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Abstract

Elucidating mechanisms of protection against dengue severity through immunity to
dengue virus nonstructural protein 1

by
Marcus Poon Wong
Doctor of Philosophy in Infectious Diseases and Immunity
University of California, Berkeley

Professor Eva Harris, Chair

Almost half of the world’s population is at risk of infection by dengue virus (DENV), a mosquito-
borne flavivirus consisting of serotypes DENV1-4 that is the causative agent of dengue disease.
Of the estimated 50-100 million dengue cases annually, 5% develop severe complications known
as dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS), which are characterized by
severe vascular leak of fluid from the blood into tissues. The triggers of pathogenic DENV-
associated vascular leak are still under investigation, but recent work has identified secreted DENV
non-structural protein 1 (NSI) as a direct mediator of endothelial cell hyperpermeability and
vascular leak. Antibodies against NS1 have been shown to prevent morbidity and mortality in
mouse models of DENV infection and can inhibit DENV NS1-induced endothelial dysfunction in
vitro, highlighting their potential as a therapeutic against DENV and a target for vaccine design.
The mechanistic basis by which anti-NS1 antibodies prevent endothelial dysfunction is largely
unknown. DENV NSI1 is a multifunctional viral protein that plays many roles in the viral life cycle.
In addition to inducing endothelial dysfunction, it has been shown to participate in the formation
of the viral replication complex, antagonize the complement cascade, and activate innate immune
cells. The mechanisms underlying NS1-induced innate immune activation, in particular, are not
well understood, and the contribution of this activation during DENV infection is unclear. This
dissertation details the exploration of how both innate immunity and antibodies targeting NS1
inhibit DENV pathogenesis.

First, we identify inflammasomes, a class of cytosolic innate immune sensors in the nucleotide-
binding oligomerization domain-like receptor (NLR) family, as sensors of DENV NSI.
Inflammasomes can sense pathogenic stimuli through NLRs like NLRP3, which leads to activation
of caspase-1 and release of IL-1 family cytokines such as IL-13. We show that DENV NSI1
activates inflammasomes in mouse and human macrophages in a caspase-1/11-dependent manner.
In mice, we find that DENV NSI-induced inflammasome activation is independent of the NLRP3
inflammasome and does not result in detectable inflammatory cell death. Using caspase-1/11- and
NLRP3-deficient mice, we find that caspase-1/11 deficiency makes mice more susceptible to
DENV compared to caspase-1/11-functional mice, whereas NLRP3 deficiency has no effect on
morbidity and mortality during DENV infection, mirroring the pattern of NSI-induced
inflammasome activation. Taken together, we demonstrate that NS1 can trigger inflammasome



activation and identify a beneficial role for the inflammasome pathway in DENV infection,
broadening our understanding of innate immune-mediated protective responses to DENV.

Next, we characterized the mechanisms behind the protective ability of an NSI-specific
monoclonal antibody (mAb), 2B7. mAb 2B7 inhibits NS1 binding to endothelial cells and NS1-
induced hyperpermeability in vitro and prevents vascular leak and mortality in vivo. We mutated
amino acids within the 2B7 epitope guided by a recent crystal structure of the 2B7 antigen-binding
fragment (F’ab) in complex with NS1 in order to define the basis of antibody-mediated inhibition
of NS1-induced endothelial dysfunction. We found that several amino acids within the core of the
2B7 epitope are conserved across flaviviruses, imbuing 2B7 with pan-flavivirus NSI cross-
reactivity. We also identified several mutants that could still bind to endothelial cells but were
unable to induce hyperpermeability, suggesting that amino acids within the 2B7 epitope are
molecular determinants of NS1 pathogenesis. The structures and mutagenesis results suggest that
2B7 prevents NS1-induced endothelial dysfunction though two mechanisms: 1) indirect steric
hinderance of the cell-binding domain of NS1, abrogating interaction with endothelial cells and 2)
direct blockade of amino acids responsible for an additional step in NS1 pathogenesis downstream
of binding. Lastly, we find that humans infected with DENV can generate 2B7-like antibody
responses against DENV NS1, opening the possibility for rational vaccine design targeting this
important epitope.

Taken together, these findings highlight the importance of immune responses to DENV NS1 in
preventing disease and elucidate new aspects of DENV NS1’s protective and pathogenic roles
during DENV infection.
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Chapter 1

Introduction



Dengue as a threat to global public health

Dengue virus (DENV) is a mosquito-borne arbovirus in the Flavivirus genus and is the most
prevalent mosquito-borne viral disease in humans globally. DENV represents a major burden on
global public health, infecting an estimated 100 million people worldwide and causing annual
losses of up to US $8.9 billion and 2,922,630 disability-adjusted life years (1-3). Over 3.8 billion
people are at risk of infection with DENV, mostly those residing in low- and middle-income
countries within the tropical and sub-tropical regions where the Aedes mosquito vector is
endemic (4). Dengue incidence rates have increased rapidly, with cases increasing 10-fold over
the past 20 years alone, likely due to globalization, urbanization, and climate change expanding
the range of the mosquito vector. As climate change increases and urban populations grow, an
estimated 6.1 billion people will be at risk for DENV infection by 2080 (5). Indeed, the National
Institute of Allergy and Infectious Diseases has recently listed flaviviruses such as DENV and the
closely related Zika virus (ZIKV), as priority pathogens due to “their ability to cause severe disease
in humans, established pandemic potential, and general lack of countermeasures”, underscoring
the need to study and develop countermeasures against DENV (6).

Dengue: Clinical manifestations and management

A majority of the estimated 105 million people infected by DENV annually are asymptomatic;
however, ~51 million develop classical dengue fever (DF) (1). DF presents as an acute febrile
illness characterized by high fever, muscle, joint and bone pain, and rash (7). However, some
patients progress to severe disease characterized by thrombocytopenia, hemorrhagic
manifestations, and vascular leakage, potentially resulting in shock and organ failure (7). Severe
dengue was initially described as dengue hemorrhagic fever (DHF)/ dengue shock syndrome
(DSS), but a new classification scheme of disease severity was introduced by the World Health
Organization in 2009 to facilitate clinical management, which classifies dengue as Dengue
without Warning Signs, Dengue with Warning Signs, and Severe Dengue (8). Approximately
5% of DF cases progress to DHF/DSS; however, it is difficult to predict which patients will
progress to severe disease (9). Clinical warning signs for severe dengue can arise less than one
day before the onset of severe disease and late during the infection when patients are beginning
to recover, challenging clinical management (10). No biomarkers or treatment options specific
to severe dengue currently exist, due in part to an incomplete understanding of dengue
pathogenesis (11). Ultimately, while severe dengue can be managed successfully in hospital
settings with supportive care, more effective treatments and biomarkers for severe disease are
sorely needed to direct care to patients with the most need and reduce patient burden in hospitals.

Dengue: Virion and genome structure

DENYV exists as a serocomplex of 4 genetically similar but antigenically distinct serotypes,
DENV1-4 (12). All DENV serotypes are positive-sense single-stranded RNA viruses 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) (13,14). The virion is composed of 180 copies of the E and pr/M proteins arranged in
icosahedral-like symmetry surrounding a nucleocapsid composed of the viral genome complexed
to multiple copies of C (15—17). The non-structural proteins play critical roles in viral replication,
viral pathogenesis, and innate immune evasion. The role of specific NS proteins during viral
replication is described briefly below:



e NSI is involved in both viral replication and viral pathogenesis and will be further
discussed in detail (18).

e NS2A orchestrates nucleocapsid formation by recruiting viral RNA, structural proteins,
and proteases to sites of virion assembly (19).

e NS2B is a cofactor essential for the function of NS3 as a viral protease; the NS2B-NS3
complex is responsible for the proteolytic processing of the translated flavivirus
polyprotein (20,21).

e NS3 has additional functions as a helicase that unwinds dsRNA during viral RNA
synthesis and as an 5> RNA triphosphatase, which is the first step required for RNA
capping by NS5 (22-24)

e NS4A/4B support viral replication by remodeling host membranes to form the viral
replication complex through interactions with NS1 and NS3 (25-29).

e NS5 is a RNA-dependent RNA polymerase and a methyltransferase essential for viral
RNA replication and RNA capping (30-32).

DENY replication and the viral life cycle

DENV primarily infects myeloid cells including monocytes, macrophages, and dendritic cells
(DCs) in humans and mice (33—-37). While a DENV-specific entry receptor has yet to be identified,
DENV can use interactions with cell surface-bound glycosaminoglycans (GAGs), C-type lectins
(e.g., dendritic-cell-specific intracellular adhesion molecule-3-grabbing non-integrin [DC-
SIGN]) and proteins of the T-cell immunoglobulin domain and mucin domain (TIM) and Tyro3,
Axl and Mertk (TAM) family of phosphatidylserine receptors as attachment factors to enhance
infection (38—41). After attachment, DENV is internalized into endosomes via clathrin-mediated
endocytosis (42). Endosomal acidification induces conformational changes in the E protein,
allowing membrane fusion and release of the viral nucleocapsid into the cytoplasm (15,16,43,44).
The viral genome is then translated directly in the endoplasmic reticulum (ER) as a single
polyprotein, which is then cleaved into individual proteins by both the NS2B-NS3 viral protease
and host proteases (21,45,46). Cleaved viral proteins then induce dramatic remodeling of the ER
to form viral replication organelles though recruitment of host proteins such as atlastins and
reticulons, as well as through the actions of NS1 and NS4A/B (25,29,47-49). Within these
replication organelles, replication of the viral genome by NS3 and NS5 and assembly of the
immature viral particle occurs (47). The nascent viral particles are then transported through the
Golgi apparatus, where pH changes and furin-mediated cleavage of prM leads to maturation of
the virion (50,51). It should be noted that furin cleavage is inefficient, resulting in the release of
partially mature virions that display different epitopes than that of mature virions, impacting
neutralizing antibody responses to DENV (52). After processing in the Golgi apparatus,
infectious virions are released from the cell to continue the infectious cycle. Targeting the
interactions between NS proteins during the viral life cycle is a promising therapeutic strategy,
as most recently demonstrated by the development of INJ-A07, potent pan-serotype DENV anti-
viral that blocks the interaction between NS3 and NS4B (53) .



Innate immune responses to DENV
Innate immune sensing and effector function

In mammals, the host innate immune response is crucial for the initial sensing and subsequent
antiviral response to DENV. Infection of myeloid cells by DENV triggers the activation of
several pathogen recognition receptors (PRRs) that recognize conserved pathogen or damage-
associated molecular patterns (PAMPs/DAMPs) (54). Toll-like receptors (TLR), such as TLR3
and TLR7 recognize DENV viral dsRNA and ssRNA, respectively, within the endosomal
compartment (55-58). Ligand binding triggers the dimerization of TLRs and results in the
recruitment of adaptor molecules such as myeloid differentiation primary response gene 88
(MyD88) in the case of TLR7 and TIR domain-containing adaptor inducing IFN-f (TRIF) in the
case of TLR3 (59). Subsequent signaling events result in the nuclear translocation of interferon
(IFN) regulatory transcription factors 3 and 7 (IRF3 and IRF7) and NF-kB, which induce
expression of type I IFNs (IFN-a and IFN-f) and pro-inflammatory cytokines including tumor
necrosis factor-a (TNF-a) and interleukin-6 (IL-6) (59). Retinoic acid-inducible gene I (RIG-I)
and melanoma-differentiation-associated gene 5 (MDAS) recognize DENV RNA in the cytoplasm;
it has been recently suggested that RIG-I binds to the 5’ regions of nascently generated uncapped
DENV RNA (57,60-62). Sensing of viral RNA results in translocation of RIG-I/MDAS to the
mitochondrial membrane and activation of the mitochondrial antiviral signaling protein (MAVS),
resulting in the activation of IRF3/7 and subsequent expression of type I IFNs (63). The cyclic
GMP-AMP synthase (cGAS) sensor binds to mitochondrial DNA released into the cytosol as a
result of DENV infection and produces cyclic diguanylate monophosphate (c-di-GMP) as a second
messenger that binds to the stimulator of IFN genes (STING) protein, leading to activation of IRF3
and production of type I IFNs (64—67).

Type I IFNs are cytokines produced by the many signaling pathways activated by PRRs that sense
DENV. Type I IFNs secreted by infected cells signal in an autocrine and paracrine fashion by
binding to the type I IFN receptor (IFNAR) on infected or bystander cells and promote an antiviral
state by inducing the production of antiviral IFN-stimulated genes (ISGs) (68). Binding of type I
IFN to IFNAR triggers the phosphorylation and dimerization of signal transducer and activator of
transcription proteins (STAT1/STAT2 ) by Janus kinases, leading to the formation and nuclear
translocation of the STAT1/STAT2/IRF9 complex and inducing transcription of ISGs (69). Type
I IFNs are a crucial component of the host response to DENV; cells pretreated with type I IFN in
vitro are resistant to infection, and mice lacking the type I IFN receptor (I/fnarl~) are more
susceptible to disease compared to wild-type mice (70-72). ISGs induced by type I IFN antagonize
multiple steps of the viral lifecycle, including viral entry and/or fusion (IFITM3 and CH25H),
translation (IFIT1/2, PKR and C190rf66) and replication (RNASEL and RSAD2) (73,74).
However, many of the anti-DENV ISGs and the mechanisms by which they restrict DENV
infection remain to be determined.

The complement system is comprised of a set of soluble proteins that, upon activation, induce
inflammation and opsonize pathogens, resulting in their removal by phagocytic cells or lysis of
the infected cell/virion (75) Complement can be activated by antibodies that specifically recognize
infected cells/virions or mannose-binding lectin (MBL), which recognizes specific carbohydrates
present on the DENV E glycoprotein (76). Binding of antibodies or MBL to the surface of infected
cells or virions leads to activation of C4bC2a, a serine protease that can cleave soluble C3 into
C3a and C3b. C3a is a soluble effector that helps to induce vasodilation, vascular permeability,
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and activate innate immune cells, whereas C3b binds to and opsonizes infected cells or virions.
Complement receptors on the surface of macrophages and neutrophils promote phagocytosis of
C3b-opsonized particles. C3b can also induce the formation of the membrane attack complex
(MAC), composed of complement components C5b-C9, which disrupts the membranes of the
opsonized cell/virion (75). MBL binding and antibody-mediated complement deposition have both
been linked to protective responses against DENV (77-79).

DENYV innate immune evasion

DENV employs multiple strategies to evade sensing by the innate immune system and
antagonize innate immune effectors such as type I IFN. The formation of the viral replication
complex in the ER shields nascent viral RNA from detection by the endosomal TLRs and
cytoplasmic sensors RIG-I/MDAS. DENV also employs many of its NS proteins to inhibit the
RIG-I/MAVS pathway at multiple levels. NS5-mediated 5 capping of the viral RNA prevents
viral RNA from being sensed by RIG-I (80,81). Additionally, DENV NS3 binds to the
mitochondrial-targeting chaperone protein 14-3-3¢, inhibiting RIG-I by preventing its
translocation to the mitochondria (82). DENV NS4A inhibits the RIG-I/MAVS pathway by
binding to MAVS and preventing its interaction with RIG-I (83). DENV blocks the cGAS-
STING pathway by targeting cGAS for autophagy-lysosome-dependent degradation via NS2B and
by cleaving both cGAS and STING using the N2B/NS3 protease, thereby inhibiting the production
of type I IFN in response to DENV infection (65,84,85). In addition to evading innate immune
sensing, DENV can also avoid type I IFN responses by blocking type I IFN signaling. The NS2A,
NS4A, and NS4B complex blocks STATI signaling, and NS5 inhibits STAT2 by binding to the
host ubiquitin protein ligase E3 and targeting STAT2 for proteasomal degradation (86—88). The
ability of DENV NS proteins to inhibit the type I IFN response reflects DENV’s adaptation to
humans as a host species. Mice, for example, are not natural hosts of DENV and cannot be infected
unless type I IFN responses are inhibited genetically or pharmacologically (89). Accordingly,
DENV NS2B/3 can cleave human but not murine STING proteins, and DENV NS5 can only
cleave human but not murine STAT2 (90,91). DENV’s inability to antagonize the type I IFN
response in mice in part explains why modeling DENV in animal models has been difficult.
DENV NSI plays a key role in inhibiting multiple steps of the complement pathway. DENV NSI
can bind to C4, recruiting C1 proteases to cleave C4 into C4b prematurely, reducing both the
deposition of C4b on the surface of cells and C3 convertase activity. DENV NS1 can also bind to
C4b binding protein, which leads to inactivation of C4b, bind to MBL, and prevent formation of
the MAC, which together protect DENV from complement-mediated neutralization and protect
DENV-infected cells from lysis (92-95).

Dengue immunology: Adaptive responses

The adaptative immune response to DENV is crucial for controlling and preventing infection,
while also being associated with enhancement of viral infection and disease, complicating efforts
to develop safe and efficacious DENV vaccines (96).

Protective humoral and B-cell responses to DENV

After a primary infection with DENV, individuals generate DENV-specific immunoglobulin M
(IgM) that peaks early after infection, followed by a longer-lasting IgG response containing a mix
of serotype-specific and cross-reactive antibodies that bind to serotypes other than the infecting



serotype. Most people are protected from reinfection by the primary infecting serotype, though
secondary homotypic infections can occur (97). Serotype-specific monoclonal antibodies, such as
2D22 and 5J7, mediate homotypic protection by targeting quaternary epitopes across E
homodimers as well as EDIII (98—103). In addition to neutralization, anti-DENV antibodies can
also mediate protection against symptomatic infection through antibody-dependent effector
functions such as antibody-mediated complement deposition (79). Recent work has shown that
antibody responses after a primary DENV infection stabilize at ~8 months post-infection and have
a half-life longer than a human life (104). Primary DENV infections also generate a cross-reactive
antibody response to other serotypes, but this tends to be low avidity and weakly neutralizing
(105,106). After a secondary infection with a heterologous serotype, high-avidity, highly
neutralizing cross-reactive and type-specific neutralizing antibodies are generated (107-110).
Anti-DENV neutralizing antibody titers after a secondary infection peak shortly after infection and
display waning, with a rapid decline out to 8 months followed by gradual waning thereafter (104).
Trends seen in the anti-DENV antibody response are reflected by the memory B-cell response to
DENV. The initial memory B-cell (MBC) pool generated after a DENV infection is dominated
by highly cross-reactive MBCs (111). Upon heterologous infection, these MBCs differentiate into
a large pool of plasmablasts, the primary source of antibodies during the acute phase of secondary
infection, which expand rapidly upon reinfection and contract quickly once the infection resolves
(112-114).

T cell responses to DENV

Studies have established important roles for both CD4" and CD8" T cells in protective T cell
responses to DENV (115,116). CD4 T-cells support the anti-viral response by boosting antibody
responses through providing help to B-cells, sustaining CD8" T-cell responses (which enable viral
clearance by lysing DENV-infected cells), and producing antiviral cytokines (117). Both CD4 and
CD8 T-cells have been associated with protection, though studies in mice have suggested that CD8
T-cells may play a greater role (118—122). Additionally, cross-reactive CD8 T-cells in mice have
been shown to contribute to protection against heterologous DENV infection (123-126). Low
affinity, cross-reactive T cells have also been hypothesized to contribute to the pathogenesis of
severe dengue; aberrant activation of these cells can lead to a dysfunctional cytokine response or
increased programmed cell death, impeding T cell-mediated viral control, resulting in increased
viral loads (127,128).

Antibody-dependent enhancement

Primary DENV infection also induces weakly neutralizing cross-reactive anti-DENV antibodies,
which can mediate antibody-dependent enhancement (ADE) (129,130). ADE is a phenomenon
wherein cross-reactive non-neutralizing or poorly neutralizing antibodies, mostly targeting the
prM and the fusion loop on E as well as other epitopes, can promote entry of DENV into Fcy
receptor-expressing cells, activating the cells, increasing viremia, and initiating an immune
cascade that can lead to increased vascular leakage and severe disease (131-133). ADE has been
documented extensively in vitro, as well as in mouse models, and recent work in human
populations has found strong evidence that severe dengue disease is highest within a narrow range
of preexisting anti-DENV antibody titers (72,131,134—136). The currently licensed vaccine
against DENV, Dengvaxia, is restricted to those who have had a previous laboratory-confirmed
DENV infection due to the increased risk of disease in DENV-naive individuals, limiting the
effectiveness of the vaccine (137,138). The risk that incomplete vaccine immunity against all four
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serotypes might paradoxically enhance pathogenesis in the setting of subsequent natural infection
due to ADE remains a barrier for the development of safe, efficacious DENV vaccines.

Dengue NS1

DENV NSI1 plays central roles in viral replication and pathogenesis (18). NS1 is a ~48-kDa
glycoprotein, which is highly conserved across the flaviviruses genus, is secreted from infected
cells at high levels. This makes NS1 a useful clinical biomarker for the diagnosis of DENV, as
NSI1 antigenemia in DENV-infected individuals correlates with both viraemia and disease
severity (7,139,140). Beyond its clinical utility, NSI is also a promising potential vaccine
candidate, as vaccination of mice with adjuvanted NS1 alone is sufficient to protect against lethal
DENV infection without the risk of generating ADE antibodies (141,142). Thus, understanding
the role NS1 plays during DENV infection is essential for designing NS1-targeted vaccines and
therapeutics.

NS1 structure

DENV NSI1 is 352 amino acids (aa) in length, with a molecular mass between 40-50 kDa
depending on its glycosylation states at asparagine (N) residues 130 and 207. NS1 has 3 contains
three highly conserved domains — the B-roll (residues 1-29), wing (38—151), and B-ladder (181—
352) domains (143). After translation, NS1 is cleaved from the DENV polyprotein by host
proteases and quickly dimerizes, associating with host cell membranes, likely though interactions
with many hydrophobic residues within the B-roll and wing domains (143-145). In the dimer
form, the B-ladder domain makes up the central dimer structure with extensive -sheets on the
external-facing side termed “spaghetti loop” (143). The wing domain of each monomer extends
out of the central structure in both directions; it encompasses a flexible loop at residues 108-129,
which has not been successfully resolved in structures except for ZIKV NS1 (143,146). The -
roll is positioned at the membrane-facing side accompanied by the two connecting regions and
the wing flexible loop, together forming the hydrophobic inner surface of the flavivirus NSI
dimer, which interacts with host membranes (143). Secreted NS1 consists of oligomers made of
NS1 dimers, usually tetramers or hexamers, arranged in a barrel shape, with NS1 dimers
surrounding a central lipid cargo reminiscent of a lipoprotein (147-149). The B-roll domains face
the interior of the hexamer towards the lipid cargo, while the outer surface contains the spaghetti
loops, disordered wing-domain loop, and C-terminal tip of the [-ladder (143). Recent
developments in the field have begun to elucidate the function(s) of each domain as they pertain
to NS1-mediated viral replication and pathogenesis and will be further detailed; however, many
questions remain about the molecular details by which NS1 mediates its many functions.

NS1 secretion

The mechanism underlying NS1 secretion is also an open area of research. Studies have shown
that endoplasmic reticulum-resident chaperones such as human glucose-regulated protein 78
(GRp78), calnexin, and calreticulin are required for proper folding of NS1, and antagonism of
these proteins can impair the secretion of NS1 without any effect on viral replication (150,151).
Another important post-translational modification linked to NS1 secretion is glycosylation of
the two N-glycosylation sites at N130 and N207 (152). The N-linked glycan at position 130 has
been found to be required for stabilization of the secreted form of NS1, whereas the N-linked
glycan at residue 207 is required for the internalization of secreted NS1 into endothelial cells



(75,153). While it is clear that proper folding and post-translational modification is needed for
optimal NS1 secretion, the process by which NS1 becomes secreted is less understood. Several
amino acids (D136, W311, P319, E334 and R336), mostly residing at the C-terminal region of
the B-ladder domain, have been identified as being essential for NS1 secretion, as mutating these
amino acids inhibits NS1 secretion without affecting intracellular NS1 levels, arguing that
impaired secretion is not due to improper folding of the mutated NS1 (29). Further mutagenesis
studies have identified other amino acids within the C-terminus of the B-ladder and the wing
domain that mediate NS1 secretion (154). Interrogating how these amino acids contribute to the
translocation of NS1 from the ER into the extracellular milieu would advance our understanding
the process of NS1 secretion.

Dengue NS1: Viral replication

Intracellular NS1 is largely localized within the ER, where it plays vital roles in coordinating viral
replication and assembly of infectious DENV virions (155,156). Structure-guided mutagenesis
studies have helped to highlight several key molecular determinants of NS1-dependent viral
replication and infectious particle production (29,156). Residues within the f-roll (C4, W8), wing
(Y32, C55, R62, D136, W150), and p-ladder domains (K189, D197, S252, C291, W331, C132,
T317, P319, P320, E334, E336) that cluster on hydrophobic protrusions within the NS1 dimer
structure were identified to be essential for viral RNA replication (156). Additionally, other
mutations (S114A, W115A, D180A, T301A) were found to affect virus production independently
of RNA replication (156). Interestingly, secretion of NS1 is dispensable for infectious DENV
particle production, suggesting that NS1°’s ability to facilitate viral replication is independent of its
secretory functions (156).

