV NS1) to interact with cultured human
pulmonary microvascular endothelial cells (HPMEC). In the first experiment, we found
that DENV2 NS1 showed dose-dependent binding (1.25-10 pg/ml) to HPMEC
monolayers at one hour post-treatment (hpt) (Figure 2.1a,c). In contrast, WNV NS1 (2.5-
10 pg/ml), from a closely-related member of the Flavivirus genus, displayed significantly
less binding (Figure 2.1b,c). A time course for DENV2 NS1 (5 pg/ml) attachment to the
surface of HPMEC showed a maximum peak for NS1 staining between 3 and 12 hpt; no
NS1 could be detected on the surface of HPMEC after 24 hpt (Figure 2.S1a,b). This NS1
binding pattern reflected decreased transendothelial electrical resistance (TEER)
observed in HPMEC and other endothelial cell lines (Figure 2.1d,e). Increased
endothelial permeability is induced by NS1 from DENV1-4 (84) after 3 hpt in a dose-
dependent manner, and the effect persists for more than 12 hours (Figure 2.1e).
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Figure 2.1. DENV2 but not WNV NS1 binding to endothelial cells induces endothelial barrier
dysfunction.

(a,b) Binding of DENV2 NS1 (a) and WNV NS1 (b) proteins, examined by confocal microscopy. NS1 is
stained in green, and nuclei are stained with Hoechst (blue). Images (20X) are representative of three
individual experiments. Scale bars, 10 um. (¢) The amount of NS1 bound to HPMEC monolayers in (a)
and (b) is quantified and expressed as mean fluorescence intensity (MFI). Graph shows average of
quantification from three independent experiments. DENV2 NS1 binding to HPMEC monolayers is
significantly higher than WNV NS1 binding at all concentrations (P < 0.0001). (d) Experimental schematic
of transendothelial electrical resistance (TEER) experiments. (e) TEER assay to evaluate the effect of
DENV2 and WNV NS1 proteins on HPMEC endothelial permeability at indicated concentrations. All
DENV2 NS1 concentrations induce statistically significant decreases in TEER (P < 0.0001). ()
represents change of medium. Relative TEER values from three independent experiments performed in
duplicate are plotted at the indicated time points. Error bars indicate standard error of the mean (SEM).
Confocal microscopy images acquired and analyzed by Dr. Henry Puerta-Guardo.
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DENV2 NS1 induces degradation of sialic acid in the EGL of endothelial cells

The EGL on the surface of the endothelium plays an important role in several cellular
functions, including cell-to-cell communication, cell-matrix interaction, and vascular
homeostasis (32), and a mature EGL has been shown to exist on cultured HPMEC in vitro
(148). To examine the effect of flavivirus NS1 proteins on the integrity of the EGL, HPMEC
monolayers were exposed to DENV2 or WNV NS1 (5 pg/ml), in the range of NS1
concentrations seen in severe dengue in humans (69, 72). The expression of Sia, a major
component of the EGL (149), was visualized using the lectin wheat germ agglutinin
(WGA) conjugated to Alexa 647 (150, 151). The homogenous distribution of Sia observed
in untreated HPMEC was significantly disrupted in a dose-dependent manner 3-12 hours
after addition of DENV2 NS1 but not WNV NS1 (Figure 2.2a-c). Normal distribution of
Sia was re-established by 24 hpt (Figure 2.2a,b). Binding of DENV2 NS1 to HPMEC
appeared to colocalize with the WGA staining of Sia residues in the EGL, suggesting that
DENV2 NS1 may use Sia-linked glycans as adhesion molecules to mediate NS1-
endothelial cell surface interaction (Figures 2.2c, 2.S1c). Next, to examine whether Sia
was degraded or released from the surface of HPMEC exposed to DENV2 NS1, we
assessed the presence of free Sia in cultured HPMEC supernatant using a specific Sia
immunoassay. Supernatant collected from endothelial monolayers treated with DENV2
NS1 showed a significant time-dependent decrease in Sia levels compared with
supernatant from untreated cells and WNV NS1-treated monolayers (Figure 2.2d),
indicating Sia is not released into the medium of DENV2 NSl-treated HPMEC.
Interestingly, expression of Neul, Neu2, and Neu3, three mammalian sialidases found in
endothelial cells, was strongly increased in HPMEC monolayers treated with DENV2 NS1
but not WNV NS1 at 3 hpt, potentially contributing to Sia degradation (Figure 2.2e). To
determine the functional significance of DENV2 NS1-triggered disruption of Sia in the
EGL, sialidase activity was inhibited using Zanamivir, an influenza neuraminidase
inhibitor that has been shown to significantly inhibit Neu2 and Neu3 (152), and 2-deoxy-
2,3-didehydro-N-acetyl-neuraminic acid (DANA), a transition state analog inhibitor of
influenza virus neuraminidase found to be active against mammalian Neu3 (153). Both
Zanamivir (50, 100 uM) and DANA (25 pg/ml) partially protected HPMEC monolayers
from DENV2 NS1-mediated endothelial hyperpermeability as measured by TEER (Figure
2.2f), indicating that alteration of Sia distribution on the surface of HPMEC induced by
DENV2 NS1 contributes to increased permeability.
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Figure 2.2. DENV2 but not WNV NS1 modulates the expression of Sia in the EGL of HPMEC.

(a) Sia expression on HPMEC monolayers after treatment with DENV2 or WNV NS1 (5 pg/ml), examined
by confocal microscopy. Sia was stained with WGA-A647 (red) at indicated time points (hpt). Nuclei
stained with Hoechst (blue). Images (20X) and MFI values are representative of three independent
experiments. Scale bar, 10 um. (b) Quantification of MFI in (a) from three independent experiments. Sia
expression in DENV2 NS1-treated monolayers is significantly different from WNV-treated and untreated
controls from 0.5 to 12 hpt (P < 0.0001). (c) DENV2 NS1 (green) induces dose-dependent reduction of
Sia staining (red) on HPMEC after 3 hpt. Untreated cells were used as a positive control for Sia
expression. (d) ELISA to detect free Sia released into culture supernatant of HPMEC over time (hpt)
under indicated experimental conditions. DENV2 NS1 shedding of Sia is significantly lower than WNV-
treated and untreated controls at 6 and 12 hpt (P < 0.0005). (e) Endothelial sialidase (Neul, Neu2, Neu3)
expression in HPMEC monolayers after treatment with DENV2 or WNV NS1 (5 pyg/ml) at 3 hpt. Neuf,
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Neu2, and Neu3 are stained in green, red, and yellow, respectively. (f) Effect of Zanamivir and 2,3-
didehydro-2-deoxy-N-acetylneuraminic acid (DANA) on DENV2 NS1-mediated endothelial
hyperpermeability (TEER) in HPMEC monolayers. TEER values for monolayers treated with DENV2 NS1
combined with Zanamivir (50, 100 uM) or DANA (50 ug/ml) are significantly different from monolayers
treated with DENV2 NS1 alone (P < 0.0001). (®) represents change of medium. Relative TEER values
from three independent experiments performed in duplicate are plotted at indicated time points (hpt).
Error bars indicate SEM throughout. Confocal microscopy images acquired and analyzed by Dr. Henry
Puerta-Guardo.

DENV2 NS1 induces shedding of heparan sulfate proteoglycans from the EGL

In addition to Sia, the EGL contains a large variety of heparan sulfate proteoglycans
(HSPGSs) (154, 155), including syndecans, which consist of a core protein modified by HS
chains (156). Syndecan-1 is considered the primary syndecan of endothelial cells,
including the vascular endothelium (157); thus, alteration of its expression or distribution
can affect the integrity of the EGL as well as endothelial barrier function (158). The
expression and distribution of syndecan-1 was evaluated on HPMEC stimulated with
DENV2 NS1 or WNV NS1. WNV NS1 did not modify the distribution of syndecan-1 on
HPMEC monolayers, but treatment with DENV2 NS1 resulted in increased staining of
syndecan-1 starting 30 min post-treatment and persisting for more than 12 hours
(Figures 2.3a, 2.52a). Similar results were observed for the extracellular matrix (ECM)
HSPG perlecan (Figure 2.S2b). However, syndecan-1 levels were similar in HPMEC
treated with DENV2 NS1 or WNV NS1 compared to untreated controls, as detected by
Western blot (Figure 2.3a,c). At 24 hpt, a small increase of syndecan-1 protein levels
was detected by confocal microscopy and Western blot in DENV2 NS1-treated cells
compared to control and WNV NS1-treated cells. Using an immunoassay for detection of
soluble syndecan-1 ectodomain, increased levels of syndecan-1 ectodomain were found
in conditioned media from DENV2 NS1-stimulated HPMEC at 1-24 hpt compared to
untreated and WNV NS1-treated HPMEC (Figure 2.3d). Notably, recombinant syndecan-
1 alone was able to increase the permeability of HPMEC monolayers in a dose-dependent
manner (Figure 2.3e), suggesting that syndecan-1 shed from HPMEC after DENV2 NS1
stimulation may be involved in modulating endothelial barrier function.
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Figure 2.3. DENV2 NS1 increases the surface staining of syndecan-1 in the EGL of HPMEC.

(a) Staining of syndecan-1 (green) on the surface of HPMEC monolayers over time (hpt) after treatment
with DENV2 or WNV NS1 proteins (5 pug/ml), examined by confocal microscopy. Untreated cells were
used as a control for basal syndecan-1 detection. Nuclei are stained with Hoechst (blue). Images are
representative of three individual experiments (20X). Scale bar, 10 um. (b) Expression of syndecan-1 in
total protein extracts at indicated time points (hpt) in the presence of DENV2 or WNV NS1 proteins (5
pg/ml), as measured by Western blot. 10 pug/ml of total protein was loaded, and GAPDH expression was
used as protein loading control. (¢c) Densitometry data normalized to control untreated cells. (d) Levels
of syndecan-1 shed from the surface of HPMEC after treatment with DENV2 or WNV NS1 proteins (5
pg/ml) as measured by ELISA from three independent experiments. Surface staining of syndecan-1 is
significantly higher in monolayers treated with DENV2 NS1 than in WNV-treated and untreated controls
(P < 0.0005). (e) Effect of recombinant syndecan-1 on TEER of HPMEC monolayers. All concentrations
of syndecan-1 induce significant decreases in TEER value (10 ng/ml: P < 0.05; 20 ng/ml, 50 ng/ml: P <
0.0001). (®) represents change of medium. Relative TEER values from three independent experiments
performed in duplicate are plotted at indicated time points. Error bars indicate SEM throughout. Confocal
microscopy images acquired and analyzed by Dr. Henry Puerta-Guardo.
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DENV2 NS1 increases activity of cathepsin L and its activation of heparanase in
endothelial cells

As a result of the dynamic equilibrium between biosynthesis and shedding of various
HSPG components, perturbation of the EGL upon shearing stress or increased enzymatic
activity (i.e., metalloproteinases or heparanase) results in the alteration of distinct EGL
functions, including vascular permeability (36, 150). Heparanase, an endo-B-D-
glucuronidase that cleaves GAGs such as HS, is involved in structural remodeling of the
ECM and EGL (159, 160). Analyses of the expression/activation of human heparanase in
HPMEC demonstrated that DENV2 NS1 increases the expression of heparanase starting
30 min post-treatment, with a maximum peak expression detected at 6 hpt (Figure
2.4a,b). Heparanase levels induced by DENV2 NS1 were significantly greater than
expression levels in untreated control and WNV NS1-treated monolayers. Human
heparanase is produced as an inactive precursor (65 kDa) whose activation involves
excision of an internal linker segment, yielding the active heterodimer composed of 8 and
50 kDa subunits (161). Along with the augmented expression of heparanase, increased
proteolytic processing of pro-heparanase into an active form (~50 kDa) was detected in
HPMEC stimulated with DENV2 NS1 to a much greater degree than WNV NS1-treated
and untreated controls (Figure 2.4c,d). Increased enzymatic activity of heparanase has
been shown to enhance remodeling of the EGL and ECM, particularly by increasing levels
of soluble syndecan-1 on endothelial cells (162, 163). Immunolocalization of heparanase
and syndecan-1in DENV2 NS1-treated HPMEC showed a temporal pattern of expression
and colocalization on the surface of endothelial monolayers (Figure 2.4e), suggesting
that heparanase may induce increased shedding of syndecan-1 in DENV2 NS1-exposed
endothelial cells.
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Figure 2.4. DENV2 NS1 triggers the activation/increased expression of endothelial heparanase.

(a) Heparanase expression (red) in HPMEC monolayers over time (hpt) after treatment with DENV2 or
WNV NS1 proteins (5 pg/ml), examined by confocal microscopy. Untreated cells were used as a control
for basal heparanase expression. Nuclei stained with Hoechst (blue). Images are representative of three
individual experiments (20X). Scale bar, 10 pm. (b) Quantification of MFI in (a) from three independent
experiments. Staining of heparanase in monolayers treated with DENV2 NS1 is significantly different
from WNV-treated and untreated controls from 0.5-12 hpt (P < 0.0001). (c) Heparanase activation in
HPMEC monolayers at indicated time points (hpt) after interaction with DENV2 and WNV NS1 proteins
(5 pg/ml) via Western blot. Ten pg/ml of total protein was loaded, and GAPDH expression was used as
a protein loading control. Upper (~60 kDa) and lower bands (~50 kDa) correspond to inactive and active
forms of human heparanase I, respectively. (d) Densitometry of Western blot from (c). Graph shows
lower band densitometries corresponding to active heparanase (~50 kDa), normalized to GAPDH at each
time-point. Heparanase activation is significantly higher in monolayers treated with DENV2 NS1 than in
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WNV-treated and untreated controls from 0.5-12 hpt (P < 0.0001). (e) Co-staining of human heparanase
| (red) and syndecan-1 (green) in HPMEC treated with DENV2 NS1 (5 pg/ml) after 30 min, 1 and 3 hpt.
Manders’ Overlapping Coefficient (MOC) value for the overlapping fraction (merge) is listed to the right
of each time point. Confocal microscopy images acquired and analyzed by Dr. Henry Puerta-Guardo.

Activation of heparanase occurs after proteolytic processing by cathepsin L, a
ubiquitously expressed endosomal/lysosomal cysteine endopeptidase that is involved in
degradation of the ECM (164, 165). Assessment of cathepsin L activity levels
demonstrated that DENV2 NS1 increases the proteolytic activity of intracellular cathepsin
L in a time-dependent manner (30 min-12 hpt) in cultured HPMEC to a significantly
greater degree than WNV NS1 (Figures 2.5a rows 2 and 3, 2.5b). The activation of
cathepsin L by DENV2 NS1 was blocked by a cathepsin L inhibitor but not a cathepsin B
inhibitor (Figures 2.5a rows 4 and 5, 2.5Db).
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Figure 2.5. DENV2 NS1 increases the activity of cathepsin L protease.

(a) Cathepsin L proteolytic activity (Magic Red assay, in red) in HPMEC monolayers over time (hpt) after
treatment with DENV2 or WNV NS1 (5 pg/ml) and cathepsin L or B inhibitors (10 uM). Nuclei are stained
with Hoechst (blue). Untreated cells were used as control for basal cathepsin L expression. Images are
representative of three individual experiments (20X). Scale bars, 10 um. (b) Quantification of MFI in (a)
from three independent experiments. Staining for cathepsin L activity is significantly higher in monolayers
treated with DENV2 NS1 than in WNV-treated and untreated controls at 0.5-12 hpt (P < 0.0001). Staining
for cathepsin L is significantly lower in monolayers treated with DENV2 NS1 and Cathepsin L Inhibitor
compared to monolayers treated with DENV2 NS1 alone at 0.5-12 hpt (P < 0.0001). Error bars indicate
SEM throughout. Confocal microscopy images acquired and analyzed by Dr. Henry Puerta-Guardo.

Heparanase and cathepsin L inhibition blocks DENV2 NS1-triggered EGL
disruption and endothelial hyperpermeability

To confirm the role of cathepsin L in DENV2 NS1-mediated disruption of the EGL, a
cathepsin L inhibitor (10 uM), alongside a cathepsin B inhibitor as a control for specificity,
was tested in HPMEC monolayers. Alterations of the HPMEC EGL induced by DENV2
NS1, including degradation of sialic acid, shedding of syndecan-1, and increased
expression of heparanase, were prevented in the presence of cathepsin L but not
cathepsin B inhibitors (Figure 2.6a). Next, the effect of blocking cathepsin L and/or
heparanase, using Cathepsin L Inhibitor and the heparanase inhibitor OGT 2115 (1.0 uM)
(166), respectively, on syndecan-1 and Sia shedding in supernatants of NS1-treated
HPMEC was examined by ELISA. The decrease in Sia as well as the increase in
syndecan-1 observed in HPMEC supernatants in response to NS1 treatment were both
reversed by cathepsin L and/or heparanase inhibitors (Figure 2.6b,c). Both OGT 2115
and cathepsin L inhibitor were used at concentrations that do not affect endothelial cell
viability as determined by CellTox Green Cytotoxicity Assay (Promega).

Finally, to characterize the role of endothelial heparanase and cathepsin L in DENV2
NS1-mediated endothelial permeability, Cathepsin L Inhibitor and OGT 2115 were tested
in HPMEC monolayers treated with DENV2 NS1. OGT 2115 induced substantial
protection against DENV2 NS1-induced hyperpermeability in HPMEC at 3-7 hpt (Figure
2.6d), as measured by TEER. HPMEC monolayers exposed to Cathepsin L Inhibitor were
also protected in a dose-dependent manner from DENV2 NS1l-induced endothelial
hyperpermeability (Figure 2.6e). In contrast, DENV2 NS1 still increased permeability of
HPMEC monolayers in the presence of a cathepsin B-specific inhibitor (Figure 2.6e).
Further, the use of an inhibitor cocktail containing DANA (50 pg/ml), OGT 2115 (1.0 uM),
and Cathepsin L Inhibitor (10 uM) completely prevented DENV2 NS1-induced endothelial
hyperpermeability in HPMEC (Figure 2.S3). Together, these data demonstrate the
functional significance of the cathepsin L-heparanase pathway, in that the inhibition of
either enzyme prevented both the disruption of the EGL and the hyperpermeability of
HPMEC triggered by DENV2 but not WNV NS1.
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Figure 2.6. DENV2 NS1-mediated endothelial dysfunction is blocked by inhibition of heparanase
activation and cathepsin L activity.

(a) Effect of Cathepsin L Inhibitor (10 uM) on DENV2 NS1-mediated disruption of the EGL components
Sia (red, upper panels) and syndecan-1 (green, middle panels), and on DENV2 NS1-induced increase
of heparanase expression (red, lower panels). Nuclei stained with Hoechst (blue). Untreated cells were
used as a control for basal expression of EGL components and heparanase. Cathepsin B inhibitor (10
H1M) is used as a negative control. Images are representative of three individual experiments (20X). Scale
bar, 10 um. (b) Effect of Cathepsin L Inhibitor and OGT 2115 (human heparanase | inhibitor) on DENV2
NS1l-induced release of Sia into the supernatant, as measured by ELISA from three independent
experiments. Shedding of Sia is significantly different in monolayers treated with DENV2 NS1 and
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cathepsin L inhibitor or OGT 2115 than in monolayers treated with DENV2 NS1 alone at 6 and 12 hpt (P
< 0.0001). (c) Effect of cathepsin L inhibitor on DENV2 NS1-induced shedding of syndecan-1, as
measured by ELISA from three independent experiments. Shedding of syndecan-1 is significantly lower
in monolayers treated with DENV2 NS1 and cathepsin L inhibitor compared to monolayers treated with
DENV2 NS1 alone at 1-12 hpt (P < 0.0001). (d) Effect of OGT 2115 (heparanase | inhibitor) on DENV2
NS1-triggered endothelial hyperpermeability (TEER) in HPMEC monolayers. TEER values of
monolayers treated with DENV2 NS1 and OGT 2115 (0.5, 1.0 uM) are significantly different than values
of monolayers treated with DENV2 NS1 alone (P < 0.0001). (e) Effect of cathepsin L inhibitor on DENV2
NS1-induced endothelial hyperpermeability (TEER) in HPMEC monolayers. TEER values of monolayers
treated with DENV2 NS1 and cathepsin L inhibitor (5, 10 uM) are significantly different than values of
monolayers treated with DENV2 NS1 alone (P < 0.0001). In (c) and (d), (") represents change of medium,
and relative TEER values from three independent experiments performed in duplicate are plotted at
indicated time points. In (a) and (c), Cathepsin B inhibitor (CA-074, 10 uM) was included as a control for
specific cysteine protease inhibition. Error bars indicate SEM throughout. Confocal microscopy images
acquired and analyzed by Dr. Henry Puerta-Guardo.

TLR4 plays arole in disruption of sialic acid but in not activation of the cathepsin
L-heparanase pathway

Because TLR4 has been implicated as a component of DENV2 NS1-induced vascular
leak, we investigated the impact of LPS-RS, a TLR4 antagonist, on NS1-induced effects
in HPMEC monolayers. We first evaluated Sia expression and found that treatment with
DENV2 NS1 in the presence of LPS-RS (50 pg/ml) significantly increased the staining of
Sia on the surface of HPMEC by 68-98% compared to DENV2 NS1 alone, suggesting
that TLR4 is somehow involved in the disruption of Sia in the EGL (Figure 2.7a,c). LPS-
RS also increased the surface staining of syndecan-1 by 14-36% (Figure 2.7b,d) but
slightly decreased the activity of cathepsin L by 8-19% in HPMEC (Figure 2.8a,c); the
expression of heparanase was unaffected (Figure 2.8b,d). However, monolayers treated
with LPS-RS and DENV2 NSL1 still showed significant differences in syndecan-1 surface
staining (5-fold) and cathepsin L activity (10-fold) compared to untreated controls. Overall,
these data suggest that TLR4 may play a role in Sia disruption in the EGL of HPMEC but
only minimally affects the cathepsin L-heparanase pathway following binding of DENV2
NS1 to HPMEC, as this pathway is still strongly activated even with inhibition of TLR4.
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Figure 2.7. LPS-RS, an LPS antagonist, partially prevents DENV2 NS1-induced modulation of Sia
expression and further increases surface staining of syndecan-1 in the EGL of HPMEC.

(a) Sia expression on HPMEC monolayers after treatment with DENV2 NS1 (5 pg/ml) and LPS-RS (50
pa/ml), examined by confocal microscopy. Sia was stained with WGA-A647 (red) at indicated time points
(hpt). Untreated cells were used as a control for basal Sia expression. Nuclei stained with Hoechst (blue).
Images (20X) are representative of three independent experiments. Scale bar, 10 pum. (b) Staining of
syndecan-1 (green) on the surface of HPMEC monolayers over time (hpt) after treatment with DENV2
NS1 (5 ug/ml) and LPS-RS (50 pg/ml), examined by confocal microscopy. Untreated cells were used as
a control for basal syndecan-1 expression. Nuclei are stained with Hoechst (blue). Images are
representative of three individual experiments (20X). Scale bar, 10 um. (c) Quantification of MFI in (a)
from three independent experiments. Sia expression in monolayers treated with DENV2 NS1 and LPS-
RS is significantly higher than in monolayers treated with only DENV2 NS1 at 1, 3, and 6 hpt (P < 0.0001).
(d) Quantification of MFI in (b) from three independent experiments. Syndecan-1 expression in
monolayers treated with DENV2 NS1 and LPS-RS is significantly higher than in monolayers treated with

only DENV2 NS1 at 3 and 6 hpt (P < 0.0001). Confocal microscopy images acquired and analyzed by
Dr. Henry Puerta-Guardo.
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Figure 2.8. LPS-RS, an LPS antagonist, partially prevents DENV2 NSl-induced increase of
cathepsin L activity in HPMEC.

(a) Cathepsin L proteolytic activity (Magic Red assay, in red) in HPMEC monolayers over time (hpt) after
treatment with DENV2 NS1 (5 pg/ml) and LPS-RS, examined by confocal microscopy. Nuclei are stained
with Hoechst (blue). Untreated cells were used as control for basal cathepsin L expression. Images are
representative of three individual experiments (20X). (b) Heparanase expression (red) in HPMEC
monolayers over time (hpt) after treatment with DENV2 NS1 (5 pg/ml) and LPS-RS, examined by
confocal microscopy. Untreated cells were used as a control for basal heparanase expression. Nuclei
stained with Hoechst (blue). Images are representative of three individual experiments (20X). Scale bar,
10 um. (c) Quantification of MFI in (a) from three independent experiments. Cathepsin L activity in
monolayers treated with DENV2 NS1 and LPS-RS is significantly lower than in monolayers treated with
only DENV2 NS1 at 3 and 6 hpt (3 hpt, P < 0.0001; 6 hpt, P < 0.005). (d) Quantification of MFI in (b)
from three independent experiments. Heparanase expression in monolayers treated with DENV2 NS1
and LPS-RS is not significantly different than in monolayers treated with only DENV2 NS1. Confocal
microscopy images acquired and analyzed by Dr. Henry Puerta-Guardo.

NS1 from DENV1, DENV3, and DENV4 induces effects similar to DENV2 NS1 in
endothelial cells

To determine whether the effects observed in endothelial cells were specific to DENV2
NS1, NS1from DENV1, DENV3, and DENV4 was evaluated using the same experimental
setup as previously described. As we have shown previously (84), endothelial
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permeability of HPMEC was significantly increased following addition of DENV1-4 NS1,
as measured by TEER (Figure 2.9a). Staining for Sia on the surface of HPMEC was
significantly decreased 1-12 hpt after treatment with DENV1 and DENV2 NS1 and 2-12
hpt after treatment with DENV3 and DENV4 NS1 (Figure 2.9b). Increased expression of
Neul was observed in HPMEC monolayers 1-12 hpt following treatment with DENV1-4
NS1 when compared to untreated controls and WNV NS1-treated cells (Figure 2.9c).
Expression of Neu2 was significantly increased 1-12 hpt following treatment with NS1
from DENV1, DENV2, and DENV4 and 3-12 hpt following treatment with DENV3 NS1
when compared to untreated and WNV-treated HPMEC (Figure 2.9d). Neu3 expression
was similarly increased 1-12 hpt following treatment with DENV1, DENV2, and DENV3
NS1 and 6-12 hpt following treatment with DENV4 NS1 when compared to untreated and
WNV NS1-treated controls (Figure 2.9e). Significantly increased staining of syndecan-1
on the surface of HPMEC monolayers was observed following DENV1-4 NS1 treatment,
although the kinetics varied depending on serotype (DENV1-2: 1-12 hpt; DENVS3: 3-12
hpt; DENV4: 3-6 hpt) (Figure 2.9f). Expression of heparanase was also significantly
increased following treatment with NS1 from all four DENV serotypes, though the effect
was slightly delayed in DENV3-4 (3-12 hpt) compared to DENV1-2 (1-12 hpt) (Figure
2.99). Further, cathepsin L activity was significantly increased from 1-12 hpt following
treatment with DENV1-4 NS1 (Figure 2.9h). Taken together, these data demonstrate that
NS1 from all four DENV serotypes induces hyperpermeability in endothelial cells using
similar molecular mechanisms. For all source confocal microscopy images, see Puerta-
Guardo et al. (88).
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Figure 2.9. DENV NS1-induced effects on the EGL leading to endothelial hyperpermeability are
similar across all four DENV serotypes.

(a) TEER assay to evaluate the effect of NS1 proteins from DENV1-4 and WNV (5 pg/ml) on HPMEC
endothelial permeability. (*) represents change of medium. Relative TEER values from three
independent experiments performed in duplicate are plotted at the indicated time points. Error bars
indicate standard error of the mean (SEM). NS1 from all DENV serotypes induces statistically significant
decreases in TEER (P < 0.0001), while NS1 from WNV does not. (b) Quantification of MFI in Figure S9
(88) from three independent experiments. Sia expression in DENV1 and DENV2 NSl-treated
monolayers is significantly different from WNV NS1-treated and untreated controls from 1 to 12 hpt (P <
0.0001), and Sia expression in DENV3 and DENV4 NS1-treated monolayers is significantly different from
WNV NS1-treated and untreated controls from 3-12 hpt (P < 0.0001). (¢) Quantification of MFI in Figure
S10 (88) from three independent experiments. Neul expression in DENV1, DENV2, DENV3, and DENV4
NS1-treated monolayers is significantly different from WNV NS1-treated and untreated controls from 1
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to 12 hpt (P < 0.0001). (d) Quantification of MFI in Figure S11 (88) from three independent experiments.
Neu2 expression in DENV1, DENV2, and DENV4 NS1-treated monolayers is significantly different from
WNV NSl1-treated and untreated controls from 1 to 12 hpt (P < 0.0001), and Neu2 expression in DENV3
NS1-treated monolayers is significantly different from WNV NS1-treated and untreated controls from 3-
12 hpt (P < 0.0001). (e) Quantification of MFI in Figure S12 (88) from three independent experiments.
Neu3 expression in DENV1, DENV2, and DENV3 NS1-treated monolayers is significantly different from
WNV NSl1-treated and untreated controls from 1 to 12 hpt (P < 0.0001), and Neu3 expression in DENV4
NS1-treated monolayers is significantly different from WNV NS1-treated and untreated controls from 6-
12 hpt (P < 0.0001). (f) Quantification of MFI in Figure S13 (88) from three independent experiments.
Syndecan-1 expression in DENV1 and DENV2 NS1-treated monolayers is significantly different from
WNV NS1-treated and untreated controls from 1 to 12 hpt (P <0.0001); syndecan-1 expression in DENV3
NS1-treated monolayers is significantly different from WNV NS1-treated and untreated controls from 3-
12 hpt (P < 0.0001); syndecan-1 expression in DENV4 NS1-treated monolayers is significantly different
from WNV NS1-treated and untreated controls from 3-6 hpt (P < 0.0001). (g) Quantification of MFI in
Figure S14 (88) from three independent experiments. Heparanase expression in DENV1 and DENV2
NS1-treated monolayers is significantly different from WNV NS1-treated and untreated controls from 1
to 12 hpt (P < 0.0001), and heparanase expression in DENV3 and DENV4 NS1-treated monolayers is
significantly different from WNV NS1-treated and untreated controls from 3-12 hpt (P < 0.0001). (h)
Quantification of MFI in Figure S15 (88) from three independent experiments. Cathepsin L activity in
DENV1, DENV2, DENV3, and DENV4 NS1-treated monolayers is significantly different from WNV NS1-
treated and untreated controls from 1 to 12 hpt (P < 0.0001). For all original confocal microscopy images,
see Puerta-Guardo et al. (88).
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Discussion

Secondary DENV infection with a serotype different from primary infection is considered
an epidemiological risk factor for severe disease. Immune responses after primary DENV
infection lead to protective immunity against homologous re-infection but may either
protect against or cause increased disease severity in a subsequent DENV infection with
a different serotype (167). The latter is thought to be mediated by serotype cross-reactive
T cells or antibody-dependent enhancement that triggers an exaggerated and skewed
immune response to a previously infecting serotype, resulting in a “cytokine storm”,
including TNF-a and IL-6, that leads to endothelial permeability and vascular leak (145).
New evidence has demonstrated the ability of DENV NSL1 to directly induce release of
vasoactive cytokines via TLR4 stimulation of PBMCs, leading to the disruption of
endothelial barrier function in vitro and increased vascular leakage in vivo (84, 85).
However, NS1-mediated mechanisms specific to the endothelial barrier itself have yet to
be defined. Here, we show that binding of DENV NS1 to endothelial cells triggers
endothelial barrier dysfunction through alterations to the EGL. DENV NS1 induces the
degradation of Sia, a major constituent of the EGL, an effect that is mediated by cellular
sialidases. Further, DENV NSL1 increases the activity of cathepsin L, which subsequently
increases expression and activation of heparanase in endothelial cells, leading to
shedding of heparan sulfate proteoglycans from the EGL, thus altering its integrity.
Inhibition of sialidases or the cathepsin L-heparanase pathway prevents DENV NS1-
mediated disruption of the EGL as well as endothelial hyperpermeability. These results
were observed during treatment with amounts of DENV NS1 similar to levels reported in
DHF/DSS patients (69, 72) and suggest a novel mechanism whereby soluble NS1 directly
interacts with endothelial cells, inducing the activation of endothelial cell-intrinsic
pathways that lead to hyperpermeability. A model summarizing these findings is shown
in Figure 2.10.
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Figure 2.10. Model of DENV NS1l-induced endothelial hyperpermeability of human pulmonary
microvascular endothelial cells (HPMEC).

