ABSTRACT
Profound vascular leakage in conjunction with elevated viremia is the
hallmark of Dengue Hemorrhagic Fever/Dengue Shock Syndrome (DHF/DSS).
Antibody (Ab)-dependent enhancement (ADE), in which pre-existing, crossreactive Abs enhance virus infectivity, is thought to be responsible for increased
viremia, while loss of endothelial cell (EC) barrier integrity is the precursor to
plasma leakage. However, the relationship between viremia and vascular leak
has not been established. The objective of this dissertation project was to
determine the involvement of antibodies in the pathogenesis of vascular leak
syndrome associated with DHF/DSS by establishing a relationship between Abmediated increase in viremia and changes in vascular permeability, the hallmark
of DHF/DSS. Our approach focused on characterization of human monoclonal
antibodies (hMAbs) from a previously dengue virus (DENV)-infected patient for
their ability to both neutralize and enhance infection and increase vascular
permeability in vitro. Our results revealed that the human antibody response to
DENV E protein elicited by natural infection is predominantly comprised of
broadly cross-reactive antibodies targeting domain II epitopes. Using a multiplex
cytokine immunoassay, qRT-PCR, and plaque assay, we demonstrated an
association between viral load and cytokine production in DENV-infected FcγRbearing K562 cells, and determined that DENV infection of K562 cells in the
presence of hMAb resulted in a modulated inflammatory cytokine response with

an overall pro-inflammatory profile. Using human microvascular ECs (HMEC-1),
we further demonstrated an association between viral load, cytokine production,
and the onset of permeability changes via an indirect mechanism in which
inflammatory mediators released by DENV-infected K562 cells altered HMEC-1
barrier function and observed a synergistic effect between active DENV infection
and release of inflammatory mediators by both K562 and HMEC-1 that increased
permeability.
Collectively, our results support the multifactorial nature of the
pathogenesis underlying vascular leak, involving a complex interaction between
ECs and FcγR-bearing cells, and a synergistic relationship between enhanced
viremia and inflammatory mediators leading to increased permeability. Our use of
hMAbs provided a novel approach to understanding how Abs impact the
vasculature during DENV infection and enable identification of Ab characteristics
that may trigger vascular leak, a crucial concern for DENV vaccine design.
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CHAPTER 1
Introduction

2
Dengue Epidemiology
Dengue is a serious and potentially fatal mosquito-borne viral disease with
up to 100 million infections occurring annually. An estimated 2.5 billion people, or
40% of the world’s population, live in areas at risk for dengue virus (DENV)
transmission, making it a global threat to public health (Figure 1) [1-6]. In 2012,
the World Health Organization (WHO) declared dengue “the most important
mosquito-borne viral disease in the world,” with the incidence of dengue having
increased a staggering 30-fold over the past five decades [7]. Just as the
numbers of reported cases of dengue are on the rise, the regions affected by
dengue also continue to expand, including into the Americas, Southeast Asia,
and Western Pacific, where the number of cases across these regions rose over
1.1 million from 2008 to 2010 [7]. Prior to the 1970s, the incidence of DENV in
the Americas was rare due to the near total eradication of the Aedes aegypti
mosquito vector from Central and South America [1]. Discontinuation of the
control program in the early 1970s resulted in the reinvasion of Aedes aegypti
into these areas and consequentially, epidemic DENV outbreaks followed by a
surge in severe Dengue Hemorrhagic Fever (DHF) cases by the 1980s (Figure 2)
[1]. More recently, reported outbreaks of DENV in the United States in Hawaii
(2001-2002), Key West, Florida (2009-2010), and along the Texas-Mexico border
provide further evidence of DENV re-emergence into new geographic regions
and highlight the susceptibility of the United States to DENV [8-14]. As the
prevalence of dengue expands into new areas, not only is the number of reported
cases increasing, but also disease severity and the frequency of explosive
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outbreaks as seen recently in Pakistan and Brazil [7]. The global surge of dengue
and the increase in severe forms of the disease are largely attributed to the
spread of the Aedes aegypti and Aedes albopictus mosquito vectors as a result
of increased urbanization and population growth, as well as increased global
travel and inadequate mosquito control, which facilitated greater vector
dissemination worldwide [1, 15, 16]. In addition to the spread of the vector, the
worldwide circulation and spread of all four dengue serotypes along with the coexistence of multiple serotypes in the same geographic region makes dengue a
serious global pandemic threat (Figure 3) [17].
Dengue virus belongs to the Flaviviridae family of viruses. It exists as four
structurally distinct serotypes (DENV1-4), which share about 70% homology at
the amino acid level, and are related to other flaviviruses, such as Yellow Fever
and West Nile virus (WNV) (Figure 4) [1]. Initial DENV infection causes dengue
fever (DF), characterized by fever, myalgias, headache, and bone pain, giving it
the nickname “Breakbone Fever” [1]. Infection with one DENV serotype results in
a robust, highly cross-reactive antibody (Ab) response, which is believed to
confer lifelong homotypic immunity, but only short-term heterotypic (crossreactive) immunity to the other three serotypes. Subsequent infection with a
heterologous serotype can cause severe Dengue Hemorrhagic Fever or Dengue
Shock Syndrome (DHF/DSS), indicating that pre-existing DENV immunity can
exacerbate disease [18-23]. Antibody-dependent enhancement (ADE) is one
proposed mechanism by which the immune system may enhance viral
pathogenesis, and it is the most widely supported theory explaining the increased
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risk of severe DHF/DSS associated with secondary infection [22, 24, 25]. The
hallmark of DHF/DSS is a loss of endothelial barrier function leading to
hemorrhage, volume loss, and death [21, 26, 27]. There are an estimated
500,000 cases annually of DHF/DSS and 22,000 deaths, mainly among children,
making DENV a major cause of pediatric morbidity and mortality in many parts of
the world [23, 26, 28]. Although there are multiple DENV vaccine candidates in
various stages of clinical trials, there are currently no specific treatments or
vaccines for DHF/DSS [29-33].

Clinical Presentation
Most primary dengue infections are asymptomatic. Less than 10% of
dengue infections lead to clinically apparent, symptomatic disease. The World
Health Organization (WHO) classifies dengue infection into two distinct diseases:
dengue fever (DF) and dengue hemorrhagic fever/dengue shock syndrome
(DHF/DSS) [16]. DF is typically a self-limiting, febrile illness accompanied by
non-specific symptoms including headache, retro-orbital pain, fever, and
myalgias, which can often be debilitating, and occasional hemorrhagic
manifestations. Symptoms usually begin 3-7 days after the bite of an infected
mosquito and persist for 4-7 days, after which most patients recover without
complications. However, a small proportion of patients go on to exhibit a
systemic vascular leak syndrome occurring around the time of defervescence
marked by increasing hemoconcentration, hypoproteinemia, pleural effusions,
and ascites [34]. The WHO case definition lists the presence of four criteria for
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DHF: fever, thrombocytopenia, hemorrhagic manifestations, and evidence of
plasma leakage. DHF is divided into four grades (I to IV) base on symptom
severity, with grades III and IV being the most severe, defined as DSS along with
narrow pulse pressure and clinical signs of shock or fulminant hypotensive shock
[16]. Other severe manifestations such as encephalopathy, liver failure, and
myocarditis are also associated with DHF, albeit infrequently and typically with
only minimal associated plasma leakage [34].
Treatment for DHF/DSS is largely supportive. Although it can be severe
and even life threatening, the altered vascular permeability associated with
DHF/DSS is typically ephemeral. Recovery is spontaneous, occurring after
approximately 48-72 hours, and is concomitant with symptom recovery [34].

Dengue Virus
DENV is an enveloped virus with a 10.7kb positive-sense RNA genome
encoding a large polyprotein consisting of three structural proteins, the capsid
protein (C), membrane-associated protein (prM), and envelope protein (E), and
seven non-structural NS1proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5)
(Figure 5) [35, 36]. The NS proteins function in virus replication. The NS1
glycoprotein (~48 kDa) exists in non-virion-associated forms and can be found in
a cytoplasmic form, on the surface of cells, or in the extracellular medium [37-39].
Within a virion, multiple C proteins condense the genome to form the relatively
unorganized nucleocapsid, which is surrounded by a lipid envelope containing
viral E and M proteins anchored by their C terminal domains [35]. The surface of
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the virus contains two integral membrane proteins: the envelope (E) protein and
the pre-membrane (prM) protein [5]. The prM protein lies over the E protein and
prevents premature fusion between the virus and the host cell. The outer surface
of the mature DENV virion is composed of 180 glycosylated E proteins arranged
in groups of three parallel homodimers (Figure 6). The E protein is highly
conserved among flaviviruses and consists of three distinct structural domains
(D), DI, DII, DIII, which bind host cell receptors and mediates fusion of viral and
cellular membranes during virus entry into host cells [5, 20, 40-42]. The central
DI is flanked on one side by DII, which contains the hydrophobic fusion loop
located in a pocket between opposing E protein dimers [40]. The fusion loop
functions in acid-catalyzed fusion of viral and cellular membranes [43, 44].
Located on the opposite side of DI is DIII, which contains an immunoglobulin-like
structure that is involved in binding host cell receptors. The structure of the
DENV E protein and its conformation on the surface of the mature virion is shown
in Figure 6. The E protein is of particular importance because it has been
identified as the primary target for antibody-mediated neutralization, thus making
it the primary target for vaccine design [20, 43-49].

Dengue Virus Replication Cycle
An overview of dengue virus replication is shown in Figure 7A. Dengue
virus is transmitted to humans by infected female Aedes aegypti or Aedes
albopictus mosquitoes during a blood meal. The first cells to be infected with
DENV are Langerhans cells in the skin, which spread infection from the skin to
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the lymph nodes where the virus can infect monocytes and macrophages, which
are largely believed to be the principle target cells of DENV infection [5, 25, 5057]. Dengue virus binding and uptake occurs via clathrin-dependent, receptormediated endocytosis [29]. Numerous cellular attachment factors for DENV
infection have been identified, including heparan sulfate [58, 59], CD14 [60],
heat-shock proteins (hsp) 70 and 90 [61], αvβ3 integrins [62] and several C-type
lectin receptors such as DC-SIGN (CD209) [52, 63], L-SIGN (CD209L) [64],
mannose receptor (CD206) [65], and C-type lectin domain family 5, member A
(CLEC5A/MDL-1) [66]. However, none of these factors have been recognized as
an entry receptor for DENV infection of human cells. Following uptake,
acidification and the high anionic lipid composition of the late endosome are
required for E protein-mediated fusion of the viral and endosomal membranes,
and subsequent release of the viral genome into the cytosol [67, 68]. Fusion with
the endosomal membrane involves a conformational change in the E protein
whereby E protein homodimers dissociate followed by a rearrangement of the E
proteins on the virus surface into extended monomers with the previously
inaccessible fusion peptide now exposed [69]. Insertion of the fusion loop into the
cell membrane promotes E protein trimerization, which triggers rearrangement of
DIII causing the C terminal domains to fold back toward the fusion peptides,
pulling the two membranes together to form the fusion pore (Figure 7B). The
positive-sense viral RNA genome is extruded into the cytoplasm where it is
immediately translated into a polyprotein in association with the endoplasmic
reticulum (ER). Processing of the polyprotein by viral and cellular proteases
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yields the 3 structural proteins: capsid (C), envelope (E), and precursor
membrane-associated protein (prM) and the seven non-structural (NS) proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). The E and prM proteins form
heterodimers that project into the lumen of the ER. The NS proteins participate in
viral RNA replication, beginning with the generation of a negative-sense template
strand, which is used to transcribe multiple positive-sense RNA copies of the
DENV genome [69]. Newly generated viral RNA associates with C proteins to
form the nucleocapsid, which is then packaged into vesicles that bud off from the
ER, thereby acquiring a lipid membrane studded with E and prM protein
heterodimers [70, 71]. Transport of newly assembled virions through the Golgi
network is required for particle maturation [70-72]. The final maturation step
occurs near the cellular surface, where a furin-like protease cleaves prM into the
M (membrane) protein and pr peptide, which remains associated with E protein
during exocytosis to prevent premature fusion of the virion while in the acidic
compartments of the Golgi [42, 70-72]. Cleavage of prM releases the structural
constraint on the E protein allowing rearrangement into a flat orientation
characteristic of mature virions, which are then released into the extracellular
space via exocytosis [70, 71]. Incomplete cleavage of prM is not uncommon for
dengue virus, resulting in a heterogeneous population of immature and partially
mature virus particles. Immature virions alone are non-infectious and structurally
distinct from mature, infectious virions [70-73]. However, recent findings have
shown that when bound by anti-prM or certain E protein-specific antibodies,
immature particles can become infectious [48, 72, 73].
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Dengue Virus Pathogenesis
The pathogenesis of DHF/DSS remains poorly understood, due in part to
the lack of a suitable animal model of infection [74]. Current knowledge of the
human immune response to DENV is largely based on serological studies and
clinical observation. Epidemiologic studies suggest the pathogenesis of DENV
involves a complex interplay of viral and host factors in the context of the history
of the patient, and revealed an association between sequential, heterotypic
DENV infections and DHF/DSS, thus identifying secondary infection as an
important risk factor for developing severe disease [26, 75, 76]. Other risk factors
for severe DENV disease include age, viral serotype or genotype, and host
genetic background [77, 78]. Clinical and laboratory studies suggest DHF/DSS
pathogenesis is due to pre-existing anti-DENV antibodies (Ab) that increase viral
infectivity by an “antibody dependent enhancement (ADE)” mechanism in which
cross-reactive Abs from infection with a previous serotype promote viral entry
into Fc receptor (R)-bearing cells, such as macrophages and dendritic cells, via
Fc-FcγR interaction resulting in higher viremia seen in DHF/DSS [21, 22, 24, 49,
76, 79-82]. The most compelling evidence for ADE comes from studies showing
that transmission of maternal anti-DENV Abs to infants increases the risk of
developing DHF/DSS, and serum from these infants enhances DENV infection in
vitro [28, 75, 76]. Furthermore, all DHF/DSS patients have cross-reactive DENV
Abs [28, 75]. During natural DENV infection, ADE is postulated to contribute to
disease severity by increasing the number of infected cells, resulting in higher
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virus production. Thus, disease severity is thought to be proportional to the level
of ADE during secondary infection with a heterologous DENV serotype [21, 83,
84]. Numerous in vitro studies have clearly demonstrated the ability of Ab to
enhance virus infectivity in a concentration-dependent manner resulting in
significantly increased virus production; however, the molecular mechanism of
ADE as well as the characteristics of Abs associated with neutralization versus
enhancement have yet to be identified [50, 85, 86].
In accordance with the ADE hypothesis, DHF-associated plasma leakage
is the direct result of increased viral burden. However, the onset of vascular leak
does not coincide with peak viremia, but rather occurs following significant
reduction or even clearance of viremia, suggesting that the mechanism for
DHF/DSS is immune-mediated. This idea is supported by another theory of
DENV pathogenesis involving the phenomenon of original antigenic sin (OAS),
whereby cross-reactive memory B and T cells that are specific for the primary
rather than current DENV infection result in delayed viral clearance and/or
aberrant secretion of pro-inflammatory cytokines accompanied by apoptosis of
both infected and uninfected “bystander” cells [87, 88]. The theory of OAS is
supported by the detection of serotype-specific and cross-reactive T cells in
peripheral blood mononuclear cells (PBMCs) of patients with acute dengue
infections [89]. Although this theory is distinct from the ADE theory, both are
contingent on the presence of pre-existing immunological factors and implicate
secondary infection as the central element for development of severe DENV
disease.
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Dengue pathogenesis is further complicated by the fact that, although less
frequent, primary DENV infection may also result in severe hemorrhagic
manifestations, as evidenced by the severe DENV-3 outbreak in Brazil in 2002 in
which, of the confirmed DENV-3 cases, 56% of nonfatal cases and 54% of lethal
cases were determined to result from primary infections [90, 91]. Incidences of
severe primary infections may be explained by an emerging theory of DENV
pathogenesis stating that severe DENV disease results from a combination of
viral load, strain virulence, and host immune response, thereby downplaying the
importance of secondary infection as a critical factor for DHF [37, 38, 92, 93].
Support for this theory comes from reports of higher levels of viremia in patients
with primary infections who develop DHF, suggesting that disease severity is
associated with increased viral fitness that enables increased viral replication,
which subsequently triggers enhanced production of inflammatory mediators and
symptoms of DHF [37, 38, 92, 93]. Additionally, studies have independently
correlated higher viral titers or the serotype/genotype of the infecting virus with
the incidence of DHF/DSS, regardless of primary or secondary infection [93-95].
Taken together, these findings indicate that severe disease during primary
infection is evolutionally favored by increased viral replication.
An exacerbated host immune response is common to all cases of
DHF/DSS, indicating that excessive inflammation is a major contributor to DENV
disease severity [89, 96-98]. DHF/DSS is thought to manifest in the context of
enhanced production of pro-inflammatory cytokines, referred to as a cytokine
storm [89]. This cytokine storm ultimately targets the vascular endothelium
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resulting in loss of vascular integrity and transient increase in vascular
permeability characteristic of DHF/DSS and, in some cases, development of
intractable shock resulting in death [89, 96, 98]. The apparent relationship
between inflammation and disease severity is substantiated by the fact that
elevated levels of cytokines and chemokines, such as IL-1β, IL-6, IL-7, IL-8
(CXCL8), IL-10, IL-13, IFN-γ, TNF-α, MCP-1 (CCL2), MIP-1α (CCL3), MIP-1β
(CCL4), IP-10 (CXCL10), MIF, and GM-CSF are found in cases of both DF and
DHF/DSS, but tend to be higher in patients with severe disease [77, 99-105].
Additionally, many of these cytokines have been associated with disease severity
and clinical outcome [99, 104, 106-108]. A study by Bozza et al. linked increased
levels of IL-1β, IL-8, TNF-α, and MCP-1 with marked thrombocytopenia and
increased MCP-1 and GM-CSF with hypotension. Furthermore, they identified
MIP-1β as a good prognostic marker, in contrast to IFN-γ, which correlated with
severe disease [99]. The timing of cytokine release and cytokine synergy is also
believed to affect disease severity [104, 106, 107, 109]. A recent study by
Rathakrishnan et al. found that cytokine levels in primary and secondary infection
varied with respect to the three phases of disease (febrile, convalescence, and
defervescence) and established cytokine profiles and predictive markers of
disease progression [104]. However, despite numerous serological and in vitro
assessments of inflammatory mediators in dengue infection, the mechanism(s)
responsible for induction and regulation of cytokine production during infection
remain unclear.
Although the precise immunopathogenic mechanisms have yet to be
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elucidated, current evidence indicates that severe DENV pathogenesis results
from a complex web of pre-disposing viral and host factors coupled with virushost cell interactions that lead to uncontrolled activation of immune cells,
increased or aberrant pro-inflammatory cytokine production, and consequent
endothelial cell dysfunction culminating in vascular leak and hemorrhage [15, 27,
89, 94-98, 101, 110-114]. A proposed model for the immunopathogenesis of DHF
as well as factors thought to determine disease severity are depicted in Figure
8A and Figure 8B, respectively.

Innate Response to Dengue Virus Infection
Upon infection with DENV, host pattern recognition receptors (PRRs)
recognize pathogen-associated molecular patterns (PAMPs), such as viral
proteins or nucleic acids, and stimulate the host cell to mount an anti-viral
response to eliminate the invading pathogen [115, 116]. PRRs that are important
for DENV detection include toll-like receptors (TLRs), specifically TLR3 and
TLR7/8, and the Rig-like helicases (RLHs), including retinoic acid inducible gene
1 (RIG-1) and melanoma differentiation-associated gene 5 (MDA5) [117-122].
TLR3 and TLR7/8 are present on the cell surface and within endosomes and
detect ssRNA and dsRNA, respectively [115]. Studies have revealed the
importance of TLRs, particularly TLR3, in DENV recognition, induction of Type I
IFNs, and restriction of DENV replication [118, 119, 121]. The Rig-like helicases
(RLHs) are a family of cytoplasmic receptors. RIG-1 is specific for phosphate
containing dsRNA, while MDA5 is specific for long dsRNAs in the cytoplasm [116,
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123]. Both RIG-1 and MDA5 play a role in recognition of DENV, as well as West
Nile Virus (WNV) [117, 122, 124, 125]. Additionally, Nasirudeen et al. found that
TLR3, RIG-1, and MDA5 act synergistically to induce IFN-β production and
impede DENV replication in vitro [122]. Furthermore, C-type lectins DC-SIGN
and CLEC5A, which are important for DENV-cell binding, have also been shown
to induce pro-inflammatory cytokines in response to DENV binding [29, 51, 66,
126]. Virus interaction with these receptors triggers signaling cascades that
activate the interferon regulatory factors (IRFs) and NF-κB transcription factors,
which results in production of IFN-α/β as well as other inflammatory cytokines
and ultimately the establishment of a potent anti-viral response [115, 117, 119,
120, 122, 124, 126].
Interferons (IFNs), specifically type I IFNs, such as IFN-α and IFN-β, are
the cornerstone of the innate anti-viral response [127, 128]. Secreted IFNs exert
their effects in an autocrine and paracrine fashion, binding the IFN-α/β receptor
(IFNAR) on both the infected cell and neighboring cells. Binding of type I IFNs to
IFNAR unites kinases Tyk2 and JAK1, associated with the cytoplasmic tails of
IFNAR1 and 2, respectively, which are phosphorylated, resulting in recruitment
and phosphorylation of STAT2 followed by STAT1. Activated STAT1 and STAT2
proteins form a heterodimer that then associates with IRF-9, forming the
interferon stimulated gene factor 3 (ISGF3) transcription factor. ISGF3
translocates to the nucleus where it binds to the interferon stimulated response
element (ISRE) and induces the expression of interferon stimulated genes (ISGs)
[129, 130]. As a result, over 100 genes are stimulated for transcription,
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subsequently leading to the induction of the anti-viral state within the cell [131,
132]. A general summary of the innate IFN response to viral infection is shown in
Figure 9.
Studies using mouse knockout (KO) models have revealed the importance
of the type I IFN response to DENV infection [74, 133, 134]. Classically, IFN
binding to the IFNAR on the cell surface signals through the JAK/STAT pathway
to induce the anti-viral state. However, STAT1 deficient mice were found to be
more resistant to DENV infection than mice lacking both STAT1 and STAT2
receptors, indicating that IFN also utilizes a STAT1-independent pathway [135,
136]. Both STAT1-dependent and independent pathways have been found to
contribute to IFN-induced protection from DENV infection in a mouse model, with
STAT1-dependent responses important for limiting early viral loads [136, 137].
Furthermore, DENV infection of mice deficient in either IFN-α or IFN-γ signaling
components develop low viremia and lack of clinical disease, whereas mice
lacking components of both IFN-α and IFN-γ signaling develop high levels of
viremia and overt disease marked by either late lethal encephalitis or an early
vascular leak syndrome [133, 134, 138]. Taken together, these findings
demonstrate the critical role of IFNs and IFN signaling in limiting DENV
replication and controlling DENV infection.
In addition to IFN-α/β, DENV infection also triggers the production of other
inflammatory cytokines, which can have either protective or pathogenic effects.
DENV-induced activation of PRR signaling pathways has been shown to upregulate expression of IFN-α, IFN-γ, IL-8, and IL-12 in THP-1 cells and primary
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monocyte-derived macrophages, while NF-κB-mediated production of IL-8 has
also been detected in primary monocytes [139-141]. IFN-induced activation of
STAT1 up-regulates IRF1 expression, resulting in increased production of nitric
oxide radicals (NOs) [142]. This protective combination of IFNs and NO results in
the induction of an anti-viral state in bystander cells and limits viral replication in
infected cells, respectively [110, 140, 143]. Conversely, TNF-α has been
associated with increased disease severity in humans, and has been widely
implicated in the development of the vascular leak syndrome characteristic of
DHF/DSS [78, 101, 144, 145]. The production of IFN-γ has been associated with
both protective and pathogenic effects and consequently, the role of IFN-γ during
DENV infection remains controversial [77, 85, 109, 146, 147]. Fagundes et al.
demonstrated the essential role of IFN-γ in mediating host resistance to primary
DENV infection by regulating nitric oxide synthase 2-mediated production of nitric
oxide, a molecule previously found to inhibit DENV replication [148]. Additionally,
a study by Gunther et al. demonstrated that production of IFN-γ protected against
fever and viremia during the acute phase of the disease in a human challenge
model of DENV infection, suggesting a protective role for IFN-γ in controlling
virus replication and host resistance to infection [149]. Chen et al. revealed a
correlation between increased IFN-γ production and higher survival rates in
patients with DHF [150]. Conversely, a study of cytokine profiles from DENVinfected patients by Bozza et al. found that elevated IFN-γ levels correlated with
severe disease [99]. Thus, while the activation of immune pathways and
production of inflammatory mediators is essential for controlling and eliminating
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DENV infection, these same protective mechanisms may also contribute to the
immunopathogenesis of infection [85, 101, 109, 151, 152].
In response to the anti-viral state triggered by DENV infection, DENV has
evolved mechanisms of either subverting or exploiting the innate immune
response to potentiate its own replication and propagate infection. One of the
most studied mechanisms for immune evasion by DENV is by suppression of the
IFN response (Figure 9, white boxes) [153]. The importance of the early IFN
response in inhibiting DENV replication is exemplified by the elevated viremia
observed in experimental models of DENV infection with deficiencies in IFN-α/β
receptor and JAK/STAT signaling [134, 136, 138]. DENV encodes multiple nonstructural proteins that have been shown to inhibit the IFN response, including
NS2A, NS4A, NS4B, and NS5. NS2A, NS4A and NS4B DENV proteins inhibit
the IFN response by preventing phosphorylation of STAT1, which subsequently
prevents nuclear localization and downstream signaling through the JAK/STAT
pathway [154]. Recently, the virus polymerase NS5 was also found to impede
type I IFN signaling, albeit by binding the STAT2 protein [155, 156]. Reduced
expression of STAT2 subsequently inhibits IFN-α/β, but not IFN-γ production,
demonstrating the potential for specific targeting of type I IFNs, thus enabling
DENV to promote its own survival within the host cell [154, 155, 157]. While the
exact mechanism for JAK/STAT suppression by DENV non-structural proteins
has yet to be determined, it has been proposed that the diminished levels of
STAT2 and lack of STAT1 phosphorylation may result from down-regulation of
Tyk2, which occurs without affecting the surface expression level of IFNAR [146].
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The fact that other components of the innate immune response, such as STAT1
and IFNAR, are not affected by DENV-induced suppression of IFN-α/β, suggests
that the mechanism of innate immune evasion by DENV is the result of
specifically targeted events along the IFN-α/β signaling pathways, and that the
ability of DENV to survive the IFN response is mediated by a suppression of IFN
signaling, rather than a reduction of IFN levels [146, 156].

Antibody Response to Dengue Virus Infection
Dengue virus infection results in the production of antibodies that
predominantly target three DENV proteins: the envelope (E) and precursor
membrane (prM) structural proteins and nonstructural protein 1 (NS1) [45, 158].
Antibodies specific for DENV proteins mediate a wide array of functions in vitro,
which can either protect against infection or contribute to disease pathogenesis.
These Ab-mediated functions include virus neutralization, enhancement of virus
infectivity (ADE), complement activation, antibody-dependent cellular cytotoxicity
(ADCC), activation of cell signaling pathways and production of soluble
mediators via Fc-FcγR interaction, and autoimmunity [19, 39, 79-81, 159-161].
Most neutralizing Abs are directed against the E protein, as it is the major
antigen exposed on the surface of the virion [82, 162]. Additionally, monoclonal
antibody (MAb) studies identified the E protein as the primary target for Abmediated neutralization, thus making it the primary target for vaccine design [20,
43-49]. DENVs display antibody epitopes that are unique to each serotype as
well as epitopes that are shared between serotypes, including those shared with
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other flaviviruses [42, 82]. As a result, the serological response to natural DENV
infection is highly cross-reactive, with the majority of E protein-specific human
monoclonal antibodies (hMAb) binding to more than one DENV serotype.
Multiple epitopes lie within each domain of the E protein, and antibodies specific
for each epitope display varying degrees of cross-reactivity across the four DENV
serotypes and, in some cases, other flaviviruses. Neutralizing MAbs have been
mapped to all three E protein domains and putative functions of Abs targeting
epitopes on each domain have been resolved using mouse MAbs (Figure 10A,
10B). MAbs targeting DI epitopes tend to be non-neutralizing and cross-reactive,
while MAbs specific for epitopes on DII, which contains the fusion loop, tend to
be highly cross-reactive and exhibit varying degrees of neutralization. Conversely,
MAbs that bind DIII, which contains the putative receptor-binding region for virus
uptake into target cells and also displays the most amino acid sequence
variability between serotypes, are typically the most strongly neutralizing and
serotype-specific, yet comprise only a minor fraction of the total antibody
response [20, 43, 47, 163]. It is believed that all anti-DENV Abs, regardless of
epitope specificity or neutralization potential, can enhance DENV infection when
present at sub-neutralizing concentrations [45, 164]. Thus, understanding the
balance between Ab-mediated neutralization and ADE is imperative. Epitope
accessibility is an important factor in understanding neutralization and ADE
potential of E protein-specific Abs. Despite being located on the viral surface, the
tight packing and dimeric conformation of E proteins on the mature virion results
in unequal epitope accessibility for Ab binding. For example, located on DII, the
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fusion loop is virtually completely inaccessible on the mature virion, thus
antibodies targeting this epitope must bind either immature virions or a post-entry
or pre-fusion transition state, following acid-catalyzed rearrangement of the E
protein [165]. Abs specific for such epitopes that exist in low abundance on the E
protein (known as hidden or cryptic epitopes) can enhance infection in the
absence of corresponding neutralization, even at saturating Ab concentrations,
making them non-neutralizing Abs [164]. The natural existence of non-enhancing
DENV-specific Abs remains unknown.
NS1 is a glycoprotein produced by infected cells but is not incorporated
into the mature virion. It can be found in the cytoplasm, on the surface of infected
cells or as a soluble molecule in the extracellular fluid (plasma) [37-39]. Secreted
NS1 levels have been associated with viremia levels during secondary DENV2
infection [38]. NS1-specific antibodies are highly cross-reactive and have been
implicated in protective as well as pathogenic roles during dengue infection [166170].
Antibodies that target the prM protein bind immature or partially mature
virus particles resulting from incomplete cleavage of prM by furin during the final
maturation stage of DENV replication [45, 70, 72, 171]. Anti-prM Abs are also
highly serotype cross-reactive and some have been shown to enhance the
infectivity of non-infectious immature virions [72, 111].

Mechanisms of Antibody-Mediated Responses to DENV Infection
Antibody-mediated neutralization of virus activity is an essential
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component of immunity to viral infection. However, DENV neutralization is
complicated by the potential for antibody-mediated enhancement (ADE), in which
pre-existing anti-DENV Abs enhance viral infectivity of host cells via Fc-FcR
interaction [22, 24]. Thus, understanding mechanisms of Ab neutralization and
factors that affect Ab neutralization potential is paramount to understanding ADE.

Factors that Determine Antibody Neutralization Potency
Ab-mediated neutralization is a complex function that can be affected by a
multitude of different parameters. The DENV E protein is the primary target of
neutralizing antibodies. Monoclonal Ab studies revealed distinct clusters of
neutralizing epitopes distributed throughout all three of the E protein domains
(Figure 10). DENV neutralization is considered a “multi-hit” model, requiring more
than one Ab per virion for neutralization, which is primarily accomplished by
either blocking virus-cell receptor interactions or blocking fusion of the viruscellular membranes [172, 173]. Stoichiometric requirements for neutralization
differ based on the targeted epitope, and differences in the structural
organization of the E protein on mature and immature virions affect epitope
accessibility and thus Ab neutralization [164, 174]. A minimum requirement for
neutralization is the interaction of Abs with exposed epitopes on the surface of
virion-associated antigens (Ags), where exposure may be transient or contingent
upon interactions with other Abs or receptors [174]. Neutralization is believed to
occur when the number of Abs bound to a single virion exceeds a required
threshold. On the other hand, it is thought that if the maximum number of Ab
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molecules bound to the virus is below the threshold value, such Abs are unable
to neutralize virus, but may enhance the infection instead [164]. The point at
which an Ab surpasses the stoichiometric requirements for neutralization is
determined by two factors: (1) Ab affinity and (2) epitope accessibility [82].
Affinity, which describes the strength of binding between Ab and viral
antigen (Ag), is a key determinant of neutralization potency, such that the Ab
occupancy (the fraction of Ab-occupied epitopes on a virus particle at any given
concentration) at neutralization can be determined from the avidity of the Abvirus interaction and the concentration of Ab required to inactivate 50% of the
virus [174]. In general, the most potently neutralizing flavivirus Abs have been
shown to neutralize at relatively low occupancy, meaning that only a fraction of
epitopes must be occupied [164, 175]. However, despite having high affinity for
virus, some Abs only inhibit infection when present at very high concentration,
whereas other Abs fail to exceed the neutralization threshold even at complete
epitope occupancy [164, 175].
In addition to affinity, epitope accessibility is another major determinant of
Ab neutralization. Epitope accessibility regulates the occupancy threshold
required for Ab-mediated neutralization [82, 164, 172]. Due to the three distinct
chemical environments of the E protein, defined by the proximity of the E protein
to the three axes (2-fold, 3-fold, and 5-fold axes) of pseudo-icosahedral
symmetry, the epitopes on the E protein are not equally exposed. Furthermore, in
each environment, steric constraints imposed by contiguous E proteins also limit
epitope accessibility [35]. Consequently, the number of available binding sites
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within each epitope may vary, thus affecting the neutralization capacity of Abs. In
other words, if the epitope of a particular Ab is not highly accessible or cryptic,
even at the maximum occupancy of the available epitopes, such Ab may be
unable to neutralize the virus. Thus, Abs specific for highly accessible epitopes
can typically neutralize at low occupancy, as opposed to Abs targeting poorly
exposed epitopes, which usually require a much greater percentage of Ab-bound
epitopes for neutralization (Figure 11A) [164, 172]. Finally, dynamic movements
of the E protein may also be an important factor that determines the accessibility
of cryptic epitopes and consequently, the neutralization potential of Abs that
target cryptic epitopes [176].

Mechanisms of Neutralization
Abs are thought to protect against DENV infection by multiple
mechanisms, including (1) direct neutralization of receptor binding, (2) FcγRdependent viral elimination, (3) prevention of viral fusion, (4) complementmediated lysis of virus or virus-infected cells, and (5) antibody-dependent
cytotoxicity of virus-infected cells [82]. Abs can neutralize virus at multiple points
during virus entry into a host cell, including attachment, internalization and fusion
(Figure 11B). Inhibiting virus interaction with the host cell surface during the
attachment step is one mechanism of Ab-mediated neutralization that has been
documented for numerous viruses. A well-described example is the blocking of
HIV-1 binding to the T cell CD4 receptor or CCR5 co-receptor by antibodies
specific for the HIV-1 envelope protein [177]. Although antibody neutralization of
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flavivirus infection at the attachment step may be possible, the potential factors
involved in blocking this interaction, such as a flavivirus receptor, have not been
identified. Although numerous cellular factors involved in flavivirus attachment to
host cells have been identified, the lack of a defined cellular receptor required for
flavivirus entry is a major hurdle to studying neutralization mechanisms involving
Ab-mediated inhibition of cellular attachment [178, 179]. The difficulty in
distinguishing cellular attachment factors that play an important role in viral entry
from those that enhance the efficiency of viral attachment or entry further
complicates efforts to understand Ab-mediated blocking at this step [52, 63-66,
126, 178]. Despite these hurdles, it has been suggested based on indirect
evidence obtained from structural and MAb studies of the E protein, that DIII is
important for virus attachment [46, 163, 180]. This idea is supported by the fact
that DIII projects the farthest from the surface of the virion, mutations in DIII
impact virulence and/or tropism of the virus, and soluble forms of DIII can inhibit
infection [82, 175, 181-184]. Therefore, blocking the interaction of virus and host
cell at the attachment step represents a potential model for neutralization by DIIIspecific Abs that may also explain discrepancies in neutralization potency
observed among different cell-types [45, 47, 82, 163, 180, 185-188].
Another mechanism of Ab-mediated neutralization involves blocking viruscell membrane fusion by inhibiting the conformational change of the E protein.
This mechanism is well characterized for the DIII-specific anti-WNV MAb E16.
E16 has been shown to neutralize at a post-attachment step of virus entry,
whereby binding of E16 to the virion is thought to results in steric hindrance that
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inhibits the acid-catalyzed conformational rearrangement of the E protein
required for virus fusion [189-191]. Blocking post-attachment viral fusion is an
attractive model of neutralization for Abs that target the highly conserved DII
fusion loop due to the cryptic nature of fusion loop epitopes on the mature virion
[172].
Antibodies may also neutralize flavirirus infection via Fc-dependent
effector functions, including activation of complement and clearance of infected
cells by ADCC. Complement may contribute to Ab-mediated neutralization in two
ways. First, binding of both Ab and components of the classical complement
pathway (C1q, C4b, and C3b) to a virion is thought to promote the formation of
the membrane attack complex resulting in direct lysis of the virion [192, 193]. The
second mechanism involves the ability of complement to directly enhance the
neutralization potency of an Ab by reducing the occupancy requirement for Abmediated neutralization, either by increasing either Ab avidity or the steric effects
virus-bound Ab, enabling Ab to block virus attachment or fusion more efficiently
[164, 192, 193]. Finally, the neutralization potency of an Ab may also be a
reflection of complement-independent Fc-dependent clearance of infection, either
by phagocytosis of Ab-opsonized virions or by the mechanism antibodydependent cellular cytotoxicity (ADCC), in which virus-specific Abs mediate lysis
by natural killer (NK) cells by binding the surface of DENV-infected cells [19]. The
capacity of Abs to interact with FcγR and mediate Fc-dependent functions varies
based on factors such as Ab IgG subclass as opposed to epitope specificity [19,
160, 161, 188].
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Factors that Determine Antibody-Dependent Enhancement (ADE) Potential
Secondary infection with a heterologous DENV serotype triggers the rapid
production of Abs that are predominantly directed against the initial DENV
serotype by memory B cells, a process known as “original antigenic sin” [194].
Although most of the Abs produced are able to bind the infecting DENV, many
will also have non-neutralizing (enhancing) properties resulting in ADE of
infection. In vitro ADE studies have shown that all anti-DENV E protein-specific
Abs can enhance DENV infection when present at low concentrations [20, 44,
45]. The relationship between neutralization and ADE may be explained by the
stoichiometry of Ab binding to individual virions. In accordance with the “multi-hit”
model of DENV neutralization, binding of Ab to individual virions can occur at a
stoichiometry that is insufficient for neutralization, thus providing the framework
for ADE [164, 173, 195]. Studies by Pierson et al. revealed a correlation between
the neutralization and ADE potential of a given Ab such that the Ab concentration
required to neutralize 50% of the virions in a given in vitro experiment is very
similar to the Ab concentration required to achieve maximal ADE, suggesting that
Ab neutralization and ADE are related by the number of Abs bound to a virion.
Specifically, they found that the minimum number of Abs required for ADE is
approximately half the number required for neutralization [164]. Given the
stoichiometric requirement for neutralization, this finding indicates that the
potential for a particular Ab to enhance infection is contingent upon the
accessibility of the epitope targeted by the Ab [164, 196]. Potently neutralizing
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flavivirus Abs have been shown to target easily accessible epitopes and as a
result, these Abs are able to inhibit infection at low Ab concentrations and
completely block infection at high Ab concentrations, suggesting that their
potential for ADE is low [163, 164, 175]. Conversely, Abs that target poorly
accessible epitopes, such as the DII fusion loop, which require higher Ab
occupancy for neutralization, only inhibit infection at high Ab concentrations,
reducing the neutralization potency of such Abs and increasing their potential for
ADE across a wide range of concentrations [164, 189]. The relationship between
neutralization and enhancement as a function of epitope accessibility and Ab
occupancy is illustrated in Figure 11A. Based on the relationship between
neutralization and ADE, the mechanism of neutralization and the epitopes
targeted by both serotype-specific and cross-reactive neutralizing and enhancing
Abs are critical to determining the enhancement potential of a given Ab and
understanding the protective versus pathogenic potential of Abs in DENV
infection.