NS1 appears to have 2 distinct role in facilitating viral replication: assembly of the membranous
replication organelle and RNA replication (29). Within the replication organelle, NS1 has been
shown to interact with NS4A-2K-NS4B cleavage intermediates at amino acids G161 and W168 to
facilitate DENV RNA replication, but this interaction is independent of NS1°s ability to remodel
membranes (26,29). The formation of DENV replication organelles has also been shown to be
dependent on the interaction between NS1 and the host protein Receptor for Activated Protein C
Kinase 1 (RACKI) (157,158). Despite these recent studies shedding more light on the various
roles that NS1 plays intracellularly to support viral replication, the mechanistic basis by which
NS1 engages host membranes, host proteins, and viral proteins to coordinate this step in the viral
life cycle has yet to be determined.

Dengue NS1: Endothelial cell interactions

Extracellular NS1 can contribute to DENV pathogenesis through interactions with endothelial
cells. Endothelial cells line the vascular system and play vital roles in maintaining vascular tone,
nutrient exchange, and controlling vascular permeability (159). Two determinants of endothelial
barrier function are cell-cell junctional complexes and the endothelial glycocalyx layer (EGL).
Intercellular junctional complexes, composed of tight (TJ) and adherens (AJ) junction proteins,
form the physical contact sites between adjacent cells and are involved in cell-cell adhesion,
intercellular communication, and barrier function (160,161) TJ/AJ complexes are maintained
and regulated by proteins such as occludin, claudin, and cadherin, which connect neighboring
endothelial cells and physically regulate fluid passage into the underlying tissues (161,162).



These junctional proteins are dynamically regulated in response to stimuli like immune
activation or angiogenesis (162,163). The EGL is a network of glycoproteins and proteoglycans
that cover the luminal surface of endothelial cells and protect the endothelial cells from the shear
force generated by the flow of blood (164,165). Elevated levels of major components of the
EGL, such as sialic acid, heparan sulfate, chondroitin sulfate, and hyaluronic acid, have been
found in dengue patients and in mouse models of DENV infection, and elevated levels of these
components have been correlated with severe disease (166—171). Recent work in the field has
found that DENV NSI interacts with endothelial cells directly, disrupting endothelial barrier
function and leading to endothelial hyperpermeability and vascular leak (18,172,173).

In order for NS1 to induce endothelial dysfunction, it must first bind to and be internalized into
cells. Extracellular NS1 first attaches to glycosaminoglycans (GAGs) such as heparan sulfate
and chondroitin sulfate found on the surface of endothelial cells (174). Compounds mimicking
GAGs have been shown to inhibit DENV NSI-induced endothelial dysfunction, in part by
preventing NS1 binding to cells (175,176). Modelling studies have suggested that GAGs and
GAG mimetics associate with NS1 using charge-charge interactions on a stretch of positively
charged amino acids within the B-ladder (175,177). Recent work from the Harris laboratory has
also identified that the wing domain contributes to the binding of DENV NSI1 to endothelial cells.
Mutation of a flavivirus-conserved W115 W118 G119 motif (W115A W118A G119A; DENV
NSI-WWG) or a DENV-specific motif at amino acids 91-93 (GDI->EKQ) inhibits DENV NS1°s
ability to bind to human pulmonary microvascular endothelial cells (HPMEC) (178,179).

In addition to GAG binding, it is thought that DENV NS1 must also interact with a proteinaceous
receptor and be internalized. The identity of the proteinaceous receptor is a major question within
the field. One study has proposed the scavenger receptor, class B type 1 (SRB1), as a possible
NSI receptor (180). Recent work in the Harris laboratory has identified the beta-2 adrenergic
receptor (B2AR), as well as a receptor tyrosine kinase, epidermal growth factor receptor (EGFR),
as putative NS1 receptors (S. Biering and E. Harris, unpublished). Ongoing studies in the
laboratory are elucidating the exact roles that these receptors play in NS1-induced endothelial
dysfunction. Once DENV NS1 interacts with its putative receptor, it must be internalized via
clathrin-mediated endocytosis to trigger endothelial dysfunction (153). Endocytosis is dependent
on glycosylation at N207, as a mutation at that site (DENV NS1 N207Q) blocks NS1-induced
endothelial dysfunction without affecting the ability of DENV NS1 207Q to bind to endothelial
cells (153).

Once internalized, DENV NS1 induces changes within endothelial cells resulting in EGL
degradation and TJ/AJ mislocalization (172,181). The exact pathways activated by DENV NSI
and how NS1 induces these changes is a current area of study. What is known is that DENV NS1
induces the activation of several proteases, including cathepsin-L, heparanases, sialidases, and
matrix metalloprotease 9 (MMP9), activation of the p38-mitogen activated protein kinase
(MAPK) pathway, loss of the AJ protein VE-cadherin, and induction of secretion of macrophage
inhibitory factor (MIF) (172,181-185). Ongoing work in the Harris laboratory has begun to
define the hierarchy of these pathways and their relative contribution to NS1-endothelial
dysfunction. Preliminary data suggest that several NSIl-induced phenotypes such as EGL
disruption and TJ/AJ mislocalization are distinct, separable outcomes branching from central
signaling pathways (Tjang, Biering and Harris, unpublished data). Full elucidation of these



pathways, including how specific NS1 domains contribute to NSl-induced endothelial
dysfunction, are crucial next steps in understanding NS1 biology.

Dengue NS1: Immune cell activation

In addition to interacting with endothelial cells, DENV NS1 has also been shown to interact with
immune cells, including macrophages, dendritic cells, and platelets (186—188). Treatment of
murine and human macrophages with DENV NS1 results is the production of pro-inflammatory
cytokines such as TNF-a and IL-6 (186,189—191). DENV NSI1 can also induce the secretion of
IL-10 and other inflammatory mediators such as phospholipase A2 (PLA2), platelet activating
factor, and leukotrienes in human monocytes (192,193). Studies in mice have proposed that
DENV NSI can activate TLR4, as antagonism of TLR4 by the TLR4 antagonist LPS-RS or anti-
TLR4 antibodies in NS1-treated immune cells reduces pro-inflammatory cytokine production
(186,189). In platelets, DENV NS1 can bind TLR4 to trigger platelet activation and aggregation
(188,194,195). The impact of NS1-induced TLR4 activation in DENV pathogenesis is less clear.
Studies have shown that DENV-induced thrombocytopenia and hemorrhage were attenuated in
TLR4-deficient mice, and treatment of DENV-infected mice with LPS-RS reduced leak during
infection (186,188). However, other studies using TLR4-deficient mice showed little-to-no impact
of TLR4 deficiency on DENV NSl-induced vascular leak (173). Indeed, while it has been
proposed that DENV NS1-induced endothelial dysfunction is a consequence of pro-inflammatory
cytokine activation, Glasner and colleagues have experimentally shown that DENV NS1-induced
endothelial dysfunction is intrinsic to endothelial cells and does not rely on TLR4 in vitro and in
vivo (173). While it is evident that DENV NS1 can activate immune cells, much less is known
about the mechanisms by which NS1 induces inflammation and how NS1-induced inflammation
contributes to overall viral pathogenesis or protection.

Several recent studies have begun to investigate the role of secreted NS1’s lipid cargo in the
context of DENV NS1-induced inflammation. The composition of the lipid cargo within secreted
NS is mostly triglycerides, bound at an equimolar ratio to the NS1 protomer, cholesteryl esters,
and phospholipids (148). One study found that NS1 can associate with human high-density
lipoproteins (HDL), and this complex was able to trigger the production of pro-inflammatory
cytokines in human primary macrophages (191). Another study found that a T164S mutation in
NSI resulted in an increase in pro-inflammatory cytokine production and that this mutation was
predicted to modulate the lipid classes with which NS1 associates (190). Lastly, one recent study
found that human ApoAl, which is the major protein component of HDL, or the ApoATl peptide
mimetic 4F are able to block NS1-induced pro-inflammatory cytokine production (196). Taken
together, the lipids associated with secreted NS1 seems to modulate NSI’s inflammatory
capacity. However, what this means for DENV pathogenesis writ large remains unknown.

Dengue NS1: Impact on dengue pathogenesis

While DENV NS1 has clear interactions with endothelial cells and immune cells in vitro, the
contribution of these interactions to DENV pathogenesis writ large is still under investigation.
DENV NSI can enhance the lethality of DENV when co-administered with a sublethal dose of
DENYV in mice (142). When given alone, DENV NSI1 can induce vascular leak in organs when
given systemically or in the skin when administered intradermally (142,173,197) Intradermal
leak is thought to be largely independent of DENV NS1-induced inflammation, as DENV NS1
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can still induce leak in TLR4- or TNF-a-deficient mice, but dependent on NSI1-induced
endothelial dysfunction, as inhibitors of the EGL-degradation pathway inhibit NS1-induced
vascular leak (173). In addition, Lo and colleagues found that the DENV NS1 wing domain and
amino acids 91 to 93 (GDI), which are deficient in binding to human pulmonary microvascular
endothelial cells (HPMECs), are required to trigger localized vascular leak, providing more
evidence that NS1-induced vascular leak is dependent on the interactions between NS1 and
endothelial cells (179). Mice doubly deficient in TLR4 and IFNAR (7Ir4” x Ifnar’" mice) have
similar levels of morbidity and mortality compared to IFNAR-deficient mice (Ifiar”") when
infected with DENV, arguing that the NS1-TLR4 pathway may not be involved in enhancing
DENYV pathogenesis in this mouse model (173). While it has been extensively hypothesized that
DENV NS1-induced immune activation leads to a cytokine storm-like immunopathology, few
studies have experimentally assessed whether NS1-induced inflammation contributes to overall
viral pathogenesis or not.

Dengue NS1: Vaccination and antibodies

Immunization of mice with DENV1-4 NS1 is sufficient to protect them against lethal DENV2
challenge, arguing that immune responses to DENV are important for the prevention of severe
dengue disease (142). Protective immunity to NS1 in this context is most likely mediated by
antibodies, as transfer of NS1-immune polyclonal mouse serum or administration of anti-NS1
monoclonal antibodies were sufficient to confer protection (142,178,198). These anti-NSI
antibodies have been shown to prevent binding of NS1 to endothelial cells and inhibit NS1-
induced endothelial hyperpermeability (142,178,198). In humans, people infected with DENV or
vaccinated with a live-attenuated tetravalent dengue vaccine candidate (TAK-003) generate
antibody responses to NS1, and sera from TAK-003 vaccinees were shown to block NS1-induced
endothelial hyperpermeability and EGL degradation (199-201). A majority of anti-NS1-antibodies
generated after natural infection in humans or after NS1 vaccination in mice target the wing (amino
acids 101-130) and B-ladder domains (amino acids 296-330) (202,203). Despite clear evidence of
the protective capacity of anti-NS1-antibodies, comparatively little is known about the mechanism
by which protective anti-NS1 antibodies inhibit NS1-induced endothelial dysfunction. In addition,
while it is clear that most people generate anti-NS1-antibodies after DENV infection, why these
antibodies do not protect those experiencing severe dengue disease is unknown.

Despite evidence suggesting that immunity against DENV NS1 can be protective against DENV,
some worries remain about NS1’s use as a vaccine candidate. Murine anti-NS1 antibodies have
been shown to cross-react with components of the human clotting cascade such as human
platelets, thrombin, plasminogen, and data from mouse models suggested that cross-reactive
antibodies to NS1 may contribute to pathogenesis (204—209) Host cross-reactive NS1 epitopes
have been mapped to the C-terminus of NS1 (aa 300-352), and deleting this region of NSI
reduced the production of host cross-reactive antibodies (210). Though the 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. Several
protective anti-NS1 monoclonal antibodies have not demonstrated any cross-reactivity to
clotting cascade proteins, suggesting that it is possible to antagonize NS1 through antibodies
without inducing potentially harmful, cross-reactive responses (178,198). Other questions
remain about the universality of a protective anti-NS1 response. NS1-immunized mice are not
protected from a non-mouse adapted, hyper-virulent DENV strain known as D2Y98P (211). The
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virulence in this strain is thought to be through induction of key proinflammatory cytokines
driven by the prM-E structural region (211). Thus, consideration of DENV NS1 as a vaccine
candidate will require a deeper understanding of the various roles NS1 plays in mediating DENV
pathogenesis and elucidating the protective determinants of anti-NS1-immunity.

The inflammasome pathway

One particular focus of this dissertation is that of inflammasomes, a class of innate immune sensors
that surveil the cytosol for a broad range of pathogen or damage-associated molecular patterns
(PAMPs/DAMPs) (207). Many viruses have been shown to activate inflammasomes during
infection, including influenza A virus, HIV, SARS-CoV-2, picornaviruses, and DENV (208-212).
Inflammasome activation by viruses can be protective and/or can contribute to pathogenic
outcomes (210,212-215).

Mechanisms of inflammasome activation

Canonical inflammasomes recruit the cysteine protease caspase-1 via the apoptosis-associated
speck-like protein containing CARD (ASC) protein (216). Certain inflammasomes respond to
PAMPs such as viral double-stranded DNA in the case of the AIM2 inflammasome, or can be
triggered by pathogenic effectors; examples include sensing of viral protease activity by the
NLRP1B and CARDS8 inflammasomes, sensing of ion fluxes and membrane damage by the
NLRP3 inflammasome, or sensing of toxin-induced Rho guanosine triphosphatase (Rho GTPase)
inactivation by the pyrin inflammasome (207,209,217-219). Further, caspase-11 in mice and
caspases-4 and -5 in humans can activate the non-canonical inflammasome, in which caspase-
11/4/5 binding to lipid A from bacterial lipopolysaccharide (LPS) leads to activation of the NLRP3
inflammasome (220,221). Inflammasome signaling typically comprises a two-step process in
which inflammasome components and substrates are first transcriptionally upregulated and/or
‘primed’, usually in response to PAMPs/DAMPs and nuclear factor-kB (NF-«xB) signaling (207).
After priming, a second stimulus induces inflammasome oligomerization, leading to ASC
recruitment and caspase-1 autoproteolytic processing into its active form (216). The active
caspase-1 protease can then cleave pro-IL-1p, pro-IL-18 and gasdermin D (GSDMD) into their
bioactive forms. Cleavage of GSDMD leads to insertion and oligomerization of the N-terminal
domain (GSDMD-NT) to form pores in the plasma membrane (222). The formation of GSDMD
pores canonically leads to pyroptosis, a form of inflammatory cell death; however, recent work
has shown that GSDMD pore formation and pyroptosis are distinct events and that macrophages
canrelease IL-1B from GSDMD pores without undergoing pyroptosis in response to certain stimuli
(223-227). GSDMD pores also facilitate the release of cleaved IL-1p and IL-18, which then serve
as major mediators of inflammation contributing to host defense as well as driving
immunopathology (223,228).

Dengue and inflammasomes

Several studies have begun to investigate whether DENV infection triggers inflammasome
activation and how this might impact DENV pathogenesis. Studies have shown that in vitro DENV
infection of mouse and human macrophages, human skin endothelial cells, and platelets, as well
as infection in mice can induce inflammasome activation (190,229-233). Clinically, IL-18 levels
are also elevated in dengue patients, implicating a role for inflammasome activation in human
DENV infections (232,234). Mechanistic studies have implicated both the membrane (M) and
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NS2A/B proteins of DENV as viral triggers of the NLRP3 inflammasome (229,231). In vivo
studies using an adeno-associated virus (AAV) vector to induce DENV M expression suggested
that DENV M can cause NLRP3-dependent vascular leak, though the relevance of M-induced
inflammasome activation in DENV infection is unknown (229). Another study showed that mice
treated with an IL-1 receptor antagonist during DENV infection lost less weight and experienced
less vascular leak compared to untreated control (232). Although it is established that DENV
infection can induce inflammasome activation, the viral triggers and the contribution of
inflammasome activation during infection remain open areas of investigation.

Summary and overview of dissertation

Recent work in the past decade has pushed DENV NSI1 into the spotlight due to the central roles
is plays in viral replication and pathogenesis. While NS1°s role in driving endothelial dysfunction,
vascular leak and immune activation is now well appreciated, many questions remain about the
specific mechanisms by which NS1 mediates it’s many functions. Despite structural and molecular
advances in understanding how NS1 binds to cells, is internalized, and is blocked by anti-NS1-
antibodies, many questions remain about how exactly NS1 induces endothelial dysfunction. In
addition, the contribution of innate immune activation, both by DENV and by DENV NSI, to
dengue pathogenesis has not been well established experimentally.

This dissertation aims to fill these gaps in our understanding. In chapter 2, I detail our findings
implicating the inflammasome pathway as a protective innate immune response to DENV and
identify a new role for DENV NS1 as a trigger of this pathway. In chapter 3, I detail our structure-
guided interrogation of the mechanism behind a protective anti-NS1-monoclonalb antibody, 2B7,
and identify molecular determinants of NS1 secretion and NSl-induced endothelial
hyperpermeability. These studies combined detail new mechanistic insight into how immunity to
NS1 can be protective during DENV infection and generate new tools for the study of innate
immunity to DENV, the study of NS1: endothelial interactions, and the antibody response to NS1
in humans.

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) emerged in late 2019 during the
course of study of my dissertation and went on to grow to the largest pandemic in the last century
causing at least 770 million confirmed infections and 7 million deaths as of late November 2023.
This pandemic severely upended societal function as social distancing restrictions aimed at
controlling viral spread kept people in their homes and away from each other. Virologists and
immunologists globally turned their research focus to the newly emerged virus in order to quickly
understand the biology of SARS-CoV-2 to design countermeasures such as therapeutics and
vaccines. In chapter 4 of this dissertation, I detail how I leveraged the skills acquired during over
the course of study for my PhD to designing serological tools for measuring antibody responses to
SARS-CoV-2 and how I used these tools in studies aimed at understanding asymptomatic spread
and infection burden in migrant farmworkers.
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Abstract

Dengue virus (DENV) is a medically important flavivirus causing an estimated 50-100 million
dengue cases annually, some of whom progress to severe disease. DENV non-structural protein 1
(NS1) is secreted from infected cells and has been implicated as a major driver of dengue
pathogenesis by inducing endothelial barrier dysfunction. However, less is known about how
DENV NSI1 interacts with immune cells and what role these interactions play. Here we report that
DENV NSI1 can trigger activation of inflammasomes, a family of cytosolic innate immune sensors
that respond to infectious and noxious stimuli, in mouse and human macrophages. DENV NSI
induces the release of IL-1p in a caspase-1 dependent manner. Additionally, we find that DENV
NSl-induced inflammasome activation is independent of the NLRP3, Pyrin, and AIM?2
inflammasome pathways, but requires CD14. Intriguingly, DENV NSI1-induced inflammasome
activation does not induce pyroptosis and rapid cell death; instead, macrophages maintain cellular
viability while releasing IL-1P. Lastly, we show that caspase-1/11-deficient, but not NLRP3-
deficient, mice are more susceptible to lethal DENV infection. Together, these results indicate that
the inflammasome pathway acts as a sensor of DENV NSI1 and plays a protective role during
infection.
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Introduction

Dengue virus (DENV) is a mosquito-borne flavivirus consisting of 4 serotypes (DENV1-4) that
represents a growing burden on global public health, with cases increasing 10-fold over the past
20 years. Over 3.8 billion people are at risk of infection with DENV, estimated to reach 6.1 billion
by 2080 as urban populations grow and climate change increases the suitable range for Aedes
mosquitoes, the transmission vectors for DENV.(1) Of the estimated 105 million people infected
by DENV annually, up to 51 million develop dengue; symptoms span a wide range of clinical
outcomes from an acute febrile illness accompanied by joint and muscle pain to severe disease
characterized by vascular leakage and thrombocytopenia, hemorrhagic manifestations, pulmonary
edema, and hypovolemic shock.(2,3) The causes of endothelial dysfunction and vascular leak seen
in severe dengue disease are likely multifactorial, but some studies suggest a “cytokine storm”
triggered by uncontrolled viral replication and immune activation.(4,5) There are no current
treatment options for severe dengue disease other than supportive care, due in part to an incomplete
understanding of dengue pathogenesis.(6) This underscores a need to better understand both
protective and pathogenic host pathways to develop future therapeutics for dengue.

DENYV non-structural protein 1 (NS1) has drawn recent interest as a vaccine and therapeutic target
for the prevention of severe dengue. DENV NSI1 is an approximately 45-kDa protein that dimerizes
after translation in infected cells.(7) Dimeric, intracellular NS1 associates with the lumen of the
endoplasmic reticulum and participates in the formation of the viral replication complex.”!! NS1
is also secreted from infected cells as a tetramer and/or hexamer, with NS1 dimers oligomerizing
around a lipid cargo enriched in triglycerides, cholesteryl esters and phospholipids.(7,11,12)
Secreted NS1 plays multiple roles during infection, including binding and inactivating
complement components and interacting directly with endothelial cells to induce endothelial
hyperpermeability and pathogenic vascular leak.(13—17) Mice vaccinated with DENV NS1 are
protected from lethal systemic DENV challenge in mouse models of infection, and blockade of
NSl-induced endothelial hyperpermeability by glycan therapeutics or by NSI-specific
monoclonal antibodies also reduces DENV-induced disease, emphasizing the pivotal roles NSI
plays in DENV replication and pathogenesis.(14,18-21) DENV NS1 has also been shown to
induce the activation of pro-inflammatory cytokines such as TNF-a and IL-6 in both murine and
human macrophages.(22—-25) Studies in mice have identified a TLR4-dependent axis for pro-
inflammatory cytokine induction, and it has been hypothesized that NS1-induced macrophage
activation leads to cytokine storm and immunopathology; however, few studies have
experimentally assessed the mechanisms by which NS1 induces inflammation and whether NS1-
induced inflammation contributes to overall viral pathogenesis.

DENYV has been shown to trigger multiple innate immune pathways that contribute to both host
defense and pathogenesis.(26,27) Among these pathways are the inflammasomes, a class of innate
immune sensors that surveil the cytosol for a broad range of pathogen or damage-associated
molecular patterns (PAMPs/DAMPs).(28) Canonical inflammasomes recruit the cysteine protease
caspase-1 via the apoptosis-associated speck-like protein containing CARD (ASC) protein.(29)
Certain inflammasomes respond to PAMPs such as viral double-stranded DNA in the case of the
AIM2 inflammasome, or can be triggered by pathogenic effectors; examples include sensing of
viral protease activity by the NLRP1B and CARDS inflammasomes, sensing of ion fluxes and
membrane damage by the NLRP3 inflammasome, or sensing of toxin-induced Rho guanosine
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triphosphatase (Rho GTPase) inactivation by the pyrin inflammasome.(28,30-33) Further,
caspase-11 in mice and caspases-4 and -5 in humans can activate the non-canonical inflammasome,
in which caspase-11/4/5 binding to lipid A from bacterial lipopolysaccharide (LPS) leads to
activation of the NLRP3 inflammasome.(34,35)

Inflammasome signaling typically comprises a two-step process in which inflammasome
components and substrates are first transcriptionally upregulated and/or ‘primed’, usually in
response to PAMPs/DAMPs and nuclear factor-xB (NF-kB) signaling.(28) After priming, a
second stimulus induces inflammasome oligomerization, leading to ASC recruitment and caspase-
1 autoproteolytic processing into its active form.(29) The active caspase-1 protease can then cleave
pro-IL-1B, pro-IL-18 and gasdermin D (GSDMD) into their bioactive forms. Cleavage of GSDMD
leads to insertion and oligomerization of the N-terminal domain (GSDMD-NT) to form pores in
the plasma membrane.(36) The formation of GSDMD pores canonically leads to pyroptosis, a
form of inflammatory cell death; however, recent work has shown that GSDMD pore formation
and pyroptosis are distinct events and that macrophages can release IL-1p from GSDMD pores
without undergoing pyroptosis in response to certain stimuli.(37—41) GSDMD pores also facilitate
the release of cleaved IL-1PB and IL-18, which then serve as major mediators of inflammation
contributing to host defense as well as driving immunopathology.(37,42) Many viruses have been
shown to activate inflammasomes during infection, including influenza A virus, HIV, SARS-CoV-
2, picornaviruses, and DENV.(27,33,43—45) Inflammasome activation by viruses can be protective
and/or can contribute to pathogenic outcomes.(43,45—48) Ultimately, the impact of inflammasome
activation depends on the context and timing of the infection; thus, understanding these
complexities is crucial for designing inflammasome-targeted therapies as potential treatments for
viral disease.