(1) The endothelial glycocalyx layer (EGL), a network of membrane-bound proteoglycans and
glycoproteins, lines the endothelium on the luminal side. Both endothelium- and plasma-derived soluble
molecules interact with this mesh. (2) Hexameric NS1 protein secreted from flavivirus-infected cells binds
to the surface of uninfected cells, including human pulmonary microvascular endothelial cells (HPMEC),
upregulating the expression of lysosomal, cytosolic, and cell membrane endothelial sialidases (3,4) that
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translocate to the cell membrane, initiating trimming of terminal sialic acid residues expressed on EGL
(5). In addition, DENV NS1 enhances the expression of the inactive precursor of the endoglycosidase
(pro-heparanase) (6a) and the activity of the lysosomal cysteine protease cathepsin L (6b), which
processes pro-heparanase into an active/mature form (7,8), leading to cleavage of heparan sulfate
chains on the EGL (9,10). This results in shedding of syndecan-1, a main component of the EGL (11,12),
and its accumulation after binding back to the cell surface (13). Additionally, DENV NS1 may trigger
TLR4 signaling (14a), leading to the translocation of Neul to the cell membrane and further disruption of
sialic acid in the EGL (14b). Together, these processes lead to EGL disruption on the surface of
endothelial cells, resulting in endothelial barrier dysfunction and fluid extravasation (hyperpermeability)
that occurs in severe dengue disease (15).

Endothelial cells are the most important cellular component of the vasculature, separating
blood from underlying tissue (168). In severe dengue disease, plasma leakage occurs in
multiple organs around the time of defervescence; however, profuse accumulation of
fluids usually takes place in organs such as the lung, where pleural effusion can lead to
respiratory distress and shock (144). Secreted hexameric DENV NS1 has been shown to
bind to the surface of cultured human dermal and pulmonary microvascular endothelial
cells in vitro (87), and NS1 binds to lung and liver tissues in vivo (87). In vitro, we had
shown that NS1 from all four DENV serotypes triggers increased permeability of HPMEC
monolayers (84). Our results here demonstrate that NS1 from DENV2 but not from WNV,
a closely related flavivirus, binds in a dose-dependent fashion to the surface of HPMEC,
and this binding pattern is reflected in the dose-dependent decrease of TEER following
the addition of NS1 from DENV2. These results support previous observations where
inoculation of DENV NS1 alone increased vascular leakage in vivo (84) and also suggest
that DENV NS1 can modulate endothelial barrier function in different microvascular beds
and organs, thereby contributing to the systemic vascular leakage observed in patients
experiencing severe dengue disease.

Over the last several decades, the EGL has emerged as a potential regulator of vascular
permeability (36). The negative charge provided by glycoproteins bearing terminal
monosaccharides, such as Sia residues, and proteoglycans bearing GAGs, such as HS,
chondroitin sulfate, and hyaluronic acid (32, 169, 170), contributes to the barrier function
of the EGL. To examine the integrity of the EGL, we initially evaluated the distribution of
Sia by staining with the lectin WGA and found that NS1 from all four DENV serotypes
significantly reduces Sia staining on the surface of HPMEC monolayers. This effect does
not occur in the presence of WNV NSL1. Due to its prominent position as the outermost
monosaccharide unit on the glycan chains of glycolipids and glycoproteins in the EGL as
well as its negative charge, Sia is involved in a variety of functions, including regulation
of vascular permeability (32, 149, 169-172). Therefore, removal of Sia from the EGL may
result in reduction of the net negative charge and hydrophilicity of the endothelial surface
(32, 169). Accordingly, disruption of Sia on the EGL may play a key role in DENV NS1-
induced endothelial barrier dysfunction observed in HPMEC.

In eukaryotic systems, Sia can be metabolized via enzymatic release or degradation by
sialidases/neuraminidases or Sia-specific pyruvate lyases (149). As such, reduced Sia
expression in HPMEC exposed to DENV NS1 may be a consequence of enzymatic
trimming by endothelial sialidases. Our data demonstrate that free Sia levels in
conditioned media were significantly reduced in DENV NS1-treated HPMEC compared
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to untreated or WNV NS1-treated monolayers, indicating that DENV NS1 may trigger
degradation rather than release of Sia from the cell surface. Furthermore, no endothelial
sialidase activity was found in supernatant collected from DENV NS1-treated HPMEC,
indicating that Sia on endothelial cells is removed by the action of specific membrane-
associated sialidases and/or metabolized by intracellular lyases. Analyses by confocal
microscopy identified that Neul, Neu2, and Neu3 sialidases were selectively upregulated
in HPMEC in the presence of all DENV NS1 proteins but not WNV NS1. Neul is mainly
localized in lysosomes but is also capable of translocation to the cell surface (173). Neu2,
also known as the soluble sialidase, is a cytosolic enzyme that cleaves a variety of
substrates, including oligosaccharides, glycoproteins, and gangliosides (Sia-containing
glycolipids) (174). Neu3 is found on the cell membrane, acting specifically on the sialic
acids of gangliosides (172). Thus, increased expression of endothelial sialidases
triggered by DENV NS1 may lead to trimming of Sia on the surface of HPMEC, resulting
in initial degradation of the EGL and increased endothelial permeability. Additionally, we
found that treatment of HPMEC monolayers with Zanamivir or DANA, influenza
neuraminidase inhibitors that have also been shown to significantly inhibit human
sialidases (152), substantially protects endothelial monolayers from DENV NS1-induced
hyperpermeability. These data suggest that removal of Sia from the EGL by human
sialidases contributes to increased permeability of human endothelial cell monolayers
following binding of DENV NS1.

In vertebrates, mammalian sialidases and their target substrates have been implicated in
crucial biological processes, including the regulation of cell proliferation/differentiation,
clearance of plasma proteins, control of cell adhesion, metabolism of gangliosides and
glycoproteins, immunocyte function, and modification of receptors (172). More recently,
a novel role for Neul in controlling the activation of TLR4 signaling pathways was
described (175, 176). Briefly, Neul activity has been shown to influence receptor
desialylation and disruption of TLR4:Siglec-E interaction, which subsequently activates
TLR4 signaling, leading to the production of nitric oxide and pro-inflammatory cytokines
in dendritic and macrophage cells (175-179). Further, TLR4 signaling has been shown to
be required for translocation of Neul to the cell membrane (177). Thus, DENV NS1
stimulation of Neul may lead to TLR4 signaling, in turn contributing to the translocation
of Neul to the cell membrane and subsequent disruption of Sia in the EGL of HPMEC.
Interestingly, we found that when HPMEC monolayers are treated with LPS-RS, a TLR4
antagonist that binds MD-2 in the TLR4 complex, DENV NS1-induced disruption of Sia is
significantly decreased. This suggests that treatment with LPS-RS may prevent TLR4
signaling and ensuing translocation of Neul to the cell membrane, thereby partially
preventing the disruption of Sia that occurs after treatment with DENV NS1 alone.

In addition to Sia residues, cell surface proteoglycans and their associated GAG side
chains help to preserve the stability and function of the EGL. Transmembrane syndecans,
membrane-bound glypicans, and basement matrix-associated perlecans are the three
major protein core families of HSPGs found on endothelial cells (36, 156). Structurally,
syndecans are composed of an N-terminal signal peptide, an extracellular domain
containing several consensus sequences for GAG attachment, a single transmembrane
domain, and a short C-terminal cytoplasmic domain (180). Syndecan ectodomains can
be shed intact by proteolytic cleavage of their core proteins (181, 182). Due to its HS
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chains, syndecan-1 can function as a co-receptor on the cell surface and also as a soluble
HSPG that binds to a wide variety of extracellular ligands, including matrix proteins,
cytokines, and chemokines. In this study, a specific immunoassay to detect soluble
syndecan-1 from conditioned HPMEC media demonstrated that DENV NS1 induces
enhanced shedding of the syndecan-1 ectodomain from the EGL. Since the in vitro
HPMEC monolayer system is static, this shedding may lead to increased deposition and
accumulation of syndecan-1 on the surface of HPMEC, thereby explaining the increased
signal for syndecan-1 detected by confocal microscopy. The shedding of syndecan-1 can
then result in increased stimulation of inflammatory signaling pathways in the
endothelium. Elevated levels of syndecan-1 ectodomains have been implicated in
adhesion, migration, cytoskeleton organization, cell differentiation, and vascular
permeability (180). Here, we showed that recombinant syndecan-1 increases
permeability when added to HPMEC, suggesting that altered expression, distribution, and
release of HSPGs (e.g., syndecan-1) from the surface of HPMEC after stimulation with
DENV NS1 may result in the activation of inflammatory processes that contribute to
endothelial barrier dysfunction.

Accelerated shedding of syndecan-1 has been shown to result from direct proteolytic
cleavage by matrix metalloproteinases (MMP) (181, 182). However, syndecan shedding
has also been found to be enhanced by enzymatic degradation of HS chains, indicating
that non-MMP mechanisms are also involved in this process (162, 183). Heparanase is
a B-D-endoglucuronidase that cleaves HS, facilitating degradation of the EGL and the
ECM and resulting in release of proteoglycans bearing HS, such as syndecan-1 (160,
162, 163). Remodeling of the EGL and ECM by heparanase is important for various
physiological and pathological processes, including inflammation, wound healing, tumor
angiogenesis, and metastasis (184). Human pro-heparanase is produced as an inactive
precursor protein (~543 amino acids) whose activation involves excision of an internal
linker segment (Serl10 — GIn157), yielding the active heterodimer composed of 8 and 50
kDa subunits (160). Processing and activation of pro-heparanase requires cathepsin L, a
papain-like lysosomal cysteine proteinase that is ubiquitously expressed in human tissues
and is involved in normal cellular protein degradation and turnover (165). Here, analyses
of HPMEC monolayers by confocal microscopy demonstrated an increase of heparanase
staining and cathepsin L protease activity, detected as early as 30 min after endothelial
cell stimulation with DENV but not WNV NS1. Increased expression of the active form of
heparanase (~50 kDa) was also shown, indicating that the DENV NS1-induced
endothelial hyperpermeability may result from enhanced processing and activation of
heparanase by intracellularly expressed cathepsin L. Cathepsin L and heparanase may
thus play a critical role in NS1-induced disruption of HS and HSPG components of the
EGL, such as syndecan-1. Though MMPs are primarily responsible for the homeostasis
of the ECM, cysteine proteases can significantly contribute to its destruction under
disease conditions (165). Increased cathepsin L activity has been found to promote
disease pathogenesis by creating an inflammatory environment associated with
degradation of the ECM in cardiovascular disease, cancer, and rheumatoid arthritis (165).
Further, heparanase is upregulated in numerous human diseases such as cancer,
diabetes, renal disease, and Alzheimer disease (184, 185). Therefore, overexpression of
endothelial heparanase and its increased processing by lysosomal cathepsin L may
constitute a key component of the intrinsic endothelial mechanisms initially triggered by
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DENV NS1, leading to the disruption of EGL integrity that contributes endothelial barrier
dysfunction in endothelial cell monolayers.

The mechanism by which DENV NS1 induces increased activity of cathepsin L is still
unclear. Cathepsins are lysosomal cysteine proteases mainly responsible for the
remodeling of the extracellular matrix (ECM) (165). They are optimally active at a slightly
acidic pH; however, the mechanism of their activation is not fully understood. We have
obtained preliminary results that indicate that DENV NS1 is not only able to interact with
the surface of the endothelium but also may be internalized and subsequently transported
through endothelial monolayers via unidentified endocytic pathways, leading to its
accumulation in basolateral compartments. It is possible that this NS1 internalization
process leads to the activation of cathepsin L in endosomes of HPMEC, thus contributing
to subsequent degradation of the ECM and NS1-induced endothelial hyperpermeability.
Alternatively, it is possible that cathepsin L is activated via a sequence of molecular
signals following DENV NS1 binding to the surface of endothelial cells.

Our data suggest that DENV NS1 induces endothelial hyperpermeability through
significant disruption of the EGL, a phenomenon that may be primarily regulated by the
activation the cathepsin L-heparanase pathway. This conclusion was further tested
through the use of specific inhibitors of both heparanase (OGT 2115) and cathepsin L
(Cathepsin L Inhibitor). Endothelial hyperpermeability induced by DENV NS1 in HPMEC
monolayers was significantly reversed in the presence of OGT 2115 and Cathepsin L
Inhibitor and was completely reversed in the presence of an inhibitor cocktail containing
DANA, OGT 2115, and cathepsin L inhibitor. Further, disruption of Sia, increased surface
staining of syndecan-1, and increased activation of heparanase were prevented after
inhibition of cathepsin L activity. Notably, when an inhibitor for cathepsin B, a related
cysteine protease (165), was used, neither increased endothelial permeability nor EGL
disruption was inhibited in DENV NS1-treated HPMEC monolayers. These data support
our conclusion that activation of EGL remodeling pathways play a significant role in the
endothelial barrier dysfunction induced by DENV NS1.

This work provides insight into endothelial cell-intrinsic mechanisms that contribute to
endothelial hyperpermeability triggered by DENV NS1 protein. We have identified multiple
pathways that were previously not known to play a role in severe DENV disease, including
disruption of the EGL through endothelial sialidases and the cathepsin L-heparanase
pathway. The full story is still incomplete, as the precise timing and signaling cascades
remain to be defined, and future work will need to further elucidate the kinetics. More
comprehensive studies are underway to understand the relative contribution of these
endothelial-intrinsic mechanisms in the context of dengue disease, as other factors,
including vasoactive cytokines triggered by NS1 (84, 85) and immunopathogenic
mechanisms (186), are known to play an important role in DHF/DSS. Overall, these
findings add to the novel functions of DENV NS1 and the discovery of new potential
pathways contributing to endothelial dysfunction and vascular leak during severe dengue
disease, and they may contribute to future advancements in dengue treatment and
diagnostics.
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Experimental Procedures

Cell culture. The human pulmonary microvascular endothelial cell line HPMEC-ST1.6R
was kindly donated by Dr. J.C. Kirkpatrick (Institute of Pathology, Johannes Gutenberg
University, Germany) and propagated (passages 5-8) and maintained at 37°C in
humidified air with 5% COz2 in endothelial cell basal medium-2 supplemented with growth
factors, antibiotics, and fetal bovine serum as per the manufacturer’s specifications
(Clonetics, Lonza).

Antibodies, recombinant proteins, and inhibitors. For staining of EGL components,
the following monoclonal antibodies (mAbs) and lectins were used: Wheat germ
agglutinin (WGA) lectin conjugated to Alexa 647 (WGA-A647, Molecular Probes) to stain
N-acetyl neuraminic acid (Sia); anti-human heparanase 1 (HPAL, Santa Cruz Biotech);
anti-human cathepsin L (eBioscience); anti-heparan sulfate proteoglycan 2 for perlecan
(Abcam), anti-human CD138 for syndecan-1 (eBioscience); Neul antibody (H-300): sc-
32936 (Santa Cruz Biotech); Neu2 antibody PA5-35114 (Thermo Scientific); Ganglioside
sialidase antibody (N-18): sc-55826 for Neu3 (Santa Cruz Biotech). Recombinant NS1
proteins from DENV1 (strain Nauru/Western Pacific/1974), DENV2 (strain
Thailand/16681/84), DENV3 (strain Sri Lanka D3/H/IMTSSA-SRI/2000/1266), DENV4
(strain Dominica/814669/1981) and WNV (New York NY99 strain) used in all experiments
were produced by Native Antigen (Oxfordshire, United Kingdom) in HEK 293 cells and
were shown to be >95% pure and oligomeric, as demonstrated by native PAGE and
Western blot analyses (84). In addition, the NS1 proteins were tested and shown to be
free of endotoxin contaminants, as determined using the Endpoint Chromogenic Limulus
Amebocyte Lysate (LAL) QCL-1000TM kit (Lonza) (<0.1 EU/ml) and as certified by the
manufacturer. Recombinant syndecan-1/CD138 used in TEER assays was >95% pure
and <1.0 EU/ug endotoxin by LAL assay according to the manufacturer’s indications
(R&D Systems). Recombinant neuraminidase from Clostridium perfringens was obtained
from Sigma. Selective inhibitors of human heparanase (OGT 2115, Tocris), cathepsin L
(Cathepsin L inhibitor I, Calbiochem), cathepsin B (CA-074, Tocris Bioscience),
neuraminidase (Zanamivir and N-Acetyl-2,3-dehydro-2-deoxyneuraminic acid (Sigma))
were used in TEER assays at concentrations that do not affect cell viability. Cell viability
was determined by the Promega CellTox Green Cytotoxicity Assay following
manufacturer’s instructions.

Flavivirus NS1 protein binding assay. Confluent HPMEC monolayers grown on gelatin-
coated coverslips (0.2%, Sigma) were exposed to different concentrations of DENV2 NS1
(2.25-10 pg/ml) and WNV NS1 (5-10 pg/ml) and incubated for one hour at 37°C. NS1
protein bound to the cell surface was then detected using the anti-NS1 mAb 9NS1
conjugated to Alexa 488 (cross-reactive to WNV and DENV2 NS1,; gift from Dr. M.S.
Diamond, Washington University in St. Louis) (187) and the anti-NS1 mAb 7E11
conjugated to Alexa 568 (gift from Dr. R. Putnik, Walter Reed Army Institute of Research).
For the time course of DENV2 NS1 binding, 5 pg/ml of NS1 was used, and cell
monolayers were incubated as described above and fixed (PFA 2%) at 1, 3, 6, 12 and 24
hpt. Images were acquired using a Zeiss LSM 710 AxioObserver-34-channel spectral
detector confocal microscope and processed using ImageJ software (188). A
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guantification of NS1 protein bound to the cell surface was expressed as mean
fluorescence intensity (MFI) compared to untreated cells used as a negative control.

Transendothelial Electrical Resistance (TEER). The effect of recombinant NS1
proteins on endothelial permeability was evaluated by measuring TEER [Ohms (Q)] in
HPMEC monolayers grown on a 24-well Transwell polycarbonate membrane system
(Transwell permeable support, 0.4 um, 6.5 mm insert; Corning Inc.) as previously
described (84). Untreated HPMEC grown on Transwell inserts were used as negative
untreated controls, and inserts with medium alone were used for blank resistance
measurements. Relative TEER represents a ratio of resistance values (Q) obtained at
sequential 2 hour time points following the addition of test proteins as follows: (Q
experimental condition - Q medium alone)/(Q non-treated endothelial cells - Q medium
alone). After 24 hours of treatment, 50% of upper and lower chamber media were
replaced by fresh endothelial cell medium. An Epithelial Volt Ohm Meter (EVOM) with
“chopstick” electrodes (World Precision Instruments) was used to measure TEER values.

Fluorescence microscopy. For imaging experiments, HPMEC were grown on
coverslips and imaged on a Zeiss LSM 710 Axio Observer inverted fluorescence
microscope equipped with a 34-channel spectral detector. Images acquired using the Zen
2010 software (Zeiss) were processed and analyzed with ImageJ software (188). All RGB
images were converted to grayscale, then mean grayscale values and integrated density
from selected areas were taken along with adjacent background readings and plotted as
mean fluorescence intensity (MFI). To assess the effect of flavivirus NS1 on integrity of
the endothelial architecture, the distribution of EGL components was examined on
confluent HPMEC monolayers treated with DENV or WNV NS1 proteins (5 pg/ml) and
fixed with 2% paraformaldehyde (PFA) and ethanol-methanol (1:1) at different time points
(0, 30 min, 1, 3, 6, 12 and 24 hpt). Primary antibodies were incubated overnight at 4°C,
and detection was performed using secondary species-specific anti-lgG antibodies
conjugated to Alexa fluorophores (488, 568 and 647).

Western blot. For protein expression, confluent HPMEC monolayers (~1x10° cells/well,
6-well tissue culture-treated plates) were treated with DENV and WNV NS1 proteins (5
pg/ml), and at different time points (0, 30 min, 1, 3, 6, 12 and 24 hpt), cell monolayers
were scraped on ice using RIPA lysis buffer (50 mM Tris [pH 7.4], 150 mM NacCl, 1% [v/V]
Nonidet-P40, 2 mM EDTA, 0.1% [w/v] SDS, 0.5% Na-deoxycholate and 50 mM NaF)
supplemented with complete protease inhibitor cocktail (Roche). After total protein
guantification using a bicinchoninic acid (BCA)-based colorimetric assay (Pierce BCA
Protein Assay Kit, Thermo Scientific), 10 ug of total protein per sample was boiled and
placed in reducing Laemmeli buffer and separated by 4-20% gradient SDS-PAGE. After
immunoblotting using specific primary antibodies for syndecan-1, human heparanase,
human cathepsin L, and GAPDH (used as housekeeping protein control) and secondary
species-specific anti-lgG antibody conjugated to Alexa 680 or Alexa 750, protein
detection and quantification was carried out using the Odyssey CLx Infrared Imaging
System (LI-COR). Relative densitometry represents a ratio of the values obtained from
each experimental protein band over the values obtained from loading controls (GAPDH)
after subtracting background from both using Image Studio Lite V 5.2 (LI-COR
Biosciences).
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ELISA. ELISAs for human syndecan-1 (CD138), Sia (NANA), and human cathepsin L
were performed following the manufacturer’s instructions (Abcam).

Enzymatic activity assays. Cathepsin L activity in living cells was monitored using the
Magic Red Cathepsin L detection kit (Immunochemistry Technologies, Inc.). Briefly,
confluent HPMEC monolayers grown on coverslips were exposed to DENV and WNV
NS1 proteins (5 pg/ml), and at different time points, a cell membrane-permeant
fluorogenic substrate MR-(Phe-Arg)2, which contains the cresyl violet (CV) fluorophore
branded as Magic Red (MR), was added. Cultured cell monolayers expressing active
cathepsin L catalyze the hydrolysis of the two Phe-Arg target sequences, generating a
red fluorescent species that can be detected by immunofluorescence microscopy. Magic
Red excites at 540-590 nm (590 nm optimal) and emits at >610nm (630 nm optimal). For
neuraminidase detection, culture supernatants from NS1-exposed HPMEC monolayers
were collected at different time points and processed for neuraminidase activity using the
Amplex Red reagent-based assay and fluorescence detection following recommended
procedures (Molecular Probes).

Statistical analysis. Statistical analysis was performed using GraphPad Prism 6
software, and all graphs were generated using Prism 6. Comparison between MFI,
ELISA, and densitometry data was conducted using multiple t-tests with a False
Discovery Rate of 1%. For TEER experiments, statistical significance was determined
using a two-way analysis of variance (ANOVA).

44



Supplementary Material

a b
-4 20+
hours post-treatment (hpt) @B DENV2 NS1 (5 pgimi)
1 6 12 T 154
=
=
=1
% 104
- - :
@
” p e z
I Nuclei [l Sialic Acid _ WD ® o K
DENV2 NS1 (5 pg/ml) Time (hpt)
c
81 @8 DENV2 NS1 binding r 120

DENV NS1 binding to HPMEC (MFI)

(%) uossaidxa pioe oijelS sANERY

DENV NS1 (pg/ml)

Figure 2.S1. Related to Figures 2.1, 2.2C. Binding of DENV2 NS1 to endothelial cells is both a
dose- and time-dependent effect.

(a) Binding of DENV2 NS1 to HPMEC monolayers, examined by confocal microscopy. DENV2 NS1 was
stained with a specific monoclonal antibody (9NS1 conjugated to Alexa 488), and Sia was stained with
WGA-A647 (red) at indicated time points (hpt). Nuclei stained with Hoechst (blue). Images (20X) are
representative of three independent experiments. Scale bar, 10 um. (b) Quantification of MFI of DENV2
NS1 staining in (a) from three independent experiments. (c) DENV2 NS1 disrupts Sia on the EGL of
HPMEC in a dose-dependent manner. Quantification of Sia expression on cell surface and DENV2 NS1
binding to HPMEC monolayers in the presence of different concentrations of DENV2 NS1 (1.25, 2.5, 5,
and 10 pg/ml) in Figure 2.2c. Results represent mean fluorescence intensity (MFI) values from three
independent experiments. Grey bars represent relative sialic acid expression, calculated by normalizing
each condition to untreated control cells (relative sialic acid expression = sialic acid expression in DENV2
NS1-treated monolayers/sialic acid expression in untreated control monolayers). The blue line
represents DENV2 NS1 binding. Confocal microscopy images acquired and analyzed by Dr. Henry
Puerta-Guardo.
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Figure 2.S2. Related to Figure 2.3. DENV2 NS1 increases the surface staining of syndecan-1 and
perlecan in the EGL of HPMEC.

(a) Quantification of syndecan-1 MFI in Figure 2.3a. Staining is significantly higher with DENV2 NS1
compared to controls at 0.5-12 hpt (P < 0.0001). Error bars indicate SEM. (b) Expression of perlecan
(green) on the surface of HPMEC monolayers over time (hpt) after treatment with DENV2 or WNV NS1
proteins (5 pg/ml), examined by confocal microscopy. Untreated cells were used as a control for basal
perlecan expression. Nuclei are stained with Hoechst (blue). Images are representative of three
individual experiments (20X). Scale bar, 10 um. Confocal microscopy images acquired and analyzed by
Dr. Henry Puerta-Guardo.
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Figure 2.S3. Related to Figure 2.6. DENV2 NS1-induced endothelial hyperpermeability is blocked
by an inhibitor cocktail of DANA, OGT 2115, and cathepsin L inhibitor.

Effect of an inhibitor cocktail (DANA, 50 pug/ml; OGT 2115, 1.0 uM; Cathepsin L Inhibitor, 10 uM) on
DENV2 NS1-triggered endothelial hyperpermeability (TEER) in HPMEC monolayers. TEER values of
monolayers treated with DENV2 NS1 plus the inhibitor cocktail are significantly different than values of
monolayers treated with DENV2 NS1 alone (P < 0.0001) and not significant compared to untreated
control monolayers. (") represents change of medium.
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Chapter 3: Dengue virus NS1 cytokine-independent vascular leak is
dependent on endothelial glycocalyx components

This chapter was published in:

Glasner, D.R., Ratnasiri, K., Puerta-Guardo, H., Espinosa, D.A., Beatty, P.R., Harris, E.
Dengue virus NS1 cytokine-independent vascular leak is dependent on endothelial
glycocalyx components. PLoS Pathog. 2017 Nov 9;13(11):e1006673. doi:
10.1371/journal.ppat.1006673. eCollection 2017 Nov.
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Summary

Dengue virus (DENV) is the most prevalent, medically important mosquito-borne virus.
Disease ranges from uncomplicated dengue to life-threatening disease, characterized by
endothelial dysfunction and vascular leakage. Previously, we demonstrated that DENV
non-structural protein 1 (NS1) induces endothelial hyperpermeability in a systemic mouse
model and human pulmonary endothelial cells, where NS1 disrupts the endothelial
glycocalyx-like layer. NS1 also triggers release of inflammatory cytokines from PBMCs
via TLR4. Here, we examined the relative contributions of inflammatory mediators and
endothelial cell-intrinsic pathways. In vivo, we demonstrated that DENV NS1 but not the
closely-related West Nile virus NS1 triggers localized vascular leak in the dorsal dermis
of wild-type C57BL/6 mice. In vitro, we showed that human dermal endothelial cells
exposed to DENV NS1 do not produce inflammatory cytokines (TNF-a, IL-6, IL-8) and
that blocking these cytokines does not affect DENV NSl-induced endothelial
hyperpermeability. Further, we demonstrated that DENV NS1 induces vascular leak in
TLR4- or TNF-a receptor-deficient mice at similar levels to wild-type animals. Finally, we
blocked DENV NS1-induced vascular leak in vivo using inhibitors targeting molecules
involved in glycocalyx disruption. Taken together, these data indicate that DENV NS1-
induced endothelial cell-intrinsic vascular leak is independent of inflammatory cytokines
but dependent on endothelial glycocalyx components.
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Introduction

Dengue (DENV) is a mosquito-borne flavivirus that causes up to 390 million infections,
96 million cases of dengue, and ~500,000 hospitalizations annually. Infection with any of
the 4 DENV serotypes (DENV1-4) results in a spectrum of disease from inapparent
infection to classic dengue fever (DF) to dengue hemorrhagic fever/dengue shock
syndrome (DHF/DSS), characterized by vascular leakage and shock. The DENV positive-
strand 10.7-kb RNA genome encodes a polyprotein that is cleaved into 3 structural
proteins and 7 non-structural proteins. DENV non-structural protein 1 (NS1) is
synthesized by infected cells as a monomer (48 kDa), glycosylated in the ER, and
released into the extracellular milieu as a hexamer (~310 kDa) (41, 47, 48). Secreted
DENV NSL1 circulates in the blood during acute illness, and serum NS1 levels correlate
with dengue disease severity, as does viral load (i.e., viremia) (69).

Under normal physiological conditions, the microvascular endothelium maintains a low
permeability to fluids and molecules (34). Disruption of the endothelial barrier can result
in excessive leak across the endothelium, a phenomenon known as hyperpermeability.
Clinically, this manifests as vascular leakage, where fluid accumulates in tissues after
extravasating from the vasculature (34, 35). Two of the primary determinants of
endothelial barrier function are the endothelial glycocalyx and intercellular junctional
complexes, such as tight and adherens junctions (32, 33). The glycocalyx lines the
luminal surface of the endothelium, protecting the underlying endothelial cells from shear
forces and contributing to hemostasis, signaling, and blood cell-endothelial cell
interactions (36). Disruption of the glycocalyx has been shown to lead to vascular
pathology and has been previously hypothesized to play a role in the pathogenesis of
severe dengue disease (91), and modulation of the glycocalyx under inflammatory
conditions is thought to contribute to various diseases (158).

DENV NS1 has been shown to play a role in viral replication (57, 60) and immune evasion
(118, 120). We recently showed that DENV NS1 can directly induce endothelial
hyperpermeability in vitro and vascular leak in vivo in the absence of DENV infection, as
well as lethally exacerbate an otherwise sublethal DENV infection (84). We also
demonstrated that DENV NS1 can disrupt the endothelial glycocalyx-like layer (EGL) in
vitro through the activation of endothelial sialidases and the cathepsin L/heparanase
pathway (88). Further, glycocalyx components, such as heparan sulfate and chondroitin
sulfate, have been shown to circulate at higher levels in the sera of DENV-infected
patients than healthy controls (92, 93). Others recently showed that NS1 can also act
through Toll-like receptor 4 (TLR4) on mononuclear cells to induce secretion of vasoactive
cytokines, and systemic inoculation of NS1 alone leads to significant increases in
circulating levels of inflammatory cytokines in our mouse model (84).

In this study, we sought to evaluate the relative contributions of cytokine-driven
inflammatory mechanisms and NS1-induced EGL degradation to NS1 pathogenesis of
the endothelium. Using an in vitro model of endothelial permeability, we found that DENV
NS1 triggers hyperpermeability independently of the pro-inflammatory cytokines TNF-a
and IL-6. In vivo, we demonstrated that DENV NS1 induces localized vascular leak in the
dermis of wild-type mice and that this effect is specific to DENV NS1 and independent of
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TLR4 and TNF-a signaling. Finally, we showed that DENV NS1-induced endothelial
dysfunction is dependent on endothelial sialidases, cathepsin L, and heparanase both in
vitro and in vivo. Taken together, our results indicate that DENV NSL1 acts directly on the
endothelium to induce vascular leak in vivo that is dependent on components of the
glycocalyx.
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Results
DENV2 NS1 triggers localized vascular leak in the dorsal dermis of mice

In vivo, vascular permeability is often assessed by intravenous (IV) injection of small-
molecule dyes, such as the albumin-binding Evans Blue dye (EBD); extravasation into
tissues is then quantified by extracting dye in formamide and measuring absorbance at
620 nm. To measure the induction of vascular leak by DENV NS1 in the dermal
endothelium, we removed hair from the dorsal side of wild-type C57BL/6 (B6) mice and
administered a retro-orbital (RO) injection of EBD and four intradermal (ID) injections:
phosphate-buffered saline (PBS) as a vehicle control, vascular endothelial growth factor
(VEGF, 200 ng) as a positive control, and DENV2 NS1 (7.5 ug and 15 ug) (Figure 3.1a).
Two hours post-injection, the dorsal dermis of the mice was removed, and equal areas of
tissue were excised for EBD quantification. We found that VEGF and 15 ug of DENV2
NS1 induced vascular leak at levels significantly higher than PBS (P <0.0001, P =0.0085,
respectively) (Figure 3.1c). These data demonstrate that DENV2 NS1 can induce
vascular leak in the dermis of wild-type B6 mice.