Mechanisms of Antibody-Dependent Enhancement
Antibody-dependent enhancement (ADE) has been proposed to explain
the increased risk of severe DHF/DSS in secondary DENV infection [21, 76].
Classically, the mechanism of ADE is thought to involve cross-reactive, nonneutralizing or weakly neutralizing antibodies from a primary DENV infection that
interact with heterologous DENV during a secondary infection and, rather than
neutralizing the virus, facilitate virus uptake in an FcγR-dependent manner, with
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FcγRIIA being the most permissive to ADE (Figure 11B) [79, 161]. This “extrinsic”
mechanism of ADE is thought to increase the DENV-infected cell mass resulting
in increased virus production [45, 49, 76, 93, 160, 186]. The dependence of ADE
on Fc-FcγR interaction is supported by a study using a mouse model of ADE in
which modification of the Ab Fc region prevented lethal DENV infection by
preventing Fc-FcγR interaction [197]. Additionally, Abs targeting the E protein
have been found to bind epitopes on immature, non-infectious virus particles,
rendering these immature virions infective, and illustrating another mechanism of
Ab-mediated enhancement of virus infectivity [73].
A key mechanism thought to be responsible for the increase in virus
production by ADE is a diminished anti-viral response allowing massive virus
production early in infection, which has been termed “intrinsic ADE” [151, 198].
Suppression of the innate immune response during ADE is thought to facilitate
viral replication and prolong the survival of infected cells, thus increasing total
virus output. ADE is associated with a reduced anti-viral response, including
decreased levels of type I IFNs and pro-inflammatory cytokines IL-12, IFN-γ, and
TNF-α and up-regulation of the immunosuppressive cytokines IL-6 and IL-10
[100]. This immunosuppressive state is thought to result from altered intracellular
signaling induced by the Ab-DENV immune complex (IC) binding cell surface
FcγRs. In support of this concept, Ubol et al. found that entry of Ab-DENV ICs
into THP-1 cells prevented type I IFN production by activating negative regulators
of helicase sensors DAK and Atg5-Atg12, which suppressed RIG-1 and MDA-5
signaling pathways, thereby subverting IFN-β production and inhibiting the IFN-

29
mediated anti-viral response (Figure 12A). Furthermore, they found that ADE in
THP-1 cells up-regulated early IL-10 production in association with suppressor of
cytokine signaling 3 (SOCS3), resulting in suppressed secondary anti-viral
responses, including synthesis of nitric oxide radicals, through inhibition of JAKSTAT signaling (Figure 12B) [151, 198]. These findings suggest that innate
immunity triggered by Ab-DENV ICs may play a role in dengue disease severity.
Taken together, ADE appears to involve two main elements resulting in
enhanced infection: (1) an increased number of infected cells due to increased
Ab-mediated cell binding and entry of mature (and also immature) DENV
particles, referred to as extrinsic ADE; (2) enhanced virus production by infected
cells due to suppression of the anti-viral response, known as intrinsic ADE [24,
80, 147, 199]. Thus, the increased viral load associated with DHF/DSS may be a
result of synergism between extrinsic and intrinsic ADE whereby enhancing Abs
increase cellular uptake of Ab-bound virus via Fc-FcγR binding, which in turn
alters intracellular signaling pathways leading to the suppression of intracellular
innate defense mechanisms and induction of an immunosuppressive cellular
state, and consequentially facilitating virus replication and survival resulting in a
high viral load. Although ADE is a widely accepted theory explaining severe
DHF/DSS, other RNA viruses, such as HIV and respiratory syncytial virus, have
also been found to exhibit ADE without resulting in hemorrhage, indicating that
ADE of FcγR-bearing cells may not completely explain the hemorrhagic
symptoms seen in DHF/DSS, and implies that the onset of DHF/DSS is probably
multifactorial [22, 80, 200].
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Endothelial Cells and Vascular Leak Syndrome
Profound vascular leakage in conjunction with elevated viremia is the
hallmark of DHF/DSS [18, 27]. Although ADE is thought to be responsible for the
elevated viremia associated with DHF/DSS, it is unknown how enhanced viral
replication in FcR-bearing cells in vivo might result in DHF/DSS. Increased
viremia induces activation of complement and apoptotic pathways and a robust
pro-inflammatory cytokine response, all of which are known triggers of vascular
leakage [37, 93, 201]. Thus, it is proposed that ADE increases the number of
DENV-infected cells, and the lysis or clearance of these infected cells leads to
the release of vasoactive mediators and pro-coagulants that alter vascular
permeability causing DHF/DSS [100, 201]. One common factor unique to DENV
infection is an enhanced immune response that increases vascular permeability
by acting on the endothelium. Despite its central importance in DENV infection,
the endothelium, which regulates vascular permeability, has not been considered
a significant factor in DHF/DSS. Instead, the majority of studies focus solely on
the role of immune cells in DENV pathology [51, 202].
Two theories have been proposed to explain the involvement of the
endothelium in hemorrhagic diseases, including DHF/DSS: virus infection
activates endothelial cells (EC) (1) directly or (2) indirectly via the release of
soluble mediators by infected immune cells with concomitant activation of the
endothelium (Figure 13) [201, 203-209]. The ability of DENV to infect ECs in vivo
remains controversial. Evidence for in vivo EC infection comes from post-mortem
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studies, which have detected DENV antigen in autopsy samples of the heart,
lungs, liver, and kidneys, providing evidence of DENV-infected ECs in vivo;
however, the number of infected ECs, and thus the extent of natural infection, is
unknown [100, 206, 210-212]. Conversely, a post-mortem study by Salgado et al.
found DENV antigen within ECs of the heart and small myocardial vessels, but
failed to detect DENV RNA in these cells or any morphological damage to the
endothelium, which could explain vascular leakage by disruption of the
endothelium [212]. One drawback of these studies is that autopsy samples fail to
assess the contribution of DENV infection of ECs during early stages of infection,
which potentially contribute to elevated viremia and enhancement of the immune
response. In vitro studies predominantly show ECs to be permissive to DENV
infection, albeit at varying degrees, resulting in cytokine and chemokine
production, alteration and expression of adhesion molecules and changes in EC
morphology [201, 206]. Disruption of the EC barrier via apoptosis of infected ECs
is a proposed mechanism of vascular leakage in which pathology depends on
direct EC infection [100, 201, 204, 206]. DENV-infected human ECs were also
shown to induce up-regulation and secretion of RANTES and IL-8 and apoptosis
of cells [201, 213]. IL-8 production by DENV-infected human dermal
microvascular endothelial cell (HMEC-1) monolayers was shown to affect the
cytoskeleton and tight junctions of these cells, altering transendothelial
permeability [214]. Additionally, a study by Dewi et al. demonstrated EC
susceptibility to DENV infection and found that exposure of these cells to TNF-α
resulted in significantly increased permeability [207].
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Although ADE is well studied in certain antigen presenting cells (APC),
such as macrophages and dendritic cells, the effects of Abs and Ab-DENV
immune complexes on ECs during DENV infection have yet to be fully explored
[50, 85, 86]. Arevalo et al. found that ECs do not support ADE because they lack
FcγRs [204]. However, other reports found that human umbilical vein endothelial
cells (HUVEC) stimulated with cytokines, such as TNF-α, or infected with HSV-1
or CMV can up-regulate FcγR surface expression [215-218]. A study by
Zellweger et al. using a murine ADE model of DENV disease observed that a
dramatic increase in infected hepatic ECs coincided with the onset of severe
disease, suggesting a role for the endothelium in an immune-enhanced disease
process during DENV infection [211].
Indirect mechanisms responsible for inducing vascular leak have also
been proposed whereby direct DENV infection of immune cells or interaction of
Ab-DENV immune complexes with FcγR-bearing cells results in activation and
release of soluble mediators that alter vascular permeability (Figure 13) [203,
205]. This idea is supported by studies in which DENV-infected PBMC culture
supernatants induced an increase in permeability on HUVEC monolayers in
association with down-regulation of vascular endothelial cadherin (VE-cadherin)
[203, 208]. Furthermore, supernatants of DENV-infected monocytes were shown
to activate ECs to up-regulate surface expression of adhesion molecules VCAM1, ICAM-1, and E-selectin [205]. This activation was enhanced when monocytes
were infected in the presence of DENV immune serum, but diminished when
anti-TNF-α Abs were added to monocyte supernatants [145, 203]. Despite the
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many theories explaining the increased permeability characteristic of DHF/DSS,
the precise mechanism(s) of pathogenesis remain unknown.

Significance
Over the past fifty years, the incidence of Dengue fever (DF), caused by
Dengue virus (DENV), and Dengue Hemorrhagic Fever/Dengue Shock
Syndrome (DHF/DSS), a potentially fatal complication of DF and a major cause
of morbidity and mortality in children throughout the world, has increased 30-fold
and has expanded into new parts of the world, including the United States,
resulting in volatile outbreaks and making DENV a global public health problem.
There are currently no treatments or vaccines available against DENV, and a
limited understanding of the immune response to the virus coupled with the lack
of suitable animal models to study the disease hinder the development of DENV
anti-virals and vaccines. Current efforts to better understand the main DENV
antigens and epitopes targeted by human antibodies (Abs) involve the use of
dengue immune sera and human monoclonal antibodies (hMAb) derived from
DENV-infected patients to define the specificity of the human response. However,
present studies of Ab-mediated neutralization and ADE only partially address the
functionality of DENV-specific Abs. Critical to understanding the role of Abs in
DENV pathogenesis is understanding both extrinsic Ab functions as well as the
contribution of innate immune activities triggered by Ab-DENV immune
complexes to Ab-mediated neutralization and enhancement and to disease
pathogenesis. It is this dynamic (between antibodies, virus, the cellular
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inflammatory response, and the vascular endothelium) that is the focus of this
report. Studying the complex interactions of human Abs with DENV in the context
of the cellular inflammatory response is essential to understanding DENV
pathogenesis and identifying neutralizing and enhancing epitopes that enable the
development and evaluation of DENV therapeutics and vaccines.

Summary
DENV infection under ADE conditions results in enhanced virus
production and a cellular inflammatory response that is distinct from the response
stimulated by DENV infection alone (ie in the absence of antibody), suggesting
that innate immunity triggered by antibody-DENV immune complexes may play a
role in dengue disease severity. The ability of DENV-specific human monoclonal
antibodies to activate inflammatory responses that result in increased vascular
permeability has yet to be assessed, underlying the importance of understanding
the interactions between antibody, virus, immune mediators and endothelial cells,
which may play a role in DENV pathogenesis as well as identifying antibody
characteristics associated with protection versus enhancement of disease.

Statement of Hypothesis
We hypothesize that DENV-reactive antibodies are responsible for
increasing infectivity of host FcγR-bearing cells with heterologous DENV, and the
increased virus load results in the production of inflammatory mediators that
enhance endothelial cell (EC) infectivity and induce histopathological changes in
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the microvasculature resulting in loss of EC barrier function and changes in
vascular permeability consistent with DHF/DSS pathology.

Specific Aims
The overall goal of this dissertation work was to identify the mechanism(s)
by which DENV-specific antibodies enhance infection and alter vascular integrity
in DHF/DSS. We proposed the induction of enhanced pro-inflammatory
responses during DENV infection is due to increased replication of DENV in
FcγR-bearing cells, endothelial cells, or other cell types. Specifically, that the
presence of these antibodies increases virus entry into endothelial cells altering
the structural and functional integrity of the endothelium. Investigating the role of
DENV-specific antibody-dependent enhancement (ADE) in increased DENV
infectivity, virus replication, and vascular leak was the objective of this
dissertation project. This objective was accomplished using an approach that
combined human-derived monoclonal antibodies to DENV, both neutralizing and
non-neutralizing, with in vitro models of DENV pathogenesis to elucidate the
mechanisms of ADE by completing the following specific aims:

Specific Aim 1: Generate human monoclonal antibodies (hMAb) from memory B
cells of previously DENV-infected patients to analyze the humoral response to
natural DENV infection and determine the role of antibodies in protection and
enhancement.
1.1 Generate anti-DENV hMAbs from memory B cells of previously DENV-
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infected patients using molecular cloning techniques, and characterize the
functional properties of anti-DENV hMAbs in vitro.
1.2 Determine potential mechanisms of DENV neutralization using hMAbs
targeting epitopes on the E protein fusion loop.

Specific Aim 2: Determine the effects of ADE using anti-DENV hMAbs on DENV
infection kinetics and the intracellular inflammatory response in FcγR-bearing
cells to determine potential mechanisms for antibody-dependent neutralization or
enhancement of infection.
2.1 Assess hMAb-mediated DENV infection of K562 cells in vitro, comparing the
effect of hMAb concentration and epitope specificity on the degree of
enhancement.
2.2 Define cytokine profiles associated with DENV infection of K562 cells in the
presence or absence of hMAb using a multiplex cytokine immunoassay.

Specific Aim 3: Determine the ability of hMAbs to increase DENV infection of
human microvascular endothelial cells (HMEC-1) and alter endothelial cell
integrity and barrier function in vitro.
3.1 Determine the impact of direct DENV infection of HMEC-1 cells in the
presence or absence of hMAb on HMEC-1 cell infectivity, viability, production
of inflammatory mediators, and monolayer permeability in vitro.
3.2 Assess the impact of indirect DENV infection of HMEC-1 cells using
conditioned medium from K562 or HMEC-1 cells infected with DENV in the
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presence or absence of hMAbs on HMEC-1 infectivity, viability, production of
inflammatory mediators, and disruption of HMEC-1 barrier integrity in vitro.
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Figure 1. Global Distribution of Dengue Risk. World map showing countries at
risk for DENV transmission. Adapted from [34].
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Figure 2. Emergence of DHF in the Americas. Changes in the distribution and
prevalence of the Aedes aegypti mosquito vector in 1930s, 1970, and 2001 (A)
and the surge in DHF cases in Central and South America from 1981-2002.
Adapted from [3, 4].
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Figure 3. Global Distribution and Spread of DENV Serotypes. World map
showing changes in the global distribution of the four DENV serotypes from
1970-2004. Adapted from [17].
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Figure 4. Classification of Flaviviruses. Phylogenic relationships between
certain flaviviruses. Adapted from [70].
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Figure 5. Organization of the DENV Genome and Viral Protein Functions.
The genomic RNA is comprised of a single open reading frame that is translated
to a polyprotein precursor and then cleaved by viral and host proteases into 10
viral proteins: 3 structural proteins (C, prM and E) (green) and 7 non-structural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) (red). Adapted from
[36].
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Figure 6. DENV E Protein Structure and Organization on the Mature Virion.
Conformation of the E protein dimer as it appears on the surface of the mature
virion. The mature virus particle contains 180 individual glycosylated E proteins
arranged in groups of 3 parallel dimers. The three structural domains of the E
protein are colored in red (DI), yellow (DII), and blue (DIII). The fusion loop
located on DII is colored green (inset). Adapted from [46].
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B

Figure 7. DENV Replication Cycle. The various stages of the DENV replication
cycle are depicted (A). An overview of the conformational and structural changes
of the E protein during the DENV fusion process in the endosome (B). Adapted
from [29, 71].
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Figure 8. Contributing Factors to DENV Pathogenesis and Clinical
Outcome. A proposed model for DHF immunopathogenesis showing the effects
of DENV interaction with cells of the innate, humoral, and cellular immune
systems (A). Flow diagram showing the balance between virus and host factors
that determines disease severity (B). Adapted from [89, 113].
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Figure 9. Type I Interferon Response and Mechanisms of Inhibition by
DENV. In response to DENV infection, secreted type I interferons (IFN-1) bind
IFN-α receptors (IFNAR, composed of IFNAR1 and IFNAR2 subunits) on infected
and neighboring cells triggering a signaling cascade that results in transcriptional
up-regulation of hundreds of cellular genes that promote induction of an antiviral
state. Putative sites of inhibition by DENV are shown in the white boxes. Adapted
from [36].
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A!
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Figure 10. Distribution of Neutralizing E Protein Epitopes. Neutralizing
epitopes recognized by mouse MAbs are located on all three domains of the E
protein and are found in clusters (circles). The three structural domains of the E
protein are colored in red (DI), yellow (DII), and blue (DIII). The fusion loop
located on DII is colored green (A). Functional characteristics of E proteinspecific Abs (B). Adapted from [89, 172].
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Figure 11. Quantitative Relationship Between Antibody Binding,
Neutralization, and ADE of DENV Infection. Factors that determine Abmediated neutralization or ADE include Ab affinity and epitope accessibility,
which is subsequently affected by the maturation state of the virus particle (A).
Mechanisms of Ab-mediated neutralization and enhancement of DENV infection
depend on epitope occupancy (B). At high epitope occupancy, Abs can
neutralize DENV infection by blocking virus binding to cellular receptors or
inhibiting virus-endosome fusion. At low occupancy, Abs enhance virus entry into
cells via Fc-FcγR interaction. Adapted from [89, 172].
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Figure 12. Proposed Mechanisms of Intrinsic ADE. Two mechanisms of
immunosuppression by which infection with Ab-DENV ICs suppresses the antiviral immune response and promotes DENV replication include evasion of type I
IFN production and inhibition of IFN-stimulated anti-viral mediators (A) and downregulation of the IFN-mediated anti-viral responses by IL-10 and SOCS3 (B).
Adapted from [114].
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Figure 13. The Effects of Protective and Pathogenic Immune Mechanisms
on the Vascular Endothelium. In response to DENV infection, host cells,
including both immune and endothelial cells, activate numerous immune
pathways that result in the production of inflammatory mediators that can have
either protective or pathogenic effects on the vasculature. Some mediators, such
as type I IFNs and IFN-γ, are crucial for protection from infection and control of
viral replication (right), while others, such as TNF-α, MIF, and HMGB1, act either
directly or indirectly on the endothelial barrier to increase vascular permeability
(represented by dashed endothelial cells) resulting in exacerbation of disease
(left). Adapted from [209].
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CHAPTER 2
Analysis of the Human Immune Response to Dengue Virus Infection Using
Anti-Dengue Human Monoclonal Antibodies Derived from a Naturally
Infected Patient
Specific Aim 1.1
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Introduction
Dengue is considered the most important arthropod-borne viral infection in
humans, yet there are currently no specific treatments or vaccines for dengue
hemorrhagic fever/dengue shock syndrome (DHF/DSS). Dengue virus (DENV)
infection stimulates a robust and complex antibody (Ab) response, which may be
either protective (neutralizing) or pathogenic, contributing to the onset of severe
hemorrhagic disease via antibody-dependent enhancement (ADE). Insight into
DENV pathogenesis and the importance of ADE during natural infection is
hampered by the lack of efficient animal models that mimic human disease [74].
Additionally, our current knowledge of the human antibody response to DENV is
largely based on serological studies. Monoclonal antibodies (MAbs) are
important tools for studying disease pathogenesis, for structural analyses of viral
proteins, and for determining correlates of protective immunity [219]. The majority
of anti-DENV MAbs currently characterized are known to bind to the DENV
envelope (E) protein, a surface glycoprotein responsible for receptor binding and
entry into host cells, and also the primary target for Ab-mediated neutralization
and thus vaccine design [20, 43-49]. While humans are the only known
susceptible host for DENV, much of our understanding of the role of Abs during
DENV infection is based on MAbs derived from non-susceptible hosts such as
immunocompromised mice. As a result, the epitopes responsible for generating
homotypic and heterotypic neutralizing Abs in naturally infected human patients
have not been characterized, and the relationship between neutralizing and
enhancing Abs has yet to be defined. Theoretically, a vaccine targeting the E
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protein could put recipients at increased risk for DHF/DSS, emphasizing the
crucial need for a comprehensive understanding of the human Ab response to
DENV infection in order to design safe, effective therapies. Studying the human
immune response to DENV infection requires the generation of human
monoclonal antibodies (hMAb) from memory B cells derived from previously
DENV-infected patients and the development of assays for studying functional
properties of these hMAbs in vitro. hMAbs provide a unique resource for
understanding Ab functions and identifying and characterizing epitopes on DENV
structural proteins associated with protection versus enhancement of disease.
Defining and characterizing the human B cell repertoire to viral pathogens
is crucial to designing vaccines that induce broadly protective antibodies to
infections. Traditional methods for generating hMAbs include screening Epstein–
Barr virus (EBV) transformed human B cell clones or antibody phage display
libraries. However, these methods are time-consuming and typically result in low
yields of pathogen-specific MAbs. The advent of molecular cloning techniques
provides a means to produce higher numbers of specific human MAbs by
isolating, sequencing, and cloning rearranged antibody heavy- and light-chain
genes directly from human B cells, thus making it possible to produce
recombinant

MAbs.

This

approach

involves

the

rearrangement

of

immunoglobulin (Ig) heavy- and light-chain variable regions (VH and VL,
respectively) by RT-PCR, followed by cloning of amplified Ig VH and VL into
eukaryotic cell expression plasmids for in vitro expression of rearranged Ig genes
as antibodies [220-222]. Furthermore, the use of novel linear Ig heavy- and light-
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chain expression cassettes designed to express Ig VH and VL genes isolated
from single B cells as IgG1 antibodies eliminated time-consuming cloning steps
and enabled high-throughput analysis of the B cell repertoire [223].
The goal of this Aim was to generate human monoclonal antibodies
(hMAb) from memory B cells of a previously DENV-infected patient to analyze
the humoral response to natural DENV infection and determine the role of
antibodies in protection versus enhancement. Since the patient donor from whom
the hMAbs were generated had recently recovered from what was believed to be
a secondary DENV infection, we hypothesized that the antibody repertoire
produced by this patient would consist predominantly of broadly cross-reactive
antibodies with very few serotype-specific antibodies, and that all antibodies
generated would possess ADE activity. To test this hypothesis, we used an
improved method of memory B cell stimulation combined with a novel highthroughput molecular cloning technique to isolate a collection of DENV-reactive
hMAbs from a previously DENV-infected patient and analyzed the functional
properties of these antibodies in vitro. All hMAbs bound to the E protein of one or
more DENV serotype. Epitope mapping studies revealed that all of the hMAbs
targeted epitopes located on Domain II (DII) of the E protein. Functional
characterization of these hMAbs revealed extensive cross-reactivity among the
four DENV serotypes as well as marked heterogeneity with regards to relative
binding affinity and neutralization and enhancement potential. We established a
clear relationship between the neutralization and enhancement capacity of
hMAbs, which was dependent upon hMAb concentration. We also determined a
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relationship between binding affinity and neutralization potency. Categorizing
individual hMAbs into three distinct epitope classes revealed that hMAbs within a
particular epitope class shared similar functional characteristics, suggesting that
epitope specificity may be a reliable predictor of Ab neutralization and/or
enhancement potential in vitro.

Materials and Methods
Patient Samples
The collection and use of human blood samples for this project were
reviewed and approved by the institutional review boards of Tulane University
School of Medicine and Tan Tock Seng Hospital. Informed written consent was
obtained for all patients. Patient 8C had a history of previous DENV infection with
prior hospitalization. The patient contracted DENV in Jamaica and had blood
drawn, as previously described [20], approximately 3 months post-recovery from
an unconfirmed secondary infection. The patient had fever for 12 days, headache,
retro-orbital pain, and blood in sputum on day 10. No information on the type of
DENV antibodies present was available from this patient. Blood was drawn after
informed written consent was obtained, and peripheral blood mononuclear cells
(PBMCs) were isolated by Ficoll-Hypaque gradient centrifugation and viably
frozen in liquid nitrogen. The patient’s serum was tested by ELISA and
neutralization assays to positively determine infection with DENV.

Viruses and Cells
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DENV-1 strain HI-1, DENV-2 strain NG-2, DENV-3 strain H-78, and
DENV-4 strain H-42, were obtained from R. Tesh at the World Health
Organization Arbovirus Reference Laboratory at the University of Texas at
Galveston. Viruses used for ELISA assays were propagated in the Macaca
mulatta kidney epithelial cell line, LLC-MK-2, obtained from the ATCC (Manassas,
VA) or in the baby hamster kidney (BHK) cell line stably transfected with DCSIGN, (BHK DC-SIGN). LLC-MK-2 and BHK DC-SIGN cells were grown in
Dulbecco’s modified eagle medium (DMEM) containing 10% (v/v) fetal bovine
serum (FBS), 2 mM Glutamax, 100 U/ml penicillin G, 100 µg/ml streptomycin and
0.25 µg/ml amphotericin B, at 37°C with 5% (v/v) CO2. The cells were inoculated
with dengue virus stock at 70% to 80% confluency, cultured in DMEM and 10%
FBS for seven days, at which time medium was changed to Protein Free
Hybridoma Medium (Gibco, Carlsbad, CA). After ten days in culture, supernatant
fluids were collected and treated with 1% Triton-X 100 to solubilize and inactivate
virus. Adherent cells were collected by treatment with trypsin-EDTA for three
minutes. Cells were then pelleted by centrifugation at 1000 rpm for 10 minutes.
The pellet was re-suspended in 5 ml of PBS containing 1% Triton-X 100. The
detergent treated preparations were then mixed thoroughly and aliquoted and
frozen at -20°C for later use. Viruses used for in vitro infections were propagated
in Aedes albopictus C6/36 cells maintained at 28°C in Leibovitz's L-15 media
(Gibco) supplemented with 10% FBS, 10% tryptose phosphate broth (Sigma),
100 U/ml penicillin G, 100 µg/ml streptomycin and 0.25 µg/ml amphotericin B.
C6/36 cells at 80-85% confluency were infected with 100 µl DENV stock and
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incubated at 28°C for 7-10 days. Infection supernatants were harvested and
cellular debris was removed by centrifugation. Virus-containing supernatants
were then sterile filtered and stored at -80°C in 1 ml aliquots. Vero E6 cells, used
for neutralization assays, were grown in Dulbecco’s modified eagle medium
(DMEM) containing 10% (v/v) FBS, 2mM Glutamax, 100 U/ml penicillin G, 100
µg/ml streptomycin and 0.25 µg/ml amphotericin B, at 37°C with 5% (v/v) CO2.
K562 hematopoietic cells (ATCC, Manassas VA), used for virus enhancement
assays, were grown in Iscove's Modified Dulbecco's Media (IMDM) (Gibco), 10%
(v/v) FBS, 100 U/ml penicillin G, 100 µg/ml streptomycin and 0.25 µg/ml
amphotericin B, at 37°C with 5% (v/v) CO2. The human embryonic kidney cell
line HEK-293 (ATCC) used in epitope mapping to express prM/E mutants was
grown in DMEM supplemented with 10% (vol/vol) FBS, 10 mM HEPES, 100 U/ml
penicillin G, 100 µg/ml streptomycin, 1 mM sodium pyruvate, 2 mM L-glutamine
(Mediatech), and 1X nonessential amino acid mixture (BioWhittaker, Lonza
Walkersville, Inc., Walkersville, MD) at 37°C with 5% (vol/vol) CO2.

Cloning and Expression of Anti-Dengue Virus Human Monoclonal
Antibodies
In early studies we used EBV transformation of B cells to generate hMAbs,
as described previously [20, 224]. Later we used a protocol for transient
stimulation of memory B cells as an alternative approach [194]. Cryopreserved
PBMCs were thawed and washed as described above and then re-suspended in
RPMI containing 20% (vol/vol) FBS, Primacin, 2.5 µg/ml R848, Toll-like receptor
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7 (TLR7) and TLR8 agonist (InvivoGen, San Diego, CA), and 50 U/ml
recombinant human interleukin-2 (IL-2) (Roche Diagnostics Corporation,
Indianapolis, IN). After incubating for 3 days at 37°C and 5% (v/v) CO2, the cells
were recounted and plated at 500 to 104 cells per well in 96-well tissue culture
plates containing feeder cells.
To generate molecular clones of hMAbs, we constructed linear full-length
Ig heavy- and light-chain gene expression cassettes as described previously
[223]. RNA from each antibody positive well was reversed transcribed into cDNA
encoding VH and lambda/kappa VL genes, which were then amplified in a twostep nested PCR system as described by Liao et al. VH and VL gene products
were assembled by overlapping PCR into linear expression vectors encoding fulllength human Ig heavy and light chain genes. Pairs of heavy and light chain
vectors were co-transfected into wells containing 80–90% confluent 293T cells.
Two days later, transfection supernatants were tested for hMAb production
against all four DENV serotypes by concanavalin A (ConA) ELISA, in which virus
envelope glycoproteins are immobilized in wells coated with ConA, a plant lectin
that binds carbohydrate moieties on glycoproteins of a variety of enveloped
viruses [225]. Cloned hMAb-secreting cell lines were seeded into 96-well plates
in DMEM with 10% (vol/vol) FBS and 20 µg/ml Blasticidin S (InvivoGen) to
ensure formation of stable hMAb-producing cell lines. Cultures were cloned by
serial subculture at progressively lower cell densities in 96-well plates, with
repeated antibody screening at each step.
Identified hMAb-secreting cell lines were grown to confluence in T-150
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flasks and supernatants containing hMAb were harvested. hMAb-secreting cell
lines were also seeded onto OptiCell plates (Nunc; Thermoscientific), specialized
plates comprised of two parallel gas-permeable, cell culture treated polystyrene
membranes with growth area of 50 cm2 (total 100 cm2) in 10 ml growth media,
which enabled the efficient production of concentrated hMAb-containing
supernatants. Additionally, to enhance hMAb productivity, certain hMAbproducing cell lines were seeded onto a HYPERFlask (Corning, Corning, NY),
containing ten interconnected polystyrene film growth surfaces, providing 1720
cm2 growth area. hMAbs were purified from harvested supernatants by Protein A
affinity chromatography (Sigma) and dialyzed against phosphate-buffered saline
(PBS) overnight. Care was taken to minimize endotoxin contamination, which
was monitored using a quantitative chromogenic Limulus Amoebecyte Lysate
assay (Cambrex) performed according to the manufacturer’s instructions.

ELISA to Detect Anti-Dengue Virus Human Monoclonal Antibodies
B cell culture fluids were screened for IgG antibody production using
ELISA as described previously [20, 224, 225]. Briefly, 96-well plates (Costar;
Corning, Corning, NY) were coated with ConA at 25 µg/ml in 0.01 M HEPES
(Gibco) for 1 h. The wells were washed (PBS containing 0.1% [v/v] Tween 20),
and Triton X-100-solubilized DENV produced in serum-free medium was
incubated for 1 h. All steps in this ELISA were performed at room temperature.
After a wash step, unreacted ConA binding sites in the wells were blocked with
RPMI 1640 medium and 10% (v/v) FBS for 30 min. Samples from B-cell cultures
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were transferred to assay plates and incubated for 1 h. Anti-DENV E protein
mouse MAbs (mMAbs) were included on all plates as positive controls. The wells
were again washed and incubated with peroxidase-conjugated goat anti-human
IgG-gamma (Zymed, San Francisco, CA) or peroxidase-conjugated affinitypurified anti-mouse IgG (Rockland, Gilbertsville, PA) diluted 1:2000 in PBS
containing 0.5% (v/v) Tween 20, 10% (w/v) whey (BiPro, LeSueur, MN), and 10%
(v/v) FBS for 1 h. After a final wash step, color was developed with
tetramethylbenzidine-peroxide (TMB)-H2O2 as the substrate for peroxidase. The
reaction was stopped after 4 min by adding 1% (v/v) phosphoric acid, and color
was read as the optical density (OD) at 450 nm. Affinity measurements (given as
half-maximum dissociation constants, Kd) were determined by non-linear
regression analysis of ELISA binding curves using GraphPad Prism 5.0 software.

Antibody Cross-Competition ELISA
To determine whether hMAbs recognized overlapping or non-overlapping
sites, we tested the hMAbs for cross-competition with each other and with mouse
MAb (mMAb) 4G2 using an adaptation of our previously described method
[21,22]. Detergent solubilized dengue E protein in serum free culture fluid was
immobilized in ConA coated wells at room temperature. The plates were washed
and blocked for 30 minutes at room temperature. Purified hMAbs, mMAb 4G2 or
dilution buffer was incubated in the wells for 30 minutes at room temperature.
Biotinylated hMAbs were then added to the wells at dilutions that gave less than
maximal binding and incubated for 1 h at room temperature. Bound biotinylated
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hMAb

was

detected

with

horseradish

peroxidase

streptavidin

(Vector,

Burlingame, CA). After the wells were washed, the ELISA was completed as
described above.

Epitope Mapping using prM/E Mutants (Shotgun Mutagenesis)
Epitope mapping by shotgun mutagenesis technology was performed by
Dr. Benjamin Doranz and his team at Intergral Molecular, Inc [224]. Mutations
were introduced into the prM/E polyprotein of DENV3 (strain CH53489) by PCR
using a Diversity Mutagenesis kit (Clontech Laboratories, Inc., Mountain View,
CA), sequenced, and selected to test for hMAb reactivity from a larger library of
mutations. Expression plasmids encoding each mutant were transfected into
HEK-293 cells, fixed in 4% (vol/vol) paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA) 18 h post-transfection, and permeabilized for 45 min with
0.1% (wt/vol) saponin (Sigma-Aldrich) in PBS plus calcium and magnesium
(PBS). Cells were stained for 1 h with anti-DENV hMAbs (0.11 µg/ml in 10%
normal goat serum [NGS] [Sigma]-0.1% [wt/vol] saponin), a human polyclonal
serum (1:1000), or the anti-DENV E mMAb 1A1D-2, (1:10,000 mouse ascites
fluid, kindly provided by John Roehrig, CDC). Cells were washed three times with
PBS containing 0.1 (wt/vol) saponin, followed by the addition of 0.4 µg/ml
horseradish

peroxidase

(HRP)-conjugated

secondary

antibody

(Jackson

ImmunoResearch Laboratories, West Grove, PA) for 1 h. Following washes,
Femto Substrate (Pierce) was added to each well, and luminescence values
were measured after 5 min (Wallac Victor 2; PerkinElmer, Waltham, MA). All
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incubations were performed at room temperature. Antibody reactivity against
each mutant E protein clone were calculated relative to wild-type (WT) E protein
reactivity by subtracting the signal from mock-transfected controls and
normalizing to the signal from WT E-transfected controls. Mutations within critical
clones were identified as critical to the hMAb epitope if they did not support
reactivity of the test hMAb but supported reactivity of human polyclonal serum
and the conformation-dependent mMAb 1A1D-2. The critical residue within
critical clones that contained more than one mutation was identified by assessing
other clones containing each of those mutations.

Plaque-Reduction Neutralization Testing (PRNT) of Human Monoclonal
Antibodies to Dengue Virus
VeroE6 cells were seeded onto 6-well plates 24 hours prior to virus
inoculation to allow formation of confluent monolayers. Various concentrations of
hMAb were incubated with DENV in serum-free DMEM for one hour at 37°C.
Growth medium from confluent VeroE6 cell monolayers was removed and 0.1 ml
of pre-incubated hMAb-virus mixtures were added to each well. Wells containing
virus only (ie without hMAb) or DMEM only served as positive and negative
controls, respectively. Plates were incubated for 90 min at 37°C, with rocking
every 15 minutes, after which the inoculum was aspirated and cells were overlaid
with 3 ml per well of 2X MEM/10% (v/v) FBS containing 1% (w/v) agarose preheated in a water bath at 56°C for at least 1 hour. Infected cells were maintained
at room temperature to allow overlays to solidify (~15 minutes) and then
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incubated at 37°C with 5% CO2 for six days. Infected cultures were then overlaid
with 3mL per well of 2X MEM/10% (v/v) FBS containing 1% (w/v) agarose and
1.33% (v/v) of Neutral Red (Sigma) and incubated at 37°C with 5% CO2. Plaques
were counted after 24-48 hours. The percent neutralization was calculated as
[(average number of positive control plaques - average number of plaques for
each dilution)/(average number of positive control plaques)] x 100. PRNT50
values were calculated by performing non-linear regression analysis using Prism
GraphPad 5.0.

Antibody-Dependent Enhancement (ADE) Assay and Two-Step SYBR
Green I-Based Quantitative Real-Time PCR Detection of Dengue Virus
Genome
K562

hematopoietic

cells

were

used

to

detect

hMAb-mediated

enhancement of DENV infection. Varying concentrations of hMAb were preincubated with DENV at a multiplicity of infection (MOI) of 1 in serum-free IMDM
medium (Gibco) at 37°C for 1 hour. hMAb-virus mixtures were then added to
K562 cells and incubated at 37°C for 90 minutes. Infected cells were washed
twice with 1X PBS and re-suspended in IMDM 10% (v/v) FBS, 100 U/ml penicillin
G, 100 µg/ml streptomycin and 0.25 µg/ml amphotericin B in 24-well plates and
incubated for five days at 37°C with 5% (v/v) CO2. Cells and cell culture
supernatants were harvested and the number of DENV genomic copies was
determined by two-step SYBR Green I-based real-time PCR using DENV
serotype-specific primer pairs. Briefly, RNA was extracted from infected and
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uninfected cells using the Qiagen RNeasy Mini Kit (Qiagen, Valencia) or from
infected cell supernatants using QIAamp Viral RNA Mini Kit (Qiagen). cDNAs
were generated using 0.5 µg of RNA and the SuperScript III First-Strand
Synthesis System (Invitrogen, Carlsbad) using random hexamers. Reverse
transcription products were then amplified with DENV capsid forward primer (DNF) 5’-CAA TAT GCT GAA ACG CGA GAG AAA-3’ and reverse primers specific
for each DENV serotype: DR-1 5’-CGC TCC ATA CAT CTT GAA TGA G-3’; DR2 5’-AAG ACA TTG ATG GCT TTT GA-3’; DR-3 5’-AAG ACG TAA ATA GCC
CCC GAC-3’; or DR-4 5’-AGG ACT CGC AAA AAC GTG ATG AAT-3’ using a
BioRad iQ5 Real-Time PCR iCycler (BioRad) [226]. Amplification conditions were
95°C for 3 min and 45 cycles of 95°C for 15 sec and 60°C for 1 min. Following
amplification, a melting curve analysis was performed to verify the correct
product by its specific melting temperature (Tm). Melting curve analysis consisted
of a denaturation step at 95°C for 1 min, lowered to 55°C for 1 min and followed
by 81 cycles of incubation in which the temperature is increased to 95°C at a rate
of 0.5°C/10sec/cycle with continuous reading of fluorescence. The amplified
products were also analyzed on 1% agarose in Tris-Borate-EDTA gels to further
verify the specificities of the amplicons. Using serotype-specific primers, the
expected products for the DENV-1 and DENV-2 serotypes were 193bp and
204bp, respectively. DENV1 RNA copy numbers were calculated from a standard
curve generated as described in Results. β-actin primers were used as
housekeeping controls.
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Results

Patient Samples
In order to understand the human antibody response during naturally
occurring DENV infection, we derived hMAbs from peripheral blood B cells
obtained from a patient donor (referred to as Patient 8C). Because patient 8C
had a history of previous DENV infection with prior hospitalization, the patient
was considered to have a secondary DENV infection that was contracted in
Jamaica. Cryopreserved PBMC samples from this patient were collected
approximately 3 months post-recovery. The patient was confirmed seropositive to
DENV antigens, and serum from this patient contained IgG antibodies that crossreacted with the E protein of all four DENV serotypes by ELISA (Figure 14A). To
determine which serotype(s) were most likely to have infected this patient, we
performed serum neutralization assays in which serial dilutions of patient serum
were tested for neutralizing activity against each of the four DENV serotypes
(Figure 14B). Serum from Patient 8C was able to neutralize all four DENV
serotypes, with the greatest degree of inhibition against DENV1 followed by
DENV3, DENV4, and DENV2. This breadth of neutralizing activity would be
unlikely to have developed within 3 month following a primary DENV infection.