Several studies have begun to investigate whether DENV infection triggers inflammasome
activation and how this might impact DENV pathogenesis. Studies have shown that in vitro DENV
infection of mouse and human macrophages, human skin endothelial cells, and platelets, as well
as infection in mice can induce inflammasome activation.(49—54) Clinically, IL-1 levels are also
elevated in dengue patients, implicating a role for inflammasome activation in human DENV
infections.(53,55) Mechanistic studies have implicated both the membrane (M) and NS2A/B
proteins of DENV as viral triggers of the NLRP3 inflammasome.(49,52) In vivo studies using an
adeno-associated virus (AAV) vector to induce DENV M expression suggested that DENV M can
cause NLRP3-dependent vascular leak, though the relevance of M-induced inflammasome
activation in DENV infection is unknown.(49) Another study showed that mice treated with an IL-
1 receptor antagonist during DENV infection lost less weight and experienced less vascular leak
compared to untreated controls.(53) Although it is established that DENV infection can induce
inflammasome activation, the viral triggers and the contribution of inflammasome activation
during infection remain open areas of investigation. In this study, we identify secreted NS1 as a
trigger of the inflammasome pathway in a caspase-1-dependent manner that is independent of the
NLRP3, pyrin, and AIM2 inflammasomes but dependent on CD14. Further, we demonstrate that
caspase-1/11 deficiency, but not NLRP3 deficiency, makes mice more susceptible to DENV
infection, indicating that inflammasome activation can be protective during DENV infection.
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Results

DENYV NSI1 can activate the inflammasome pathway

Since DENV NSI is secreted from infected cells and can activate macrophages to induce a pro-
inflammatory response, we hypothesized that DENV NSI could be a viral trigger of the
inflammasome pathway in macrophages.(22) To test this hypothesis, we assessed whether DENV
NSI1 could activate the inflammasome pathway in mouse bone marrow-derived macrophages
(BMDMs). BMDMs were first primed with PAM3CSK4, a synthetic triacylated lipopeptide
TLR1/TLR2 agonist, and then treated with DENV NSI1. Cell supernatants were assessed 24 hours
(h) post-treatment for the presence of IL-1p as a readout of inflammasome activation. We found
that DENV NS1 induced the release of IL-1 in BMDMSs in a dose-dependent manner (Figure
1A). Additionally, DENV NSI1 induced the cleavage of pro-IL-13, GSDMD, and pro-caspase-1
into their cleaved, bioactive components (IL-1B pl17, GSDMD-N p31, and caspase-1 p20,
respectively), confirming activation of the inflammasome pathway (Figure 1B). Next, we obtained
BMDMs from mice genetically deficient in caspase-1 and -11, required for canonical and non-
canonical inflammasome signaling, respectively, and compared them to BMDMs from WT
caspase-1/11-sufficient littermates and found that NS1-induced IL-1B release was abolished in
BMDMs derived from caspase-1/11 knockout mice (Figure 1C). Similarly, nigericin, a NLRP3
inflammasome agonist, was unable to induce IL-1p release in caspase-1/1-deficient macrophages
(Figure 1C). Consistent with these findings, the caspase-1-specific inhibitor AC-YVAD-cmk
inhibited both DENV NSI1 and nigericin-induced IL-1p release in a dose-dependent manner
(Figure 1D).(56) Additionally, DENV NS1 was also able to induce cleavage of caspase-1 and the
release of bioactive IL-1 in human THP-1-derived macrophages in a caspase-1 dependent manner
(Figure 1E-F). Collectively, these data suggest that DENV NS1 induces inflammasome activation
in a caspase-1-dependent manner in macrophages.

DENYV NS1-mediated inflammasome activation is NLRP3-independent.

Since the NLRP3 inflammasome has previously been shown to be activated by other DENV
proteins as well as by NS1 from the closely related Zika virus, we hypothesized that DENV NS1
might also activate the NLRP3 inflammasome. (49,52,57) Surprisingly, we found that DENV NS1
was still able to induce IL-1p cleavage and release in BMDMs derived from Nirp3”~ mice, whereas
IL-1B release was severely reduced in BMDM s derived from Nlrp3” mice treated with the NLRP3
inflammasome activator nigericin (Figure 2A-B). Likewise, treatment of WT BMDMs with the
NLRP3-specific inhibitor MCC950 inhibited nigericin-mediated IL-1pB release in a dose-
dependent manner, whereas DENV NSl-induced IL-1p release was unaffected by MCC950
treatment (Figure 2C).(58) These data suggest that DENV NSl-mediated inflammasome
activation is independent of the NLRP3 inflammasome. Since IL-1p release downstream of the
non-canonical inflammasome and the lipopolysaccharide (LPS)-triggered inflammasome pathway
requires NLRP3, these results further suggest that NS1-induced inflammasome activation is not
via caspase-11 or due to LPS contamination.(59) We then utilized CRISPR-Cas9 gene editing to
knock out additional components in the inflammasome pathway via nucleofection of Cas9-guide
RNA (gRNA) ribonucleoprotein complexes in WT BMDMs to attempt to identify the
inflammasome pathway activated by DENV NS1. We targeted Nlrp3 (encoding Nlrp3), Aim?2
(encoding Aim2), Mefv (encoding Pyrin) and Caspl in C57BL/6 mice using 2 guide RNAs per
gene and used a non-targeting guide (NTG) as an experimental control. This approach achieved
robust deletion of the target proteins, as assessed by Western blot (Figure 2D). We then treated
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gene-edited BMDMs with DENV NS1 for 48h and assessed inflammasome activation by IL-1
release, as measured by ELISA. Corroborating the results from Nlrp3” mice, CRISPR-Cas9
knockout of Nlrp3 did not affect DENV NS1-mediated inflammasome activation (Figure 2E).
CRISPR-Cas9 knockout of the AIM2 and Pyrin inflammasomes also had no effect on DENV NS1-
induced inflammasome activation. Thus, DENV NSI-mediated inflammasome activation in
BMDMs is independent of the NLRP3, AIM2, and Pyrin inflammasomes.

DENYV NS1-induced inflammasome activation is dependent on CD14 and does not lead to
cell death

We observed that DENV NSI-treated BMDMs maintain their morphology and do not undergo
detectable cell death, in contrast to nigericin-treated cells, despite evidence of cleavage of GSDMD
(Figure 1B). Measurement of lactase dehydrogenase (LDH) is often used as a proxy for pyroptotic
cell death; consistent with this, we found that PAM3CSK4.primed BMDMs treated with nigericin
rapidly released near maximum amounts of LDH 2h post-treatment.(60-62) In contrast,
PAM;CSK4-primed, NS1-treated BMDMs released LDH at similar levels to the BMDMs primed
with PAM3CSKj4 alone, up to 24h post-treatment (Figure 3A). In addition, at 24h post-treatment,
nigericin-treated macrophages displayed high levels of staining by an amine-reactive dye used to
fluorescently label dead cells, whereas DENV NSI-treated macrophages were labeled at similar
levels to the untreated controls (Figure 3B). These lines of evidence indicate that DENV NS1
induces inflammasome activation without inducing cell death. Previous studies have shown that
pyroptosis and inflammasome activation are separable processes and that myeloid cells can release
IL-1PB over time without undergoing pyroptosis.(38,39,41) One such study showed that oxidized
phospholipids can enhance IL-1[ release without inducing cell death through engagement of CD14
in macrophages and dendritic cells.(63) Since DENV NSI is secreted from infected cells as an
oligomer surrounding a lipid cargo, we hypothesized that DENV NS1 might also enhance IL-13
release by delivering lipids to cells in a CD14-dependent manner. Indeed, we found that DENV
NS1 was able to deplete surface levels of CD14 on BMDMs, as was LPS, a canonical CD14 ligand,
suggesting that DENV NSI can induce endocytosis of CD14 similar to other characterized CD14
ligands (Figure 3C). We next generated CD14-deficient BMDMs by nucleofection (Figure 3D)
and treated these cells with DENV NSI1. We found that IL-1p release was abrogated in DENV
NS1-treated CD14-deficient BMDMSs compared to NTG control cells, suggesting that CD14 is
required for DENV NS1 inflammasome activation (Figure 3E). Nigericin-treated CD14 knockout
BMDMs still induced IL-1f release at similar levels to NTG controls (Figure 3F), and CD14-
deficient BMDMs were able to secrete TNF-a in response to PAM3CSK4 (Figure 3G), showing
that NF-kB responses needed for inflammasome priming were intact, leading us to conclude that
the lack of NSI-triggered inflammasome activation in CD14-deficient macrophages was not a
consequence of off-target effects in other inflammasome pathways. These findings suggest that
DENV NS1 inflammasome activation is CD14-dependent and induces II-1B release without
pyroptosis.

Caspase-1/11 mediates a protective response during DENV infection

We have previously characterized a lethal mouse model of DENV infection and disease consisting
of interferon o/p receptor-deficient (Ifnar ") mice infected with a mouse-adapted DENV2 strain
(D220).(64) To determine how inflammasome activation impacts DENV pathogenesis upon viral
infection, we crossed Caspl/11 ”~ or Nlrp3 - separately with Ifnar " mice to generate Casp1/11 ”
“x Ifnar " and Nlrp3 7" x Ifnar - double-deficient mice and infected them with DENV2 D220. We
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found that Caspl/l11 “x Ifnar ” mice were significantly more susceptible to lethal DENV2
infection and showed greater morbidity compared to littermate controls with functional Casp1/11
alleles (Figure 4A-B), indicating that inflammasome activation plays a protective role during
DENV2 infection in mice. Previous studies have implicated the NLRP3 inflammasome as playing
a pathogenic role during DENYV infection; thus, mice deficient in NLRP3 would be predicted to
exhibit less severe disease compared to NLRP3-functional mice. However, we found that Nlrp3 ”
“x Ifnar 7~ mice displayed similar outcomes after lethal DENV?2 challenge as littermate controls
with functional Nlrp3 alleles across both high and low doses of DENV2 D220 (Figure 4C-D).
Thus, these data suggest that while inflammasomes can play a protective role during DENV
infection, this protection is independent of the NLRP3 inflammasome, consistent with NSI-
triggered inflammasome activation patterns that we measured in vitro.
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Figure 1. DENV NS1 can activate the inflammasome. (A) BMDMs were primed with
PAM;3CSK4 (1pg/mL) for 17 h and then treated with DENV2 NS1 at indicated concentrations,
treated with SuM nigericin, or left untreated (PAM only). IL-1p levels in the supernatant after 2h
(nigericin) or 24h (NS1 and PAM only) were measured by ELISA. *p<0.05 as determined by one-
way ANOVA with Dunn’s multiple comparison correction. (B) Representative Western blots of
BMDM cell lysates after priming with PAM3CSK4 (1pg/mL) for 17h and treatment with 10ug/mL
DENV2 NS1 (DENV NS1) or PAM3CSK4 treatment for 24h without NS1 treatment (PAM only).
(C) WT and Casp1/11”"BMDMs were primed with PAM3CSKa4 (1ug/mL) for 17h and then treated
with DENV2 NS1 at the indicated concentrations, nigericin (SuM), or medium (PAM only). IL-1
levels in the supernatant after 2h (Nigericin) or 24h (NS1 and PAM only) were measured by ELISA.
*p<0.05, **p<0.01. Statistical significance was determined using two-way ANOVA followed by
multiple t-tests using Holm-Sidak correction. (D) BMDMs were primed with PAM3CSK4 (1pg/mL)
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for 17h and then pre-treated with Ac-YVAD-cmk at the indicated concentrations before addition
of DENV2 NS1 (10pug/mL), nigericin (5uM), or medium (Inhibitor only). IL-1B levels in
supernatant 2h (Nigericin) or 24h (NS1 and PAM only) were measured by ELISA. (E) WT or
Casp-17" THP-1 human monocytes were differentiated into macrophages in 10ng/mL PMA and
primed with medium or LPS for 4h. Primed macrophages were treated with DENV NS1 (10pg/mL)
or left untreated (LPS only). Eighteen hours later, supernatants were collected. Cells were
stimulated with S5uM nigericin for 2h as a positive control. Bioactive IL-1f in supernatants was
measured using HEK-Blue IL-1R reporter cells. (F) Representative Western blots of THP-1
macrophage cell lysates after priming with PAM3CSK4 (100ng/mL) for 17h and treatment with
DENV2 NS1 at indicated concentrations (pg/mL), treatment with SuM nigericin, or no treatment
for 24h. The data are shown as the mean + standard deviation (SD) of 3 independent experiments
(A, C-D) or 4-6 independent experiments (E) or a representative image taken from 2 biological
replicates (B,F).
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Figure 2. DENV NSl-induced inflammasome activation is NLPR3-independent.
(A) WT and Nirp3 "~ BMDMs were primed with PAM3CSK4 (1pg/mL) for 17h and then treated
with DENV2 NS1 at indicated concentrations, nigericin (5uM), or medium (PAM only). IL-1B
levels in supernatant 2h (nigericin) or 24h (NS1 and PAM only) were measured by ELISA.
*p<0.05, **p<0.01. Statistical significance was determined using two-way ANOVA followed by
multiple t-tests with Holm-Sidak correction. (B) Representative Western blots of cell lysates from
WT and Nirp3”- BMDMs after priming with PAM3CSK4 (1pg/mL) for 17h and treatment with
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DENV2 NS1 (10 or 5 ug/mL), treatment with nigericin (S5uM), or no treatment for 24h. (C)
BMDMs were primed with PAM3CSK4 (1pg/mL) for 17h and then pre-treated with MCC950 at
the indicated concentrations before addition of DENV2 NS1 (10ug/mL), nigericin (5uM), or
medium (Inhibitor only). IL-1f levels in the supernatant after 2h (Nigericin) or 24h (NS1 and PAM
only) were measured by ELISA. (D) Representative Western blots of cell lysates from BMDMs
nucleofected with Cas9-gRNA ribonuclear protein complexes to knock out the indicated genes.
Two gRNAs per gene were used per nucleofection. NTG = non-targeting guide. (E) Knockout
BMDMs from (D) were primed with PAM3CSK4 (1pg/mL) for 17h and treated with DENV2 NS1
(10pg/mL) or left untreated for 48h. *p<0.05. Statistical significance was determined using two-
way ANOVA followed by multiple t-tests with Holm-Sidak correction. The data are shown as the
mean = SD of 3 biological replicates (A,C), a representative image taken from 2 biological
replicates (B,D), or data pooled from 5 independent experiments with 3 biological replicates per
guide (E).
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Figure 3. DENV NS1 induces inflammasome activation in macrophages in a CD14-
dependent manner without inducing cell death. (A-B) BMDMs were primed with PAM3CSK4
(1pg/mL) for 17h and then treated with DENV2 NS1 (10pg/mL), nigericin (SpM), or medium
(PAM only). (A) At the indicated timepoints, supernatants were assessed for lactase
dehydrogenase (LDH) levels as a proxy for cell death. LDH levels were calculated as a percentage
of maximum LDH release. (B) Cells were stained using a LIVE/DEAD Fixable Far Red stain and
analyzed by flow cytometry. *p<0.05 **p<0.01 ***p<0.001. Statistical significance was
determined using two-way ANOVA with Dunnetts’s multiple comparison test. (C) BMDMs were
primed with PAM3CSK4 (1pg/mL) for 17h and then treated with DENV2 NS1 (10pg/mL), LPS
(S5pug/mL) or no treatment (Untreated). After 30 min, cells were stained for surface CDI14
expression and analyzed by flow cytometry. Data are normalized as a percentage of the median
fluorescence intensity of the treatment groups divided by the untreated control. **p<0.01.
Statistical significance was determined using one-way ANOVA with Holm-Sidak’s multiple
comparisons test. (D) Representative Western blots of cell lysates from BMDMs nucleofected with
either NTG or CD14 Cas9-gRNA ribonuclear protein complexes. (E-G) BMDMs from (D) were
primed with PAM3CSK4 (1pg/mL) for 17h and treated with DENV2 NS1 (10ug/mL), nigericin
(5uM) or no treatment for 48h. IL-1p levels in supernatant after 24h (Nigericin) or 48h (NS1 and
PAM only) were measured by ELISA (E-F). TNF-a levels were measured in supernatants 17h
post-priming with PAM3CSK4 (G). ***p<0.001. Statistical significance was determined using
two-way ANOVA with Sidak’s multiple comparison test. The data are shown as the mean = SD
of 3 biological replicates (A,C,E), 5 biological replicates (B), or 2 biological replicates (F-G) or a
representative image taken from 2 biological replicates (D).

44



100

L' Z 10
o =)
. @ 100 "
— -® Caspase 111 WT IFNAR ™ (n=T) o -® Caspase 1111 WT IFNAR™ (n=7)
»x " Caspase 1/11 Het IFNAR T (n=19) £ g “®- Caspase 1111 Het IFNAR" (n=12)
Caspase 1/11 KO IFNAR " (n=15)

70 Caspase 111 KO IFNAR" (n=8)

Percent survival
(5.}
o
1
% of Initial Wi

MM=—Tr—T—T"TT T T T T 7T

T T
0 5 10 01 2 3 4 56 7 8 9

Days Post-Infection Days Post-Infection

High Dose Ll
1003 100+
= s -
g § L ns
% 5 ) 3]
- = 504
g 504 & = NLRP3 WT IFNAR ™" (n=5) g - NLRP3WTIFNAR " (n=8)
s = NLRP3 Het IFNAR ™" (n=20) s = NLRP3 Het IFNAR ™" (n=6)
B B NLRP3 KO IFNAR™ (n=7) & NLRP3 KO IFNAR ™ (n=6)
[} T — 1 0 T T
o 5 10 0 5 10
Days Post-Infection Days Post-Infection

Figure 4. The inflammasome is protective during DENYV infection. (A-B) Survival curves (A)
and weight loss over time (B) of Caspl/11" Ifnar 7~ (Caspase 1/11 WT), Caspl/11 "Ifnar -
(Caspase 1/11 Het), or Caspl/11 “Ifnar - (Caspase 1/11 KO) littermates infected intravenously
with 3 x 10° PFU of DENV2 D220. Survival was monitored over 14 days. Weight loss was
monitored over 9 days. Numbers in parentheses indicate the numbers of mice in each group.
*#p<0.01. Statistical significance was determined by Mantel-Cox log-rank test (A) or two-way
ANOVA with Holm-Sidak’s multiple comparisons test (B). (C-D) Survival curves of Nirp3
“*Ifnar”- (NLRP3 WT), Nlrp3 “Ifnar”- (NLRP3 Het), or Nlrp3 “Ifnar”- (NLRP3 KO) littermates
infected intravenously with a 5 x 10° PFU (High Dose) (C) or 7.5 x 10* PFU (Low Dose) (D) of

DENV2 D220 and monitored over 10 days. Numbers in parentheses indicate the numbers of mice
in each group.
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Discussion

In this study, we demonstrate that the inflammasome pathway is activated by DENV NS1 in mouse
BMDMs and human THP-1 macrophages. Interestingly, we find that DENV NS1-induced
inflammasome activation is independent of the NLRP3, AIM2 and Pyrin inflammasomes in
BMDMs and that NLRP3 deficiency in mice does not affect the outcome of DENV infection, in
contrast to previous reports ascribing a pathogenic role to the NLRP3 inflammasome during
DENYV infection.(49,52) Instead, we find that inflammasome activation may play a protective role
during DENYV infection, as caspase-1/11-deficient mice are more susceptible to DENV infection
compared to their caspsase-1/11-functional littermates.

Our study experimentally assessed the contribution of inflammasome activation to DENV
infection in vivo using genetically deficient mice, in contrast to previous studies. In one study,
investigators sought to define the contribution of DENV M to DENV pathogenesis and found that
NLRP3-deficient mice infected with an adeno-associated virus expressing DENV M showed less
pathology than WT controls.(49) However, it is not clear how generalizable this model is to DENV
pathogenesis, as the study relied on expression of DENV M protein by an adeno-associated virus
rather than by infection with DENV. Our study differs in that we use a DENV?2 strain (D220) in a
well-characterized IFNAR-deficient mouse model, which has been previously shown to more
readily model features of DENV pathogenesis observed in severe disease in humans, such as
vascular leak.(64,65) Using this model, we found that caspase-1/11-deficient mice are more
susceptible to DENV infection than their caspase-1/11 functional littermates, implicating the
inflammasome pathway as a protective pathway during DENV infection. Further, we find that
NLRP3-deficient, IFNAR-deficient mice are not protected from lethal DENV infection and
succumb to infection at similar rates as NLRP3-sufficient IFNAR-deficient mice, thus suggesting
that the NLRP3 inflammasome does not contribute to pathogenesis in the context of DENV
infection, at least in our DENV D220 mouse model of vascular leak syndrome. Another study
showed that treatment of mice with IL-1 receptor antagonist can reduce pathology during DENV
infection in IFNAR-deficient mice.(53) Our results do not necessarily conflict with this prior study
since there can be IL-1B-independent effects of inflammasome activation.(66) Further studies are
needed to understand the mechanistic basis of caspase-1/11-mediated protection during DENV
infection.

The timing and magnitude of inflammasome activation are key factors in determining whether
activation is protective or detrimental to the host. Administration of the NLRP3 inhibitor MCC950
at days 1 and 3 after influenza A virus (IAV) infection led to hyper-susceptibility to lethality,
whereas treatment on days 3 and 5 post-infection protected mice against IAV-induced disease.(48)
Thus, in this context, the NLRP3 inflammasome plays both a protective role early in infection and
a pathogenic role later in infection. The use of genetic models in our study implicates a protective
role for inflammasome activation early in DENV infection as well, though our data does not
preclude the possibility of inflammasome activation being pathogenic in later stages of infection.

In addition, increased inflammasome activation was observed under antibody-dependent
enhancement (ADE) conditions during a secondary DENV infection.(67,68) ADE is a
phenomenon whereby cross-reactive non-neutralizing anti-DENV antibodies elicited from a
primary DENV infection facilitate Fcy receptor-mediated viral entry and replication in immune
cells during a secondary DENV infection with a different serotype, resulting in higher viremia and
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increased immune activation.(69,70) Thus, the altered viremic and immune context of ADE may
also determine whether inflammasome activation still plays a protective role or contributes to
DENV disease. While our study ascribes a protective role for inflammasome activation during
DENYV infection, more investigation is needed to understand whether targeting the inflammasome
pathway at specific times and under ADE conditions can lead to therapeutic benefit during severe
dengue.

Our data raises some interesting questions regarding the mechanism of DENV NS1-induced
inflammasome activation. While we establish that DENV NS1 induces inflammasome activation
independently of the NLRP3 inflammasome using multiple orthogonal genetic and chemical
approaches, the identity of the inflammasome activated by DENV NSI is unknown. CRISPR-
Cas9-mediated knockout of other, well-studied inflammasomes such as Pyrin and AIM2 had no
effect on DENV NSI-induced inflammasome activation, suggesting that these inflammasomes
may not be involved or may be redundant with each other. Further work is needed to establish
whether DENV NSI1 may activate other inflammasomes such as NLRP1B, CARDS, NLRP6 and
NLRP10 inflammasomes, as well as to provide deeper insight into the mechanisms behind
inflammasome sensing of DENV NS1 in macrophages.(71,72)

Interestingly, we find here that NS1 can activate the inflammasome pathway through a CD14-
dependent pathway without triggering detectable cell death. It has become increasingly
appreciated that inflammasome activation and the formation of GSDMD pores in cell membranes
do not necessarily lead to pyroptotic cell death, but it is unknown how different inflammasome
stimuli induce different cell fates(39). Previous studies have implicated CD14 as a receptor for
oxidized phospholipids such as 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine (PGPC) and
1-palmitoyl-2-(5-oxo-valeroyl)-sn-glycero-3-phosphocholine (POV-PC); these phospholipids
engage CD14 to promote the release of IL-1p from living macrophages via a pathway dependent
on caspase-11, caspase-1 and NLRP3.(40,63,73) We found that, similar to POV-PC and PGPC,
DENV NSI can deplete CD14 from the surface of macrophages and is dependent on CD14 to
activate the inflammasome pathway. Since LPS is a canonical ligand of CD14 and cytosolic LPS
can activate the non-canonical inflammasome pathway, it was critical to eliminate the potential
role of LPS in our studies. We primed cells with PAM3CSK4 and regularly tested DENV NSI
stocks for LPS contamination to ensure that LPS exposure was not driving IL-1f release in our
experiments. Importantly, non-canonical inflammasome activation by cytosolic LPS is dependent
on the NLRP3 inflammasome, whereas our studies indicate that DENV NS1 activates an
inflammasome pathway that is independent of NLRP3. Thus, it is likely that DENV NS1-induced
inflammasome activation is not due to contaminating LPS; rather, we propose that, like oxidized
phospholipids, DENV NS1 utilizes CD14 to induce IL-1f release in macrophages. However, the
mechanism by which oxidized phospholipids enhance IL-1 release remains poorly understood,
and further work will be required to determine whether DENV NSI1 operates via a similar or
distinct mechanism.

A previous study reported that NS1-associated lipid cargo is enriched in triglycerides, cholesterol,
and phospholipids, lipids commonly found in cell membranes.(11) We speculate that NS1 could
act as a carrier of oxidized phospholipids generated from infected cells and subsequently be
detected by macrophages at sites distal from infection, activating an inflammasome and cytokine
response. We were unable to determine whether oxidized phospholipids were present within the
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lipid cargo of our NS1 in this study; however, it would be interesting to explore whether the
inflammatory capacity of NS1 is ultimately modulated by the lipids within the lipid cargo.