To improve the sensitivity of the assay, we established a novel measure of vascular leak
using IV injection of dextran molecules labeled with a fluorophore (Alexa Fluor 680), which
can be quantified via fluorescent scanning. Similar to the traditional Evans Blue model,
hair was removed from the dorsal side of wild-type B6 mice, fluorescent dextran was
delivered RO, and the same four ID injections were administered as above (Figure 3.1b).
Using this model, we found that VEGF and both 7.5 pg and 15 pug of DENV2 NS1 induced
vascular leak at levels significantly higher than PBS (P < 0.0001, P = 0.0230, P < 0.0001,
respectively) (Figure 3.1d). However, 15 pg of NS1 from West Nile Virus (WNV), a closely
related flavivirus that causes encephalitis, did not trigger vascular leak in the dermis of
wild-type B6 mice (Figure 3.1d). NS1 from DENV1, 3, and 4 also induced vascular leak
in our dermal model (Figure 3.S1). Additionally, DENV2 NS1 was shown to induce
vascular leak in the dermal endothelium of mouse ears using both Evans Blue and
fluorescent dextran (Figure 3.S2). Therefore, these data confirm our observations using
Evans Blue dye and demonstrate a more sensitive method for detecting local vascular
leak in vivo.
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Figure 3.1. DENV2 NS1 triggers localized vascular leak in the dorsal dermis of mice.

(a-d) Hair was removed from the dorsal dermis of mice, and mice were allowed to recover for 3 days. On
the day of the assay, retro-orbital injections of (a,b) Evans Blue dye (EBD) or (c,d) Alexa Fluor 680-
conjugated dextran were administered, followed by intradermal injections of PBS (black circles), 200 ng
VEGF (purple squares), 15 ug DENV2 NS1 (blue triangles), 7.5 ug DENV2 NS1 (green triangles), and
15 ug WNV NS1 (orange diamonds). The dermis from each mouse was collected and processed two
hours post-injection. (a) Representative image of mouse dorsal dermis following Evans Blue assay. (b)
EBD was extracted from tissue in formamide for 24 hours at 56°C and quantified using a standard curve
of EBD (30.5 to 500,000 ng/ml) using linear regression analysis. Data represent quantified EBD from 8
animals. (c) Representative image of mouse dorsal dermis following fluorescent dextran assay. (d)
Dermises were scanned using a fluorescent detection system (LI-COR Odyssey CLx Imaging System)
at a wavelength of 700 nm, and extravasated fluorescent dextran was quantified in tissue using Image
Studio software (LI-COR Biosciences). Data represent the quantification of mean fluorescent intensity
from mice in (¢): PBS (n = 9); VEGF (n =7); DENV2 NS1 — 15 pg (n =9); DENV2 NS1 - 7.5 ug (n = 9);
WNV NS1 (n = 4). Data in (b) and (d) represent mean +/- SEM and were collected from 3 independent
experiments. An ordinary one-way ANOVA with multiple comparisons to the PBS group using Dunnett’s
multiple comparison test was used to determine significance of VEGF, DENV2 NS1, and WNV NS1. An
unpaired, parametric, two-tailed t-test was used to determine significance between 15 pg of DENV2 NS1
and 7.5 pg of DENV2 NS1. ns = not significant; *, P < 0.05; **, P < 0.01; **** P < 0.0001.

Inflammatory cytokines TNF-a and IL-6 are not involved in DENV2 NS1-induced
endothelial hyperpermeability in vitro

In addition to the direct NS1-mediated hyperpermeability we showed in endothelial cells
that is due in part to disruption of the EGL (88), Modhiran et al. reported that DENV NS1
can trigger release of vasoactive cytokines from peripheral blood mononuclear cells
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(PBMCs) via activation of TLR4 (85). To determine whether inflammatory cytokines are
involved in DENV2 NS1-mediated endothelial hyperpermeability in vitro, we first
determined whether human dermal endothelial cells produce specific cytokines in
response to DENV2 NS1. We stimulated the human dermal microvascular endothelial cell
line HMEC-1 with 5 pg/ml and 10 pg/ml of DENV2 NS1 and collected supernatant at O,
1, 3, 6,12, and 24 hours post-treatment. Untreated HMEC-1 were used as a steady-state
control, and HMEC-1 treated with 10 ng/ml or 100 ng/ml of lipopolysaccharide (LPS) were
used as a positive control. We found that HMEC-1 did not produce IL-6 in response to
DENV2 NS1 but did in response to both concentrations of LPS in a dose-dependent
manner (Figure 3.2a). HMEC-1 did not produce detectable levels of TNF-a in response
to either DENV2 NS1 or LPS (Figure 3.2b); LPS only stimulates production of TNF-a
from endothelial cells in the presence of a secondary inflammatory signal (189).
Additionally, IL-8, a chemokine known to play a role in the inflammatory response, was
only produced in response to LPS and not DENV2 NS1 in HMEC-1 (Figure 3.2c). Similar
results for IL-6, TNF-a, and IL-8 were obtained when human pulmonary microvascular
endothelial cells (HPMEC) were studied (Figure 3.S3). This suggests that endothelial
cells do not produce inflammatory cytokines in response to DENV2 NS1 in vitro.
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Figure 3.2. HMEC-1 do not produce the inflammatory cytokines IL-6, TNF-a, or IL-8 in response to
DENV2 NS1 stimulation in vitro.

(a-c) HMEC-1 were stimulated with LPS (10 or 100 ng/ml; red squares and orange triangles, respectively)
or DENV2 NS1 (5 or 10 pg/ml; dark blue triangles and light blue diamonds, respectively), and supernatant
was collected at 0, 1, 3, 6, 12, and 24 hours post-treatment. Untreated HMEC-1 monolayers were used
as a control (black circles). ELISAs for (a) IL-6, (b) TNF-qa, and (c) IL-8 were performed on all samples.
All data shown represent the mean +/- SEM and were collected from two independent experiments. A
repeated measure two-way ANOVA with multiple comparisons to the untreated group using Dunnett’'s
multiple comparison test was used to determine significance of treatment with LPS (10 and 100 ng/ml)
or DENV2 NS1 (5 and 10 pg/ml). *, P < 0.05; **, P < 0.01; **** P < 0.0001.
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To further confirm that IL-6 and TNF-a are not involved in DENV2 NS1-induced
endothelial cell-intrinsic mechanisms of endothelial hyperpermeability, we used a
Transwell model that measures transendothelial electrical resistance (TEER) to evaluate
the effect of anti-cytokine monoclonal antibodies (mAbs) on DENV2 NS1-induced
endothelial hyperpermeability in HMEC-1 monolayers. We found that both recombinant
human IL-6 and TNF-a significantly induced endothelial hyperpermeability (P < 0.0001)
and that addition of anti-IL-6 and anti-TNF-a mAbs blocked this effect (P < 0.0001);
however, anti-IL-6 and anti-TNF-a mAbs did not affect DENV2 NS1-induced endothelial
hyperpermeability (P = 0.1845, P = 0.1879, respectively) (Figure 3.3a,b). Similar results
were obtained when evaluating HPMEC as well (Figure 3.S4). Taken together, these
results suggest that IL-6 and TNF-a are not involved in the direct action of DENV2 NS1
on the human endothelium in vitro.
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Figure 3.3. Inflammatory cytokines TNF-a and IL-6 are not involved in DENV2 NS1-induced
endothelial hyperpermeability in vitro.

(a,b) Transendothelial electrical resistance (TEER) of HMEC-1 monolayers incubated with 5 pg/ml
DENV2 NS1 (blue squares), 10 ng/ml recombinant cytokine ((a) IL-6, (b) TNF-a; purple diamonds), 100
ng/ml anti-cytokine mAbs ((a) IL-6, (b) TNF-a; orange triangles), recombinant cytokine + specific mAb
((a) IL-6, (b) TNF-a; green diamonds), or DENV2 NS1 + specific mAb ((a) IL-6, (b) TNF-a; red circles).
The background signal was subtracted (using TEER values from a blank Transwell), and data were
normalized to untreated HMEC-1. (*) represents change of medium. All data shown represent the mean
+/- SEM and were collected from two independent experiments. Data represent two replicate Transwells
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per condition. A repeated measure two-way ANOVA was used to determine the significance of anti-
cytokine mAbs on DENV2 NS1-induced hyperpermeability in HMEC-1. ns = not significant.

DENV2 NS1-induced vascular leak is independent of TLR4 and TNF-a signaling in
Vivo.

To follow up on our in vitro results and to assess the role of TLR4 in vivo, we used our
murine fluorescent dextran model of dermal vascular leak to evaluate the contributions of
TLR4 and TNF-a signaling to DENV2 NS1-induced vascular leak. In both TLR4- and TNF-
a receptor (TNF-aR)-deficient B6 mice, we found that both 7.5 ug and 15 pg of DENV2
NS1 triggered vascular leak at similar levels as observed in wild-type B6 mice, though
knockout mice demonstrated slightly higher levels of leak than wild-type mice across all
conditions (Figure 3.4a,b). To further investigate the role of TLR4 in DENV NS1
pathogenesis, we utilized a model of systemic vascular leak in wild-type and TLR4-
deficient B6 mice. Briefly, mice were injected IV with 10 mg/kg of DENV2 NS1 or 10 mg/kg
of ovalbumin as a protein control. Three days post-injection, EBD was administered RO
and allowed to circulate for 3 hours. Mice were then euthanized, and tissues were
harvested for EBD extraction. We found that similar amounts of EBD extravasated into
the lungs and liver of TLR4-deficient mice and wild-type B6 mice, though the levels were
slightly lower in TIr4-- mice, suggesting comparable levels of NS1-induced vascular leak
(Figure 3.S5). Further, when mice deficient in both TLR4 and interferon-a/f receptor
(IFNAR) were infected with DENV2, no significant differences were observed in either
morbidity or mortality when compared with IFNAR-deficient B6 mice, though a slight delay
in both morbidity and mortality were observed in doubly deficient mice (Figure 3.S6).
These data indicate that TLR4 and TNF-a are not substantially involved in the endothelial
cell-specific mechanism of DENV2 NS1-induced vascular leak in vivo.
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Figure 3.4. DENV2 NS1-induced vascular leak is independent of TLR4 and TNF-a signaling in vivo.
(a,b) Hair was removed from the dorsal dermis of (a,b) wild-type (n = 7), (a) Tlr4”- (n = 3) and (b) TNF-
aR* (n=7) B6 mice, and mice were allowed to recover for 3 days. On the day of the assay, retro-orbital
injections of Alexa Fluor 680-conjugated dextran were administered, followed by intradermal injections
of PBS (black circles), 200 ng VEGF (purple squares), 15 ug DENV2 NS1 (blue triangles), and 7.5 ug
DENV2 NS1 (green triangles). The dermis from each mouse was collected and processed two hours
post-injection. Data represent quantification of mean fluorescent intensity from the dermis +/- SEM and
were collected from 2-3 independent experiments. The same wild-type B6 mice are used for comparison
in both (a) and (b). An ordinary one-way ANOVA with multiple comparisons to the PBS group using
Dunnett's multiple comparison test was used to determine significance of VEGF and DENV2 NS1. An
unpaired, parametric, two-tailed t-test was used to determine significance between wild-type and
knockout mice for each treatment group. ns = not significant; *, P < 0.05; **, P < 0.01; ****, P < 0.0001.

Inhibition of sialidases, cathepsin L, and heparanase prevents DENV2 NS1-
induced vascular leak

We previously demonstrated that the EGL is an important determinant of endothelial
dysfunction triggered by DENV2 NS1 in HPMEC. Specifically, human sialidases,
cathepsin L, and heparanase were implicated as enzymes responsible for degrading the
EGL and whose expression and activation were triggered by DENV NS1. Further, we
showed that sialic acid was degraded and cathepsin L activity was increased following
DENV2 NS1 treatment of HMEC-1 (88). Here, we utilized the TEER system to evaluate
the effect of specific inhibitors that target sialidase (Zanamivir), cathepsin L (Cathepsin L
Inhibitor), and heparanase (OGT 2115), on DENV2 NSl-induced endothelial
hyperpermeability of HMEC-1 in vitro. We found that all three inhibitors partially abrogated
the increased permeability observed following treatment with DENV2 NS1 (P < 0.0001)
(Figure 3.5a-c). Further, a cocktail of all three inhibitors completely eliminated
hyperpermeability in vitro (P < 0.0001) (Figure 3.5d), reflecting our previous work with
HPMEC (88). These findings demonstrate that endothelial cell-intrinsic enzymes
contribute importantly to DENV2 NS1-induced endothelial hyperpermeability in vitro.
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Figure 3.5. Inhibition of sialidases, cathepsin L, and heparanase prevents DENV2 NS1-induced

endothelial hyperpermeability in vitro.

(a-d) Transendothelial electrical resistance (TEER) of HMEC-1 monolayers incubated with 5 pg/ml
DENV2 NS1 (blue squares), specific inhibitor alone ((a) Zanamivir, 100 uM, (b) Cathepsin L inhibitor, 10
UM, (c) OGT 2115, 1.0 uM, (d) inhibitor cocktail; purple diamonds), or DENV2 NS1 + specific inhibitors
((a) Zanamivir, 100 uM, (b) Cathepsin L inhibitor, 10 uM, (c) OGT 2115, 1.0 uM, (d) inhibitor cocktail;
orange triangles). The background signal was subtracted (using TEER values from a blank Transwell),
and data were normalized to untreated HMEC-1. (») represents change of medium. All data shown
represent the mean +/- SEM and were collected from two independent experiments with two replicate
Transwells per condition. A repeated measure two-way ANOVA was used to determine the significance
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of anti-cytokine mAbs on DENV2 NS1-induced hyperpermeability in HMEC-1. **** P < 0.0001.

Additionally, we performed confocal microscopy on HMEC-1 monolayers to assess the
presence of glycocalyx components, including sialic acid, chondroitin sulfate, heparan
sulfate, and hyaluronic acid, and found that all components were expressed at high levels
on the surface of HMEC-1 (Figure 3.S7). Further, we found that DENV2 NS1 induced the
degradation of sialic acid, the upregulation of cathepsin L activity, and the shedding of
heparan sulfate in HMEC-1 at 6 hours post-treatment, and these effects could be
prevented through the use of the previously-mentioned inhibitor cocktail (Figure 3.6).
These data provide additional support that HMEC-1 express an EGL composed of known

glycocalyx components.
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Figure 3.6. DENV2 NS1induces degradation of sialic acid, activation of cathepsin L, and shedding
of heparan sulfate in HMEC-1 in vitro.

(a-d) HMEC-1 monolayers treated with 5 pg/ml of DENV2 NS1 (middle column) or 5 pg/ml of DENV2
NS1 and an inhibitor cocktail (Zanamivir, 100 uM; Cathepsin L Inhibitor, 10 uM; OGT 2115, 1.0 uM; right
column). Untreated monolayers were used as a control (left column). Six hours post-treatment, cells were
stained for (b) sialic acid (WGA-A647, red; top row images), (c) cathepsin L activity (Magic Red
Cathepsin L detection kit, red; middle row images), or (d) heparan sulfate (Heparan Sulfate mAb clone
F58-10E4, green; bottom row images) and imaged on a Zeiss LSM 710 Axio Observer inverted
fluorescence microscope equipped with a 34-channel spectral detector at 20x magnification. (a) Images
were acquired using the Zen 2010 software (Zeiss). Nuclei were stained with Hoechst (blue). Images
shown at 20X; scale bar, 10 um. Representative images shown. (b-d) Quantification of MFI in Figure
3.6a.

Next, we sought to determine the relative contribution of glycocalyx components to
vascular leak in vivo. Wild-type B6 mice were administered an intraperitoneal (IP) dose
of a cocktail containing the same sialidase, cathepsin L, and heparanase inhibitors used
in vitro 6 hours before and immediately preceding ID injections of DENV2 NSI1.
Experiments were then performed as previously detailed. A separate group of mice was
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administered a combination of DMSO, PBS, and water as a vehicle control. We found
that mice receiving the inhibitor cocktail as opposed to the vehicle control demonstrated
a significantly lower fold-change in vascular leak as compared to PBS when exposed to
15 pg of DENV2 NS1 (inhibitor cocktail: 0.917; vehicle control: 2.08; P = 0.0038), and the
data trended towards a decrease in fold-change when exposed to 7.5 pg of NS1 (inhibitor
cocktail: 0.848; vehicle control: 1.12) (Figure 3.7). VEGF-induced vascular leak was also
decreased with the inhibitor cocktail but not as strongly as DENV2 NS1 (inhibitor cocktail:
1.57; vehicle control: 2.20; P = 0.0156). Taken together, these data demonstrate that
endothelial sialidases, cathepsin L, and heparanase strongly contribute to the local
vascular leak induced by DENV2 NS1 in the dermis of wild-type B6 mice.
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Figure 3.7. Inhibition of sialidases, cathepsin L, and heparanase prevents DENV2 NS1-induced
vascular leak in vivo.

Hair was removed from the dorsal dermis of wild-type B6 mice, and mice were allowed to recover for 3
days. On the day of the assay, mice received an intraperitoneal dose of inhibitor cocktail (Zanamivir,
Cathepsin L Inhibitor, and OGT 2115; 1 mg/ml of each inhibitor) 6 hours pre-assay and then immediately
preceding the start of the assay (n = 4; closed symbols). Control mice received injections of DMSO, PBS,
and water as a vehicle control (n = 3; open symbols). Retro-orbital injections of Alexa Fluor 680-
conjugated dextran were then administered, followed by intradermal injections of PBS (black circles),
200 ng VEGF (purple squares), 15 pg DENV2 NS1 (blue triangles), and 7.5 pg DENV2 NS1 (green
triangles). The dermis from each mouse was collected and processed two hours post-injection. Data
represent the fold change of mean fluorescent intensity from VEGF and DENV2 NS1 injections to PBS
injections. Data represent mean +/- SEM and were collected from 2 independent experiments. Unpaired,
parametric, two-tailed t-tests were used to determine significance between inhibitor-treated and mock-
treated groups. ns = not significant; *, P < 0.05; **, P < 0.01.
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Discussion

In this study, we demonstrate that DENV2 NS1 can directly trigger vascular leak in the
dermis of wild-type B6 mice in the absence of viral infection and that this effect is specific
to DENV2 NS1 and was not observed with WNV NSL1. In vivo, TLR4 and TNF-a did not
contribute to NS1-induced vascular leak in our dermal model, which reflects endothelial
cell-intrinsic NS1-triggered leak. Consistent with this observation, human dermal
endothelial cells did not produce TNF-a or IL-6 in response to DENV2 NS1 stimulation in
vitro, nor was NS1-induced endothelial hyperpermeability mediated by these cytokines.
Finally, we show that inhibition of endothelial sialidases, cathepsin L, and heparanase is
sufficient to prevent vascular leak induction by DENV2 NS1 both in vitro and in vivo.

Endothelial glycocalyx components have not previously been experimentally shown to
play a role in dengue pathogenesis in vivo. Here, we showed that disruption of glycocalyx
components is responsible for the induction of vascular leak observed in the murine
dermis by DENV2 NS1. We were able to protect mice from local vascular leak using a
combination of Zanamivir, Cathepsin L Inhibitor, and OGT 2115, demonstrating that the
activity of endothelial sialidases, cathepsin L, and heparanase mediate the disruption of
endothelial barrier function by DENV2 NS1 in vivo. These enzymes contribute to
glycocalyx disruption via degradation of sialic acid and trimming of heparan sulfate
proteoglycans. Using our in vitro HMEC-1 model of endothelial permeability, we
demonstrated that inhibition of each enzyme alone partially abrogated NS1-induced
hyperpermeability, while the combination of all three inhibitors completely protected
endothelial monolayers. Our results are consistent with previous findings that
demonstrated that NS1 induces endothelial hyperpermeability by increasing expression
of sialidases, cathepsin L, and heparanase in human pulmonary endothelial cells in vitro
(88). These results suggest potential targets for novel therapeutics that inhibit enzymes
that contribute to degradation of glycocalyx components for the treatment of severe
dengue disease.

It has previously been shown that TLR4 is an important mediator of DENV NS1
pathogenesis, as NS1 activation of TLR4 on PBMCs leads to production of IL-6 and IL-8,
cytokines that have been shown to contribute to endothelial barrier dysfunction (85).
Therefore, we evaluated the effect of DENV2 NS1 on local and systemic vascular leak in
TLR4-deficient B6 mice and found no significant differences in the levels of EBD and
dextran extravasation in TLR4-deficient and wild-type mice following NS1 inoculation,
suggesting that NS1 induces acute vascular leak that is not dependent on TLR4. In
addition, infection of mice doubly deficient in TLR4 and IFNAR with a lethal dose of
DENV2 did not result in significant differences in morbidity or mortality compared to
IFNAR-deficient mice. However, slight differences were observed between wild-type and
TLR4-deficient mice in all assays. In our model of localized vascular leak, levels of leak
were marginally higher in Tlr4”- mice, whereas levels were slightly lower in our systemic
vascular leak model. In our DENV infection model, morbidity and mortality were both
somewhat delayed in Ifnar’- x TIr4”- B6 mice, though mice succumbed to infection at the
same rates. Modhiran et al. found that LPS-RS, a potent antagonist of TLR4, and an anti-
TLR4 antibody both protected HMEC-1 monolayers from DENV2 NS1-induced
endothelial hyperpermeability as measured by TEER (85). These observations suggest
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that TLR4 does play a contributing role to NS1-induced vascular leak, but because
substantial vascular leak, morbidity, and mortality are still observed in the absence of
TLR4, we conclude there are additional, more critical drivers of NS1 pathogenesis.

Previously, we demonstrated that systemic administration of DENV2 NS1 resulted in
significantly elevated levels of IL-6 and TNF-a 72 hours post-injection (84). We sought to
evaluate whether endothelial cells produce these inflammatory cytokines in response to
DENV2 NS1 in the absence of PBMCs. We demonstrated that HMEC-1 did not produce
IL-6, TNF-a, or IL-8 in response to DENV2 NS1, although HMEC-1 produced high levels
of IL-6 and IL-8 in response to the positive control, the TLR4 ligand LPS. Further, to
evaluate the role of these cytokines in our HMEC-1 model of endothelial permeability, we
measured TEER in the presence of both DENV2 NS1 and IL-6- and TNF-a-specific mAbs.
We demonstrated that DENV2 NSl-induced endothelial hyperpermeability is
independent of both IL-6 and TNF-a, although HMEC-1 can respond to both cytokines,
an effect that is prevented with blocking antibodies. We then sought to determine the
contribution of TNF-a to NS1-induced vascular leak in vivo. Using TNF-aR-deficient B6
mice, we found that DENV2 NS1 triggered similar levels of vascular leak in both knockout
and wild-type mice. These results suggest that NS1 stimulation of endothelial cells does
not result in the production of pro-inflammatory cytokines and that any directly pathogenic
effects of NS1 on the endothelium occur independently of key endothelial cell-produced
cytokines, further emphasizing the role of endothelial cell-specific mechanisms such as
glycocalyx component disruption and mislocalization of intercellular junction proteins.

In humans, severe symptoms of vascular leak appear several days after the peak of NS1
antigenemia in blood has passed, suggesting a requirement for prolonged exposure to
NS1 to cause severe leak and presumably reflecting the cumulative effects and
accumulation of NS1 in target tissues. Our previous mouse model data, also requiring
three days of exposure to NS1 delivered systemically before morbidity and mortality were
observed (84), suggest that the induction of systemic vascular leak caused by NS1 is
cumulative over time in vivo. The NS1 dose that we used here in our in vivo model of
localized vascular leak was meant to reflect the cumulative effect of NS1 in tissues,
allowing us to simulate the effects of NS1 on the endothelium in a shorter time span.
Overall, the endothelial-intrinsic mechanisms we observe following NS1 inoculation in the
dermis may be working in conjunction with NS1 activation of TLR4 on the surface of
PBMCs and release of inflammatory cytokines to contribute to systemic vascular leak
observed in both our previous findings and clinical manifestations of DHF and DSS.

Clinically, DHF and DSS are both characterized by vascular leak and endothelial
dysfunction in multiple organs. The lungs are particularly affected, with pulmonary edema
representing a common complication in severe dengue disease. We have previously
published a study identifying the EGL as a required determinant of endothelial barrier
function in human pulmonary microvascular endothelial cells in vitro (88), and our in vitro
results here further support that DENV2 NS1 triggers endothelial hyperpermeability in
HPMEC in a cytokine-independent manner in the absence of virus and non-endothelial
cell types. Further, petechiae are an additional sign of capillary fragility and leak in dengue
disease in humans, and previous reports have shown that DENV is absent at the site of
rash and petechiae in dengue fever patients (190), though DENV antigens have been
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found in skin biopsies (191). Here, we demonstrated the ability of DENV2 NS1 to trigger
localized vascular leak in the absence of virus in the mouse dermis, suggesting a potential
link between DENV NS1 and formation of petechiae. Combined with our results in
HPMEC, our findings suggest that NS1 may be an important contributor to vascular leak
in various tissue sites during DENV disease.

The glycocalyx has been previously implicated in plasma leakage in DENV-infected
patients. Nguyen-Pouplin et al. performed dextran fractional clearance studies in a group
of Viethamese dengue patients with evidence of vascular leak and in healthy controls and
found that there was no difference in dextran clearance between infected and healthy
patients, seemingly contradictory results. However, their data suggest that the dextran
administered for the study may have helped stabilize the glycocalyx following loss of
plasma proteins during DENV infection, thereby restoring glycocalyx integrity and normal
endothelial barrier function (91). More recent studies have evaluated different glycocalyx
components in patient sera during acute DENV infection and found that serum levels of
hyaluronic acid, heparan sulfate, chondroitin sulfate, and syndecan-1 are all elevated,
suggesting disruption of the endothelial glycocalyx by DENV infection (92, 93).

Ascertainment that disruption of the endothelial glycocalyx is mediated by DENV NS1
entails direct visualization of the glycocalyx layer in vivo. As the glycocalyx is a delicate
and complex structure, this direct visualization requires challenging techniques, such as
intravital microscopy, two-photon microscopy, and electron microscopy, which have
previously been used to image the glycocalyx in live mice and in fixed murine tissues
(151, 192-194). Further, though cultured endothelial cells express key components of the
glycocalyx on their surface, they do not necessarily express a true glycocalyx structure in
vitro. Thus, drawing definitive conclusions regarding the glycocalyx and its role in dengue
disease is difficult; however, we believe our results support a critical role for glycocalyx
components and thus implicitly for the glycocalyx in vascular leak, though further
validation in vivo is necessary.

As we have previously speculated, we believe that DENV NS1 induces endothelial
hyperpermeability following its internalization by endothelial cells (88). After NS1 binds to
an as-yet unidentified receptor, internalization may then facilitate NS1 interaction with
cathepsin L (which can then cleave heparanase into an active form) and the endothelial
sialidase Neul, both of which are localized in lysosomal compartments (164, 195). It is
also possible that binding and downstream signaling triggers activation of these enzymes,
specifically Neu3, which is localized to the plasma membrane (196). Preliminary data from
our laboratory suggests that inhibition of endocytic pathways in endothelial cells may
protect monolayers in vitro from DENV NS1-induced hyperpermeability. Further research
is required to fully elucidate the mechanisms driving DENV NS1-related pathogenesis.

Finally, our model improves upon the existing Miles assay that uses Evans Blue dye as
a tracer for vascular leak. By using dextran conjugated to Alexa Fluor 680, we were able
to observe greater differences between groups in our model, as well as decreased
variability as compared to using EBD. Additionally, we are able to evaluate positive and
negative controls alongside experimental conditions in the same animal. These factors
serve to decrease the total number of mice required to achieve statistical significance of
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our data, saving on costs and contributing to the overall goal of limiting animal numbers
used in experiments. Additionally, this method does not require excision of individual
spots or extraction of dye but allows for direct imaging of the skin on a fluorescent
scanner, thereby decreasing the time spent processing each animal and allowing for
faster development and analysis of results. Compared to our systemic models of vascular
leak (84), the modified Miles assay facilitates the evaluation of the direct and immediate
effects of NS1 on the vascular endothelium, as ID injections deliver the protein to a
localized spot. Additionally, this allows for usage of substantially lower quantities of NS1
protein. It is, however, possible that compounds delivered intradermally may interact with
resident dermal immune cells or the abluminal surface of the endothelium following
inoculation. Thus, results obtained in the intradermal assay should be validated using
intravenous delivery of NS1 in a systemic model of leak, as we have done here.

Taken together, these results contribute to the growing body of literature demonstrating
a critical role for NS1 in dengue pathogenesis, specifically in its contributions to directly
pathogenic effects on the vascular endothelium. We show that DENV2 NS1-induced
endothelial barrier dysfunction is not related to inflammatory cytokines in a mouse model
of dermal vascular leak or in endothelial cells in vitro but that instead, specific endothelial
enzymes that degrade components of the endothelial glycocalyx layer are required.
Overall, these findings further illustrate the role of NS1 in the pathogenesis of severe
dengue disease and highlight the importance of the endothelial glycocalyx in vascular
leak, suggesting targets for novel therapeutics in the treatment of DHF and DSS.
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Experimental Procedures

Ethics Statement. All in vivo experiments were performed strictly following the guidelines
of the American Veterinary Medical Association and the Guide for the Care and Use of
Laboratory Animals from the National Institutes of Health and were approved by the
University of California (UC) Berkeley Animal Care and Use Committee (protocol AUP-
2014-08-6638).

Mice. Six-to-eight-week-old wild-type C57BL/6 (B6) mice were obtained from the Jackson
Laboratory. TIr4”- and TNF-aR’- B6 mice were originally obtained from Dr. Greg Barton
(UC Berkeley) and the Jackson Laboratory, respectively. Ifnar’- B6 were originally
obtained from the Jackson Laboratory. TIr47- x Ifnar’- B6 mice were generated at UC
Berkeley by backcrossing TIr4”- onto an Ifnar’- B6 background 10 times. All mice were
bred and maintained in specific pathogen-free conditions at the animal facility at UC
Berkeley. A mix of male and female six-to-eight-week-old mice were used in all
experiments. Trained and certified laboratory personnel performed anesthesia of mice via
isoflurane inhalation and euthanasia of mice using exposure to isoflurane followed by
cervical dislocation.

Cell culture and viruses. The human dermal microvascular endothelial cell line HMEC-
1 was kindly donated by Dr. Matthew Welch (UC Berkeley) and propagated (passages
18-25) and maintained at 37°C in humidified air with 5% CO2 in MCDB 131 medium
(Sigma) supplemented with 1% penicillin/streptomycin (Life Technologies), 0.2%
Epidermal Growth Factor (Life Technologies), 0.4% hydrocortisone (Sigma), and 5%
Fetal Bovine Serum (Corning). The human pulmonary microvascular endothelial cell line
HPMEC-ST1.6r (HPMEC) was kindly donated by Dr. J.C. Kirkpatrick (Institute of
Pathology, Johannes Gutenberg University, Germany) and grown as previously
described (88). DENV2 D220 was generated in our laboratory from the parental strain
DENV2 PL046 (197). Virus was propagated in the Aedes albopictus C6/36 cell line
(American Type Culture Collection; ATCC) and titered by plague assay on baby hamster
kidney cells (BHK21, clone 15).

Recombinant NS1 proteins. Recombinant DENV1 (Nauru/Western Pacific/1974),
DENV?2 (Thailand/16681/84), DENV3 (Sri Lanka D3/H/IMTSSA-SRI1/2000/1266), DENV4
(Dominica/814669/1981), and WNV (NY99) NS1 proteins, greater than 95% purity and
certified to be free of endotoxin contaminants, were produced by the Native Antigen
Company (Oxfordshire, United Kingdom) in HEK293 cells at their facility and used in all
experiments. NS1 preparations were also tested using the Endpoint Chromogenic
Limulus Amebocyte Lysate (LAL) QCL-1000TM kit (Lonza) and confirmed to be free of
bacterial endotoxins (88).

Recombinant proteins, monoclonal antibodies, and inhibitors. For staining of EGL
components, the following monoclonal antibodies and lectins were used: Wheat germ
agglutinin (WGA) lectin conjugated to Alexa Fluor 647 (WGA-A647, Molecular Probes) to
stain N-acetyl neuraminic acid (sialic acid); Ab Heparan Sulfate, purified (clone F58-10E4,
Amsbio); anti-Chondroitin Sulfate antibody (CS-56, Abcam); anti-Hyaluronic acid
antibody (Abcam). Goat anti-mouse IgG conjugated to Alexa Fluor 647 (Abcam), donkey
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anti-mouse IgM conjugated to Alexa Fluor 488 (Jackson), and donkey anti-sheep IgG
conjugated to Alexa Fluor 568 (Abcam) were used as secondary detection antibodies in
confocal microscopy experiments. Vascular endothelial growth factor (VEGF; Sigma) was
used as a positive control in in vivo dermal Miles assay experiments. Ovalbumin (Life
Technologies) was used as a negative control in in vivo systemic Miles assay
experiments. Anti-Flavivirus group antigen against the DENV envelope (E) protein (4G2,
clone number D1-4G2-4-15; Absolute Antibody) was used in antibody-dependent
enhancement (ADE) infections in vivo. Recombinant human TNF-a and recombinant
human IL-6 (eBiosciences) were used in transendothelial electrical resistance (TEER)
assays. Anti-human TNF-a and anti-human IL-6 mAbs (eBiosciences; clones MAb1 and
MQ2-13A5, respectively) were used in anti-cytokine and anti-NS1 TEER experiments.
Selective inhibitors of sialidases (Zanamivir, Sigma), heparanase (OGT 2115, Tocris),
and cathepsin L (Cathepsin L Inhibitor, Santa Cruz Biotechnology) were used in TEER
assays and in mouse experiments at concentrations that do not affect cell viability, animal
welfare, or vascular leakage. Cell viability was determined using the Promega CellTox
Green Cytotoxicity Assay following the manufacturer’s instructions.