Generation of Dengue Virus-Specific Human Monoclonal Antibodies by
Molecular Cloning
In order to profile the antibody (Ab) repertoire following DENV infection,
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we sought to amplify large numbers of immunoglobulin (Ig) genes using a
strategy that circumvented the Ig cloning step in bacteria and yielded sufficient
quantities of 293T cell-expressed Ig to allow functional characterization of
expressed Igs. The use of techniques for the isolation, sequencing and cloning of
rearranged heavy- and light-chain genes directly from human B cells provided a
means to rapidly produce higher numbers of pathogen-specific hMAbs than is
feasible with EBV. To facilitate high-throughput testing of amplified Ig VH and VL
genes for Ab expression and specificity analysis, we used a PCR-based strategy
that employs novel linear Ig heavy- and light-chain gene expression cassettes,
allowing for rapid expression of Ig VH and VL genes as recombinant Abs without
employing traditional time-consuming cloning procedures [223].

Isolation of Ig VH and VL region transcripts from memory B cells by RT-PCR.
Genes encoding Ig heavy- and light-chain variable regions (VH and VL,
respectively) were amplified by reverse transcriptase (RT) PCR followed by
nested PCR by a previously reported method [223]. Briefly, cDNA was
synthesized from transiently stimulated memory B cells by reverse transcriptase
(RT) reaction using human IgG, Igκ and Igλ constant region primers. Next, VH Vκ
and Vλ genes were amplified separately by two rounds of nested PCR (Figure
15A). The first round of PCR, termed “PCRa,” was conducted using IgG, Igκ or
Igλ constant region primers along with sets of IgH, Igκ or Igλ variable region
primers. The second nested round of PCR, termed “PCRb,” was performed using
2.5 µl of first-round PCR product along with IgG, Igκ or Igλ nested constant
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region primers and sets of IgH, Igκ or Igλ nested variable region primers (Figure
15A). Samples of the PCRb products were then analyzed on 1.2% agarose gels
followed by PCR purification. All primers used in PCRb included tag sequences
at the 5’ end of each primer to facilitate assembly of the VH and VL genes into
functional linear Ig expression cassettes as described below.

Generation of transcriptionally functional Ig heavy and light chain DNA by PCR
using novel linear Ig expression cassettes for high-throughput antibody analysis.
Generally, in order to express the amplified Ig VH, Vκ and Vλ genes as
antibodies, the amplified genes must be individually inserted into eukaryotic cell
expression plasmids containing a transcription regulation control element, such
as CMV promoter, an Ig leader sequence, the constant region of the Ig heavy or
light chain, and poly A signal sequences. These plasmids must then be cloned in
bacteria, which becomes a labor intensive, time-consuming cloning process that
is often the bottleneck for expression of recombinant antibodies, and thus is not
suitable for high-throughput analysis. To avoid this bottleneck we used novel
linear Ig heavy- and light-chain gene expression cassettes express amplified Ig
VH and VL genes as IgG1 antibody without a cloning step as described [223].
Following amplification by nested PCR, the VH and VL genes underwent a final
round of PCR in which 3 overlapping DNA fragments were used as a template to
generate transcriptionally functional full-length heavy or light chain DNA
constructs (Figure 15A and 15B). These 3 overlapping DNA fragments include a
pre-made 5’ DNA fragment containing CMV promoter and an Ig leader sequence
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the PCR-amplified Ig VH, Vκ or Vλ DNA from B cell cultures, and pre-made 3’
DNA fragments containing the constant regions of IgG1 heavy chain or the
constant regions of light chains (kappa or lambda) plus poly A signal sequences
(Figure 15A and 15B). Additionally, light chain cassettes contained a Blasticidin S
resistant gene for drug selection for production of stable, antibody-producing cell
lines. The generated transcriptionally functional IgG heavy and light chain DNA
constructs were then co-transfected directly into 293T cells for production of Ig
for functional analysis. Culture fluids of transfected cells were screened for
binding to glycosylated DENV proteins using the ConA ELISA in which Triton X100-solubilized DENV E glycoproteins were captured in ConA-coated wells of
assay plates [225]. Initial selection was done using DENV1 and DENV3, based
on ELISA reactivity of patient serum to E proteins from all four DENV serotypes
(Figure 14A). ELISA-positive 293T cell cultures were then cloned by limiting
dilution in media containing Blasticidin S to ensure production of definitively
cloned cell lines. Antibodies were purified by Protein A affinity chromatography
from culture supernatants.

In-Fusion cloning
After we identified Ig VH, Vκ and Vλ genes that produced functional antiDENV antibodies, we inserted paired linear Ig DNA variable region genes into an
expression vector using the Clontech In-Fusion cloning system (Clontech) that
involved in vitro joining of insert and PCR-linearized plasmid at terminal
homology regions (Figure 16) as described [227]. This process stabilized the
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linear Ig DNA, enabling increased expression by transiently transfected 293T
cells as well allowing efficient sequencing of Ig heavy and light regions variable
chains to verify light chain identity and ensure monoclonality.
The application of molecular cloning techniques resulted in the production
of a large panel of hMAbs derived from a single patient in a relatively short period
of time (approximately 6 months). From Patient 8C, DENV E protein-reactive IgG
antibodies were detected in 27 of 837 (3.2%) of EBV transformed B cell cultures
and 96 of 837 (11.5%) of transiently stimulated B cell cultures. From the initially
positive cultures, 21 EBV transformed cultures and 81 B cell stimulated cultures
underwent molecular cloning, and of these, we successfully established a total of
22 cloned B cell lines that stably produced DENV-reactive hMAbs. Of these 22
molecularly cloned hMAbs, 19 were derived from transiently stimulated memory
B cells (23.5% of the initially positive, molecularly cloned B cell cultures), while
only 3 came from EBV transformed B cell cultures (14.3% of the initially positive,
molecularly cloned B cell cultures). These results demonstrate the superior
efficiency of generating recombinant MAbs from transiently stimulated memory B
cells over the EBV transformation method for generating pathogen-specific
hMAbs. Furthermore, our results suggest that the memory B cell repertoire of this
patient contained a high frequency of DENV-reactive memory B cells, suggesting
that DENV-immune patients develop a large pool of DENV E protein-reactive
memory B cells following infection. Table 2 provides a list of DENV E proteinreactive hMAbs derived from Patient 8C by molecular cloning. Of the 22 hMAbs
produced, all were composed of IgG1 with kappa light chains with the exception
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of one hMAb, 3.6C, which was composed of IgG1 with a lambda light chain.
Subsequent characterization and analysis of these hMAbs included determining
DENV serotype specificity and cross-reactivity, neutralization and enhancement
capacity, competitive binding studies and epitope mapping as discussed below.

Characterization and Mapping of hMAb Epitopes using Competitive
Binding Assays and Shotgun Mutagenesis
Cross-competition ELISA assays were performed to determine whether
hMAbs recognized overlapping or non-overlapping epitopes on DENV E protein
by testing the ability of each hMAb to block the binding of biotin-labeled hMAbs
using an adaptation of our previously described method [228, 229]. Briefly,
unlabeled anti-DENV hMAbs were incubated with DENV1 antigen in ConAcoated plates, followed by addition of biotinylated hMAbs to the wells containing
pre-bound unlabeled hMAbs. Mouse mAb 4G2 (which binds the DENV E protein
fusion loop) and EH21 (an anti-HIV hMAb) were used as positive and negative
controls, respectively. Representative hMAb cross-competition data is shown in
Figure 17. Competitive inhibition of binding was detected as a decrease in the
percent maximal response as measured by ELISA. As a validation of the assay,
the negative control anti-HIV hMAb EH21 did not compete for binding with any of
the hMAb or with the mMAb 4G2. As expected, each hMAb was able to block
itself (for example, hMAb 1.6D blocked binding of biotinylated 1.6D). If an
unlabeled and biotin-labeled hMAb bound to the same epitope or overlapping
epitopes, binding of the biotinylated hMAb would be blocked, resulting in a low
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signal. Cross-competition assays enabled coarse-level epitope mapping, and
thus allowed preliminary classification of hMAbs into rudimentary epitope groups
based on recognition of overlapping or distinct sites on DENV1 E protein (Table
3). As seen in Table 3, each group was identified by a “representative” hMAb
(1.6D, 4.2C, and 1.8B). Competition assay results suggested that the hMAbs
listed in each group shared overlapping epitopes, which are distinct from the
epitopes bound by hMAbs in other groups. hMAbs in the 1.6D binding group
tended to compete with the 1.8B group, suggesting that hMAbs in these groups
bound epitopes located in close proximity to each other. The highest biotin signal
was seen by hMAbs in the 4.2C group, indicating that these hMAbs bound the E
protein with high affinity. Although many hMAbs could be conveniently grouped
based on competition inhibition of other hMAbs, not all hMAbs fit definitively into
a particular group. hMAbs 3.6C and 5.3A, which demonstrated the most
competition with 1.6D group, were also able to compete with hMAbs from other
binding groups, suggesting the potential for overlapping epitopes among hMAbs
that target different regions of the E protein. Alternatively, the physical properties
of 3.6C and 5.3A, such as the size of these Abs or their binding configuration,
could also explain the observed overlap in competition. Additionally, 3.6C and
3.2F were unable to bind in the presence of hMAbs from the 1.6D and 1.8B
groups, respectively, suggesting that 3.6C and 1.6D group hMAbs and 3.2F and
1.8B group hMAbs share overlapping epitopes. However, when wells preincubated with unlabeled 3.6C or 3.2F were incubated with certain biotin-labeled
hMAbs from the same group, 3.6C and 3.2F competed to a lesser degree than
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expected. It is possible that this “one-way” competition exhibited by 3.6C and
3.2F may be because these hMAbs bind different epitopes. Conversely, it could
also result from displacement of these hMAbs by labeled hMAbs that bind to the
same E protein epitopes but with higher affinities. Another possibility is that
biotinylation of hMAbs may interfere with Ab binding (ie by mechanisms such as
steric hindrance), which may reduce Ab avidity. Thus, although competition
ELISAs enabled coarse-level epitope mapping of most anti-DENV hMAbs, they
also highlighted the complex nature of hMAb binding interactions.
hMAbs epitopes were further defined by molecular-level epitope mapping
using shotgun mutagenesis. A library of DENV3 and DENV4 prM/E protein point
mutants was screened to identify mutations that reduced hMAb binding
compared to wild-type (WT) E protein. Cells expressing DENV E mutants were
fixed and immunostained with hMAbs. Clones exhibiting <25% reactivity relative
to wild-type (WT) DENV E protein were identified as critical for hMAb binding.
Such critical residues were then mapped onto the protein structure to visualize
epitope maps. Figure 18 depicts critical residues for each hMAb on structures of
DENV3 or DENV4 E protein. Molecular-level epitope mapping revealed that all of
the successfully mapped molecularly cloned hMAbs targeted Domain II (DII) of
the E protein. Additionally, based on the precise location of their epitopes within
DII, hMAbs could be classified into 3 general epitope groups: fusion loop (FL)
binding hMAbs (Figure 18A), partial FL binding hMAbs (Figure 18B), and non-FL
binding hMAbs (Figure 18C). Identification of critical binding residues within each
region enabled further classification of individual hMAbs within each epitope
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group by revealing the proximity of individual Ab binding sites and whether
hMAbs target distinct or overlapping epitopes within DII (Table 4). Critical
residues identified for hMAbs 1.6D, 1.9E, 2.4A, 2.9G, and 3.6C were all located
directly within the highly conserved fusion loop (residues 98 to 109), indicating
that these hMAbs have overlapping but distinct epitopes located in this defined
region. This finding is consistent with the ability of these hMAbs to compete with
each other for binding. hMAb 5.3A shared critical residues with both fusion loopbinding hMAbs (W101) and partial FL-binding hMAbs (G104, G111, K110) a
finding that corroborated the competition data, which demonstrated competition
between 5.3A and hMAbs from 1.6D and 1.8B epitope groups. Competition data
showed that 1.6B competed with partial fusion loop hMAbs as well as some
fusion loop hMAbs, indicating that 1.6B was most likely a partial fusion loopbinding hMAb. Furthermore, epitope mapping revealed that 1.6B shared 4 out of
5 critical residues with partial FL-binding hMAbs. However, visualization of 1.6B
critical residues on a structure of DENV3 E protein shows that 1.6B binds
immediately adjacent to the fusion loop, but does not actually target any of the
fusion loop residues, making 1.6B a non-fusion loop binding Ab (Figure 18).
Interestingly, the location of the 1.6B epitope in such close proximity to the fusion
loop coupled with the ability of 1.6B to compete with both fusion loop and partial
fusion loop binding hMAbs, indicates that 1.6B could potentially interfere with the
binding of other hMAbs. Also of note, critical residues identified for hMAb 1.6D
binding to DENV3 and DENV4 were found to be identical, suggesting that hMAbs
that target the conserved fusion loop may not be affected by inter-serotypic
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antigenic variation. Whether the critical residues for partial or non-FL-binding
hMAbs vary between serotypes remains to be assessed.

Recognition of DENV E Protein by Human Monoclonal Anti-Dengue Virus
Antibodies
The binding specificities of individual Protein A purified hMAbs to DENV
serotypes 1-4 were determined using ConA ELISA. For each hMAb, binding
curves were constructed depicting reactivity to each DENV serotype at various
concentrations of hMAb. Representative DENV binding curves of hMAbs from
each epitope group are shown in Figure 19. Each hMAb bound to the ConAimmobilized E proteins in a dose-dependent manner, yet the patterns of crossreactivity for the hMAbs differed. There was no reactivity with negative controls
consisting of LLC-MK-2 culture fluid grown in parallel with no virus (data not
shown). The majority of hMAb binding activity was against DENV1 and 3, while
the least amount of binding activity was seen with DENV2. These results can be
expected due to initial screening, which used DENV1 and 3. Of the 22 hMAbs
generated, 90% (18 total) bound to 3 or more DENV serotypes. Fusion loopbinding hMAbs 1.6D and 1.9E were broadly cross-reactive, binding with high
relative affinity (OD450 > 2.0) to all four DENV serotypes over a wide range of
concentrations (2-10 µg/ml). Five hMAbs, 1.6B, 1.8B, 2.4A, 2.7E, and 4.4F
bound to all four serotypes with moderately high relative affinities (OD450 > 1.5)
over a wide range of concentrations (2-10 µg/ml). hMAbs 2.7F and 4.7A bound to
only two serotypes, DENV1 and 3. Interestingly, only one hMAb, 3.2G, was found
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to be serotype-specific, binding almost exclusively to DENV1 over a range of
concentrations (data not shown). In addition to fusion loop hMAbs, partial fusion
loop-binding hMAbs also exhibited cross-reactivity, binding all four serotypes,
albeit with moderate affinities and only at high concentrations for certain
serotypes, such as DENV2. Also, the binding curves of partial fusion loop hMAbs
showed much greater variation in the relative affinities of these hMAbs for each
serotype compared to fusion loop hMAbs. In contrast to the other partial fusion
loop hMAbs, binding curves for 5.3A resembled those of fusion loop hMAbs
(Figure 19). However, unlike fusion loop hMAbs, 5.3A only bound with high
affinity when present at high Ab concentrations. The similarities in binding affinity
between 5.3A and the fusion loop hMAbs may explain the ability of 5.3A to
compete with these hMAbs for binding (Figure 17), and demonstrates the
potential ability to predict the functional characteristics of a particular Ab, such as
binding affinity, based on the location of the epitope targeted by that Ab. Binding
curves of non-fusion loop hMAbs showed the most variability with respect to
cross-reactivity and relative binding affinities. hMAbs in this epitope class bound
between 2 and 4 serotypes with varying affinity based on Ab concentration, as
evidenced by the spacing between curves.
Relative binding affinities (measured as the antibody concentration
needed to achieve a half-maximum binding, Kd) of hMAbs to DENV serotypes 14 were determined by non-linear regression analysis of ELISA binding curves. To
determine whether binding affinities are similar among hMAbs from the same
epitope group, we generated a heat map of binding affinity, Kd values (nM), for
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DENV1-4 for each hMAb grouped by epitope (Table 5). Fusion loop-specific
hMAbs bound with the highest affinity (lowest Kd values) overall to all four
serotypes. Partial fusion loop-binding hMAbs bound DENV1 with the highest
affinity, whereas hMAbs targeting non-fusion loop epitopes had the highest
affinity for DENV3. Taken together, these findings indicate that the human
antibody response to the DENV E protein elicited by natural infection is
predominantly comprised of broadly cross-reactive antibodies and very few
serotype-specific antibodies with varying affinities among antibodies targeting
different E protein epitopes.

Neutralizing Potencies of Anti-DENV hMAbs Against DENV Serotypes 1-4
The neutralization activities of individual anti-DENV hMAbs against each
of the four DENV serotypes were analyzed by Plaque Reduction Neutralization
Test (PRNT) as described in Materials and Methods. Neutralization activity
against each DENV serotype was first determined by single endpoint plaque
reduction assay with hMAbs screened at 10 µg/ml in order to identify potential
strongly neutralizing hMAbs (Table 6). The initial screening data highlights the
variability between individual hMAbs and their ability to neutralize DENV1-4. Of
the four DENV serotypes, hMAbs showed the greatest degree of neutralization
against DENV1 followed by DENV4, while DENV2 and DENV3 were the least
inhibited serotypes. In fact, the only hMAbs capable of inhibiting DENV2 or
DENV3 infection were those that were broadly cross-reactive neutralizers. Based
on the hMAb binding curves, the lack of DENV2 neutralization was not surprising
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as most hMAbs only bound DENV2 with weak to moderate affinity and only a few
hMAbs demonstrated high affinity for DENV2 when present at high Ab
concentrations. However, the lack of DENV3 inhibition was surprising because
the binding curves also showed that in addition to DENV1, the majority of hMAbs
also had the highest affinity for DENV3 at a wide range of concentrations, yet
unlike DENV1, which all hMAbs were able to neutralize to some degree, only
about half of them were able to neutralize DENV3. Additionally, in contrast to
DENV3, for which most hMAbs exhibited high binding affinity but reduced
neutralization, almost all hMAbs bound DENV4, but with moderate to high affinity
and almost all hMAbs showed some degree of DENV4 neutralization. The fact
that certain hMAbs bound DENV2 and DENV3 but failed to neutralize these
serotypes suggests that perhaps such hMAbs may be capable of enhancing
infection via antibody-dependent enhancement (ADE) mechanisms (discussed
below).
Individual hMAbs differed not only based on their ability to neutralize each
serotype, but also based on the degree of neutralization of a particular serotype.
Some hMAbs were stronger neutralizers than others, while some neutralized
specific serotypes more strongly than others. Eight of the hMAbs screened were
found to be broadly cross-reactive neutralizers, demonstrating > 60%
neutralization against all four DENV serotypes. Of these broadly cross-reactive
neutralizers, three hMAbs, 1.6D, 2.4A, and 3.6C, were identified as strongly
neutralizing with broad cross-reactivity, meaning that these hMAbs demonstrated
> 80% neutralization against all four serotypes. Interestingly, hMAbs capable of
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inhibiting all 4 serotypes were also the most efficient neutralizers (typically > 60%
inhibition), and vice versa.
Nearly half of the hMAb screened showed variable degrees of neutralizing
activity, but only for certain serotypes (Table 6). Two hMAbs, 1.6B and 2.8H,
were found to be serotype-specific neutralizers, demonstrating weak (2.8H) to
moderate (1.6B) inhibition of DENV1 infection. Four hMAbs, 1.8B, 2.7E, 3.2G,
and 3.5E, demonstrated little to no inhibitory activity against any DENV serotype
and were thus identified as non-neutralizing hMAbs. Interestingly, although
DENV binding data identified 3.2G as the only serotype-specific (to DENV1)
hMAb produced, 3.2G was unable to neutralize DENV1 infection. This finding is
contrary to the idea that serotype-specific Abs are also strongly neutralizing.
To more thoroughly characterize the neutralizing potency, based on
results from the initial neutralization screen, those hMAbs demonstrating > 50%
neutralization at 10 µg/ml were also assessed for inhibitory activity against each
DENV serotype by performing dose-response curves. Neutralization curves
revealed that hMAbs that neutralized DENV did so in a concentration-dependent
manner (data not shown).

Development of a Quantitative Real-Time PCR Assay (qPCR) and Standard
Curve to Detect hMAb-Mediated Enhancement of DENV1 Infection in vitro
To determine the ability of hMAbs to enhance DENV infection, we sought
a reliable and reproducible method of detecting DENV genome copy number and
viral output from DENV-infected cells and culture supernatants, respectively,
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which could also be comparable to virus titration results achieved by plaque
assay. Absolute quantification of qPCR data may be achieved using a standard
curve method in which values for unknown samples are extrapolated from a
standard curve consisting of serial dilutions of a known quantity. Absolute
quantification via the standard curve method is especially beneficial for
determining viral copy number in samples. Thus, to detect hMAb-mediated
enhancement of DENV infection, a two-step SYBR Green I-based quantitative
real-time PCR (qPCR) assay was developed utilizing sets of DENV serotypespecific primer pairs designed against conserved sequences in the DENV core
region (as described in Materials and Methods) [226]. Furthermore, a DENV1
capsid-specific standard curve was generated, which enabled absolute
quantification of DENV1 genomic copies by qPCR as outlined below.

DENV1 Capsid Cloning
Total RNA from DENV1-infected K562 cells was reverse transcribed in a
reaction using SuperScript III First-Strand Synthesis SuperMix (Invitrogen) and
random hexamers and then amplified by one-step SYBR Green I-based qPCR
reaction using DENV1 capsid-specific primers DN-F and D1-R (see Materials
and Methods section above). Following amplification, the PCR products were run
on a 1.5% agarose gel, and the 193bp amplicon corresponding to the amplified
portion of the DENV1 capsid was gel purified using QIAquick Gel Extraction Kit
(Qiagen) and sequenced using DENV1-specific capsid primers. The sequences
were analyzed by BLAST to ensure homology with the capsid portion of the
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DENV1 genome. Next, the amplicon had to be directly inserted into a vector. The
pCRII-TOPO (4 kb) cloning vector (Invitrogen) was chosen because it contains
dual promoters (T7 and SP6) suitable for in vitro RNA transcription and
sequencing as well as 3’ thymidine (T) overhangs allowing for direct ligation of
Taq-amplified PCR products. Prior to inserting the amplicon into the TOPO
vector, a 3’ adenine (A) overhang was added to the amplicon by a PCR reaction
catalyzed by Native Taq DNA polymerase (Invitrogen) to allow efficient ligation
with the 3’ T overhangs on the TOPO vector. After pre-warming to 72°C, the
reaction was incubated at 72°C for 15 min and the 3’ adenylated PCR product
was purified using QIAquick PCR Purification Kit (Qiagen) and eluted in dH2O.
The purified PCR product was then cloned into the pCRII-TOPO vector followed
by transformation of the cloning reaction into One Shot chemically competent
TOP10 E. coli (Invitrogen) according to the manufacturers instructions. Each
transformation was spread evenly onto pre-warmed selective LB plates
containing 50 µg/ml of kanamycin and 40 µg/ml X-gal in dimethylformamide
(DMF) and grown at 37°C overnight. One Shot TOP10 E. coli contains
lacZΔM15, which allows for blue/white color screening of recombinant clones on
kanamycin/X-gal-containing plates. From each plate, 6-10 white colonies
(containing the vector) were chosen and each one transferred into 2 ml of LB
broth with 50 µg/ml ampicillin using a pipette tip, followed by outgrowth of the
colonies overnight at 37°C in an orbital shaker at 200 rpm. Isolation and
purification of the plasmids from transformed cells was accomplished using
QIAprep Spin Miniprep Kit (Qiagen) according to the manufacturer’s instructions.
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To ensure that the vector contained the correct insert, the transformants were
analyzed by PCR using DN-F and D1-R primers and Platinum Taq DNA
Polymerase (Invitrogen) and the PCR products were run on 1.5% agarose gel.
Bands at 193bp confirmed the presence of the insert within the TOPO vector.

Linearization of the DENV1 Capsid DNA Template
After confirming that the DENV1 capsid insert had been successfully
cloned into the TOPO vector, the purified plasmid was sequenced using T7 or
SP6 promoter primer pairs in order to determine the presence of restriction sites
within the insert as well as the orientation of the insert. Sequencing results
revealed reverse orientation of the insert within the vector. Restriction sites
located within the DENV1 insert were identified using a web-based program for
DNA sequence analysis (www.bioinformatics.org/sms/). Based on sequence
analysis of the insert and the restriction sites on the pCRII-TOPO vector map,
endonucleases EcoRI and HindIII were chosen to digest the plasmid because
their restriction sites were not found within the DENV1 insert and were located
upstream and downstream of the insert, respectively. To obtain sufficient
amounts of plasmid for digestion, One Shot TOP10 E. coli cells were transformed
and spread evenly onto pre-warmed selective LB plates containing 50 µg/ml of
kanamycin and 40 µg/ml X-gal in dimethylformamide (DMF) and grown at 37°C
overnight. Two white colonies were chosen and transferred into LB broth with 50
µg/ml ampicillin and grown overnight at 37°C in an orbital shaker at 200 rpm.
Plasmid DNA was purified from transformed cells by maxiprep using Plasmid
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Maxi Kit (Qiagen) according to the manufacturer’s instructions. Sequence
analysis of the purified plasmid DNA confirmed the presence of the DENV1
insert, and the plasmid was double digested with EcoRI and HindIII in 1X “M”
Buffer (Invitrogen) and the products were then analyzed on 1.2% agarose gel.
Successfully digested plasmid DNA revealed a band at 259bp, corresponding to
the linearized 193bp DENV1 insert plus the vector DNA located between the
restriction sites. The linearized product was gel purified and the concentration of
DNA determined by spectrophotometry.

Calculating DNA Copy Number
Calculation of the DNA copy number assumes that the average weight of
a base pair (bp) is 650 Daltons, meaning that one mole of a base pair weighs
650g and the molecular weight of the double stranded DNA (dsDNA) template
can be estimated by multiplying the length of the template (in base pairs) by 650.
The inverse of the molecular weight is then the number of moles of template
present in one gram of material. The number of moles of template per gram can
be calculated using Avogadro’s number (6.022 x 1023 molecules/mole):
(moles/gram) * (molecules/mole) = molecues/gram
The number of molecules (ie copy numbers of template DNA) in a sample can be
estimated by multiplying by 1x109 to convert grams to nanograms (ng) and then
multiplying by the amount of template DNA (in ng). Finally, the DNA copy number
can be calculated using the formula:
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Number of copies = (amount of DNA * 6.022x1023) / (length(bp) * 1x109 * 650)

Based on the above formula, the number of copies of DENV1 capsid template in
the sample was 1 x 1010 copies/µl.

Validation of the DENV1 standard curve
The DENV1 standard curve was created using 10-fold serial dilutions of
the DENV1 capsid stock DNA (101 to 109) to allow determination of the
concentration of DENV1 in infected cell samples (Figure 20A). Following
amplification, a melting curve analysis revealed a single, uniform peak at
approximately 83°C, which verified amplification of the correct product in the
absence of any mispriming or primer-dimer formation (Figure 20B). The lower
limit of detection was 101 genomic copies per reaction. Linear regression of the
Ct values and the quantity of genomic DNA revealed a negative linearity (slope of
-3.65; R2 of 0.995) corresponding to a PCR efficiency of 88.1% (Figure 20C). The
dynamic range for the assay was 102 to 109 genomic copies per PCR reaction.
The viral load in diluted DENV1 infection stocks ranged from approximately 6 x
102 to 2 x 107 (undiluted DENV1 stock) genomic copies, which is comparable to
the titer of infectious virions in these samples as determined by plaque assay
(Table 6). Furthermore, the specificity of the assay for DENV1 was demonstrated
by the inability of the assay to generate an amplicon from genomic DNA
extracted from stocks of DENV2, 3, and 4 (samples were negative at 45 cycles of
amplification) (Table 6).
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Determining Enhancement Profiles of hMAbs Against DENV Serotypes 1
and 2
Primary infection with one DENV serotype is thought to confer lifelong
homotypic immunity, but only short-term heterotypic immunity to the other three
serotypes. According to this idea, pre-existing anti-DENV Abs specific for the
initial infecting serotype will protect against subsequent infection with that same
serotype. In contrast to this, recent studies using anti-DENV hMAbs have shown
that hMAbs specific for the infecting serotype can not only neutralize infection
with the same serotype, but can also mediate enhancement [20, 45, 49]. To test
the idea that all neutralizing Abs may also cause ADE as well as determine a
possible relationship between Ab neutralization activity and enhancement
potential, we grouped hMAbs based on their neutralization potency and screened
for their ability to enhance DENV infection in vitro. DENV1 was chosen because
all of the hMAbs bound to the DENV1 E protein, and the majority of hMAbs
inhibited DENV1 infection to some degree. To determine whether hMAbs can
mediate enhancement of DENV infection in vitro, human K562 hematopoetic
cells were infected with DENV1 (MOI 1) that had been pre-incubated with hMAb
at a concentration of 2.5 µg/ml, which was chosen based on binding affinity and
neutralization data. Infected cells and supernatants were harvested at 5 days
post-infection and ADE of DENV1 was quantified by qRT-PCR using RNA
isolated from infected cells and by plaque assay using infected cell culture
supernatants. The K562 cell line was chosen to study enhancement because
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these cells express only FcγRIIA (CD32A), a receptor that has been shown to
mediate ADE in vitro [51, 79, 230, 231]. Figure 21 depicts enhancement of
DENV1 infection, measured as log10 fold increase in DENV genomic copies per
ml, by hMAbs with distinct neutralization activities (Figure 21A) and targeting
different E protein epitopes (Figure 21B). With the exception of 2.4A, all of the
hMAbs significantly enhanced DENV1 infection (defined as log10 fold change >
0.5), but did so to varying degrees. Interestingly, the hMAbs that showed the
greatest enhancing activity were also the strongest neutralizers (Figure 21A).
Non-neutralizing hMAbs and weakly DENV1-neutralizing hMAbs were also found
to be strongly enhancing at the concentration tested. hMAbs that moderately
neutralized DENV1 showed the least DENV1 enhancing activity, with the
exception of 1.6B. Remarkably, hMAbs that demonstrated the greatest DENV1
enhancement activity were either strongly neutralizing (> 80% inhibition) or nonneutralizing (< 50%) and targeted epitopes located within or in close proximity to
the E protein fusion loop. Additionally, all hMAbs capable of enhancing DENV1
infection also had the highest affinity for the DENV1 E protein (Table 4). Of
interest, DENV1 serotype-specific hMAb 3.2G failed to neutralize DENV1 (Table
5), yet enhanced DENV1 infection by almost 60-fold. This finding is in contrast to
the idea that primary DENV infection with one serotype results in the production
of Abs that are both serotype-specific and strongly neutralizing with respect to
the infecting serotype. Moderately neutralizing (> 60% inhibition) hMAbs, which
also comprised the non-fusion loop epitope class, were the weakest enhancers
of DENV1 infection, with the exception of 1.6B. While these Abs are rather
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efficient neutralizers, they bound the DENV1 E protein with slightly lower affinity
than the strongly neutralizing hMAbs (Table 4). In contrast to other moderate
DENV1 neutralizers, 1.6B was able to significantly enhance DENV1 infection.
The reason for this may be due to the fact that 1.6B binds DENV1 with very high
affinity, similar to the strongly neutralizing hMAbs (Table 4).
In order to better understand ADE of DENV1 and the relationship between
Ab neutralization and enhancement, dose-dependent enhancement of DENV1
was also assessed for certain hMAbs (Figure 22). Enhancement curves revealed
that hMAbs enhanced DENV1 infection in a concentration-dependent manner,
with

increased

enhancement

activity

occurring

at

decreased

hMAb

concentrations. Notably, 2.4A, which showed no enhancement activity at the
screening concentration of 2.5 µg/ml, enhanced DENV1 infection when present
at very low concentrations, providing additional evidence to support the theory
that all Abs are capable of ADE.
hMAbs were also tested for enhancement activity against DENV2 to
further evaluate the factors involved in ADE. DENV2 was chosen because it was
the serotype least inhibited by all of the hMAbs. Also, of the four DENV serotypes,
DENV2 is the serotype most associated with severe secondary infections in vivo
[95, 232, 233]. To explore the relationship between neutralization and
enhancement of DENV2 infection, hMAbs were again grouped based on their
ability to neutralize DENV2 and screened for their ability to enhance infection in
vitro. K562 cells were infected with DENV2 (MOI 0.1) that had been preincubated with hMAb (2.5 µg/ml). Infected cell culture supernatants were
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harvested 5 days post-infection and ADE of DENV2 was determined by plaque
assay as described previously. Figure 23 depicts hMAb-mediated enhancement
of DENV2 infection, measured as fold-change in DENV2 titer (PFU/ml), by
hMAbs with different DENV2 neutralization activities (Figure 23A) and with
different epitope specificities (Figure 23B). Compared to DENV1, hMAbs showed
reduced ADE activity against DENV2, with only 50% of hMAbs demonstrating
significant levels (> 3 fold) of ADE. The magnitude of DENV2 enhancement was
also much less pronounced compared to that of DENV1. Whereas hMAbs
demonstrated between 0.8 and 2.4 logs of enhancement against DENV1,
DENV2 ADE activity ranged between 0.5-fold and 11.1-fold, with an average 4fold increase in DENV2 infection. As with DENV1, all strongly neutralizing hMAbs
significantly enhanced DENV2 infection, while moderate neutralizers showed
virtually no ADE activity (Figure 23A). ADE activity among hMAbs targeting
different epitopes revealed that fusion loop and partial fusion loop-binding hMAbs
are the strongest enhancers of DENV2. Despite being a fusion loop hMAb, the
lack of ADE activity by 1.9E may be related to its neutralization potency, as
moderately neutralizing hMAbs were associated with the lowest levels of ADE
activity for both DENV1 and DENV2. Interestingly, 2.9G and 1.6B demonstrated
the highest levels of DENV2 ADE activity. Compared to the other fusion loop
hMAbs, which bind with high affinity and strongly neutralize DENV2, 2.9G
exhibited only moderate affinity for DENV2 (Kd = 1.93 nM) and it is the only hMAb
in its epitope class that does not strongly neutralize DENV2, both of which may
account for the high DENV2 ADE activity exhibited by 2.9G. As discussed earlier,
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although classified as a non-fusion loop binding hMAb, 1.6B appears to be
functionally similar to fusion loop hMAbs, which is probably due to the fact that
1.6B targets an epitope located immediately adjacent to the fusion loop.
Interestingly, 2.9G and 1.6B had similar binding affinity for DENV2 (Kd of 1.93
and 1.62 nM, respectively). Taken together, these results, in conjunction with
DENV1 enhancement results, suggest a potential relationship between epitope
specificity, binding affinity and neutralization and enhancement potency.