Overall, our results provide insight into interactions between DENV NS1 and macrophages and
the role of NS1 in protection. Our current study suggests that NS1-myeloid cell interactions can
be protective during DENV infection and that activation of pro-inflammatory circuits during
DENV infection can be beneficial. Thus, we find that the activation of pro-inflammatory immune
responses does not always lead to detrimental outcomes during DENV infection, contrary to many
studies in the field.(22,27,74) Instead, a more nuanced view accounting for the timing and
magnitude of the inflammatory response may be a crucial aspect of understanding both the
beneficial and detrimental aspects of inflammation in DENV infection. Our data suggest that
further investigation into understanding the delicate balance and precise contexts in which
cytokines can be protective and/or pathogenesis during DENV infection will be crucial for
developing novel therapeutics and identifying the best biomarkers to assess risk of progression to
severe disease.
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Materials and Methods

Mice

All mice were bred in-house in compliance with Federal and University regulations. All
experiments involving animals were pre-approved by the Animal Care and Use Committee
(ACUC) of UC Berkeley under protocol AUP-2014-08-6638-2 and maintained under specific
pathogen-free conditions. Wildtype (WT) C57BL/6 mice were obtained from Jackson Labs and
used for preparation of bone marrow-derived macrophage (BMDMs) . Nlrp3” and Casp-1/117"
C57BL/6 mice were provided by Dr. Russell Vance and maintained in the Harris lab mouse colony.
Nirp3*-and Casp 1/11"" mice were bred to generate the corresponding WT /") or deficient (")
litermates mice the corresponding %) or deficient (") litermates mice for all experiments. For in
vivo experiments involving DENV?2 infection, Nlrp3”" and Casp 1/11” were bred with C57BL/6
mice deficient in the interferon o/ receptor (Ifnar’") to generate doubly-deficient Nlrp3*" x Ifnar
Ior Casp-1/11""x Ifnar’" mice by backcrossing Nlrp3”- and Casp-1/11"" mice with Ifinar’~ mice
over 6 generations. The genotypes of mice used for breeding were tracked via PCR and gel
electrophoresis. Nlrp3*™" x Ifnar’ or Casp-1/11""x Ifnar’™ mice were bred to generate littermate
WT, heterozygous, or KO mice at the Nlrp3” or Casp-1/11"allele.

Individual PCR reactions were utilized to confirm the WT genotype and genetically deficient
genotype for Casp-1/11 and Nirp3. The primers for each of these reactions were as follows:
Caspase 1/11 WT (CATGCCTGAATAATGATCACC and GAAGAGATGTTACAGAAGCC),
Caspase 1/11-deficient(GCGCCTCCCCTACCCGG and CTGTGGTGACTAACCGATAA), Nirp3
WT (CCACCTGTCTTTCTCTCTCTGGGC and CCTAAGGTAAGCTTTTGTCACCCAGG),
Nlirp3-deficient (TTCCATTACAGTCACTCCAGATGT and TGCCTGCTCTTTACTGAAGG). To
determine the IFNAR genotype of the mice, a multiplex PCR protocol consisting of three primers
was used (CGAGGCGAAGTGGTTAAAAG, ACGGATCAACCTCATTCCAC, and
AATTCGCCAATGACAAGACG).

Viral stocks and proteins

A mouse-attenuated strain of DENV2, D220, was utilized for infection of Ifnar”’" mice.(64) The
D220 strain was derived from the Taiwanese DENV2DENV?2 isolate PL046 and is a further
modification of the D2S10 strain, as described previously.(64) Viral stocks were titered using
focus-forming assays on Vero cells. All virus stocks were confirmed to be mycoplasma-free.
Recombinant DENV2 NS1 (Thailand/16681/84) was produced in mammalian HEK293 cells or
purchased from The Native Antigen Company (Oxford, UK). All NS1 stocks were certified to be
endotoxin-free and >95% purity.

DENYV mouse model

Six- to eight-week-old littermate mice of either gender were challenged with DENV via
retroorbital intravenous (IV) injection of the indicated plaque-forming units (PFU) of the DENV2
D220 strain. Mice were observed for morbidity and mortality over a 2-week period. Morbidity of
mice was assessed utilizing a standardized 1-5 scoring system as follows: 1 = no signs of lethargy,
mice are considered healthy; 2 = mild signs of lethargy and fur ruffling; 3 = hunched posture,
further fur ruffling, failure to groom, and intermediate level of lethargy; 4 = hunched posture with
severe lethargy and limited mobility, while still being able to cross the cage upon stimulation; and
5 = moribund with limited to no mobility and inability to reach food or water. Mice scored as 4
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were monitored twice per day until recovery or until reaching moribund status. Moribund mice
were euthanized immediately. Mice were also weighed to measure weight changes throughout the
infection period.

BMDM generation

BMDMs were generated from 8-13-week-old WT C57BL/6 mice purchased from Jackson
Laboratories or 8-13-week-old C57BL/6 littermate mice of the following genotypes: Casp-1/117",
Casp-1/11"", Nlrp37~, and NLRP3"". Additionally, BMDMs were generated from 8-13-week-old
WT C57BL/6 mice purchased from Jackson Laboratories.Nlrp3*'". Bone marrow was extracted
from the femur and tibia of dissected mice and plated on non-tissue culture-treated 15-cm Petri
dishes at a density of 1 x 10 cells per plate in macrophage differentiation medium (DMEM, Gibco)
supplemented with 2mM L-glutamine, 10% fetal bovine serum (FBS; Corning), 1%
penicillin/streptomycin (Pen/Strep, Gibco), and 10% macrophage colony-stimulating factor (M-
CSF) containing supernatant solution harvested from 3T3-CSF cells and cultured at 37°C with 5%
CO; for 7 days. On day 3 of incubation, cells were supplemented with additional macrophage
differentiation medium. On day 7, differentiated BMDM cells were harvested by incubating the
plated cells in phosphate-buffered saline without calcium and magnesium (PBS) at 4°C for 20
minutes (min). The BMDM cells were then removed from the plate by gentle spraying with PBS,
resuspended in DMEM supplemented with 1% Pen-Strep, 40% FBS, and 10% DMSO and frozen
in liquid nitrogen until future use.

BMDM inflammasome activation assay

A macrophage-based assay was adapted from previously described protocols to assess
inflammasome activation in BMDMs.(60) Frozen BMDMs were thawed and plated in 24-well or
96-well tissue culture-treated, flat-bottom plates in complete DMEM (DMEM + 2mM L-glutamine
+ 10% FBS + 1% Pen/Strep) at a density of 1x10% or 2x10° cells per well, respectively. After
plating, cells were left to rest at 37°C and 5% CO: overnight. BMDMs were then primed using
Iug/mL Pam3;CSK4 (InvivoGen) for 17 hours (h) or left untreated. Primed BMDMs were
stimulated with DENV NS1, 5uM nigericin (InvivoGen), or left untreated. After 24h, supernatants
were spun down at 10,600 x g for 10 minutes, and the cell-free supernatant was collected. BMDM
layers were washed twice with PBS and then lysed in RIPA buffer (150mM NacCl, 1% Nonidet P-
40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), S0mM Tris pH 7.4)
supplemented with protease inhibitor (Roche). Supernatants and cell lysates were stored at -80°C
until further analysis. For experiments involving inhibitors, the NLRP3 inhibitor MCC950
(InvivoGen) or caspase-1 inhibitor Ac-YVAD-cmk (InvivoGen) were added at indicated
concentrations 30 min prior to treatment with DENV2 NS1 or nigericin.

Cell culture

HEK-Blue-IL-1p cells were obtained from InvivoGen (catalog # hkb-il1b) and grown in complete
medium containing DMEM, 10% FBS, 1% Pen/Strep, 100pug/mL Zeocin (Invivogen), and
200pg/mL Hygromycin B Gold (InvivioGen). WT THP-1 cells or casp-17- THP-1 were purchased
from InvivoGen and grown in complete medium containing RPMI (Gibco), 10% FBS, and 1%
Pen/Strep. HEK-Blue IL-1p reporter cells were grown and assayed in 96-well plates.

All cell lines were routinely tested for mycoplasma by PCR kit (ATCC, Manassas, VA).
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THP-1 inflammasome activation assay

To assess inflammasome activation in THP-1 macrophages, WT or casp-17~ THP-1 human
monocytes were differentiated into macrophages in 10ng/mL phorbol 12-myristate 13-acetate
(PMA) and primed with medium or 1pg/mL LPS for 4h. Primed macrophages were treated with
10pug/mL DENV NSI1 or left untreated (LPS only). 18h later, supernatants were collected. Cells
were stimulated with 5pM nigericin for 2h as a positive control. Supernatants were then assessed
for bioactive IL-1f using a HEK-Blue IL-1 reporter assay. To assess cleavage of caspase-1 in
THP-1 macrophages, WT THP-1 human monocytes were differentiated into macrophages in
10ng/mL PMA and primed with medium or 100 ng/mL Pam3CSK4 for 17h. Primed macrophages
were then treated with DENV NS1 or 5uM nigericin in RPMI + 2% FBS + 1% Pen/Strep for 24h.
Supernatants were collected, and cells were lysed with RIPA buffer. Proteins in supernatant were
precipitated by methanol/chloroform precipitation and resuspended in 50uL of 1X SDS-PAGE
sample buffer (0.1% B-mercaptoethanol, 0.0005% bromophenol blue, 10% glycerol, 2% SDS,
63mM Tris-HCI pH 6.8).

HEK-Blue IL-18 reporter assay

To quantify the levels of bioactive IL-1P released from cells, we employed HEK-Blue IL-13
reporter cells. In these cells, binding of IL-1B to the surface receptor IL-1R1 results in the
downstream activation of NF-kB and subsequent production of secreted embryonic alkaline
phosphatase (SEAP) in a dose-dependent manner. SEAP levels were detected using a colorimetric
substrate assay, QUANTI-Blue (InvivoGen) by measuring an increase in absorbance at OD655.
Culture supernatant from THP-1 cells was added to HEK-Blue IL-1p reporter cells plated in 96-
well format in a total volume of 200 pl per well. After 24h, SEAP levels were assayed by adding
20 pl of the supernatant from HEK-Blue IL-1B reporter cells to 180 pul of QUANTI-Blue
colorimetric substrate following the manufacturer’s protocol. After incubation at 37°C for 30-60
min, absorbance at ODsss was measured on a microplate reader.

CRISPR-Cas9-mediated gene editing in primary BMDMs

CRISPR-Cas9 gene editing was performed in WT BMDMs to knock out specified genes using a
nucleofection-based approach.(75) Bone marrow from WT B6 mice was isolated, and cells were
differentiated as previously described. On day 5 of macrophage differentiation, BMDMs were
harvested and resuspended in P3 Primary Cell Nucleofector Solution with Supplement (Lonza).
Separately, Cas9-ribonuclear protein (RNP) complexes were made by incubating S. pyogenes Cas9
with 2 nuclear localization signals (SpCas9-2NLS, Synthego) and 2 guide RNAs per gene
(Synthego), together with Alt-R™ Cas9 Electroporation Enhancer (IDT) at room temperature for
25 min. BMDMs (4x10° per gene target) were mixed with RNP complex, and cells were
nucleofected in 16-well Nucleocuvette strips (Lonza) using a 4D-Nucelofector® (Lonza).
Nucleofected cells were then seeded in non-tissue culture-treated 15-cm Petri dishes in
macrophage differentiation medium and differentiated for an additional 5 days, with medium
changes every 2 days. After differentiation, gene-edited macrophages were harvested and used in
the previously described inflammasome activation assay. Gene-edited macrophages were
stimulated with inflammasome activators for 48h before supernatants were assessed for IL-1[.
Additionally, primed, gene-edited macrophages were lysed in RIPA buffer, and cell lysates were
frozen for validation of efficient gene knockout by Western blot.
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Cytokine and lactase dehydrogenase (LDH) quantification

Cytokine levels in cell supernatants were assessed using the mouse IL-1B/IL-1F2 DuoSet ELISA
kit (R&D Systems) and mouse TNF-o DuoSet ELISA kit (R&D Systems) according to the
manufacturer’s instructions. ELISA plates were measured at OD4so using a microplate reader, and
cytokine levels were quantified by interpolation using a standard curve. Supernatants were assayed
for LDH release immediately after stimulation time courses per the manufacturer’s protocol from
the CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega). Measurements of absorbance
readings were performed on a microplate reader at wavelengths of 490 nm and 680 nm. LDH
release was assessed as a percentage of background-subtracted maximum LDH values from lysed
cells.

SDS-PAGE and Western blot

Cell supernatants and lysates were diluted in 6X SDS-PAGE protein sample buffer (360mM Tris
pH 6.8, 12% SDS, 18% B-mercaptoethanol, 60% glycerol, 0.015% bromophenol blue), boiled for
10 min at 95°C, and resolved using SDS-PAGE. The proteins were then transferred onto a
nitrocellulose membrane, washed 3 times with Tris-buffered saline with 0.1% Tween20 (TBS-T)
and probed with primary antibodies diluted in 5% non-fat dry milk in TBS-T at 4°C overnight.
The membrane was then washed 3 times with TBS-T and probed with secondary antibodies in 5%
non-fat dry milk in TBS-T rocking at room temperature for 2 hours. The membrane was then
washed 3 times with TBS-T and 2 times in TBS and developed using SuperSignal West Pico PLUS
Chemiluminescence reagent (ThermoFisher). The resulting membrane was imaged on a BioRad
ChemiDoc system and visualized using Image Lab software (BioRad). The antibodies and working
dilutions used were as follows: goat-a-mouse IL-1f, 1:1000 (R&D Systems, AF-401-NA); rabbit-
a-NLRP3, 1:1000 (Cell Signaling, D4D8T); rabbit-a-mouse AIM2, 1:500 (Cell Signaling, 63660),
a-mouse Caspase-1 (p20) 1:1000 (Adipogen, Casper-1), a-human Caspase-1 (p20), 1:1000
(Adipogen, Bally-1); a-Pyrin, 1:1000 (Abcam, EPR18676); goat-a-mouse IgG HRP, 1:5000
(Biolegend, 405306); donkey-a-rabbit IgG HRP, 1:5000 (Biolegend, 405306);a-actin HRP,
1:2000 (Santa Cruz Biotechnologies, sc-8432).

Flow Cytometry

BMDMs were primed with 1pg/mL Pam3CSK4 for 17h, then stimulated with Spg/mL E. coli LPS,
10pg/mL DENV NS1, or 5uM nigericin for the indicated time periods at 37°C. Cells were washed
twice with PBS, then incubated in PBS at 4°C for 10 min and scraped to suspend cells. Suspended
cells were stained with either Live/Dead Fixable Far-Red Stain (ThermoFisher) or APC-a-mouse
CD14 primary antibody (clone Sa2-8; Thermo Scientific) on ice in the dark for 30 minutes.
Purified rat a-mouse CD16/CD32 (Mouse FcBlock; Becton Dickenson) was used as the blocking
reagent to reduce non-specific binding of the antibodies. The stained cells were then washed twice
with 1ml cold FACS buffer (1% Bovine Serum Albumin [Sigma] and 1% Purified Mouse IgG
[Invitrogen] in PBS) and fixed in 500uL of 4% paraformaldehyde at room temperature. Cells were
washed once in PBS and kept in 500uL PBS at 4°C in the dark until analysis with an Intellicyt
1Que3 Screener (Sartorius). For viability analysis, a dead-cell gate was set based on unstained cell
controls, and the percentage of singlet cells in the dead-cell gate compared to all singlet cells was
calculated. For CDI14 expression, the mean fluorescence intensity (MFI) of CDI14 from
unstimulated or stimulated cells was recorded. The percentage of surface receptor staining at 30
min, which is the ratio of the MFI values measured from the stimulated cells to those measured
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from the unstimulated cells, was plotted to reflect the efficiency of receptor endocytosis. At least
10,000 events were acquired per sample for analysis.

Statistics

All quantitative analyses were conducted and all data were plotted using GraphPad Prism 8
Software. Data with error bars are represented as mean + SEM. Statistical significance for
experiments with more than two groups was tested with two-way ANOVA with multiple
comparison test correction as indicated.
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Chapter 3
Characterization of a protective antibody response against dengue virus non-structural
protein 1 (NS1) reveals critical domains required for NS1-triggered pathogenesis
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Abstract

Dengue virus (DENV) is a medically important, mosquito-borne flavivirus that infects up to 100
million people annually. A signature of severe DENV infection is vascular leak, which can lead to
shock and organ failure. We and others have shown that secreted DENV non-structural protein 1
(NS1) triggers endothelial cell (EC) hyperpermeability and vascular leak. Antibodies (Abs)
targeting NS1 prevent NS1-induced EC hyperpermeability in vitro and are protective against lethal
DENV challenge, as shown by vaccination of mice against NS1 and passive transfer of a-NS1
polyclonal serum. How a-NS1 Abs protect against pathogenesis, however, remains obscure. Here
we characterize possible mechanisms behind the protective ability of an NS1-specific monoclonal
Ab, 2B7, which abrogates NS1 binding to ECs and EC hyperpermeability in vitro and inhibits
vascular leak and mortality in vivo. Guided by crystal structures of NS1 complexed to a 2B7 Fab
fragment, we mutated the amino acids on NS1 that comprise the NS1:2B7 interface. We found
that 2B7 has pan-flavivirus NS1 cross-reactivity due to the conservation of the residues in the core
epitope targeted by 2B7. The mutagenesis also identified key residues on NS1 with the 2B7 epitope
that are necessary for inducing EC hyperpermeability without affecting NS1:EC binding,
suggesting that 2B7 can block additional step in NS1 pathogenesis downstream of binding. Lastly,
we find that humans infected with DENV generate antibody responses towards residues within the
2B7 epitope. This work provides mechanistic insight into the blockade of DENV NS1-mediated
pathogenesis by a-NS1 Abs and identifies critical domains that serve as targets for drugs and
vaccine-induced a-NS1 Ab responses.
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Introduction

Dengue virus (DENYV) is the most prevalent member of the Flavivirus family which includes other
flaviviruses of medical importance like Zika virus (ZIKV) and West Nile virus (WNV). An
estimated 100 million people are infected with any of the four DENYV serotypes (DENV1-4)
annually (1). Infection leads to a range of outcomes, from inapparent infection to classic dengue
fever to severe dengue, which includes dengue hemorrhagic fever (DHF) and dengue shock
syndrome (DSS). Severe dengue is characterized by increased vascular leak, where fluids
extravasating from the vasculature and accumulate in tissues, leading to complication such as
severe bleeding, pulmonary edema, and hypovolemic shock, which can be fatal if left untreated
(2). No current treatments currently exist for the treatment of dengue other than supportive care
and currently licensed vaccines against DENV are restricted to those who have had a previous
laboratory-confirmed DENV infection due to the increased risk of disease in DENV-naive
individuals, limiting the effectiveness of the vaccine (3,4). This is likely due the ability of cross-
reactive, weakly neutralizing antibodies (Abs) targeting the prM and envelope (E) proteins
mediating enhanced entry of DENV into infected cells, a phenomenon known antibody-dependent
enhancement (ADE) (5,6). The risk that incomplete vaccine immunity against all four serotypes
might paradoxically enhance pathogenesis in the setting of subsequent natural infection due to
ADE remains a barrier for the development of safe, efficacious DENV vaccines.

DENV non-structural protein 1 (NS1) has emerged as a promising vaccine candidate because
vaccination of mice with NSI protects them against lethal DENV infection and NS1 does not
generate disease-enhancing antibodies (7,8). DENV NSI1 is a viral toxin secreted from infected
cells and circulates in the body, where it plays key roles in promoting viral dissemination and
pathogenesis (9,10). Extracellular NS1 has been shown to inhibit complement, activate platelets
and immune cells, and directly interacts with endothelial cells (8,9,11-14). The interaction
between NS1 and endothelial cell leads to the disruption of the endothelial glycocalyx and
modulation of intercellular junctional complexes, ultimately resulting in endothelial dysfunction,
hyperpermeability and vascular leak (14—16). Though NS1°’s role in DENV pathogenesis is clear,
many questions remain about the exact mechanisms by which NS1 induces endothelial dysfunction.
Understanding these mechanisms is key for designing NS1-targetted vaccines and therapeutics.

DENV NSI1 is a ~48 kDa glycoprotein containing three domains: the B-roll (residues 1-29), wing
(residues 30-180), and B-ladder (residues 181-352) and is highly conserved across flaviviruses
(17). After translation, NS1 quickly dimerizes, associating with host cell membranes likely though
interactions with many hydrophobic residues within the B-roll and wing domains (17,18). ER-
associated NS1 is essential for the assembly of the viral replication complex, viral RNA replication
and infectious particle production (19,20). Extracellular NS1 is barrel-shaped, with NS1 tetramers
or hexamers surrounding a central lipid cargo reminiscent of a lipoprotein (21-23). Despite our
understanding of the structural forms of NS1, the molecular function of each domain with respect
to DENV pathogenesis remains unclear. This information is crucial for the design of therapeutics
like monoclonal antibodies (mAbs) aimed at disrupting NS1’s pathogenic functions and for
deepening our understanding of how a-NS1-Abs work to protect against severe dengue.
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a-NS1 Abs are a central component of protective anti-NS1 immunity. Immune sera from DENV
NS1-vaccinated mice and a-NS1 mAbs are sufficient prevent mice from succumbing lethal DENV
infection through multiple mechanisms (7,8,24-27). a-NS1 Abs have been shown to mediate
antibody-dependent complement deposition on infected cells expressing cell surface NS1 and
prevent NS1-induced endothelial dysfunction in vitro and in vivo (8,26,28). People infected with
DENYV and those vaccinated with a live-attenuated tetravalent dengue vaccine candidate (TAK-
003) generate antibody responses to NS1 and sera from TAK-003 vaccinees were also shown to
be able to block NSI-induced endothelial hyperpermeability and EGL degradation (29-31).
Despite clear evidence of the protective capacity of a-NS1 Abs, comparatively little is known
about which epitopes are targeted by protective a-NS1 Abs. A majority of a-NS1 Abs generated
after natural infection in humans or after NS1 vaccination in mice target the wing (amino acids
101-130) and B-ladder domains (amino acids 296-330) (32,33). One mAb, 33D2, targets the wing
domain and can reduce DENV-induced hemorrhage, vascular leakage, and mortality in mice, in
part due tothe ability of mAb 33D2 to induce complement-dependent cytolysis and antibody-
dependent cellular cytotoxicity (ADCC) (27,28). While protective a-NS1 Abs can also prevent
DENYV mortality by blocking NS1-induced endothelial dysfunction, the molecular mechanisms
underlying this inhibition have not yet been fully elucidated.

The Harris laboratory has isolated 2B7, an a-DENV NS1 mouse monoclonal antibody (mAb) that
prevents NS1 from binding to endothelial cells, inhibits NS1-induced endothelial dysfunction and
vascular leak, and is protective against lethal dengue virus infection in mice (34). Understanding
the mechanisms by which 2B7 prevents NS1-induced endothelial dysfunction and vascular leak
will provide crucial insight into vaccine development and therapeutics targeting NSI-induced
pathology. Thus, we sought to elucidate the structural basis of 2B7-mediated inhibition of NS1-
induced endothelial dysfunction through mutagenesis of the 2B7 binding epitope on NS1. The
work described in this chapter includes data published in (34) as well as several pilot experiments
leveraging NS1 mutants generated from this work to characterize the a-NS1 response in humans
which will form parts of more complete stories in the future.
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Results

Crystal structures of the 2B7 Fab: NS1 complex reveal the 2B7 binding epitope

In order to elucidate the structural basis of 2B7-mediated inhibition of NS1-triggered endothelial
dysfunction, Janet Smith and colleagues at the University of Michigan resolved crystal structures
of the 2B7 F’ab fragment or 2B7 single-chain variable fragment (scFv) in complex with NSI1.
These structures mapped the 2B7 epitope to the B-ladder region of DENV2 NS1 and identified
specific amino acid residues recognized by 2B7 (Figure 1A). The amino acid residues in the 2B7
epitope can be divided into two classes: the epitope core region, composed of residues that are
highly conserved across flaviviruses, and the epitope periphery, displaying varying levels of
divergence among flaviviruses but are relatively conserved across DENV 1-4; these classes are
referred to as pan-flavivirus or DENV-conserved respectively (34) (Figure 1B-C).