Evans Blue dermal Miles assay. The effect of recombinant DENV2 NS1 protein on
localized vascular leak in vivo was evaluated using the Miles assay adapted for mouse
skin as previously described (198). Wild-type B6 mice were shaved 3-4 days prior to each
experiment using Wahl Show Pro Plus clippers, and hair was further removed using Nair
(Church & Dwight) and 70% ethanol. On the day of the assay, mice were anesthetized
with isoflurane and injected RO with EBD (0.5% in PBS, 150 pl; Sigma). After 10 minutes,
PBS (50 ul), VEGF (200 ng in 50 pl PBS), and DENV2 NS1 (15 pg or 7.5 pg in 50 pl PBS)
were injected ID into distinct sites on the shaved dorsal skin of mice. Two hours post-
injection, mice were euthanized using isoflurane, and the dorsal dermis was removed. A
13 mm diameter circular punch was used to mark the biopsy site surrounding the locations
of Evans Blue leakage, and sites were removed using a surgical scalpel and placed in
formamide for 24 hours at 56°C. The absorbance of the extravasated dye was measured
at 620 nm using a spectrophotometer. EBD concentration was calculated using a
standard curve (30.5 to 500,000 ng/ml) using linear regression analysis. Representative
images were obtained using an iPhone 5S (Apple).

Dextran-adapted dermal Miles assay. Dorsal hair was removed from mice as described
above. On the day of the assay, mice were anesthetized with isoflurane and injected ID
with PBS (50 ul), VEGF (200 ng in 50 ul PBS), and DENV2 NS1 (7.5 pg or 15 pg in 50 pl
PBS) and/or WNV NS1 (15 ug in 50 ul PBS) into the shaved back skin of the mouse.
Immediately following ID injections, 200 ul of 10 kDa dextran conjugated with Alexa Fluor
680 (5 mg/ml; Sigma) was delivered by RO injection. Two hours post-injection, mice were
euthanized using isoflurane, and the dorsal dermis was removed and placed in Petri
dishes. Tissues were scanned using a fluorescent detection system (LI-COR Odyssey
CLx Imaging System) at a wavelength of 700 nm, and leakage in a 13 mm diameter circle
surrounding the sites of injection was quantified using Image Studio software (LI-COR
Biosciences). For experiments using inhibitors, compounds were administered IP in a
total volume of 200 ul 6 hours before the start of the assay and then immediately before
beginning the assay. All inhibitors were used at a final concentration of 1 mg/kg. A
combination of DMSO, PBS, and water was used as a vehicle control.
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Intradermal injection of murine ears. Vascular leak in murine ears was measured as
previously described (143). Ears of isoflurane-anesthetized mice were immobilized using
cover slip forceps. A sterilized needle (30-gauge, 25 mm length, and 10°-12° bevel), used
with a 25 pl reusable glass microinjection syringe (Hamilton), was inserted ~3 mm into
the ventral side of the ear skin at a flat angle with the bevel pointing up, and either 20 pl
PBS or 7.5 ug DENV2 NS1 diluted in 20 ul PBS was slowly injected. EBD (0.5% in PBS,
150 pl) or 200 pl of 10 kDa dextran conjugated with Alexa Fluor 680 (5 mg/ml) was
immediately delivered by RO injection. EBD and dextran were allowed to circulate for 30
minutes and 2 hours, respectively, and mice were then euthanized using isoflurane. For
EBD assays, representative images were obtained using an iPhone 5S (Apple). For
dextran assays, ears were removed and imaged using a fluorescent detection system (LI-
COR Odyssey CLx Imaging System) at a wavelength of 700 nm.

Evans Blue systemic Miles assay. The effect of recombinant DENV2 NS1 protein on
systemic vascular leak in vivo was evaluated using the Miles assay as previously
described (84). Briefly, wild-type or TIr4”- B6 mice were anesthetized using isoflurane and
injected IV with either 10 mg/kg of ovalbumin or DENV2 NS1. Three days post-injection,
mice were administered 200 pl of 0.5% EBD, and dye was allowed to circulate for 3 hours
before mice were euthanized and cardiac puncture was performed. Tissues were
collected and thoroughly dried in pre-weighed tubes. One ml of formamide was then
added and incubated at 56°C for 48 hours. The absorbance of the extravasated dye was
measured at 620 nm using a spectrophotometer. EBD concentration was calculated using
a standard curve (30.5 to 500,000 ng/ml) using linear regression analysis.

DENV?2 infection of mice. Mice deficient in the interferon-a/B receptor (Ifnar”-) or Tlr4--
x Ifnar’- doubly deficient B6 mice were challenged IV with 107 plaque-forming units (PFU)
of DENV2 D220 or 5 pg of 4G2 (anti-DENV E mADb) 20-24 hours prior to infection with 3
x 10° PFU of D220 (ADE). Animals were monitored daily and DENV-induced morbidity
and mortality were scored using a standardized scale (199).

Transendothelial electrical resistance (TEER). The effect of recombinant DENV2 NS1
protein on endothelial permeability was evaluated by measuring TEER in HMEC-1 grown
on a 24-well Transwell polycarbonate membrane system (Transwell permeable support,
0.4 um, 6.5 mm insert; Corning Inc.) as previously described (84, 88). Briefly, TEER was
measured in Ohms (Q) at sequential 2-hour time-points following the addition of test
proteins using an Epithelial Volt Ohm Meter (EVOM) with “chopstick” electrodes (World
Precision Instruments). Untreated endothelial cells grown on Transwell inserts were used
as negative untreated controls, and inserts with medium alone were used for blank
resistance measurements. Relative TEER represents a ratio of resistance values (Q) as
follows: (Q experimental condition - Q medium alone) / (Q non-treated endothelial cells -
Q medium alone). After 24 hours of treatment, 50% of upper and lower chamber media
were replaced by fresh endothelial cell medium. For experiments using mADbs, antibodies
were added immediately before the addition of test proteins. For experiments using
inhibitors, compounds were added to the apical compartment of the Transwell 1 hour
before the addition of DENV NS1 protein.
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Fluorescence microscopy. Microscopy was performed as previously described (88).
For imaging experiments, HMEC-1 were grown on coverslips coated with 0.2% gelatin
(Sigma) and imaged on a Zeiss LSM 710 Axio Observer inverted fluorescence
microscope equipped with a 34-channel spectral detector. Images acquired using the Zen
2010 software (Zeiss) were processed and analyzed with ImageJ software (188). All RGB
images were converted to grayscale, then mean grayscale values and integrated density
from selected areas were taken, along with adjacent background readings, and plotted
as mean fluorescence intensity (MFI). To assess the effect of DENV2 NS1 on integrity of
the EGL architecture, the distribution of sialic acid and heparan sulfate, as well as
cathepsin L activity, was examined on untreated confluent HMEC-1 monolayers and on
monolayers treated with DENV2 NS1 proteins (5 pg/ml) and fixed with 4%
paraformaldehyde (PFA) at 6 hours post-treatment. Confluent untreated HMEC-1
monolayers were also fixed and stained for chondroitin sulfate and hyaluronic acid,
normal constituents of the endothelial glycocalyx. Primary antibodies were incubated
overnight at 4°C, and detection was performed using secondary species-specific anti-IgG
or anti-lgM antibodies conjugated to Alexa fluorophores (488, 568 and 647).

Enzymatic activity assays. Cathepsin L activity in living cells was monitored using the
Magic Red Cathepsin L detection kit (Immunochemistry Technologies, Inc.) as previously
described (88). Briefly, confluent HMEC-1 monolayers grown on coverslips were exposed
to DENV2 NS1 protein (5 pg/ml), and at 6 hours post-treatment, a cell membrane-
permeant fluorogenic substrate MR-(Phe-Arg)2, which contains the cresyl violet (CV)
fluorophore branded as Magic Red (MR), was added. Cultured cell monolayers
expressing active cathepsin L catalyze the hydrolysis of the two Phe-Arg target
sequences, generating a red fluorescent species that can be detected by
immunofluorescence microscopy. Magic Red excites at 540-590 nm (590 nm optimal)
and emits at >610 nm (630 nm optimal).

ELISA. TNF-q, IL-6, and IL-8 levels were measured using ELISA assays following the
manufacturer’s instructions (Abcam).

Statistics. Statistical analyses were performed using GraphPad Prism 6 software, and
all graphs were generated using Prism 6. For in vivo murine dermis experiments, an
ordinary one-way ANOVA with multiple comparisons to the PBS group using Dunnett’s
multiple comparison test was used to determine significance of VEGF, DENV2 NS1, and
WNV NS1. An unpaired, parametric, two-tailed t-test was used to determine significance
between individual groups. For DENV infection experiments, comparison of survival rates
was conducted using a nonparametric log-rank (Mantel-Cox) test and graphed as Kaplan-
Meier survival curves. For ELISA experiments, a repeated measure two-way ANOVA with
multiple comparisons to the untreated group using Dunnett's multiple comparison test
was used to determine significance of treatment with LPS (10 and 100 ng/ml) or DENV2
NS1 (5 and 10 pg/ml). For TEER experiments, a repeated measure two-way ANOVA was
used to determine the significance of treatments (i.e. anti-cytokine mAbs or inhibitors) on
DENV2 NS1-induced hyperpermeability in HMEC-1. Significance was further confirmed
using a repeated measure two-way ANOVA with multiple comparisons to the untreated
group using Dunnett’s multiple comparison test as well as an ordinary one-way ANOVA
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with multiple comparisons to the PBS group using Dunnett’'s multiple comparison test of
area under the curve values for each group.
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Supplementary Material

Figure 3.S1. Related to Figure 3.1. NS1 from DENV1-4 triggers localized vascular leak in the dorsal
dermis of mice.

Representative image of mouse dorsal dermis following fluorescent dextran assay. Hair was removed
from the dorsal dermis of mice, and mice were allowed to recover for 3 days. On the day of the assay,
retro-orbital injections of Alexa Fluor 680-conjugated dextran were administered, followed by intradermal
injections of PBS, 15 pg DENV1 NS1, 15 ug DENV2 NS1, 15 pg DENV3 NS1, and 15 pg DENV4 NS1.
The dermis from each mouse was collected and processed two hours post-injection and scanned using
a fluorescent detection system (LI-COR Odyssey CLx Imaging System) at a wavelength of 700 nm, and
images were obtained using Image Studio software (LI-COR Biosciences).
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Figure 3.S2. Related to Figure 3.1. DENV2 NSL1 triggers localized vascular leak in the dermis of
mouse ears.

(a,b) Wild-type B6 mice received intradermal injections with either PBS (right ear) or 7.5 pg DENV2 NS1
(left ear) and, immediately after, intravenous injections of either (a) Evans Blue dye (EBD) or (b) Alexa
Fluor 680-conjugated dextran. (a) EBD was allowed to circulate for 30 minutes and ears were
photographed. (b) Dextran was allowed to circulate for 2 hours. Ears were removed and scanned using
a fluorescent detection system (LI-COR Odyssey CLx Imaging System) at a wavelength of 700 nm, and
images obtained using Image Studio software (LI-COR Biosciences).
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Figure 3.S3. Related to Figure 3.2. HPMEC do not produce the inflammatory cytokines IL-6, TNF-
o, or IL-8 in response to DENV2 NS1 stimulation in vitro.

(a-c) HPMEC were stimulated with LPS (0.1 or 10 pg/ml; red squares and orange triangles, respectively)
or DENV2 NS1 (5 or 10 ug/ml; dark blue triangles and light blue diamonds, respectively), and supernatant
was collected at 0, 1, 3, 6, and 24 hours post-treatment. Untreated HPMEC monolayers were used as a
control (black circles). ELISAs for (a) IL-6, (b) TNF-a, and (c) IL-8 were performed on all samples.
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Figure 3.S4. Related to Figure 3.3. Inflammatory cytokines TNF-a and IL-6 are not involved in
DENV2 NS1l-induced endothelial hyperpermeability in HPMEC in vitro.

(a,b) Transendothelial electrical resistance (TEER) of HPMEC monolayers incubated with 5 pg/ml
DENV2 NS1 (blue squares), 5 ng/ml recombinant cytokine ((a) IL-6, (b) TNF-a; purple diamonds), 50
ng/ml anti-cytokine mAbs ((a) IL-6, (b) TNF-a; orange triangles), recombinant cytokine + specific mAb
((a) IL-6, (b) TNF-a; green diamonds), or DENV2 NS1 + specific mAb ((a) IL-6, (b) TNF-a; red circles).
The background signal was subtracted (using TEER values from a blank Transwell), and data were
normalized to untreated HPMEC. (*) represents change of medium. All data shown represent the mean
+/- SEM and were collected from two independent experiments. Data represent two replicate Transwells
per condition. A repeated measure two-way ANOVA was used to determine the significance of anti-
cytokine mAbs on DENV2 NS1-induced hyperpermeability in HPMEC. ns = not significant; *, P < 0.05.
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Figure 3.S5. Related to Figure 3.4. DENV2 NS1-induced systemic vascular leak in vivo is similar
in wild-type and TLR4-deficient mice.

(a,b) Evans Blue dye (EBD) was injected intravenously into wild-type or TIr4”- B6 mice 3 days after
intravenous injection of 10 mg/kg DENV2 NS1 (wild-type: blue squares; TIr4": green triangles; n = 2 per
genotype) or 10 mg/kg OVA (wild-type: black circles; n = 2). The dye was allowed to circulate for 3 hours
before mice were euthanized. Tissues were harvested, and EBD was extracted in formamide and
quantified in (a) lungs and (b) liver by measuring absorbance at 620 nm against a standard curve.
Systemic vascular leak experiments performed and analyzed by Dr. Diego Espinosa.
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Figure 3.S6. Related to Figure 3.4. DENV2 infection leads to similar levels of morbidity and
mortality in Ifnar” and TIr4” x Ifnar’ mice.

(a,b) Ifnar’ and TIr47 x Ifnar’- B6 mice were injected intravenously with either 107 plaque-forming units
(PFU) of DENV2 D220 (straight-lethal, SL; Ifnar”-: closed green triangles, n = 7; Tlr4" x Ifnar’: closed
blue triangles, n = 9) or 5 ug of 4G2 (anti-DENV Envelope mAb) 20-24 hours prior to infection with 3 x
10° PFU of D220 (antibody-enhanced, ADE; Ifnar’: open green triangles, n = 7; Tlr4”" x Ifnar’: open
blue triangles, n = 9). Mice were then monitored for (a) morbidity and (b) mortality for 10 days post-
infection. (a) Mice were observed twice per day and scored for morbidity on a scale of 1 to 5, with 1 being
healthy and 5 being moribund. (b) Kaplan-Meier survival curve, with data derived from 2 independent
experiments. A nonparametric Mantel-Cox log rank test was used to determine significance between
groups. Morbidity and mortality experiments performed and analyzed by Dr. Diego Espinosa.
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Figure 3.S7. Related to Figure 3.5. HMEC-1 express canonical glycocalyx components on the cell
surface in vitro.

HMEC-1 monolayers were grown for 5 days until confluent on glass cover slips coated with 0.2% gelatin.
Monolayers were stained for (a) sialic acid (stained with WGA-A647, red), (b) chondroitin sulfate (stained
with anti-Chondroitin Sulfate mAb CS-56, red), (c) heparan sulfate (stained with Heparan Sulfate mAb
clone F58-10E4, green), or (d) hyaluronic acid (stained with anti-Hyaluronic Acid polyclonal antibody,
yellow), and imaged on a Zeiss LSM 710 Axio Observer inverted fluorescence microscope equipped with
a 34-channel spectral detector at 20x magnification. (e) Merge of (b-d). Images were acquired using the
Zen 2010 software (Zeiss). Nuclei were stained with Hoechst (blue). Scale bar, 10 um. Confocal
microscopy images acquired and analyzed by Dr. Henry Puerta-Guardo.
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Chapter 4: Internalization of DENV NS1 by human endothelial cells
is required for NS1-mediated barrier dysfunction
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Summary

Dengue virus (DENV) is the most prevalent arbovirus worldwide, and infection with any
of the four serotypes leads to a range of outcomes, from inapparent infection to classic
dengue fever to dengue hemorrhagic fever and dengue shock syndrome. Recently, we
described a novel role for DENV non-structural protein 1 (NS1) in triggering
hyperpermeability of human endothelial cells and systemic vascular leak in vivo via
disruption of the endothelial glycocalyx-like layer (EGL). However, the molecular
determinants of NS1-induced endothelial hyperpermeability have not yet been identified.
Here, using in vitro model systems, we report that a glycosylation site (Asn-207) is
required for DENV NS1 internalization by endothelial cells and activation of endothelial
cell-intrinsic pathways characterized by degradation of EGL components. This mutation
(N207Q) completely prevents NS1-induced hyperpermeability, as measured by
transendothelial electrical resistance (TEER). It also prevents disruption of key EGL
components, heparan sulfate and sialic acid, as well as activation of cathepsin L on
human pulmonary microvascular endothelial cells (HPMEC), as measured by confocal
microscopy. Mechanistically, we found that the DENV2 NS1 N207Q mutant is less
efficiently internalized by HPMEC than wild-type NS1 at 37°C as determined by Western
blot and colocalization with Rab5, an early endosome marker, as measured by confocal
microscopy. However, similar binding levels were found for both proteins at 4°C,
suggesting that the N207Q mutation does not affect NS1 interaction with the cell surface
but abrogates its internalization by HPMEC. Finally, we show that NS1 is internalized by
HPMEC via clathrin-mediated endocytosis (CME) and that Pitstop 2, a CME-specific
inhibitor, prevents DENV NS1 internalization and NS1-induced hyperpermeability and
EGL degradation. These results describe the molecular determinant of NS1 required for
its internalization by endothelial cells via CME and its induction of endothelial
hyperpermeability and EGL degradation in HPMEC. These findings further elucidate the
pathways contributing to endothelial cell-intrinsic pathogenic processes activated by NS1
and provide more extensive insight into DENV pathogenesis overall.
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Introduction

DENV is a mosquito-borne flavivirus, and infection with any of its four serotypes can result
in inapparent infection, classic dengue fever, or dengue hemorrhagic fever/dengue shock
syndrome — severe manifestations characterized by vascular leak that can lead to shock
and death (200). The 10.7-kb RNA genome encodes three structural and seven non-
structural (NS) proteins, including NS1. We and others previously described a novel role
for DENV NS1 in increasing permeability of human endothelial cells and systemic
vascular leak via two distinct mechanisms: a cytokine-independent, endothelial cell-
intrinsic pathway via disruption of components of the endothelial glycocalyx-like layer
(EGL) (84, 88, 89) and a cytokine-mediated, TLR4-dependent pathway involving
activation of peripheral blood mononuclear cells (PBMCs) (85). However, the early
interactions between NS1 and endothelial cells leading to barrier dysfunction have not
yet been fully characterized.

All flavivirus NS1 genes are highly homologous and encode a 352-amino acid polypeptide
with slight variation in glycosylation status that results in a molecular weight of 46-55 kDa
(146). NS1 forms a dimer intracellularly that is also found on the cell surface, and NS1 is
secreted from infected cells as a barrel-shaped hexamer containing lipid cargo (48). High-
resolution structures of the C-terminal half (51) and full-length (50) DENV and the closely
related West Nile virus (WNV) NS1 proteins provided the structural understanding of
flavivirus NS1 assembly and antibody recognition. DENV NS1 contains two conserved N-
linked glycans at Asn-130 (N130) and Asn-207 (N207), and NS1 proteins derived from
different cells/species exhibit distinct types of N-glycosylation (122). In mammalian cell-
derived DENV NS1, complex glycans are attached at Asn-130 and high-mannose glycans
are attached at Asn-207 (44); the N-linked glycans are involved in NS1 dimer stability and
secretion (44, 47). Further, when compared to wild-type (WT) virus, DENV2 (strain 16681)
de-glycosylated at either site exhibited significant attenuation of neurovirulence in mice
(61).

To examine the importance of NS1 glycosylation status on NS1-mediated pathogenesis,
Dr. Chunling Wang, a postdoctoral fellow in the Harris Laboratory, generated four NS1
constructs targeting glycosylation sites in DENV2 NS1, including WT, single N-
glycosylation mutants N130Q and N207Q, and double N-glycosylation mutant
N130Q+N207Q. Recombinant NS1 proteins were produced in a mammalian expression
system, and DENV WT and N207Q NS1 proteins were successfully secreted and purified
as oligomers; the N130Q mutant and the double N130Q+N207Q mutant were not
efficiently secreted and were not included in further analyses.

In this study, we sought to investigate whether the glycosylation status of NS1 may
contribute to its binding to endothelial cells and/or its ability to induce endothelial
hyperpermeability. Using both transendothelial electrical resistance (TEER) and confocal
microscopy, we show that the N207Q mutant does not induce endothelial barrier
dysfunction or degradation of the EGL of human pulmonary microvascular endothelial
cells (HPMEC). Further, we demonstrate that there are no differences in binding between
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WT DENV NS1 and the N207Q mutant, but the latter is not efficiently internalized by
endothelial cells, indicating that internalization of NS1 is required for endothelial cell-
intrinsic pathogenesis. Finally, we show that endothelial cells internalize NS1 via clathrin-
mediated endocytosis (CME) and that inhibition of CME prevents NS1-induced
hyperpermeability and EGL degradation. Taken together, our results suggest that the
N207 glycosylation site is required for NS1 internalization by endothelial cells and that

CME is a key step in the pathway leading to NS1-induced endothelial hyperpermeability
and barrier dysfunction.
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Results

DENV N207Q NS1 does not induce endothelial hyperpermeability or degrade the
endothelial glycocalyx-like layer in human pulmonary endothelial cells in vitro

Previously, we demonstrated that NS1 from all four DENV serotypes induces endothelial
hyperpermeability of HPMEC as measured by transendothelial electrical resistance
(TEER). To investigate the functional role of NS1 glycosylation in pathogenesis, we first
evaluated the effect of DENV N207Q NS1 on endothelial permeability. Using our TEER
model, we found that DENV2 NS1 produced in-house induces endothelial
hyperpermeability of HPMEC at similar levels to commercially purchased NS1 but that
the DENV N207Q NS1 mutant is defective in increasing permeability (Figure 4.1). These
data demonstrate that mutation of N-glycosylation site 207 in DENV2 NS1 completely
abrogates the ability of NS1 to induce endothelial hyperpermeability.
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Figure 4.1. Mutation of the N-glycosylation site 207 (N207Q) completely abrogates NS1-induced
hyperpermeability of HPMEC.

Human pulmonary microvascular endothelial cells were grown on Transwell semi-permeable
membranes (0.4 um pore size), and distinct flavivirus NS1 proteins (5 pg/ml) were added to the apical
chamber (DENV2 NS1, commercially purchased, blue squares; DENV2 NS1, produced in-house, purple
diamonds; DENV2 N207Q mutant NS1, orange triangles). A TEER assay was used to evaluate the effect
of these NS1 proteins on endothelial permeability at indicated time-points over 48 hours. (*) represents
change of medium. Relative TEER values from two independent experiments performed in duplicate are
plotted. Error bars indicate standard error of the mean (SEM).

We have previously shown that DENV NS1 binds to endothelial cells and activates
cathepsin L, which subsequently activates heparanase that cleaves heparan sulfate on
the cell surface (88, 89). NS1 also activates the endothelial sialidases Neul, Neu2, and
Neu3, which cleave sialic acid on the cell surface. Together, these mechanisms contribute
to NS1-induced degradation of the EGL, leading to endothelial barrier dysfunction (88,
89). To investigate whether DENV N207Q NS1 is able to trigger activation of these
pathways, we performed confocal microscopy of NS1-treated HPMEC monolayers at 6
hours post-treatment. We found that while both WT preparations of NS1 activate
cathepsin L and induce loss of heparan sulfate as well as sialic acid from the EGL, the
N207Q mutant was unable to trigger these effects (Figure 4.2). Taken together, these
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results indicate that glycosylation status is a key molecular determinant of NS1-mediated
pathogenesis.
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Figure 4.2. Mutation of the N-glycosylation site 207 prevents NS1l-induced EGL disruption on
pulmonary endothelial cells.

(a) The integrity of the EGL on HPMEC was assessed by the presence of sialic acid (Sia) surface
expression, stained with WGA-A647 (red, top row), and heparan sulfate (HS) surface expression (green,
bottom row), as well as cathepsin L (CTSL) activity (red, middle row), at 6 hpt with NS1 proteins at 37°C,
as visualized via confocal microscopy. Nuclei were stained with Hoechst (blue). Images (20X; scale bars,
50 ym) are representative of 2 independent experiments performed in duplicate. (b) Quantification of
MFI in (a) from two independent experiments. Error bars indicate standard deviation (SD). ns = not
significant; *, P < 0.05; ***, P < 0.0005; ****, P < 0.0001. Confocal microscopy images acquired and
analyzed by Dr. Henry Puerta-Guardo.

DENV N207Q NS1 binds to HPMEC but is retained on the surface of endothelial
cells

Since DENV N207Q NS1 is unable to induce endothelial hyperpermeability or
degradation of the EGL, we next investigated whether DENV N207Q NS1 is able to bind
to the surface of HPMEC. Using confocal microscopy, we found that both commercial and
in-house-produced WT DENV NS1 and the N207Q mutant all bind to endothelial cells at
1 hour post-treatment at 37°C. Interestingly, the DENV N207Q mutant NS1 appeared to
bind to the surface of HPMEC at substantially higher levels than both preparations of WT
DENV NS1 (Figure 4.3a, top row; 4.3b, left panel).
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We next examined whether this apparent increase in binding was due to an increased
inherent ability of the N207Q mutant to bind to endothelial cells by evaluating NS1 levels
on the surface of HPMEC at 4°C, a temperature where endocytosis should be greatly
reduced. We found that the N207Q mutant was able to bind HPMEC at similar levels to
both commercial and in-house-produced WT DENV NS1 when NS1 proteins were
incubated with HPMEC at 4°C for 1 hour (Figure 4.3a, bottom row; 4.3b, right panel).
These data suggest that the N207Q mutant binds to HPMEC at similar levels to WT NS1,
but the mutant is retained on the surface of endothelial cells at higher levels than WT.
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Figure 4.3. Wild-type DENV NS1 and the DENV N207Q NS1 mutant bind at similar levels to HPMEC.
(a) Binding of NS1 proteins to HPMEC at 4°C or 37°C after 1 hpt was visualized via confocal microscopy.
Nuclei were stained with Hoechst (blue). Images (20X; scale bars, 50 um) are representative of 2
independent experiments performed in duplicate. (b) Quantification of MFI in (a) from two independent
experiments. Error bars indicate SD. ns = not significant; ****, P < 0.0001. Confocal microscopy images
acquired and analyzed by Dr. Henry Puerta-Guardo.

WT DENV NS1 is internalized by endothelial cells and colocalizes with Rab5, but
DENV N207Q NS1 does not

We previously observed that the peak of DENV2 NS1 binding to endothelial cells is 6 hpt,
with a noticeable decrease by 12 hpt; binding was hardly detectable at 24 hpt (88). NS1
was previously shown to be endocytosed by hepatocytes (201), and we hypothesized
that NS1 needs to be internalized by endothelial cells in order to activate sialidases and
the cathepsin L/heparanase pathway. We found that WT DENV NS1 (both commercial
and in-house-produced) appeared at higher levels than the N207Q mutant in HPMEC cell
lysate at 1 hpt following protease removal of surface-bound NS1, as measured by
Western blot, suggesting that the DENV N207Q mutant is not efficiently internalized by
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endothelial cells at 37°C (Figure 4.4a,b). To further confirm these findings, we used
confocal microscopy to visualize intracellular NS1 and Rab5, a regulatory GTPase
associated with early endosomes, in HPMEC at 37°C 1 hour post-treatment. Both WT
NS1 and N207Q proteins were detected in HPMEC; however, only WT DENV NS1
colocalized with Rab5 (Figure 4.4c,d). These data suggest that WT DENV NS1 is
internalized by endothelial cells and trafficked to the endosome; however, the N207Q
mutant does not localize to the same cellular compartment.
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Figure 4.4. Wild-type DENV NS1 is internalized by human endothelial cells but the DENV N207Q
NS1 mutant is not.

(a) Confluent HPMEC monolayers were exposed to 10 ug/ml of different NS1 proteins and incubated at
37°C for 1.5 hours. Trypsin was used to remove surface-bound NS1, and protein extracts were collected
from cell lysates and analyzed by Western blot. Western blot shows a representative image of detection
of the internalized DENV2 NS1 proteins, a-tubulin (loading control), and Rab5, an early endosome
marker. (b) Relative densitometry quantification of NS1 proteins normalized to a-tubulin in (a) from two
independent experiments. Error bars indicate SD. (c) Colocalization of NS1 proteins (red, first row), as
indicated, with early endosome marker Rab5 (green, second row) in HPMEC 1 hpt with NS1.
Colocalization is shown in yellow in merge images (third row) or white in colocalization panels (fourth
row; JACoP, ImageJ). Nuclei were stained with Hoechst (blue). Images (20X; scale bars, 10 ym) are
representative of 2 independent experiments performed in duplicate. (d) Quantification of DENV NS1
and Rabb5 colocalization in (c) was obtained using four different frames from the maximum projections of
two RGB images based on the object-based approach (JACoP) and defined by the Manders' Coefficient
as previously described (202). The colocalization coefficient was normalized by taking into account the



signal obtained from 300 cells per image. Error bars indicate SD of MFI values in the colocalization
analyses obtained from two independent experiments.

DENV NS1 colocalizes with clathrin but not caveolin, and inhibition of CME
prevents NS1-induced hyperpermeability and EGL degradation

Endocytosis by endothelial cells can occur via several routes, including CME and
caveolin-mediated uptake (CavME) (203). We next sought to determine through which
route NS1 was internalized by endothelial cells. Using confocal microscopy, we found
that commercial and in-house-produced WT NS1 and N207Q NS1 all colocalized with
clathrin in HPMEC at 1 hpt (Figure 4.5a); however, no colocalization with caveolin was
observed for any proteins (Figure 4.5b). These results suggest that NS1 activates CME
but not CavME for internalization into endothelial cells.
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Figure 4.5. Both wild-type and the N207Q mutant NS1 colocalize with clathrin but not with
caveolin on the surface of HPMEC in vitro.

Confluent HPMEC monolayers were exposed to 10 ug/ml of different NS1 proteins and incubated at
37°C for 30 minutes. Colocalization of NS1 proteins (red, left column), as indicated, with either (a) clathrin
or (b) caveolin (green, second column) in HPMEC. Colocalization is shown in yellow in merge images
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(third column) or white in colocalization panels (fourth column; JACoP, ImageJ). Nuclei were stained with
Hoechst (blue). Images (20X; scale bars, 5 pym) are representative of 2 independent experiments
performed in duplicate.

Because the N207Q mutant colocalizes with clathrin but not with Rab5, indicating that it
is not internalized via CME, and also does not trigger downstream pathogenesis, we
evaluated whether inhibition of CME could prevent NS1-mediated endothelial
hyperpermeability and EGL degradation. We first treated HPMEC with Dynasore, an
inhibitor of the GTPase dynamin, which regulates clathrin-coated pit maturation and
directs membrane fission (204), and Pitstop 2, a specific inhibitor of CME, and we found
that both compounds abrogated WT NS1-induced hyperpermeability as measured by
TEER (Figure 4.6a). Because Pitstop 2 is a more specific inhibitor than Dynasore, we
next evaluated its effect on cathepsin L activation and heparan sulfate degradation
(Figure 4.6b,c). We found that Pitstop 2 prevented both the activation of cathepsin L and
the degradation of heparan sulfate by NS1. Finally, we found that Pitstop 2 prevented
NS1 colocalization with Rab5 in HPMEC (Figure 4.6d). Taken together, these results
suggest that CME is required for both NS1-induced hyperpermeability and EGL
degradation as well as endothelial cell internalization of NS1 following binding of the
protein to endothelial cells.
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Figure 4.6. Inhibition of CME prevents DENV NS1-induced hyperpermeability, EGL degradation,
and internalization by endothelial cells.