Discussion
In this study, we generated a large panel of DENV E protein-specific
hMAbs isolated from memory B cells of a single patient and analyzed the
functional characteristics of these hMAbs in vitro. Our main findings are that
convalescent patients maintain a high frequency of DENV-reactive memory B
cells and that the human antibody response to DENV E protein elicited by natural
infection is predominantly comprised of broadly cross-reactive antibodies
targeting DII epitopes. Furthermore, we found that within an epitope class,
hMAbs tend to share many functional similarities.
Since it is widely believed that pre-existing anti-DENV Abs may play a
major role in enhancing the severity of a secondary infection via ADE, examining
the Ab repertoire in convalescent patients is crucial. One primary goal of this
study was to isolate a panel of DENV-reactive hMAbs from peripheral blood B
cells obtained from a patient with a recent history of DENV infection to assess
the human antibody response in a naturally occurring DENV infection. Studies
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have shown that the majority of Abs produced during natural infection are
directed at the DENV envelope (E) protein, making it an ideal target for vaccine
development. Thus, we focused on isolating hMAbs that bind the E protein with
the goal of identifying potential key epitopes responsible for Ab-mediated
neutralization or enhancement of infection. Previous attempts at generating
hMAbs by screening EBV transformed B cells were time-consuming and resulted
in very poor hMAb yields. To increase the rate, efficiency and yield of DENVspecific hMAb production, we used transient stimulation of memory B cells as an
alternative approach to EBV transformation and employed a molecular cloning
technique involving novel expression cassettes encoding a selectable marker,
which enabled the production of stable Ab-producing cell lines. The application of
molecular cloning techniques resulted in the production of 22 hMAbs isolated
from memory B cells of a single patient (19 of which were derived from
transiently stimulated B cells versus 3 from EBV transformation). To take
advantage of the high-throughput molecular cloning mechanism, we chose to
transform a large number of B cells rather than limiting numbers in an attempt to
generate a greater number of positive B cell cultures, and as a result, we were
unable to account for quantitation of DENV-reactive B cells in the sample.
However, based on the number of positive B cell cultures and the number of
hMAbs generated, we can estimate with confidence that the sample contained a
high frequency of B cells.
Binding and competition assays enabled functional characterization of
hMAb binding and identified hMAbs that bound overlapping epitopes on the E
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protein. Molecular-level epitope mapping of hMAbs isolated from a single patient
resulted in hMAbs that only targeted epitopes on DII of the E protein, indicating
that the bulk of the antibody response to natural DENV infection is directed at DII
epitopes. This finding is consistent with serological studies showing an overall
prevalence of DI/DII antibodies [43, 45, 46, 234]. Surprisingly, despite all being
DII-specific, these hMAbs demonstrated extensive cross-reactivity and exhibited
a broad range of neutralizing and enhancing activity. Three epitope classes were
defined and hMAbs were classified as fusion loop, partial fusion loop, or nonfusion loop binders based on the precise location of their epitopes on DII of the E
protein. Interestingly, we found that hMAbs that bind similar epitopes also share
many functional characteristics. Our results revealed that broadly neutralizing
hMAbs target the fusion loop within DII, which is consistent with other reports [20,
40, 45, 224]. Studies using polyclonal antibody fractions derived from DENV
patient serum revealed that the predominant fraction exhibiting broad neutralizing
activity targets DI/DII and specifically the fusion loop, which further supports our
findings [43, 234, 235]. We also showed that fusion loop-binding hMAbs bind the
E protein of all 4 serotypes with the highest affinities overall, suggesting a
relationship between binding affinity and neutralization among hMAbs within the
same epitope class. Partial fusion loop hMAbs were cross-reactive to all 4
serotypes but most only bound DENV1 with high affinity and exhibited moderate
to weak affinity for the other 3 serotypes. These partial fusion loop hMAbs also
demonstrated both the weakest neutralization and ADE activities overall. In
contrast, hMAbs targeting non-fusion loop epitopes were reactive against
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between 2-4 serotypes (typically DENV1 and 3) and had the highest binding
affinity for DENV3. Neutralization and enhancement studies revealed that all
neutralizing hMAbs could also enhance infection when present at subneutralizing concentrations, but not all enhancing hMAbs demonstrated
neutralization activity. Such enhancing hMAbs were found to target both partial
fusion loop and non-fusion loop epitopes. Taken together, molecular-level
epitope mapping of critical residues relative to the structure of the E protein
identified preliminary neutralization and enhancing epitope maps of individual
hMAbs. Although further study is necessary, our results suggest a relationship
between epitope specificity and binding affinity and neutralization and ADE
activity, specifically that within an epitope class, binding affinity correlates directly
with neutralization potency, which in turn determines enhancement activity.
Monoclonal Abs provide a unique resource that enables dissection of a
complex immune response in order to gain a more complete understanding of
individual aspects of the response. Another main goal for generating hMAbs was
to use these Abs as tools for developing assays for studying functional properties
of these hMAbs in vitro. Our finding that hMAbs binding similar epitopes also
share many functional similarities demonstrates the usefulness of hMAbs as
tools to study the epitopes targeted by serotype-specific or cross-reactive
neutralizing and/or enhancing Abs in human sera. These hMAbs were used in
the remaining studies described in this thesis to study mechanisms of Abmediated neutralization as well as determine the role of Abs in enhancement of
DENV infection and the development of vascular leak. Generation of hMAbs is a
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continuous process, and isolation and characterization of other hMAbs from
various patient samples are currently in progress.
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Figure 14. Patient 8C Serum Binding and Neutralization Curves. (A) DENV1,
2, 3, and 4 glycosylated E protein antigens were captured on ConA-coated plates
and probed with serial dilutions of patient 8C sera. Results are presented as the
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Figure 15. Molecular Cloning of hMAbs Using Linear Ig Expression
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transcriptase (RT) and nested PCR (A) and then assembled into functional linear
Ig gene expression cassettes (B) composed of three overlapping DNA fragments
that form transcriptionally functional full-length Ig heavy and light chain DNA
constructs, which can be used directly to co-transfect 293T cells for production of
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Figure 16. In-Fusion Cloning Vector. Linear Immunoglobulin (Ig) DNA that
produced functional hMAb was inserted into an expression vector using the
Clontech In-Fusion cloning system (Clontech).
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Figure 17. Coarse-Level Epitope Mapping by Cross-Competition Assays. A
competition ELISA was used to determine whether hMAbs 1.6D, 1.8B, and 4.2C
recognized overlapping epitopes on DENV1 E protein. Murine MAb 4G2 with
known binding to DENV E protein was used as a positive control, and hMAb
EH21 against HIV-1 ENV was used as a negative control. Unlabeled purified
antibodies (shown on the x-axis) were added to DENV1 E protein-coated wells.
Upon removal of unbound antibodies, the wells were probed with biotinylated
1.6D, 1.8B, or 4.2C, and the presence of biotinylated hMAbs was detected using
streptavidin. Results are presented as the means + SD of triplicate
measurements.
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Figure 19. hMAb Binding Affinity for DENV1-4. Representative binding curves
of hMAbs from each DII epitope group: fusion loop hMAbs (A), partial fusion loop
hMAbs (B), and non-fusion loop (mid-DII) hMAbs (C). Glycosylated E proteins of
DENV1, 2, 3, and 4 were immobilized on ConA-coated ELISA plates and the
binding specificity of purified anti-DENV hMAbs was determined over a range of
concentrations.
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Figure 20. Validation of DENV1 Standard Curve. DENV1 capsid-specific
standard curve was generated for absolute quantification of DENV1 genomic
copies by real-time PCR. Real-time PCR standard curve amplification plot (A),
melting curve plot (B), and linear regression plot (C).
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Figure 21. Antibody-Dependent Enhancement (ADE) of DENV1. hMAbs were
screened at a concentration of 2.5 µg/ml for ADE of DENV1 infection. ADE was
assessed by real-time PCR quantitation of DENV genomic copies present in total
cellular RNA isolated from K562 cells infected with DENV1 (MOI 1) pre-incubated
with the indicated hMAbs. ADE is expressed as the log10 fold-increase in DENV
RNA by cells infected in the presence of hMAb compared to DENV infection in
the absence of hMAb. The enhancement activity of individual hMAbs was
assessed based on DENV1 neutralizing activity of hMAbs (A) or hMAb DII
epitope group (B). Results are presented as the means + SD of triplicate
measurements from 2-4 individual experiments.
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Figure 22. Antibody-Dependent Enhancement (ADE) Dose-Response
Curves for hMAbs. ADE of DENV1 infection in K562 cells by individual hMAbs
with different DENV1 neutralization potentials (Table 5) was determined over a
range of hMAb concentrations by real-time PCR. ADE is expressed as the log10
fold-enhancement of DENV RNA copies by cells infected in the presence of
hMAb compared to DENV infection in the absence of hMAb. The perforated lines
on each plot mark the threshold for ADE of DENV1. Data points that lie below the
line indicate hMAb-mediated neutralization of DENV1.
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Figure 23. Antibody-Dependent Enhancement (ADE) of DENV2. hMAbs were
screened at 0.625 µg/ml for ADE of DENV2 infection. ADE was assessed by
real-time PCR quantitation of DENV genomic copies present in total cellular RNA
isolated from K562 cells infected with DENV2 (MOI 0.1) pre-incubated with the
indicated hMAbs. ADE is expressed as fold-increase in DENV RNA by cells
infected in the presence of hMAb compared to DENV infection in the absence of
hMAb. The enhancement activity of individual hMAbs was evaluated based on
DENV2 neutralizing activity of hMAbs (A) or hMAb DII epitope group (B). Results
are presented as the means + SD of triplicate measurements from two individual
experiments.
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Introduction
Dengue imposes one of the largest socioeconomic burdens of any
mosquito-borne human disease in the world, yet there is currently no available
vaccine or specific treatment. Worldwide, there are an estimated 50 to 100
million cases of dengue infection per year, and 2.5 billion people living in regions
where dengue is endemic are at risk of infection [16, 17]. An estimated 500,000
people, many of them children, are hospitalized annually with severe dengue
symptoms, including dengue hemorrhagic fever/dengue shock syndrome
(DHF/DSS) [4, 16]. Of note, after an extended absence, dengue has recently
reemerged in south Florida [11, 13]. Local transmission has also recently been
reported in Southern France and Croatia [236, 237]. The four distinct serotypes
of dengue virus (DENV) co-circulate in many areas of the world and give rise to
sequential epidemic outbreaks when the number of susceptible individuals in the
local population reaches a critical threshold and weather conditions favor
reproduction of the mosquito vectors Aedes aegypti and Aedes albopictus. Initial
infection with one DENV serotype usually generates a protective and long-lasting
immune response against reinfection with the same serotype. While antibody
cross-reactivity between serotypes is common, cross-serotype protection is only
short-lived [238]. Low levels of neutralizing antibodies, cross-reactive but nonneutralizing antibodies, or both from previous infections bind virions of other
serotypes and target them to Fc receptors on macrophages and certain other cell
types, enhancing infection of these cells [55]. The presence of these crossreactive and non-neutralizing antibodies also correlated with severe disease
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outcome (DHF/DSS) in several studies [28, 93, 239]. Higher levels of viremia are
associated with the development of DHF [93, 240]. This antibody-dependent
enhancement (ADE) effect may also explain the sequential nature of epidemic
outbreaks, as well as the severe disease seen in infants as maternal antibodies
wane [28, 239, 241]. Like other members of the genus Flavivirus, DENV has a
lipid envelope and a positive-strand RNA genome that codes for a single large
polyprotein. This polyprotein is cleaved into separate segments to form the
capsid (C), pre-membrane (prM/M), and envelope (E) structural proteins and
enzymatic components required for viral replication and transmission [242]. The
external E glycoprotein participates in cell recognition and cell entry and is
physically arranged in a herringbone pattern as a series of 90 homodimers on the
outer surface of the mature virus particle [35]. On immature particles, the prM
protein lies over the E protein and serves to protect the virus particle from
undergoing premature fusion or inactivation within the secretory pathway of the
host cell. prM is subsequently cleaved by a host protease to release the
ectodomain and allow viral maturation [243]. The E protein consists of three
structural domains (D), DI, DII, and DIII [244, 245]. At one end of the molecule is
the fusion loop within DII, and at the other end is DIII, which is involved in host
cell binding [47]. Upon infection and entry of DENV into the acidic environment of
the endosome, the E proteins undergo a conformational change and reassemble
into 60 trimers with their fusion loops forming the tip of a trimeric spike oriented to
insert into the endosomal membrane within the target cell. Subsequent
reconfiguration of the E protein trimers results in fusion of the viral membrane
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and target cell endosomal membrane to facilitate release of the viral contents into
the cytoplasm [246-248]. The nature of the human antibody response to DENV is
likely to play a dominant role in defining the outcome of infection. A
preponderance of antibodies that recognize neutralizing epitopes will lead to
virus clearance and reduced symptoms, while an abundance of antibodies that
recognize enhancing epitopes will lead to more severe disease. Multiple
questions remain about the nature of the antibody balance, including which
epitopes are most important for neutralization versus enhancement and whether
these are distinct or overlapping epitopes. Studies with sera from convalescent
DENV patients have yielded conflicting information regarding the human antibody
response and the epitopes that these antibodies target. Interestingly, while one of
the predominant epitopes recognized by human serum antibodies appears to
include the fusion loop and adjacent regions [43, 235], one study reported that
these fusion loop antibodies are non-neutralizing [43]. He et al. tested the ability
of patient sera to block binding of DENV serotype 2 (DENV-2) to Vero cells and
reported that neutralization occurred primarily by blocking cell attachment,
suggestive of a major role for antibodies targeting DIII [185]. In contrast, Wahala
et al. subsequently reported that human antibodies directed toward epitopes
other than DIII (presumably DI/II) are primarily responsible for neutralization [234].
Monoclonal antibodies (MAbs) have been used to further elucidate
important epitopes. However, to date, most anti-DENV monoclonal antibodies
are of murine origin (mMAbs), generated from mice [24, 47, 249]. mMAbs may
not accurately represent the human antibody response to DENV, as mice do not
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experience human disease other than a transitory viremia and produce an
antibody response with more limited diversity and typically lower-affinity
antibodies than humans. Recent studies with human monoclonal anti-DENV
antibodies (hMAbs) have highlighted both similarities and major differences
between the behavior of sera from convalescent DENV patients and purified
hMAbs. In the work of Schieffelin et al., three antibodies that targeted the E
protein were isolated from a single donor [20]. All three antibodies were crossreactive with at least two DENV serotypes, one was neutralizing, and all were
able to enhance DENV infection. Dejnirattisai et al. reported that in a panel of
hMAbs from seven donors, the majority of the antibody response was against
prM and was very poorly neutralizing but highly enhancing [111]. Beltramello et al.
described a wide variety of hMAbs from five DENV patients [45]. They included
hMAbs against prM, as well as E. However, in contrast to the findings of
Dejnirattisai, et al., half of the prM hMAbs reported by Beltramello et al. showed
substantial neutralization activity [45]. Among the hMAbs recognizing E,
Beltramello et al. described antibodies targeting DI/II and DIII. The DIII hMAbs
were very highly neutralizing and included serotype-specific and cross-reactive
examples. The neutralization activities of the DI/II hMAbs were more diverse and
included non-neutralizing, serotype-specific neutralizing, and cross-neutralizing
examples. Two of the cross-neutralizing DI/II hMAbs were mapped to the fusion
loop using West Nile virus (WNV) E protein mutants. de Alwis et al. reported that
after primary infection most hMAbs were cross-reactive and weakly neutralizing
and that many bound to prM [158]. Using a modified screening procedure, they
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were able to detect rare DIII hMAbs that were serotype specific and strongly
neutralizing. Recently, de Alwis et al. reported that the majority of antibodies in
human sera bound to intact virions, not monomeric E [250]. They found that
though abundant in human sera, cross-reactive antibodies did not contribute to
neutralization and that type-specific antibodies were responsible for potent
neutralization. These findings were confirmed with 3 hMAbs that were isolated by
first screening for antibodies that bound to intact virions and then screening for a
subset of antibodies that were potently neutralizing. They generated escape
mutants and mapped the mutations to the quaternary epitopes containing
contacts on two different E proteins in the hinge region between DI and DII.
These studies with hMAbs emphasize the complexity of the human antibody
response against DENV and highlight the importance of further examination of
the roles of different epitopes in prM, in E protein DI/II (either the fusion loop or
the hinge region), and in DIII and the mechanisms by which different antibodies
neutralize DENV infection. For instance, an affected stage of viral entry—virus
binding to the cell surface versus fusion between the viral envelope and
endosomal membrane—has never been identified for any neutralizing hMAb.
In this work, we specifically screened for broadly cross-reactive and
neutralizing hMAbs from three patients with distinct histories of DENV infection,
and we identified three similar hMAbs that mapped to the conserved epitope
containing the E protein DII fusion loop. These hMAbs were broadly reactive,
high affinity, and conformationally sensitive. With some exceptions, they showed
broad but intermediate neutralization activity against all four DENV serotypes and
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also enhanced all four serotypes. Using a novel assay, we confirmed that these
hMAbs inhibited intracellular virus fusion during entry, rather than cell binding,
and we provide a mechanistic characterization of these hMAbs.

Materials and Methods
Cells, Viruses, and Recombinant E Proteins
The Macaca mulatta kidney epithelial cell line LLC-MK2 (American Type
Culture Collection [ATCC], Manassas VA), used in neutralization assays and to
propagate DENV, and the human embryonic kidney cell line HEK-293T (ATCC),
used for cloning and expression of hMAbs, were grown in Dulbecco’s modified
Eagle medium (DMEM) containing 10% (vol/vol) fetal bovine serum (FBS), 2 mM
Glutamax (Gibco, Carlsbad, CA), 100 U/ml penicillin G, 100 µg/ml streptomycin,
and 0.25 µg/ml amphotericin B at 37°C with 5% (vol/vol) CO2. K562 human
hematopoietic cells (ATCC), used for virus enhancement assays, were grown in
RPMI 1640, 10% (vol/vol) FBS, 2 mM Glutamax, 100 U/ml penicillin G, 100 µg/ml
streptomycin, and 0.25 µg/ml amphotericin B at 37°C with 5% (vol/vol) CO2. The
M. mulatta kidney epithelial cell line MA104 (ATCC) used in intracellular fusion
and prefusion assays was grown in advanced DMEM reduced serum medium
(ADMEM) (Gibco) supplemented with 10% fetal bovine serum, 25 mM HEPES,
292 µg/ml L-glutamine, 100 U/ml penicillin G, 100 µg/ml streptomycin at 37°C
with 5% (vol/vol) CO2. The human embryonic kidney cell line HEK-293 (ATCC)
used in epitope mapping to express prM/E mutants was grown in DMEM
supplemented with 10% (vol/vol) FBS, 10 mM HEPES, 100 U/ml penicillin G, 100
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µg/ml streptomycin, 1 mM sodium pyruvate, 2 mM L-glutamine (Mediatech), and
1X nonessential amino acid mixture (BioWhittaker, Lonza Walkersville, Inc.,
Walkersville, MD) at 37°C with 5% (vol/vol) CO2.
DENV1 strain HI-1, DENV2 strain NG-2, DENV3 strain H-78, and DENV4
strain H-42 were obtained from R. Tesh at the World Health Organization
Arbovirus Reference Laboratory at the University of Texas at Galveston. Viruses
were propagated in LLC-MK2 as previously described [20]. LLC-MK2 cells were
inoculated with DENV stock at 70% to 80% confluence and cultured in DMEM
and 10% (vol/vol) FBS. Following the appropriate incubation period for the
various DENV strains, cell culture supernatant was collected and used in
neutralization and enhancement assays, or the culture medium was switched to
Protein Free Hybridoma Medium (Gibco) prior to use in antibody detection
enzyme linked immunosorbent assays (ELISAs). Infected adherent cells, as well
as supernatant fluids, were collected and treated with 1% (vol/vol) Triton X-100 to
solubilize and inactivate virus, as described previously, and both were aliquoted
and stored at -20°C for use in ELISAs [20]. Purified DENV2 strain NG-2 virions
used in SDS-PAGE were prepared from large-scale cultures of infected LLCMK2 cells as follows. Virus particles in cell culture supernatant were precipitated
in 8% (wt/vol) polyethylene glycol (PEG) 8000 in an SLA-3000 rotor at 9,300 rpm
for 51 min at 4°C, pelleted in a 24% (wt/vol) sucrose cushion using an SW-41ti
rotor at 32,000 rpm for 90 min at 4°C, equilibrium banded using a 10 to 35%
potassium sodium tartrate step density gradient in a SW-41ti rotor at 32,000 rpm
for 2 h at 4°C, and dialyzed and concentrated using an Amicon Ultra-4 centrifugal
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filter unit (Millipore, Billerica, MA) in NTE buffer (120 mM NaCl, 12 mM Tris, 1
mM EDTA, pH 8.0).
Recombinant DENV-1, -2, -3, and -4 soluble E protein (sE) containing the
N-terminal 80% of E protein expressed in Drosophila melanogaster strain
Schneider 2 cells and purified by affinity chromatography were obtained from
Hawaii Biotech Inc. (Aiea, HI) [244, 251]. Recombinant DENV-2 N-terminal E
protein containing domains I and II (sDI/II) and DENV-2 E protein domain III
(sDIII) expressed in Escherichia coli were obtained from Meridian Life Science
(Saco, ME).

Patient Samples and Human Monoclonal Antibodies (hMAbs)
The collection and use of human blood samples for this project were
reviewed and approved by the institutional review boards of Florida Gulf Coast
University, Tulane University School of Medicine, and Tan Tock Seng Hospital.
Informed written consent was obtained for all patients. Three patients were
identified as having recovered from DENV infection. Patient 7B had acquired
DENV while traveling in Myanmar. Blood was drawn from this patient 2 years
post-hospitalization,

as

previously

described

[20].

Patient

DA003

was

hospitalized in Singapore and had blood drawn approximately 4 weeks postrecovery. As DENV IgG antibodies were detected, in addition to IgM antibodies,
the patient was diagnosed with secondary dengue infection with low disease
severity, since no hemoconcentration or bleeding was present. Patient 8C
contracted DENV in Jamaica and had blood drawn approximately 3 months post-
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recovery. The patient had fever for 12 days, headache, retro-orbital pain, and
blood in sputum on day 10. No information on the type of DENV antibodies
present was available from this patient. For all patients, blood was drawn after
informed written consent was obtained, and peripheral blood mononuclear cells
(PBMCs) were isolated by Ficoll-Hypaque gradient centrifugation and viably
frozen in liquid nitrogen. The patient sera were tested by ELISA and
neutralization assays to positively determine infection with DENV.
Two hMAbs used in these studies were generated by Epstein-Barr virus
(EBV) transformation of B cells as described previously [20, 225, 252, 253].
These include hMAb 4.8A, from patient 7B [20], and D11C, from patient DA003.
Generation of recombinant hMAb 1.6D from patient 8C was described previously
in Chapter 2.

Confocal Microscopy
DENV-infected cells were immunostained with hMAbs and imaged using
confocal microscopy. LLC-MK2 cells were grown on no. 1.5 Gold Seal
coverglass coverslips (Erie Scientific Company, Portsmouth, NH) placed in each
well of a 6-well plate overnight to 80% confluence. Wells containing coverslips
were infected with DENV in serum-free medium at a multiplicity of infection (MOI)
of 0.002 for 1 h at 37°C and aspirated; fresh culture medium was added, and the
coverslips were incubated for 3 days at 37°C. Infected cultures were fixed with
10% (wt/vol) formalin overnight at 4°C, permeabilized with 70% (vol/vol) ethanol
for 20 min, and rinsed with PBS prior to immunostaining. Virus proteins were

120
detected using 1 µg/ml hMAb 4.8A, D11C, or 1.6D overnight at 4°C, followed by
2 µg/ml goat anti-human Alexa Fluor 488 (Invitrogen Corporation, Carlsbad, CA)
for 4 h at room temperature. The cells were then counterstained with 2 µg/ml
Hoechst stain (Cambrex, Walkersville, MD) for 10 min at room temperature and
washed with PBS. The coverslips were mounted on Fisherbrand Superfrost
microscope slides (Fisher Scientific, Pittsburgh, PA) using Fluormount-G
(Southern Biotech, Birmingham, AL) and visualized on an Olympus FV1000
Confocal Microscope System.

Western Blotting
Purified DENV2; DENV2 sE, produced as described previously [244, 251]
(Hawaii Biotech Inc., Aiea, HI); DENV2 E sDI/II; and DENV2 E sDIII (Meridian
Life Science, Saco, ME) were subjected to SDS-PAGE using 4 to 15% (wt/vol) or
15% (wt/vol) Tris-HCl polyacrylamide preparative gels for purified DENV2 and
soluble recombinant proteins, respectively (Bio-Rad, Hercules CA). Unless
otherwise

specified,

samples

were

electrophoresed

under

nonreducing

conditions in 25 mM Tris, 192 mM glycine, 3.5 mM SDS (Sigma-Aldrich, St. Louis,
MO) and loaded in a buffer containing 0.7% (wt/vol) SDS. The reduced samples
were loaded in a buffer containing 0.005% (wt/vol) SDS and 40 mM dithiothreitol
(DTT). A Precision Plus protein Kaleidoscope ladder was used as a standard
(Bio-Rad, Hercules, CA). Proteins were transferred to Amersham Hybond-LFP
polyvinylidene difluoride (PVDF) membranes (GE Healthcare, Piscataway NJ) in
25 mM Tris, 192 mM glycine, and 20% (vol/vol) methanol (Fisher, Pittsburgh PA),
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and membrane strips were blocked in 3% (wt/vol) bovine serum albumin (BSA)
(Sigma-Aldrich, St. Louis, MO), 0.1% (vol/vol) Tween 20 in PBS and then probed
overnight at 4°C with 5 µg/ml of hMAbs 4.8A, D11C, and 1.6D; mMAbs 3H5.1
(Millipore, Billerica MA) specific for DENV2 E DIII and 4G2 specific for DENV E
DI/II; or 30% (vol/vol) cell culture supernatant mMAb D2-C2 specific for DENV2
and 4 capsid protein [254] diluted in blocking buffer. The membrane strips were
then incubated with Alexa Fluor 488-conjugated goat anti-human or anti-mouse
antibody (Invitrogen, Carlsbad, CA) diluted in 0.1% (vol/vol) Tween 20 in PBS for
4 h at room temperature and rinsed in 0.1% (vol/vol) Tween 20 in PBS prior to
scanning with a Typhoon Trio Variable Mode Imager (GE Healthcare, Piscataway
NJ). Photomultiplier tube (PMT) voltage settings used for detecting antibody
binding on blot strips ranged from 220 V to 562 V depending on the primaryantibody–secondary-antibody

combination.

Increasing

the

PMT

voltage

increases the signal level, but not the signal-to-noise ratio. The PMT voltage
values used for visualizing the individual blots are indicated in the figure legends.

Biolayer Interferometry Binding Assay
Real-time binding assays between purified hMAbs and DENV-1, -2, -3,
and -4 sE proteins (Hawaii Biotech Inc.) were performed using biolayer
interferometry with an Octet QK system (Fortebio, Menlo Park, CA) as previously
described but with human IgG high-binding sensors instead of streptavidin
sensors [20, 255]. Briefly, hMAbs 4.8A, D11C, and 1.6D were coupled to kinetics
grade anti-human IgG Fc capture (AHC) biosensors (Fortebio, Menlo Park, CA).
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hMAb binding concentrations that gave a signal between 0.8 and 1.2 nm binding
to the sensor surfaces within 200 s were used for sE binding studies. Unbound
hMAbs were removed from the surfaces of the sensors by incubation in kinetics
buffer containing 1 mM phosphate, 15 mM NaCl, 0.002% (vol/vol) Tween 20,
0.005% (wt/vol) sodium azide, 0.1 mg/ml (wt/vol) BSA, pH 7.4, in PBS. Probes
coupled to hMAbs were allowed to bind to sE at several different concentrations,
and the binding kinetics were calculated using the Octet QK software package,
which fit the observed binding curves to a 1:1 binding model to calculate the
association rate constants. DENV-1, -2, -3, and -4 sE proteins were allowed to
dissociate by incubation of the sensors in kinetics buffer. Dissociation kinetics
were calculated using the Octet QK software package, which fit the observed
dissociation curves to a 1:1 model to calculate the dissociation rate constants.
Association and dissociation rate constants were calculated using at least two
different concentrations of sE. Equilibrium dissociation constants were calculated
as the kinetic dissociation rate constant divided by the kinetic association rate
constant.

Focus-Forming-Unit Reduction Neutralization Assay
LLC-MK2 target cells were seeded at a density of approximately 500,000
cells in each well of a 12-well plate 24 h prior to DENV inoculation. Approximately
100 focus-forming units (FFU) of DENV were incubated with dilutions of heatinactivated patient serum or purified hMAb (0.4, 2, 4, 20, and 40 µg/ml final) in
serum-free DMEM for 1 h at room temperature. DENV mixtures were allowed to
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infect confluent target cell monolayers for 1 h at 37°C, with rocking every 15 min,
after which the inoculum was aspirated and overlaid with fresh MEM-10%
(vol/vol) FBS containing 1.2% (wt/vol) microcrystalline cellulose (Avicel; FMC,
Newark, DE). The infected cells were then incubated at 37°C with 5% (vol/vol)
CO2 for two (DENV4) or three (DENV-1, -2, and -3) days. The cells were fixed,
and foci were visualized as for confocal microscopy, as described above, except
a horseradish peroxidase-conjugated goat anti-mouse immunoglobulin (Pierce,
Rockford, IL) was used as the detection antibody and developed using 3,3’diaminobenzidine tetrahydrochloride (Sigma-Aldrich, St. Louis, MO). Fifty percent
inhibitory concentrations (IC50s) (in µg/ml) were determined graphically from the
percent neutralization plots. A sigmoidal curve fit program was not used, since
several of the DENV serotype-antibody combinations did not reach 100%
inhibition and thus fit poorly to sigmoidal curves, skewing the calculations.
Results are expressed as pooled data from two independent experiments with
three replicates each.

Antibody-Dependent Enhancement Assay
Antibody-dependent enhancement assays were performed as previously
described [186]. Briefly, 250 FFU of DENV was incubated with various
concentrations of hMAbs for 1 h at 37°C. Each DENV-antibody mixture was
added to 300 µl of K562 cells (cell density = 2.7 x 105/ml) and incubated for 3
days at 37°C, 5% (vol/vol) CO2. The final hMAb concentrations were 0.04, 0.4, 2,
4, 20, and 40 µg/ml. Afterward, cells were collected and total RNA was isolated
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using an RNeasy Mini-kit (Qiagen, Valencia, CA) following the manufacturer’s
protocol. A quantitative reverse transcription (qRT)-PCR was performed on
isolated RNA using a universal DENV primer pair [256]. The amplification
conditions were 95°C for 5 s, 61°C for 20 s, and 72°C for 30 s.

Virus-Liposome Fusion Assay
The fusogenic activity of dengue virions toward liposomes was
characterized using a novel high-throughput plate reader assay, a version of an
assay described previously [68]. Viral particles were labeled with the fluorescent
lipid DiD (Vybrant cell-labeling kit; Molecular Probes, Eugene, OR) in a selfquenching concentration, as described [68]. Large unilamellar liposomes 100 nm
in diameter were formed by an extrusion technique from the 1:1 (mol/mol)
mixture of 1,2-dioleoyl-sn-glycero-3-phosphocholine (PC) and 1,2-dioleoylsnglycero-3-phospho-(1’-rac-glycerol) (PG) (Avanti Polar Lipids, Alabaster, AL).
DiD-labeled viral particles (~105 infectious units) in PBS without calcium and
magnesium, pH 7.5, were incubated with different concentrations of the
antibodies for 1 h at room temperature in a total volume of 50µl. Virions preincubated with antibodies were then mixed in the wells of 96-well plates (3 wells
for each condition) with acidified liposome-containing buffer (final concentration
of PC and PG, 30 µM, pH 5.5). After 10 min of co-incubation of virions and
liposomes at acidic pH, the fluorescence was recorded at excitation and emission
wavelengths of 630 and 665 nm. At the end of each recording (10 min of
incubation at 22°C), Triton X-100 was added to a final concentration of 0.1%
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(vol/vol) to fully de-quench the DiD. The efficiency of fusion is presented as the
difference between fluorescence intensities measured after 10 min of coincubation of labeled virions with liposomes at pH 5.5 and at pH 7.5 normalized
to the difference between fluorescence intensities measured for fully dequenched DiD and at pH 7.5. In control experiments, we used dengue virions
inactivated

by

an

application

of

a

histidine-modifying

reagent,

diethylpyrocarbonate (DEPC) (Sigma, St. Louis, MO) (2 mM; 15 min; room
temperature).

Virus Intracellular Fusion and Pre-Cellular Fusion Assays
DENV2 virions were labeled with DiD as described above. Virusendosome fusion events were detected as an increase in cell fluorescence upon
DiD dilution [68]. MA104 cells (ATCC; ~103 cells/well) were grown overnight in
96-well microtiter plates (Ibidi, Verona, WI). The cells were then incubated for 30
min at 11°C, followed by 5 min at 37°C with 104 DiD-labeled infectious DENV2
particles that had been pre-incubated with hMAbs in 100 µl of serum-free
ADMEM for 1 h at room temperature. Unbound DENV-2 and hMAbs were
removed by washing twice with 400 µl of serum-free ADMEM, and the cells were
incubated for an additional 25 min at 37°C. For each well, we captured images of
5 randomly chosen fields of view using a Zeiss Observer Z1 (oil immersion
objective; 40X; Carl Zeiss Microscopy, LLC, Thornwood, NY) and generated
maximum intensity z projections based on 15 z-slices of 0.5 µm each for the
subsequent analysis. The projections of the cells were analyzed using ImageJ
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software to subtract the background and threshold using the software’s Triangle
algorithm. For each condition, we averaged fluorescence intensities in 15 fields
(5 fields for each of 3 wells). The data are presented as the mean and standard
deviation of the mean for the averaged intensities (n = 3) normalized to the
averaged intensities measured for the cells incubated with DENV2 in the
absence of hMAbs.
After taking the images for the above-mentioned analysis, we examined
the effects of the hMAbs on the total number of cell-associated virions using a
novel assay that measured dequenching of DiD incorporated into unfused viral
envelopes. MA104 cells incubated without DENV2, with DENV2 and 10 µg/ml of
heparan sulfate, or with DENV2 and 100 µg/ml of hMAb 4.8A, D11C, or 1.6D
were lysed by a 15-min incubation with 0.1% (vol/vol) Triton X-100 at 37°C. The
lysates were cleared by a 5-min centrifugation at 14,000 µg, and 80 µl of each
supernatant was mixed with 1,920 µl of a 20 mM HEPES, 150 mM NaCl, pH 7.5,
buffer. Using a Fluoromax 4 Horiba Jobin Yvon spectrophotometer (Horiba
Scientific, Edison, NJ), we measured the emission fluorescence at 665 nm using
an excitation wavelength of 600 nm. The data are presented as the mean and
standard deviation of the mean of three independent experiments normalized to
the fluorescence intensity measured for DENV2-infected cells in the absence of
hMAbs.

Antibody Binding Competition Enzyme-Linked Immunosorbent Assay
hMAbs 4.8A, D11C, and 1.6D were tested for cross-competition with each

127
other to determine whether they recognized overlapping or non-overlapping sites
on DENV1 E protein using an enzyme-linked immunosorbent assay [20, 228,
229]. Solubilized dengue E protein in detergent-treated, serum-free culture fluid
was immobilized in ConA-coated wells. The plates were washed and blocked for
30 min at room temperature. Purified hMAbs or dilution buffer was incubated in
the wells for 30 min at room temperature. Biotinylated hMAbs were then added to
the wells at dilutions that gave less than maximal binding and incubated for 1 h at
room temperature. Bound biotinylated hMAb was detected with horseradish
peroxidase-streptavidin (Vector, Burlingame, CA). After a wash step, color was
developed with TMB-H2O2 as the substrate for peroxidase. The reaction was
stopped after 4 min by adding 1% (vol/vol) phosphoric acid, and the color was
read as the OD at 450 nm.

Antibody Binding Competition Biolayer Interferometry Assay
Real-time competition assays between purified hMAb 1.6D and purified
DENV2 sE were performed using biolayer interferometry with an Octet QK
system (Fortebio, Menlo Park, CA). To determine whether the hMAbs recognized
overlapping or nonoverlapping sites, we analyzed hMAb 1.6D for competition
with itself, as well as with mMAbs 4G2 and 3H5.1. Anti-HIV hMAb 1.7B was used
as a negative control. Twenty-five micrograms per milliliter of hMAb 1.6D diluted
in kinetics buffer containing 1 mM phosphate, 15 mM NaCl, 0.002% (vol/vol)
Tween 20, 0.005% (wt/vol) sodium azide, 0.1 mg/ml (wt/vol) BSA, pH 7.4, in PBS
was coupled with AHC biosensors (Fortebio, Menlo Park, CA). Unbound hMAb
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1.6D was removed from the surfaces of the sensors by incubation in kinetics
buffer. sE was preincubated with hMAb or mMAbs at a 1:1 molar ratio. hMAb
1.6D-coupled AHC sensors were then incubated with 50 nM sE, either prebound
to antibodies or in kinetics buffer only. Association of sE with the hMAb 1.6Dcoupled sensor was measured by light interference.

Epitope mapping using prM/E mutants
Epitope mapping was performed as described in Chapter 2, Aim 1.1, by Dr.
Benjamin Doranz and his team at Integral Molecular Inc.

Results

Broadly Reactive Anti-Dengue Virus Antibodies Were Isolated From Three
Different Patients
With the goal of understanding the human antibody response in naturally
occurring DENV infections, we isolated hMAbs from peripheral blood B cells
obtained from patients with distinct histories of DENV infection. These three
patients, 7B, 8C, and DA003, contracted DENV in geographically distinct regions,
Myanmar, Jamaica, and Singapore, respectively. Cryopreserved PBMC samples
were collected at different times post-recovery (approximately 2 years for 7B, 3
months for 8C, and 4 weeks for DA003). Patient DA003 was diagnosed with
secondary dengue infection. All three patients were confirmed seropositive to
DENV antigens, as shown in Figure 24A and reported previously for patient 7B
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[20]. From each patient, several hMAbs were produced, either by EBV
transformation of B cells (7B and DA003) [20] or by memory B-cell stimulation,
followed by molecular cloning (8C) [194, 223]. To screen for hMAbs binding to
glycosylated DENV proteins, we used a previously described ELISA in which
Triton X-100-solubilized DENV proteins were captured in ConA-coated wells of
ELISA plates [20]. This selection procedure likely biased identification toward
cross-reactive hMAbs recognizing the E and prM proteins. Initial selection was
done using DENV-2 (7B) or DENV-1 and -3 (8C and DA003). Based on ELISA
reactivity to E proteins from all four DENV serotypes (for neutralizing activity, see
below), we selected 4.8A, D11C, and 1.6D from patients 7B, DA003, and 8C,
respectively. The broad reactivity is illustrated in Figure 24B for hMAbs D11C
and 1.6D and in Schieffelin et al. [20] for hMAb 4.8A. Since a number of different
methods were used to isolate these antibodies, we cannot determine what
percentage of the total repertoire the antibodies represent. However, since the
antibodies were isolated from three out of three patients with different infection
histories, we can conclude that they are not uncommon. The three hMAbs were
composed of IgG1 heavy chains and kappa light chains.
We further showed that the hMAbs 4.8A, D11C, and 1.6D could bind to
DENV antigens expressed in DENV-1-, -2-, -3-, or -4-infected monkey epithelial
LLC-MK2 cells, using immunofluorescence assays (Figure 24C). All three hMAbs
exhibited a characteristic crescent-shaped perinuclear staining against all four
DENV serotypes under fluorescence confocal microscopy. No staining was
observed in uninfected cells. The low virus MOI (0.002) used allowed a clear
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distinction between staining of virus-infected versus non-infected cells.

Recognition of DENV E Protein by Human Monoclonal Anti-Dengue Virus
Antibodies
To confirm that the hMAbs recognize DENV E protein, we prepared
Western blots using gradient-purified DENV2 particles under reducing and
nonreducing conditions and probed the blot strips with equal amounts (5 µg/ml)
of hMAbs 4.8A, D11C, and 1.6D. As shown in Figure 25A, all three hMAbs
recognized a 52-kDa band consistent with the size of DENV2 E protein in
nonreduced samples. No other bands were observed. The 52-kDa band was not
present in reduced samples, indicating that all three hMAbs bound to epitopes
dependent on disulfide bonds. As a control, an anti-DENV capsid mMAb, D2-C2
[254], recognized bands consistent with the size of DENV2 capsid protein in both
reduced and nonreduced samples.
To confirm that the hMAbs bound specifically to E protein, we also
prepared Western blots under nonreducing conditions using recombinant DENV2
sE, which contains the ectodomain of the E protein, and reacted blot strips with
hMAbs 4.8A, D11C, and 1.6D, along with mMAbs 4G2 [257, 258] and 3H5.1
[180] as controls. As shown in Figure 25B, a band consistent with the size of sE
was observed for all hMAbs that was identical to the size of the bands
recognized by the two control mMAbs specific for DENV E protein. To determine
how tightly hMAbs 4.8A, D11C, and 1.6D bound to sE, we performed biolayer
interferometry binding assays with hMAbs coupled to IgG binding sensors. After
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removing unbound hMAbs, we incubated them with different concentrations of
DENV-1, -2, -3, or -4 sE. Binding of the sE proteins to the hMAbs on the surfaces
of the probes was measured by the change in interference from light reflected
from the surface of the probe. After binding, the probes were placed in a solution
without sE protein to similarly measure sE-hMAb dissociation. Antibody on and
off rates and equilibrium dissociation constants were calculated assuming a 1:1
binding ratio. As expected from patient serum and the hMAb ELISA results, all
three of the hMAbs bound to all four serotypes of DENV equally well, with
equilibrium dissociation constants (KDs) in the 10-9 to 10-10 M range (Table 7).

Broadly Neutralizing Activities of Human Monoclonal Anti-Dengue Virus
Antibodies
We analyzed neutralizing antibodies in patient sera using focus-formingunit reduction neutralization assays in monkey epithelial LLC-MK2 cells in which
serial dilutions of patient sera were incubated with DENV-1, -2, -3, or -4. Sera
from patients 8C and DA003 neutralized all four serotypes (Figure 26A). Serum
from patient 7B was previously reported to strongly neutralize DENV-1 and -3
and weakly neutralize DENV-2 and -4 [20]. To characterize the neutralizing
activities of the hMAbs derived from the subjects, we performed neutralization
assays with each hMAb (Figure 26B to 26D). All three hMAbs neutralized DENV1 through -4 to some extent in a dose-dependent manner. Some of the hMAbs
were stronger neutralizers than others, whereas some neutralized specific
serotypes more strongly than others. For example, the IC50s of hMAbs D11C

132
and 1.6D were 1 µg/ml or below (Figure 26C and 26D), whereas hMAb 4.8A did
not reach 50% inhibition of infectivity against DENV-2 or DENV-4 over the hMAb
concentrations tested (Figure 26B). The observed neutralization activity of hMAb
4.8A was consistent with patient 7B serum activity [20]. Additionally, D11C
neutralized DENV-1, -2, and -4 more strongly than DENV-3 (Figure 26C). HMAb
1.6D neutralized DENV-1 through -4 with similar activity (Figure 26D).
To determine the neutralization potential of the hMAbs against other
flaviviruses, we performed neutralization assays using yellow fever virus (YF17D) and YF-17D pseudotyped with West Nile virus E glycoprotein (Figure 26B
to 26D). The hMAbs neutralized WNV to some extent but did not appreciably
neutralize yellow fever virus.

Antibody-Dependent Enhancement Mediated by Human Monoclonal AntiDengue Virus Antibodies
At certain concentrations and with the proper Fc domain, all anti-DENV
antibodies have the potential to mediate antibody-dependent enhancement in Fc
receptor-bearing cells in vitro. For neutralizing antibodies, this enhancement
effect decreases as the antibody concentration increases due to the antibody’s
ability to completely coat the virus and effectively neutralize it. However, for nonneutralizing antibodies, the enhancement potential remains high even at high
antibody

concentrations

[20].

To

determine

the

antibody-dependent

enhancement potential of the three hMAbs, we incubated each of the four DENV
serotypes with increasing concentrations of hMAbs 4.8A, D11C, and 1.6D and
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infected the Fc receptor II-bearing human macrophage-like cell line K562.
Subsequent viral replication was measured by DENV-specific qRT-PCR. In the
absence of antibodies that could serve to mediate DENV infection, K562 cells
were more permissive to DENV-2 infection than to DENV-1, -3, and -4. As a
result, normalized enhancements were typically lower for DENV-2 than for the
other 3 serotypes. As presented in Figure 27A to 27D, each antibody displayed a
similar general trend, with a peak enhancement of infection at antibody
concentrations of 0.4 to 4 µg/ml, followed by neutralization, resulting in reduced
infection at increasing antibody concentrations.