Mutagenesis screening of the 2B7 epitope identifies molecular determinants of NS1 secretion
and 2B7 binding

To determine the relative contribution of each amino acid to 2B7 binding, we generated mutant
DENV2 NSI constructs containing single, double, triple, or quadruple substitutions within the 2B7
epitope using site-directed mutagenesis (Table 1). Each amino acid had 2 possible substitutions;
one designed to negate the functional side chain (e.g. E->A) and another designed to maximally
disrupt the interaction between that residue and the 2B7 complementarity-determining region
(CDR) (i.e reversing the charge, E->K or inclusion of a bulky side chain, A->W). Constructs were
then screened in 293T cells to evaluate the impact of the amino acid mutation(s) on NS1 secretion
and 2B7 binding. Mutations at R299, G328, or W330, as well as constructs contained multiple
amino acid substitutions displayed impaired secretion of NS1 into cell culture supernatant (Figure
2A), despite successful transfection, as indicated by the presence of NS1 detected within
transfected cells (Figure 2B). Mutations at T301, A303, G305, E326 and D327 were secreted
from cells and displayed diminished binding to 2B7 whereas D281P and V346E substitutions had
no effect on either secretion or 2B7 binding ability compared to WT DENV2 NS1 (Figure 2A).
Based on these results, we moved 7 single substitution mutants forward for scaled production and
further characterization: D281P, T301K, T301R, A303W, G305K, E326K, and D327K.

Binding to the 2B7 epitope core confers pan-flavivirus binding ability

We transfected NS1 constructs containing these mutations into 293F cells and purified NS1 from
the supernatant using affinity chromatography. All mutants were expressed, secreted, oligomeric,
stable, and of purity comparable to that of WT DENV2 NSI made in-house or commercially
available (Figure 3). We then quantified the binding affinity of each mutant to 2B7 using a direct
ELISA (Figure 4A). All mutants, except D281P, had increased EC50 values compared to WT
DENV NSI1, indicating that T301, A303, G305, E326, and D327 all contribute 2B7’s affinity to
DENV NS1, with T301K, A303W, and G305K having the greatest binding defects to 2B7 (Figure
4B). These mutations demonstrate that these amino acids are key determinants of 2B7 binding to
DENV NSI.

T301 and G305 are conserved in NS1 across the flaviviruses, leading us to hypothesize that 2B7
has affinity for other flavivirus NS1. Indeed, 2B7 can bind to NS1 from the closely related ZIKV
and the more distantly related WNV (Figure SA-B). We then generated ZIKV and WNV NSI1
mutants with T301K and G305K substitutions to further evaluate the importance of the flavivirus-
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conserved residues to 2B7 affinity to flavivirus NS1, (Figure SC-E). 2B7 was unable to bind any
ZIKV or WNV NSI containing these mutations (Figure 5A-B), further demonstrating that these
residues are key determinants of 2B7 binding and the basis for 2B7’s cross-reactivity to other
flavivirus NS1.

Mutations within the 2B7 epitope attenuate NS1-induced hyperpermeability independent of
endothelial cell binding

Since 2B7 prevents NS1-induced endothelial dysfunction, we assessed whether these residues
within the 2B7 epitope contribute to endothelial hyperpermeability in vitro using a trans-
endothelial electrical resistance (TEER) assay. We treated human pulmonary microvascular
endothelial cells (HPMEC) seeded in the apical chamber of a Transwell with either WT or mutated
DENV2 NS1 and measured the TEER values between the apical and the basolateral chambers of
the Transwell system over a 24-hour period. DENV2 NS1 mutants T301K and G305K mutant
dropped TEER at similar levels to WT DENV2 NSI, whereas DENV2 NS1 mutants T301R,
A303W, E326K and D327K were all defective in their capacity to mediate endothelial
hyperpermeability, with NS1-A303W displaying the greatest functional defect (Figure 6A-B).
Interestingly, the inability of DENV2 NS1 mutants to induce endothelial hyperpermeability in
HPMEC:s is not due to a defect in binding, as all DENV2 NS1 mutants tested bound HPMECs at
similar levels to WT DENV2 NS1 (Figure 7A-B). These results indicate that residues within the
B-ladder are critical for NS1-mediated endothelial dysfunction at a step downstream of binding.

2B7 epitope NS1 mutants enable profiling of the a-NS1-Ab response from DENV-infected
individuals.

Given the potency of 2B7 in preventing NS1-induced hyperpermeability and preventing mortality
in a lethal model of DENV infection in mice, we next wondered whether a-NS1 Abs targeting
residues within the 2B7 epitope are also elicited in human DENV infections. In order to profile
this aspect of the a-NS1 Ab response in humans, we leveraged a multiplex antigen Luminex-based
assay we had recently developed to profile Ab responses in plasma to compare the binding profiles
of Ab binding to WT NS1 and to NSI carrying the G305K mutation. The G305K mutation was
selected as it contributed the most to 2B7 binding to NS1 by direct ELISA and was conserved
across flaviviruses, thus enabling the profiling of a pan-flavivirus NS1 binding response. As a pilot
study, we profiled 53 plasma samples from our longstanding Pediatric Dengue Hospital-based
Study in Nicaragua. All samples were collected from patients experiencing either a secondary
DENV?2 or DENV3 infection 4 days post-symptom onset and stratified by disease severity (Table
2). We profiled the samples for binding to DENV2 NS1 WT and DENV2 NS1 G305K and found
that these responses varied across individuals; however, in most patients, at least a portion of the
a-DENV2 NSI response generated was lost with the G305K mutation (Figure 8A-B). This
indicates that Abs generated against DENV NS1 in human infection can bind to epitopes similar
to 2B7. The samples were also profiled using ZIKV NS1 WT and ZIKV NS1 G305K antigens to
evaluate the cross-reactive potential of the a-NS1 Ab response towards the G305 epitope (Figure
8C-D). All samples had antibodies that could cross react with ZIKV NS1 and many samples still
showed a reduction in binding to the ZIKV NS1 G305K mutant, indicating that at least a portion
of the a-NS1 Ab response has cross-reactive protection based on binding to the G305 residue.
(Figure 8E). Thus, we conclude that 2B7-like Abs with flavivirus cross-reactivity can be elicited
in humans after DENV infection and can be detected using mutagenized NS1 as antigens.
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Figure 1: Crystal structure of the 2B7 Fab complexed with DENV NS1 maps the 2B7 epitope on the
B-ladder. (A) Perpendicular views of a 3.2-A crystal structure of 2B7 Fab (heavy chain, dark blue; light
chain, light blue) and DENV1 NS1 dimer (B-ladder domains, green; 3-roll and wing domains, cyan). The
combining site is boxed (yellow) in the lower image, right monomer. Inset image: Detail of the 2B7 scFv
and the DENV2 NS1—combining site highlighting the interacting amino acids. The 2B7 backbone is shown
in blue, and NS1 is shown in green with key side chains shown as sticks. Pan-flavivirus conserved side
chains (orange) are at the center of the discontinuous epitope; DENV-conserved side chains (yellow) are at
the epitope periphery; and hydrogen bonds are shown as dashed lines. (B) DENV2 NS1 epitope for 2B7
scFv (colored by conservation across flaviviruses according to the key with surfaces outside the epitope in
gray. Sites of mutagenesis are labeled. (C) 2B7 scFv complementarity-determining regions (CDRs, in tube
rendering) for the heavy chain (dark blue) and light chain (light blue) overlaid on the DENV2 NS1 epitope
surface. Surfaces of amino acids conserved across DENV 1-4 but variable in other flaviviruses are shown
in purple; other epitope residues are shown in green; view as in (B). Figure is adapted from Biering et al
(34).
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Figure 2: Screening and selection of DENV2 NS1 mutants (A) Capture ELISA with supernatants from
DENV2 NS1 mutant-transfected 293T cells. Plates were coated with mAb (7E11) targeting the NS1 wing
domain, and captured protein was detected using either 2B7 or an anti-6X histidine tag antibody. Detected
proteins were measured via absorbance at 450 nm. Displayed is a single representative experiment from
n=3 biological replicates. (B) Same samples as in A, with detection via Western blot analysis using the anti-
NS1 wing mAb 7E11. Displayed is one representative experiment from n=3. FV=flavivirus. This data was
adapted into Biering et al (34).
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Figure 3. Production and quality control of DENV2 NS1 mutants (A) Western blot analysis (anti-HIS

antibody) following SDS-PAGE of WT and mutant NS1 proteins after purification. (B) Silver stain

following SDS-PAGE of purified WT and mutant NS1 proteins. (C) Western blot analysis (anti-His

antibody) following native-PAGE of purified WT and mutant NS1 proteins. (D) Size-exclusion

chromatography of purified WT and mutant NS1 proteins. (E) Western blot analysis (anti-His antibody)

following SDS-PAGE of the indicated fractions from panel D. (F) Western blot analysis (anti-HIS antibody)
following SDS-PAGE of WT and mutant NS1 proteins after incubation in endothelial cell medium at 37°C

and 5% CO02 for the indicated times. WT-C is the commercially purchased WT NS1, while NS1-WT is the

in-house produced WT NSI1. Unless otherwise indicated, the data presented are from n=3 biological

replicates. (D) and (F) were done by Scott Biering. Figure is adapted from Biering et al (34).
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DENV NS1 D281P 0.008 1.28
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DENV NS1 T301R 0.041 6.99
DENV NS1 G305K 0.806 136.19
DENV NS1 A303W 0.120 20.29
DENV NS1 E326K 0.040 6.76
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Figure 4. Mutations within the 2B7 epitope core and periphery attenuate 2B7 binding to NSI1.
(A) ELISAs measuring 2B7 interaction with indicated DENV2 NS1-mutagenized proteins compared with
the in-house—produced (NS1-WT) or commercially purchased (NS1-WT-C) control proteins. Plates were
coated with 100ng of indicated NS1 protein and serial dilutions of 2B7 were added. Bound 2B7 was
detected using a goat-a-mouse IgG HRP and plate was developed using a 3,3',5,5'-tetramethylbenzidine
(TMB) substrate. (B) ECso values calculated from curves in (A). Data displayed are n = 3 biological
replicates. Figures were included in Biering et al (34).
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Figure 5. Conserved residues within the 2B7 epitope core impart flavivirus NS1 cross-reactivity to
2B7. (A-B) ELISAs measuring 2B7 interaction with indicated the indicated (A) WNV or (B) ZIKV NS1
WT or mutagenized proteins. Data displayed are n = 3 biological replicates. (C) Western blot analysis (anti-
NS1 antibody, “7E11”) following SDS-PAGE of WT and mutant WNV/ZIKV NSI1 proteins after
purification. (D) Silver stain following SDS-PAGE of purified WT and mutant WNV/ZIKV NS1 proteins.
(E) Western blot analysis (anti-NS1 antibody, “7E11”) following native-PAGE of purified WT and mutant
WNV/ZIKV NS1 proteins. Figure is adapted from Biering et al (34).
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Figure 6. B-ladder mutations attenuate NSl-induced endothelial hyperpermeability. HPMEC
monolayer was seeded in the apical chambers of 24-well Transwell inserts and treated with 10 ug/mL WT
DENV NS1 or NS1 mutagenized at (A, left panel) DENV specific residues or (B, left panel) flavivirus-
conserved residues within the 2B7 epitope. The trans-endothelial electrical resistance (TEER) between the
apical and basolateral chamber were measured over time and normalized to the untreated controls at each
respective timepoint. Quantification of the area between the curve and Y=1.0 (“area under curve”),
correlating to a decrease in electrical resistance and an increase in permeability depicted (A,B right panels)
*p<0.05, **p<0.01, by one-way ANOVA with multiple comparisons. Figures were included in Biering et
al (34).
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Figure 7. B-ladder mutations do not affect NS1 binding to endothelial cells. 10ug/mL of recombinant
WT or NS1 mutagenized at (A) DENV specific residues or (C) flavivirus-conserved residues within the
2B7 epitope. was added to HPMEC and incubated at 37°C for 1 hour. NS1 binding was assessed by
immunofluorescence microscopy, and representative images from three experiments are shown. (B)
Quantification of (A), normalized to untreated controls. (D) Quantification of (C), normalized to untreated
controls. Images represent 3 independent experiments. Scale bars, 100 pm. Data plotted as mean + SD. n.s.,
not significant. Figures were included in Biering et al (34).
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Table 2. Characteristics of participants

Participants 53 20 20 13
Days since symptom onset 4 4 4 4
Age (mean (SD)) 9 (3.5) 9.25(3.5) | 9.2 (3.6) 8.3 (3.7)
Female 33 (62%) 10 14 9
Male 20 (38%) 10 6 4
Secondary infection 53 (100%) 20 20 13
DENV2 28 (53%) 10 10 8
DENV3 25 (47%) 10 10 5
gizr;gsue without Warning 3 5 1 0
Dengue with Warning Signs 28 14 14 0
Severe Dengue 22 4 5 13

Percentage of participants per characteristic in italics. SD=standard deviation, DF = dengue fever, DHF =
dengue hemorrhagic fever , DSS = dengue shock syndrome
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Figure 8. Antibody responses to the 2B7 epitope are prevalent in human DENV infections.
(A-B) DENV NS1 WT or DENV NS1 G305K conjugated to Luminex beads were incubated with serially
diluted sera from patients infected with DENV. a-NS1 Abs from sera bound to beads were detected using
a phycoerythrin (PE)-conjugated goat a-human IgG on an Intellicyt iQue3 Screener. A 5-point dilution
curve was created for each antigen, and the area under the curve (AUC) was quantified for each curve.
Representative curves from 3 samples and mAb 2B7 are shown in (A). The AUC for all samples against
WT DENV NS1 or DENV NS1 G305K (DENV NS1™) are shown in (B). (C-D) Same as in (A-B), except
ZIKV NS1 WT or ZIKV NS1 G305K were conjugated to beads. Representative curves from 3 samples and
mAb 2B7 are shown in (C). The AUC for all samples against WT ZIKV NS1 or ZIKV NS1 G305K (ZIKV
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NS 1™ are shown in (D). (E) The proportion of 2B7 epitope-binding Abs to the overall a-NS1 Ab response
was calculated by dividing the difference in AUC between WT and NS™* by the AUC of WT for the
indicated antigens.

Table 3. List of primers used in this study

Backbone Change Primer

DENV 2 D281P Forward |GGACTTTGATTTCTGTCCAGGAACAACAGTGGTAGTG
Reverse |CACTACCACTGTTGTTCCTGGACAGAAATCAAAGTCC

DENV 2 D281S Forward |GGACTTTGATTTCTGTAGCGGAACAACAGTGGTAGTG
Reverse |[CACTACCACTGTTGTTCCGCTACAGAAATCAAAGTCC
Forward |GAGGACCCTCTTTGGAAACAACCACTGCCTC

DENV 2 R299E
Reverse |GAGGCAGTGGTTGTTTCCAAAGAGGGTCCTC
Forward |GAGGACCCTCTTTGGCAACAACCACTGCC

DENV 2 R299A
Reverse |GGCAGTGGTTGTTGCCAAAGAGGGTCCTC

DENV 2 301K Forward |GAGGACCCTCTTTGAGAACAAAGACTGCCTCTGG
Reverse |CCAGAGGCAGTCTTTGTTCTCAAAGAGGGTCCTC
Forward |GAGGACCCTCTTTGAGAACAAGAACTGCCTCTGG

DENV 2 T301R

Reverse |CCAGAGGCAGTTCTTGTTCTCAAAGAGGGTCCTC
Forward |TTGAGAACAACCACTTGGTCTGGAAAACTCATA
Reverse |TATGAGTTTTCCAGACCAAGTGGTTGTTCTCAA
Forward |TTGAGAACAACCACTCGTTCTGGAAAACTCATA
Reverse |TATGAGTTTTCCAGAACGAGTGGTTGTTCTCAA
Forward [CCACTGCCTCTTGGAAACTCATAACAGAATGGTGC
Reverse |GCACCATTCTGTTATGAGTTTCCAAGAGGCAGTGG
Forward [CCACTGCCTCTAAGAAACTCATAACAGAATGGTGC

DENV 2 A303W

DENV 2 A303R

DENV 2 G305W

DENV2 305K Reverse |GCACCATTCTGTTATGAGTTTCTTAGAGGCAGTGG

DENV 2 326K Forward |GCTAAGATACAGAGGTAAGGATGGGTGCTGGTAC
Reverse |GTACCAGCACCCATCCTTACCTCTGTATCTTAGC

DENV 2 E326A Forward [CTAAGATACAGAGGTGCAGATGGGTGCTGGTAC
Reverse |GTACCAGCACCCATCTGCACCTCTGTATCTTAG

DENV 2 D327K Forward [CTAAGATACAGAGGTGAGAAGGGGTGCTGGTACGGGATG
Reverse |CATCCCGTACCAGCACCCCTTCTCACCTCTGTATCTTAG

DENV 2 D327A Forward |GATACAGAGGTGAGGCTGGGTGCTGGTACG

Reverse |CGTACCAGCACCCAGCCTCACCTCTGTATC

Forward |CAGAGGTGAGGATTGGTGCTGGTACGG

Reverse |CCGTACCAGCACCAATCCTCACCTCTG

Forward [CAGAGGTGAGGATAAGTGCTGGTACGG

Reverse |CCGTACCAGCACTTATCCTCACCTCTG

Forward |GGTGAGGATGGGTGCGCATACGGGATGG

Reverse |CCATCCCGTATGCGCACCCATCCTCACC

Forward |GAGAAAGAAGAGAATTTGGAGAACTCCTTGGTCACAGCTC
Reverse |GAGCTGTGACCAAGGAGTTCTCCAAATTCTCTTCTTTCTC
Forward |GAGAAAGAAGAGAATTTGTTCAACTCCTTGGTCACAGC
Reverse |GCTGTGACCAAGGAGTTGAACAAATTCTCTTCTTTCTC
Forward |[CTAAGATACAGAGGTAAGAAGGGGTGCTGGTACGGGATGG
Reverse |CCATCCCGTACCAGCACCCCTTCTTACCTCTGTATCTTAG
Forward |GATACAGAGGTGCAGCTGGGTGCTGGTACG

Reverse |CGTACCAGCACCCAGCTGCACCTCTGTATC

Forward |GCCACTCGCACCAAGACAGAGAGCGGA

DENV 2 G328W

DENV 2 G328K

DENV 2 W330A

DENV 2 V346E

DENV 2 V346F

DENV 2 | E326K D327K

DENV 2 | E326A D327A

WNV T301K
Reverse |TCCGCTCTCTGTCTTGGTGCGAGTGGC
WNV T301R Forward [GCCACTCGCACCAGAACAGAGAGCGGA
Reverse |TCCGCTCTCTGTTCTGGTGCGAGTGGC
WNV 6305K Forward |CCACCACAGAGAGCAAAAAGTTGATAACAGATTGG
Reverse |CCAATCTGTTATCAACTTTTTGCTCTCTGTGGTGG
21KV T301K Forward |CCATCTCTGAGATCAAAAACTGCAAGCGGAAGG
Reverse |CCTTCCGCTTGCAGTTTTTGATCTCAGAGATGG
21KV T301R Forward |[CCATCTCTGAGATCAAGAACTGCAAGCGGAAGG
Reverse |CCTTCCGCTTGCAGTTCTTGATCTCAGAGATGG
21KV 6305K Forward [CCACTGCAAGCAAAAGGGTGATCGAGGAATGG
Reverse |CCATTCCTCGATCACCCTTTTGCTTGCAGTGG
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Discussion

Our structure-guided interrogation of the 2B7:NS1 interaction has yielded several insights that
have advanced our understanding of NSI biology and the mechanism by which the a-NSI
antibodies like 2B7 protect against NS1-mediated pathogenesis. Mutagenesis of residues within
the 2B7 epitope revealed previously unknown molecular determinants of NS1 secretion and NS1-
mediated endothelial permeability. In addition, this work has determined key residues that form
the structural basis of a highly protective and cross-reactive a-NS1 antibody response and
identified that similar antibodies may be elicited in human DENYV infection. Taken together, the
work provided herein combined with the crystal structure of the DENV NS1:2B7 complex lead us
to construct a model in which 2B7 inhibits DENV NS1-induced endothelial dysfunction through
two distinct mechanisms: direct binding to amino acids in the B-ladder required for DENV NS1-
induced endothelial hyperpermeability and prevention of NS1 binding to the endothelial cell
surface through steric hinderance. This work, combined with data from in vivo experiments done
in (34) and work done by Modhiran et al (35) defining another protective pan-flavivirus NS1
antibody binding a similar epitope to 2B7, thus illuminates the mechanistic basis of protective a-
NS1 antibodies to flavivirus infection.

The function of distinct domains within NS1 were unknown at the start of the studies described
herein. The mutagenesis of the 2B7 epitope presented in this work led us to hypothesize that the
B-ladder to is essential for NS1-mediated endothelial pathogenesis is at a step downstream of
binding and that the amino acids responsible to NS1 binding to cells is outside of the 2B7 epitope.
Indeed, subsequent work by Lo et al using NS1 domain and amino acid swaps between DENV,
ZIKV and WNV firmly establishes that the wing domain, specifically amino acids 91-93, are the
molecular determinants of NS1 binding to endothelial cells (36). Previously, our group identified
a glycosylation mutant within the B-ladder, N207Q, that was also deficient in inducing endothelial
dysfunction but could still bind to endothelial cells due to a defect in internalization. (37). The
reduced capacity of T301R, A303W, E326K, and D327K mutants to induce endothelial
hyperpermeability despite displaying equal ability to bind to endothelial cells compared to WT
DENV NSI1 provides further evidence that the 3-ladder domain of DENV NS1 is responsible for
inducing endothelial hyperpermeability at a step distinct from and downstream of binding to the
surface of endothelial cells.

The mechanism behind the attenuation of 3-ladder mutants remains an open question. DENV NS1
activates multiple cellular pathways in endothelial cells to induce dysfunction, resulting in the
activation of enzymes including MMP-9, cathepsin-L. and heparanases, degradation of the
endothelial glycocalyx, and mislocalization of tight and adherens junctions (14,16,38). Recent
studies in the lab also indicate that the beta-2 adrenergic receptor (B2AR) and the endothelial
growth factor receptor (EGFR) are also involved in mediating NSI-induced endothelial
dysfunction. Preliminary experiments indicated that A303W, E326K, and D327K mutants may be
less able to activate cathepsin-L, a cysteine protease activated by DENV NS1. However, recent
work in the Harris lab has demonstrated that while NS1-induced pathways are interconnected,
disruption of one pathway does not necessarily affect all downstream outcomes. Future studies
characterizing the [(-ladder mutants could evaluate whether attenuation extends to other
phenotypes such as degradation of sialic acid and heparan sulfate, nuclear localization of B-catenin,
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or localized vascular leak in vivo. These studies would begin to elucidate how specific residues
within the B-ladder serve as molecular determinants to NS1-induced endothelial dysfunction.

One important observation of our work is that residues within the epitope core (AA 299-305)
impart pan-flavivirus binding ability to 2B7 due to the conservation of these residues across
multiple flavivirus NS1. This pan-flavivirus binding is not unique to 2B7; another a-NS1 mAb.
1G5.3 also binds to the 2B7 epitope core and has cross-reactivity to ZIKV and WNV NSI1 (35).
2B7 and 1G5.3 can both block ZIKV/WNV NS1-induced endothelial hyperpermeability in vitro
and 1G5.3 improves survival of mice challenged with DENV, ZIKV, and WNV (34,35). Thus, the
2B7 epitope core opens the door for NS1-directed therapeutics and vaccines with pan-flavivirus
potential. Our study suggests that T301 and G305 are key residues that should be considered when
designing small molecules, mAbs, or immunogens aimed at making a broadly efficacious
therapeutic or vaccine against multiple flavivirus infections.

The effectiveness of polyclonal a-NS1 antibodies and monoclonals like 2B7 in preventing DENV
disease severity in mice has been clearly demonstrated (8,34,35); however, the role of a-NS1
antibodies in preventing dengue disease severity in humans is less understood. The risk of
symptomatic DENV infection and severe disease are elevated by prior ZIKV or DENV infections,
where it is thought that low titers of pre-existing DENV antibodies mediate antibody-dependent
enhancement (ADE) (5). However, under ADE conditions, a-NS1 antibody responses are also
present; thus, the degree to which a-NS1 antibody responses are protective in human DENV
infection is unclear, due in part to our incomplete understanding of what constitutes a protective
a-NS1 antibody response. The -ladder mutants generated in this work provide additional utility
as antigens to profile the a-NS1 antibody response in humans. The work presented here represents
a proof-of-concept study demonstrating that 2B7-like antibodies can be found in plasma after
infection with DENV in a multiplex, Luminex-based format. Combined with NS1 domain
chimeras generated in the lab, we now have the ability to profile a-NS1 antibody responses at the
level of specific domains and epitopes. Analyzing these responses in pre-infection samples may
reveal correlations between domain/epitope-specific responses and protection (or lack thereof)
against symptomatic DENV infection or severe dengue disease, informing next-generation dengue
vaccine design.