(&) HPMEC were grown on Transwell semi-permeable membranes (0.4 pum pore size), and the apical
chamber was treated with either DENV2 NS1 (5 pg/ml) alone (blue squares); the dynamin inhibitor
Dynasore (25 pM) alone (purple diamonds) or in the presence of NS1 (orange triangles); or the CME
inhibitor Pitstop 2 (12.5 uM) alone (light green triangles) or in the presence of NS1 (pink circles). A TEER
assay was used to evaluate the effect of NS1 and inhibitors on endothelial permeability at indicated time-
points over 48 hours. (*) represents change of medium. Relative TEER values from two independent
experiments performed in duplicate are plotted. Error bars indicate standard error of the mean (SEM).
(b) The integrity of the EGL on HPMEC was assessed by the presence of heparan sulfate (HS) surface
expression (green, top row), as well as cathepsin L (CTSL) activity (red, top row), at 6 hpt with DENV2
NS1 (5 pg/ml) in the presence or absence of Pitstop 2 (12.5 uM) at 37°C, as visualized via confocal
microscopy. Nuclei were stained with Hoechst (blue). Images (20X; scale bars, 50 um) are representative
of 2 independent experiments performed in duplicate. (c) Quantification of MFI in (b) from two
independent experiments expressed as either fold change of cathepsin L activity from Pitstop 2 control
values (left) or normalized percentage of heparan sulfate from Pitstop 2 control values (right). Error bars
indicate SEM. (d) Colocalization of NS1 proteins (red, first column) on HPMEC treated with either DMSO
(top row) or Pitstop 2 (bottom row) with Rab5 (green, second column) 1.5 hpt with NS1. Colocalization
is shown in yellow in merge images (third column) or white in colocalization panels (fourth column;
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JACoP, ImageJ). Nuclei were stained with Hoechst (blue). Images (20X; scale bars, 5 ym) are
representative of 2 independent experiments performed in duplicate.

The role of the N207 glycosylation site of NS1 in endothelial hyperpermeability
induction is conserved in other flaviviruses

Given the importance of the N207 glycosylation site for DENV NS1-mediated
pathogenesis of HPMEC, we next sought to evaluate whether the N207Q mutation would
abrogate hyperpermeability induced by NS1 proteins from Zika virus (ZIKV) and West
Nile virus (WNV), two neurotropic flaviviruses, on human brain microvascular endothelial
cells (HBMEC). We found that while both commercial and in-house-produced WT ZIKV
and WNV NS1 proteins increased the permeability of HBMEC as measured by TEER, the
respective N207Q mutants did not induce hyperpermeability (Figure 4.7a,b). Further,
given that cases of dengue encephalitis have been reported and that DENV has been
found in the brain of dengue shock cases during autopsies (205, 206), we investigated
the effect of WT and N207Q mutant DENV NS1 on the permeability of HBMEC.
Consistent with our previous results, we found that both WT DENV NS1 proteins but not
the N207Q mutant induced endothelial hyperpermeability of HBMEC (Figure 4.7c).
Taken together, these data indicate that the N207 glycosylation site is an important
molecular determinant of pathogenesis across flaviviruses and tissue sites.
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Figure 4.7. Mutation of the N207 glycosylation site abrogates hyperpermeability induced by NS1
proteins from neurotropic flaviviruses.

Human brain microvascular endothelial cells were grown on Transwell semi-permeable membranes (0.4
pum pore size), and (a) ZIKV NS1 proteins, (b) WNV NS1 proteins, or (c) DENV NS1 proteins (5 pg/ml)
were added to the apical chamber (WT, commercially purchased, blue squares; WT, produced in-house,
purple diamonds; N207Q mutant NS1, orange triangles). A TEER assay was used to evaluate the effect
of these NS1 proteins on endothelial permeability at indicated time-points over 48 hours. (») represents
change of medium. Relative TEER values from two independent experiments performed in duplicate are
plotted. Error bars indicate (SEM).
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Discussion

In this study, we demonstrate that the N207 glycosylation site of DENV2 NS1 is essential
for inducing hyperpermeability and EGL degradation of human endothelial cells. The
N207Q NS1 mutant binds at similar levels to WT NS1, but it is retained on the cell surface.
Consistent with this observation, WT NS1 is rapidly internalized by endothelial cells and
colocalizes with Rab5, whereas N207Q NS1 predominantly remains on the cell surface,
and what is internalized does not colocalize with Rab5. Further, NS1 colocalizes with
clathrin and not caveolin, and inhibiting CME prevents NS1 internalization and NS1-
induced hyperpermeability and EGL disruption. Taken together, these results suggest
that the N207 glycosylation site is required for endothelial cell internalization via CME and
endosomal trafficking of NS1, and this is necessary for the activation of enzymes like
cathepsin L that lead to EGL degradation and increased endothelial permeability.

We have previously shown that NS1 leads to activation of key endothelial cell-intrinsic
pathways, including the sialidase and cathepsin L/heparanase pathways, and that these
contribute to NS1-induced hyperpermeability of human endothelial cells; however, how
these enzymes become activated remain unknown. Our results here provide evidence
that internalization of NS1 via CME is required for the activation of these pathogenic
processes, furthering our understanding of how these pathways interact with NS1.

Because both WT and N207Q NS1 are able to bind HPMEC and colocalize with clathrin,
but only WT NS1 colocalizes with Rab5, we hypothesize that NS1 initially binds to
endothelial cells via heparan sulfate, an interaction that has been previously described
(87), and then interacts with a second, potentially proteinaceous partner, that triggers
endocytosis of the protein and trafficking to the endosome, leading to activation of
cathepsin L and/or sialidases. Though we observe some N207Q NS1 inside endothelial
cells, it is at a lower level than WT NS1 and is not associated with Rab5, suggesting that
N207Q NS1 enters through an alternative pathway that does not result in activation of
endothelial cell-intrinsic pathogenic processes. This hypothesis is supported by our
findings that Pitstop 2, an inhibitor of CME, prevents NS1 internalization, NS1-induced
hyperpermeability, and cathepsin L activation and heparan sulfate degradation. Taken
together, these results indicate that NS1 must be internalized by endothelial cells and
trafficked to the endosome in order to activate cathepsin L, supporting a potential direct
interaction between NS1 and cathepsin L or an interaction of heparan sulfate (potentially
bound to NS1) with cathepsin L, as heparan sulfate has been shown to activate cathepsin
L (207, 208).

In summary, we have identified a single amino acid, N207, at a glycosylation site of
DENV2 and WNV NS1 proteins as a key determinant of NS1-mediated endothelial
hyperpermeability. Mutation of DENV2 N207 prevents clathrin-mediated endocytosis of
NS1 and inhibits activation of the cathepsin L/heparanase and sialidase pathways and
subsequent disruption of endothelial barrier function. Thus, this single glycosylation site
is required for the endothelial cell-intrinsic pathogenic functions of DENV2 NS1 and is
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crucial for understanding DENV pathogenesis, as well as for developing antiviral
therapies and NS1-based vaccine approaches.
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Experimental Procedures

Cell culture. HPMEC line HPMEC-ST1.6r was kindly donated by Dr. J.C. Kirkpatrick at
Johannes Gutenberg University, Germany, and was grown using the EGM-2 bullet kit
(Clonetics, Lonza) and maintained as previously described (84). HBMEC was donated by
Dr. Ana Rodriguez at New York University and maintained using endothelial cell medium
with growth supplement (ScienCell Research Labs). All cells were maintained at 37°C in
humidified air with 5% COs..

Recombinant NS1 proteins. Commercially purchased recombinant NS1 proteins used
in this study were obtained from the Native Antigen Company (Oxfordshire, United
Kingdom). Recombinant DENV2 (Thailand/16681/84), ZIKV (Uganda MR766 and
Suriname Z1106033), and WNV (NY99) NS1 proteins were produced in HEK 293 cells
with a purity greater than 95%, composed mostly of oligomeric forms and certified by the
manufacturer to be free of endotoxin contaminants. NS1 preparations were also tested
using the Endpoint Chromogenic Limulus Amebocyte Lysate QCL-1000TM kit (Lonza)
and confirmed to be free of bacterial endotoxins. In-house-produced NS1 proteins were
produced in 293F suspension cells and purified by batch method using nickel
nitrilotriacetic acid resin agarose beads (Thermo Fisher).

Antibodies, recombinant NS1 proteins, and inhibitors. Staining of EGL components
and endothelial enzymes including sialic acid, heparan sulfate, human endothelial
heparanase, and cathepsin L were performed using previously described antibodies,
lectins, and protocols (88). Primary antibodies against clathrin heavy chain (Clathrin
Heavy Chain (D3C6) XP Rabbit mAb (4796S), Cell Signaling), caveolin (Anti-Caveolin-2
antibody EPR5471 (ab133484), Abcam), and Rab5 (Anti-Rab5 antibody - Early
Endosome Marker (ab18211), Abcam) and a secondary donkey anti-rabbit IgG
conjugated to Alexa 568 (ab175470, Abcam) were used in confocal microscopy
experiments. An anti 6x-His-tag mAb (HIS.H8) conjugated to DyLight 488 (Thermo
Scientific) was used for NS1 protein binding assays. Selective inhibitors of clathrin-
mediated endocytosis (Pitstop 2, Abcam) and dynamin (Dynasore, Sigma) were used in
TEER assays and confocal microscopy experiments at concentrations that do not affect
cell viability. Cell viability was determined using the Promega CellTox Green Cytotoxicity
Assay following the manufacturer’s instructions.

Western blot. SDS-PAGE gels were transferred semi-dry onto a polyvinylidene difluoride
(PVDF) membrane for 7 minutes (min) at 25V. The membrane was blocked and incubated
with primary anti-6x-His-tag antibody overnight. After washing, a goat anti-mouse IgG
secondary antibody conjugated to Alexa Fluor 680 (Thermo Fisher) was added at a
dilution of 1:5,000 for 1 hour, and blots were imaged using the LI-COR Odyssey imaging
system.

Transendothelial Electrical Resistance (TEER). To measure the functional effects of
the recombinant NS1 proteins, HPMEC and HBMEC were cultured in duplicate wells
(80,000 cells in 0.3 ml) in the apical chamber of 24-well Transwell polycarbonate
membrane inserts (Transwell permeable support, 0.4 um, 6.5 mm insert; Corning Inc.)
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and incubated with 5 pg/ml NS1 protein (WT or mutants, 1.5 ug total protein). TEER was
measured as previously described (84, 88). Resistance values were measured in Ohms
(Q) at sequential 2-hour time-points following the addition of test proteins using an
Epithelial Volt Ohm Meter (EVOM) with “chopstick” electrodes (World Precision
Instruments). Untreated endothelial cells grown on Transwell inserts were used as
negative untreated controls, and inserts with medium alone were used for blank
resistance measurements. Relative TEER represents a ratio of resistance values (Q) as
follows: (Q experimental condition - Q medium alone)/(Q non-treated endothelial cells - Q
medium alone). For experiments using inhibitors, compounds were added to the apical
compartment of the Transwell 30 minutes before the addition of DENV NS1 protein.

NS1 protein binding assay. Confluent HPMEC monolayers grown on gelatin-coated
coverslips (0.2%, Sigma) were exposed to 5 ug/ml of DENV2 WT NS1 from the Native
Antigen Company (Oxfordshire, UK) as a positive control, WT NS1, or N207Q mutant
NS1 and incubated for 1 hour at 37°C or 4°C or 6 hours at 37°C. An anti-6x-His-tag
antibody conjugated to DyLight 488 (TFS) was used to detect NS1 protein bound to the
cell surface. Untreated cells were used as a negative control. Images were acquired using
a Zeiss LSM 710 AxioObserver-34-channel spectral detector confocal microscope and
processed using ImageJ software.

Fluorescent Microscopy. HPMEC were grown and imaged as described above. To
assess the effect of flavivirus NS1 on the integrity of EGL components such as Sia and
HS, HPMEC monolayers were treated with WT DENV2 NS1 (Native Antigen or produced
in-house) or N207Q mutant NS1 proteins (5 pyg/ml) and fixed with 2% paraformaldehyde
(PFA) at different time-points (1, 6 hpt). A primary antibody against HS (clone F58-10E4,
Amsbio) was incubated overnight at 4°C, and detection was performed using a secondary
goat anti-mouse IgM antibody conjugated to Alexa 488 (Thermo Fisher). The cell surface
expression of Sia was visualized using the lectin wheat germ agglutinin (WGA)
conjugated to Alexa 647 (TFS) (88). The proteolytic activity of cathepsin L was evaluated
using the Magic Red assay cathepsin L detection kit (ImmunoChemistry Technologies)
(88). A primary antibody against clathrin heavy chain (Clathrin Heavy Chain (D3C6) XP
Rabbit mAD, Cell Signaling) was incubated overnight at 4°C, and detection was performed
using a secondary donkey anti-rabbit IgG conjugated to Alexa 568 (Abcam). A primary
antibody against caveolin (Anti-Caveolin-2 antibody EPR5471, Abcam) was incubated
overnight at 4°C, and detection was performed using a secondary donkey anti-rabbit IgG
conjugated to Alexa 568 (Abcam). For experiments using inhibitors, compounds were
added to wells 30 minutes before the addition of DENV NS1 protein. Nuclei were stained
with Hoechst (blue). Untreated cells were used as a control for basal Sia and HS
expression and cathepsin L activity. Images were acquired using the Zen 2010 software
(Zeiss) and analyzed with ImageJ software. For representative pictures, an area of ~1.8
um? (1.25x1.40 pm) containing ~28-30 cells was used. For MFI quantification, the
threshold for each individual channel (RGB) was adjusted and converted to grayscale.
Then, mean grayscale values and integrated density from selected areas were obtained,
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along with adjacent background readings, and plotted as mean fluorescence intensity
(MFI).

DENV2 NS1 protein internalization in HPMEC. To evaluate the internalization of DENV
NS1 proteins in HPMEC, we used Western blot and immunofluorescence assay (IFA).
Briefly, confluent monolayers (pre-chilled 10 min at 4°C) grown on culture plates and/or
glass coverslips were exposed to 10 pg/ml of different NS1 proteins (as indicated above)
and incubated for 45 min at 4°C to facilitate NS1 protein adsorption but not internalization.
Then, plates were transferred to 37°C to allow protein internalization. One hour later, cell
supernatants were removed, and cell monolayers were rinsed 3X with PBS and detached
with trypsin-EDTA, which also removed any surface-bound, non-internalized NS1
proteins from the outer cell membrane. Cells were pelleted and lysed using
radioimmunoprecipitation assay (RIPA) buffer (TFS) supplemented with a protease
inhibitor cocktail. Total protein, quantified by BCA (TFS), was separated (15 pg total
protein/lane) using an SDS-PAGE gradient gel (4-20%), and visualized by Western blot
with primary anti-NS1 mAbs (1G5.3 and 1H7.4) (209) and secondary anti-mouse antibody
conjugated to Alexa 750 (Abcam, ab175740). a-Tubulin was used as a protein loading
control (anti a-tubulin ab 4074, Abcam), and Rab5 was used as an endosome marker
(Abcam, ab18211). Anti-rabbit IgG conjugated to Alexa 680 was used as secondary
antibody (Abcam, ab175773). Images were acquired and processed using a LI-COR
Odyssey system and ImageJ software, respectively.

Additionally, internalized NS1 (10 pug/ml) was visualized by confocal microscopy by co-
staining NS1 and Rab5 (Rab GTPase), a commonly used early endosome marker. Briefly,
after 45 min at 4°C (to normalize protein adsorption), plates were transferred to 37°C for
1 hour to facilitate protein internalization. After fixation with 4% PFA, samples were
processed by indirect immunofluorescence and confocal microscopy imaging. For
experiments using inhibitors, compounds were added to wells 30 minutes before the
addition of DENV NS1 protein. Initially, a colocalization plugin analysis in ImageJ software
was used to define the colocalizing spots between NS1 and Rab5 in each experimental
condition. The amount of spatial overlap between the two signals (NS1, red and Rab5,
green) was obtained using four different frames from the maximum projections of two
RGB images based on the object-based approach (JACoP) and defined by the Manders'
Coefficient as previously described (202).

DENV2 NS1 colocalization with endocytic pathway markers. Confocal microscopy
was used to determine whether clathrin-mediated endocytosis or caveolin-mediated
uptake contribute to internalization of NS1 by endothelial cells. HPMEC were grown and
imaged as described above. Briefly, after 45 min at 4°C (to normalize protein adsorption),
plates were transferred to 37°C for 30 minutes to facilitate protein internalization. After
fixation with 4% PFA, samples were processed by indirect immunofluorescence and
confocal microscopy imaging. Initially, a colocalization plugin analysis in ImageJ software
was used to define the colocalizing spots between NS1 and clathrin or caveolin in each
experimental condition. The amount of spatial overlap between the two signals (NS1, red
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and Rab5, green) was obtained using four different frames from the maximum projections
of two RGB images based on the object-based approach (JACoP) and defined by the
Manders' Coefficient as previously described (202).

Statistics. Statistical analyses were performed using GraphPad Prism 6 software, and
all graphs were generated using Prism 6. For MFI quantification of confocal microscopy
images, ordinary one-way ANOVA analyses with multiple comparisons to the WT DENV
NS1 from Native Antigen Company and WT DENV NS1 produced in-house using

Dunnett’'s multiple comparison test was used to determine significance of the effect of
DENV NS1 N207Q.
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Chapter 5: Flavivirus NS1 triggers tissue-specific vascular
endothelial dysfunction reflecting disease tropism
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Summary

Flaviviruses cause systemic or neurotropic-encephalitic pathology in humans. The
flavivirus non-structural protein 1 (NS1) is a secreted glycoprotein involved in virus
replication and immune evasion, as well as vascular leakage during dengue virus (DENV)
infection. Here, we demonstrate that NS1 proteins from dengue, Zika (ZIKV), West Nile
(WNV), Japanese encephalitis (JEV), and yellow fever (YFV) viruses selectively bind to
and alter permeability of human endothelial cell monolayers from lung, dermis, umbilical
vein, brain, and liver in vitro and cause vascular leakage upon inoculation into mice in a
tissue-dependent manner, reflecting the pathophysiology of each flavivirus.
Mechanistically, each flavivirus NS1 protein leads to differential disruption of key
endothelial glycocalyx components after activation of sialidases, cathepsin L, and
heparanase. Our findings reveal a previously unidentified ability of flavivirus NS1 proteins
to modulate endothelial barrier function in a tissue-specific manner both in vitro and in
vivo, potentially influencing flavivirus dissemination, pathogenesis and disease.
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Introduction

The Flavivirus genus consists of enveloped, positive-sense RNA viruses (~11-kb
genome) that are transmitted by arthropod vectors, collectively causing hundreds of
millions of infections each year. Flaviviruses include medically important mosquito-borne
pathogens such as the four dengue virus serotypes (DENV1-4), Zika virus (ZIKV), West
Nile virus (WNV), Japanese encephalitis virus (JEV), and yellow fever virus (YFV) (210).
In humans, flavivirus infections result in a range of outcomes, from clinically inapparent
infections to severe, sometimes fatal disease, characterized by hemorrhagic
manifestations and vascular leakage with organ failure (DENV, YFV),
meningomyeloencephalitis (JEV, WNV), and congenital Zika syndrome in pregnant
women and Guillain-Barré syndrome in adults associated with ZIKV infection (2, 211).

The flavivirus genome encodes three structural proteins (C, prM/M, and E) and seven
non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5). NS1 is a
multifunctional viral protein that is secreted as a hexamer by infected cells and circulates
in the host bloodstream (146). Inside infected cells, NS1 acts as a cofactor for viral
replication and assembly, while the secreted form plays a role in immune evasion by
binding and triggering degradation of the complement protein C4 (57, 60, 119) and in
dengue pathogenesis via activation of complement (118). Additionally, NS1 has been
shown to contribute to dengue pathogenesis by directly triggering endothelial
hyperpermeability as well as by inducing the release of vasoactive cytokines from
peripheral blood mononuclear cells (PBMCs) via activation of TLR4, both leading to
vascular leak (84, 85). Further, DENV NS1 has been shown to directly alter the barrier
function of pulmonary endothelial cell monolayers through disruption of the endothelial
glycocalyx-like layer (EGL) by triggering the activation of endothelial sialidases, cathepsin
L, and heparanase, enzymes responsible for degrading sialic acid and heparan sulfate
proteoglycans (88). Importantly, disruption of endothelial glycocalyx components has
been shown to correlate with plasma leakage during severe DENV infection (92, 93).
More recently, the contribution of these DENV NS1-induced endothelial cell-intrinsic
pathways to NS1-mediated vascular leakage was demonstrated to be independent of
inflammatory cytokines but dependent on the integrity of endothelial glycocalyx
components both in vitro and in vivo (89).

NS1 is well-conserved among flaviviruses, exhibiting 20-40% identity and 60-80%
similarity (42, 212). During the acute phase of illness in patients with severe dengue
disease, DENV NS1 has been shown to circulate at high levels (1-2 ug/ml), correlating
with DENV viremia (69). Human studies describing the kinetics of circulating NS1 levels
in other flavivirus infections are lacking, although NS1 has been detected in the serum of
mice experimentally infected with ZIKV, WNV, JEV, and YFV (140, 213-215). Notably,
ZIKV NS1 has been found in placental tissues infected with ZIKV (216). The action of
NS1 in relation to vascular leak occurs in capillary beds of tissues, where the cumulative
effect of NS1 is likely amplified and/or concentrated.

Here, we demonstrate that NS1 proteins from dengue, Zika, West Nile, Japanese
encephalitis, and yellow fever viruses selectively alter the permeability of monolayers of
endothelial cell lines derived from distinct human tissues. Additionally, we find that
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flavivirus NS1 proteins differentially induce disruption of EGL components, critical
determinants of endothelial barrier function (216) and differentially stimulate secretion of
inflammatory cytokines from PBMCs. Further, NS1 proteins enhance the extravasation of
fluids in vivo in a tissue-dependent manner, which correlates with flavivirus
pathophysiology. Together, our findings reveal a previously unidentified ability of flavivirus
NS1 proteins to modulate endothelial permeability in a tissue-specific manner both in vitro
and in vivo, potentially influencing flavivirus dissemination, pathogenesis, and disease.
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Results

Flavivirus NS1 proteins trigger endothelial barrier dysfunction in a tissue-specific
manner

Previously, we demonstrated that NS1 proteins from all four DENV serotypes, but not the
related WNV, cause a dose-dependent increase in endothelial permeability of human
pulmonary microvascular endothelial cells (HPMEC) (84, 88). Further, we showed that
DENV2 NS1 alone is able to induce vascular leakage in vivo (84, 88, 89). Here, we used
a transendothelial electrical resistance (TEER) assay to evaluate the ability of DENV,
ZIKV, WNV, JEV, and YFV NS1 proteins to trigger endothelial barrier dysfunction in
distinct human endothelial cell monolayers, including pulmonary (HPMEC), dermal
(HMEC-1), umbilical vein (HUVEC), brain (HBMEC), and liver (HLSEC) endothelial cells.
Recombinant flavivirus NS1 proteins used in all experiments were produced in
mammalian cells (HEK 293) and were shown to be >95% pure and oligomeric, as
demonstrated by native PAGE followed by silver staining or Western blot analyses. NS1
protein concentrations used in these experiments were based on levels of NS1 circulating
in patients with severe dengue disease and on previous studies demonstrating the effect
of DENV NS1 on human endothelial cells (84, 88, 89). Interestingly, our results show that
the different NS1 proteins trigger hyperpermeability in endothelial cells derived from
tissues associated with the viral tropism of each flaviviral disease (Figure 5.1).
Specifically, NS1 from DENV, which causes systemic disease, induces endothelial
hyperpermeability in all endothelial cells tested, while NS1 from ZIKV, which targets the
placenta and developing brain, induces hyperpermeability only in umbilical vein and brain
endothelial cells. NS1 from both Uganda and Suriname strains behaved similarly (Figure
5.S1). NS1 from WNV and JEV, which cause encephalitis, induce hyperpermeability only
in brain endothelial cells, whereas NS1 from YFV, which is systemic but primarily causes
hepatic damage, exerted the strongest effect in liver endothelial cells, with a slight
increase of permeability in lung endothelial cells. All endothelial cells demonstrated
increased permeability when exposed to the pro-inflammatory cytokine TNF-a as a
positive control. However, no increase in permeability was observed with recombinant
DENV2 E protein, demonstrating that the hyperpermeability induced is an NS1-specific
effect (Figure 5.1). The TEER results were confirmed in a solute flux assay using 70 kDa
dextran conjugated to FITC as a tracer in HUVEC monolayers (Figure 5.S2).
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Figure 5.1. Flavivirus NS1 proteins trigger endothelial barrier dysfunction in vitro in a tissue-
specific manner.

Human endothelial cells from different tissues (a) lung, (b) skin, (c) umbilical vein, (d) brain, and (e) liver,
were grown on Transwell semi-permeable membranes (0.4 pum pore size), and distinct flavivirus NS1
proteins (5 pg/ml) were added to the apical chamber. TNF-a (10 ng/ml) was used as a positive control,
and DENV2 recombinant envelope (E) protein (5 pg/ml, 1.5 ug of total protein) was used as a negative
control. A TEER assay was used to evaluate the effect of these NS1 proteins on endothelial permeability
at indicated time-points over 48 hours. (*) represents change of medium. Relative TEER values from two
independent experiments performed in duplicate are plotted. Error bars indicate standard error of the
mean (SEM).

In addition to our endothelial permeability assays, we assessed the ability of each
flavivirus NS1 protein to interact with the surface of the different human endothelial cells
in vitro by performing NS1 binding assays. Briefly, NS1 proteins were added to confluent
monolayers of human endothelial cells, and the amount of NS1 bound to the surface of
the endothelial cell monolayers was determined by immunofluorescence microscopy. At
1 hour post-treatment (hpt), all NS1 proteins showed a binding pattern that reflected their
capacity to selectively induce endothelial hyperpermeability as measured by TEER
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(Figures 5.2a-e, 5.53). DENV NS1 bound in a dose-dependent manner to the surface of
all endothelial cells, showing maximum binding to pulmonary endothelial cells. ZIKV NS1
showed highest protein binding to the surface of umbilical vein endothelial cells and brain
endothelial cells. WNV NS1 and JEV NS1 only exhibited increased binding capacity to
the surface of brain endothelial cells. Surprisingly, YFV NS1 bound to all endothelial cells;
however, significantly higher amounts were found on the surface of liver endothelial cells
(Figures 5.2, 5.S3, 5.54). These binding patterns were confirmed by Western blot of cell
lysates from confluent monolayers of human endothelial cells exposed to 10 pg/ml of
individual flavivirus NS1 proteins for 1 hour (Figures 5.2f-j, 5.S4). Furthermore, the
specificity of these interactions of NS1 with the surface of human endothelial cells was
corroborated by testing the effect of an anti-6x-His-tag monoclonal antibody (mAb) and
an NS1-specific mAb (2B7) on DENV NS1-induced barrier dysfunction of HPMEC as
measured by TEER (Figure 5.S5a) and also NS1 interaction with HPMEC and 293 cells
by immunofluorescence microscopy and flow cytometry, respectively (Figure 5.S5b,c).
As expected, the anti-6x-His-tag mAb does not prevent either DENV NS1-induced
hyperpermeability of HPMEC or NS1 binding to HPMEC and 293 cells. However, the anti-
NS1 mAb (2B7) blocked the barrier dysfunction induced by NS1 in HPMEC as well as
NS1 binding to 293 cells. These results indicate that the different flavivirus NS1 proteins
have the ability to bind to distinct tissue-specific endothelial cells, potentially leading to
the endothelial dysfunction and hyperpermeability identified in the TEER assay (Figure
5.1).
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Figure 5.2. Flavivirus NS1 proteins bind differentially to the surface of distinct human endothelial
cells.

Binding of flavivirus NS1 proteins to the surface of different human endothelial cell monolayers as
measured by (a-e) confocal microscopy or (f-j) Western blot. (a) HPMEC, (b) HMEC-1, (¢) HUVEC, (d)
HBMEC, and (e) HLSEC were grown on cover slips and treated with 5 (1.5 ug of total protein) or 10
Mg/ml NS1 (3 ug of total protein) (source confocal microscopy images not shown); binding was evaluated
1 hour post-treatment (hpt). The amount of bound NS1 was quantified and expressed as MFI. Cell lysates
from (f) HPMEC, (g) HMEC-1, (h) HUVEC, (i) HBMEC, and (j) HLSEC treated with 10 pg/ml of flavivirus
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NS1 protein were collected 1 hpt and analyzed by Western blot (source Western blot images not shown).
All graphs show the average of quantification from two independent experiments run in duplicate. Error
bars indicate SEM. In (a-e), statistically significant differences between distinct treatment groups were
determined by ANOVA and unpaired t-tests as indicated, with *, P < 0.05 and **, P < 0.01. (a-e) Colors
in bars represent protein concentrations as follows: green, 5 ug/ml; and blue, 10 pg/ml.

Flavivirus NS1 proteins induce degradation of EGL components after triggering
sialidase and cathepsin L/heparanase activation in human endothelial cells in
vitro

The EGL is a network of glycosaminoglycans and membrane-bound proteoglycans and
glycoproteins expressed on the endothelium that lines the luminal surface of blood
vessels and contributes to barrier function critical for vascular homeostasis (36). In
previous studies, we demonstrated that DENV but not WNV NS1 activates endothelial
cell-intrinsic pathways that lead to barrier dysfunction of HPMEC in vitro. NS1 triggered
the loss of sialic acid from the cell surface upon activation of endothelial sialidases as well
as the shedding of heparan sulfate proteoglycans by activating endothelial cathepsin L
and heparanase (88). To establish whether different flavivirus NS1 proteins induce
endothelial cell-specific barrier dysfunction via activation of similar mechanisms,
polarized monolayers of HPMEC, HMEC-1, HUVEC, HBMEC, and HLSEC were exposed
to the different flavivirus NS1 proteins. The integrity of EGL components was evaluated
6 hpt using immunofluorescence staining for sialic acid (Figure 5.3), heparan sulfate
(Figure 5.4) and syndecan-1, a major heparan sulfate-bearing proteoglycan that supports
the integrity of the EGL (180) (Figure 5.5S6). DENV NS1 induced disruption of sialic acid
on all endothelial cells, with significant reductions in sialic acid expression that ranged
from 20% to 80% depending on the endothelial cell type. Reflecting the pattern observed
in endothelial permeability (Figure 5.1), we found that ZIKV NS1 disrupted sialic acid in
both HUVEC and HBMEC, whereas WNV NS1 and JEV NS1 only disrupted sialic acid
on HBMEC. Significant reduction in the expression of sialic acid on HLSEC was only
observed in response to YFV NS1 (Figure 5.3). Regarding the expression of heparan
sulfate and syndecan-1, degradation of heparan sulfate after treatment with the distinct
flavivirus NS1 proteins was detected on the surface of the different human endothelial
cells after 6 hpt following a pattern that reflected our observations for sialic acid
expression (Figure 5.4). In parallel, accumulation of syndecan-1, whose ectodomain
binds back to the surface of endothelial cells after being shed (180), was detected on the
surface of the different endothelial cells 6 hpt in a similar pattern (Figure 5.S6). Thus,
disruption of EGL components was also determined by the flavivirus NS1 protein and the
tissue-specific endothelial cell.
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Figure 5.3. Flavivirus NS1 proteins alter the expression of sialic acid on the surface of endothelial
cells in a cell type-dependent manner.

(a) Sialic acid expression on human endothelial cell monolayers grown on coverslips 6 hpt with different
flavivirus NS1 proteins (5 ug/ml), examined by confocal microscopy. Sialic acid was stained with WGA-
A647 (red). Nuclei were stained with Hoechst (blue). Images (20X) are representative of three
independent experiments. Scale bar, 10 um. (b) Quantification of MFI in (a) from three independent
experiments. Error bars indicate SEM. Reduction of sialic acid expression in NS1-treated monolayers
was normalized to untreated controls. Statistically significant differences between distinct treatment
groups were determined using an ordinary two-way ANOVA with multiple comparisons to untreated cells
using Dunnett’'s multiple comparison test, with *, P < 0.05; ***, P < 0.001; **** P < 0.0001. Confocal
microscopy images acquired and analyzed by Dr. Henry Puerta-Guardo.
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Figure 5.4. Flavivirus NS1 proteins alter the expression of heparan sulfate on the surface of
endothelial cells in a cell type-dependent manner.

(a) Heparan sulfate expression on human endothelial cell monolayers grown on coverslips 6 hpt with
different flavivirus NS1 proteins (5 pug/ml, 1.5 ug of total protein), examined by confocal microscopy.
Heparan sulfate was stained with anti-heparan sulfate mAb (in green). Nuclei were stained with Hoechst
(blue). Images (20X) are representative of three independent experiments. Scale bar, 10 um. (b)
Quantification of MFI in (a) from three independent experiments. Error bars indicate SEM. Reduction of
heparan sulfate expression in NS1-treated monolayers was normalized against untreated controls.
Statistically significant differences between distinct treatment groups were determined using an ordinary
two-way ANOVA with multiple comparisons to untreated cells using Dunnett’'s multiple comparison test,
with *, P < 0.05; **, P <0.01; ***, P < 0.001; **** P < 0.0001. Confocal microscopy images acquired and
analyzed by Dr. Henry Puerta-Guardo.