Neutralizing Activities of Human Monoclonal Anti-Dengue Virus Antibodies
Correlate with Inhibition of Fusion, Not Binding
Antibodies directed against virus surface proteins are predicted to inhibit
an early entry step into target cells. DENV enters through receptor-mediated
endocytosis, where the E glycoprotein binds to a cellular receptor on the plasma
membrane, followed by endocytosis and fusion of the viral and cellular
membranes in the low-pH environment of endocytic vesicles, allowing the viral
genome to enter target cells. To determine the details of the mechanism of
neutralization, we explored the effects of our antibodies on different stages of
viral entry.
To investigate whether hMAbs could inhibit DENV-2 fusion, we used an
assay that measures fusogenic activity of DENV particles toward liposomes [68,
259]. DENV-2 particles labeled with a self-quenching concentration of a
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fluorescent lipid, DiD, were pretreated with hMAbs prior to coincubation with
liposomes at acidic pH. Lipid mixing between labeled viral and unlabeled
liposomal membranes was monitored as an increase in fluorescence, reflecting
DiD dilution. As expected, no increase in the fluorescence, and thus no lipid
mixing, was observed for virions inactivated by a histidine-modifying reagent,
diethylpyrocarbonate [68]. In contrast to the negative-control anti-HIV gp120
hMAb EH21, all three anti-DENV E hMAbs strongly inhibited virus-liposome
fusion in a dose-dependent manner (Figure 28A). The relative fusion-inhibiting
activities of the hMAbs, with 1.6D being the most potent and 4.8A the least
potent, corresponded to their relative neutralization activities (Figure 26B to 26D).
Since virus-liposome fusion relies on random collisions between virions
and liposomes rather than on E-mediated virion-liposome binding, the ability of
hMAbs 4.8A, D11C and 1.6D to inhibit fusion between virions and liposomes
suggested that viral entry in vivo might also be inhibited at the fusion stage of
entry. To test this hypothesis, we directly examined the effects of the antibodies
on intracellular fusion of DENV-2 and on the prefusion stages of viral entry into
rhesus macaque kidney epithelial (MA104) cells. For DENV-2 labeled with DiD at
a self-quenching concentration, fusion events along the endocytic pathway dilute
DiD and thus lead to an increase in fluorescence signal [68, 260, 261]. We
quantified the efficiency of intracellular fusion by measuring cell fluorescence with
a novel microtiter plate version of the assay described previously [68]. Virions
were preincubated with the antibodies and then applied to the cells at 11°C for 30
min to permit binding while holding the virions in a temperature-arrested state.
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The temperature was then raised to 37°C to allow uptake and fusion of the
virions. After the first 5 min of incubation at 37°C, we removed unbound virions
and antibodies by rinsing and, after 25 additional minutes, assayed intracellular
fusion by fluorescence microscopy (Figure 28B). Fusion of DiD-labeled virus
within endosomes leads to dequenching of DiD and the appearance of brightly
fluorescent intracellular structures. Cells were counterstained with DAPI (4’,6diamidino-2-phenylindole) to visualize the nuclei. All three anti-DENV hMAbs
inhibited intracellular fusion in a dose-dependent manner (Figure 28C)
corresponding to their relative inhibiting activities in viral neutralization and virusliposome fusion assays (1.6D was the most potent and 4.8A the least potent)
(Figure 26B to 26D and Figure 28A). In contrast, a control anti-HIV gp120 hMAb,
EH21, did not inhibit intracellular fusion. These results suggest that 4.8A, D11C,
and 1.6D directly interfere with the structural transitions required for the virus to
fuse to the endosomal membrane.
For virions to reach endosomes and fuse, they must first bind to the cell
surface and undergo internalization. In order to test whether our hMAbs inhibited
virus-cell binding, the total number of virions associated with cells must be
evaluated, including (i) cell surface-bound virions, (ii) internalized but yet unfused
virions, and, finally, (iii) fused virions. Note that when we measured fusion after a
30-min incubation at 37°C, fused virions represented only a small fraction of all
cell-associated virions [261] and only fused virions were dequenched. After
measuring the intracellular fusion efficiency, we lysed the cells and fully
dequenched the DiD probe in all unfused virions, using Triton X-100 to disrupt
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the viral membranes. The level of unquenched DiD fluorescence was therefore
proportional to the total number of cell-associated virions and thus can be used
to evaluate the effects of different reagents on virus-cell binding (Figure 28D). As
expected, heparan sulfate (10 µg/ml), which inhibits DENV binding to cells [58],
dramatically lowered the numbers of cell-associated virions, and consequently,
the DiD fluorescence of cell lysates. Preincubation of virions with high
concentrations of our hMAbs (100 µg/ml, sufficient to profoundly inhibit
intracellular fusion) had no effect on cell lysate DiD fluorescence intensity,
indicating that these antibodies do not appreciably affect virus-cell binding. These
findings demonstrate that hMAbs 4.8A, D11C, and 1.6D block viral infection
downstream of virus-cell binding at the stage of virus-endosome fusion.
Interestingly, hMAb 4.8A did not completely suppress DENV2 fusion even
at very high concentrations, correlating with the observed neutralization activity of
this hMAb against DENV2. The inability of some antibodies to completely
neutralize infection and fusion has been previously reported [187, 259, 262, 263],
suggesting that even at saturation these antibodies only partially neutralize the
fusogenic activity of each E protein. Alternatively, the epitopes at some of the
viral surface E proteins may be inaccessible, reflecting the heterogeneity of
virions and/or E protein chemical environments. For all three hMAbs, inhibition of
lipid mixing required somewhat higher concentrations of hMAbs than virus
neutralization. This could reflect different conditions (in the neutralization assay,
we used 102 infectious units versus 105 and 104 infectious units in liposome and
intracellular fusion assays, respectively). This difference may also indicate that
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for DENV, as for several other viruses [67, 264], early stages of viral fusion
(detected as lipid mixing in our assay) require fewer functional fusion proteins
and thus are more difficult to inhibit than opening of a fusion pore large enough to
release viral RNA, a prerequisite for viral infection. As a result, at neutralizing
concentrations of the antibodies, virions may still have enough functional (i.e., not
antibody bound) fusion proteins to mediate lipid mixing.
Taken together, our results show that hMAbs 4.8A, D11C, and 1.6D
neutralize infection by inhibiting E protein-mediated membrane fusion rather than
prefusion stages of viral entry.

Targeting of Distinct But Overlapping Fusion Loop Epitopes
To determine which E protein domain(s) hMAbs 4.8A, D11C, and 1.6D
interacted with, we subjected recombinant DENV-2 E proteins sDI/II and sDIII to
SDS-PAGE under nonreducing conditions and probed with equal amounts of
hMAbs 4.8A, D11C, and 1.6D and control mMAbs 3H5.1 (specific for DENV-2 E
DIII) or 4G2 (specific for DENV E DII fusion loop). As illustrated in Figure 29A,
hMAbs 4.8A, D11C, and 1.6D interacted specifically with sDI/II and not with sDIII.
To determine whether hMAbs 4.8A, D11C, and 1.6D bound to overlapping
epitopes on E protein, we used an ELISA binding competition assay, as
previously reported [20]. Unlabeled hMAbs 4.8A, D11C, 1.6D, and EH21 (an antiHIV-1 gp120 antibody) and mMAb 4G2 (which binds to the DENV fusion loop)
were incubated with DENV-1 antigen bound in ConA-coated plates. Biotinylated
antibodies were then added to wells containing prebound unlabeled antibodies. If
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the labeled and unlabeled antibodies bound to the same epitope or overlapping
epitopes, then the labeled antibody would not bind, resulting in a low signal upon
development with streptavidin-conjugated enzyme. As shown in Figure 29B,
biotinylated hMAbs 4.8A, D11C, and 1.6D were unable to bind to wells containing
any of their unlabeled counterparts. In addition, mMAb 4G2, which binds to the
fusion loop, was unable to bind in the presence of hMAb 4.8A, D11C, or 1.6D.
These results suggest that the three hMAbs and 4G2 share overlapping epitopes.
Of note, when wells preincubated with unlabeled mMAb 4G2 were incubated with
labeled hMAbs, the hMAbs were able to displace mMAb 4G2 to some extent.
This result could suggest that the hMAbs and mMAb 4G2 bind to different
epitopes. However, the results could also arise if hMAbs 4.8A, D11C, and 1.6D
bind to the same E protein epitope asmMAb4G2 but with higher affinities (as is
further suggested by experiments described below). As a validation of the
competition assay, the negative-control hMAb EH21 did not compete for binding
with either the hMAbs or mMAb 4G2.
To further investigate the relative binding affinities of hMAbs to their
epitopes, we chose hMAb 1.6D for additional studies in an antibody binding
competition biolayer interferometry assay. hMAb 1.6D was coupled to human IgG
binding sensors. After removing unbound hMAb 1.6D, we applied DENV2 sE that
had been preincubated at a 1:1 molar ratio with hMAb 1.6D, mMAb 4G2 or 3H5.1,
or medium only to the sensors. As before, binding of the sE protein to the hMAbs
on the surfaces of the probes was measured by the change in interference from
light reflected from the surface of the probe. The magnitude of the signal was
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indicative of the thickness of the antibody-sE complexes. It was anticipated that if
an antibody effectively competed for binding to the hMAb 1.6D epitope, sE
precomplexed with that particular antibody would not be able to bind to the hMAb
1.6D-coated sensor. In contrast, if a particular antibody bound to a different
epitope on sE, the sE-antibody complex would be able to bind to the hMAb 1.6Dcoated sensor. Figure 29C illustrates the individual binding curves. As expected,
DENV-2 sE bound to the hMAb 1.6D-coated sensor, generating a signal
proportional to the thickness of the antibody on the sensor plus the sE protein.
When sE was precomplexed with hMAb 1.6D prior to addition (sE plus 1.6D), sE
binding to hMAb 1.6D captured on the sensor was profoundly reduced, indicating
that hMAb 1.6D can compete very effectively with itself for binding. When mMAb
3H5.1, which binds to DIII, was precomplexed with sE, the sE-3H5.1 complex
bound to the hMAb 1.6D-coated sensor, resulting in an increased signal due to
the increased thickness of the probe-coupled complex, which consisted of sE
plus two antibodies. As a control, when an irrelevant anti-HIV hMAb (1.7B) was
added to sE, the binding signal was equivalent to that of sE alone. When mMAb
4G2 was precomplexed with sE, sE bound to the hMAb 1.6D-coated sensor;
however, the thickness of the complex was indicative of only sE binding to the
sensor with no additional antibody. This result is likely due to effective
competition of hMAb 1.6D with the mMAb 4G2 binding epitope, consistent with
competition by ELISA (Figure 29B). The antibody binding competition biolayer
interferometry assay further established that hMAbs bound to epitopes on the E
protein fusion loop and suggested that these hMAbs may have higher affinities
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than similar mMAbs. To more precisely define the epitopes for hMAbs 4.8A,
D11C, and 1.6D, we screened a library of DENV-3 E point mutants to identify
mutations that reduce hMAb binding. Three residues, W101, L107, and G109,
that when mutated significantly reduced 4.8A, D11C, or 1.6D binding compared
to wild-type E protein were identified (Figure 30A). These residues were located
directly within the fusion loop (residues 98 to 109) and mapped in close proximity
on the structure of the E protein (Figure 30B). Each E protein mutant reacted to a
human polyclonal serum and the conformation- dependent mMAb 1A1D-2 that
targets a different epitope [176], confirming that each clone was expressed and
was not simply globally misfolded. hMAb 4.8A binding was reduced by mutations
at any of the three positions, while D11C and 1.6D binding was reduced by
mutations at only W101 or G109. These data suggest that 4.8A, D11C, and 1.6D
have overlapping but distinct epitopes in the fusion loop, consistent with their
ability to compete with each other and with a fusion loop mMAb.

Discussion
This study focused on the portion of the human antibody response that is
broadly neutralizing and potentially protective against all DENV serotypes.
Several other classes of DENV-neutralizing hMAbs are primarily serotype
specific, including hMAbs that target E protein DIII [45, 111, 158] and hMAbs that
recognize quaternary epitopes between two E proteins [250, 265]. We
established the mechanism of action of broadly neutralizing antibodies produced
in three human dengue patients. Though the hMAbs were isolated from patients
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from different countries and diverse ethnic backgrounds, with different infecting
viruses, and at different times post-recovery, similar broadly neutralizing hMAbs
were produced, suggesting that the target of these hMAbs is a common epitope
that plays an important role in DENV infectivity. With the goal of determining the
mechanism of neutralization, using a novel assay, we uncoupled DENV binding
to target cells from fusion and found that the neutralization activity of the hMAbs
correlated with inhibition of fusion rather than virus-cell binding. We further
mapped the binding of the hMAbs to the highly conserved fusion loop region in
DII of the E glycoprotein.
A common theme among different structural classes of enveloped virus
fusion proteins is the existence of an internal or N-terminal hydrophobic fusion
loop or fusion peptide. Neutralizing antibodies directed against these fusion
regions have been well described in other virus systems, including closely related
flaviviruses [165], more distantly related alphaviruses [266], and unrelated
orthomyxoviruses [267]. Our results are consistent with those of a recent study
that identified two other broadly neutralizing hMAbs from a single patient that
target DENV DI/II and whose binding to WNV DI/II was ablated when residues in
the fusion loop were altered, suggesting that these antibodies may also bind to
the DENV fusion loop [45]. Importantly, reports focusing on polyclonal antibody
fractions from DENV patient-derived serum have shown that the predominant
fraction of the broadly neutralizing activity targets DI/II and specifically the fusion
loop, consistent with our hMAb results [43, 234, 235]. Broadly neutralizing
chimpanzee MAbs and mMAbs targeting the DENV fusion loop have been
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described previously [49, 257, 258]. Our finding that hMAbs recognizing the
fusion loop inhibit the fusion stage of DENV entry into mammalian cells is
consistent with earlier reports that a chimpanzee MAb against the fusion loop
inhibits fusion between mosquito cells mediated by cell surface-bound dengue
virions [268]. The hMAbs reported here can individually block the binding of an
mMAb recognizing the fusion loop, confirming that they share overlapping
epitopes. However, mMAb prebound to E could not block binding by the hMAbs,
indicating that the particular mMAb used either has a lower affinity than the
hMAbs or that hMAbs bind to the fusion loop differently, in a manner that allows
the hMAbs to displace the mMAb.
The DENV fusion loop is highly conserved, so it is not clear why hMAb
4.8A inhibited DENV-2 and -4 less strongly than DENV-1 and -3 nor why hMAb
D11C inhibited DENV-3 less strongly. Additionally, other flaviviruses with nearly
identical fusion loop sequences are not inhibited effectively, with hMAbs 4.8A,
D11C, and 1.6D achieving only an intermediate level of neutralization against
WNV and very poor neutralization against yellow fever virus. It is possible that
the fusion loop region may be oriented differently or have altered accessibility in
different viruses [262]. These hMAbs bind to E under native conditions but do not
bind denatured and reduced E protein (Figure 25A), suggesting that disulfide
bridges preserve a structural conformation of the epitopes. Additional
nonconserved, fusion loop-adjacent residues may also contribute to antibody
binding. Such residues could have a cumulative effect on binding energetics that
is not detected when individual residues are mutated in isolation. These potential
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additional contact residues might be on the same E protein or part of an adjacent
E protein on the virus surface. Binding to recombinant sE monomers and
dissociated E protein in ELISAs and Western blots is not identical to binding the
E proteins as they are arranged on the surface of a virion. E protein dimers are
located in distinct symmetry positions on assembled viruses, and steric
hindrance may alter the binding of antibodies to these positions, similar to
observations with binding to WNV [164].
Both antibody-virus binding [262] and virus-cell binding [68] can be
ineffective at 4°C, the temperature that is often used in binding assays [261, 269].
Thus, while our virus-cell binding assay based on measuring DiD fluorescence
can be used to quantify binding at different temperatures, we measured the
efficiency of virus binding at physiological temperature. Note that, like other viruscell binding assays (for instance, references [269, 270]), our assay does not
distinguish between potential nonproductive, nonspecific binding to the cell
surface and specific, productive binding between virions and a yet unidentified
specific cell surface receptor for DENV, the identity of which is under debate
(reviewed in reference [179]). We therefore questioned whether our hMAbs might
neutralize virus by inhibiting specific virus-receptor binding. We estimated that to
be undetectable within the margin of error of our data, any putative specific
binding would represent only a small fraction of total binding. Additionally, the
hMAbs would need to inhibit only this specific binding and not the nonspecific
binding, and only this specific binding would allow productive viral entry and
infection. While we cannot exclude the possibility that our hMAbs block viral entry
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and infection by blocking unknown specific virus-receptor binding yet causing no
changes in total virus-cell binding, we consider the conclusion that hMAbs block
entry at the fusion stage rather than at the virus-cell binding stage to be the most
likely interpretation of our data. The liposome fusion assay results also support
this conclusion.
Broadly neutralizing hMAbs can potentially be used in the development of
therapeutic treatments. Most previous work in this area has focused on the use
of mMAbs [249]. The present study has shown that, for binding to E, an antiDENV hMAb can outcompete an mMAb with a similar epitope. This observation
is not surprising, since human antibodies tend to have longer variable regions
than mouse antibodies [271, 272]. When used therapeutically in patients, hMAbs
are also much less likely to provoke an immune response, which can even be
directed against the antigenically distinct variable regions in humanized mMAbs,
where the heavy- and light-chain constant regions have been replaced with
human sequences [273]. A recent study using a mouse model of lethal DENV
infection showed that hMAbs protected mice after exposure to DENV,
highlighting the important role that hMAbs can play in the development of DENV
therapeutics [45].
While the neutralization activities reported here are lower than those of
some recently described hMAbs [45, 111, 158], it is difficult to compare
neutralization potencies between assay systems in different laboratories, as the
potency can vary depending on the specific assay used, the serotype and strain
of virus, the target cell line, and the incubation conditions of the assay [274, 275].
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Despite difficulties comparing methodologies, neutralization potency alone offers
an incomplete view of the human antibody response. Given our study and the
work of others, there appears to be a wide spectrum of hMAb responses directed
against the DENV surface proteins, ranging from potently neutralizing, serotypespecific antibodies to non-neutralizing, cross-reactive antibodies, and many
hMAbs falling between these two extremes [20, 45, 111, 158, 250]. Using
vesicular stomatitis virus mMAbs, Bachmann et al. demonstrated that in vivo
protection was independent of immunoglobulin subclass, avidity, and in vitro
neutralization activity and that above a minimal avidity threshold (> 2 x 107 M-1),
protection depended simply on a minimum serum concentration [276]. For
therapeutic or protective purposes, whether it would be preferable to have
multiple serotype-specific, highly neutralizing anti-DENV hMAbs or a single
cross-reactive and moderately neutralizing hMAb is currently unknown.
We have not characterized the extent to which the virus preparations we
used for our neutralization assays contain mature, immature, or partially mature
particles. Thus, we do not know if hMAbs 4.8A, D11C, and 1.6D neutralize
infectivity by preferentially binding to completely mature, partially mature, or
completely immature virions. A previous study suggested a structural basis for
the preferential binding of fusion loop antibodies to the partially exposed fusion
loop region on immature flaviviruses [165], but differences between the mMAb
used in that study, which bound to the bc loop in addition to the fusion loop, and
our hMAbs make it difficult to speculate on the role of mature versus immature
virion structure in our results.
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One of the most striking outcomes of other recent studies of hMAbs
against DENV is the discovery that the response is dominated by broadly
reactive but non-neutralizing antibodies directed against prM and E that serve
only to enhance DENV infection in macrophages and other Fc receptor-bearing
cells [20, 45, 111, 158]. The majority, if not all, of DENV vaccine candidates
approaching or in clinical trials contain full-length DENV prM and E proteins [277286]. Full-length DENV prM and E proteins, whether expressed as part of an
attenuated DENV strain or expressed in another manner, may induce a broadly
reactive and primarily non-neutralizing antibody response. Although both
neutralizing and non-neutralizing antibodies can enhance infection, large
numbers of broadly reactive non-neutralizing antibodies could shift the response
in favor of enhancement, which may result in an increased risk of severe disease
in vaccine recipients. However, if immunogens that present the fusion loop in the
proper context can be developed, a broadly reactive neutralizing response might
be possible for a DENV vaccine. The enhancing activity induced by such an
immunogen might be reduced compared to full-length prM and E.
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Figure 24. Broadly Reactive Patient-Derived Monoclonal Antibodies. (A)
DENV-1, -2, -3, and -4 glycosylated antigens were captured on ConA-coated
plates and probed with dilutions of patient 8C and DA003 sera. The data points
show the means of one experiment with three replicates. The error bars show
standard deviations. (B) DENV-1, -2, -3, and -4 glycosylated antigens were
captured on ConA-coated plates and probed with dilutions of hMAbs D11C and
1.6D. Representative data show the means of one experiment with three
replicates. The error bars show standard deviations. (C) LLC-MK2 cells infected
with DENV-1, -2, -3, and -4 at an MOI of 0.002 were probed with hMAbs 4.8A,
D11C, and 1.6D and imaged by confocal microscopy. The nuclei were
counterstained with Hoechst stain.
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Figure 25. Recognition Of The E Protein. (A) Western blots were prepared with
gradient-purified DENV2 particles, and blot strips were probed with hMAbs 4.8A,
D11C, and 1.6D or anti-DENV capsid mMAb D2-C2 (41) under reducing and
nonreducing conditions. Binding of hMAbs to DENV2 proteins on the blot strips
was detected at a PMT voltage of 400 V. Protein standards are indicated in
kilodaltons. (B) Western blots were prepared with DENV2 sE, and blot strips
were probed with hMAbs 4.8A, D11C, 1.6D, and control mMAbs 4G2 and 3H5.1
under nonreducing conditions. Binding of hMAbs and mMAbs to DENV2 sE on
the blot strips was detected at a PMT voltage of 220 V.

149

F@'8?%G-%01234356327$8399:;3<=3:>$;:>9=<>=9$:?$@AB59$+"/BC$D!!EC$<>8$!"*D$5:2>8$=:$D0FG'!C$'#C$'-C$<>8$'+$90
"6)787'97):%; !%<=>%<:?@*%A%B!>%(C%D=/'E
!"#$%&"%'()*+

,-./

!001

!"#$30%&"

!"#$%$!& '( $)$!"*$%$!& '(

!"+$%$!& '!&$)$!"#$%$!& '!&

'(

'(

!"#$34%&"

!"-$%$!& $)$!"!$%$!&

!"#$35%&"

."+$%$!& '!&$)$.".$%$!& '!&

!"#$3,%&"

'!&

."*$%$!& $)$,"+$%$!&

'!&

0-2!
'!&

!",$%$!& '!&$)$,"&$%$!& '!!

'!!

-",$%$!& '!&$)$+",$%$!& '!&

*"#$%$!& '!&$)$-"#$%$!& '!&

!"/$%$!& '!&$)$/"&$%$!& '!!

!"#$%$!& $)$("+$%$!&
'!&

#"($%$!& $)$!",$%$!&

'!&

#"+$%$!& '!&$)$,"*$%$!& '!!

150

Figure 26. Broad Neutralizing Activity. Focus-forming-unit reduction
neutralization assays were performed by incubating DENV-1, -2, -3, and -4 with
serial dilutions of sera from patients 8C and DA003 (A), hMAb 4.8A (B), hMAb
D11C (C), and hMAb 1.6D (D) prior to infecting monolayers of LLC-MK2 cells.
IC50s (in µg/ml) were determined graphically and were as follows: for hMAb 4.8A
with DENV1, 2.1 + 1.1, DENV2, >40, DENV3, 2.4 + 0.1, and DENV4, >40; for
hMAb D11C with DENV1, 1.5 + 0.1, DENV2, 1.0 + 0.4, DENV3, 10.2 + 0.8, and
DENV4, 1.6 + 0.6; and for hMAb 1.6D with DENV1, 1.5 + 1.1, DENV2, 0.2 + 0.0,
DENV3, 0.5 + 0.1, and DENV4, 2.7 + 0.8. The pooled data points show the
means of at least two independent experiments with three replicates each. The
error bars indicate standard deviations.

151

Figure 27. Antibody-Dependent Enhancement. Enhanced infection of Fc
receptor-bearing K562 cells was measured by DENV-specific qRT-PCR following
infection with DENV1 (A), DENV2 (B), DENV3 (C), and DENV4 (D) in the
presence of hMAbs 4.8A, D11C, and 1.6D. Each data point is the mean of three
replicates. The error bars indicate standard deviations.
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Figure 28. Mechanism of Neutralization. (A) Low-pH-activated virus-liposome
fusion was measured using fluorescently labeled DENV2 incubated with hMAbs
4.8A, D11C, and 1.6D. The fluorescence signal was normalized to the signal
generated in the absence of hMAbs to calculate percent liposome fusion. EH21
is an irrelevant anti-HIV hMAb. (B) Intracellular fusion of DiD-labeled DENV2
within endosomes leads to dequenching of DiD. Confluent monolayers of MA104
cells were infected with equivalent amounts of DENV2 pre-incubated with or
without 100 µg/ml hMAbs, as indicated. Intracellular structures at the site of
fusion events fluoresce red. Cells were counterstained with DAPI to visualize
nuclei. (C) Intracellular fusion levels were quantified after incubation of DENV2
with different concentrations of hMAbs. Fluorescence levels were normalized to
those of virus-only controls. (D) Total fluorescence of all bound DENV2 was
quantified by fully dequenching the cells. DENV2 was incubated with 100 µg/ml
of each hMAb. Fluorescence levels were normalized to those of virus-only
controls. Heparan sulfate at 10 µg/ml, a known inhibitor of DENV binding, was
used as a positive control for binding inhibition. For panels A, C, and D, each
data point is the mean of three replicates. The error bars indicate standard
deviations.
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Figure 29. Coarse-Level Epitope Mapping. (A) Western blots were prepared
with DENV2 sDI/II and sDIII, and blot strips were probed with 5 µg/ml of hMAbs
4.8A, D11C, 1.6D, and control mMAbs 4G2 and 3H5.1 under nonreducing
conditions. Binding of antibodies to sDI/II on the blot strips was detected at a
PMT voltage of 475 V or 562 V for hMAbs and mMAbs, respectively, whereas
binding of both hMAbs and mMAbs to sDIII on blot strips was detected at a PMT
voltage of 420 V. (B) A competition ELISA was used to determine whether
hMAbs 4.8A, D11C, and 1.6D and mMAb 4G2 recognized overlapping epitopes
on DENV1 E protein. hMAb EH21 against HIV-1 ENV was used as a negative
control. Unlabeled antibodies (shown on the x-axis) were added to DENV1 E
protein-coated wells. Upon removal of unbound antibodies, the wells were
probed with biotinylated antibodies as shown. (C) Antibody binding competition
was measured using biolayer interferometry. Biosensor probes were coupled to
hMAb 1.6D and subsequently incubated with either DENV2 sE alone or sE
complexed with hMAb 1.6D or control anti-HIV 1.7B or with mMAb 4G2 or 3H5.1.
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Figure 30. Molecular-Level Epitope Mapping. (A) Cells expressing DENV E
mutants were fixed and immunostained with the indicated antibodies. Clones with
reactivities of 25% relative to wild-type (WT) DENV3 E were identified as critical
for hMAb binding. The reactivities of mutant clones containing each critical
residue with hMAbs 4.8A, D11C, and 1.6D and the control mMAb 1A1D-2 and
human polyclonal serum (hPAb) are shown. The experiments were repeated
three times, and standard deviations of quadruplicate wells are shown. (B)
Critical residues for hMAbs 4.8A (W101, L107, and G109), D11C (W101 and
G109), and 1.6D (W101 and G109) were visualized on a structure of DENV3 E
protein (Protein Data Bank accession code 1uzg). DI, DII, and DIII are depicted
in red, yellow, and blue, respectively, and the fusion loop (residues 98 to 109) is
circled.
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CHAPTER 4
The Effect Of Anti-DENV hMAbs On DENV Infection Kinetics And
Regulation Of The Inflammatory Response In FcγR-Bearing Cells
Specific Aims 2.1 and 2.2
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Introduction
Secondary DENV infection with a heterologous serotype typically
manifests as severe DHF/DSS, characterized by elevated viremia and vascular
leakage in humans. Determinants that predispose DENV-infected patients to
develop DHF/DSS have been partially identified and include both host and viral
factors [26, 77, 114]. Viral load, virus variation, and antibody-dependent
enhancement (ADE) of infection are all viral factors suggested to contribute to
disease progression and severity [84, 92, 241]. In addition, factors including host
genotype and immune function are thought to contribute to disease presentation
and severity [77, 287]. Antibody-dependent enhancement (ADE), a welldocumented in vitro phenomenon in which pre-existing, cross-reactive antibodies
(Abs) enhance virus infectivity, is proposed to be responsible for increased
viremia in DHF/DSS, yet the importance and relevance of ADE of DENV infection
in vivo remains undetermined [21]. It is postulated that during natural DENV
infection, ADE contributes to disease severity by facilitating viral entry into host
cells thereby increasing the number of infected cells, resulting in increased virus
production [24]. More recently, the ADE hypothesis has been expanded to
include the idea that FcγR-mediated viral entry into host cells can result in
suppression of the cellular antiviral response, thereby delineating ADE into 2
components that regulate virus replication: “extrinsic” ADE and “intrinsic” ADE
[151, 198]. Extrinsic ADE refers to the classical increase in the number of
infected cells via Fc-FcγR-mediated mechanisms. Intrinsic ADE generally refers
to two mechanisms of immune suppression: (1) decreased type I IFN production
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via downregulation of viral recognition signaling pathways and (2) reduced type I
IFN signaling via IL-10 mediated inhibition of the JAK-STAT pathway [140, 198,
288-290]. While the majority of ADE studies focus on examining either the
extrinsic or intrinsic mechanisms of ADE, the two components of the ADE
hypothesis have not been thoroughly examined in association with one another
and any potential link between them remains undiscovered.
Various cell types, including monocytes and macrophages, dendritic cells,
hepatocytes, and endothelial cells, are able to support DENV infection and
replication [54, 57, 65, 204, 210, 291]. In response to DENV infection, these cells
produce a multitude of cytokines and chemokines, some of which have been
shown to correlate with disease severity [101]. Overproduction of proinflammatory and anti-inflammatory cytokines, such as TNF-α, IL-6, IL-8, IL-10,
macrophage

migration

inhibitory

factor

(MIF),

IFN-γ

and

macrophage

inflammatory protein 1 beta (MIP-1β) have been implicated as potential
predictors of DENV disease severity and clinical outcome [99, 102, 103, 292]. In
Fc receptor (FcγR)-bearing cells, such as monocytic cells, ADE involves entry of
virus-Ab complexes via Fc-FcγR interaction, resulting in significantly enhanced
virus titers [292]. In addition to facilitating viral entry, pre-existing heterotypic antiDENV Abs may also modify the innate and adaptive immune responses via FcFcγR interactions. Studies have demonstrated that ADE of infection by subneutralizing Abs attenuates T-helper 1 (Th1) cell mediators such as IL-12 and
IFN-γ and activates immunosuppressive mediators such as prostaglandin E2 and
IL-10 [140, 152, 288]. Furthermore, DENV-Ab immune complexes (IC) were
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shown to suppress nitric oxide (NO) radical production by preventing activation of
signal transducer and activator of transcription 1 (STAT-1) and interferon
regulatory factor 1 (IRF-1) in THP-1 cells [140]. This evidence suggests that
modification of the cellular immune response may be due to alterations of
intracellular signals by infection via DENV-Ab ICs. Together, these findings
indicate that in addition to enhancing virus entry, infection by DENV-Ab ICs may
alter intracellular signaling pathways resulting in a diminished cellular antiviral
response, which facilitates virus infection.
Previous studies focusing on ADE and the mechanisms of ADE that cause
increased disease severity relied on DENV immune serum to simulate ADE in
vitro. However, human serum contains a multitude of immune factors in addition
to both neutralizing and enhancing antibodies that can lead to variable and even
conflicting results. Additionally, studies that employed monoclonal antibodies as
tool to study the mechanisms of ADE have only focused on the contribution of
antibody to the extrinsic component of ADE [43, 45, 49, 111]. In the present
study, we utilized anti-DENV hMAbs isolated from DENV convalescent patients
(Chapter 2, Aim 1.1) to determine the effects of antibodies on DENV infection
kinetics and on the production of soluble immune mediators in response to
DENV-Ab IC infection. While other reports have examined separately the impact
of viral burden and cellular immune activation on DHF pathogenesis, to our
knowledge, we are the first to use hMAbs, as opposed to DENV immune serum,
to study both aspects of ADE. We hypothesized that during DENV infection,
antibodies regulate the immune response of FcγR-bearing cells at both the viral
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level, by neutralizing or enhancing DENV entry and/or replication, and at the
cellular level, by influencing the intracellular cytokine response, and that both
viral output and the cellular inflammatory response would show kinetic changes
that are dependent on antibody binding characteristics, time course of infection,
and virus infectivity. Furthermore, we anticipated that higher virus production in
ADE of infection would be associated with a suppressed and/or dampened
cytokine response, compared to non-ADE infection. The use of hMAbs allowed
us to determine the effect of antibodies alone on ADE, which eliminated
contamination of our results by the presence of confounding factors and
predisposing determinants that may be present in human immune serum and
influence the outcome [77]. Our approach combined anti-DENV hMAbs and a
well-characterized in vitro model for ADE, the K562 human erythromyeloleukemic
cell line, which has known susceptibility to DENV infection and expresses a
single activating FcγR, FcγRIIA, that has been shown to mediate ADE in vitro,
thus eliminating variability that may be due to differentially regulated surface
expression of multiple FcγRs [79, 231].
The objective of this study was to define the relative contributions of virus
burden and host intracellular immune activation to the pathogenesis of DENV
infection in the presence or absence of specific hMAbs. Our results
demonstrated quantitative differences in ADE effects mediated by hMAbs of a
particular epitope class, including virus infectivity, the level of virus output, and
the magnitude and duration of the cellular inflammatory response. Infection with
DENV alone or in the presence of individual hMAbs produced unique cytokine
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profiles. An initial delay in cytokine production over mock-infected (ie cells treated
with medium alone) levels in the presence of increasing infectious virus titers was
observed for DENV-infected cells for the first 36 h post-infection (pi), after which
peak cytokine levels were found to correlate kinetically with peak virus titers at
approximately 48 h pi in DENV-infected cells. An extended delay in cytokine
production was observed in response to DENV infection in the presence of
enhancing hMAbs, specifically those that targeted epitopes located on or near
the E protein fusion loop. Peak cytokine production by these cells was also
delayed and the timing and magnitude of the response did not correspond to
peak virus titers. This response was dependent on both replication-competent
virus and Fc-FcγR interaction and was responsible for establishment of infection
and production of enhanced virus titers. Together, these results indicate that
ADE of DENV infection in K562 cells results in the production of soluble immune
factors that kinetically influence DENV replication. Additionally, the distinctly
different cytokine profiles triggered by infection in the presence of hMAbs with
different epitope specificities indicates the ability of hMAbs to differentially
modulate the cellular inflammatory/antiviral response to DENV infection and
suggests that the degree of immune modulation is dependent on Ab type and
titer. The results of this study demonstrate an association between viral load and
cytokine production in DENV-infected monocytic cells and provide an in vitro
method of assessing the effect of antibodies on viral load and immune reaction
simultaneously. Determining the effect of hMAbs on neutralization and
enhancement of DENV infection in conjunction with immune reaction assessment
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provides a rational approach to understanding how Abs affect virus-cell
interactions during DENV infection and identifying Ab characteristics that may
trigger severe disease, a crucial concern for DENV therapeutics and vaccine
design.

Materials and Methods
Viruses and Cells
DENV-1 strain HI-1 was propagated as described in Chapter 2, Aim 1.1.
K562 hematopoietic cells (ATCC, Manassas VA) were grown in Iscove's Modified
Dulbecco's Media (IMDM) (Gibco), 10% (v/v) FBS, 2 mM Glutamax, 100 U/ml
penicillin G, 100 µg/ml streptomycin and 0.25 µg/ml amphotericin B, at 37°C with
5% (v/v) CO2. Vero E6 cells, used for plaque assays, were grown in Dulbecco’s
modified eagle medium (DMEM) containing 10% (v/v) FBS, 2 mM Glutamax, 100
U/ml penicillin G, 100 µg/ml streptomycin and 0.25 µg/ml amphotericin B, at 37°C
with 5% (v/v) CO2.

UV-Inactivated DENV Preparation
One-milliliter aliquots of thawed DENV1 virus stocks or DENV-infected cell
culture supernatants in 12-well plates were inactivated by exposure to low
intensity 312 nm ultraviolet (UV) light from a FOTO/UV 21 Transilluminator
(FOTODYNE Inc., Hartland, WI). Virus was exposed for approximately 45 min at
room temperature at an intensity of 900 µW/cm2. Mock UV-inactivated virus was
thawed and left for 45 min at room temperature without exposure to UV light.

162
Complete inactivation was confirmed by plaque assay on Vero E6 cells.

Antibodies and Reagents
Anti-DENV hMAbs were generated as previously described in Chapter 2,
Aim 1.1. The L234A, L235A (LALA) variant of hMAb 1.6D was created by sitedirected mutagenesis, substituting alanine residues for leucine residues at
positions 1.3 and 1.2 of CH2 domain (according to the IMGT unique numbering
for C domain). LALA variants were expressed in 293T cells in RPMI
supplemented with 10% FBS, 100 U/ml penicillin G, 100 µg/ml streptomycin and
0.25 µg/ml amphotericin B, at 37°C with 5% (v/v) CO2. Abs were purified by
Protein A affinity chromatography (Sigma) and dialyzed against phosphatebuffered saline (PBS) overnight. Care was taken to minimize endotoxin
contamination, which was monitored using a quantitative chromogenic Limulus
Amoebecyte Lystae assay (Cambrex) performed according to the manufacturer’s
instructions.

Plaque Assay
Vero E6 cells were seeded onto 6-well plates 24 hours prior to inoculation
to allow formation of confluent monolayers. Ten-fold serial dilutions of K562 cell
culture supernatants in a total volume of 0.1 ml adsorbed for 90 minutes at 37°C
and 5% CO2 onto confluent Vero cell monolayers with rocking every 15 minutes.
The inoculum was aspirated and cells were overlaid with 3 ml per well of 2X
MEM with 10% (v/v) FBS containing 1% (w/v) agarose pre-heated in a water bath
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at 56°C for at least 1 hour. Infected cells were maintained at room temperature to
allow overlays to solidify (~15 minutes) and then incubated at 37°C with 5% CO2
for six days. Infected cultures were then overlaid with 3 ml per well of 2X MEM
with 10% (v/v) FBS containing 1% (w/v) agarose and 1.33% (v/v) of Neutral Red
(Sigma) and incubated at 37°C with 5% CO2. Plaques were counted after 24-48
hours to calculate the number of plaque forming units (PFU) of DENV per ml of
supernatant.

Antibody-Dependent Enhancement (ADE) Assay
The ADE assay was performed using anti-DENV hMAbs generated in
Chapter 2, Aim 1.1. Varying concentrations of hMAb were pre-incubated with
DENV1 at a multiplicity of infection (MOI) of 1 in a total volume of 100 µl of
serum-free IMDM medium (Gibco) at 37°C for 1 hour to allow immune complex
(IC) formation. hMAb-virus mixtures were then added to 2 x 105 K562 cells and
incubated at 37°C for 2 hours. Infected cells were washed twice with 1X PBS to
remove excess DENV-immune complexes and then re-suspended in IMDM 10%
(v/v) FBS, 100 U/ml penicillin G, 100 µg/ml streptomycin and 0.25 µg/ml
amphotericin B in 24-well plates and incubated at 37°C with 5% (v/v) CO2.
In addition to hMAb-dependent ADE of DENV infection, the following
control infections were performed: hMAb alone (1.6D at 20 µg/ml without DENV),
UV-DENV infection (UV-inactivated DENV, which lacks the ability to replicate its
genome and is only capable of binding, entry and initial rounds of viral RNA
translation), and UV-DENV-ADE infection (UV-inactivated DENV with hMAb).
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Viral RNA Quantitation
DENV-infected K562 cells and cell culture supernatants were harvested
and DENV RNA was quantitated by two-step SYBR Green I-based real-time
PCR using a DENV1 capsid serotype-specific primer pair and standard curve as
described in Chapter 2, Aim 1.1.
FcγRIIA expression on K562 cells was assessed by relative quantification
using the delta-delta Ct method. Samples were prepared as specified above, and
reverse transcription products were amplified using an FcγRIIA-specific primer
pair: FcγRIIA Forward (5’-GGGCACCTACTGACGATGAT-3’), FcγRIIA Reverse
(5’-TTGTCATCCACTCAGCAAGC-3’). β-Actin was used as an internal control. βActin Forward (5’-TCCTGTGGCATCCACGAAACT-3’), β-Actin Reverse (5’GAAGCATTTGCGGTGGACGA-3’).