Elucidating the structural basis of binding of a single protective mAb against NS1-induced
endothelial dysfunction has provided valuable insight into the roles specific amino acids have for
NS1 secretion and NS1-induced pathogenesis and provides a roadmap for targets of protective
NSI1 antibodies. In addition, the mutants generated over the course of this work will continue to
be valuable tools for interrogating intracellular pathways activated by NS1 as well as for profiling
a-NS1 antibody responses in humans. Taken together, these results have deepened our knowledge
of DENV NSI1 biology and the antibody response to NS1, laying the groundwork for future
therapeutics targeting NS1-induced pathogenesis and providing a roadmap for next-generation
vaccines against DENV.
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Materials and Methods

Cell lines

FreeStyle 293F suspension cells (Thermo Fisher Scientific) were used for production
ofrecombinant NS1 proteins. 293F cells were cultured in FreeStyle 293 Expression medium
(Thermo Fisher Scientific) containing 1% penicillin/streptomycin (P/S) and grown in a CO2
incubator at 37°C with 8% CO2 and maintained on a cell shaker at ~130 rpm. HEK-293T cells
(ATCC) were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% P/S. HPMEC (HPMEC-ST1.6r) were kindly donated by Dr. J.C.
Kirkpatrick at Johannes Gutenberg University, Germany, and were used for NS1 cell binding and
TEER assays. HPMECs were propagated (passages 5—10) and maintained in endothelial growth
medium 2 (EGM-2) using the EGM-2 bullet kit from Lonza following the manufacturer’s
specifications and grown at 37°C with 5% CO2.

293T Screen

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

NS1 mutagenesis, 293F transfection, and purification of NS1 proteins

NS1 mutants were produced using a site-directed mutagenesis kit (QuikChange XL Site-Directed
Mutagenesis Kit, Agilent) following the manufacturer’s instructions, with the primers from Table
3 The pMAB protein expression vector encoding DENV2 NS1 (Thailand/16681) or WNV NSI
(NY99) with a N-terminal CD33 signal sequence and a C-terminal His tag were used (a kind gift
from Dr. Michael Diamond, Washington University, St. Louis, MO). The ZIKV NS1 sequence
(Nical-16) was synthesized by Bio Basic Inc. and cloned into the pMAB vector (35). Transfections
were conducted with FreeStyle 293F cells using polyethylenimine (PEI) (Sigma) according to the
manufacturer’s instructions. Forty-eight to seventy-two hours post-transfection, NS1-containing
supernatants were collected and stored at -80°C prior to the protein purification step. The NSI-
containing supernatants were thawed, then mixed 1:1 with binding buffer (20 mM sodium
phosphate, 500 mM sodium chloride, 20 mM imidazole, pH 7.4) and bound to HisPur cobalt resin
(Thermo Fisher Scientific) with shaking for 2 hours at room temperature. Afterwards, the NS1-
resin was transferred to a column and washed 5X in 1 column volume of wash buffer (20 mM
sodium phosphate, 500 mM sodium chloride, 30 mM imidazole, pH 7.4). NS1 was then eluted
from the Ni-NTA resin with 1.5mL elution buffer (20 mM sodium phosphate, 500 mM sodium
chloride, 200 mM imidazole, pH 7.4). The purified NS1 stocks were then subjected to dialysis
against 1X PBS for 48 hours at 4°C, then concentrated in an Amicon filter with a 10-kDa size
cutoff (Millipore). A mini-BCA protein quantitation kit (Thermo Fisher Scientific) was used to
quantify the purified recombinant proteins. Unless stated otherwise, these NS1 proteins, as well as
the Native Antigen NS1 proteins listed above, were used for all in vitro cell line, phage display
and in vivo experiments. To compare mutagenized NS1 stability to NS1-WT at conditions relevant
to cell culture experiments, 100 ng of the indicated proteins were mixed with EGM-2 media (Lonza)
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and incubated in a tissue-culture incubator for the times indicated in the figures and protein levels
were measured by Western blot analysis.

Size-exclusion chromatography

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

NS1 cell-binding assay

To measure binding of DENV NSI to HPMEC, 6x10* (HPMEC) cells were seeded on 0.2%
gelatin- (Sigma) coated glass coverslips in 24-well plates. Cells were allowed to form a fully
confluent monolayer for three days, with medium changes every other day. On the day of the
experiment, 10 pug/mL (3 pg total protein) of the NSI proteins indicated in the figures was
preincubated with antibodies for 30 min at 37°C and then added to wells. NS1 and cells were
allowed to incubate for 1 hour, and then a mouse anti-His antibody conjugated to Alexa Fluor 647
(Novus Biologicals) was diluted 1:200 in the media of live cells and allowed to incubate for an
additional 30 min. Cells were then washed twice in 1X PBS followed by fixation in 4%
formaldehyde (Thermo Fisher Scientific). Nuclei were stained by adding Hoechst 33342
(Immunochemistry) at a dilution of 1:200 along with antibodies mentioned above. Coverslips were
mounted onto microscope slides on a drop of ProLong Gold (Thermo Fisher Scientific) and imaged
using a Zeiss LSM 710 inverted confocal microscope (CRL Molecular Imaging Center, UC
Berkeley).

Enzyme-linked immunosorbent assay (ELISA)

Direct NS1 ELISAs were conducted to measure binding of 2B7 to different flavivirus NS1 proteins
as well as to distinct recombinant NS1 domains. MaxiSorp ELISA plates (Thermo Fisher
Scientific/Nunc) were coated with the indicated NS1 protein at a concentration of 0.5 ug/mL in
100 uL 1X PBS and allowed to incubate overnight at 4°C. The next day, plates were blocked in
1X PBS + 1% BSA for 2 hours then washed thrice with 1X PBS. 2B7 was then diluted, as indicated
in the figures, in blocking buffer, and 100 pL. was added to plates. After a 1-hour incubation at
37°C, plates were washed 5X in 1X PBS + 0.1% Tween20. Plates were then incubated for 1 hour
at 37°C with an HRP-conjugated secondary antibody diluted at 1:5000 in blocking buffer. After
five additional wash steps, plates were developed using the 3,3',5,5'-tetramethylbenzidine (TMB)
substrate (Sigma). Plates were allowed to develop for ~10 min before the addition of a 2N H2SO4
stop buffer. Absorbance was read at a wavelength of 450 nm using a microplate reader. For the
mutagenesis screening, the assay was conducted as above except plates were first coated with an
anti-NS1 antibody specific for the wing domain of NS1 (7E11) diluted to 2 pg/mL in PBS and
allowed to incubate overnight at 4°C. After blocking, NS1 containing supernatants were then
incubated with plates for 1 hour at 37°C, and the bound NS1 was then detected using either
biotinylated 2B7 diluted 1:1,000 in blocking buffer or a rabbit- anti-His antibody diluted 1:5,000
in blocking buffer. Strepavidin-HRP or donkey-a-rabbit I[gG HRP-conjugated antibody diluted
1:5000 were used as secondaries.
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Trans-endothelial Electrical Resistance assay (TEER)

A transendothelial electrical resistance assay was used to measure the capacity of NS1 proteins to
trigger endothelial hyperpermeability of HPMECs. In brief, 6x10* (HPMEC) or 1x10° (HBMEC)
cells were seeded in 300 uL of medium into the apical chamber of 24-well transwell polycarbonate
membrane inserts (Transwell permeable support, 0.4 pm, 6.5 mm insert; Corning). Next, 1.5 mL
of medium was added to the basolateral chamber, and a full cell monolayer was allowed to grow
for three days with media changes from both apical and basolateral chambers every day. On the
day of the experiment, 5 pg/mL of the indicated NS1 proteins (1.5 ug total protein) was premixed,
or not, with antibodies at the concentrations indicated in the figure legends for 30 min at 37°C.
After incubation, NS1 and antibody mixtures were added to the apical chambers of transwells.
Electrical resistance values were measured in ohms () at the time-points indicated in the figures
using an Epithelial Volt Ohm Meter (EVOM) with “chopstick™ electrodes (World Precision
Instruments). Untreated endothelial cells grown on transwells, as well as transwell inserts
containing only medium but no cells, were used as negative controls to calculate the baseline
electrical resistance. Relative TEER is calculated as a ratio of resistance values as (2 experimental
condition-Q medium alone)/(Q2 non-treated endothelial cells-Q2 medium alone). For the area under
the curve (AUC) analyses, the net AUC was taken from all curves using a baseline of Y=1 while
also taking into consideration peaks that went below the baseline.

SDS-PAGE and western blot

Total cell lysates or recombinant proteins were collected in protein sample buffer (0.1 M Tris pH
6.8, 4% SDS, 4 mM EDTA, 286 mM 2-mercaptoethanol, 3.2 M glycerol, 0.05% bromophenol
blue) and then resolved by SDS-PAGE. For native gels, the same protocol was followed except
the sample buffer contained no SDS or 2-mercaptoethanol. Proteins were then transferred onto
nitrocellulose membranes and probed with primary antibodies diluted in Tris-buffered saline with
0.1% Tween20 (TBS-T) containing 5% skim milk. Membranes and antibodies were incubated
overnight rocking at 4°C. The next day, membranes were washed three times with TBS-T before
being probed with anti-mouse HRP secondary antibodies diluted in 5% milk in TBS-T at a dilution
of 1:5,000 at room temperature for 1 hour. Afterwards, membranes were washed with TBST three
more times before being developed with ECL reagents and imaged on a ChemiDoc system with
Image Lab software (Bio-Rad). The following antibodies were used: mouse anti-His (MA1-21315,
Thermo Scientific), mouse anti-NS1 mAb (7E11), mouse anti-NS1 mAb (2B7), mouse anti-a-
tubulin (ab4074, Abcam), mouse anti-f-actin (sc-47778, Santa Cruz Biotechnology), goat anti-
mouse HRP (405306, Biolegend).

Luminex profiling of human sera

Antibody responses to the 2B7 epitope of DENV or ZIKV NS1 were measured using a multiplex-
bead based assay. To generate antigen-conjugated beads, mouse biotinylated-a-His-Ab was
conjugated to Magplex-Avidin microspheres ThermoFisher) by end-over-end mixing for 30
minutes at room temperature. Beads were washed twice in 1X PBS-1% BSA and then WT DENV
NS1, G305K DENV NS1, WT ZIKV NS1, or G305K ZIKV NSI1 produced in-house were captured
on the conjugated beads by end-over-end mixing for 60 minutes at room temperature. Beads were
washed twice in 1X PBS-1% BSA and resuspended at a concentration of 1x10° beads/mL. Patient
sera was initially diluted 1:100 in 1X PBS-1% BSA and serially diluted with 3-fold dilutions in
1X PBS-1% BSA. Diluted sera was incubated with antigen-conjugated beads (WT and G305K
DENV NS1 or WT and G305K ZIKV NS1) in a 384-well plate for 90 minutes at room temperature.
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Plate was washed and then a PE-conjugated goat-a-human IgG was added to the plate and allowed
to incubate for 45 minutes are room temperature on a plate shaker shaking at 1200rpm. Plate was
then washed and then analyzed on a Intellcyt iQue3 Screener. A 5-point dilution curve was created
for each antigen and the area under the curve (AUC) was quantified for each curve. The proportion
of 2B7 epitope-binding Abs to the overall a-NS1 Ab response was calculated by dividing the
difference in AUC between WT and NSmut over the AUC of WT for the indicated antigens

Statistics

All quantitative analyses were conducted, and all data were plotted, using GraphPad Prism &
software. Experiments were repeated at least 2 times, to ensure reproducibility. All experiments
were designed and performed with both positive and negative controls (indicated in the figures),
which were used for inclusion/exclusion determination. For immunofluorescence microscopy
experiments, images of random fields were captured. For all experiments with quantitative analysis,
data are displayed as mean + standard error of the mean (SEM). All cell binding and TEER
quantitative data were analyzed using a One-way ANOVA analysis with Tukey’s multiple
comparisons test. The resulting p-values from the above statistical tests were displayed as n.s., not
significant; p >0.05; *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001.

81



References

1. Cattarino L, Rodriguez-Barraquer I, Imai N, Cummings DAT, Ferguson NM. Mapping
global variation in dengue transmission intensity. Science Translational Medicine [Internet].
2020 Jan 29 [cited 2020 May 29];12(528). Available from:
https://stm.sciencemag.org/content/12/528/eaax4144

2. Muller DA, Depelsenaire ACI, Young PR. Clinical and Laboratory Diagnosis of Dengue
Virus Infection. J Infect Dis. 2017 Mar 1;215(suppl_2):S89-95.

3. Halstead SB. Dengvaxia sensitizes seronegatives to vaccine enhanced disease regardless
of age. Vaccine. 2017 Nov 7;35(47):6355-8.

4, Sridhar S, Luedtke A, Langevin E, Zhu M, Bonaparte M, Machabert T, et al. Effect of
Dengue Serostatus on Dengue Vaccine Safety and Efficacy. New England Journal of Medicine.
2018 Jul 26;379(4):327-40.

5. Katzelnick LC, Gresh L, Halloran ME, Mercado JC, Kuan G, Gordon A, et al. Antibody-
dependent enhancement of severe dengue disease in humans. Science. 2017 Nov
17;358(6365):929-32.

6. Katzelnick LC, Bos S, Harris E. Protective and enhancing interactions among dengue
viruses 1-4 and Zika virus. Curr Opin Virol. 2020 Aug;43:59-70.

7. Amorim JH, Diniz MO, Cariri FAMO, Rodrigues JF, Bizerra RSP, Gongalves AJS, et al.
Protective immunity to DENV2 after immunization with a recombinant NS1 protein using a
genetically detoxified heat-labile toxin as an adjuvant. Vaccine. 2012 Jan 20;30(5):837-45.

8. Beatty PR, Puerta-Guardo H, Killingbeck SS, Glasner DR, Hopkins K, Harris E. Dengue
virus NS1 triggers endothelial permeability and vascular leak that is prevented by NS1
vaccination. Science Translational Medicine. 2015 Sep 9;7(304):304ral41-304ral41.

9. Glasner DR, Puerta-Guardo H, Beatty PR, Harris E. The Good, the Bad, and the
Shocking: The Multiple Roles of Dengue Virus Nonstructural Protein 1 in Protection and
Pathogenesis. Annu Rev Virol. 2018 Sep 29;5(1):227-53.

10. Paranavitane SA, Gomes L, Kamaladasa A, Adikari TN, Wickramasinghe N, Jeewandara
C, et al. Dengue NS1 antigen as a marker of severe clinical disease. BMC Infect Dis. 2014 Oct
31;14:570.

11. Avirutnan P, Hauhart RE, Somnuke P, Blom AM, Diamond MS, Atkinson JP. Binding of
flavivirus nonstructural protein NS1 to C4b binding protein modulates complement activation. J
Immunol. 2011 Jul 1;187(1):424-33.

12. Chao CH, Wu WC, Lai YC, Tsai PJ, Perng GC, Lin YS, et al. Dengue virus nonstructural
protein 1 activates platelets via Toll-like receptor 4, leading to thrombocytopenia and
hemorrhage. PLoS Pathog. 2019 Apr;15(4):¢1007625.

82



13. Chan KWK, Watanabe S, Jin JY, Pompon J, Teng D, Alonso S, et al. A T164S mutation
in the dengue virus NS1 protein is associated with greater disease severity in mice. Science
Translational Medicine. 2019 Jun 26;11(498):eaat7726.

14.  Puerta-Guardo H, Glasner DR, Harris E. Dengue Virus NS1 Disrupts the Endothelial
Glycocalyx, Leading to Hyperpermeability. PLoS Pathog. 2016;12(7):e1005738.

15. Glasner DR, Ratnasiri K, Puerta-Guardo H, Espinosa DA, Beatty PR, Harris E. Dengue
virus NS1 cytokine-independent vascular leak is dependent on endothelial glycocalyx
components. PLOS Pathogens. 2017 Nov 9;13(11):e1006673.

16. Puerta-Guardo H, Biering SB, Sousa FTG de, Shu J, Glasner DR, Li J, et al. Flavivirus
NS1 Triggers Tissue-Specific Disassembly of Intercellular Junctions Leading to Barrier
Dysfunction and Vascular Leak in a GSK-33-Dependent Manner. Pathogens [Internet]. 2022 Jun
[cited 2023 Nov 9];11(6). Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9228372/

17. Akey DL, Brown WC, Dutta S, Konwerski J, Jose J, Jurkiw TJ, et al. Flavivirus NS1
crystal structures reveal a surface for membrane association and regions of interaction with the
immune system. Science. 2014 Feb 21;343(6173):881-5.

18. Winkler G, Randolph VB, Cleaves GR, Ryan TE, Stollar V. Evidence that the mature
form of the flavivirus nonstructural protein NS1 is a dimer. Virology. 1988 Jan;162(1):187-96.

19. Scaturro P, Cortese M, Chatel-Chaix L, Fischl W, Bartenschlager R. Dengue Virus Non-
structural Protein 1 Modulates Infectious Particle Production via Interaction with the Structural
Proteins. PLOS Pathogens. 2015 Nov 12;11(11):e1005277.

20. Plaszczyca A, Scaturro P, Neufeldt CJ, Cortese M, Cerikan B, Ferla S, et al. A novel
interaction between dengue virus nonstructural protein 1 and the NS4A-2K-4B precursor is
required for viral RNA replication but not for formation of the membranous replication
organelle. PLoS Pathog. 2019 May 9;15(5):e1007736.

21. Flamand M, Megret F, Mathieu M, Lepault J, Rey FA, Deubel V. Dengue virus type 1
nonstructural glycoprotein NS1 is secreted from mammalian cells as a soluble hexamer in a
glycosylation-dependent fashion. J Virol. 1999 Jul;73(7):6104—10.

22. Gutsche I, Coulibaly F, Voss JE, Salmon J, d’Alayer J, Ermonval M, et al. Secreted
dengue virus nonstructural protein NS1 is an atypical barrel-shaped high-density lipoprotein.
Proc Natl Acad Sci U S A. 2011 May 10;108(19):8003-8.

23. Shu B, Ooi JSG, Tan AWK, Ng TS, Dejnirattisai W, Mongkolsapaya J, et al. CryoEM
structures of the multimeric secreted NS1, a major factor for dengue hemorrhagic fever. Nat
Commun. 2022 Nov 9;13(1):6756.

24.  Henchal EA, Henchal LS, Schlesinger JJ. Synergistic Interactions of Anti-NS1
Monoclonal Antibodies Protect Passively Immunized Mice from Lethal Challenge with Dengue
2 Virus. Journal of General Virology. 1988;69(8):2101-7.

83



25. Espinosa DA, Beatty PR, Reiner GL, Sivick KE, Hix Glickman L, Dubensky TW, et al.
Cyclic Dinucleotide-Adjuvanted Dengue Virus Nonstructural Protein 1 Induces Protective
Antibody and T Cell Responses. J Immunol. 2019 Feb 15;202(4):1153-62.

26. Wan SW, Chen PW, Chen CY, Lai YC, Chu YT, Hung CY, et al. Therapeutic Effects of
Monoclonal Antibody against Dengue Virus NS1 in a STAT1 Knockout Mouse Model of
Dengue Infection. J Immunol. 2017 Oct 15;199(8):2834-44.

27. Lai YC, Chuang YC, Liu CC, Ho TS, Lin YS, Anderson R, et al. Antibodies Against
Modified NS1 Wing Domain Peptide Protect Against Dengue Virus Infection. Sci Rep. 2017
Aug 1;7:6975.

28. Tien SM, Chang PC, Lai YC, Chuang YC, Tseng CK, Kao YS, et al. Therapeutic
efficacy of humanized monoclonal antibodies targeting dengue virus nonstructural protein 1 in
the mouse model. PLoS Pathog. 2022 Apr;18(4):e1010469.

29. Churdboonchart V, Bhamarapravati N, Peampramprecha S, Sirinavin S. Antibodies
against dengue viral proteins in primary and secondary dengue hemorrhagic fever. Am J Trop
Med Hyg. 1991 May;44(5):481-93.

30. Shu PY, Chen LK, Chang SF, Yueh YY, Chow L, Chien LJ, et al. Dengue NS1-specific
antibody responses: isotype distribution and serotyping in patients with Dengue fever and
Dengue hemorrhagic fever. J Med Virol. 2000 Oct;62(2):224-32.

31. Sharma M, Glasner DR, Watkins H, Puerta-Guardo H, Kassa Y, Egan MA, et al.
Magnitude and Functionality of the NS1-Specific Antibody Response Elicited by a Live-
Attenuated Tetravalent Dengue Vaccine Candidate. J Infect Dis. 2020 Mar 2;221(6):867-77.

32. Hertz T, Beatty PR, MacMillen Z, Killingbeck SS, Wang C, Harris E. Antibody epitopes
identified in critical regions of dengue virus nonstructural 1 protein in mouse vaccination and
natural human infections. J Immunol. 2017 May 15;198(10):4025-35.

33, Jayathilaka D, Gomes L, Jeewandara C, Jayarathna GeethalSB, Herath D, Perera PA, et
al. Role of NS1 antibodies in the pathogenesis of acute secondary dengue infection. Nat
Commun. 2018 Dec 7;9:5242.

34, Biering SB, Akey DL, Wong MP, Brown WC, Lo NTN, Puerta-Guardo H, et al.
Structural basis for antibody inhibition of flavivirus NS1-triggered endothelial dysfunction.
Science. 2021 Jan 8;371(6525):194-200.

35. Modhiran N, Song H, Liu L, Bletchly C, Brillault L, Amarilla AA, et al. A broadly
protective antibody that targets the flavivirus NS1 protein. Science. 2021 Jan 8;371(6525):190—4.

36. Lo NTN, Roodsari SZ, Tin NL, Wong MP, Biering SB, Harris E. Molecular
Determinants of Tissue Specificity of Flavivirus Nonstructural Protein 1 Interaction with
Endothelial Cells. Journal of Virology. 2022 Sep 15;96(19):e00661-22.

37. Wang C, Puerta-Guardo H, Biering SB, Glasner DR, Tran EB, Patana M, et al.
Endocytosis of flavivirus NS1 is required for NS1-mediated endothelial hyperpermeability and is

84



abolished by a single N-glycosylation site mutation. PLOS Pathogens. 2019 Jul
29;15(7):¢1007938.

38. Pan P, Li G, Shen M, Yu Z, Ge W, Lao Z, et al. DENV NS1 and MMP-9 cooperate to
induce vascular leakage by altering endothelial cell adhesion and tight junction. PLOS
Pathogens. 2021 Jul 26;17(7):e1008603.

85



Chapter 4
Development and Implementation of Dried Blood Spot-based COVID-19 Serological

Assays for Epidemiologic Studies

This chapter was published in:

Wong MP, Meas MA, Adams C, Hernandez S, Green V, Montoya M, Hirsch BM, Horton M,
Quach HL, Quach DL, Shao X, Fedrigo I, Zermeno A, Huffaker J, Montes R, Madden A, Cyrus
S, McDowell D, Williamson P, Contestable P, Stone M, Coloma J, Busch MP, Barcellos LF,
Harris E. Development and Implementation of Dried Blood Spot-Based COVID-19 Serological
Assays for Epidemiologic Studies. Microbiol Spectr. 2022 Jun 29;10(3):¢0247121. doi:
10.1128/spectrum.02471-21.

86



Abstract

Serological surveillance studies of infectious diseases provide population-level estimates of
infection and antibody prevalence, generating crucial insight into population-level immunity, risk
factors leading to infection, and effectiveness of public health measures. These studies traditionally
rely on detection of pathogen-specific antibodies in samples derived from venipuncture, an
expensive and logistically challenging aspect of serological surveillance. During the COVID-19
pandemic, guidelines implemented to prevent the spread of SARS-CoV-2 infection made
collection of venous blood logistically difficult at a time when SARS-CoV-2 serosurveillance was
urgently needed. Dried blood spots (DBS) have generated interest as an alternative to venous blood
for SARS-CoV-2 serological applications due to their stability, low cost, and ease of collection;
DBS samples can be self-generated via fingerprick by community members and mailed at ambient
temperatures. Here, we detail the development of four DBS-based SARS-CoV-2 serological
methods and demonstrate their implementation in a large serological survey of community
members from 12 cities in the East Bay region of the San Francisco metropolitan area using at-
home DBS collection. We find that DBS perform similarly to plasma/serum in enzyme-linked
immunosorbent assays and commercial SARS-CoV-2 serological assays. In addition, we show
that DBS samples can reliably detect antibody responses months post-infection and track antibody
kinetics after vaccination. Implementation of DBS enabled collection of valuable serological data
from our study population to investigate changes in seroprevalence over an eight-month period.
Our work makes a strong argument for the implementation of DBS in serological studies, not just
for SARS-CoV-2, but any situation where phlebotomy is inaccessible.
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Introduction

Serological surveillance of infectious diseases provides estimates of the incidence and prevalence
of infections, generating actionable public health knowledge — such as which populations are
disproportionately affected by an infectious disease outbreak or the effectiveness of public health
measures in curbing infections. SARS-CoV-2, the causative agent of the COVID-19 pandemic, is
responsible for at least 770 million infections and 6 million deaths since its emergence in late 2019
to date (1). Given that approximately 35% of all SARS-CoV-2 infections are asymptomatic (2, 3),
with proportions varying substantially by age, serological surveillance studies are a critical tool to
enable estimation of the incidence of recent infection and prevalence of past infections at the
population level. Most serological studies rely on venous blood from study participants to derive
plasma or serum and therefore require an invasive phlebotomy procedure and an intact cold chain
for collection, shipment, and storage to ensure sample stability prior to testing. However, during
the COVID-19 pandemic, implementation of public health guidelines to curb the spread of SARS-
CoV-2, such as lockdowns and social distancing, made the collection of blood to obtain serum or
plasma for serosurveillance studies logistically challenging, especially for sizeable community-
based studies focused on a large geographic region.