In addition to the alterations of sialic acid and heparan sulfate expression induced by
flavivirus NS1 proteins, we also evaluated the activity and expression of endothelial
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cathepsin L and the expression of the endoglycosidase heparanase, enzymes involved
in the degradation of EGL components (88, 89). Compared to untreated monolayers,
DENV NS1 increased the expression and activity of cathepsin L in all endothelial cells
(Figure 5.5a,b). ZIKV NS1 increased levels of cathepsin L expression and proteolytic
activity in cultures of umbilical vein endothelial cells and brain endothelial cells. NS1
proteins from DENV, ZIKV, WNV and JEV, but not from YFV, modulated the expression
levels of cathepsin L and increased its activity in brain endothelial cells. Finally, YFV NS1
stimulated the proteolytic activity of cathepsin L in liver endothelial cells to levels 25-fold
higher than untreated controls, whereas ZIKV NS1, WNV NS1, and JEV NS1 triggered
no response (Figure 5.5a,b). We also examined the maturation state of cathepsin L on
different endothelial cells exposed to distinct NS1 proteins at 6 hpt. Densitometry
analyses of Western blots revealed expression of the pro-cathepsin L form in all the
endothelial cells exposed to different NS1 treatments but increased appearance of the
active form of cathepsin L (Figure 5.5c-e) that reflected the results obtained using the
fluorescence proteolytic activity assay (Figure 5.5a,b) and correlates with the patterns of
hyperpermeability observed in Figure 5.1. Because proteolytic activity of cathepsin L is
required for the activation of heparanase and subsequent trimming of heparan sulfate
from the EGL (164), we also examined the expression of heparanase in endothelial cells
after NS1 stimulation using immunofluorescence microscopy. As expected, we observed
a similar cell type- and NS1-dependent pattern of heparanase expression compared to
the cathepsin L results (Figure 5.5f).
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Figure 5.5. Flavivirus NS1 proteins modulate the expression and activity of endothelial cathepsin
L and heparanase in a cell type-dependent manner.
(a,b) Fold-change over untreated controls of the quantification of MFI from three independent confocal
microscopy experiments examining the (a) expression and (b) activity of cathepsin L in human
endothelial cell monolayers 6 hpt with different flavivirus NS1 proteins (5 pg/ml, 1.5 ug of total protein)
(source confocal microscopy images not shown). (c) Western blot data of pro-cathepsin L and mature-
cathepsin L expression in human endothelial cell monolayers 6 hpt with different flavivirus NS1 proteins
(5 pg/ml). (d,e) Densitometry of bands in (c) for (d) pro-cathepsin L and (e) mature-cathepsin L with



values normalized to GAPDH and expressed as fold change from untreated monolayers. (f) Fold-change
over untreated controls of the quantification of MFI from three independent confocal microscopy
experiments examining the expression of heparanase in human endothelial cell monolayers 6 hpt with
different flavivirus NS1 proteins (5 pg/ml, 1.5 ug of total protein) (source confocal microscopy images not
shown). For all graphs, error bars indicate SEM. Statistically significant differences between distinct
treatment groups were determined using an ordinary two-way ANOVA with multiple comparisons to
untreated cells using Dunnett's multiple comparison test, with *, P < 0.05; **, P < 0.01; ***, P < 0.001;
*rx P < (0.0001.

Additionally, the expression of endothelial sialidases (Neul, Neu2, Neu3), glycosidases
that catalyze the removal of terminal sialic acids of glycoproteins and glycolipids, was
evaluated on endothelial cells treated with the different flavivirus NS1 proteins (Figure
5.S7). Compared to untreated cells, flavivirus NS1 proteins led to increased expression
of Neul, Neu2, and Neu3 in a cell type-dependent manner at 6 hpt. In the case of DENV
NS1, which increased the permeability of different endothelial cells, Neu2 was the most
upregulated sialidase in all endothelial cells, followed by Neu3 and Neul. ZIKV NS1
upregulated the expression of Neu2 and Neu3 in HUVEC. Regarding the encephalitic
flaviviruses including WNV and JEV NS1 proteins, only HBMEC showed significant
changes in the expression of the three sialidases. Finally, for YFV NS1, which significantly
increased the permeability of liver endothelial cells, the expression of Neu2 and Neu3
was significantly upregulated only in HLSEC, with some increase in Neu2 in HPMEC, also
consistent with the patterns observed above.

Flavivirus NS1 proteins differentially stimulate secretion of inflammatory
cytokines from human PBMCs

It was previously reported that DENV2 NSL1 triggers production of inflammatory cytokines
from human PBMCs via activation of TLR4 (85). To evaluate the effect of different
flavivirus NS1 proteins on PBMC production of cytokines, we treated human PBMCs in
culture with DENV, ZIKV (from both Uganda and Suriname strains), WNV, JEV, and YFV
NS1 proteins; 10 ng/ml of lipopolysaccharide (LPS) was used as a positive control, and
untreated PBMCs were used as a baseline for cytokine secretion from cultured cells. 24
hpt, we collected supernatant and performed enzyme-linked immunosorbent assays
(ELISAS) for interleukin (IL)-6 (Figure 5.6a,b), IL-8 (Figure 5.6c,d), and TNF-a (Figure
5.6e,f). We found that NS1 from both ZIKV strains and WNV stimulated production of IL-
6 and IL-8 at levels comparable to LPS; treatment with ZIKV (Uganda) resulted in high
levels of TNF-a secretion, while ZIKV (Suriname) and WNV) were markedly lower. NS1
from DENV and YFV stimulated detectable levels of all three cytokines but were
substantially lower than ZIKV and WNV (Figure 5.6b,d,f). Interestingly, JEV NS1
produced an intermediate phenotype. These data suggest that, in addition to NS1- and
tissue-specific effects on the vascular endothelium, NS1 from different flaviviruses
stimulates production of inflammatory cytokines from human PBMCs at varying levels,
potentially contributing to inflammation and disease.
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Figure 5.6. Flavivirus NS1 proteins differentially stimulate secretion of inflammatory cytokines
from human PBMCs.

Primary human PBMCs were cultured in vitro and treated with LPS as a positive control (10 ng/ml; red)
or flavivirus NS1 proteins (5 pg/ml: DENV2, blue; ZIKV (Uganda), dark blue; ZIKV (Suriname),
cornflower; WNV, green; JEV, lavender; YFV, sky blue). 24 hpt, supernatant was collected and analyzed
for (a,b) IL-6, (c,d) IL-8, or (e,f) TNF-a by ELISA. Untreated PBMCs in culture were used as a baseline
control. (b-d) Data for untreated and DENV- and YFV-treated PBMCs are graphed on a smaller y-axis
scale for detail.

Flavivirus NS1 proteins cause increased vascular leakage in a tissue-dependent
manner and induce disruption of endothelial glycocalyx components in vivo

We next examined the ability of NS1 proteins from different flaviviruses to cause localized
dermal or systemic vascular leakage in vivo using murine models. To evaluate dermal
leak, we performed a fluorescent dextran-adapted Miles assay as previously described
(89). Briefly, following intradermal injection of recombinant NS1 proteins, fluorescently-
labeled (A680) dextran was delivered intravenously, and two hours later, leakage in the
dorsal dermis was visualized using a fluorescence detection system. We found that only
DENV NS1, but not ZIKV NS1, WNV NS1, JEV NS1 or YFV NS1, induced a significant
increase in vascular leakage in the murine dermis compared to injection of PBS (Figures
5.6a,b, 5.S8). To characterize the systemic effects of flavivirus NS1, we used a traditional
Miles assay to evaluate induction of vascular leak in organs including brain, lungs, and
liver. Mice were inoculated with 10 mg/kg of flavivirus NS1, an amount that leads to
circulating levels of NS1 equivalent to human DHF/DSS cases (69, 84). Three days post-
inoculation (dpi), animals were administered Evans Blue dye (EBD) or Alexa Fluor 680-
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labeled dextran for downstream tissue extraction or fluorescent imaging, respectively.
Following inoculation of DENV NS1, increased amounts of EBD were detected in the
lungs and liver (Figure 5.6c,d). However, consistent with previous studies (84), no
significant extravasation of EBD was observed in these organs after inoculation of 10
mg/kg of ovalbumin (OVA). YFV NS1 was the only other NS1 protein to induce
significantly higher levels of EBD leakage in the liver (Figure 5.6d). In addition to the
Miles assay, we also examined vascular leak in the brain and lung by measuring the
accumulation of fluorescently-labeled dextran. Intravenous administration of DENV NS1,
ZIKV NS1, and WNV NS1 proteins resulted in significant accumulation and extensive
leakage of dextran in brain tissue compared to OVA and YFV NS1 treatments (Figure
5.6e,9). In the lungs, accumulation of dextran following inoculation with DENV NS1
resembled the extravasation pattern observed with EBD in the Miles assay, with large
areas of increased mean fluorescence intensity (MFI) that result from the accumulation
of dextran in tissue (Figure 5.6f,h). In contrast, administration of WNV NS1 and OVA
(used as a protein control) resulted in no dextran accumulation (Figure 5.6f,h). Using this
assay, mice inoculated with YFV NS1 and ZIKV NS1 proteins showed areas of leakage
in the lung with increased MFI for dextran compared to OVA but substantially less than
DENV NS1, suggesting a minimal level of vascular leak from the inoculation (Figure
5.6f,h). Finally, to evaluate the impact of flavivirus NS1 proteins on vascular leakage in
vivo, we investigated the effect of intravenous administration of recombinant NS1 proteins
on the circulation of heparan sulfate, a major glycosaminoglycan used as an indirect
marker of endothelial glycocalyx integrity in vivo. Compared to untreated mice and mice
treated with OVA (used as protein control), administration of DENV, YFV, and, to a lesser
extent, WNV NSL1 proteins led to increased serum levels of heparan sulfate (DENV P <
0.05; YFV P <0.01) (Figure 5.6i), suggesting that shedding of heparan sulfate may be a
consequence of activation of the Cathepsin L/heparanase pathway by NS1.
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Figure 5.7. Flavivirus NS1 proteins induce differential local and systemic vascular leakage in vivo.
Wild-type C57BL/6 mice were used to evaluate (a,b) local or (c-h) systemic vascular leakage induced
by flavivirus NS1 proteins injected either (a,b) intradermally (dorsal dermis) or (c-h) intravenously with
15 ug and 200 pg (10 mg/kg) of total protein concentration, respectively. The magnitude of the vascular
leakage induced by these proteins was evaluated by using (a,b, e-h) dextran-A680 (10 mg/ml) or (c,d)
EBD (0.5%) and quantified by (a,b, e-h) fluorescent imaging or (c,d) spectrophotometric analyses. (a,e,f)
Images (LI-COR Odyssey) and (b-d, g,h) MFI values are representative of two individual experiments (n
= 3-6 per group). EBD was extracted from harvested tissues in formamide and quantified by measuring
absorbance at ODs10 against an EBD-standard curve. Ovalbumin (OVA, 10 mg/kg) and PBS were used
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as controls for systemic and local vascular leakage experiments, respectively. (i) Levels of heparan
sulfate detected in serum of mice (n = 3 per group) treated with ovalbumin (OVA, 10 mg/kg), DENV2
NS1 (10 mg/kg), WNV NS1 (10 mg/kg), or YFV NS1 (10 mg/kg) as measured by ELISA. Untreated mice
were used as a steady-state control. For dextran-adapted dermal Miles assay, data were derived from
three independent experiments and expressed as the fold-change ratio of the MFI obtained in each
individual treatment group compared to PBS injection. For the fluorescent systemic leakage assay, MFI
was measured inside the leakage area by drawing a standard circular area in each treatment condition
using ImageJ tools. Statistically significant differences were determined by nonparametric Mann-Whitney
analysis and ordinary one-way ANOVA with multiple comparisons between distinct experimental groups.
ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.0001. Error bars indicate SEM.
Scale bars, 0.5 cm.
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Discussion

In this study, we describe the ability of NS1 proteins from DENV, ZIKV, WNV, JEV, and
YFV to cause hyperpermeability of cultured polarized human endothelial cells derived
from different tissues including lung, skin, umbilical vein, brain, and liver as measured by
TEER. These findings are supported by in vivo data collected using both Evans Blue dye
(Miles assay) and a fluorescent dye (Dextran-adapted Miles assay), showing that
flavivirus NS1 proteins can differentially and selectively induce vascular leakage in distinct
organs including lung, skin, brain, and liver, reflecting respective flaviviral
pathophysiology. We found that DENV NS1 induced hyperpermeability in all tested
human endothelial cells, with maximal effects observed on pulmonary endothelial cells.
DENV NS1 also stimulated vascular leak in all evaluated organs upon inoculation into
mice. ZIKV NS1 increased the permeability of umbilical vein and brain endothelial cells in
vitro and caused vascular leakage in the brain in vivo, whereas WNV NS1 and JEV NS1
only induced permeability of brain endothelial cells and substantial vascular leakage in
the mouse brain. NS1 from YFV significantly increased the permeability of endothelial
cells derived from liver and, to a lesser extent, lung, and this same pattern was seen in
murine organs in vivo. Mechanistically, the observed hyperpermeability in vitro is related
to disruption of the EGL components sialic acid, heparan sulfate, and syndecan-1
following upregulation of sialidases as well as cathepsin L expression and activity and
subsequent expression of heparanase, enzymes known to contribute to the degradation
of cellular glycosaminoglycans and proteoglycans in the EGL. Taken together, our results
indicate that flavivirus NS1 proteins modulate endothelial permeability in a tissue-specific
manner both in vitro and in vivo, potentially influencing flavivirus dissemination,
pathogenesis, and disease (Figure 5.8).
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Figure 5.8. Model of flavivirus NS1-induced endothelial cell type-dependent hyperpermeability
and tissue-specific vascular leakage and its potential contribution to flavivirus pathogenesis and
disease.

Flavivirus infections can affect specific tissues including brain, lung, skin, liver, and also the placenta
during pregnancy to cause neurotropic-encephalitic or systemic diseases in humans. Infection with any
of the flaviviruses leads to secretion of NS1, a soluble viral protein that directly triggers increased
endothelial hyperpermeability and vascular leakage associated with the disruption of key components of
the endothelial glycocalyx layer, which lines the luminal surface of endothelial cells in the vasculature.
The EGL is composed of monosaccharides, such as sialic acid (Sia), glycosaminoglycans (GAGS), such
as heparan sulfate, and heparan sulfate proteoglycans (HSPGs), such as syndecan-1. Here, we describe
an endothelial cell type-dependent increase in permeability and vascular leakage induced by different
flavivirus NS1 proteins that reflects the disease pathogenesis of distinct flavivirus infections. DENV NS1
increases the permeability of endothelial cells from multiple tissues such as lung, skin, umbilical vein,
brain, and liver, consistent with the systemic disease caused by DENV. ZIKV NS1 induces endothelial
dysfunction of umbilical vein and brain endothelial cells, reflecting severe congenital and neurological
defects associated with Zika, while WNV and JEV NS1 only affect the barrier function of brain endothelial
cells, in line with the neurotropic and encephalitic nature of WNV and JEV disease. Finally, YFV NS1
increases the permeability of lung and especially liver endothelial cells, consistent with hepatic and
systemic pathology of yellow fever virus. This selective permeability may contribute to the pathogenesis
of the different flaviviruses by either inducing extravasation of fluids that results in inflammation of tissues
or facilitating virus dissemination into target organs that may lead to enhanced viral infection and disease.
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Clinically, severe WNV and JEV infections, as well as fetal ZIKV infections during
pregnancy, primarily result in cerebrovascular disease with encephalitis or congenital
brain abnormalities with neurological complications (2, 211). In contrast, severe DENV
and YFV infections are generally associated with systemic disease, characterized
primarily by increased vasculopathy and plasma leakage from blood vessels into tissues,
as well as hepatic damage/dysfunction (11). Despite this, there are multiple reports
describing DENV-associated neurological complications such as encephalitis and DENV
infection in the human brain in autopsies, as well as detection of viral antigens in placental
tissues from DENV-infected mothers (205, 217-219). These findings indicate that DENV
may also breach the blood-brain barrier as well as reach the placenta during pregnancy.
Overall, our data here demonstrate a tissue-specific pattern of interaction between
flavivirus NS1 and endothelial cells, where NS1-mediated effects (e.g. binding, induction
of hyperpermeability, etc.) mirror the clinical pathophysiology of the corresponding
flaviviral disease in humans. Data is lacking regarding levels of flavivirus NS1 in humans
(other than DENV), especially in tissues, where vascular leak occurs. Regardless of levels
of circulating NS1 antigenemia, the cumulative effect of NS1 is likely amplified and/or
concentrated in the capillary beds of tissues, the primary sites of leakage.

Vascular leak is seemingly mediated by the specific interaction of NS1 proteins with the
surface of different endothelial cells. Our in vitro binding data showed that DENV NS1
binds to the surface of all human endothelial cells included in this study and displayed a
greater interaction with lung and liver endothelial cells. This correlates with the
pathophysiology of severe DENV disease, in which these tissues are primarily affected
(i.e., pleural effusion, liver dysfunction, etc.) (11). ZIKV NS1 was found only on the surface
of umbilical vein and brain endothelial cells. Interestingly, ZIKV has been shown to
productively infect fetal macrophages (Hofbauer cells) and placental villous fibroblasts,
resulting in increased expression/secretion of ZIKV NS1 in placenta villus cores where
fetal endothelial cells are present in blood vessels (216, 220). Additionally, ZIKV is able
to infect human PBMCs in vivo and neural progenitors cells in vitro, which suggests that
ZIKV NS1 may be circulating in the blood of infected patients and also secreted inside
brain tissues (221-223). WNV NS1 and JEV NS1 only interacted with brain endothelial
cells, which correlated with their ability to induce hyperpermeability of these human
endothelial cells and as well as with their well-known neurotropism and ability to invade
the central nervous system, resulting in neurological complications and encephalitis
(224). NS1 from YFV, most often associated with severe liver disease and systemic organ
failure (225), was unexpectedly found to bind to some degree to all human endothelial
cells. However, it bound to liver endothelial cells to the highest level, which was the only
cell type that displayed a high degree of YFV NS1-induced hyperpermeability. These
results suggest that NS1 binding specificity may rely on the tissue-specific expression of
surface molecules on different endothelial cells that may facilitate the early stages of NS1
binding via protein-protein or protein-glycan interactions. Although these interactions may
explain NS1-endothelial cell specificity, they do not explain why YFV NS1 only induces
endothelial hyperpermeability of liver endothelial cells despite evidence of binding to other
endothelial cells. These data suggest that in addition to the initial binding, NS1 may
interact with a second cell type-specific component that is responsible for internalization
and/or downstream signaling and activation of pathogenic mechanisms. Thus, a higher
“threshold” may exist for YFV NS1 in HLSEC to trigger functional consequences leading
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to disruption of the glycocalyx and subsequent increased hyperpermeability. Studies are
ongoing to elucidate the cellular factors as well as the molecular basis in the different
flavivirus NS1 proteins that mediate their binding to the different endothelial cells and the
ensuing endothelial dysfunction.

The vascular endothelium is composed of a single layer of endothelial cells that form
blood vessels and modulate vascular homeostasis. On the endothelium, the negative
charge provided by EGL components, including glycoproteins containing sialic acid
residues and glycosaminoglycans, such as heparan sulfate (more than 50% of the total
glycosaminoglycan pool), chondroitin sulfate, and hyaluronic acid, contribute to the
maintenance of endothelial barrier function (36). Degradation of the EGL has been linked
to disease severity in several viral hemorrhagic fever diseases (226), including dengue,
where increased levels of heparan sulfate, hyaluronic acid, and syndecan have been
found in the blood of patients with severe dengue disease, as compared to controls with
milder forms of dengue (39, 92, 93). However, the importance of vascular permeability
and the role of EGL components in the pathogenesis of other flavivirus infections is still
unknown. Here, we found that NS1-induced endothelial hyperpermeability correlates with
increased disruption of key EGL components, regardless of the tissue origin of the human
endothelial cells. The interaction of distinct flavivirus NS1 proteins with the surface of
different human endothelial cells led to significantly decreased expression of sialic acid
and heparan sulfate, suggesting degradation of these components. This interaction also
resulted in increased deposition and accumulation of syndecan-1, which, after being
shed, can bind back to the endothelial surface, inducing endothelial dysfunction (88, 180).
Importantly, inoculation of these recombinant NS1 proteins in a mouse model, particularly
DENV, YFV, and WNV, led to a systemic increase in the levels of heparan sulfate,
confirming the role of NS1 in remodeling the integrity of EGL components in endothelial
beds in vivo and consistent with increased heparan sulfate circulation in severe human
dengue cases with vascular leak (93). Notably, NS1-induced EGL alterations in vitro were
associated with increased expression and activation of the cysteine protease cathepsin
L, endothelial sialidases (Neul, Neu2, and Neu3), and the endoglycosidase heparanase,
which have been implicated in the degradation of the extracellular matrix as well as
cleavage of proteoglycans mainly expressed on the luminal surface of endothelial cells
(36, 164, 180). The pattern revealed is consistent with the flavivirus NS1- and tissue-
specific profiles reported above. However, the molecular mechanisms leading to the
upregulation and activation of the mammalian sialidases still remain elusive. In turn,
Cathepsin L is known to activate heparanase after proteolytic processing of the non-active
precursor (65 kDa) into an active protein (50 kDa). We previously showed that inhibitors
of sialidases, heparanase and cathepsin L prevent NS1-induced disruption of the EGL in
vitro and vascular leak in vivo (88, 89). Thus, we found that the cell type-dependent
pattern of endothelial hyperpermeability observed following flavivirus NS1 treatment of
human cell monolayers is also reflected in endothelial cell-intrinsic mechanisms
implicated in NS1 pathogenesis in vitro and putative disruption of the endothelial
glycocalyx in a mouse model.

In addition to the glycocalyx layer, the hemostasis of the endothelium is maintained by
the presence of intercellular junctional complex composed of protein-protein interactions
that help to preserve the cell-to-cell contacts (33). Disruption of the glycocalyx and/or
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intercellular junctional complex may condition the increased passage of fluids, small
molecules or plasma proteins of different molecular weights (MW), such as human
albumin (~65 kDa), high-density lipoproteins (HDL, 175-500 kDa), and low-density
lipoproteins (LDL, ~3,000 kDa). Although we have implicated the endothelial glycocalyx
as an important mediator of hyperpermeability following stimulus with flavivirus NS1
proteins, it will be important for future work to determine the role of tight and adherens
junctions in NS1-induced pathogenesis. Very recently, the potential role of the adherens
junction protein VE-cadherin in DENV NS1-induced vascular leakage was reported (95).
Additionally, the association of circulating levels of tight and adherens junction proteins
with severe dengue disease has been described (92).

The assessment of vascular permeability is complicated because it is affected by multiple
factors including the type of microvessels, endothelial cells, the size and charge of
extravasating molecules, and the pathway that molecules take to traverse the
endothelium. In these studies, we utilized five distinct measures of endothelial
permeability and vascular leak: TEER and a dextran flux assay in vitro; and Evans blue
dye and fluorescently-labeled dextran in a systemic Miles assay and fluorescently-labeled
dextran in a modified local Miles assay in vivo. These assays all assess endothelial
permeability, but because of the nature of the assays, potentially measure different
pathways. In vitro, TEER measures the ohmic resistance of a barrier, whereas flux assays
measure the direct passage of a macromolecule from the apical to the basolateral
chamber. Both of these methods represent a composite of both paracellular and
transcellular pathways. In vivo, Evans blue binds to albumin, which does not cross the
endothelium in the absence of inflammation or stimulus that disrupts normal barrier
function. On the other hand, 10 kDa dextran should extravasate from the blood into tissue,
even during basal conditions (227). As with the in vitro models, these assays most likely
measure a composite of paracellular and transcellular pathways. The results from each
of these models support our overarching hypothesis that NS1 exerts a virus- and tissue-
specific effect on the human endothelium, leading to barrier dysfunction and
hyperpermeability, but the amount of leakage due to transcellular versus paracellular
pathways remains unknown, and further studies are needed to elucidate the molecular
mechanisms driving this phenomenon. As the primary determinant of paracellular
permeability, intercellular junctions are important regulators of endothelial barrier
function, though it is likely that both the glycocalyx and intercellular junctions are involved
in NS1-induced barrier dysfunction and that multiple factors work in synergy resulting in
endothelial hyperpermeability. Discerning the relative contributions of the glycocalyx and
intercellular junctions will undoubtedly prove to be challenging, but a more complete
understanding of the dynamics and kinetics involved in disruption of the endothelial
barrier by NS1 may inform clinical management and treatment protocols for flavivirus
disease.

Flavivirus infection has been shown to compromise the integrity of many biological
barriers, including the pulmonary microvascular endothelium and the blood-brain barrier,
which are usually able to protect against virus infection (228-231). So far, this process
has been primarily attributed to exacerbated host immune responses that lead to
increased permeability of endothelial cells in the different microvascular beds. However,
other than DENV NS1, the role of secreted NS1 proteins in the pathophysiology of
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endothelial cells has not been reported. Despite the mounting evidence suggesting that
high levels of NS1 antigenemia during the acute phase of DENV infection correlate with
increased risk of developing severe dengue disease, including vascular leakage (42), little
is known about circulating levels of NS1 from other flavivirus infections including ZIKV,
WNYV, JEV, and YFV. Here, our data suggest a potential role for flavivirus NS1 proteins
in causing tissue-specific pathology associated with endothelial dysfunction. We
hypothesize that NS1 may induce selective hyperpermeability of different microvascular
beds as a means of facilitating virus dissemination into target organs where permissive
cells critical for local replication are found, resulting in virus amplification. Numerous
studies of flavivirus infection in different animal models as well as human autopsies have
shown a selective tropism of distinct groups of flavivirus that target different tissues,
leading to systemic versus neurotropic/encephalitic pathology (2). Despite studies
describing the potential infection of endothelial cells by flaviviruses in vitro, flavivirus
infection of endothelial cells in vivo is still controversial. In this study, infection of
endothelial cells by DENV and ZIKV does not occur during the time frame of the
experiment (12-24 hours) (data not shown). Thus, we posit that NS1 is a virulence factor
that, in addition to facilitating virus replication and immune evasion, may also facilitate
virus dissemination from the bloodstream into tissues, influencing virus tissue tropism and
disease manifestations.

Modhiran et al. previously demonstrated that DENV NSL1 triggers the production of
inflammatory cytokines from PBMCs (85), and inflammatory cytokines such as TNF-a
have been implicated in flavivirus pathogenesis, including during WNV crossing of the
blood-brain barrier and development of ZIKV-related neurological abnormalities (229,
232). Here, we show that NS1 proteins from different flaviviruses differentially stimulate
the secretion of IL-6, IL-8, and TNF-a from human PBMCs, with WNV and ZIKV NS1
proteins having the most potent effect. Because cytokines are known to increase the
permeability of the blood-brain barrier (233, 234), we hypothesize that cytokines produced
by PBMCs following stimulation by NS1 from neurotropic flaviviruses, such as WNV, may
further contribute to virus dissemination during infection, potentially leading to more
severe disease.

Taken together, we report a previously undescribed function of different flavivirus NS1
proteins in modulating endothelial barrier function in vitro and in vivo in a tissue-
dependent manner. Mechanistically, we found that all NS1 proteins were able to alter the
integrity of EGL components on the surface of endothelial cells, leading to endothelial
hyperpermeability. This new evidence strongly suggests that distinct flavivirus NS1
proteins may modulate virus dissemination and thus influence viral pathogenesis and
disease. These findings provide novel insights into the biology of NS1 and contribute to
a better understanding of flavivirus pathogenesis, supporting the inclusion of NS1 protein
in flavivirus vaccine development and generating new targets for future therapies against
flavivirus infections.
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Experimental Procedures

Cell culture. Human pulmonary microvascular endothelial cells (HPMEC) (line HPMEC-
ST1.6r) were kindly donated by Dr. J.C. Kirkpatrick at Johannes Gutenberg University,
Germany; human umbilical vein endothelial cells (HUVEC) were a kind gift from Melissa
Lodoen at the University of California, Irvine. Both of these cell lines were grown using
the EGM-2 bullet kit (Clonetics, Lonza) and maintained as previously described (84). The
human dermal microvascular endothelial cell line HMEC-1, kindly donated by Dr. Matthew
Welch, University of California, Berkeley, was propagated and maintained as previously
described (89). The human brain microvascular endothelial cell (HBMEC) was donated
by Ana Rodriguez at New York University and maintained using endothelial cell medium
with endothelial cell growth supplement (ScienCell Research Labs). Primary human liver
sinusoidal microvascular endothelial cells (HLSEC) were acquired from Cell Biologics and
maintained using complete human endothelial cell medium supplemented with an
endothelial cell medium supplement kit (Cell Biologics) according to the manufacturer’s
recommendations. Human PBMCs were isolated from a Trima Residual blood pack
(Blood Centers of the Pacific, San Francisco, CA) and cultured in RPMI 1640
supplemented with 10% human serum (MP Biomedicals), 2 mM glutamine (Life
Technologies), and 1% penicillin/streptomycin (Life Technologies). All cells were
maintained at 37°C in humidified air with 5% CO».

Mice and ethical approvals. Five- to eight-week old wild-type C57BL/6 mice were
purchased from the Jackson Laboratory (Sacramento, CA) or bred and maintained under
specific pathogen-free conditions at the University of California, Berkeley, Animal Facility.
All experimental procedures involving animals were pre-approved by the Animal Care and
Use Committee (ACUC) of the University of California, Berkeley.

Antibodies and recombinant NS1 proteins. Staining of EGL components and
endothelial enzymes including sialic acid, syndecan-1, heparan sulfate, human
endothelial heparanase, sialidases (Neul, Neu2, and Neu3), and cathepsin L were
performed using previously described antibodies, lectins, and protocols (88). An anti 6x-
His-tag mAb (HIS.H8) conjugated to DyLight 488 (Thermo Scientific) was used for NS1
protein binding assays. All recombinant NS1 proteins used in this study were obtained
from the Native Antigen Company (Oxfordshire, United Kingdom). Recombinant DENV2
(Thailand/16681/84), ZIKV (Uganda MR766 and Suriname Z1106033), WNV (NY99),
JEV (SA-14), and YFV (17D) NS1 proteins were produced in HEK 293 cells with a purity
greater than 95%, composed mostly of oligomeric forms and certified by the manufacturer
to be free of endotoxin contaminants. NS1 preparations were also tested using the
Endpoint Chromogenic Limulus Amebocyte Lysate QCL-1000TM kit (Lonza) and
confirmed to be free of bacterial endotoxins.

Transendothelial electrical resistance (TEER). The effect of recombinant flavivirus
NS1 proteins on endothelial permeability was evaluated by measuring TEER of
endothelial cell (EC) monolayers grown on a 24-well Transwell polycarbonate membrane
system (Transwell permeable support, 0.4 ym, 6.5 mm insert; Corning Inc.) as previously
described (88, 89). Briefly, TEER was measured in Ohms (Q) at sequential 2-hour time-
points following the addition of test proteins (5 ug/ml, 1.5 ug of total protein) to the apical
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chamber (top chamber, 300 pl) of a Transwell system using an Epithelial Volt Ohm Meter
(EVOM) with “chopstick” electrodes (World Precision Instruments). Untreated endothelial
cells grown on Transwell inserts were used as negative untreated controls, and inserts
with medium alone were used for blank resistance measurements. Relative TEER
represents a ratio of resistance values (Q) as follows: (Q experimental condition - Q
medium alone)/(Q non-treated endothelial cells - Q medium alone). After 24 hours of
treatment, 50% of upper and lower chamber media were replaced by fresh endothelial
cell medium.

Solute flux assay. To evaluate the effect of different flavivirus NS1 proteins on the
passage of macromolecules through a polarized monolayer of human endothelial cells,
HUVEC were grown on collagen-coated Transwell insert (Corning Transwell-COL
collagen-coated membrane inserts, 24-well, 0.4 um, 6.5 mm insert; Corning Inc.). After
three days of culture using complete endothelial cell media (Lonza), 50% of upper and
lower chamber media were replaced with fresh Endothelial Cell Growth Media-2
(PromoCell) for 24 hours before beginning the experiment. Test proteins (10 pyg/ml, 3 ug
total protein) were added to the apical chamber of the Transwell inserts and incubated for
6 hours at 37°C. At 6 hpt, 70 kDa dextran conjugated to FITC (Sigma) was added to the
apical chamber of the Transwell inserts at a final concentration of 1 mg/ml and allowed to
circulate for one hour at 37°C. Transwell inserts were removed, and 100 pl from each well
was collected in duplicate wells in a 96-well flat-bottom plate. Fluorescence was
measured on a plate reader, and the concentration of dextran-FITC that passed from the
apical to and accumulated in the basolateral chamber was determined using a standard
curve (0.488 — 1000 pg/ml). TNF-a (100 ng/ml) was used as a positive control, and
untreated cell monolayers were used as a baseline control.