Detection of Cell Surface Markers by Flow Cytometry
Cell surface staining for FcγRs was performed using phycoerythrin (PE)conjugated CD16 (BD Biosciences), APC-conjugated CD32 (BD Biosciences),
and phycoerythrin (PE)-conjugated CD64 (BD Biosciences). Surface staining for
DC-SIGN was performed using FITC-conjugated CD209 (BD Biosciences). A
mouse IgG1-PE/FITC antibody (BD Bioscience) was used as an isotype control.
Analysis of surface marker expression was determined on a Cytomics FC500
Series flow cytometer (Beckman-Coulter, Brea, CA).
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Quantitation of Cytokines by Flow Cytometry using a Multiplex Bead Assay
Cytokines were quantified from infected and uninfected cell culture
supernatants by flow cytometry using a bead-based multiplex immunoassay
according to the manufacturer’s instructions (Human Inflammation 20-Plex
FlowCytomix Multiplex Kit, eBioscience). The cytokines measured by the
cytometric bead array (CBA) assay were: IL-1α, IL-1β, IL-4, IL-6, IL-8, IL-10, IL12 (p70), IL-13, IL-17A, IFN-α, IFN-γ, TNF-α, E-selectin, granulocyte colony
stimulating factor (G-CSF), intercellular adhesion molecule-1 (ICAM-1), Interferon
gamma-inducible protein-10 (IP-10), monocyte chemoattractant protein-1 (MCP1),

macrophage

inflammatory

protein-1

alpha

(MIP-1α),

macrophage

inflammatory protein-1 beta (MIP-1β), and latency-associated peptide (LAP).
Eight-point standard curves for each analyte were generated using concentrated
human recombinant cytokine provided by the vendor (eBioscience). A range of
0.5 – 30,000 pg/ml recombinant cytokines was used to generate standard curves
and to maximize the sensitivity and dynamic range of the assay. Briefly, a
mixture of antibody-coupled beads for each analyte to be measured was
incubated with 25 µl of supernatant sample or standard mixture. A biotinconjugated secondary antibody mixture was then added and samples were
incubated in the dark at room temperature for 2 hours. Complexes were washed
and incubated with streptavidin-phycoerythrin (PE) for 1 hour in the dark.
Cytokine concentrations were assessed by flow cytometry using a Cytomics
FC500 Series flow cytometer (Beckman-Coulter, Brea, CA). The analyte
concentrations were calculated using software provided by the manufacturer
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(FlowCytomix Pro Software, eBioscience).

Statistical Analysis
All data were analyzed using Prism 5.0 software (GraphPad, San Diego,
CA) using a two-tailed Student’s t test or two-tailed ANOVA with Bonferroni posttest for significance. P values of <0.05 were considered significant, unless
otherwise stated.

Results

Analysis of Cell Surface Marker Expression in K562 Cells
While Dengue virus has been shown to infect a variety of cell types in
humans, FcγR-bearing cells, including antigen-presenting cells (APCs) such as
monocytes and macrophages, are also susceptible to antibody-dependent
enhancement (ADE) of infection [50, 54, 56, 202]. FcγR expression is required for
enhancement of DENV infection in human monocytes in the presence of Abs.
Thus, FcγRs represent the key receptor for viral binding and entry in the form of
Ab-DENV immune complexes. Enhanced infection has also been reported in the
absence of Fc-FcγR interaction in cells expressing the C-type lectin DC-SIGN
(CD209), which is thought to facilitate DENV attachment [52, 63]. K562 is a cell
line derived from a patient with chronic myeloid leukemia that exhibits
characteristic properties of monocytes and granulocytes [293]. K562 cells
express only FcγRIIA on their surface making them highly susceptible to ADE of
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DENV infection [79, 231, 293, 294]. The presence of only a single type of FcγR
also makes them an ideal, straightforward model for studying ADE in vitro. Since
different receptors may influence ADE, we first analyzed the surface expression
of FcγRI (CD64), FcγRII (CD32), FcγRIII (CD16), and DC-SIGN (CD209) on K562
cells by flow cytometry to determine the percentage of cells expressing these
receptors. As expected, > 98% of K562 cells expressed FcγRII (Figure 31).
Confirming the sole expression of FcγRII thus enabled the individual examination
of only FcγRII, in isolation from other FcγR classes or other unrelated receptors,
in ADE of DENV infection.

Antibody Characteristics
As detailed previously in Chapter 2, Aim 1.1, antibody-mediated
neutralization or enhancement of DENV infection is determined by the interaction
between antibodies and viral epitopes at different antibody:virus ratios.
Specifically, our results suggested that on FcγR-bearing cells, Ab-mediated
neutralization or ADE of DENV infection depends on Ab concentration and
epitope location as well as DENV serotype. Additionally, in Chapter 2, Aim 1.1,
we grouped hMAbs targeting specific regions of the E protein and identified a
relationship between epitope class and Ab-mediated effector functions such that
within a particular epitope class, hMAbs tend to share similar functional
characteristics, such as binding affinity and neutralization and enhancement
potential, which impact their ability to influence the response to DENV infection.
In order to fully explore the effects of antibodies on both DENV infection kinetics
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and the cellular antiviral response to DENV, we chose representative hMAbs
from each of the three identified epitope classes characterized in Chapter 2, Aim
1.1. The main functional characteristics of the hMAbs used in this study are
summarized in Table 8.
Briefly, hMAb 1.6D is classified as a fusion loop-binding Ab because it
targets an epitope located entirely on the E protein Domain II (DII) fusion loop
(FL) of the E protein. FL-binding hMAbs are broadly cross-reactive across all 4
DENV serotypes and have the capacity to either neutralize or enhance DENV
infection, which is concentration-dependent: high concentrations (> 10 µg/ml)
neutralize DENV infection; low concentrations (< 2 µg/ml) enhance infection.
Despite their dual-role in preventing and augmenting infection, FL-binding hMAbs
exhibit the highest degree of both neutralization and enhancement activity
compared to hMAbs that bind other epitopes on the E protein. To determine the
importance

of

Fc-FcγR

interaction

to

Ab-mediated

neutralization

and

enhancement of DENV infection, we also generated an Fc variant of 1.6D
containing the “LALA” mutation (1.6D-LALA), in which leucine residues were
substituted with alanine residues at two positions in the lower hinge region of the
CH2 domain (L234A, L235A), as described in Materials and Methods [295]. This
modification abrogates both Fc receptor binding and complement activation and
reduces ADCC of infected cells [295, 296]. Further detailed characterization of
this hMAb Fc variant will be provided later in this chapter.
hMAb 1.8B is considered a partial FL-binding Ab because it targets a DII
epitope that is partially located on the FL. Partial FL hMAbs are typically
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serotype-specific for only 2 of the 4 DENV serotypes. In contrast to FL-binding
hMAbs, partial FL-binding hMAbs demonstrate little to no neutralization activity
and are predominantly non-neutralizing (enhancing) Abs, despite targeting a
portion of the fusion loop. Partial-FL binders have the ability to potently enhance
DENV infection over a wide range of concentrations.
hMAb 4.2C binds an epitope located on DII that does not include the FL,
making it a DII non-FL Ab. DII non-FL hMAbs are generally specific for > 2 DENV
serotypes and constitute the most functionally diverse group of anti-E hMAbs.
Like FL-binding hMAbs, DII non-FL hMAbs can exhibit either neutralization or
enhancement activity in a concentration-dependent manner, yet unlike FLbinding hMAbs, they only exhibit moderate levels of neutralization and
enhancement activity. DII non-FL hMAbs are typically unable to completely
neutralize DENV infection, even when present at high concentrations (40 µg/ml),
and they have lower peak enhancement titers than both FL- and non-FL-binding
hMAbs.
These three hMAbs, 1.6D, 1.8B, and 4.2C, were used in place of human
serum to induce ADE in order to dissect the precise role of Ab in influencing virus
infectivity and the cellular inflammatory response in vitro. Furthermore, using
hMAbs that targeted distinct epitopes allowed us to assess the importance of
epitope specificity and Ab type and to both the viral and cellular response to
DENV infection.

Kinetic Analysis of DENV-ADE Infectivity by hMAbs with Different Epitope
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Specificities
During DENV infection, viral production by infected cells occurs
continuously over the life of the cell. Thus, determining viral replication over the
course of infection, rather than at just one time point, is more indicative of natural
infection and provides a much more in depth understanding of the kinetics of
DENV infection. To determine the effect of different hMAbs on DENV infectivity
over the course of infection, K562 cells were infected with DENV that had been
pre-incubated in the presence or absence of hMAbs at concentrations known to
neutralize (20 µg/ml for 1.6D) or maximally enhance (0.625 µg/ml for 1.6D; 5
µg/ml for 1.8B; 2.5 µg/ml for 4.2C) DENV infection in vitro. Infection kinetics for
K562 cells infected with DENV in the presence or absence of these different
hMAbs was determined from 24 h to 120 h post-infection (pi) by assessing
infectious virus titers in cell culture supernatants by plaque assay (Figure 32).
Infection of K562 cells by DENV alone without the presence of hMAb (referred to
as “DENV1”) was set as the baseline of infection from which infection
enhancement was determined. With the exception of cells infected with DENV
plus a neutralizing concentration of 1.6D (1.6D[20]), all groups exhibited similar
infection kinetics. Interestingly, significant differences in virus titers between cells
infected under ADE conditions (ie in the presence of enhancing hMAb:
1.6D[0.625], 1.8B, 4.2C) and cells infected under non-ADE conditions (ie in the
absence of enhancing hMAb: DENV1, 1.6D[20]) were seen as early as 24 h pi
(Figure 32). Since initial rounds of DENV replication and release of progeny virus
has been shown to occur by approximately 12-24 h pi, the sizeable differences in
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infectious virus titers between cells infected under ADE conditions compared to
cells infected with DENV alone suggests that the mechanisms responsible for
ADE occur within the first 24 h following initial infection [261]. Infectious virus
titers in culture supernatants from all infection groups, with the exception of
1.6D[20], increased from 24 h to 48 h pi, exhibiting titer peaks and plateaus
between 36 and 48 h pi, followed by steadily declining titers after 48 h pi. Under
ADE conditions (1.6D[0.625], 1.8B, and 4.2C) an approximate increase of 1.7- to
2.5-logs of infectious virus titers were observed. Cells infected with DENV plus
an enhancing concentration of 1.6D (1.6D[0.625]) produced the highest mean
DENV titers (6.67 + 0.29 PFU/ml), followed by DENV infection with 1.8B (6.39 +
0.37 PFU/ml), while cells infected with DENV in the presence of 4.2C produced
intermediate levels of virus (5.91 + 0.52 PFU/ml). Despite a slight decline in
infectious virion production observed from approximately 48 h to 96 h pi, cells
infected with DENV under ADE conditions continued to produce significantly
higher infectious virus titers compared to cells infected with DENV alone for the
duration of the study at 120 h pi (Figure 32).
As expected, cells infected in the presence of 1.6D[20] showed no
enhancement of infection, as determined by reduced virus titers below the level
produced by DENV infection alone (Figure 32). Initially, at 24 h pi, virus titers
detected for cells infected with DENV alone were similar to that of the 1.6D[20]
group, and the number of infectious virions remained the same between these
groups until after 36 h pi when 1.6D[20] titers peaked and then began to sharply
decline, in contrast to titers for cells infected with DENV alone, which peaked and
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plateaued between 36 and 48 h pi. Of note, the level of infectious virion
production by cells infected in the presence of 1.6D[20] showed the most
variability compared to any other group particularly from 48 h to 96 h pi, as
indicated by the large error bars associated with 1.6D[20], compared to other
infection groups, in Figure 32. This variation in virus titer was only seen with
1.6D[20] and may reflect the maturation state of the virus in the inoculum, since
as a fusion loop-binding hMAb, 1.6D should theoretically be able to neutralize
immature virions more potently because of the likelihood of the E protein fusion
loops being exposed. Also, to represent Ab-mediated neutralization, we chose to
use 1.6D at a concentration of 20 µg/ml because 1.6D was shown to completely
neutralize infection of Vero cells, as determined by plaque assay (Chapter 2, Aim
1.1); however, as shown in Figure 32, 1.6D[20] does not completely neutralize
DENV infection of K562 cells. Instead, initial infectious virus titers detected at 24
h and 36 h pi from 1.6D[20] supernatants are similar to DENV titers in the
absence of hMAb. It is not until after 48 h pi when 1.6D[20] began to demonstrate
infection neutralization, seen as a decrease in infectious virus titers below DENV.
This discrepancy in neutralization by different cell types may be the result of
FcγR expression by K562 cells, but not Vero cells, which may still facilitate viral
infectivity without causing enhancement. Furthermore, as shown in Chapter 3,
Aim 1.2, 1.6D does not block virus entry in to the cell, but rather neutralizes
infection intracellularly by binding the E protein fusion loop and preventing virusendosome fusion. Thus, because 1.6D-mediated neutralization relies on a
sufficient number of 1.6D Abs to be taken up into the endosomal compartment,
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even in the presence of extracellular neutralizing levels of 1.6D, virus retains
infectivity and can enter cells and undergo initial rounds of virus replication, thus
establishing initial baseline infection levels as seen in infected K562 cells. These
discrepancies in 1.6D neutralization potency reiterate the impact of Ab epitope
specificity and indicate the importance of cell type and variations in cell surface
receptor expression on Ab-mediated function in DENV infection. Overall, this
analysis of DENV infectivity provided a continuous model of viral replication
kinetics for K562 cells, and revealed both similarities and differences in DENV
infection kinetics for cells infected with DENV alone or in the presence of
neutralizing or enhancing titers of hMAbs.

Mechanisms of Extrinsic ADE
Kinetic analysis of DENV infection revealed significant differences in
infectious virus titers between K562 cells infected with DENV in the presence or
absence of enhancing hMAb at early time points (24 h) post-infection (Figure 32).
This observation led us to investigate whether the mechanism of Ab-mediated
enhancement was due increased cellular uptake of virus or increased virus
replication. To answer this question, we determined DENV infection kinetics of
K562 cells infected with DENV pre-incubated in the absence (DENV) or presence
of 1.6D at 0.625 µg/ml (DENV+1.6D) by assessing intracellular copies of DENV
genome by qRT-PCR from 0 h to 168 h post-infection (pi) (Figure 33).
Comparison of the first 6 h to 24 h pi revealed no significant differences in initial
infectivity in cells infected with DENV alone compared to DENV+1.6D as shown
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in Table 9. In fact, cells infected with DENV alone initially showed slightly higher
levels of virus uptake than cells infected under ADE conditions. At 12 h pi, there
was increased infectivity of DENV+1.6D, but this finding was not statistically
significant (P = 0.1102; n = 3) (Table 9). However, a significant increase in
infectivity between DENV and DENV+1.6D occurred after 24 h pi, as indicated by
increased detection of viral RNA copies in cells infected with DENV+1.6D (Figure
33). The significant increase in intracellular DENV RNA copies in cells infected
with DENV+1.6D at 24 h pi corresponded to the significant increase in infectious
virus titers observed previously at 24 h pi (Figure 32). Further increases in
infectivity of DENV+1.6D compared to DENV were detected from 48 h to 96 h pi
(Figure 33). A comparison of initial viral uptake (expressed as DENV RNA copies
at 6 h pi) versus peak viral output (expressed as PFU/ml at 48 h pi) highlights the
stark contrast between initial infectivity of DENV and DENV+1.6D and production
of infectious virions between the two groups (Table 10). Together, these results
indicate that extrinsic mechanisms of ADE involve enhanced or facilitated viral
replication mechanisms, rather than enhanced entry of virus into the cell. In
addition, these data suggest that intracellular processes occurring post-viral entry
are essential to establishing conditions favorable for enhanced viral infectivity.
Interestingly, after 96 h, there appeared to be no difference in the number of viral
RNA copies in cells infected with DENV or DENV+1.6D (Figure 33). Assessment
of intracellular DENV genomic copies in cells infected with DENV in the presence
of enhancing levels of 1.8B and 4.2C yielded similar results (data not shown),
indicating that this mechanism of ADE is not unique to 1.6D.
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Another potential mechanism of ADE that has been proposed is the upregulation of FcγR surface expression on infected cells, facilitating DENV-Ab
immune complex uptake and contributing to increased cellular infection [147,
297]. To test this idea, we determined whether DENV infection in the presence or
absence of enhancing levels of 1.6D could induce up-regulation of FcγR
expression in K562 cells by real-time PCR using FcγRII-specific primer pairs.
Total cellular RNA was extracted at 6, 12, 24 and 48 h pi from K562 cells that
were mock infected with IMDM medium or infected with DENV1 pre-incubated in
the presence or absence of enhancing concentrations of hMAb 1.6D. FcγRII
expression was determined by real-time PCR relative to the housekeeping gene
β-actin and the delta-delta Ct method was used to compare changes in FcγRII
expression between mock-infected cells and DENV or DENV-ADE infected cells.
Neither DENV infection alone nor Ab-enhanced DENV infection resulted in upregulation of FcγRIIA in K562 cells at any time-point tested (data not shown).
These results indicate that DENV-induced up-regulation of FcγR expression, and
thus enhanced viral uptake, as shown previously, is not a mechanism for
enhanced viral infectivity of K562 cells, and that constitutive expression of
FcγRIIA by K562 cells is sufficient to trigger ADE in vitro.

Cytokine Profiles of K562 Cells Infected with DENV
After evaluating DENV infection kinetics and examining potential
mechanisms of extrinsic ADE, we next sought to assess the ability of antibodies
to modulate the cellular inflammatory and/or antiviral response by first evaluating
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the response to DENV infection alone. Whereas the majority of studies examine
the cellular response to DENV infection at a single time point during infection
(typically during peak viremia), we opted to perform a kinetic study comparing
DENV infectivity (ie production of infectious virus titers) with cellular secretion of
soluble immune mediators over the course of infection, rather than at a single
time point during infection, in order to determine how virus replication and the
cellular inflammatory/antiviral response interact to shape the resulting course of
infection. To assess the cellular response to DENV infection in relation to virus
infectivity, infectious virion titers and cytokine kinetic profiles for K562 cells
infected with DENV alone (ie in the absence of hMAbs) were determined by
plaque assay and cytometric bead array (CBA) assay, respectively, over an
infection period of five days. DENV-specific cytokine production was determined
by subtracting the amount of cytokine (pg/ml) produced by mock-infected cell
culture supernatants from the amount of cytokine (pg/ml) produced by infected
cell culture supernatants. The temporal relationship between infectious virion
release and DENV-specific cytokine production by K562 cells infected with DENV
is illustrated in Figure 34. In response to DENV infection, the level of DENVspecific pro-inflammatory cytokine production appeared to kinetically correlate
with virus titers (Figure 34A). Interestingly, although virus replication begins
immediately following virus entry into host cells with the first round of replication
completed around 24 h pi, pro-inflammatory cytokines were produced at only low
levels above the level of mock-infection for the first 36 h following DENV infection,
suggesting the presence of a delayed pro-inflammatory immune response. By 24
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h pi, IFN-γ and TNF-α production was detected followed by IL-1β, which started
increasing after 24 h pi. With the exception of IL-1β, production of all proinflammatory cytokines decreased between 24 h and 48 h pi. Interestingly,
despite playing a primary role in controlling early viral infection, IFN-α production
was not detected above mock-infected levels until after 36 h pi. Peak virus titers
were detected between 36 h and 48 h pi and corresponded to increasing proinflammatory cytokine production from 36 h to 48 h pi, with peak cytokine levels
occurring by 48 h pi. Following 48 h, both pro-inflammatory cytokine levels and
virus titers continued to decrease steadily through 120 h pi.
The production of anti-inflammatory cytokines seemed to mirror the
production of pro-inflammatory cytokines, which is indicative of a balanced
immunological response whereby anti-inflammatory cytokines are released to
regulate and prevent overproduction of pro-inflammatory cytokines (Figure 34B).
Peak levels of IL-4, IL-10, and IL-13 were detected at 48 h pi (Figure 34B), which
corresponded to peak production of pro-inflammatory cytokines IL-1β, IL-12p70,
IFN-α, IFN-γ, and TNF-α (Figure 34A).
In response to DENV infection, K562 cells also produced an array of
chemokines, including the neutrophil chemoattractant IL-8, which is produced at
increased levels, with respect to mock-infection, at early time points postinfection (24 h) and reached peak levels by 72 h pi (Figure 34C). Other
chemokines produced in response to DENV infection included IP-10, MCP-1, and
MIP-1α, which all exceeded mock-infected levels after 36 h pi and peaked at 48
h pi, as well as MIP-1β, which surpassed mock-infected levels after just 24 h pi
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and also peaked at 48 h pi. Additionally, DENV-specific production of growth
factor G-CSF (Figure 34D) and adhesion molecule ICAM-1 (Figure 34E) were
both detected above mock-infected levels by 24 h pi. Production of ICAM-1
increased rapidly with respect to mock-infected levels from 24 h to 48 h pi, with
peak levels observed by 48 h pi, followed by a rapid decline to mock-infected
levels by 96 h pi (Figure 34E), whereas G-CSF levels increased gradually from
24 h reaching peak levels by 72 h pi, followed by a steady decline from 72 h to
120 h pi, at which point levels remained above that of mock-infected cells (Figure
34D).
Together, these data demonstrate that activation of K562 cells in response
to DENV infection results in the secretion of soluble immune factors in vitro, and
that the timing of the cellular inflammatory response kinetically correlates with
DENV replication. However, these results also reveal delayed production of key
antiviral and pro-inflammatory factors, such as IFN-α and TNF-α, and other
soluble immune factors, which were not appreciably detected above mockinfected levels until approximately 36 h pi, which was long after the detection of
high infectious virus titers in culture (Figure 34A). Our results are corroborated by
other studies demonstrating suppression of the pro-inflammatory/antiviral
response during DENV infection [143, 153, 298-300]. Together, these results
support the potential capability of DENV to delay and/or suppress the cellular
antiviral response in order to establish host cell infection and facilitate viral
replication and spread.
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Cytokine Profiles of K562 Cells Infected with DENV Under Neutralizing
Conditions
To determine the effect of antibody-mediated neutralization of DENV
infection on the cellular inflammatory/antiviral response, K562 cells were infected
with DENV in the presence of a neutralizing concentration of the fusion loopbinding hMAb 1.6D (1.6D[20]) and cytokine expression profiles were determined
by CBA assay and assessed in relation to infectious virus titers over a period of 5
days (Figure 35). The pattern of pro-inflammatory cytokine expression produced
by cells infected with 1.6D[20] (Figure 35A) was relatively similar to that of cells
infected with DENV alone (Figure 34A); however, many distinct differences were
also observed. Overall, decreased levels of DENV-specific cytokine production
was observed for cells infected with DENV in the presence of 1.6D[20] compared
to cells infected with DENV alone. Both groups also demonstrated early DENVspecific pro-inflammatory cytokine production by 24 h pi, followed by decreasing
levels from 24 h to 36 h pi. By 24 h pi, an increase in TNF-α over mock-infection
levels was detected in both DENV (Figure 34A) and 1.6D[20] (Figure 35A);
however, IFN-γ was also elevated in DENV infection (Figure 34A), whereas
1.6D[20] infection produced higher levels of IL-1β (Figure 35A). A distinct peak
virus titer was observed at 36 h pi in cells infected with 1.6D[20] followed by a
rapid decline in virus titer, which also corresponded to increasing levels of proinflammatory cytokines, particularly IFN-γ and IL-1β, which peaked at 48 h pi, as
well as IFN-α, which peaked later at 72 h pi. Virus titers continued to decrease
concomitant to waning levels of IFN-γ and IL-1β from 48h to 120 h pi. With the
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exception of IFN-γ, cytokine production by DENV-infected cells was rather
transient, with a sharp decline in peak levels after 48 h pi (Figure 34A), whereas
cytokine production by 1.6D[20]-infected cells increased with respect to mockinfected levels between 36 h and 48 h pi and remained elevated until 96 h pi
(Figure 35A). Also, whereas IFN-α production was not detected until 36 h pi for
cells infected with DENV alone, for cells infected with 1.6D[20], IFN-α production
was detected as early as 24 h pi, albeit at very low levels, with levels increasing
sharply after 36 h pi and peaking by 72 h pi, followed by steady production
through 120 h pi.
Early increases in anti-inflammatory cytokines over mock-infected cells
were observed for cells infected in the presence of 1.6D[20] (Figure 35B), but not
for cells infected with DENV alone (Figure 34B). Of interest, at 24 h pi, these
cells produced higher levels of the Th2-polarizing cytokine IL-10, which according
to the intrinsic ADE hypothesis, is posited to be the driving force behind
enhanced virus production in the presence of antibody [140, 198]. While the level
of IL-10 produced by these cells is not significantly elevated with respect to the
level produced by mock-infected cells, even this slight increase could have
potentially impacted the initial infectivity of the cells, facilitating the establishment
of infection even in the presence of neutralizing levels of antibody. Peak IL-10
levels at 72 h coincided with the rapid decline in IFN-γ, again indicating that the
observed increase in IL-10 represented a regulatory function rather than a
pathogenic mechanism. In contrast to the observed early production of pro- and
anti-inflammatory cytokines, the level of chemokine production by cells infected
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with 1.6D[20] remained near mock-infected levels throughout infection, with the
exception of IL-8, which began increasing after 48 h pi and peaked at 72 h pi
(Figure 35C). DENV-specific production of G-CSF by these cells was apparent
by 24 h pi, and after 36 h pi, a rapid increase in G-CSF production above mockinfected levels was observed with peak G-CSF levels occurring at 72 h pi (Figure
35D), which was similar to that seen for cells infected with DENV alone (Figure
34D). ICAM-1 production by these cells exhibited bimodal peaks at 36 h pi, which
coincided with peak virus titers, and at 72 h pi, followed by a rapid decrease to
mock-infection levels by 96 h pi (Figure 35E). ICAM-1 levels continued to
increase with respect to mock-infected levels after 96 h pi. Together, these data
demonstrate that DENV infection under neutralizing conditions produced a
distinct cytokine profile and resulted in the production of an intracellular
inflammatory response that, like DENV infection alone, seemed to correlate
kinetically with the production of infectious virions.
In addition, cytokine production was also assessed for K562 cells exposed
to 20 µg/ml of 1.6D in the absence of DENV infection, which was included as a
control to determine whether the production of immune mediators was dependent
on Ab-DENV immune complexes (IC) or if it was simply the result of general,
non-specific Fc-FcγR interaction. No differences in cytokine production were
observed between mock-infected cells and cells treated with 1.6D[20] alone (data
not shown). These results confirmed that exposure to high hMAb titers in the
absence of DENV infection does not affect cytokine production, and that the
patterns of cytokine production observed for cells infected with DENV in the
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presence of hMAbs resulted from the specific interaction between Ab-DENV ICs
and FcγRs rather than general, non-specific Fc-FcγR interactions.

Cytokine Profiles of K562 Cells Infected with DENV Under ADE Conditions
Using hMAbs that Target Distinct E Protein Domain II Epitopes
While increased virus replication appears to be a mechanism of ADE in
K562 cells, our previous results showed initial similarities in virus uptake between
non-ADE DENV-infected cells and cells infected with DENV under ADE
conditions (Figures 32 and 33), suggesting the possibility of intrinsic antibodymediated immune mechanisms that occur during or as a result of ADE that play a
role in facilitating virus replication. In order to determine the effect of hMAbs on
the cellular inflammatory response to DENV infection, and the potential
involvement of antibody-mediated intrinsic mechanisms of ADE on the enhanced
virus titers observed in ADE, cytokine kinetic profiles for K562 cells infected with
DENV in the presence of enhancing levels of hMAbs 1.6D, 1.8B, or 4.2C were
determined by cytokine bead array (CBA) assay. Cytokine values obtained from
mock-infected cell culture supernatants were again subtracted from values
obtained from infected cell culture supernatants to yield DENV-specific levels of
cytokine production. Furthermore, anti-DENV hMAbs targeting different epitopes
located in three distinct regions of DII of the E protein (discussed in Chapter 2,
Aim 1.1) were chosen to assess whether epitope specificity affected the
inflammatory and/or antiviral response to DENV infection. Cytokine kinetic
profiles of cells infected with DENV in the presence of peak enhancing levels of
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hMAbs 1.6D, 4.2C, or 1.8B are shown in Figures 36, 37, and 38, respectively.
The cytokine profiles of K562 cells infected in the presence of the fusion
loop-binding hMAb 1.6D at the enhancing concentration of 0.625 µg/ml
(1.6D[0.625]; Figure 36) were found to be very different than those observed for
1.6D at a neutralizing concentration (1.6D[20]; Figure 35), indicating that
antibody concentration may affect the cellular response to DENV infection. Cells
infected with 1.6D[0.625] exhibited delayed pro-inflammatory cytokine production
until after 36 h pi, long after detection of enhanced viral titers and approximately
24 h to 48 h following detection of peak infectious virion titers in the supernatants
(Figure 36A). These results suggest the possibility of a delayed pro-inflammatory
response as a potential mechanism of ADE that may facilitate early DENV
replication. A sharp, but transient spike in pro-inflammatory cytokines over mockinfected levels was not observed until 72 h pi. Peak levels of pro-inflammatory
cytokines for 1.6D[0.625] were also delayed relative to that seen for cells infected
with 1.6D[20] (Figure 35A) as well as DENV alone (Figure 34A). In the case of
the latter two groups, the levels of certain pro-inflammatory cytokines were
greater than mock-infected levels as early as 24 h pi, reached peak levels by 48
h pi and gradually declined concomitant with virus titers thereafter, thus revealing
a correlation between the timing of peak pro-inflammatory cytokine levels and
peak virus titers for these groups that was not observed for 1.6D[0.625].
Increases in anti-inflammatory cytokine levels by cells infected with 1.6D[0.625]
relative to mock-infection levels coincided with increases in pro-inflammatory
cytokine levels (Figure 36B). Despite infection under ADE conditions, significant
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early increases in the production of anti-inflammatory cytokines, particularly IL-10,
were not observed for this group, suggesting that other mechanisms may be
responsible for the enhanced virus titers seen during ADE. Production of
chemokines as well as the growth factor G-CSF by cells infected with
1.6D[0.625] increased relative to mock-infection levels following 36 h pi with peak
levels detected between 48 h and 72 h pi (Figure 36C and 36D, respectively).
ICAM-1 production by these cells was similar to that of 1.6D[20], exhibiting
bimodal peaks at 36 h and 72 h pi and a final increase at 120 h pi, following a
decline at 96 h pi to mock-infected levels (Figure 36E). The extended delay in
pro-inflammatory cytokine production observed for cells infected with DENV in
the presence of 1.6D[0625] suggests that infection with DENV-1.6D immune
complexes through Fc-FcγR interaction can delay or disrupt normal cytokine
signaling and cellular activation, thus providing a potential mechanism for ADE
occurring post-FcγR binding.
Like 1.6D[0.625], cells infected in the presence of the non-neutralizing
partial fusion loop-binding hMAb 1.8B exhibited a delay in pro-inflammatory
cytokine production, with levels of IL-1β, IL-12p70, IFN-α, IFN-γ, and TNF-α
increasing sharply over mock-infected levels after 36 h pi (Figure 37A). However,
unlike 1.6D[0.625], a transient peak increase in pro-inflammatory cytokine levels,
with respect to mock-infected levels, was observed at 48 h pi, in conjunction with
peak infectious virus titers. Interestingly, at 48 h pi, cells infected in the presence
of 1.8B produced equally high levels of IFN-γ and IL-1β. The combination of IFNγ and IL-1β has been implicated in the pathogenesis of DHF and has also been
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shown to alter endothelial cell monolayer permeability in experimental models,
suggesting that DENV infection in the presence of 1.8B may produce a cytokine
milieu capable of affecting the vasculature [301-304]. Anti-inflammatory cytokine
production by these cells seemed to mirror the production of pro-inflammatory
cytokines with respect to timing of peak increases as well as magnitude of the
response (Figure 37B). As with 1.6D[0.625], cells infected with 1.8B did not
exhibit any abnormal increases in early anti-inflammatory cytokine production,
which would be indicative of the intrinsic ADE hypothesis. The greatest increases
in chemokine production, specifically IP-10 and MIP-1β, with respect to mock
levels, were observed in cells infected with 1.8B at 48 h pi (Figure 37C). High
levels of IL-8, a chemokine associated with DHF, were also seen for this group,
with peak levels observed at 72 h pi [103, 139, 213]. G-CSF levels produced by
this group peaked at 48 h pi, as opposed to other groups where G-CSF peaks
were detected at 72 h pi, and were significantly lower than that produced by other
infection groups (Figure 37D). The highest ICAM-1 levels, with respect to mockinfected levels, were observed for cells infected in the presence of 1.8B, and the
characteristic bimodal peaks in ICAM-1 production at 36 h and 72 h pi observed
for other groups infected in the presence of hMAb were observed but were less
pronounced in this group, indicating more sustained ICAM-1 production during
the course of DENV infection (Figure 37E). Interestingly, although 1.6D[0.625]
and 1.8B produced comparably high infectious virus titers throughout infection,
the cytokine profile for 1.8B was distinctly different from 1.6D[0.625], suggesting
the possibility for different mechanisms of ADE among enhancing hMAbs with
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different epitope specificities.
Lastly, to assess the effect of anti-E protein antibodies that target epitopes
not located on the fusion loop, we examined the cytokine profiles of K562 cells
infected with DENV in the presence of peak enhancing levels of the DII nonfusion loop-binding hMAb 4.2C, which exhibits only moderate in vitro ADE activity
compared to other enhancing hMAbs, such as 1.6D and 1.8B (Figure 32). Similar
to the pro-inflammatory cytokine profiles observed for cells infected with DENV
alone (Figure 34A) or in the presence of neutralizing 1.6D[20] (Figure 35A), cells
infected in the presence of 4.2C demonstrated early DENV-specific proinflammatory cytokine production (Figure 38A), rather than delayed proinflammatory cytokine production, which was observed for other enhancing
hMAbs, including 1.6D[0.625] (Figure 36A) and 1.8B (Figure 37A). In response to
peak infectious virus titers at 48 h pi, IFN-γ and IL-1β production is increased by
72 h pi, yet the level of IFN-γ and IL-1β produced by these cells is low compared
to the levels seen with 1.6D[0.625] and 1.8B (Figure 38A). Taken together, the
early increase in pro-inflammatory cytokine levels over mock-infected levels may
contribute to the only moderate increases in infectious virus titers seen by cells
infected with 4.2C and thus the reduced ADE potential characteristic of this
antibody. Furthermore, the reduced amounts of pro-inflammatory cytokine
production by these cells may contribute to the sustained production of infectious
virions seen throughout the course of infection with 4.2C. DENV-specific antiinflammatory cytokine production by these cells again seemed to occur
appropriately in response to increases pro-inflammatory cytokines (Figure 38B).
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Interestingly, this group demonstrated the greatest increase in IL-10 production
over mock-infected levels at early time points (24 h and 36 h pi). Also of note, the
most sustained increases in IL-6 levels with respect to mock-infected levels were
seen throughout the course of infection with this group. In accordance with the
early increases in pro- and anti-inflammatory cytokine production, cells infected
with 4.2C also exhibited early increases in DENV-specific chemokine production,
specifically IL-8 and IP-10 (Figure 38C). IL-8 and IP-10 levels diminished to
mock-infected levels by 36 h pi, at which point MIP-1β secretion reached peak
levels. Peak levels of IL-8, IP-10, and MCP-1 were detected at 72 h pi concurrent
with declining virus titers. Increases in MIP-1α above mock-infected levels were
not observed until after 96 h pi. Delayed G-CSF production above mock-infected
levels was also observed at later times post-infection, with levels starting to rise
with respect to mock levels after 48 h pi, but remaining close to mock-infected
levels until after 96 h pi (Figure 38D). Finally, the pattern of ICAM-1 expression
observed for cells infected in the presence of 4.2C differed dramatically
compared to all other infection groups (Figure 38E). These cells did not
demonstrated the typical bimodal spikes in ICAM-1 expression observed during
infection with other hMAbs, rather an early spike in ICAM-1 was observed at 36 h
pi, followed by declining levels until 96 h pi and a final increase in ICAM-1
production by 120 h pi.
Despite all being infected under ADE conditions, cells infected with DENV
in the presence of these enhancing hMAbs displayed very distinct patterns of
cytokine secretion throughout the course of infection (Figures 36, 37, 38). The
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differences in cytokine profiles among these three hMAbs may reflect different
mechanisms of ADE that result from variations in the functional properties of
these hMAbs, as determined by individual Ab epitope specificities.

Comparison of Maximum Cytokine Levels Produced by K562 Cells Infected
with DENV or DENV-ADE
To gain a better understanding of the differences in the magnitude of
cytokine production be cells infected with DENV in the presence or absence of
hMAbs, we compared the timing of peak cytokine production as well as the
magnitude of peak cytokine production between infection groups. The maximum
levels of peak pro-inflammatory cytokine production by cells infected with DENV
under each infection condition are listed in Table 11. Overall, cells infected with
1.6D[20] produced lower peak levels of pro-inflammatory cytokines than cells
infected with DENV only (Table 11). Interestingly, although initial virus titers were
similar between DENV and 1.6D[20] groups, 1.6D[20] titers rapidly declined to
levels significantly lower than those of DENV, despite lower levels of proinflammatory cytokine production. Based on the data discussed thus far, it can be
inferred that neutralizing levels of antibody enhances the efficiency of virus
clearance by either triggering differential production of cytokines compared to
DENV infection alone (Ab Fc-mediated function), or by extrinsic Ab-mediated
neutralization mechanisms (ie inhibition of viral fusion) working in concert with
intrinsic Ab Fc-mediated functions to inactivate virus and trigger activation of the
cellular antiviral response.
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While there was an even longer delay in the cellular inflammatory/antiviral
response to DENV infection in the presence of enhancing hMAb 1.6D[0.625],
peak levels of cytokine production for these cells was greater than for DENV
infection alone or in the presence of neutralizing hMAb, demonstrating a
relationship between the magnitude of ADE and cell activation and cytokine
secretion. Also, kinetic evaluation of virus production and the cellular
inflammatory cytokine response in relation to time post-infection demonstrated
that the timing of infection is important to the cytokine profile produced in
response to DENV infection alone or under ADE conditions. While type I IFNs
and IFN-γ are know for being potent inhibitors of viral infection and replication, a
study examining IFN-mediated modulation of DENV infection revealed that
administration of IFNs after establishment of virus infection dramatically reduced
their ability to suppress viral replication [85]. Furthermore, cytokines can
modulate the immune response by acting synergistically or in opposition to one
another, an effect commonly associated with changes in vascular permeability,
the hallmark of DHF/DSS [100, 207, 301, 302, 304]. Thus, the timing of the
cytokine response in relation to infectious virus titers as well as in relation to the
production of other cytokines and soluble mediators is likely to play a key role in
DENV pathogenesis, an idea that is supported by our results.