Dried blood spots (DBS) are an alternative blood collection method for serological testing and
have been used extensively in screening for other viruses, including Hepatitis B, HIV, and Ebola
in both clinical and non-clinical settings (4—6). DBS have advantages over traditional venous blood
sampling (7): DBS are stable at room temperature for extended periods of time and can be easily
shipped by mail and stored (8), DBS require considerably less blood than traditional phlebotomy,
and DBS can be collected by study participants themselves via fingerprick. These qualities make
DBS an attractive alternative to venous blood collection, especially when traditional phlebotomy
is inaccessible, such as in resource-poor settings or because of pandemic-related public health
restrictions.

There has been interest in developing DBS-based serological methods for SARS-CoV-2
serosurveillance. Several studies have investigated the feasibility and performance of DBS-based
serological assays, including enzyme-linked immunosorbent assays for anti-spike (S) and receptor
binding domain (RBD) antibodies (9—13), as well as multiplexed assay formats for simultaneous
detection of spike, RBD, and nucleocapsid (N) antibodies (14). Commercial assays on automated
platforms like the Roche Elecsys, which can detect anti-N or anti-S antibodies, have also been
evaluated for use with DBS samples. These assays have the advantage of high-throughput
processing and lower personnel requirements (15, 16). Based on testing paired plasma/serum and
DBS samples, these studies demonstrated robust agreement between the sample types. In addition,
several studies have shown that serological assays performed on DBS samples prepared by study
participants in the home and mailed to labs for processing can reliably detect SARS-Cov-2
antibodies, providing evidence that DBS are a promising alternative to plasma or serum for SARS-
CoV-2 serosurveillance (13—15, 17). However, implementation of DBS-adapted serological
methods for large community-based serological surveillance has not been widely demonstrated for
tracking immune responses due to natural infections and COVID-19 vaccines.
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In this study, we present the validation of four DBS-based serological assays against SARS-CoV-
2 S and N antibodies and detail their implementation in a large, serological survey with at-home
sample collection, as well as in ancillary longitudinal vaccine studies. We assessed the
performance of DBS-based lab-developed anti-S and anti-N IgG ELISAs and two commercial
assays (the Ortho anti-S and Roche anti-N Total Ig assays) and evaluated their ability to detect
long-term antibody responses and vaccine-induced antibody kinetics. Using these assays in a serial
testing algorithm, we analyzed a total of 14,782 DBS samples from a longitudinal cohort of
individuals living in 12 cities in the East Bay region of the San Francisco metropolitan area at 3
timepoints between July 2020 and April 2021 for antibodies against SARS-CoV-2 S and N. Results
from this study demonstrate that DBS are a practical sampling method for serology-based
epidemiology studies, enabling in-home self-sampling for serosurveillance in situations where
traditional phlebotomy is inaccessible, impractical, or too costly.
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Results

DBS are a viable replacement for plasma in multiple serological assay formats

To evaluate whether DBS samples could be a viable replacement for plasma in serosurveillance
studies, we first validated the performance of DBS eluates on both an in-house ELISA detecting
anti-S IgG and the Ortho CoV2T. To generate DBS for the validation study, we mixed COVID
convalescent plasma (CCP) samples from 39 RT-PCR-confirmed SARS-CoV-2-positive patients
and 100 pre-2020 negative controls with anticoagulated plasma depleted whole blood to
reconstitute whole blood and applied the mixture to the DBS cards (~15 ul per DBS). Eluates
from these reconstituted DBS and their paired plasma samples were then tested by both
serological assays.

We first tested DBS eluates in our previously validated anti-S IgG ELISA (18). We determined a
new cut-off for the anti-S IgG ELISA using DBS eluate as the input (DBS ELISA) as an optical
density (ODasoy value of 0.34 via receiver-operator curve (ROC) analysis using the convalescent
samples following PCR diagnoses and the pre-2020 samples as the reference standards. This cut-
off resulted in an overall sensitivity of 97.62% and specificity of 100% for the ELISA, which
demonstrated 100% concordance in the SARS-CoV-2-positive samples between the reconstituted
DBS eluate and plasma (Figure 2A-B, S1). When the recommended threshold (S/Co >1) on the
Ortho CoV2T for detection of anti-S antibodies in plasma/serum was used for DBS eluates, ROC
analysis yielded a sensitivity of 79.50% (95% CI: 63.29% to 88.00%) and specificity of 100%
(95% CI: 90.59% to 100.0%), with an 80% concordance in the SARS-CoV-2-positive samples
between the reconstituted DBS eluates and plasma (Figure 2C-D). Both assays showed a linear
relationship between plasma and DBS values (ELISA, 1?=0.93; Vitros 1>=0.78; Figure 2 A,C).

We found that the reduced sensitivity of the Ortho CoV2T assay could be explained by the diluted
nature of the DBS eluate, as compared to the Ortho CoV2T assay using undiluted plasma. We
found that diluting plasma 1:40 gave similar values as the DBS eluates (Figure S2). In contrast,
the in-house ELISA was developed using a 1:100 dilution of plasma; thus, DBS eluates performed
similarly to plasma in this assay format.

Validation of anti-N serological assays

The introduction of S-based vaccines during the study period necessitated the implementation of
N-based serology testing to distinguish between vaccinated and naturally infected individuals in
the EBCOVID study. Therefore, we validated an anti-N IgG ELISA for both DBS and plasma as
well as the Roche N assay for use with DBS eluates. We validated our anti-N IgG ELISA first on
plasma using convalescent plasma samples collected >8 days post-symptom onset from 60
hospitalized, RT-PCR-confirmed severe COVID-19 cases, 57 mild or subclinical cases, and 131
samples collected before 2020 from unexposed persons as described previously (18) and
determined the positivity cut-off for the anti-N IgG ELISA as an ODa49o value of 0.32 via ROC
analysis. This cutoff resulted in a sensitivity of 97.10% (95% CI: 90.03% to 99.48%) and
specificity of 91.51% (95% CI: 84.65% to 95.47%) when testing serum samples (Figure S3A).

We performed validation of DBS eluates for the N DBS ELISA using the reconstituted DBS
sample set used for the validation of our anti-S antibody assays and determined a positivity cut-
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off for DBS eluates as an OD49o value of 0.32 via ROC analysis (Figure S3B). This cut-off gave
the ELISA an overall sensitivity of 89.74% (95% CI: 76.42% to 95.94%), specificity of 90.48%
(95% CI: 83.35% to 94.74%) and 87.17% concordance in the SARS-CoV-2 positive samples
between the reconstituted DBS eluate and plasma (Figure 3A-B). Overall, the DBS eluates and
plasma performed similarly in the anti-N IgG ELISA, comparable to our results for the anti-S IgG
ELISA.

Due to limited sample availability from our validation sample set, we validated the use of DBS
eluates on the Roche N assay using reserved eluates from our Round 2 sampling that preceded
vaccine approvals and rollout (Figure 1C). Using our anti-S IgG DBS ELISA as the reference
standard, we determined a new positivity cut-off for the Roche N assay (S/Co >0.045). With this
cut-off, the Roche N assay displayed a sensitivity of 86.7% and specificity of 97.9% using the
DBS format (Figure 3C-D).

Anti-S antibodies remain stable over time whereas anti-N antibodies appear to wane

Since a key characteristic needed for our study as well as other serosurveillance studies is the
ability to accurately track cumulative incidence of infection, we empirically assessed whether the
DBS format affected the ability of our serological assays to detect long-term, persistent antibody
responses to S and N. We generated a panel of plasma and reconstituted whole blood DBS from
10 COVID-19 convalescent plasma donors sampled longitudinally between 0 and 246 days from
their first donation and tested this panel using our in-house indirect IgG ELISAs for S and N, the
Ortho CoV2T (S) assay, and the Roche N Total Ig assay. The Ortho CoV2T assay showed stable
antibody reactivity over time in plasma and DBS eluates; however, the DBS eluate signal was
substantially lower than the signal from neat plasma samples. Our in-house indirect S IgG ELISA
also showed antibody stability in both DBS and plasma formats over time, but with similar
reactivity observed for plasma and DBS eluates (Figure 4A-B). In contrast, both the Roche N Total
Ig and our in-house indirect N IgG ELISA showed a decrease in antibody reactivity over time in
6 of 10 donors tested (Figure SA-B), although every donor would have still been considered
antibody reactive. The signal magnitude of the in-house N ELISA, in both DBS and plasma
formats, were comparable to each other as well as to the Roche N plasma results, whereas the
Roche N DBS results displayed an overall reduction in signal (Figure 5B). Overall, we found that
our serological assays in both plasma and DBS formats were suitable for detection of long-term
antibodies against S and N.

DBS eluates reflect antibody responses after vaccination

We next evaluated the ability of our assays to measure the antibody response after vaccination
against SARS-CoV-2. We generated a longitudinal panel of DBS following 12 vaccinated
individuals sampled before their first dose, after their first dose, and after their second dose and
tested this panel using the Ortho CoV2T assay and anti-S ELISA. We found that the while both
assays were able to capture the increase of antibodies after the first dose of vaccine, the anti-S
DBS ELISA did not show subsequent boosting of the antibody response after the second dose
when plotted by optical density (OD) (Figure 6A-C). We reasoned that this was due to saturation
of the OD of the anti-S-ELISA; therefore, we performed dilutions of the DBS eluate and generated
an endpoint titer for each sample. Determining the endpoint titer effectively increased the dynamic
range of the anti-S DBS ELISA and allowed us to capture boosting of the antibody response due
to the second dose of vaccine (Figure 6D). We further validated this concept by following the
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vaccine antibody response via weekly DBS sampling of a small cohort of 4 individuals over a
period of 6 months. Comparisons between the single-dilution OD reading and the endpoint titers
revealed that while the single-dilution OD stayed stable across the sampling period, the endpoint
titers showed an increase in titers up to four weeks after the second dose and subsequent decline
over the next six months (Figure 6E-F). 2 of the individuals also showed an increase in titers after
receiving booster doses. These results suggest that our anti-S DBS ELISA is not only able to
qualitatively detect persistent antibodies after infection and vaccination but also able to track
antibody kinetics by using an endpoint titer method.

DBS enables serosurveillance in a large longitudinal study during a pandemic

Our validation studies demonstrated that DBS are a reliable replacement for plasma, and thus we
implemented the use of DBS cards as part of the EBCOVID study. The DBS collected from
participants were assessed for quality before processing. Only samples with adequate numbers of
saturated DBS were processed in our serological assays; samples that did not meet this criterion
were labelled as “Insufficient Sample” (IS)”, as described above. Overall, we tested 14,782
qualified DBS samples from study participants over three rounds of testing.

In our first round of testing (July to September 2020), we analyzed 4,670 DBS samples using the
Ortho CoV2T Assay and detected anti-S antibodies in 29 individuals as positive (S/Co>1.0), giving
an unweighted seroprevalence of 0.62%. Analysis of Round 1 results revealed that 1.08% of
samples had S/Co ratios between 0.7 and 1.5, close to the positivity cutoff of 1.0 set by the
manufacturer (Figure S4). Given the linear relationship of DBS eluate to plasma and the dilutional
effect attributable to DBS elution seen in our validation of the Ortho CoV2T assay, we reasoned
that these samples were likely antibody-positive samples with lower seroreactivity. To better
resolve samples with grey-zone reactivity in the Ortho CoV2T in subsequent rounds, we devised
an algorithm utilizing the in-house S DBS ELISA to retest samples with Ortho CoV2T S/Co results
that fell between 0.7 and 2.0. The algorithm performance was determined on all reconstituted DBS
samples used for validation (Figures 2-4); we were able to correctly classify 182/184 samples as
positive for past SARS-CoV-2 infections and 100/100 pre-2020 samples as negative for past
SARS-CoV-2 infections. This yielded a positive predictive value of 100% and a negative
predictive value of 98% for our Round 2 algorithm.

We implemented this algorithm in Round 2 (October to December 2020), testing 5,308 samples
by the Ortho Total Ig assay. Of these, 317 samples with S/Co values >0.7 and <2.0 were reflexed
to the anti-S IgG ELISA, resulting in 33 S antibody-positive samples, giving an unweighted
seroprevalence of 0.62% in the cohort in Round 2 (Figure 7).

During Round 3 (February to April 2021), vaccines became available to the public, including our
study participants. To distinguish between natural infection and vaccine-induced antibody
responses, we modified our testing algorithm to include reflex testing for anti-N antibody using
the Roche N assay. Round 3 samples were tested first on the Ortho CoV2T assay, and all anti-S-
antibody reactive samples with an S/Co ratio >0.7 and <2.0 were reflexed to the anti-S IgG ELISA,
while all anti-S-antibody samples with an S/Co >0.7 were reflexed to the Roche N DBS assay. We
considered a confirmed natural infection as any sample that was positive by anti-S IgG ELISA or
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had an Ortho CoV2T Assay S/C ratio greater than 2.0 and was positive in the Roche N DBS assay.
Using this algorithm, we determined that, of 4,641 samples tested, 1,452 (31.3%) had anti-S
antibodies and 84 (1.81%) had anti-NC antibodies due to natural infection (Figure 8). While we
could not validate the performance of our Round 3 algorithm before its implementation due to the
lack of vaccines and vaccinated individuals preceding Round 3 (before February 2021), a
retrospective analysis showed that our Round 3 algorithm correctly identified 435/453 (96%)
individuals who self-reported themselves to be fully vaccinated (14 days after the second dose of
vaccine).

Screening 307 000
Phase elig'ible 16,115 individuals (one per 14,338 individuals completed
] householdsin = household) completed —>  screening questionnaire and
May — July study area screening consent form met inclusion criteria
2020

14,338 7,166 5,501
Eligible Individuals Individuals
Participants invited to participated
Round 1 in Round 1

6,234 Individuals invited for Round 2: Either 5603
completed Round 1 study questionnaire and sent Individuals

in biospecimen (n =4,812) OR not invited in participated
Round 1 and randomly selected (n = 1,430) in Round 2

6,706 Individuals invited for Round 3: Either
provided Round 2 biospecimen (n =5,506) OR
provided biospecimen in Round 1 but not
available to participate in Round 2 (n = 1,430)

4,806
Individuals
participated
in Round 3

Figure 1. Schematic of the East Bay COVID (EBCOVID) study. There were 2 phases to the
study: (A) the screening phase, where participants were recruited and screened for eligibility for
inclusion into our study, and (B-D) the sampling phase, where study participants were invited to
provide biospecimens, including DBS, in 3 separate rounds.
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Figure 2. Validation of DBS in anti-S serological assays. Paired DBS and plasma samples (n=39)
from previously SARS-CoV-2-infected individuals were compared in (A) the anti-S IgG ELISA

and (C) the Ortho COV2T assay. DBS samples (n=100) from individuals without previous SARS-

CoV-2 infection were analyzed by (B) the anti-S IgG ELISA and (D) the Ortho COV2T assay.

Cut-offs for the assays are denoted by dashed lines. Linear regression comparing IgG levels

between sample types (A and C) is depicted by a solid line with 95% confidence intervals (CI).
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Figure 3. Validation of DBS in anti-N serological methods. Paired DBS and plasma samples
(n=39) from previously SARS-CoV-2-infected individuals were compared in (A) the anti-N IgG
ELISA. DBS samples (n=100) from individuals without previous SARS-CoV-2 infection were
analyzed by (B) the anti-N IgG ELISA. Validation of DBS on the Roche N assay was performed
on DBS samples derived from study participants in Round 2 of the EBCOVID study. (C) Samples
considered SARS-CoV-2-seropositive (n = 33) from the anti-S IgG DBS ELISA were analyzed by
the Roche N assay. (D) Samples considered SARS-CoV-2-seronegative (n=99) by the Ortho
COV2T assay were analyzed by the Roche N assay. Cut-offs for the assays are denoted by dashed
lines. Linear regression comparing IgG levels between sample types is depicted by a solid line
with 95% CI.
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Figure 4. Durable SARS-CoV-2 antibody responses to S can be detected by DBS.
Paired plasma (solid lines) and DBS samples (dashed lines) from 10 COVID-19 convalescent
plasma donors (L1-L10) sampled longitudinally between 0 and 246 days from their first donation
were analyzed by (A) the anti-S IgG ELISA and (B) the Ortho CoV2T assay . In 4A, the positivity
cutoff for plasma is OD450 > 0.095 (solid gray line) and DBS is OD450 > 0.32 (dotted, shaded
line). In 4B, the positivity for both plasma and DBS is S/Co >1 (dotted, shaded line)

97



Cutoff

0 100 200 300
Day since first donation

0 50 100 150
Day since first donation

Cutoff

0 50 100 150 200
Day since first donation

Cutoff

50 100 150 200

Day since first donation

L6

Cutoff

50 100 150 200
Day since first donation

Cutoff

0 50 100 150 200 250
Day since first donation

L4

Cutoff

100 200 300
Day since first donation

0 50 100 150 0

Day since first donation

L8

Cutoff

150 200 250

0 50 100

0 50 100 150 200
Day since first donation

Day since first donation

— Plasma ELISA OD

== DBSELISAOD

B K] L2 13 L4
1000+ 1000 1000 1000+
£l £l el El
] 1004 o 1004 [} 1004 [-} 1004
L 1 L 1 L 1 L 1
s =] s s
[ pamacuot O 14 Pasmacuott © 1 Pasmacuot & 1] Plasma Cuoft
38 8 8 8
5 17 0BS Cutol F o1 DGOt 5 o DS 5 o1 08S Cutoff
0.0t T 001 PP 001 T 001 T
0 100 200 300 0 50 100 150 200 0 50 100 150 0 100 200 300
Day since first donation Day since first donation Day since first donation Day since first donation
L5 L6 L7 L8
1000+ 1000 1000- 1000
% % % ] %
2 100 2 1004 2 100- 2 1004
S 1 L 1 2 w 2 1
-] s s s
[ Pasmacuch O 14 PasmaCuch  © 1 PasmaCuot & 14 Plasma Cuoft
0 o o o
g o st S O] ot S O o S O]
7] @ @ @
0.01 e 0.01 0.01~frrrrrrerprrerrrrTrTTrTTTRTTTTrYY,
0 50 100 150 50 100 150 200 o 50 100 150 200 0 50 100 150 200 250
Day since first donation Day since first donation Day since first donation Day since first donation
L9 L10
1000+ 1000
T o B Plasma S/Co
2 1 L ™
K ®
[ Pasnacuct & 1 Plasma Cutff
o o DBS S/Co
& on o o 1]
] w5 08S Cutof
001 T T 0.01frrrrrrreprrerrrrr T
0 50 100 150 200 250

Day since first donation

Day since first donation

98



Figure 5. SARS-CoV-2 antibody responses to N wane over time can be detected by DBS.
Paired plasma (solid lines) and DBS samples (dashed lines) from 10 COVID-19 convalescent
plasma donors (L1-L10) sampled longitudinally between 0 and 246 days from their first donation
were analyzed by (A) the anti-N-IgG ELISA and (B) the Roche N assay. In 5A, the positivity
cutoff for both plasma and DBS is OD450 > 0.32 (dotted, shaded line). In 5B, the positivity cutoff
for plasma is S/Co > 1 (solid gray line) and DBS is S/Co > 0.045 (dotted, shaded line).
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Figure 6. Vaccine-elicited SARS-CoV-2 antibody Kinetics can be detected by DBS.
(A-B) Plasma and DBS generated from 12 SARS-CoV-2 S-vaccinated individuals sampled before
their first dose, after their first dose, and after their second dose were analyzed using the Ortho
COV2T assay. DBS from these same individuals were analyzed by the anti-S IgG DBS ELISA as
(C) ODaso values or (D) endpoint titers. DBS from 4 other vaccinated individuals sampled weekly
after their first, second and third doses were analyzed by the anti-S IgG DBS ELISA as (E) ODa4so
value or (F) endpoint titer. Solid line in (F) represents positivity cut-off. Dashed lines in (E-F)
denote days where additional doses of vaccine were administered.
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Figure 7. Testing algorithm and results from EBCOVID Round 2. (A) Schematic of the testing
algorithm used for Round 2 of the EBCOVID study. (B) Round 2 EBCOVID results comparing
DBS reflexed according to the testing algorithm on the anti-S IgG ELISA and the Roche N assays.
[S=Insufficient sample.
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Discussion

This study demonstrates that DBS are a suitable replacement for plasma or serum in serological
assays and that fingerstick-derived DBS can be effectively implemented for community-based
epidemiologic studies. We validated four distinct DBS serological assays with different assay
formats and demonstrated that DBS performed similarly to plasma, can be used to detect antibody
responses up to 246 days (or more) after infection, and can be used to track antibody kinetics after
vaccination. These assays were implemented in a large longitudinal serological survey of 12 cities
in the East Bay region of the San Francisco metropolitan area with at-home biospecimen collection,
demonstrating the utility of the DBS format for large-scale serosurveillance.

Recent work on the topic of SARS-CoV-2 DBS serology has shown that DBS samples and
serum/plasma samples perform comparably in most serological assay formats (9, 12, 16, 17, 19).
One recent study reported that DBS samples could also be adapted for epitope profiling by phage
display and for SARS-CoV-2 pseudovirus neutralization (19). These investigators, along with
others, validated their serological assays on DBS self-collected by study participants at home and
mailed to investigators, providing proof-of-concept that a serological study could be performed
using DBS (17, 19, 20). However, these studies analyzed relatively small number of participants,
which limited insights into the scalability of this approach for large epidemiologic studies. Several
studies adapted the Roche N assay, a high-throughput semi-automated commercial assay, for use
on DBS eluates to process a larger number of samples. However, since the Roche N assay only
detects antibodies to N, anti-S antibody responses at the population level have yet to be measured
in the DBS format. Here, we present extensive validation of both commercial and in-house-derived
serological assays against S and N and demonstrate the implementation of these methods in a large
longitudinal cohort study involving at-home DBS collection by the study participants.

Our S ELISA showed 100% agreement with plasma and DBS in our validation studies. The Ortho
CoV2T assay showed an 80% concordance between DBS and plasma format at the recommended
S/Co cutoff of 1.0, displaying somewhat reduced sensitivity. This loss of sensitivity was attributed
to the dilutional effect that occurs during the DBS elution process. We determined that our DBS
elution method results in an approximately 1:40 dilution compared to plasma, which is in line with
other studies that compared total IgG levels between DBS and plasma (19). This dilutional effect
explains why ELISAs perform well when adapted to the DBS format; since most indirect ELISAs
are performed with a serum/plasma dilution step, they are less affected by any dilution introduced
during the DBS elution step. In contrast, the Ortho and Roche Total Ig sandwich assays are
performed using undiluted serum/plasma. When optimizing the Roche N assay, we were able to
adjust the S/Co threshold from 1 to 0.04 based on our performance data and thus improve the
sensitivity of the assay in the DBS format. We compensated for the loss of sensitivity in the Ortho
S CoV2T assay by reflexing DBS samples with Ortho CoV2T S/Co values that fell within the
range of 0.7 to 2 to the in-house anti-S ELISA.

In this study, we were interested in understanding the prevalence of SARS-CoV-2 infection in our
study population. Since we used seropositivity as a marker for past infection, it was important to
evaluate whether serological assays in the DBS format would be able to detect durable antibody
responses months after initial infection. Studies have shown that the durability of SARS-CoV-2
antibody responses are variable and depend on assay format, target antigens and severity of disease
(20-22). While most individuals had persistent detectable antibodies over 42 weeks post-infection,
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other individuals demonstrated waning of the antibody response, which correlated with being male,
older, and/or having milder disease (21). One study comparing SARS-CoV-2 serological assays
using a set of COVID-19 convalescent plasma from a longitudinal cohort 63-129 days following
resolution of symptoms showed that some assays, like the Ortho COV2T and the Roche N assays,
show stable antibody reactivity over time, while others showed a decline in reactivity (23). We
assessed the longitudinal performance of all four serological assays employed in our study using
a longitudinal sample set derived from 10 SARS-CoV-2 infected convalescent plasma donors with
intervals between resolution of disease symptoms and last donation up to 246 days, using both
reconstituted whole blood derived DBS and matched plasma samples. We found that all our assays
were consistently able to detect a stable antibody response in previously SARS-CoV-2-infected
individuals, although N antibody responses did show some waning.