Flavivirus NS1 protein binding assay. To assess the ability of each flavivirus NS1
protein to interact with the surface of human endothelial cells, we used two different
approaches: an immunofluorescence assay (IFA) to visualize the extracellular NS1
protein (5 and 10 pg/ml; 1.5 and 3 pg total protein, respectively) on non-permeabilized
monolayers of endothelial cells grown on gelatin-coated coverslips (0.2%, Sigma) and a
Western blot assay using total protein extracts collected from confluent endothelial cell
monolayers exposed to 10 pyg/ml (3 pg) of each NS1 protein. All individual flavivirus NS1
proteins were incubated for one hour at 37°C as previously described (88). All flavivirus
NS1 proteins used in this study contain a C-terminal 6x-His-tag. NS1 protein bound to the
cell surface was detected by IFA using an anti-6x-His-tag mAb (HIS.H8) conjugated to
DyLight 488 (Thermo Scientific) followed by confocal microscopy analyses. Alternatively,
a combination of anti-6x-His-tag mAb with an anti-mouse IgG (H+L) conjugated to Alexa
680 was used to detect the presence of NS1 protein in total protein extracts by Western
blot using an infrared detection system (LICOR). Untreated monolayers were used for
background subtraction in both assays. For Western blots, GAPDH was used as protein
loading control to normalize the relative amount of NS1 protein bound to the surface of
each endothelial cell. Densitometry analyses was performed using Image Studio Lite
software v 5.2.

Fluorescence microscopy. For imaging experiments, all human endothelial cells were
grown on sterile coverslips coated with 0.2% gelatin (Sigma) and imaged on a Zeiss LSM
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710 Axio Observer inverted fluorescence microscope equipped with a 34-channel
spectral detector. To visualize the effect of all flavivirus NS1 proteins on the expression
of EGL components such as sialic acid, heparan sulfate, endothelial sialidases (Neul,
Neu2, and Neu3), and syndecan-1, as well as cathepsin L expression and activity and
heparanase expression, confluent endothelial cell monolayers were treated with 5 pg/ml
of each flavivirus NS1 proteins and were fixed with 4% of cold paraformaldehyde (PFA)
6 hpt. Untreated monolayers were used as a control for normal expression/distribution of
all EGL components and endothelial enzymes mentioned above. Indirect
immunofluorescence was performed using primary mAbs incubated overnight at 4°C, and
detection was performed with secondary species-specific anti-lgG or anti-IgM antibodies
conjugated to Alexa fluorophores (488, 568 and 647) as previously described (89).
Images acquired (20x) using Zeiss Zen 2010 software were processed and analyzed with
ImageJ software. All RGB images were converted to grayscale. Then, mean grayscale
values and integrated density from selected areas were taken, along with adjacent
background readings, and plotted as mean fluorescence intensity (MFI). For MFI
quantification, individual images (708.48 x 708.48 um) were obtained as RGB composite
and split into 4-channel to adjust the threshold for each individual channel. Then, each
channel was converted into a grayscale format and equally divided into four framed non-
overlapping areas (341.9 x 353.8 um, ~45-50 nuclei/frame). Minimum and maximum gray
values, expressed here as MFI, were measured using an ImageJ plugin. All different
experimental conditions were run in duplicate in two individual experiments.
Representative images (125.73 x 138.96 um).

Cytokine secretion assay. To evaluate the stimulation of cytokine production from
PBMCs by flavivirus NS1 proteins, primary human PBMCs were cultured in 24-well
plates. After thawing cells from cryo-preservation, 250,000 cells were plated in 500 pl in
each well and allowed to settle for 3 hours. 5 pg/ml of flavivirus NS1 protein was then
added to each well; 10 ng/ml was used as a positive control. At 24 hpt, cells were spun
down at 1500 RPM for 5 minutes at 4°C, and supernatant was collected and frozen down
at -80°C. ELISA analyses were later performed to determine levels of cytokine production.

In vivo vascular leakage assays. To evaluate the in vivo effect of flavivirus NS1 proteins
in vascular hemostasis, we used a conventional Miles assay using Evans Blue dye (EBD),
as well as a modified version using fluorescently-labeled dextran. Briefly, wild-type
C57BL/6 mice were initially injected with either 10 mg/kg of ovalbumin or each individual
flavivirus NS1 protein. Three days post-injection, mice were intravenously administrated
100 pl of 0.5% EBD in PBS and 200 pl of 10 kDa dextran conjugated to Alexa Fluor 680
(dextran-A680; 1 mg/ml). Both compounds were allowed to circulate for 3 or 2 hours,
respectively, before euthanizing animals and perfusing tissues with 20 ml of PBS and 10
ml of formalin solution (Sigma) for tissue fixation. To quantify the levels of vascular
leakage into the extravascular space of tissue using dextran-A680, tissues were analyzed
using the LI-COR Odyssey CLx Imaging System. Images were evaluated using Image
Studio Lite software, and the leakage area was quantified from a standard-scanned area
selected for each tissue to obtain a mean fluorescence intensity value. For EBD
extraction, tissues were vacuum dried, shap-frozen in liquid nitrogen, and pre-weighed
before incubation in formamide (1 ml/g of tissue; Sigma) at 65°C for 48 hours (231). The
absorbance of the extravasated dye was measured at 620 nm using a spectrophotometer.
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EBD concentration was calculated using a standard curve (3.9 to 250 ng/ml) using linear
regression analysis (R?=0.998). To determine the effect of flavivirus NS1 proteins at a
local microvascular level, we used the Dextran-adapted dermal Miles assay based on a
previously described protocol (89). Briefly, flavivirus NS1 proteins were intradermally
injected (15 pg in 50 pl PBS) into the dorsal dermis of previously shaved mice (3-4 days
prior injection). PBS (50 ul) was used as an injection control, and VEGF (200 ng in 50 pl
PBS) was used as positive control for inducing vascular leakage. Following intradermal
injections, 200 pl of dextran-A680 (5 mg/ml) was delivered by retro-orbital injection. Two
hours post-injection, mice were euthanized, and the dorsal dermis was removed and
placed in Petri dishes. Tissues were then scanned using the LI-COR Odyssey CLXx
Imaging System and analyzed as previously described (89).

Western blots. Confluent cell monolayers (~3x10° cells/well, 24-well tissue culture-
treated plates) of human endothelial cells from lung (HPMEC), skin (HMEC-1), umbilical
vein (HUVEC), brain (HBMEC) and liver (HSLEC) were treated with 5 ug/ml of individual
flavivirus NS1 proteins (DENV, ZIKV, WNV, JEV and YFV) and at 6 hpt, cells were lysed
using RIPA lysis buffer (50 mM Tris [pH 7.4], 150 mM NacCl, 1% [v/v] Nonidet-P40, 2 mM
EDTA, 0.1% [w/v] SDS, 0.5% Na-deoxycholate, and 50 mM NaF) supplemented with
complete protease inhibitor cocktail (Roche). Ten to twenty ug of total protein per sample
was diluted using reducing Laemmeli buffer and separated by 4-20% gradient SDS-
PAGE. For subsequent analyses, proteins were transferred onto PDVF membranes using
a Western blotting transfer system (Trans-Blot Turbo™ Transfer System, BioRad) and
detected using primary antibodies for NS1 proteins (anti-6x-His-tag mAb, Thermo
Scientific), human cathepsin L (eBiosciences), and GAPDH (Santa Cruz Biotech) (used
as a housekeeping protein control) and secondary species-specific anti-IgG antibody
conjugated to Alexa 680 or Alexa 750. Protein detection and quantification was performed
using the Odyssey CLx Infrared Imaging System (LI-COR). Relative densitometry
represents a ratio of the values obtained from each experimental protein band over the
values obtained from loading controls (GAPDH) after subtracting background from both
using Image Studio Lite V 5.2 (LI-COR Biosciences).

ELISAs. TNF-q, IL-6, and IL-8 levels were measured using ELISA assays following the
manufacturer’s instructions (Abcam). Circulating levels of heparan sulfate (LSBio, Inc) in
the bloodstream of mice (n=3 per group) treated with different recombinant NS1 proteins
(10 mg/kg) were measured in serum samples collected three days post-treatment as
indirect markers of endothelial glycocalyx integrity in vivo, as has been previously
described (93). Ovalbumin was used as a protein control. Quantification of each analyte
was done using standards provided and following manufacturer's recommendations.

Statistical analysis. All statistical analyses and graphs were performed and generated
using GraphPad Prism 6 software. For binding experiments, statistically significant
differences between distinct treatment groups were determined by ANOVA and unpaired
t-tests. For microscopy analyses, comparisons between the mean fluorescence
intensities obtained from three individual experiments, run in duplicate and using
untreated cells as baseline controls, was conducted using an ordinary two-way ANOVA
with multiple comparisons to untreated cells using Dunnett’s multiple comparison test. For
all in vivo experiments (murine dermal leak, systemic vascular leak, serum heparan
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sulfate), an ordinary one-way ANOVA with multiple comparisons to control groups
(untreated, PBS, or OVA) using Dunnett’s multiple comparison tests was used to
determine significance of different flavivirus NS1 proteins. For TEER experiments,
statistical significance was determined using an ordinary two-way ANOVA. For solute flux
assays, statistical significance was determined using an ordinary two-way ANOVA with
multiple comparisons to untreated cells using Dunnett’'s multiple comparison test. For all
analyses, differences were considered significant for P values <0.05.
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Figure 5.S1. Related to Figure 5.1. NS1 from two different ZIKV lineages induces similar levels of

hyperpermeability of human brain and umbilical vein endothelial cells.

Human endothelial cells from the (a) umbilical vein (HUVEC) and (b) brain (HBMEC) were grown on
Transwell semi-permeable membrane inserts (0.4 pm pore size), and NS1 (5 pg/ml, 1.5 pg of total
protein) from two different ZIKV strains, Uganda (MR766) and Suriname (Z1106033), was added to the
apical chamber. A TEER assay was used to evaluate the effect of these proteins on endothelial
permeability at indicated time-points over 48 hours. (*) represents change of medium. Relative TEER
values from two independent experiments performed in duplicate are plotted. Error bars indicate

standard error of the mean (SEM).
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Figure 5.S2. Related to Figure 5.1. Flavivirus NS1 proteins differentially increase endothelial
permeability in HUVEC as measured by dextran flux in vitro.

HUVEC were grown on collagen-treated Transwell semi-permeable membrane inserts (0.4 um pore
size), and distinct flavivirus NS1 proteins (5 pg/ml, 1.5 ug of total protein) were added to the apical
chamber. At 6 hpt, 70 kDa dextran conjugated to FITC (1 mg/ml) was added to the apical chamber and
allowed to circulate for one hour, after which 100 ul of supernatant from the basolateral chamber was
collected and analyzed on a plate reader in duplicate wells. Data from two independent experiments
performed in duplicate are plotted. Error bars indicate SEM. Statistically significant differences were
determined using an ordinary one-way ANOVA with multiple comparisons to untreated cells using
Dunnett's multiple comparison tests, with **, P < 0.01; ***, P < 0.001.
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Figure 5.S3. Related to Figure 5.2. Flavivirus NS1 proteins bind differentially to the surface of
human endothelial cells as measured by confocal microscopy.

Binding of flavivirus NS1 proteins to the surface of different human endothelial cells grown on coverslips
was examined by confocal microscopy. The amount of NS1 bound to different human endothelial cell
monolayers (red) was quantified 1 hpt at 37°C using an anti-6x-His-tag mAb conjugated to Alexa 647
and expressed as MFI (Figure 5.2a-e). Nuclei were stained with Hoechst (blue). Images (20X) are
representative of two individual experiments run in duplicate. Scale bar, 10 pm. MFI values are quantified
in Figure 5.2a-e. Confocal microscopy images acquired and analyzed by Dr. Henry Puerta-Guardo.
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Figure 5.54. Related to Figure 5.2. Flavivirus NS1 proteins bind differentially to the surface of
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human endothelial cells as measured by Western blot.

(a-e) Cell lysates from monolayers of (a) HPMEC, (b) HMEC-1, (c) HUVEC, (d) HBMEC, and (e) HLSEC
treated with different flavivirus NS1 proteins (10 pg/ml, 3 ug of total protein) were collected 1 hpt and
were analyzed by Western blot. Representative images of Western blots from two independent

experiments. Densitometry values are quantified in Figure 5.2fj.
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Figure 5.S5. Related to Figure 5.2. An anti-6x-His-tag mAb does not prevent NSl-induced
hyperpermeability of human endothelial cells or NS1 binding to the cell surface.

(@) HPMEC were cultured on Transwell semi-permeable membrane inserts (0.4 um pore size) until
confluent and treated with DENV2 NS1 (5 pg/ml, blue squares), DENV2 NS1 and an anti-6x-His-tag mAb
(10 pg/ml, purple diamonds), or DENV2 NS1 and 2B7, an anti-NS1 mAb (10 ug/ml, orange triangles). A
TEER assay was used to evaluate the effect of these treatments on endothelial permeability at indicated
time-points over 48 hours. () represents change of medium. Relative TEER values from one experiment
performed in duplicate are plotted. Error bars indicate standard error of the mean (SEM). NS1 binding
assay on HPMEC (b) and 293T cells (c) evaluated by confocal microscopy and flow cytometry,
respectively. (b) Quantification of MFI from confocal microscopy images of DENV2 NS1 (5 pg/ml) binding
to HPMEC in the presence or absence of an anti-6x-His-tag mAb (10 pug/ml). (c) Relative NS1 binding to
the surface of 293 cells in the presence or absence of an anti-6x-His-tag mAb (10 ug/ml) and an anti-
NS1 mAb (2B7). The relative binding of NS1 to 293 cells was determined using the percentage of NS1-
positive cells (treated with NS1 in the absence of mAbs) and the negative control (cells not treated with
NS1 but stained using an anti-NS1 mAb). Error bars indicate SEM.
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Figure 5.S6. Related to Figure 5.4. Flavivirus NS1 proteins alter the expression of syndecan-1 in
a cell type-dependent manner.

(a) Syndecan-1 expression on human endothelial cell monolayers grown on coverslips 6 hpt with different
flavivirus NS1 proteins (5 ug/ml) and examined by confocal microscopy. Syndecan-1 was stained with
anti-syndecan-1 mAb (green). Nuclei were stained with Hoechst (blue). Images (20X) and MFI values
are representative of three independent experiments. Scale bar, 10 um. (b) Quantification of MFI in (a)
from three independent experiments. Error bars indicate SEM. Fold-change in MFI for syndecan-1
expression in NS1-treated monolayers was normalized to untreated controls. Statistically significant
differences between distinct treatment groups were determined using an ordinary two-way ANOVA with
multiple comparisons to untreated cells using Dunnett’'s multiple comparison test, with **** P < 0.0001.
Confocal microscopy images acquired and analyzed by Dr. Henry Puerta-Guardo.
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Figure 5.S7. Related to Figure 5.3. Flavivirus NS1 proteins increase the expression of human
endothelial sialidases in a cell type-dependent manner.

(a) Neul, Neu2, and Neu3 expression in human endothelial cell monolayers grown on coverslips 6 hpt
with different flavivirus NS1 proteins (5 pg/ml, 1.5 pg of total protein) and examined by confocal
microscopy. Neul, Neu2, and Neu3 were stained with Neul antibody H-300 (Santa Cruz Biotech, red),
Neu2 polyclonal antibody (PA5-35114, Thermo Scientific, yellow) and Ganglioside sialidase antibody N-
18 (Santa Cruz Biotech, green), respectively. The merged image is shown for each condition. Nuclei
were stained with Hoechst (blue). Images (20X) are representative of two independent experiments.
Scale bar, 10 ym. (b-d) Quantification of MFI in (a) from two independent experiments. Error bars indicate
SEM. Fold-change in MFI for (b) Neul, (c) Neu2, and (d) Neu3 expression in NS1-treated monolayers
was normalized to untreated controls. Statistically significant differences between distinct treatment
groups were determined using an ordinary two-way ANOVA with multiple comparisons to untreated cells
using Dunnett’'s multiple comparison test, with *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.0001.
Confocal microscopy images acquired and analyzed by Dr. Henry Puerta-Guardo.
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Figure 5.S8. Related to Figure 5.7. Flavivirus NS1 proteins induce differential local vascular
leakage in vivo.

Representative image of data from Figure 5.7b. Briefly, wild-type C57BL/6 mice were injected
intradermally with 15 pg of different flavivirus NS1 proteins (pictured: DENV2, ZIKV, YFV), and the
maghnitude of the local vascular leakage induced by these proteins was evaluated by using dextran-A680
(10 mg/ml). PBS was used as a vehicle control. Fluorescence was quantified using the LI-COR Odyssey.
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Chapter 6: Functionality of the NS1-specific antibody response
elicited by Takeda’'s Tetravalent Dengue Vaccine Candidate
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Summary

Dengue virus (DENV) is the most medically important arbovirus, affecting 40% of people
worldwide and infecting ~390 million individuals annually. Cases range from dengue fever
to life-threatening dengue hemorrhagic fever/dengue shock syndrome, which is
characterized by endothelial dysfunction and vascular leakage. Previously, we
demonstrated that DENV non-structural protein 1 (NS1) can induce endothelial
hyperpermeability in both cultured human cells and mouse models and that vaccination
with NS1 confers antibody-mediated protective immunity. Takeda’s live attenuated
tetravalent dengue vaccine (TDV) candidate has four components with structural proteins
from each serotype on the DENV2 genomic backbone. Here, we evaluated the
functionality of the DENV NS1-specific antibody response. Using an in vitro model of
endothelial permeability, we found that DENV2 NS1l-induced endothelial
hyperpermeability in human pulmonary microvascular endothelial cell monolayers, as
measured by transendothelial electrical resistance, was not inhibited by pre-vaccination
day O serum from subjects who had not been previously exposed to DENV infection
(DENV-naive subjects). Pre-existing NS1-specific antibodies in day O pre-vaccination
serum from previously DENV exposed (DENV-pre-immune) subjects inhibited NS1-
induced hyperpermeability to varying levels. All post-TDV vaccination samples from both
naive and pre-immune vaccine recipients completely abrogated NS1-induced
hyperpermeability. These effects correlated with anti-NS1 antibody concentrations as
measured by ELISA. Post-vaccination sera also prevented NS1-induced degradation of
endothelial glycocalyx components as visualized by confocal microscopy. Finally, post-
TDV vaccination sera inhibited hyperpermeability induced by DENV1, DENV3, and
DENV4 NS1, and inhibition correlated with cross-reactive IgG concentration against NS1.
Taken together, this is the first indication of functional NS1-specific antibody responses
elicited by a candidate dengue vaccine.
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Introduction

Dengue virus (DENV) is the most prevalent arbovirus worldwide, with half of the world’s
population at risk of infection from one of the four serotypes of the virus (DENV1-4) (1).
DENV is a member of the flavivirus family and is transmitted by the bites of infected
female Aedes aegypti mosquitoes. There are an estimated ~390 million infections
annually (1), and infection can lead to a range of outcomes, from inapparent infection to
dengue fever (DF) to dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS),
the most severe manifestations of disease (12). The first dengue vaccine, Dengvaxia®,
was produced by Sanofi Pasteur and licensed for use in 11 countries in 2016; however,
substantial concerns exist surrounding the potential of the vaccine to lead to antibody-
dependent enhancement, resulting in more severe infection post-vaccination (20, 235,
236). As such, research and clinical trials of other dengue vaccine candidates continues
unabated.

Takeda'’s live attenuated tetravalent dengue vaccine candidate (TDV) is comprised of an
attenuated DENV2 strain with structural proteins from DENV1, DENV3, and DENV4 on
the DENV2 backbone (237). During Phase 2 clinical trials, TDV was well-tolerated and
immunogenic, regardless of the patient’s immune status to DENV (238, 239). Because
the vaccine elicits a neutralizing antibody response, we can assume that the vaccine virus
infects and replicates in target cells and possesses functional versions of all proteins,
including the 7 non-structural proteins.

Non-structural protein 1 (NS1) is the only protein secreted from DENV-infected cells, and
it plays a variety of roles in the viral lifecycle, including replication and immune evasion
(146). We and others have previously shown that NS1 can act as a viral toxin and that it
contributes to pathogenesis via at least two mechanisms: an endothelial cell-intrinsic
pathway, where NS1 directly interacts with endothelial cells to induce degradation of the
glycocalyx via activation of sialidases and the cathepsin L/heparanase pathway (88, 89);
and a cytokine-dependent route, where NS1 stimulates production of inflammatory
cytokines from immune cells (85). We have also demonstrated that vaccination with
adjuvanted NS1 protein protects mice from lethal vascular leak disease, and passive
transfer of anti-NS1 serum abrogates NS1-induced lethality in vivo (84).

A substantial proportion of the antibody response to DENV after infection is directed
against NS1, and anti-NS1 antibodies have been found in convalescent sera after primary
DENYV infection, during the acute and convalescent phases of secondary DENYV infection,
and in DF and DHF/DSS patients (52, 240-243). Although no differences have been found
in the levels of total anti-NS1 antibodies measured in patients with DF versus DHF (52,
240-242), antibodies to particular NS1 epitopes have been shown to be present at higher
levels in DF compared with DHF patients (244). It is not yet clear what precise role these
antibodies play in resolving infection or preventing reinfection, as no studies have
compared levels of anti-NS1 antibody prior to asymptomatic vs. symptomatic DENV
infection.

Though the post-TDV vaccination neutralizing and binding antibody response against
DENV prM/E has previously been analyzed (245), the response against NS1 has not.
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And because a full complement of functional non-structural proteins, including NS1, is
required for viral replication, we assume that NS1 is secreted by vaccine virus-infected
cells. In this study, we sought to determine the magnitude and functionality of the anti-
NS1 IgG response elicited by Takeda’s TDV. We found that vaccination stimulates a
strong anti-NS1 antibody response that protects against DENV2 NS1-induced endothelial
hyperpermeability and endothelial glycocalyx-like layer degradation (EGL) in vitro. This
level of activity correlated with antibody concentration measured by ELISA, and this
activity was cross-reactive against DENV1, DENV3, and DENV4 NS1-induced barrier
dysfunction and correlated with the respective antibody concentrations as well. Taken
together, these results suggest that Takeda’s TDV elicits an anti-NS1 response that
blocks a key pathogenic mechanism of NS1 and may be beneficial for protection against
NS1-mediated complications of severe dengue disease.
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Results

Subjects vaccinated with Takeda TDV develop anti-DENV2 NS1 IgG responses
that abrogate NS1-induced hyperpermeability in vitro

We have previously shown that NS1 from all four DENV serotypes can induce endothelial
hyperpermeability of human pulmonary microvascular endothelial cells (HPMEC) as
measured by transendothelial electrical resistance (TEER) (88), and that this effect can
be blocked using immune serum from NS1-immunized mice (84). Here, we demonstrate
that sera from subjects vaccinated with Takeda’s TDV develop antibody responses that
prevent DENV2 NS1-induced hyperpermeability. First, researchers at Takeda determined
anti-NS1 antibody concentrations against NS1 from all 4 DENV serotypes (Table 6.1) in
samples that were collected during the Phase 1b INV-DEN-203 clinical trial
(ClinicalTrials.gov identifier: NCT01511250). Briefly, healthy participants were enrolled in
the study and received two doses of TDV (at day 0 and day 90), and serum samples were
collected at day O before vaccination and day 120 post-vaccination. Subjects were
grouped into DENV-naive and pre-immune categories based on their micro-neutralization
test results for DENV2 (246). Next, we evaluated sera from 12 subjects (6 DENV-naive
and 6 DENV-pre-immune) at day 0 before vaccination and day 120 post-vaccination. We
found that day 0 serum samples from DENV-naive subjects did not protect against NS1-
mediated barrier dysfunction, but day 120 post-vaccination samples from all naive
subjects blocked decreases in TEER values (Figures 6.1a, 6.S1). Day 0 samples from
pre-immune subjects produced varying levels of protection, and all day 120 post-
vaccination samples completely abrogated NS1-induced hyperpermeability (Figures
6.1b, 6.S2). Pooled serum from DENV-pre-immune individuals, used as a positive control,
also completely prevented DENV2 NS1l-induced hyperpermeability, while negative
control serum from DENV-naive individuals did not (Figure 6.S3b). We then analyzed the
reduction in NS1-mediated hyperpermeability generated by TDV sera (measured as area
under the curve (AUC) from each TEER analysis) and performed a correlation analysis
against NS1-specific antibody concentration from each serum sample as measured by
ELISA and found that protection strongly correlated with anti-NS1 antibody levels (r =
0.8826; P < 0.0001) (Figure 6.1c). Taken together, these results suggest that Takeda’s
TDV stimulates protective anti-DENV2 NS1 antibody responses following vaccination.
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DENV-naive subjects
Anti-NS1 antibody concentration (RU/ml)

DENV1 DENV2 DENV3 DENV4
S”?EJ)eCt do d120 do d120 do d120 do d120
1023014 13.5 602.6 16.2 2570.4 10.0 489.8 28.2 302.0
1025011 66.1 173.8 35.5 794.3 67.6 117.5 42.7 85.1
1025013 5.6 380.2 24.6 2454.7 17.0 316.2 10.0 186.2
1035002 34.7 177.8 31.6 977.2 17.8 114.8 19.1 44.7
1035005 50.1 467.7 20.4 1659.6 104.7 309.0 66.1 288.4
1035001 40.7 186.2 52.5 489.8 44.7 169.8 51.3 177.8

DENV-pre-immune subjects
Anti-NS1 antibody concentration (RU/ml)

DENV1 DENV2 DENV3 DENV4
Su f’[J)eCt do d120 do d120 do d120 do d120
1052010 | 691.8 11481.5 309.0 12022.6 436.5 7585.8 245.5 4677.4
1052014 | 758.6 1445.4 407.4 891.3 758.6 1122.0 724.4 708.0
1052015 3890.5 3467.4 2570.4 2344.2 3235.9 2818.4 660.7 708.0
1071007 | 478.6 851.1 239.9 478.6 660.7 1202.3 871.0 1258.9
1071012 | 691.8 776.3 724.4 676.1 776.3 812.8 346.7 446.7
1082009 | 5888.4 | 5370.3 7413.1 6309.6 5248.1 | 4897.8 891.3 794.3

Table 6.1. Magnitude of anti-NS1 antibody response elicited by Takeda TDV vaccination.

Researchers at Takeda determined the anti-NS1 antibody concentrations (RU/ml) of day O pre-
vaccination and day 120 post-vaccination serum samples against NS1 from DENV1-4. Top: DENV-
naive subjects; bottom: DENV-pre-immune subjects.

138




a 12, Naive - 1023014

(=
0.8 © Untreated HPMEC = \E/
B DENVZNS1 (5 pglml)
- 1023014 d0

- 1023014 d120
DENVZ NS1 + 1023014 d0

Relative TEER

0.6 - DENVZ NS1 + 1023014 d120
0 1 3 6 9 12 24 27 48
) Time (hours)
b 1.2, Pre-immune - 1052015

0.8 “© Untreated HPMEC
£ DENV2 NS1 (5 pgiml)
-& 1052015 d0
< 1052015 d120
7 DENVZ NS1 + 1052015 d0

Relative TEER

0.6 ¢ DENVZ NS1 + 1052015 d120
0 1 3 6 9 12 2 27 48
Time (hours)
c
DENV2
5- r |o.8826
4-
YoTr
= E 3 Ma)umum reducnun ‘1 ..
e W 27 with positive control “ "
K| '; ¢ Naive
S 2 21 l - ® Pre-immune
® - 1 O Positive control
el "
0 -4 . . .
1 2 3 4 5
-1- Logyq Concentration (RU/ml)

Figure 6.1. Post-TDV vaccination sera protects against DENV2 NS1-induced hyperpermeability,
and protection correlates with antibody concentration.

Researchers at Takeda collected serum from either (a) DENV-naive or (b) DENV-pre-immune subjects
at day 0 before vaccination and day 120 post-vaccination with Takeda’s TDV as previously described
(246). (a,b) The effect of sera on DENV2 NS1-induced endothelial hyperpermeability was evaluated by
TEER. Graphs are shown for representative (a) naive (1023014) and (b) pre-immune (1052010)
samples. HPMEC were grown on Transwell semi-permeable membranes (0.4 um pore size), and serum
samples (30 ul) were added to the apical chamber at a final dilution of 1:10 in the presence or absence
of DENV2 NS1 (5 pg/ml) (DENV2 NS1, blue squares; day 0 serum alone, green diamonds; day 120
serum alone, orange triangles; day 0 serum + DENV2 NS1, red triangles; day 120 serum + DENV2 NS1,
light blue X's). Endothelial permeability was measured at indicated time-points over 48 hours. (%)
represents change of medium. Relative TEER values from one independent experiment performed in
duplicate are plotted. Error bars indicate standard error of the mean (SEM). (c) Correlation analysis of 6
naive and 6 pre-immune samples from both day 0 and day 120 (24 total samples). Area under the curve
(AUC) values were calculated for each curve in each TEER experiment. The absolute reduction in
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relative TEER for each serum sample (a,b; 6.S1, 6.52) was calculated by subtracting the AUC of NS1 +
serum from the AUC of NS1 alone. Reduction was plotted against the logio of antibody concentrations
for each sample, and a correlation analysis was performed. The dotted line represents the reduction of
TEER by positive control serum. Naive subjects, red circles; pre-immune subjects, light blue squares;
positive control serum, blue circle. r = 0.8826; < 0.0001.

Post-TDV vaccination sera prevents NS1l-induced glycocalyx-like layer (EGL)
degradation in vitro

The endothelial glycocalyx is a major determinant of endothelial barrier function, and we
previously demonstrated that NS1 from all 4 DENV serotypes triggers degradation of
glycocalyx components on the surface of endothelial cells in vitro (88, 89). Using a subset
of serum samples evaluated by TEER (Figures 6.1, 6.51, 6.S2), we next used confocal
microscopy to visualize the effect of pre- and post-vaccination sera from DENV-naive and
pre-immune subjects on NS1-induced disruption of sialic acid and heparan sulfate, two
key components of the EGL. Reflecting the endothelial permeability results, we found that
day O sera from naive_subjects had no substantial protective effect, while day 120 post-
vaccination sera from naive subjects completely blocked degradation of both sialic acid
and heparan sulfate (Figures 6.2a,c,d, 6.S4a). Day 0 samples from pre-immune subjects
exhibited varying levels of protection, while sera from pre-immune subjects at day 120
post vaccination were completely protective (Figures 6.2b-d, 6.S4b). Positive control
serum was used as a baseline for protection, and negative control serum represented
maximum NS1-mediated disruption. Taken together, these results suggest that the anti-
NS1 antibody response stimulated by TDV can protect against NS1-induced
hyperpermeability by preventing the degradation of key EGL components.
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Figure 6.2. Sera from TDV-vaccinated subjects prevents DENV2 NSl-induced sialic acid and
heparan sulfate degradation on HPMEC.

The effect of representative (a) DENV-naive (1023014) and (b) pre-immune (1052010) sera on DENV2
NS1-induced disruption of sialic acid (Sia) and heparan sulfate (HS). (a,b) The integrity of the EGL on
HPMEC was assessed by the presence of sialic acid surface expression, stained with WGA-A647 (red,
top row), and heparan sulfate surface expression (green, bottom row) at 6 hours post-treatment (hpt)
with serum (as indicated) + DENV2 NS1 (5 pg/ml) at 37°C, as visualized via confocal microscopy. Nuclei
were stained with Hoechst (blue). Images (20X; scale bars, 50 ym) are representative of 1 independent
experiment performed in duplicate. (c,d) Quantification of mean fluorescence intensity (MFI) of (c) sialic
acid and (d) heparan sulfate expression from (a,b) and Figure 6.S4 from one independent experiment.
Values normalized to MFI from the NS1 + positive control serum group (represented by dotted line at
100%) and expressed as percentage of control. Error bars indicate SEM. Confocal microscopy images
acquired and analyzed by Dr. Henry Puerta-Guardo.