Determining the Effect of Antibody Concentration on the Cellular
Inflammatory Response to DENV-ADE
FcγRIIA is a low-affinity receptor that has a higher binding affinity to
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immune complexes than to free antibody molecules, indicating a relationship
between antibody concentration, immune complex binding, and thus ADE of
infection [305]. Since higher cytokine levels were observed at earlier time points
post-infection for cells infected with 1.6D[20] compared to 1.6D[0.625], we
wanted to determine if this cytokine profile actually reflected antibody-mediated
neutralization or if it was simply the result of higher levels of hMAb, which could
form larger immune complexes that may be more likely to trigger cytokine
signaling via Fc-FcγR interaction. To determine whether these differences in
cytokine profiles were indicative of the effect of antibody-mediated neutralization
of DENV on the cellular inflammatory response or were simply due to differences
in antibody titer, we assessed the infection kinetics and cytokine profiles of K562
cells infected in the presence of 20 µg/ml of the non-neutralizing, partial fusion
loop-binding hMAb 1.8B (1.8B[20]). As expected, K562 cells infected with DENV
in the presence of 1.8B[20] resulted in significantly increased production of
infectious virions compared to cells infected with DENV alone, but produced titers
comparable to cells infected with 1.8B[5] (Figure 39). However, the pattern of
cytokine production by these cells was dramatically different than the pattern
observed with 1.8B[5], or any other infection condition assessed previously.
DENV-specific pro-inflammatory cytokine production by K562 cells infected with
1.8B[20] was considerably delayed and failed to correlate with infectious virus
titers (Figure 40A). The levels of IFN-α began to increase with respect to mockinfected levels after 36 h pi; followed much later by sharp increases in IFN-γ and
IL-1β after 72 h pi. Despite the increased levels of IFN-γ and IL-1β over mock-
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infected levels, cells infected in the presence of 1.8B[20] produced lower
amounts of these cytokines than cells infected under any other infection condition
assessed previously (Table 11). IL-12p70 and TNF-α production remained at or
near mock-infection levels throughout the course of infection. The delayed
production of low levels of pro-inflammatory cytokine production may account for
the consistently high virus titers produced by these cells throughout infection
(Figure 39). These cells also produced low levels of DENV-specific antiinflammatory cytokines (Figure 40B) and chemokines (Figure 40C). Minor
increases in IL-10 and IL-6 relative to mock-infection were observed after 24 h pi,
with peak levels seen by 36 h pi (Figure 40B). By 48 h pi, IL-6 production
declined to mock-infected levels for the duration of the infection, while IL-10
levels remained elevated until 72 h pi. A final increase in IL-10 production along
with an increase in IL-13 above mock-infection were observed after 72 h pi,
which coincided with the increase in pro-inflammatory cytokines IFN-γ and IL-1β.
While initial increases in anti-inflammatory cytokine levels did not parallel
increases in pro-inflammatory cytokines, as seen for other infection groups, the
quantities of anti-inflammatory cytokines produced for 1.8B[20] were low with
respect to mock-infected levels and as such, probably did not play a role in
influencing DENV-ADE infection kinetics. A central posit of the intrinsic ADE
hypothesis states that increased IL-10 production stimulated by Fc-FcγR
interaction during ADE suppresses the antiviral response leading to increased
viral infectivity [140, 198, 290]. Thus, low levels of anti-inflammatory cytokines,
particularly IL-10, in response to 1.8B[20] were unexpected. The observed lack of
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pro-inflammatory cytokine production in the absence of increased IL-10 could be
a result of increased competition for DENV binding at saturating concentrations
of 1.8B. Under such conditions, excess amounts of 1.8B would result in greater
amounts of 1.8B available to bind to DENV E proteins, which may disrupt the
binding kinetics of 1.8B reducing the binding affinity of 1.8B for DENV to levels
that may be insufficient to cross-link FcγRs, yet sufficient to allow ADE, resulting
in enhanced viral infection and replication in the absence of an antiviral immune
response. Alternatively, it is possible that extrinsic ADE can occur via various
mechanisms, which may differ based on the type of Ab and the epitope targeted
by the Ab. These unexpected results for 1.8B[20] reinforce the complexity of the
Ab response to DENV infection.
In addition to the reduced anti-inflammatory response, very low levels of
chemokines MCP-1 and MIP-1α were observed by 48 h pi, while levels of IP-10,
MIP-1α, and MIP-1β rose above mock-infected levels after 72 h pi (Figure 40C).
Interestingly, IL-8 production did not increase over mock-infection at any point
during infection. G-CSF increased over mock-infection levels after 36 h pi and
remained elevated for the duration of the infection (Figure 40D). Finally, a single,
transient burst of ICAM-1 was observed between 24 h and 48 h pi (Figure 40E).
Of note, the greatest amount of ICAM-1 secretion was detected for these cells
compared to cells infected under any other condition. Significantly higher ICAM-1
was detected during the febrile phase of secondary infected DENV patients, and
increased ICAM-1 levels have been implicated in endothelial cell activation and
damage [104, 306, 307].
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Increasing the titer of 1.8B resulted in an extreme delay in cytokine
production along with an overall lack of a robust cytokine response during the
time points assessed. The reason for such a dampened response may be due to
the inability of these infected cells to alert bystander cells by secreting activating
cytokines and chemokines. Thus, a deficient cellular inflammatory and/or antiviral
response could also represent a potential mechanism for facilitating the high
infectious virus titers and possibly enabling infection of inactivated bystander
cells. Overall, the pattern of cytokine production observed for cells infected in the
presence of 1.8[20] demonstrated that increasing the concentration of hMAb
does not increase the DENV-specific cytokine production by infected cells. On
the contrary, cytokine production by these cells was extensively delayed, which
could have facilitated viral infection and replication subsequently resulting in the
enhanced virus titers observed for the cells. Together, these results, in
conjunction with the results observed for 1.6D[20] and 1.6D[0.625], indicate that
the cellular response to DENV infection in the presence of antibody results in the
production of unique cytokine profiles that are hMAb type-specific and can be
influenced by antibody titer.

The Effect of Fc-FcγR Interaction on the Cellular Inflammatory Response to
DENV Infection
Thus far, our results have revealed variations in the kinetics and
magnitude of the cellular inflammatory/antiviral response to DENV infection in the
presence of different hMAbs. Specifically, we found that DENV infection in the
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presence of neutralizing levels of hMAb produced a blunted cytokine response,
while infection in the presence of enhancing hMAbs resulted in significantly
delayed and/or blunted cytokine production, suggesting that Fc-FcγR interactions
play a role in modulating the cellular inflammatory response to infection. Thus,
we hypothesized that blocking the ADE mechanism (ie by abrogating the FcFcγR interaction) would prevent the delayed cytokine response, reducing viral
infectivity and/or facilitating effective viral clearance. To test this hypothesis, we
generated an Fc variant of hMAb 1.6D in which leucine residues were substituted
with alanine residues at two positions in the lower hinge region of the CH2
domain (L234A, L235A), as described in Materials and Methods. This
modification, known as the “LALA” mutation, abrogates both Fc receptor binding
and complement activation and reduces ADCC of infected cells [295, 296].
Because of the requirement for Fc-FcγR interaction in ADE, the modified 1.6D,
referred to as 1.6D-LALA, should presumably lack the ability to enhance DENV
infection, while retaining the other functional characteristics of its unmodified
counterpart. To ensure this, we compared the functional properties of 1.6D-LALA
to wild-type 1.6D (1.6D-WT) (Figure 41). Comparison of DENV binding curves
between 1.6D-WT and 1.6D-LALA demonstrated that 1.6D-LALA was capable of
binding the E proteins of all four DENV serotypes over a range of concentrations
with virtually identical binding affinities as 1.6D-WT (Figure 41A). Neutralization
activity of 1.6D-LALA was determined by standard plaque assay on Vero E6 cells,
and compared to 1.6D-WT (Figure 41B). Unexpectedly, we observed disparities
in the neutralization capacity of 1.6D-LALA compared to that of 1.6D-WT. Like
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1.6D-WT, 1.6D-LALA was able to neutralize DENV1 over a range of
concentrations. However, PRNT50 determination revealed that over 4.5 times
more 1.6D-LALA (PRNT50 = 2.806 µg/ml) was required to achieve the same
neutralizing capacity as 1.6D-WT (PRNT50 = 0.598 µg/ml) (Table 8). While it is
possible that the observed inconsistencies in neutralization between 1.6D-WT
and 1.6D-LALA could have resulted from Fc modifications, reports by multiple
studies utilizing the LALA mutation have not described any functional
discrepancies between LALA-modified antibodies and their WT counterparts [45,
197, 296, 308]. Thus, the cause of this observed inconsistency remains presently
undetermined. However, in vitro ADE assay confirmed that 1.6D-LALA
completely lacked any enhancing activity at any concentration, providing
important functional verification of successful Fc modification (Figure 41C).
After confirming that 1.6D-LALA retained functional characteristics similar
to that of WT 1.6D, we next set out to determine the effect of this Fc variant
hMAb on the cellular inflammatory response to DENV infection using our in vitro
K562 cell infection model of ADE. K562 cells were infected with DENV1 alone or
in the presence of either 1.6D-WT or 1.6D-LALA at concentrations of 20 µg/ml
and 0.625 µg/ml, and DENV infectivity along with DENV-specific cytokine
production were determined by plaque assay and CBA assay, respectively.
DENV infection kinetics for cells infected in the absence or presence of varying
concentrations of 1.6D-WT or 1.6D-LALA is shown in Figure 42. With the
exception of 1.6D-WT[0.625], which is an enhancing concentration of 1.6D-WT,
initial virus titers for 1.6D-LALA[20] and 1.6D-LALA[0.625] were similar to DENV
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only and 1.6D-WT[20] titers. 1.6D-LALA[20] titers remained approximately equal
to 1.6D-WT[20] titers at 24 h pi and at 36 h pi when peak titers of approximately
3.7 log10 PFU/ml for each group were observed. After 48 h pi, 1.6D-LALA[20]
titers began to decline steadily until 96 h pi when infectious virions were no
longer detectable in the supernatants of these cells. 1.6D-LALA[0.625] titers
increased slightly from approximately 3.5 to 4.0 log10 PFU/ml of virus between 24
h and 48 h pi, after which titers rapidly declined to undetectable levels by 96 h pi.
Interestingly, while initial virus titers were observed to be approximately equal
among all groups, by 96 h pi, near complete or complete clearance of infectious
virions was observed for cells infected with 1.6D-LALA at either concentration,
compared to approximately 2-logs of virus remaining in the supernatants of cells
infected with 1.6D-WT[20]. This finding directly conflicts with the results of the
neutralization assay (Figure 41B), in which 1.6D-LALA was found to be less
efficient at neutralizing DENV infection, especially at low concentrations. These
conflicting results could be due to variations in the response to infection by the
different cell types used for each assay (Vero E6 versus K562 cells), as
numerous studies have demonstrated variability between different cell types,
particularly between cells with and without FcγR expression [188, 274, 275]. The
ability of 1.6D-LALA, but not 1.6D-WT, to more efficiently neutralize infection
even at very low concentrations in FcγR-bearing K562 cells, but not in non-FcγRbearing Vero cells, also supports the potential negative involvement of Fc-FcγR
interactions in the cellular inflammatory response and to the perceived immune
suppression by DENV during ADE. This finding also suggests that hMAbs with
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both neutralizing and enhancing potential may exhibit improved neutralization
activity in the absence of enhancing activity even when present at low
concentrations. Therefore, in addition to our original hypothesis, we also
surmised that the enhanced clearance of infection in K562 cells observed for
both high and low titers of 1.6D-LALA compared to 1.6D-WT resulted from the
lack of Fc-FcγR interaction by 1.6D-LALA-DENV ICs, which would enable the
production of an appropriate pro-inflammatory/antiviral cytokine response
capable of restricting virus infectivity, replication, and spread. To examine the
extent to which DENV-Ab immune complex (IC) interaction with FcγRs affected
the cellular response to DENV infection, we compared the cytokine production
kinetics for K562 cells infected with DENV alone or in the presence of 1.6DWT[20] or 1.6D-WT[0.625] to DENV-infected cells in the presence of the Fc
variant 1.6D-LALA[20] or 1.6D-LALA[0.625], which lack Fc function (Figures 4347).
Pro-inflammatory cytokine profiles for cells infected with DENV alone or in
the presence of 1.6D-WT[20] or 1.6D-WT[0.625] are shown in Figure 43A, B, and
C, respectively, and demonstrate cytokine expression patterns similar to those
observed previously. Pro-inflammatory cytokine profiles by cells infected with
1.6D-LALA at high (1.6D-LALA[20]) and low (1.6D-LALA[0.625]) concentration
(Figure 43D and 43E, respectively) kinetically correlated with infectious virus
titers, and the expression patterns most closely resembled that of cells infected
with DENV alone (Figure 43A). In fact, the pattern of pro-inflammatory cytokine
production by cells infected in the presence of 1.6D-LALA[0.625] (Figure 43E)
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appeared virtually identical to that of cells infected with DENV alone (Figure 43A),
which may have been due to similar amounts of infectious virus present in
cultures infected with DENV alone and 1.6D-LALA[0.625] as a result of the low
titer of 1.6D-LALA, compared to lower amounts of infectious virions present in
1.6D-LALA[20] cultures where a higher titer of 1.6D-LALA presumably resulted in
more hMAb available to bind and inactivate virus. Peak increases in IFN-γ
production above mock-infected levels by both 1.6D-LALA groups occurred at 48
h pi, along with the DENV only and 1.6D-WT[20] groups. Of note, although not
statistically significant, the amount of IFN-γ detected at peak production for both
1.6D-LALA groups was greater than the amount detected for the DENV only and
1.6D-WT[0.625] groups. Similar to cells infected with DENV alone, IFN-γ
production for 1.6D-LALA[0.625] reached mock-infected levels by 72 h pi (Figure
43E), whereas IFN-γ production for 1.6D-LALA[20] remained above mockinfected levels until 96 h pi (Figure 43D), similar to what was observed for both
1.6D-WT[20] and 1.6D-WT[0.625] (Figure 43B and 43C, respectively).
Conversely, the pattern of IL-1β, IL-12p70, and TNF-α production for cells
infected in the presence of 1.6D-LALA[20] (Figure 43D) was similar to that
observed for 1.6D-WT[20] and 1.6D-WT[0.625] (Figure 43B and 43C,
respectively), with increased production over mock-infected levels starting after
36 h pi and remaining elevated until 96 h pi, whereas for cells infected in the
presence of 1.6D-LALA[0.625] (Figure 43E), production of these cytokines also
began to increase over mock-infection levels after 36 h pi, but reached peak
levels by 48 h pi and then declined to mock-infected levels by 72 h pi, akin to
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cells infected with DENV alone (Figure 43A). IFN-α production was similar
between all infection groups.
DENV-specific anti-inflammatory cytokine profiles for the five infection
groups are shown in Figure 44. Increases in the production of anti-inflammatory
cytokines, specifically IL-10 and IL-13, and too a lesser extent IL-6 and IL-4, over
mock-infection level correlated with the increases in pro-inflammatory cytokine
production observed in Figure 43. One exception, however, was a slight early
increase in IL-10 production, with respect to mock-infection levels, observed after
24 h pi for cells infected in the presence of 1.6D-WT[0.625] (ie under ADE
conditions) (Figure 44C). This early increase in IL-10 production occurred 24 h
prior to the increase in IFN-γ levels observed for this group after 36 h pi (Figure
43C), suggestive of potentially aberrant IL-10 production indicative of the intrinsic
ADE hypothesis. Furthermore, an early increase in IL-10 production was not
observed for cells infected in the presence of 1.6D-LALA[0.625] (Figure 44E),
suggesting that this is an Fc-FcγR-mediated response occurring during ADE.
The temporal production of chemokines in relation to infectious virus titers
for each infection group is illustrated in Figure 45. Overall, only slight increases in
chemokine production of over mock-infection levels were observed for all
infection groups. With the exception of a slight, early increase in MCP-1
production over mock levels by cells infected with 1.6D-WT[0.625] (Figure 45C),
DENV-specific chemokine production was detected after 36 h pi for all groups.
Production of chemokines MCP-1, MIP-1α, MIP-1β, and IP-10 by cells infected in
the presence of 1.6D-LALA[20] and 1.6D-LALA[0.625] (Figure 45D and 45E,
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respectively) again most closely resembled that of DENV (Figure 45A).
Growth factor G-CSF production was similar among all five infection
groups with increased production over mock-infection levels observed after 36 h
pi, for cells infected with 1.6D-WT[0.625] and 1.6D-LALA[0.625] (Figure 46C and
46E, respectively), or after 48 h pi, for cells infected with DENV alone (Figure
46A) or in the presence of 1.6D-WT[20] or 1.6D-LALA[20] (Figure 46B and 46D,
respectively). Peak G-CSF production was observed by 72 h pi for all groups,
with the exception of 1.6D-LALA[20], for which G-CSF levels continued to
increase over that of mock-infected levels at 96 h pi (Figure 46D). Finally, DENVspecific production of adhesion molecule ICAM-1 increased sharply after 24 h pi
for all groups and production levels remained elevated throughout infection
(Figure 47). ICAM-1 levels for cells infected with DENV alone decreased to
mock-infection levels by 72 h pi (Figure 47A), whereas, for all other groups,
increased ICAM-1 production continued over mock-infected levels until 96 h pi
(Figure 47B, C, D, and E).
Overall, the cytokine patterns produced by cells infected with 1.6D-LALA
at high and low concentration most closely resembled the patterns produced by
DENV alone. However, slight differences, such as the timing of peak cytokine
production, were also apparent and typically could be explained by similarities
observed in the response pattern produced by DENV infection in the presence of
1.6D-WT. Also, despite the fact that the pro-inflammatory response of both 1.6DLALA groups so closely mirrored that of DENV alone, infectious virus titers for
these groups were nearly undetectable by 96 h pi, as opposed to almost 2.5-logs
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of virus remaining for the DENV group. These results suggest that in the absence
of Fc-FcγR interaction, enhanced antiviral mechanisms enable more efficient
virus clearance. DENV infection alone or with 1.6D-LALA at either concentration
resulted in delayed DENV-specific cytokine production until 36 h pi, suggesting
that DENV possesses an innate capacity to suppress the cellular response to
infection to some degree. However, these results also demonstrate that ADE of
infection (ie via Fc-FcγR interaction) is required for extended delays in cytokine
production and maximal suppression of the pro-inflammatory response. Together,
these results suggest that the cellular response to DENV infection in the
presence of Ab involves a synergy between Ab functional interactions with DENV
antigen and signaling via Fc-FcγR, thus indicating a dual role for antibodies
during DENV infection as regulators of viral infectivity and as modulators of the
cellular inflammatory/antiviral response.

The Impact of Virus Replication on the Cellular Inflammatory Response to
DENV Infection
After assessing the contribution of Fc-FcγR interactions to ADE, we next
needed to evaluate whether active DENV infection in the absence or presence of
enhancing hMAb with our without Fc function was required to induce the type of
cellular inflammatory/antiviral response that we had observed. To determine
whether the cellular response to DENV infection or ADE of DENV infection was
dependent on replication-competent virus, we assessed cytokine production by
K562 cells infected with wild-type (WT) or UV-inactivated (UV) DENV1 in the
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absence of hMAb (DENV) or in the presence of 0.625 µg/ml of either WT 1.6D
(DENV+1.6D) or 1.6D-LALA (DENV+1.6D-LALA) by CBA assay using K562
infection supernatants harvested at 48 h pi (Figure 48). Unexpectedly, production
of pro-inflammatory cytokines IL-12p70, IFN-α, IFN-γ, and TNF-α was
significantly higher for cells infected with UV-DENV than for cells infected with
WT DENV (Figure 48A). IL-1β production by UV-DENV-infected cells was also
greater than that produced by WT-infected cells, although the difference was not
statistically significant. The fact that cells infected with UV-DENV produced
higher levels of pro-inflammatory cytokines than cells infected with WT DENV
suggests that the innate capacity of DENV to evade or suppress the cellular
inflammatory/antiviral response is DENV replication-dependent. Additionally,
enhanced activation of cytokine production in the absence of replicating virus
suggests the potential involvement of viral genes and proteins in delaying or
suppressing the cellular response to DENV infection [154, 157]. UV-irradiation of
virus damages genomic viral RNA, allowing receptor interaction, viral entry and
fusion events, and initial rounds of viral RNA translation, but prevents
transcription and replication of the viral genome [309]. Thus, enhanced cytokine
signaling in response to UV-inactivated virus could result from the inability of UVDENV to transcribe genes that may be involved in diminishing or suppressing the
cellular inflammatory/antiviral response. Furthermore, virus capsid has been
shown to act as a pathogen-associated molecular pattern (PAMP) that can
translocate to the nucleus and trigger a cellular response in the absence of intact
virus [310, 311]. A recent study by Ong, et al. identified DENV capsid as the
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putative viral protein that triggered migration of high mobility group box 1
(HMGB1) protein from the nucleus to the cytoplasm during infection of K562 cells
with either WT or UV-DENV [312]. Based on these findings, during infection with
UV-DENV, the DENV capsid protein may trigger a pro-inflammatory response
that is augmented in the absence of potential immunosuppressive DENV genes
and proteins, which may explain the increased level of cytokine production
observed in cells infected with UV-DENV compared to WT DENV.
UV-DENV-infected cells in the presence of 1.6D or 1.6D-LALA produced
similar levels of pro-inflammatory cytokines, which were less than the amounts
produced by UV-DENV-infected cells in the absence of either hMAb (Figure 48A).
Additionally, reduced cytokine production by cells infected with UV-DENV+1.6D
compared to UV-DENV alone suggests that Fc-FcγR interaction is also required
for DENV suppression of pro-inflammatory cytokine response. Pro-inflammatory
cytokine production was also elevated in cells infected with UV-DENV+1.6D
compared to WT DENV+1.6D, with statistically significant increases detected for
IFN-α, IFN-γ, and TNF-α (Figure 48A). These results are in contrast to cells
infected with UV-DENV+1.6D-LALA and WT DENV+1.6D-LALA, which produced
similar levels of pro-inflammatory cytokines, suggesting that both replicationcompetent DENV and Fc-FcγR interaction are required for a diminished proinflammatory response (Figure 48A). Additionally, studies have also shown that
virus surface glycoproteins are also capable of inducing an IFN response [313].
Since 1.6D targets an epitope of the E protein, it is possible that 1.6D (with or
without Fc function) binding to the E protein reduces the number of E proteins
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available to trigger cytokine production, resulting in diminished pro-inflammatory
cytokine response compared to that of UV-DENV alone.
Anti-inflammatory cytokine production was comparable to the level of proinflammatory cytokine production for all infection groups (Figure 48B). Significant
increases in IL-6, IL-10, and IL-13 production were observed for cells infected
with UV-DENV alone or UV-DENV+1.6D, as opposed to cells infected with either
UV-DENV+1.6D-LALA or WT DENV+1.6D-LALA, which showed no changes in
the amounts of anti-inflammatory cytokines produced.
In contrast to pro- and anti-inflammatory cytokine production, DENVspecific chemokine production varied greatly among UV and WT DENV infected
groups (Figure 48C). IL-8 was the only cytokine/chemokine for which production
was elevated in all groups infected with WT DENV compared to UV-DENV,
suggesting that DENV replication is required for increased IL-8 production.
Increased IL-8 has been associated with severe DENV disease, including
hemorrhagic manifestations [103, 139, 168, 213]. IP-10 production appeared to
be increased during UV-DENV infection, but statistically significant differences
among groups were not detected. MCP-1, like IL-8, was significantly increased in
WT DENV-infected cells as well as WT DENV+1.6D-LALA-infected cells
compared to infection with UV-DENV or UV-DENV+1.6D-LALA (Figure 48C).
Also like IL-8, increased MCP-1 was found to be associated with DHF and
altered vascular permeability [105, 314]. Interestingly, MCP-1 levels were similar
in cells infected with WT DENV+1.6D and UV-DENV+1.6D, suggesting that
MCP-1 production may be downregulated by Fc-FcγR interaction. MIP-1α and
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MIP-1β production was higher in UV-DENV infection compared to WT DENV
infection, and significantly elevated in UV-DENV+1.6D infection compared to WT
DENV+1.6D infection. There was no difference in MIP-1α production for WT
DENV+1.6D-LALA versus UV-DENV+1.6D-LALA, in contrast to MIP-1β, for
which UV-DENV+1.6D-LALA levels were significantly increased compared to WT
DENV+1.6D-LALA levels (Figure 48C). Increased MIP-1β has been shown to
correlate with a positive disease outcome [99]. Thus, increased secretion of MIP1β coupled with reduced secretion of DHF-associated chemokines IL-8 and
MCP-1 in response to infection with UV-inactivated virus indicates that UVinactivated virus induces a potentially protective response to DENV infection.
Production of growth factor G-CSF appeared increased in UV-DENV-infected
cells, but again, no significant differences were detected, whereas adhesion
molecule ICAM-1 levels were increased in UV-DENV and UV-DENV+1.6D
infection, but decreased in UV-DENV+1.6D-LALA, compared to WT DENV+1.6DLALA infection (Figure 48D).
Together, these results demonstrate that cytokine production by K562
cells infected with DENV in the presence or absence of hMAb varies with respect
to viral replication status and Fc-FcγR interaction. Infection with UV-inactivated
DENV resulted in a robust cytokine and chemokine response, which provided
further evidence for the perceived diminished cytokine response in the presence
of active (replication-competent) DENV infection. Furthermore, increased
secretion of MIP-1β coupled with reduced secretion of DHF-associated
chemokines IL-8 and MCP-1 in response to infection with UV-DENV indicates

206
that UV-DENV induces a potentially protective pro-inflammatory/antiviral
response.
The differences in cytokine production by cells infected with UV-DENV +/1.6D or 1.6D-LALA may reflect different mechanisms of DENV uptake or fusion
events (ie in the presence or absence of antibody or Fc-modified hMAb) or result
from synergism with other responses (ie Fc-FcγR interaction). UIV-DENV retains
the ability to infect host cells, and in most cases can still undergo fusion events
within the endosome, enabling viral escape into the cytoplasm. However, once in
the cytoplasm, UV-DENV is unable to replicate its genome, making it susceptible
to cytoplasmic proteases and easily detectable by host intracellular mechanisms
that can initiate an appropriate antiviral response. The differences in cytokine
production observed for cells infected with UV-DENV compared to UVDENV+1.6D or UV-DENV+1.6D-LALA may reflect the nature of the 1.6D fusion
loop-binding hMAb, which as we demonstrated in Chapter 3, Aim 1.2, neutralizes
(and therefore probably enhances) virus infectivity within the endosome by
binding its epitope on the exposed E protein fusion loop and preventing viralendosomal fusion. Binding of 1.6D to UV-DENV in the endosome can still
stimulate cytokine secretion indicative of ADE via Fc-FcγR interaction; however,
the inability of UV-DENV to undergo replication post-FcγR-mediated entry results
in an augmented pro-inflammatory cytokine response compared to infection with
WT DENV+1.6D. Finally, although 1.6D-LALA cannot interact with FcγR, it can
still bind UV-DENV, which can either inhibit DENV infectivity, thereby reducing
the amount of virus that enters the cell, or potentially trap UV-DENV within the
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endosome by preventing membrane fusion and allowing detection by
endosomally located pattern recognition receptors (PRRs), such as Toll-like
receptor 7 (TLR7), which recognizes and binds single-stranded RNA in the
endosome (and therefore does not require replicating virus), and subsequently
stimulates IL-12 and IFN-γ production [315]. Taken together, we propose that
infection with DENV results in an innate immune response with characteristic
signatures dependent on the quantity and quality of early innate signals, which in
turn depend on the mechanism of viral entry (Ab-mediated Fc-FcγR interaction vs
endocytosis), viral replication competence (active vs UV-inactivated virus), and
synergism between innate and adaptive responses triggered in response to
infection. Thus, it appears that the presence of early inflammatory mediators is
what subsequently determines the type and magnitude of the resultant cellular
response to DENV infection.

The Effect of K562 Cell Pretreatment with DENV Infection Supernatants
Production of pro-inflammatory cytokines and other soluble immune
mediators in response to infection is a necessary part of the immune response;
however, increased or aberrant cytokine secretion has been associated with
DHF/DSS [99, 101, 109, 306]. There is conflicting evidence as to which cytokines
are protective and which may contribute to severe disease pathogenesis. A study
of the susceptibility of different monocyte subsets to DENV infection by Wong et
al. demonstrated that pre-exposure to DENV-infected monocyte culture
supernatants conferred protection against subsequent DENV infection in K562
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cells, indicating the production of protective factors in response to DENV
infection [202]. To determine the protective versus pathogenic effects of
cytokines secreted in response to DENV infection under non-ADE or ADE
conditions, we exposed fresh K562 cells to cell culture media or UV-irradiated
cell culture supernatants harvested at 48 h pi from K562 cells that were mockinfected, infected with DENV alone (DENV) or infected with DENV in the
presence of either a neutralizing titer of 1.6D (1.6D[20]) or an enhancing titer of
1.6D (1.6D[0.625]), or UV-inactivated DENV (UV-DENV) for 24 h prior to
infection with DENV1 (MOI 1). Cell culture supernatants were harvested at 48 h
pi and infectious virus titers were determined by plaque assay on Vero E6 cells
(Figure 49). Pretreatment with supernatants from K562 cells infected with DENV,
1.6D[20], 1.6D[0.625], and UV-DENV all blocked virus infection, as indicated by
lower infectious virus titers compared to cells pretreated with media only (Figure
49). Interestingly, pretreatment with UV-DENV sups resulted in the most
significant decrease in infection, reducing virus titers by > 1.5-log (P < 0.018).
Exposure to DENV sups also significantly blocked infection by > 1-log (P <
0.044). Interestingly, 1.6D[20] and 1.6D[0.625] only reduced infectious virus titers
by 0.82- and 0.54-logs, respectively. Examination of the cytokine profiles
previously generated for each infection condition, suggest a relationship between
pro-inflammatory cytokine production and DENV infection inhibition. UV-DENV
produced the highest levels of pro-inflammatory cytokines at 48 h pi (Figure
48A). Although 1.6D[0.625] secreted high levels of pro-inflammatory cytokines,
including IFN-γ, peak cytokine production did not occur until 72 h pi for this group
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(Figure 36A and 46A), in contrast to DENV (Figure 34A and 44A) and 1.6D[20]
(Figure 35A and 45A), which demonstrated peak production at 48 h pi, further
emphasizing the importance of infection timing to cytokine release and viral load.
Overall, these results demonstrate that exposure to increased levels of
pro-inflammatory cytokines provide a protective effect upon DENV infection
challenge, indicating the importance of a robust pro-inflammatory reaction to
inhibiting DENV infection and replication. Furthermore, these results provide
additional evidence in support of an innate mechanism by which replicationcompetent DENV is able to delay and/or dampen the cytokine response, thus
enabling the establishment of infection.

Discussion
The major goal of this study was to understand the contribution of
antibodies to viral infectivity and the cellular inflammatory/antiviral response to
DENV infection and determine potential mechanisms of enhanced virus
replication post-FcγR-mediated infection. In order to study ADE, we chose to use
a simple model consisting of K562 cells, a well-documented cell line that
expresses only one FcγR and is susceptible to ADE in vitro, and hMAbs isolated
from previously DENV-infected patients (Chapter 2, Aim 1.1). Our approach
using K562 cells to assess DENV immune complex infectivity after FcγR
engagement offered a number of advantages over ADE studies that utilized other
monocytic cell lines cell lines, such as THP-1 or U937, or primary cells, such as
unfractionated PBMCs or isolated PBMC subsets. First, K562 cells express only
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FcγRIIA, which was confirmed by flow cytometry (Figure 31); therefore, FcγRIIA
could be examined individually in isolation from other FcγR classes or other
unrelated receptors present on other monocytic cell lines and primary cells that
may impact DENV infection conditions [79, 147, 297]. Second, comparable levels
of FcγRIIA are present on K562 cells, and expression levels remain constant
under a variety of cell culture infection conditions (confirmed by qRT-PCR,
results not shown), as opposed to other monocytic cell lines and primary cells,
which generally express varying degrees of different FcγRs, the abundance of
which can be affected by cell culture conditions and differentially regulated by
inflammatory mediators produced in response to infection [86, 147, 297].
The majority of ADE studies simulate in vitro ADE conditions using DENV
immune serum, which contains unknown fractions of both neutralizing and
enhancing antibodies as well as a multitude of immune factors that introduce
additional experimental variables. Monoclonal antibodies offer an alternative to
human serum for studying ADE that enables structural and functional
characterization of individual aspects of antibodies as well as a cross-sectional
view of the natural immune response to DENV infection. According to the revised
definition of ADE, the potential contribution of antibodies to the immune response
to DENV infection occurs via two distinct, yet complementary components:
extrinsic ADE (ie increasing the number of infected cells) as well as intrinsic ADE
(ie Fc-FcγR-mediated suppression of the cellular antiviral state). Despite the
widely accepted role for Abs in extrinsic ADE mechanisms, the effect of
antibodies on the resulting cellular response to DENV is unknown. Building on
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results from Chapter 2, Aim 1.1, which identified Ab epitope specificity as the key
factor in determining Ab structural and functional characteristics, we investigated
the effects of hMAbs with different epitope specificities on the secretion of soluble
immune mediators in conjunction with virus infectivity during DENV infection in
the presence or absence of hMAbs. To our knowledge, we are the first to utilize
hMAbs, rather than DENV immune serum, to explore both extrinsic and intrinsic
mechanisms of ADE.
Initial kinetic analysis of DENV infection revealed significantly increased
infectious virus titers for K562 cells infected with DENV under ADE conditions
compared to DENV infection alone as early as 24 h pi, which led us to explore
extrinsic mechanisms of ADE that might account for the early increase in virus
replication observed during ADE. Assessment of intracellular viral loads in K562
cells infected with DENV or DENV plus an enhancing titer of hMAb 1.6D by qRTPCR at early time points post-infection revealed no increase in viral uptake by
cells infected under ADE conditions until 24 h pi, which corresponded to the
observed increase in infectious virus titers at 24 h pi (Figure 33). Taken together,
these results indicated that enhanced viral entry is not a mechanism for extrinsic
ADE, and supported the idea that ADE results from events occurring post-viral
entry that establish favorable conditions for enhanced viral infectivity.
In order to determine the ability of antibodies to modulate the cellular
inflammatory/antiviral
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to

DENV

and

assess

whether

intrinsic

mechanisms of ADE are responsible for the enhanced virus titers observed
during ADE, we decided to determine the cytokine profiles of K562 cells infected
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under ADE and non-ADE conditions using enhancing titers of three DENV E
protein-specific hMAbs (1.6D, 1.8B, and 4.2C). A neutralizing titer of hMAb 1.6D
was also tested to explore the possibility of Ab-mediated immune modulation
during neutralization. A number of cytokines and other soluble immune factors
have been implicated to play a role in disease progression and severity in both
DF and DHF/DSS [99, 104, 316]. Thus, we chose to examine a large panel of
cytokines, chemokines, growth factors and adhesion molecules in an attempt to
obtain an immunological profile specific for particular infection conditions.
Furthermore, we looked at cytokine profiles relative to virus infection kinetics over
a period of time to analyze the relationship between cytokine production and viral
load throughout the infection process.
The cytokine profiles were unique for each infection condition. In response
to DENV infection alone, the cellular inflammatory response kinetically correlated
with DENV replication. However, significantly increased production of immune
mediators including key antiviral and pro-inflammatory factors, such as IFN-α and
TNF-α, was delayed with respect to infectious virus titers, suggesting an innate
capacity for DENV to either evade or suppress the cellular antiviral response,
thus enabling establishment of infection. This finding is in agreement with other
studies demonstrating immune suppression by DENV in the absence of antibody
[143, 153, 298-300].
Although the patterns of cytokine expression differed between each
infection condition, interestingly, cells infected with DENV in the presence of
enhancing hMAb 1.6D[0.625], 4.2C, or 1.8B, also displayed very distinct patterns
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of cytokine secretion, despite all being infected under ADE conditions. The
differences in cytokine profiles among these three hMAbs may reflect different
mechanisms of ADE that result from variations in the functional properties of
these hMAbs, as determined by individual Ab epitope specificities. Overall, in
response to DENV infection in the presence of enhancing hMAbs, the level of
DENV-specific pro-inflammatory cytokine secretion seemed to be either delayed,
occurring after detection of peak virus titers, in the case of 1.6D[0625], 4.2C and
1.8B[20], or dampened such that the level of cytokine secretion did not correlate
with the magnitude of ADE, as observed for 4.2C (Figure 38) and both low and
high titers of 1.8B (Figures 37 and 40, respectively). However, peak levels of the
pro-inflammatory cytokines IL-1β, IFN-γ, and TNF-α were highest for cells
infected under ADE conditions, although these responses were typically
ephemeral, appearing at a single time point and decreasing rapidly thereafter,
and did not seem to have an appreciable impact on virus replication, as
determined by the continuous production of high virus titers throughout the
course of infection. The fact that cytokine profiles of cells infected under ADE
conditions differed according to the hMAb present during infection suggests that
the type of hMAb influences the immune response to DENV infection.
Because the fusion loop-binding hMAb 1.6D can act as both a potent
neutralizer and enhancer depending on concentration, we decided to see if the
cytokine profiles differed when cells were infected with DENV in the presence of
1.6D at a neutralizing concentration (20 µg/ml) and at an enhancing
concentration (0.625 µg/ml). Two distinct cytokine profiles were observed. The
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cytokine profile of 1.6D[20] was similar to DENV infection in the absence of
hMAb and appeared to kinetically correlate with infectious virus titers (Figure 35),
whereas the cytokine profile of 1.6D[0.625] showed an extended delay in proinflammatory cytokine production that occurred long after detection of greatly
enhanced viral titers in the supernatants (Figure 36). Also, for cells infected with
1.6D[20], the timing of peak pro-inflammatory cytokine levels correlated with that
of peak virus production, whereas for cells infected with 1.6D[0.625], a sharp
transient increase in pro-inflammatory cytokines above mock-infected levels was
delayed approximately 24 h to 48 h following peak virus titers. Reduced, yet
sustained levels of DENV-specific cytokine production was observed for cells
infected with DENV in the presence of 1.6D[20] compared to cells infected with
DENV alone, with the notable exception of IFN-γ, which was present only at
mock-infected levels in these cells at 24 h pi (Figure 35). The difference in the
overall magnitude of cytokine production along with the differences in virus titers
for 1.6D[20] compared to DENV alone, suggests a relationship between viral load
and cellular activation and cytokine secretion. Together, these data demonstrate
that DENV infection under neutralizing conditions produced a distinct cytokine
profile and resulted in the production of a cellular response that, like DENV
infection alone, seemed to correlate kinetically with the production of infectious
virions. Examination of the cytokine profile of non-neutralizing hMAb 1.8B at both
low (5 µg/ml) and high (20 µg/ml) concentrations revealed that the differences in
cytokine profiles between 1.6D[20] and 1.6D[0.625] was not simply caused by
differences in Ab concentration, and instead, most likely reflected the effects of
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Ab-mediated neutralization (in the case of 1.6D[20]) or enhancement
(1.6D[0.625]) on the cellular inflammatory/antiviral response. Taken together, we
conclude

that

while

antibody

concentration

can

affect

the

cellular

inflammatory/antiviral response to DENV, antibody type, and thus antibody
epitope specificity, appears to be the central factor that ultimately shapes the
resultant cellular response to DENV infection.
Kinetic evaluation of virus replication and the cellular inflammatory/antiviral
response in relation to time post-infection revealed that the timing of infection is
also important to understanding the cytokine response to DENV infection alone
or in the presence of Abs. The initial kinetic evaluation of DENV infectivity under
non-ADE or ADE (in the presence of hMAb 1.6D) conditions conclusively
demonstrated that the initial infectivity of DENV+1.6D was identical to that of
DENV alone at 0, 6, and 12 h pi, and significant increases in infectivity for
DENV+1.6D were not observed until after 24 h pi (Table 9). These findings
demonstrate that the observed ADE-mediated delayed and/or truncated cytokine
response was not simply the result of an increased initial virus titer or initial
enhanced infectivity during ADE (since initial infectivity between these groups
was nearly identical). Also, secretion of certain pro-inflammatory cytokines, such
as IFN-γ and TNF-α, was increased at earlier time points post-infection for cells
infected with DENV alone (Figure 34) or with 1.6D[20] (Figure 35), the two
infection groups that also had the lowest viral loads (Figure 32). A similar
observation was also made for cells infected with 4.2C, which showed only a
moderately enhanced viral load, compared to the other enhancing hMAbs
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1.6D[0.625] and 1.8B (Figures 32 and 38). These findings suggest a positive
correlation between the timing of cytokine release and the degree of viral load.
Additionally, although infection under ADE conditions resulted in an initially
delayed pro-inflammatory response facilitating the establishment of infection, by
120 h pi all ADE-infected groups, but not groups infected with DENV alone or
with 1.6D[20], exhibited bursts of pro-inflammatory cytokine production,
suggesting that the initially delayed or truncated response does not indicate
suppression/disruption of the cellular response for the entire duration of the
infection. This effect is most likely a result of the dynamic relationship between
virus and host cell throughout the course of infection. This concept was most
prominently displayed by the cytokine response to 1.8B[20], in which all cytokine
production was delayed and diminished until late during the course of infection
(Figure 40). Whether infection timing translates to protective or pathogenic
consequences with regard to viral burden and vascular leakage, the hallmark of
DHF/DSS, is undetermined, but is the subject of Chapter 5, Aim 3.
The importance of Fc-FcγR interaction to the cellular inflammatory/antiviral
response was assessed by utilizing an Fc variant of hMAb 1.6D, 1.6D-LALA,
enabling clear interpretation of results based on the contribution of Fc function
alone due to the use of “epitope-matched” Abs, which eliminated structural
considerations and other variations that can arise from targeting different
epitopes on the virion and affect antibody-antigen binding. Cytokine profiles for
1.6D-LALA at both high and low concentration were nearly identical to the profile
for DENV infection alone, and the level of pro-inflammatory and antiviral