Recent interest has developed in the waning of SARS-CoV-2 antibody responses after vaccination
(24-26). Studies have shown that the antibody response induced by the commonly used mRNA
vaccine BNT162b2 (Pfizer-BioNTech) shows a peak in antibody titers several weeks after the
administration of the second dose with subsequent decline in total antibody levels and neutralizing
antibody titers over a 6-month period (24, 25). We showed that an anti-S DBS ELISA could
accurately detect these kinetics by performing an endpoint titer on the DBS eluate, adding greater
utility to the DBS format. Thus, DBS samples for SARS-CoV-2 can provide valuable information
about both seroprevalence at the population level and antibody titers over time at the individual
level.

Finally, we have demonstrated the feasibility of using DBS samples in a large longitudinal study.
At-home sample collection and the implementation of DBS enabled the collection of valuable
serological data from our study population to investigate changes in seroprevalence over three
time-points. Additional examples of how DBS serology data derived from large samples can be
successfully used to conduct epidemiologic investigations include our own recent studies. We
combined DBS results with comprehensive questionnaire and other publicly available data to
estimate population-adjusted SARS-CoV-2 seroprevalence and differences by age, sex,
race/ethnicity, zip code, and other demographic strata, and to characterize mitigation behaviors
and their effects on SARS-CoV-2 seroprevalence (28). In addition, DBS serology results as
described here were also used to assess the relationship between vaccination antibody response
and several study participant characteristics including age, sex, vaccine type, vaccine side effects
and other health-related factors (O. Solomon and L. Barcellos, unpublished data).

In summary, the use of DBS has gained recent interest as an alternative to venous blood sampling
due to the COVID-19 pandemic. Many of the strengths of the DBS format (stability at room
temperature, less sample volume required, cost-effectiveness) that make them well-suited for
serological studies in resource-limited settings also make them an attractive option for SARS-
CoV-2 serological surveillance since they enable at-home sampling from study participants.
Samples can be returned by mail, safeguarding the health of study participants by avoiding clinic-
based phlebotomy. While DBS has been an attractive option for biological sampling in many fields,
lack of validation of DBS on commercial assays/platforms and limited examples of successful
implementation have led to reluctance in implementation of DBS sampling for serosurveillance (7,
27). Our study presents the validation of two commercial assays, highlighting potential pitfalls due
to the dilute nature of the DBS eluate. We also present solutions to mitigate the subsequent
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reduction in sensitivity when switching from plasma/serum to DBS. We, and others, found that
ELISAs were easily modified to accommodate DBS eluates with minimal optimization and with
equivalent sensitivity and specificity to plasma/serum. Because ELISAs are also relatively low-
cost compared to commercial diagnostic assays, a DBS-based ELISA assay for serosurveillance
would be advantageous in resource-limited settings. In addition to providing diagnostic utility, our
work and that of others show that DBS eluates can also be used to track antibody kinetics, and can
be employed in epitope mapping studies, and even in neutralization assays (19). Our work,
combined with evidence from others, makes a strong case for the implementation of DBS, not just
for SARS-CoV-2 serological studies but in any other setting where phlebotomy would be
impractical.
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Materials and Methods

Materials

We obtained DBS cards (Tropbio Filter Paper Blood Collection Disks) from Cellabs. Reagents for
the DBS Elution Buffer (63mM K>;HP04, 28mM KH>PO4, 139mM NaCl, 5g/L Sodium Azide, 5g/L
Caesin, 50g/LL Probumin BSA in H»0) were obtained from Sigma-Aldrich. SARS-CoV-2 soluble
trimeric S and N proteins used in ELISAs developed at UC Berkeley were provided by Dr. John
Pak (Chan-Zuckerberg Biohub) and Dr. Aubree Gordon (University of Michigan), respectively.

Human Subjects Ethics Statement

Samples for DBS validation studies were collected from participants consented under IRB #11-
06262 approved by the University of California, San Francisco Committee on Protection of Human
Subjects. Use of samples from convalescent plasma donors but did not involve human subjects
based on anonymization of data and routine consent for blood donation testing that includes use
of residual samples for research purposes. Samples for validation of the S and N IgG ELISAs were
obtained from Dr. Benjamin Pinsky (Stanford University) and Dr. Bryan Greenhouse (UC San
Francisco) and were pre-collected and de-identified.

All participants in the East Bay COVID study provided informed consent for the initial screening
phase of the study. All those participating in the sampling phase of the study provided their
informed consent for each sample/data collection round. The study was approved by the University
of California, Berkeley Committee on Protection of Human Subjects (Protocol #2020-03-13121).

Validation Studies

Plasma and DBS samples were collected from COVID-19 convalescent patients and SARS-CoV-
2-infected individuals. Reconstituted DBS were generated by mixing plasma with anticoagulated,
plasma-depleted whole blood at a 1:1 ratio and spotted on DBS cards. Four sets of samples were
generated for validation studies. The first sample set consisted of 39 paired plasma and
reconstituted DBS samples from previously SARS-CoV-2-infected individuals and 100 paired
samples from individuals without previous SARS-CoV-2 infection. The second sample set
consisted of paired plasma and reconstituted DBS from 10 COVID-19 convalescent plasma donors
sampled longitudinally between 0 and 246 days from their first donation. The third set of samples
consisted of paired plasma and fingerstick DBS samples generated from 12 vaccinated individuals
sampled before their first dose, after their first dose, and after their second dose. Four other
vaccinated individuals were sampled by fingerstick DBS over a period of 210 days, after their first,
second, and third doses. The plasma-based S and N IgG ELISAs IgG ELISA were validated using
convalescent plasma samples collected >8 days post-symptom onset from 60 hospitalized, PCR-
confirmed severe COVID-19 cases, 57 mild or subclinical cases, and samples collected before
2020 from 131 unexposed persons as described previously (18).

East Bay COVID (EBCOVID) Study Design

Recruitment and selection of study participants was completed in a screening phase followed by a
longitudinal sampling phase with three timepoints or “rounds” (Figure 1). In the screening phase,
all residential addresses within the East Bay cities and communities of Albany, Berkeley, El
Cerrito, El Sobrante, Emeryville, Hercules, Kensington, Oakland, Piedmont, Pinole, Richmond,
and San Pablo (~307,000 residential households) were mailed an invitation to participate. The
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household member aged 18 or older with the next birthday was invited to complete a consent form
and screening questionnaire. Spanish versions of study invitations and all study materials were
also utilized.

Of'the 16,115 residents who consented and completed the screening procedures between May-July
2020, 1,777 individuals did not meet the inclusion criteria and were excluded (Figure 1). Eligible
participants were required to be the household member with the next birthday, live within the study
region, be willing to provide biospecimens (including DBS) and questionnaire responses, read and
speak English or Spanish, and have internet access and a valid email address.

The target sample size for the sampling phase was 5,500 participants. To obtain a sample that
resembled the racial and ethnic proportions reported in the 2018 American Community Survey
(ACS) for the study region, we ranked screening participants for study inclusion. Black and/or
Hispanic individuals were ranked the highest (n=1,556) followed by other non-White individuals
(n=1,939). White individuals were randomly ranked to complete the remaining participant slots.
Individuals ranked between 1 and 5,500 were offered study enrollment, and non-respondents were
replaced with the next highest ranked individuals who had not yet been offered study entry.

Biospecimens and questionnaire data were collected during three sampling rounds. Approximate
dates for each round were July-September 2020, October-December 2020, and February-April
2021. For each round of data and biospecimen collection, individuals who had participated in the
previous round were contacted to confirm their willingness to participate in the next round. If
participation was declined, individuals from the pool of screening participants who had not yet
participated in a sampling round were invited as needed. This resulted in 5,501 participants in
Round 1, 5,603 participants in Round 2, and 4,806 participants in Round 3 (Figure 1). This
corresponds to participation rates of 76.8%, 89.8%, and 87.3% across the study rounds,
respectively. A biospecimen collection kit was developed and assembled by investigators and sent
to each participant via Federal Express (FedEx). Both written instructions and an instructional
video for at-home sample collection, including fingerstick blood sampling and preparation of DBS,
were provided to all study participants. Both English and Spanish versions were made available.

Quality Control of DBS

DBS received from participants were assessed for quality. We evaluated each DBS on a scale from
0 to 3, with O representing a blank DBS, 1 representing an incompletely filled DBS on one side, 2
representing a DBS card saturated fully on only one side, and 3 representing a DBS fully saturated
on both sides. Participants who provided at least two DBS samples with a cumulative score of 2
or higher were processed in our serological assays; samples that did not meet this criterion were
labelled as “Insufficient Sample” (IS).

Reconstitution of Blood Spots

Two DBS were removed from the Tropbio disk and placed in a 2-mL screwcap tube. Five hundred
uL of elution buffer was added into the tube and vortexed for 20 seconds. If DBS numbers were
limited, one spot was eluted in 250uL of elution buffer instead. DBS were incubated in elution
buffer overnight at 4°C, then spun down at 10,600xg for 10 minutes (min) at 4°C. The DBS eluate
was then transferred to a fresh tube and stored at 4°C until analysis.
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ELISA (N and S)

DBS eluates and plasma were evaluated for the presence of IgG against SARS-CoV-2 S and NC
using an in-house direct ELISA as previously described (18). Briefly, SARS-CoV-2 antigens were
coated in 96-well Nunc Maxisorp ELISA plates (ThermoFisher) overnight at 4°C. Plates were then
blocked in 2.5% non-fat dry milk in PBS for 2 hours (h) at 37°C. Plates were washed 3X with PBS
(Gibco), and 100uL of DBS eluate or 100 uL of a 1:100 dilution of plasma (1 uL of plasma diluted
in 99uL of 1% non-fat dry milk) were added and incubated at 37°C for 1h. Plates were then washed
5 times with 0.05% PBS-Tween-20, and 100uL of goat-a-human IgG horseradish peroxidase (HRP)
secondary antibody (Fisher) diluted in 1% non-fat dry milk was added. After incubating for 1h at
37°C, plates were washed 5 times in 0.05% PBS-Tween-20 and once in PBS. Wells were
developed with TMB (3,3',5,5'-Tetramethylbenzidine, ThermoFisher) for exactly 5 minutes, and
the reaction was stopped with 2M H2SO4. Plates were read on a plate reader at 490nm. Endpoint-
titer ELISAs were performed as above, except that the DBS eluate was serially diluted 1:4 or 1:5
eight times in DBS eluate before addition to the plate. Endpoint titers were calculated using the
five-parameter logistic equation function in GraphPad Prism 8, using 0.34 as the negative cut-off.

Commercial Assays (Ortho S & Roche N Total IgG Assays)

DBS eluates prepared as above (or paired plasma samples for assay validation) were tested with
the Ortho VITROS® Anti-SARS-CoV-2 S1 Total Ig assay
(https://www.fda.gov/media/136967/download) or the Roche Elecsys ® Anti-SARS-CoV-2 N
Total Ig assay (https://www.fda.gov/media/137605/download) according to the manufacturers’
instructions. Briefly, the Ortho VITROS Anti-SARS-CoV-2 total (CoV2T, Ortho-Clinical
Diagnostics, Inc.) was used to detect total (IgG, IgM, and IgA) antibodies to SARS-CoV-2 Spike
S1 protein. DBS eluates or plasma samples were loaded on Ortho VITROS XT-7600 or 3600
instruments (Ortho-Clinical Diagnostics, Inc.) and programmed for the CoV2T test following the
manufacturer's instructions. The S1 antigens coated on the assay wells bind anti-S1 antibodies
from human serum which, in turn, bind to a secondary HRP-labeled S1 antigen in the conjugate
reagent, forming a sandwich. The addition of signal reagent containing luminol generates a
chemiluminescence reaction that is measured by the system and quantified as the ratio of the signal
relative to the cut-off value (S/Co) generated during calibration. A S/Co >1 was considered
positive in plasma, while a S/Co >0.7 in DBS eluate was considered indeterminate or grey zone
(see Results).

The Roche Elecsys Anti-SARS-CoV-2 immunoassay (Roche N) was processed on the Cobas e441
analyzer (Roche Diagnostics) to detect total antibodies against the SARS-CoV-2 N protein. DBS
eluates or plasma samples are initially incubated with biotinylated and ruthenium-labeled SARS-
CoV-2 recombinant N antigens, and any anti-N antibody present in the solution is sandwiched
between the two. Subsequently, streptavidin-coated microparticles are added to the mixture to bind
the biotin. The magnetic particles drive the complexes to the electrode, where a chemiluminescent
signal is emitted and measured as the ratio between the signal and the cut-off obtained during
calibration. A S/Co>1 in plasma was considered positive, while a S/Co >0.045 in DBS eluate was
considered positive (see Results).

Statistics
Statistical analysis was performed using GraphPad Prism Version 8 (GraphPad Software) and the
R statistical programming package.
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Summary

In this dissertation, I aimed to understand how innate and adaptive immune responses to NSI
prevent severity during DENV infections. First, I demonstrate that DENV NSI1 is sensed by a class
of innate immune sensors known as the inflammasome pathway. I show that NS1-induced
inflammasome activation is independent of the NLRP3 inflammasome but is dependent on CD14
and caspase-1/11. 1 generated two new mouse lines (Caspl/11 " Ifnar ™ and Nlrp3 “Ifnar ) to
assess the effect of inflammasome activation during DENV infection and found that caspase-1/11-
deficient mice are more susceptible to DENV infection compared to their caspsase-1/11-functional
littermates, whereas NLRP3 deficiency in mice does not affect the outcome of DENV infection.
Overall, this work suggests that activation of pro-inflammatory immune responses during DENV
infection does not always lead to detrimental outcomes, as previously hypothesized, and suggests
that innate immune sensing of NS1 can contribute to protective responses to dengue disease.

Next, I helped elucidate the mechanistic basis of antibody-mediated inhibition of DENV NS1-
induced permeability and identified key amino acids targeted by the protective monoclonal
antibody 2B7 that contribute to NS1 secretion and NS1-induced endothelial hyperpermeability.
Structure-guided mutagenesis and mutant screening identified R299, G328, and W330 as residues
required for NS1 secretion. These residues have not been previously identified as affecting NS1
secretion but are in close proximity to regions reported to be essential for NS1 secretion by other
groups. I also identified four B-ladder mutants (T301K, A303W, E326K, D327K) that are deficient
in inducing endothelial hyperpermeability, with A303W displaying the greatest defect, at a step
downstream of binding (1). Finally, I found that binding to residues T301 and G305, which are
conserved across the flaviviruses, imparts pan-flavivirus affinity to 2B7, and I used a G305K
mutant to profile anti-NS1-antibody responses in DENV-infected humans. Taken together, these
results have revealed new insights into DENV NS1 biology and generated new tools to profile the
antibody response to NSI.

Lastly, I document our efforts to develop serological assays for a newly emergent pathogen,
SARS-CoV-2, and their adaptation into a DBS format, enabling seroepidemiological studies when
pandemic-imposed social distancing restrictions limited the ability to collect sera by venipuncture
(2). These assays were implemented successfully in several studies. We used these serological
methods to determine SARS-CoV-2 infection and antibody prevalence as well as to identify risk
factors associated with SARS-CoV-2 infection in communities of migrant farmworkers living in
Salinas Valley, California (3,4).The DBS format enabled assessment of SARS-CoV-2
seroprevalence in a longitudinal, population-based study in the East Bay Area of Northern
California. Data from this study allowed us to investigate the association between geographic and
demographic characteristics as well as transmission mitigation behavior and SARS-CoV-2
prevalence (5). SARS-CoV-2 vaccines were also rolled out over the study period, and we were
able use antibody data collected from vaccinees to characterize the differences in side-effects and
antibody responses by vaccine type, sex, and age, as well as to describe responses in subjects with
pre-existing health conditions that are known risk factors for more severe COVID-19 infection (6).
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Future Directions and Concluding Thoughts

NS1 is a fascinating viral protein with many diverse functions in the viral lifecycle. How one
protein plays such disparate roles in viral replication, immune evasion, and pathogenesis has been
a major research question for many years. Ever since DENV NS1 was shown to mediate both
endothelial dysfunction and immune activation, much work has been done to understand the
mechanisms underlying these functions as well as their contribution to DENV pathogenesis. This
dissertation begins to shed light on the complex ways in which NS1 can act both as a target of
protective immune responses and as a mediator of disease. Importantly, the work described herein
opens new intriguing avenues of inquiry into inflammasome biology, the biology of DENV NSI,
and DENV pathogenesis, laying the groundwork for novel therapeutic targets against severe
dengue disease.

The work presented in Chapter 2 demonstrates, for the first time, a protective role for the
inflammasome during DENV infection. While several groups have postulated that DENV-
mediated inflammasome activation may contribute to a pathogenic cytokine storm, very few have
assessed this role experimentally.

One study by Pan and colleagues =ascribed a pathogenic role to inflammasome activation during
DENV infection, since DENV-infected Ifinar ”~ mice that are therapeutically administered
recombinant IL-1 receptor antagonist (IL-1RA) lose less weight and have diminished vascular
leakage compared to untreated controls, implicating IL-1@ in DENV pathology (7). In contrast,
we find that blocking the inflammasome activation through capase-1/11 deficiency leads to
increased morbidity and mortality, implicating inflammasome activation as protective. The use of
genetic models in our study implicates a protective role for inflammasome activation early in
DENV infection, though our data does not preclude the possibility of inflammasome activation
being pathogenic in later stages of infection. Of note, the study by Pan et al. administered IL-1RA
at day 0 and day 4 after infection. Thus, inflammasome activation can be both protective and
pathogenic depending on the context of the infection. It is reasonable to hypothesize that early
activation of the inflammasome can jumpstart protective immune responses that help to control
viremia and reduce mortality, whereas excess inflammation late in infection, when viremia is high,
may be detrimental to the host. Future studies characterizing the effect of inflammasome
antagonism at various points during DENV infection will be crucial to understanding more fully
the roles that inflammasomes play in host defense and immunopathology as well as guiding the
timing of potential inflammasome-based host-directed therapies against DENV.

While we were able to determine that caspase-1/11 is necessary for protection against DENV, we
did not identify the exact mediator of this protection, and further studies are needed to understand
the mechanistic basis of caspase-1/11-mediated protection during DENV infection. It would be
interesting to interrogate how IL-1P or another caspase-1 substrate, such as IL-18 or IL-33, is
important for mediating protection during viral infection (8). IL-18, for example, is known to
induce the activation of Th1l and NK cells through the induction of interferon-y (IFN-y), and IFN-
v is a key mediator of anti-viral defense against DENV (9,10). IL-33 is another IL-1 family
cytokine that is expressed primarily in endothelial and epithelial cells associated with allergic
inflammation and anti-viral responses (11-13). /n vivo work interrogating which cytokines and
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cell types are necessary for caspase-1/11-mediated protection would also be useful in
understanding how inflammasome activation can lead to protection against DENV.

While we establish that DENV NSI induces inflammasome activation independently of the
NLRP3 inflammasome using multiple orthogonal genetic and chemical approaches, the identity of
the inflammasome activated by DENV NS1 remains elusive. Future genetic screens targeting other
inflammasomes may help to identify which inflammasome senses DENV NS1. This will prove
useful for illuminating new areas of inflammasome biology, which is an active area of research.
This may also help us better understand the biology of DENV NS1. While we have begun to
uncover which host pathways are affected by DENV NS1, we have yet to discover the mechanisms
by which DENV NS1 perturbs these pathways. By understanding how DENV NSI1 is sensed by
the innate immune system, we may also glean insight into how DENV NS1 functions.

Interestingly, we found that DENV NS1-induced inflammasome activation does not result in
measurable cell death and is dependent on CD14. This pattern of inflammasome activation is
reminiscent of other recent reports, which find that certain oxidized phospholipids commonly
associated with dying cells can also activate the inflammasome without cell death in a CD14-
dependent manner. Since secreted DENV NS1 contains a lipid cargo and other studies have found
that the lipid content of NS1-associated lipids can modulate DENV NS1°s inflammatory capacity,
DENV NS1 may be able to act as a carrier of oxidized phospholipids generated from infected cells
and subsequently be detected by macrophages at sites distal from infection, activating an
inflammasome and cytokine response. We were unable to determine whether oxidized
phospholipids were present within the lipid cargo of our NS1 in this study; however, it would be
interesting to explore whether the inflammatory capacity of NS1 can be modulated by the lipids
within the lipid cargo and how this might affect DENV NS1’s protective or pathogenic qualities.

Ultimately, the data presented in chapter 2 suggest that further investigation into understanding
the balance in which innate immune activation can be protective and/or pathogenesis during
DENYV infection is sorely needed. While the DENV mouse model remains an imperfect system for
modelling severe dengue, significant insights can be gained from careful perturbation of specific
host responses in vivo. Understanding more clearly how inflammasomes, and other innate immune
mediators, sense and contribute to DENV protection or pathogenesis will be crucial for developing
new host-directed therapies and identifying the best biomarkers to assess risk of progression to
severe disease.

Although major advances have been made with respect to understanding NS1-induced endothelial
dysfunction, important questions still remain regarding the mechanisms of induction of endothelial
hyperpermeability. As a result of our interrogations of the mAb 2B7 binding epitope, we have
generated several new NS1 mutants deficient in secretion and pathogenesis. Future studies
characterizing the B-ladder mutants such as A303W could evaluate whether the inability of mutant
A303W to decrease TEER extends to other phenotypes such as EGL degradation, mislocalization
of TJ/AJ proteins, or localized vascular leak in vivo. This characterization is important given that
work in our lab has recently found discrepancies between the NS1-induced hyperpermeability as
measured by the TEER phenotype in vitro compared to binding and vascular leak in the dorsal
dermis mouse model. Specifically, mutants defective in binding to endothelial cells are unable to
induce TEER and localized dermal leak, whereas DENV NS1 N207Q, which can bind to cells but
not induce TEER, can still induce localized dermal leak. Careful characterization of the phenotypes
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affected by mutations like A303W could begin to map specific phenotypes induced by NS1 in
cells to specific residues within the B-ladder and clarify the mechanisms underlying NS1-induced
endothelial dysfunction. Structural studies aimed at analyzing NS1 interaction partners in complex
with NS1 could also leverage the mutants generated in this dissertation to evaluate, for example,
how the A303W substitution might disrupt a key interaction between NS1 and its cognate receptor.
Lastly, well-characterized mutations could be incorporated into DENV infectious clones to
evaluate the impact of in vitro defects on DENV infection in vivo.

The mutants generated in Chapter 3 also serve as ideal antigens for profiling the NS1 antibody
response in DENV-infected humans. While we have demonstrated that a single NS1 monoclonal
antibody can be protective in mice, our knowledge of what a protective NS1 antibody response is
in humans is limited. Data presented in Chapter 3 represents a proof-of-concept study
demonstrating that 2B7-like antibodies can be found in plasma after infection with DENV using a
multiplex, Luminex-based format. Combined with NS1 domain chimeras generated in our lab, we
now have the ability to profile a-NS1 antibody responses at the level of specific domains and
epitopes. Ongoing studies will analyze these responses in pre-infection samples and attempt to
find correlations between NS1 domain/epitope-specific responses and protection (or lack thereof)
against dengue severity, thus growing our understanding of the utility of anti-NS1 antibody
responses. Combining this with efforts to characterize the profile of anti-E-antibodies at the
domain level will shed key insights into the makeup of protective and pathogenic antibody
responses to DENV, informing next-generation dengue vaccines that can provide protection
without the risk of ADE.

The central role of secreted NS1 in the flavivirus lifecycle has been hypothesized to be in opening
barriers to enable spread of the virus to tissues distal from the initial infection site. In other
flaviviruses, such as ZIKV and WNV, NSI1 enables viral dissemination into tissues normally
guarded by specialized barriers, like the placenta and brain (14,15).Work from our group has
shown that secreted DENV NS1 also promotes viral dissemination in mice, triggering leak into
key organs throughout the body due to the broad tropism of DENV NS1 to many endothelial cells
types (Biering and Harris, unpublished data). However, the data from this dissertation suggest that
this strategy can be countered through immune responses to NS1. Inflammasomes may act as an
early alarm system by sensing secreted NS1 and triggering pro-inflammatory responses in distal
tissues, priming them for defense against DENV in a primary infection. Antibodies against DENV
NS1 can act during a secondary infection to inhibit NSI-induced endothelial dysfunction,
confining viral spread. On the other hand, excessive inflammation induced by DENV NS1 itself
or by DENV infection may result in poor outcomes and contribute to immunopathology. In many
ways, dengue disease can be defined by this balance between protective and pathogenic responses.
Cross-reactive antibodies to E, for example, can mediate both strong neutralization and ADE,
depending on their titers and epitopes targeted (16,17). Understanding the complex interplay
between immunity to E, immunity to NS1, and NS1-induced pathogenesis will yield new insights
into how to target and treat severe dengue disease. Despite much progress, as described in this
dissertation and elsewhere, in uncovering new aspects of DENV NS1 biology and its relationship
to dengue disease, many questions remain about how it carries out these many functions. Further
exploration of pathways triggered by DENV NS1 and their contributions to protection or
pathogenesis will surely reveal many fascinating answers about this enigmatic, multifaceted viral
protein.
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