Anti-NS1 IgG responses elicited by Takeda’s TDV are cross-reactive against NS1
from other DENV serotypes, and protection correlates with antibody
concentration

DENV infection in humans results in the production of serotype-specific NS1 antibodies
as well as cross-reactive antibodies to at least one if not all three other serotypes (52,
240, 247). In addition, we previously demonstrated that vaccination with recombinant
DENV1, DENV3, or DENV4 NS1 combined with adjuvant provided partial protection
against lethal DENV2 infection in mice (84). Because Takeda’s TDV is constructed on an
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attenuated DENV2 backbone, only DENV2 NS1 is produced by the vaccine virus.
Therefore, we next evaluated whether the TDV-elicited anti-DENV2 NS1 antibody
response was cross-protective against DENV1, DENV3, and DENV4 NS1-induced
hyperpermeability. We analyzed a subset of DENV-naive and pre-immune day 0 and day
120 post-vaccination samples against recombinant DENV1, DENV3, and DENV4 NS1
proteins using TEER and found that sera could cross-protect against NS1 from other
DENV serotypes (Figures 6.3a,b, 6.S5, 6.S6, 6.S7). The positive control serum fully
blocked hyperpermeability induced by all four DENV serotypes while the negative control
serum did not (Figure 6.S3). As we observed with the DENV2 results, the ability to
prevent DENV1, DENV3, and DENV4 NS1-induced hyperpermeability correlated with the
magnitude of cross-reactive NS1-specific antibodies in each sample (Figure 6.3c). Taken
together, these results suggest that vaccination with TDV elicits a protective, cross-
reactive, NS1-specific antibody response capable of blocking NS1-mediated barrier
dysfunction.
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Figure 6.3. Anti-DENV2 NS1 serum from TDV-immunized subjects provides cross-reactive
responses that protect against DENV1, DENV3, and DENV4 NS1-induced hyperpermeability.

(a,b) The effect of serum on DENV1 (top), DENV3 (middle), and DENV4 (bottom) NS1-induced
endothelial hyperpermeability was evaluated by TEER. Representative graphs are shown for (a) DENV-
naive (1023014) and (b) pre-immune (1052010) samples. HPMEC were grown on Transwell semi-
permeable membranes (0.4 um pore size), and serum samples (30 pl) were added to the apical chamber
at a dilution of 1:10 in the presence of DENV NS1 (5 pg/ml) (DENV NS1, blue squares; day 0 serum +
DENV NS1, red triangles; day 120 serum + DENV NS1, light blue X's). Endothelial permeability was
measured at indicated time-points over 48 hours. (*) represents change of medium. Relative TEER
values from one independent experiment performed in duplicate are plotted. Error bars indicate SEM.
(c) Correlation analysis of 3 DENV-naive and 3 pre-immune samples from both day 0 and day 120 (12
total samples) for DENV1 (left), DENV3 (middle), DENV4 (right). AUC values were calculated for each
curve in each TEER experiment. The absolute reduction in relative TEER for each serum sample (a,b;
6.S5, 6.56, 6.S7) was calculated by subtracting the AUC of NS1 + serum from the AUC of NS1 alone.
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Reduction was plotted against the logio of antibody concentrations for each sample, and a correlation
analysis was performed. The dotted line represents the reduction of TEER by positive control serum.
Naive subjects, red circles; pre-immune subjects, light blue squares; positive control serum, blue circle.
DENV1: r = 0.8826, P < 0.0001; DENV3: r = 0.8914, P < 0.0001; DENV4: r = 0.8430, P = 0.0006.
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Discussion

Over the past 5 years, substantial progress has been made towards understanding the
role of NS1 in viral pathogenesis, and evidence suggests that NS1 plays a key role in
mediating vascular leak during DENV infection. However, the inclusion of NS1 in a DENV
vaccine or other flavivirus vaccines remains under discussion. The approved CYD
vaccine (Dengvaxia®) for dengue from Sanofi Pasteur does not include DENV NS1 (248),
whereas other live-attenuated DENV vaccines in development, including TDV, include
the DENV NS1 sequence.

It has previously been shown that candidate NS1 recombinant protein and DNA vaccines
are highly immunogenic and protective in mouse models (84, 116, 249-251). Several
studies have shown that immunization with adjuvanted recombinant NS1 or passive
transfer of polyclonal antibodies from NS1-immunized mice or of certain anti-NS1 mAbs
to naive mice were shown to protect against DENV vascular leak disease, presumably by
triggering lysis of infected cells and/or blocking the pathogenic effects of secreted NS1
(84, 139, 252).

Chu et al. previously demonstrated that vaccination with TDV elicits an NS1-specific
CD8+ T cell response that cross-reacts with NS1 from all 4 DENV serotypes (253).
Further, in human trials, the NIH TV-003 DENV vaccine elicited NS1-specific CD4+ T cell
and CD8+ T cell responses similar in magnitude and breadth to those found after natural
infection (254, 255). An NS1 DNA vaccine study in mice used depletion and transfer
studies to demonstrate that CD4+ T cells were critical for NS1-specific immune protection
from virus challenge (256). Additionally, investigators identified several immunodominant
B cell NS1 epitopes in DENV-infected mice that are conserved across all four DENV
serotypes (54), suggesting that vaccination with an NS1 subunit or live vaccine could
potentially provide protection against other DENV serotypes. Taken together, these
studies suggest that immune responses to NS1 may contribute to protection against
DENV infection and therefore may be important to elicit with dengue vaccines.

In the Takeda TDV study, we evaluated the functionality of the anti-DENV2 NS1 antibody
response elicited by the Takeda’s TDV and found that vaccination with TDV stimulates
an IgG response that protects against DENV2 NS1-induced hyperpermeability and EGL
disruption, and this response correlates with antibody concentration. Post-vaccination
sera also provide cross-reactive protection against DENV1, DENV3, and DENV4 NS1-
induced hyperpermeability that also correlates with antibody concentrations as well.
Taken together, these results demonstrate that vaccination with TDV can induce IgG
responses that may protect against NS1-mediated pathogenesis during DENV infection.

Our data here, combined with previous studies, support the inclusion of NS1 in future
DENV vaccines, either as a separate protein component or as protein secreted by vaccine
virus-infected cells. In light of the recent controversy surrounding the Sanofi Pasteur
DENV vaccine, particularly the potential to trigger ADE during secondary DENYV infection
post-vaccination (20, 235, 236), it is perhaps more pertinent than ever to explore the
importance of NS1 antibodies, which do not induce ADE, in future DENV vaccine
candidates.
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With regard to the Takeda TDV, further work is required to evaluate the protective effect
of post-TDV vaccination sera, particularly in an animal model of local (89) or, ideally,
systemic vascular leakage (84) induced by DENV NS1. As NS1 is known to play a variety
of roles in pathogenesis, including activation of immune cells leading to production of
inflammatory cytokines (85) and interactions with complement (118, 123), it will be
important to evaluate the effects of TDV vaccination sera in the larger context of NS1
pathogenesis in vivo in addition to the endothelial-intrinsic context we have explored here.
It would also be interesting to compare the anti-NS1 antibody repertoire elicited by
vaccination compared with natural infection (52), including both quality and quantity of the
response. Efforts are ongoing to conduct these studies.

This is the first study to show that a candidate DENV vaccine can induce functional anti-
NS1 antibody responses that could protect against NS1-mediated pathogenesis, and our
work here provides further evidence supporting inclusion of NS1 in DENV vaccines. In
this study, we demonstrated that vaccination with the Takeda TDV elicits an anti-NS1
antibody response that protects against DENV2 NS1-induced endothelial
hyperpermeability, and the level of protection correlates with antibody concentrations. We
further showed that post-TDV sera abrogate degradation of key endothelial glycocalyx
components by NS1. Finally, we determined that the post-vaccination anti-NS1 antibody
response is cross-protective against NS1 from DENV1, DENV3, and DENV4 NS1, and
protection also correlates with antibody concentrations. Taken together, our results
suggest that the Takeda TDV stimulates a protective anti-NS1 antibody response that
may contribute to protection against severe dengue disease.
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Experimental Procedures

Cell culture. The human pulmonary microvascular endothelial cell ine HPMEC-ST1.6r
(HPMEC) was kindly donated by Dr. J.C. Kirkpatrick (Institute of Pathology, Johannes
Gutenberg University, Germany) and grown as previously described (88).

Recombinant NS1 proteins. Recombinant DENV1 (Nauru/Western Pacific/1974),
DENV2 (Thailand/16681/84), DENV3 (Sri Lanka D3/H/IMTSSA-SRI/2000/1266), and
DENV4 (Dominica/814669/1981) NS1 proteins, greater than 95% purity and certified to
be free of endotoxin contaminants, were produced by the Native Antigen Company
(Oxfordshire, United Kingdom) in HEK293 cells at their facility and used in all
experiments. NS1 preparations were also tested using the Endpoint Chromogenic
Limulus Amebocyte Lysate (LAL) QCL-1000TM kit (Lonza) and confirmed to be free of
bacterial endotoxins (88).

Serum samples. Serum samples were collected by researchers at Takeda from 6 DENV-
naive and 6 DENV-pre-immune subjects on day 0 before vaccination and day 120 post-
vaccination with the Takeda TDV (246). Antibody concentrations were determined by
ELISA. Aliquots were then sent to UC Berkeley for functional analysis. Positive control
serum (DLS pool, from DENV-immune individuals) and negative control serum (BiolVT,
Westbury, NY) were also provided by Takeda for experiments performed at UC Berkeley.

Monoclonal antibodies. For staining of EGL components, the following monoclonal
antibodies (mAbs) and lectins were used: Wheat germ agglutinin (WGA) lectin conjugated
to Alexa Fluor 647 (WGA-A647, Molecular Probes) to stain N-acetyl neuraminic acid
(sialic acid); Heparan Sulfate monoclonal antibody, purified (clone F58-10E4, Amsbio).
Donkey anti-mouse IgM conjugated to Alexa Fluor 488 (Jackson) was used as a
secondary detection antibody in confocal microscopy experiments.

Transendothelial electrical resistance (TEER). The effect of recombinant DENV1,
DENV2, DENV3, and DENV4 NS1 proteins and Takeda TDV sera on endothelial
permeability was evaluated by measuring TEER of HPMEC grown on a 24-well Transwell
polycarbonate membrane system (Transwell permeable support, 0.4 ym, 6.5 mm insert;
Corning Inc.) as previously described (84, 88). Briefly, TEER was measured in Ohms (Q)
at sequential 2-hour time-points following the addition of test proteins using an Epithelial
Volt Ohm Meter (EVOM) with “chopstick” electrodes (World Precision Instruments).
Untreated endothelial cells grown on Transwell inserts were used as negative untreated
controls, and inserts with medium alone were used for blank resistance measurements.
Relative TEER represents a ratio of resistance values (Q) as follows: (Q experimental
condition - Q medium alone) / (Q non-treated endothelial cells - Q medium alone). After
24 hours of treatment, 50% of upper and lower chamber media were replaced by fresh
endothelial cell medium. For experiments using sera, 30 pl of culture supernatant was
removed from the apical chamber and replaced with 30 pl of serum sample immediately
before the addition of DENV NS1.

Fluorescence microscopy. Microscopy was performed as previously described (88).
For imaging experiments, HPMEC were grown on coverslips coated with 0.2% gelatin
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(Sigma) and imaged on a Zeiss LSM 710 Axio Observer inverted fluorescence
microscope equipped with a 34-channel spectral detector. Images acquired using the Zen
2010 software (Zeiss) were processed and analyzed with ImageJ software (188). All RGB
images were converted to grayscale, then mean grayscale values and integrated density
from selected areas were taken, along with adjacent background readings, and plotted
as mean fluorescence intensity (MFI). To assess the effect of Takeda TDV sera on
DENV2 NS1-induced EGL disruption, the distribution of sialic acid and heparan sulfate
was examined on confluent HPMEC monolayers treated with DENV2 NS1 (5 pg/ml) +
negative control serum (30 ul), NS1 + positive control serum (30 pl), or NS1 + TDV serum
(30 pl) and fixed with 4% paraformaldehyde (PFA) at 6 hours post-treatment. Primary
antibodies were incubated overnight at 4°C, and detection was performed using
secondary species-specific anti-lgG or anti-lgM antibodies conjugated to Alexa
fluorophores (488 and 647).

Statistics. Statistical analyses were performed using GraphPad Prism 6 software, and
all graphs were generated using Prism 6. For correlation analyses, the area under the
curve (AUC) was taken from all curves in all TEER experiments using a baseline of Y =
1 and also considering troughs that go below the set baseline (because TEER values
decrease below Y = 1). The net area was then used. For each experiment, the AUC of
NS1 + serum was subtracted from the AUC of NS1 alone, providing a reduction in relative
TEER for each serum sample. The reduction in relative TEER was then plotted against
the logio antibody concentration for each sample, and a correlation analysis was
performed. The Pearson correlation coefficient and two-tailed p-value are reported.
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Figure 6.S1. Related to Figure 6.1. Serum from DENV-naive subjects vaccinated with Takeda TDV
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protects against DENV2 NS1-induced hyperpermeability.

The effect of DENV-naive serum on DENV2 NS1-induced endothelial hyperpermeability was evaluated
by TEER. HPMEC were grown on Transwell semi-permeable membranes (0.4 um pore size), and serum
samples (30 pl) were added to the apical chamber in the presence or absence of DENV2 NS1 (5 pg/ml)
(DENV2 NS1, blue squares; day 0 serum alone, green diamonds; day 120 serum alone, orange triangles;
day 0 serum + DENV2 NS1, red triangles; day 120 serum + DENV2 NS1, light blue X's). Endothelial
permeability was measured at indicated time-points over 48 hours. (*) represents change of medium.
Relative TEER values from one independent experiment performed in duplicate are plotted. Error bars

indicate SEM.
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Figure 6.S2. Related to Figure 6.1. Serum from DENV-pre-immune subjects vaccinated with
Takeda TDV protects against DENV2 NS1-induced hyperpermeability.

The effect of DENV-pre-immune serum on DENV2 NS1-induced endothelial hyperpermeability was
evaluated by TEER. HPMEC were grown on Transwell semi-permeable membranes (0.4 um pore size),
and serum samples (30 pl) were added to the apical chamber in the presence or absence of DENV2
NS1 (5 pg/ml) (DENV2 NS1, blue squares; day 0 serum alone, green diamonds; day 120 serum alone,
orange triangles; day O serum + DENV2 NS1, red triangles; day 120 serum + DENV2 NS1, light blue
X’s). Endothelial permeability was measured at indicated time-points over 48 hours. (*) represents
change of medium. Relative TEER values from one independent experiment performed in duplicate are
plotted. Error bars indicate SEM.
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Figure 6.S3. Related to Figures 6.1, 6.3. Positive control serum protects against
hyperpermeability induced by NS1 from DENV1-4, but negative control serum does not.

The effects of positive and negative control sera on (a) DENV1, (b) DENV2, (c) DENV3, and (d) DENV4
NS1-induced endothelial hyperpermeability were evaluated by TEER. HPMEC were grown on Transwell
semi-permeable membranes (0.4 um pore size), and serum samples (30 pl) were added to the apical
chamber in the presence or absence of DENV NS1 (5 ug/ml) (DENV NS1, blue squares; negative control
serum + DENV NS1, pink diamonds; positive control serum + DENV NS1, purple triangles). Endothelial
permeability was measured at indicated time-points over 48 hours. (*) represents change of medium.
Relative TEER values from two independent experiments performed in duplicate are plotted. Error bars
indicate SEM.
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Figure 6.S4. Related to Figure 6.2. TDV serum prevents DENV2 NS1-induced sialic acid and
heparan sulfate degradation on HPMEC.

The effect of (a) DENV-naive (1025013, top; 1025011, bottom) and (b) pre-immune (1052015, top;
1071012, bottom) sera on DENV2 NS1-induced disruption of sialic acid (Sia) and heparan sulfate (HS).
(a,b) The integrity of the EGL on HPMEC was assessed by the presence of sialic acid surface
expression, stained with WGA-A647 (red, top row), and heparan sulfate surface expression (green,
bottom row) at 6 hpt with serum (as indicated) + DENV2 NS1 (5 pg/ml) at 37°C, as visualized via confocal
microscopy. Nuclei were stained with Hoechst (blue). Images (20X; scale bars, 50 um) are representative

of 1 independent experiment performed in duplicate. Confocal microscopy images acquired and
analyzed by Dr. Henry Puerta-Guardo.
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DENV1 NS1-induced hyperpermeability.

The effect of (a) DENV-naive or (b) pre-immune sera on DENV1 NSl-induced endothelial
hyperpermeability was evaluated by TEER. HPMEC were grown on Transwell semi-permeable
membranes (0.4 um pore size), and serum samples (30 pl) were added to the apical chamber in the
presence or absence of DENV1 NS1 (5 pg/ml) (DENV1 NS1, blue squares; day 0 serum + DENV1 NS1,
red triangles; day 120 serum + DENV1 NS1, light blue X’s). Endothelial permeability was measured at
indicated time-points over 48 hours. (") represents change of medium. Relative TEER values from one
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independent experiment performed in duplicate are plotted. Error bars indicate SEM.
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Figure 6.S6. Related to Figure 6.3. TDV anti-NS1 serum provides cross-reactive protection against
DENV3 NS1-induced hyperpermeability.

The effect of (a) DENV-naive or (b) pre-immune sera on DENV3 NSl-induced endothelial
hyperpermeability was evaluated by TEER. HPMEC were grown on Transwell semi-permeable
membranes (0.4 um pore size), and serum samples (30 pl) were added to the apical chamber in the
presence or absence of DENV3 NS1 (5 pg/ml) (DENV1 NS1, blue squares; day 0 serum + DENV3 NS1,
red triangles; day 120 serum + DENV3 NS1, light blue X’s). Endothelial permeability was measured at
indicated time-points over 48 hours. (") represents change of medium. Relative TEER values from one
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Figure 6.S7. Related to Figure 6.3. TDV anti-NS1 serum provides cross-reactive protection against
DENV4 NS1-induced hyperpermeability.

The effect of (a) DENV-naive or (b) pre-immune sera on DENV4 NSl-induced endothelial
hyperpermeability was evaluated by TEER. HPMEC were grown on Transwell semi-permeable
membranes (0.4 um pore size), and serum samples (30 pl) were added to the apical chamber in the
presence or absence of DENV4 NS1 (5 pg/ml) (DENV1 NS1, blue squares; day 0 serum + DENV4 NS1,
red triangles; day 120 serum + DENV4 NS1, light blue X’s). Endothelial permeability was measured at
indicated time-points over 48 hours. (") represents change of medium. Relative TEER values from one
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Chapter 7: Concluding thoughts and future directions
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Summary

Since we initially identified a novel role for DENV NS1 in viral pathogenesis, substantial
work has been undertaken to better understand the mechanisms underlying NS1-induced
endothelial barrier dysfunction. We first identified enzymes in endothelial cells that are
activated upon NS1 stimulation, including sialidases, cathepsin L, and heparanase,
leading to the disruption of the EGL. Second, we showed that NS1 induces vascular leak
in the dermis of wild-type mice in the absence of viral infection and that this effect is
dependent on the activity of sialidases, cathepsin L, and heparanase but independent of
TLR4 and TNF-a signaling. Third, we determined that glycosylation at Asn-207 is a key
molecular determinant of NS1-mediated pathogenesis and showed that the N207Q NS1
mutation results in loss of NS1-induced endothelial hyperpermeability and EGL
disruption. Additionally, we demonstrated that endothelial cells internalize NS1 via
clathrin-mediated endocytosis and that this internalization is required for downstream
pathogenic functions. Fourth, we investigated whether NS1 from other flaviviruses,
including ZIKV, WNV, JEV, and YFV, could induce barrier dysfunction of endothelial cells
from distinct tissue sites, including the dermis, umbilical vein, brain, and liver. We found
that NS1 triggered endothelial hyperpermeability and EGL disruption in an NS1- and
tissue-specific manner that reflected viral tropism. Finally, we evaluated whether
vaccination with Takeda’s live-attenuated Tetravalent Dengue Vaccine candidate could
elicit protective anti-NS1 antibody responses and found that the vaccine induced antibody
responses that abrogated NS1-induced endothelial hyperpermeability and EGL
degradation. These responses provided cross-reactive protection against DENV1,
DENV3, and DENV4 NS1 and correlated with the titer of anti-NS1 antibodies in patient
sera. Taken together, this body of work represents an extensive advancement in our
understanding of the NS1 protein and its contributions to disease.

Future Directions

Because of its many roles in DENV replication and infection, NS1 is one of the most
fascinating viral proteins, and with key functions in viral replication, immune evasion, and
pathogenesis (146), it is arguably the most important protein in the flavivirus life cycle.
Although major advances have been made over the past decade to better understand the
complex roles of NS1 during DENV and other flavivirus infections, important questions
still remain, particularly regarding pathogenesis and the mechanisms — and evolutionary
benefit — of induction of endothelial hyperpermeability.

The most obvious open question is the identity of the cognate receptor for NS1. Though
DENV NS1 has been previously described to attach to cells, including microvascular
endothelial cells, via heparan sulfate and chondroitin sulfate (87), our results show that
binding alone is not sufficient to induce endothelial hyperpermeability and downstream
mechanisms driving pathogenesis. Preliminary data support a role for glycans on the cell
surface as a binding partner and suggest that sulfation levels of these glycans may
contribute to the NS1- and tissue-specific binding patterns observed in Chapter 5.
Extensive glycobiology studies are currently being performed to better understand these
interactions. Beyond this initial binding step, our data comparing wild-type NS1 to the
N207Q NS1 mutant suggest that clathrin-mediated endocytosis of the protein is required

157



for cathepsin L activation and induction of endothelial barrier dysfunction, and binding is
required but not sufficient to induce endocytosis. As such, we believe that there is a
proteinaceous receptor that drives internalization of NS1 working in conjunction with
heparan sulfate and chondroitin sulfate as co-receptors or binding partners.

Though we have identified several key enzymes, including cathepsin L and sialidases,
that contribute to NS1-induced endothelial glycocalyx degradation and hyperpermeability,
the precise mechanisms leading to their activation remain unclear. One of our leading
hypotheses is that endocytosis of NS1 leads to internalization of heparan sulfate, which
has been previously shown to activate cathepsin L (207, 208), leading to cleavage of pro-
cathepsin L to its activate form in the endolysosome. Given our data that show that
endothelial cells internalize NS1 via clathrin-mediated endocytosis, and that this
internalization is required for downstream pathogenesis, this hypothesis is well within the
realm of possibility; however, it is also possible that NS1 directly interacts with and
activates cathepsin L and/or endothelial sialidases, specifically Neul, upon its
internalization into the endolysosome or that a signaling cascade leads to activation of
these enzymes. Further study is required to better elucidate the steps that occur
immediately following NS1 binding to endothelial cells.

Relatedly, there are two structural biology questions that may be particularly interesting
to address. First, it is unknown whether NS1 is internalized as a hexamer and, if it is,
whether it remains as a hexamer while inside the cell. Second, it is unclear whether NS1
is degraded inside endothelial cells after triggering downstream pathogenic mechanisms
or if is eventually trafficked out of the cell, leading to accumulation in the tissue. The
answers to these questions may provide insight into the ultimate fate of NS1 during
human disease and contribute to our overall understanding of its role during infection.

We have strongly implicated the endothelial glycocalyx as an important target of DENV
NS1-mediated pathogenesis. Our in vitro studies demonstrate that NS1 leads to the loss
of sialic acid, heparan sulfate, and syndecan-1, key glycocalyx components, from the
surface of endothelial cells via the activity of cathepsin L, heparanase, and sialidases,
and inhibition of these enzymes prevents loss of components following NS1 treatment. In
vivo, we have shown that inhibiting cathepsin L, heparanase, and sialidases prevents
DENV NS1-induced vascular leakage in the dermis of mice, and injection with NS1 or
DENV leads to higher circulating levels of heparan sulfate and sialic acid (D.A. Espinosa
& E. Harris, unpublished data) in the serum of treated mice. However, we have yet to
directly demonstrate that the glycocalyx is disrupted by NS1 in vivo. Because cultured
endothelial cells lack a true glycocalyx layer (257, 258), visualization of the glycocalyx in
vivo will be required to definitively show that it is disrupted by NS1. This would require
use of intravital microscopy, two-photon microscopy, and electron microscopy (151, 192-
194), challenging techniques that take specific expertise to perform. It would also be
interesting to study the glycocalyx in vivo in the context of DENV infection in addition to
administration of NS1 alone. Importantly, circulating levels of hyaluronic acid and heparan
sulfate in serum have been shown to be increased in dengue patients (93), and levels of
chondroitin sulfate and syndecan-1 correlate with dengue plasma leakage (92), providing
evidence that glycocalyx degradation occurs during dengue disease in humans.
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NS1 has been shown to play a variety of roles in DENV pathogenesis, and the relative
contributions of each role are difficult to dissect from each other. These roles include
activation of complement (118-120), degradation of the endothelial glycocalyx (88, 89),
activation of immune cells leading to inflammatory cytokine production (85), and
disruption of tight and adherens junctions (95, 259). Though several of these observations
have been substantiated in animal models, much of the work was conducted in
reductionist cell culture models in vitro. As such, it is difficult to ascertain if any one
phenomenon contributes more than another to vascular leak in animal models or, more
interestingly, during infection in humans. Most likely, NS1-mediated disruption of the
endothelial glycocalyx and intercellular junctions as well as production of inflammatory
cytokines all occur throughout the course of severe dengue disease with varied kinetics
and magnitude, though peaking during the critical period, leading to a complex synergy
of viral- and host-specific factors that all contribute to endothelial barrier dysfunction and
vascular leak.

Perhaps more important than the relative contributions of specific mechanisms to NS1-
mediated pathogenesis is the pathogenic role and contributions of NS1 in the greater
context of DENV infection. In addition to NS1, DENV infection of immune cells can lead
to dysregulated production of cytokines and other inflammatory mediators that contribute
to vascular leakage (27-31), and cytotoxic T cells have previously been implicated in
pathogenesis as well (22, 24-26). Additionally, antibody-dependent enhancement is
hypothesized to result in increased viremia and activation of target immune cells, leading
to more severe secondary infection with a heterologous serotype (15-20). The growing
body of literature about NS1 and its roles in pathogenesis adds multiple layers of
complexity to an already complex disease, and a more complete understanding of the
dynamics that occur during infection may lead to better management strategies, novel
therapeutics, and/or vaccine candidates.

A fascinating but ultimately difficult question to answer is what the evolutionary role of
flavivirus NS1-induced barrier dysfunction is in the context of viral infection and disease.
Though we demonstrated a striking pattern of NS1- and tissue-specific hyperpermeability
and vascular leak, it is unclear what the importance of this effect is during human infection.
Zika, West Nile, and Japanese encephalitis are not diseases characterized by vascular
leak, and little is known about the levels of secreted NS1 in humans during non-DENV
flavivirus infections. However, we hypothesize that vascular leak in target organs
facilitates virus entry into tissues from the vasculature, thereby leading to more infection
of target cells at specific sites in the body and contributing to the viral tropism associated
with these infections. Researchers have also reported that NS1 directly interacts with the
structural DENV proteins Envelope and pre-Membrane, modulating the production of
infectious particles (60). Thus, it is possible that NS1 can interact with the virus outside
of the cell, and NS1 could potentially serve as a binding partner for the virus on the surface
of endothelial cells, contributing to viral entry, passage across the endothelium, and
dissemination into tissues. This same NS1-to-particle binding may also occur on non-
endothelial cell types, contributing to viral infection of target cells. Work is ongoing in the
Harris Laboratory to further address this hypothesis, and the results could substantially
alter our current understanding of flavivirus infection.
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Mosquitoes acquire NS1 when feeding on DENV-infected humans, and researchers have
shown that NS1 helps the virus overcome barriers to infection in the arthropod host (140).
Additionally, Thiemmeca et al. found that NS1 is detectable in the saliva of DENV-infected
mosquitoes and that mosquito-derived NS1 binds to mannose-binding lectin, potentially
protecting DENV from complement-mediated neutralization at the site of infection (122).
However, it is unclear if saliva-delivered NS1 plays other roles during transmission and
dissemination of the virus. | have previously shown that salivary gland extract (SGE) from
uninfected female Aedes aegypti mosquitoes can induce endothelial hyperpermeability in
human dermal microvascular endothelial cells and vascular leak in the dermis of mouse
ears, and SGE increased morbidity and mortality during antibody-enhanced DENV
infection (143). Further, proteins in mosquito saliva have been shown to impact viral
replication and pathogenesis (141-143). It is, therefore, conceivable that NS1 plays a role
immediately after inoculation into the dermis by infected mosquitoes, perhaps altering the
dermal microenvironment at the site of infection and aiding in virus dissemination and/or
the establishment of infection.

DENV NS1 and NS1-mediated pathogenesis represent a potential target for drug and
vaccine development. Because of the effect of NS1 on the glycocalyx (88, 89), currently
licensed sialidase inhibitors for treatment of influenza (260) and heparanase inhibitors
used in cancer therapy (261, 262) may prevent NS1-induced degradation of the
glycocalyx and subsequent vascular leak. We have already shown that a cocktail of
sialidase, cathepsin L, and heparanase inhibitors can prevent NS1-induced vascular leak
in mice; however, studies have not yet been conducted to assess a protective effect of
these inhibitors during DENV infection. In addition to its effects on the endothelial
glycocalyx, NS1 also mediates disruption of endothelial intercellular junctions and release
of inflammatory cytokines from PBMCs, and these pathways offer further targets for drug
development. Beyond its involvement in vascular leak, NS1 also helps facilitate the
spread of DENV from humans into the mosquito vector, and it may also play an important
role locally immediately after inoculation from the mosquito into the host dermis. These
phenomena may be potential targets for vaccines and therapeutics designed to decrease
transmission or halt the establishment of infection in hosts.

Perspectives and Concluding Thoughts

Over the past four years, major research advances have reshaped our understanding of
DENV NS1 as an inextricable component of viral pathogenesis. This growing body of
literature, including the work described here, suggests that NS1 acts as a viral toxin during
DENYV infection, leading to glycocalyx degradation, intercellular junction disruption, and
cytokine production, all of which contribute to endothelial hyperpermeability and barrier
function. Interestingly, NS1 is not the first viral protein described to act as a toxin.
Rotavirus non-structural protein 4 (NSP4) is considered the first viral protein shown to
mimic the effects of classic bacterial enterotoxins, and a role for NSP4 as a pathogen-
associated molecular pattern during rotavirus infection has been proposed (263). NSP4
is actively secreted in oligomeric forms by infected epithelial cells and binds to
glycosaminoglycans on uninfected cells (264), and it acts as an ER-localized viroporin
that can form ion channels, disrupt cellular calcium homeostasis, and inhibit sodium
adsorption, leading to the characteristic diarrhea during rotavirus infection (265).
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In a similar vein to DENV, infection with Ebola virus (EBOV), a single-stranded negative-
sense RNA virus in the family Filoviridae, can lead to vascular leak and hemorrhagic
manifestations. The EBOV glycoprotein (GP) is a trimeric viral surface protein involved in
virus attachment to host cells and membrane fusion (266, 267). Following infection,
soluble GP is secreted by infected cells, and a truncated surface GP (shed GP) is cleaved
from the cell surface by cellular metalloproteases. Both GP forms are found in the blood
of patients and experimentally infected animals (268, 269). EBOV shed GP has been
implicated in triggering vascular leak by activating immune cells to produce inflammatory
cytokines and by acting directly on endothelial cells (270, 271). When added directly to
human umbilical vein endothelial cells, shed GP triggers changes in relative permeability,
and the same effects were observed after treatment with supernatants collected from
shed GP-treated macrophages. The effects of shed GP were diminished with anti-TLR4
antibodies or the deglycosylation of shed GP (270). These findings are strikingly similar
to the effects of DENV NS1 on the endothelium, including direct and indirect pathogenesis
on endothelial cells as well as a potential role for TLR4 signaling (84, 85).

The work included in this dissertation represents a substantial proportion of the published
material on NS1-mediated pathogenesis to this point in time; however, as more research
groups begin working in this area of study, new findings will undoubtedly be uncovered
by others. Moving forward, NS1 represents not only a fascinating topic of molecular
virology but also a potential target for the development of novel therapeutics and vaccine
candidates. With that said, NS1 is only a single player in DENV infection and
pathogenesis, and it is important to keep the broader context in mind when studying NS1.
Until now, studying NS1 in simple in vitro systems has allowed us to identify key
mechanistic aspects of NS1-mediated pathogenesis. But as we continue to learn more
about NS1 and its role in disease, it will be increasingly important to consider NS1 in the
framework of DENV infection as a whole, particularly as more work is performed in animal
models. Because of the many interesting but challenging questions that remain regarding
NS1, itis likely that we have only scratched the surface of knowledge that is to be gleaned
about this multi-functional viral protein, and it is reasonable to expect even more
fascinating studies to be published in the coming years.
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