217
cytokines were greater for cells infected with 1.6D-LALA compared to WT 1.6D
(Figures 43-47). Furthermore, increased pro-inflammatory and antiviral cytokine
secretion was also observed for cells infected with UV-inactivated DENV (Figure
48). Taken together, these results indicate that the dampened and delayed
cytokine responses observed for 1.6D-WT[20] and 1.6D-WT[0.625], respectively,
were dependent on both active DENV infection and Fc-FcγR interaction. Also,
both

1.6D-LALA[20]

and

1.6D-LALA[0.625]

demonstrated

more

efficient

clearance of DENV infection compared to 1.6D-WT[20] (Figure 42), suggesting
that in the absence of Fc-FcγR interaction, enhanced antiviral mechanisms
enable more efficient virus clearance. Thus, the enhanced neutralization activity
of 1.6D-LALA compared to 1.6D-WT may be due to a combination of both Ab
binding as well as a robust pro-inflammatory cytokine response in the absence of
Fc-FcγR interaction.
While our results differed from Ubol et al. with respect to the intrinsic ADE
hypothesis, our findings are corroborated by studies that also observed a lack of
IL-10 up-regulation in ADE infected cells [317]. The cell types used in each study
as well as varying expression of cell surface receptors among cell types may
account for differences in virus production and the cellular response to infection.
However, these differences may also be a result of the complex nature of serum
and the undefined mixture of neutralizing and enhancing Abs found in serum,
thus highlighting the importance of studying ADE mechanisms using DENVspecific hMAbs. We have shown previously that Ab epitope specificity affects Ab
binding and function (Chapter 2, Aim 1.1), and Fc-FcγR cross-linking on the
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surface of the cell has been shown to specifically up-regulate IL-10 production
[318]. Since the two most potently enhancing hMAbs used in this study bound
epitopes directly on or near the fusion loop that are likely not exposed on the
mature virion, the lack of early IL-10 production in our study may result from the
lack of FcγR cross-linking by Ab-opsonized virus pre-entry into the cell. Also,
since timing of infection proved to be an important factor with regard to cellular
activation and cytokine secretion, it is possible that IL-10 may have been
increased prior to 24 h pi; however, this is not likely since cytokine secretion did
not significantly increase over mock-infected levels until approximately 36 h pi,
and a significant increase in virus titers in ADE over non-ADE was not detected
until 24 h pi. Intrinsic ADE studies that support a suppressed type I IFN response
were mostly conducted at or before 24 h pi, even though increased IL-10
production was not detected until after 24 h pi [140, 198]. Most of the studies that
do not support intrinsic ADE looked for IFN suppression at 48 h pi or later time
points, after viral titers reach peak levels, and failed to observe decreased type I
IFN production [287, 319, 320]. Additionally, other reports on intrinsic ADE
demonstrated suppression for IFN-β only [198] or for IFN-γ only [140, 152], or
assessed cytokine levels a single time point during infection [288]. The conflicting
findings in the literature suggest the likelihood that intrinsic ADE may be defined
by more than one mechanism.
While our study involved a broad investigation of cellular immune
activation in relation to viral infection kinetics in response to ADE and non-ADE
conditions rather than a detailed examination of the proposed mechanisms of
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intrinsic ADE, our findings offer a potential explanation for the conflicting
evidence for intrinsic ADE in the literature. Our results show that during DENV
infection, production of IFN-α does not occur until after DENV infection has been
established, and under ADE conditions, IFN-α as well as IFN-γ production is
either delayed further or the level of production is diminished relative to the
magnitude of ADE. Since IFNs are far less effective at inhibiting DENV
replication once infection is established [85], we propose that the enhanced virus
titers observed during ADE are likely the result of delayed, rather than ablated,
IFN levels. Furthermore, based on our results using different hMAbs, we propose
that extrinsic ADE and intrinsic ADE mechanisms are not mutually exclusive and
do not occur in isolation, but rather work synergistically to increase virus
replication. Extrinsic ADE mechanisms function to facilitate virus replication
through Fc-FcγR-dependent (or independent) mechanisms, while intrinsic ADE
mechanisms disrupt normal cellular activation and cytokine signaling through FcFcγR interaction, creating an environment suitable for establishing a productive
infection.
In summary, our results indicate that DENV infection and ADE DENV
infection in K562 cells results in the production of soluble immune factors that
kinetically influence DENV replication. To our knowledge, we are the first to
examine viral infection and the cellular inflammatory/antiviral response
simultaneously using purified anti-DENV hMAbs, rather than dengue immune
sera, to stimulate ADE of infection. We are also the first to demonstrate that
monoclonal antibodies have the ability to not only enhance DENV infectivity, but
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can also induce a cellular response characterized by the release of soluble
mediators, thereby revealing a dual role for Abs during DENV infection. The
distinctly different cytokine profiles triggered by infection in the presence of
hMAbs with different epitope specificities indicates the ability of hMAbs to
differentially modulate the cellular response to viral infection and suggest that the
degree of immune modulation is dependent on Ab type and titer. Furthermore,
we demonstrated that Ab-mediated neutralization and enhancement as well as
Ab-mediated immune cell modulation depend on Ab epitope specificity. Thus, the
results of this study add an additional layer of complexity to the already
complicated and multifaceted Ab response to DENV infection.
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Figure 32. Kinetic Analysis of DENV Infectivity in the Absence or Presence
of hMAbs with Different Epitope Specificities. Comparison of infectious virion
output by K562 cells infected with DENV1 (black circles) versus cells infected
with DENV1 pre-incubated with hMAb 1.6D at 20 µg/ml (1.6D[20]; red squares),
1.6D at 0.625 µg/ml (1.6D[0.625]; green triangles), 1.8B (blue squares), or 4.2C
(purple triangles). Infectious virion titers (measured as log10 PFU/ml) were
determined by plaque assay and are presented as the mean + SEM of 4 to 6
experiments.
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Figure 33. Kinetic Analysis of Intracellular Viral Loads Under Non-ADE and
ADE Infection Conditions. K562 cells were mock-infected (not shown) or
infected with DENV alone (DENV) or DENV pre-incubated with an enhancing titer
of hMAb 1.6D (DENV+1.6D). Total cellular RNA was extracted at the indicated
time points post-infection and intracellular viral genomic copy number (measured
as log10 DENV-RNA per ml) was determined by qRT-PCR using 100 ng of total
RNA per sample. Results are presented as the mean + SD of 3 experiments
done in triplicate. * P < 0.001; ** P < 0.0001.
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Figure 34. DENV-Specific Cytokine Profiles of K562 Cells Infected with
DENV1. Illustrative example of the temporal relationship between infectious
virion release and DENV-specific production of pro-inflammatory cytokines (A),
anti-inflammatory cytokines (B), chemokines (C), growth factor G-CSF (D), or
adhesion molecule ICAM-1 (E) determined from culture supernatants of K562
cells harvested at the indicated times post-infection with DENV1. Infectious virion
titers (black lines; left y-axis) were determined by plaque assay and are
presented as the mean + SEM of 6 experiments. DENV-specific cytokine levels
(colored lines; right y-axis) were determined by CBA assay and depicted as the
concentration of cytokine produced by infected cells (pg/ml) minus the
concentration of cytokine produced by mock-infected cells (pg/ml) and are
presented as the means of duplicate measurements representative of 6
experiments.
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Figure 35. DENV-Specific Cytokine Profiles of K562 Cells Infected with
DENV1 in the Presence of a Neutralizing Concentration of 1.6D. Illustrative
example of the temporal relationship between infectious virion release and
DENV-specific production of pro-inflammatory cytokines (A), anti-inflammatory
cytokines (B), chemokines (C), growth factor G-CSF (D), or adhesion molecule
ICAM-1 (E) determined from culture supernatants of K562 cells harvested at the
indicated times post-infection with DENV1 plus 1.6D at 20 µg/ml. Infectious virion
titers (black lines; left y-axis) were determined by plaque assay and are
presented as the mean + SEM of 6 experiments. DENV-specific cytokine levels
(colored lines; right y-axis) were determined by CBA assay and depicted as the
concentration of cytokine produced by infected cells (pg/ml) minus the
concentration of cytokine produced by mock-infected cells (pg/ml) and are
presented as the means of duplicate measurements representative of 6
experiments.
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Figure 36. DENV-Specific Cytokine Profiles of K562 Cells Infected with
DENV1 in the Presence of an Enhancing Concentration of 1.6D. Illustrative
example of the temporal relationship between infectious virion release and
DENV-specific production of pro-inflammatory cytokines (A), anti-inflammatory
cytokines (B), chemokines (C), growth factor G-CSF (D), or adhesion molecule
ICAM-1 (E) determined from culture supernatants of K562 cells harvested at the
indicated times post-infection with DENV1 plus 1.6D at 0.625 µg/ml. Infectious
virion titers (black lines; left y-axis) were determined by plaque assay and are
presented as the mean + SEM of 6 experiments. DENV-specific cytokine levels
(colored lines; right y-axis) were determined by CBA assay and depicted as the
concentration of cytokine produced by infected cells (pg/ml) minus the
concentration of cytokine produced by mock-infected cells (pg/ml) and are
presented as the means of duplicate measurements representative of 6
experiments.
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Figure 37. DENV-Specific Cytokine Profiles of K562 Cells Infected with
DENV1 in the Presence of an Enhancing Concentration of 1.8B. Illustrative
example of the temporal relationship between infectious virion release and
DENV-specific production of pro-inflammatory cytokines (A), anti-inflammatory
cytokines (B), chemokines (C), growth factor G-CSF (D), or adhesion molecule
ICAM-1 (E) determined from culture supernatants of K562 cells harvested at the
indicated times post-infection with DENV1 plus 1.8B at 5 µg/ml. Infectious virion
titers (black lines; left y-axis) were determined by plaque assay and are
presented as the mean + SEM of 6 experiments. DENV-specific cytokine levels
(colored lines; right y-axis) were determined by CBA assay and depicted as the
concentration of cytokine produced by infected cells (pg/ml) minus the
concentration of cytokine produced by mock-infected cells (pg/ml) and are
presented as the means of duplicate measurements representative of 6
experiments.
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Figure 38. DENV-Specific Cytokine Profiles of K562 Cells Infected with
DENV1 in the Presence of an Enhancing Concentration of 4.2C. Illustrative
example of the temporal relationship between infectious virion release and
DENV-specific production of pro-inflammatory cytokines (A), anti-inflammatory
cytokines (B), chemokines (C), growth factor G-CSF (D), or adhesion molecule
ICAM-1 (E) determined from culture supernatants of K562 cells harvested at the
indicated times post-infection with DENV1 plus 4.2C at 2.5 µg/ml. Infectious
virion titers (black lines; left y-axis) were determined by plaque assay and are
presented as the mean + SEM of 6 experiments. DENV-specific cytokine levels
(colored lines; right y-axis) were determined by CBA assay and depicted as the
concentration of cytokine (pg/ml) produced by infected cells minus the
concentration of cytokine produced by mock-infected cells (pg/ml) and are
presented as the means of duplicate measurements representative of 6
experiments.

233

!"#$%&''(&!"#$%&%'()*+$,-."%%"/*)0'10/*2$,3'.343.5'()*6&136'70'89:;'13..5'$,')35(*,53'/*'<=>?'$,-31/$*,'@A+'B!C7D'&
K?:<&C/L%M+.,/
6789'

'(:6&;<=>

'(:6&;=(:<?>

@(<)

'(AB

CDE'F

EFD;E'@'GDE

EEDHI'@'ED9

G9DHE'@'IHDJ

GKDH:'@'JDI

FFDFE'@'EEDKL

CDE'<1G=

FDJJ'@'IDE

;D9;'@'HD;LLL

KDG;'@';DG

JDHJ'@'HDI

GDF9'@'ID:

CH8EI

E9DGE'@':D;

;JDKH'@'ED:

EKDHJ'@'9DG

I:DHJ'@'HDKLL

IFDGG'@'GDELL

CH8EJ

:9DK;'@'IIDF

G9D:G'@'FD;L

I99DH9'@'9GDKLL

FGD99'@'IKDK

J;DIJ'@'IJD:L

!8HEI

IHDG:'@'IDK

9DG9'@'ED:

IEDHI'@';DJ

I;D:K'@'HDF

IKDG;'@';DKL

)*+,-./%&01234$5

L'!'M'HDH9N'45D'<=>?I
LL'!'M'HDHIN'45D'<=>?I
LLL'!'M'HDHHIN'45D'<=>?I

234

Titer (log10 PFU/ml)

8

DENV1
1.8B [20]
1.8B [5]

6
4
2
0

24

36

48

72

96

Time (h) post-infection

Figure 39. Kinetics of DENV Infection in the Presence of Different
Concentrations of Enhancing hMAb 1.8B. Comparison of infectious virion
production by K562 cells infected in the presence of 1.8B at 20 µg/ml (open
squares) or at 5 µg/ml (gray triangles) versus cells infected with DENV1 alone
(black circles). Infectious virion titers were determined by plaque assay and are
presented as the mean + SEM of 4 experiments.
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Figure 40. DENV-Specific Cytokine Profiles of K562 Cells Infected with
DENV1 in the Presence of a High Concentration of Enhancing hMAb 1.8B.
Illustrative example of the temporal relationship between infectious virion release
and DENV-specific production of pro-inflammatory cytokines (A), antiinflammatory cytokines (B), chemokines (C), growth factor G-CSF (D), or
adhesion molecule ICAM-1 (E) determined from culture supernatants of K562
cells harvested at the indicated times post-infection with DENV1 plus 1.8B at 20
µg/ml. Infectious virion titers (black lines; left y-axis) were determined by plaque
assay and are presented as the mean + SEM of 4 experiments. DENV-specific
cytokine levels (colored lines; right y-axis) were determined by CBA assay and
depicted as the concentration of cytokine (pg/ml) produced by infected cells
minus the concentration of cytokine produced by mock-infected cells (pg/ml) and
are presented as the means of duplicate measurements representative of 2
experiments.
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Figure 41. Functional Characterization of the 1.6D-LALA Antibody Fc
Variant. Comparison of the Fc variant of hMAb 1.6D (1.6D-LALA) to wild-type
1.6D (1.6D-WT) based on relative binding affinity for DENV1-4 (A), neutralization
activity against DENV1 (B), and DENV1 enhancement activity (C). Binding
curves were generated from ELISA data. Neutralization curves were generated
by PRNT assay on Vero E6 cells, and results are presented as percent (%)
reduction in the number of plaques observed in DENV plus hMAb wells
compared to virus control wells. Enhancement data was obtained by qRT-PCR
and presented as the fold-increase in viral copy number detected for DENV
infection plus hMAb compared to DENV infection alone.
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Figure 42. Kinetic Analysis of DENV Infectivity in the Absence or Presence
of 1.6D or 1.6D-LALA. K562 cells were infected with DENV1 alone (DENV1) or
DENV1 pre-incubated with wild-type 1.6D at 20 µg/ml (1.6D-WT[20]) or 0.625
µg/ml (1.6D-WT[0.625]) or DENV1 pre-incubated with 1.6D-LALA at 20 µg/ml
(1.6D-LALA[20]) or 0.625 µg/ml (1.6D-LALA[0.625]). Infectious virion titers
(measured as log10 PFU/ml) were determined by plaque assay on Vero E6 cells
and are presented as the mean + SEM of 3 to 6 experiments.
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Figure 43. DENV-Specific Pro-Inflammatory Cytokine Profiles of K562 Cells
Infected with DENV1 in the Absence or Presence of 1.6D or 1.6D-LALA.
Illustrative example of the temporal relationship between infectious virion release
and DENV-specific production of pro-inflammatory cytokines determined from
culture supernatants of K562 cells harvested at the indicated times post-infection
with DENV1 (A) or DENV1 pre-incubated with wild-type 1.6D at 20 µg/ml (1.6DWT[20]) (B) or at 0.625 µg/ml (1.6D-WT[0.625]) (C), or DENV1 pre-incubated
with 1.6D-LALA at 20 µg/ml (1.6D-LALA[20]) (D), or at 0.625 µg/ml (1.6DLALA[0.625]) (E). Infectious virion titers (black lines; left y-axis) were determined
by plaque assay and are presented as the mean + SEM of 4 to 6 experiments.
DENV-specific cytokine levels (colored lines; right y-axis) were determined by
CBA assay and depicted as the concentration of cytokine produced by infected
cells (pg/ml) minus the concentration of cytokine produced by mock-infected cells
(pg/ml) and are presented as the means of duplicate measurements
representative of 2 experiments.
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Figure 44. DENV-Specific Anti-Inflammatory Cytokine Profiles of K562 Cells
Infected with DENV1 in the Absence or Presence of 1.6D or 1.6D-LALA.
Illustrative example of the temporal relationship between infectious virion release
and DENV-specific production of anti-inflammatory cytokines determined from
culture supernatants of K562 cells harvested at the indicated times post-infection
with DENV1 (A) or DENV1 pre-incubated with wild-type 1.6D at 20 µg/ml (1.6DWT[20]) (B) or at 0.625 µg/ml (1.6D-WT[0.625]) (C), or DENV1 pre-incubated
with 1.6D-LALA at 20 µg/ml (1.6D-LALA[20]) (D), or at 0.625 µg/ml (1.6DLALA[0.625]) (E). Infectious virion titers (black lines; left y-axis) were determined
by plaque assay and are presented as the mean + SEM of 4 to 6 experiments.
DENV-specific cytokine levels (colored lines; right y-axis) were determined by
CBA assay and depicted as the concentration of cytokine produced by infected
cells (pg/ml) minus the concentration of cytokine produced by mock-infected cells
(pg/ml) and are presented as the means of duplicate measurements
representative of 2 experiments.
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Figure 45. DENV-Specific Chemokine Profiles of K562 Cells Infected with
DENV1 in the Absence or Presence of 1.6D or 1.6D-LALA. Illustrative
example of the temporal relationship between infectious virion release and
DENV-specific production of chemokines determined from culture supernatants
of K562 cells harvested at the indicated times post-infection with DENV1 (A) or
DENV1 pre-incubated with wild-type 1.6D at 20 µg/ml (1.6D-WT[20]) (B) or at
0.625 µg/ml (1.6D-WT[0.625]) (C), or DENV1 pre-incubated with 1.6D-LALA at
20 µg/ml (1.6D-LALA[20]) (D), or at 0.625 µg/ml (1.6D-LALA[0.625]) (E).
Infectious virion titers (black lines; left y-axis) were determined by plaque assay
and are presented as the mean + SEM of 4 to 6 experiments. DENV-specific
chemokine levels (colored lines; right y-axis) were determined by CBA assay and
depicted as the concentration of chemokine produced by infected cells (pg/ml)
minus the concentration of chemokine produced by mock-infected cells (pg/ml)
and are presented as the means of duplicate measurements representative of 2
experiments.
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Figure 46. DENV-Specific Growth Factor G-CSF Profiles of K562 Cells
Infected with DENV1 in the Absence or Presence of 1.6D or 1.6D-LALA.
Illustrative example of the temporal relationship between infectious virion release
and DENV-specific production of growth factor G-CSF determined from culture
supernatants of K562 cells harvested at the indicated times post-infection with
DENV1 (A) or DENV1 pre-incubated with wild-type 1.6D at 20 µg/ml (1.6DWT[20]) (B) or at 0.625 µg/ml (1.6D-WT[0.625]) (C), or DENV1 pre-incubated
with 1.6D-LALA at 20 µg/ml (1.6D-LALA[20]) (D), or at 0.625 µg/ml (1.6DLALA[0.625]) (E). Infectious virion titers (black lines; left y-axis) were determined
by plaque assay and are presented as the mean + SEM of 4 to 6 experiments.
DENV-specific cytokine levels (colored lines; right y-axis) were determined by
CBA assay and depicted as the concentration of cytokine produced by infected
cells (pg/ml) minus the concentration of cytokine produced by mock-infected cells
(pg/ml) and are presented as the means of duplicate measurements
representative of 2 experiments.
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Figure 47. DENV-Specific Adhesion Molecule ICAM-1 Profiles of K562 Cells
Infected with DENV1 in the Absence or Presence of 1.6D or 1.6D-LALA.
Illustrative example of the temporal relationship between infectious virion release
and DENV-specific production of adhesion molecule ICAM-1 determined from
culture supernatants of K562 cells harvested at the indicated times post-infection
with DENV1 (A) or DENV1 pre-incubated with wild-type 1.6D at 20 µg/ml (1.6DWT[20]) (B) or at 0.625 µg/ml (1.6D-WT[0.625]) (C), or DENV1 pre-incubated
with 1.6D-LALA at 20 µg/ml (1.6D-LALA[20]) (D), or at 0.625 µg/ml (1.6DLALA[0.625]) (E). Infectious virion titers (black lines; left y-axis) were determined
by plaque assay and are presented as the mean + SEM of 4 to 6 experiments.
DENV-specific cytokine levels (colored lines; right y-axis) were determined by
CBA assay and depicted as the concentration of cytokine produced by infected
cells (pg/ml) minus the concentration of cytokine produced by mock-infected cells
(pg/ml) and are presented as the means of duplicate measurements
representative of 2 experiments.
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Figure 48. Production of DENV-Specific Cytokines in Response to
Replication-Deficient DENV. K562 cells were infected with WT DENV1 (WT;
black bars) or UV-inactivated DENV1 (UV; gray bars) in the absence (DENV) or
presence of 0.625 µg/ml of either wild-type 1.6D (DENV+1.6D) or the Fc variant
1.6D-LALA (DENV+1.6D-LALA). Cell culture supernatants were harvested at 48
h pi and DENV-specific production of pro-inflammatory cytokines (A), antiinflammatory cytokines (B), chemokines (C), and growth factors and adhesion
molecules (D) were determined by CBA assay. Results are given as the amount
of cytokine (pg/ml) produced by infected cells minus the amount of cytokine
(pg/ml) produced by mock-infected cells and are presented as the mean + SEM
of 2 separate experiments. P values indicate statistical significance of cytokine
production by UV-DENV-infected cells with respect to WT DENV-infected cells.
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (two-tailed t test).
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Figure 49. Effect of K562 Cell Pretreatment with DENV Infection
Supernatants. K562 cells were exposed to media or UV-irradiated cell culture
conditioned medium (CM) harvested at 48 h pi from K562 cells mock-infected
(pre-Mock UV), infected with DENV alone (pre-DENV) or in the presence of
either a neutralizing titer of 1.6D (pre-1.6D[20]) or an enhancing titer of 1.6D (pre1.6D[0.625]), or UV-inactivated DENV (pre-UV-DENV) for 24 h prior to infection
with DENV1 (MOI 1). Cell culture supernatants were harvested at 48 h pi and
infectious virus titers were determined by plaque assay on Vero E6 cells. Results
are presented as mean + SEM of triplicate measurements from 2 individual
experiments. *P < 0.05.
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CHAPTER 5
Direct and Indirect DENV Infection of Human Microvascular Endothelial
Cells Leads to Cellular Activation and Changes in Permeability
Specific Aims 3.1 and 3.2
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Introduction
Profound vascular leakage in conjunction with elevated viremia is the
hallmark of DHF/DSS [18, 27]. Although ADE is thought to be responsible for the
elevated viremia associated with DHF/DSS, it is unknown how enhanced viral
replication in FcγR-bearing cells in vivo might result in DHF/DSS. Increased
viremia induces activation of complement and apoptotic pathways and a robust
pro-inflammatory cytokine response, all of which are known triggers of vascular
leakage [37, 93, 201]. Thus, it is proposed that ADE increases the number of
DENV-infected cells, and the lysis or clearance of these infected cells leads to
the release of vasoactive mediators and pro-coagulants that alter vascular
permeability causing DHF/DSS [100, 201]. A

unique feature of DHF/DSS

infection is an enhanced inflammatory response that mediates increased
vascular permeability by acting on the endothelium. Despite its central
importance in DENV infection, the endothelium, which regulates vascular
permeability, has not been considered a significant factor in DHF/DSS. Instead,
the majority of studies focus solely on the role of immune cells in DENV
pathology [51, 202]. Two theories have been proposed to explain the
involvement of the endothelium in hemorrhagic diseases, including DHF/DSS:
virus infection activates endothelial cells (EC) (1) directly, inducing cellular
damage and apoptosis or (2) indirectly via infected immune cells releasing
soluble mediators with concomitant activation of the endothelium [201, 203-208].
The ability of DENV to infect endothelial cells (EC) in vivo remains controversial.
Evidence for in vivo EC infection comes from post-mortem studies, which have
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detected DENV antigen in autopsy samples of the heart, lungs, liver, and kidneys,
providing evidence of DENV-infected ECs in vivo; however, the number of
infected ECs, and thus the extent of natural infection, is unknown [100, 206, 210212]. Conversely, a post-mortem study by Salgado et al. found DENV antigen
within ECs of the heart and small myocardial vessels, but failed to detect DENV
RNA in these cells or any morphological damage to the endothelium, which could
explain vascular leakage by disruption of the endothelium [212]. One drawback
of these studies is that autopsy samples fail to assess the contribution of DENV
infection of ECs during early stages of infection, which could potentially
contribute to elevated viremia and enhancement of the immune response. In vitro
studies predominantly show ECs to be permissive to DENV infection, albeit at
varying degrees, resulting in cytokine and chemokine production, alteration and
expression of adhesion molecules and changes in EC morphology [201, 206].
Disruption of the EC barrier via apoptosis of infected ECs is a proposed
mechanism of vascular leakage in which pathology depends on direct EC
infection [100, 201, 204, 206]. DENV-infected human ECs were also shown to
induce upregulation and secretion of RANTES and IL-8 and apoptosis of cells
[201, 213]. IL-8 production by DENV-infected human dermal microvascular
endothelial cell (HMEC-1) monolayers was shown to affect the cytoskeleton and
tight junctions of these cells, altering transendothelial permeability [214]. A study
by Dewi et al. demonstrated EC susceptibility to DENV infection and found that
exposure of DENV-infected cells to TNF-α resulted in significantly increased
permeability in vitro [207].
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Although ADE has been well studied in certain antigen presenting cells
(APC), such as macrophages and dendritic cells, the effects of Abs and AbDENV immune complexes (IC) on ECs during DENV infection have yet to be fully
explored [50, 85, 86]. Arevalo et al. found that ECs do not support ADE because
they lack FcγRs [204]. However, other reports found that human umbilical vein
endothelial cells (HUVEC) stimulated with cytokines, such as TNF-α, or infected
with HSV-1 or CMV can induce FcγR expression [215-218]. A study by Zellweger
et al. using a murine ADE model of DENV disease observed that a dramatic
increase in infected hepatic ECs coincided with the onset of severe disease,
suggesting a role for the endothelium in an immune-enhanced disease process
during DENV infection [211]. Indirect mechanisms responsible for inducing
vascular leak have also been proposed whereby direct DENV infection of
immune cells or interaction of Ab-DENV immune complexes with FcγR-bearing
cells results in activation and release of soluble mediators that alter vascular
permeability [203, 205]. This idea is supported by studies in which DENVinfected PBMC culture supernatants induced an increase in permeability on
HUVEC monolayers in association with downregulation of vascular endothelial
cadherin (VE-cadherin) [203, 208]. Furthermore, supernatants of DENV-infected
monocytes were shown to activate HUVECs to upregulate surface expression of
adhesion molecules VCAM-1, ICAM-1, and E-selectin [205]. This activation was
enhanced when monocytes were infected in the presence of DENV immune
serum, but diminished when anti-TNF-α Abs were added to monocyte
supernatants [145, 203]. Despite the many theories explaining the increased
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permeability

characteristic

of

DHF/DSS,

the

precise

mechanism(s)

of

pathogenesis remain unknown.
Considering that vascular leak occurs in conjunction with an Ab-mediated
increase in viremia during DHF/DSS, examining the interaction of Abs and AbDENV immune complexes with ECs is essential to understanding the
immunopathology of DHF/DSS. A more complete understanding of the
mechanism(s) involved in DENV pathogenesis requires dissection of the
relationship between Ab-mediated enhancement and the vascular leak syndrome
that is unique to DENV infection. In this study, we assessed direct DENV
infection of the human microvascular endothelial cell line-1 (HMEC-1) and the
effects of factors secreted by K562 cells infected with DENV in the absence or
presence of different hMAbs on HMEC-1 barrier function. In contrast to previous
studies, we utilized anti-DENV hMAbs in place of dengue immune serum in an in
vitro model of microvascular barrier function [321]. Moreover, in addition to
evaluating the effects of factors produced by monocytic cells infected with DENV
alone [105, 205] or under ADE conditions [203], we expanded our study to
include the effects of factors produced in response to DENV in the presence of
neutralizing hMAb without infection enhancement. We hypothesized that
antibody (Ab)-mediated increase in DENV infectivity in ECs would trigger loss of
EC barrier function and increased permeability by directly enhancing EC infection
and indirectly by enhancing infection and activation of FcγR-bearing cells, which
would result in increased virus production and release of vasoactive mediators.
The results of this study support the idea that vascular leak in DHF/DSS is a
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multifactorial process, involving both direct DENV infection of ECs as well as
ADE of FcγR-bearing cells, and that vascular leak results from a synergistic
relationship between enhanced viremia and release of vascular and/or proinflammatory mediators causing increased permeability.

Materials and Methods
Viruses and Cells
DENV-1 strain HI-1 was propagated as described in Chapter 2, Aim 1.1.
K562 cells were maintained as described in Chapter 2, Aim 1.1, and infected as
described in Chapter 4, Aim 2, in order to generate DENV non-ADE and ADE
conditioned medium (CM) for use in endothelial cell indirect infection studies. The
immortalized human dermal microvascular endothelial cell line -1 (HMEC-1) was
provided by Dr. Thomas Voss (Tulane University School of Medicine, New
Orleans, LA). HMEC-1 cells were maintained in MCDB 131 media (Gibco)
supplemented with FBS, hydrocortisone, recombinant human epidermal growth
factor, GlutaMAX (Gibco), 100 U/ml penicillin G, 100 µg/ml streptomycin and 0.25
µg/ml amphotericin B, at 37°C with 5% (v/v) CO2.

Antibodies and Reagents
Anti-DENV hMAbs were generated as previously described in Chapter 2,
Aim 1.1. Recombinant human TNF-α was obtained from BD Biosciences and
used at a working concentration of 10 ng/ml unless otherwise indicated.
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Plaque Assay
Vero E6 cells were seeded onto 6-well plates 24 hours prior to inoculation
to allow formation of confluent monolayers. Ten-fold serial dilutions of HMEC-1
cell culture supernatants in a total volume of 0.1 ml adsorbed for 90 minutes at
37°C and 5% CO2 onto confluent Vero cell monolayers with rocking every 15
minutes. The inoculum was aspirated and cells were overlaid with 3 ml per well
of 2X MEM with 10% (v/v) FBS containing 1% (w/v) agarose pre-heated in a
water bath at 56°C for at least 1 hour. Infected cells were maintained at room
temperature to allow overlays to solidify (~15 minutes) and then incubated at
37°C with 5% CO2 for six days. Infected cultures were then overlaid with 3 ml per
well of 2X MEM with 10% (v/v) FBS containing 1% (w/v) agarose and 1.33% (v/v)
of Neutral Red (Sigma) and incubated at 37°C with 5% CO2. Plaques were
counted after 24-48 hours to calculate the number of plaque forming units (PFU)
of DENV per ml of supernatant.

Antibody-Dependent Enhancement (ADE) Assay
The ADE assay was performed as described in Chapter 4, Aim 2, using
anti-DENV hMAbs generated in Chapter 2, Aim 1.1. HMEC-1 susceptibility to
ADE was assessed as previously described for K562 cells (Chapter 4, Aim 2).
In addition to hMAb-dependent ADE of DENV infection, the following
control infections were performed: hMAb alone (1.6D at 20 µg/ml without DENV),
UV-DENV infection (UV-inactivated DENV, which lacks the ability to replicate its
genome and is only capable of binding, entry and initial rounds of viral RNA
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translation), and UV-DENV-ADE infection (UV-inactivated DENV with hMAb).

Viral RNA Quantitation
DENV-infected HMEC-1 cells and cell culture supernatants were
harvested as described for K562 cells in Chapter 4, Aim 2, and DENV RNA was
quantitated by two-step SYBR Green I-based real-time PCR using a DENV1
serotype-specific primer pair and standard curve as described in Chapter 2, Aim
1.1.
FcγRIIA expression on HMEC-1 cells was assessed by relative
quantification using the delta-delta Ct method. Samples were prepared as
specified above, and reverse transcription products were amplified using an
FcγRIIA-specific

primer

GGGCACCTACTGACGATGAT-3’),

pair:

FcγRIIA
FcγRIIA

Forward
Reverse

(5’(5’-

TTGTCATCCACTCAGCAAGC-3’). β-Actin was used as an internal control. βActin Forward (5’-TCCTGTGGCATCCACGAAACT-3’), β-Actin Reverse (5’GAAGCATTTGCGGTGGACGA-3’).

Detection of Cell Surface Markers by Flow Cytometry
Cell surface staining for FcγRs was performed using phycoerythrin (PE)conjugated CD16 (BD Biosciences), APC-conjugated CD32 (BD Biosciences),
and phycoerythrin (PE)-conjugated CD64 (BD Biosciences). Surface staining for
DC-SIGN was performed using FITC-conjugated CD209 (BD Biosciences). A
mouse IgG1-PE/FITC antibody (BD Bioscience) was used as an isotype control.
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Analysis of surface marker expression was determined on a Cytomics FC500
Series flow cytometer (Beckman-Coulter, Brea, CA).

Phase Contrast Microscopy
Changes in HMEC-1 cell morphology and monolayer integrity were
assessed by phase contrast microscopy using a Nikon Eclipse TE2000-s
inverted microscope.

Annexin V-FITC Binding (Viability) Assay
In order to evaluate apoptosis and necrosis, externalization of
phosphotidylserine (PS) during apoptosis and DNA leakage from necrotic cells
was observed by Annexin V/Propidium iodide (PI) dual staining kit (Sigma, St.
Louis, MO). Differentiation of cell population was done on a Beckman Coulter
Galios flow cytometer using FL-1 (Ex/Em: 490/520 nm)/FL-2 (Ex/Em: 488/617
nm) band pass filters for the detection of Annexin V-FITC and PI simultaneously.
Results were analyzed by quadrants: (a) viable cells (Annexin V negative; PI
negative), (b) early apoptotic cells (Annexin V positive; PI negative), (c) late
apoptotic cells (Annexin V positive; PI positive), (d) necrotic cells (PI positive).
Each determination was based on mean fluorescence intensity of 10,000 events.

Transendothelial Albumin Permeability Assay
HMEC-1 monolayer permeability was assessed using the transendothelial
albumin permeability test, which was carried out as reported previously with
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modifications [322, 323]. Briefly, HMEC-1 cells were seeded by the addition of
100 µl of cell suspension (2 x 105 cells/insert) to the upper chamber of 0.2%
gelatin-coated (Sigma) 24-well transwell polycarbonate membranes (Corning, 6.5
mm diameter, 3.0 mm or 0.4 mm pore size) and allowed to grow to confluency.
Once monolayers were confluent, as determined by phase contrast microscopy,
cells were infected with DENV1 or K562 infection supernatants, referred to as
conditioned medium (CM), or treated with recombinant human TNF-α (BD
Bioscience) for times indicated. To determine changes in permeability, HMEC-1
monolayers in the upper chambers were washed twice with PBS and placed into
the new lower chamber containing 600 µl of HBSS (Gibco). 100 µl of Trypan
blue-labeled bovine serum albumin (TB-BSA) (180 mg Trypan blue (Sigma) and
4 g BSA fraction V (Sigma) added to 100 ml HBSS (Gibco)) was added to the
upper chamber of the transwell containing the HMEC-1 monolayer. The culture
plate was incubated at 37°C in 5% CO2 (approximately 30 min). The upper
chambers were removed and the absorbance of the solution in the lower
chamber was measured at 595 nm. Results were expressed as the amount of
BSA detected in the lower chamber or as percentage clearance of BSA, i.e. the
amount of TB-BSA detected in the lower chamber expressed as a percentage of
the total TB-BSA initially added to the upper chamber.

Quantitation of Cytokines by Flow Cytometry using a Multiplex Bead Assay
Cytokines were quantified from infected and uninfected cell culture
supernatants by flow cytometry using a bead-based multiplex immunoassay
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according to the manufacturer’s instructions (Human Inflammation 20-Plex
FlowCytomix Multiplex Kit, eBioscience). The cytokines measured by the assay
were: IL-1α, IL-1β, IL-4, IL-6, IL-8, IL-10, IL-12 (p70), IL-13, IL-17A, IFN-α, IFN-γ,
TNF-α, E-selectin, granulocyte colony stimulating factor (G-CSF), intercellular
adhesion molecule-1 (ICAM-1), Interferon gamma-inducible protein-10 (IP-10),
MCP-1, macrophage inflammatory protein-1 alpha (MIP-1α), macrophage
inflammatory protein-1 beta (MIP-1β), and latency-associated peptide (LAP).
Eight-point standard curves for each analyte were generated using concentrated
human recombinant cytokine provided by the vendor (eBioscience). A range of
0.5 – 30,000 pg/ml recombinant cytokines was used to generate standard curves
and to maximize the sensitivity and dynamic range of the assay. Briefly, a
mixture of antibody-coupled beads for each analyte to be measured was
incubated with 25 µl of supernatant sample or standard mixture. A biotinconjugated secondary antibody mixture was then added and samples were
incubated in the dark at room temperature for 2 hours. Complexes were washed
and incubated with streptavidin-phycoerythrin (PE) for 1 hour in the dark.
Cytokine concentrations were assessed by flow cytometry using a Cytomics
FC500 Series flow cytometer (Beckman-Coulter, Brea, CA). The analyte
concentrations were calculated using software provided by the manufacturer
(FlowCytomix Pro Software, eBioscience).

Statistical Analysis
All data were analyzed using Prism 5.0 software (GraphPad, San Diego,
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CA) using a two-tailed Student’s t test or two-way, two-tailed ANOVA with
Bonferroni post-test. P values of <0.05 were considered significant, unless
otherwise stated.

Results

I. Direct Infection of HMEC-1 Cells

Analysis of Cell Surface Marker Expression in HMEC-1 Cells
Human dermal microvascular cell line 1, or HMEC-1, is a transformed
human endothelial cell line derived from primary dermal microvascular cells
transfected with the simian virus 40 large T (SV40T) antigen. HMEC-1 cells
retain the phenotype, morphology, and functional characteristics of microvascular
endothelial cells and express typical endothelial cell surface markers such as
CD31, CD36, CD44, and ICAM-1 as well as von Willebrand factor [324, 325].
While HMEC-1 cells are not reported to express any FcγRs on their surface,
FcγRs have been detected on different types of endothelial cells, including liver
sinusoidal endothelial cells (LSEC), which were shown to be susceptible to ADE
in a mouse model of ADE-induced severe DENV infection [211, 326, 327]. In
human monocytes, FcγRs are the key receptor for viral binding and entry in the
form of Ab-DENV immune complexes (IC), and as demonstrated in Chapter 4,
Aim 2, Fc-FcγR interaction is required for enhancement of DENV infection in the
presence of antibody in these cells [50, 54, 56, 202]. Additionally, expression of
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the C-type lectin DC-SIGN (CD209), which is believed to facilitate DENV
attachment, has been shown to enhance infection in the absence of Fc-FcγR
interaction [52, 63]. Since expression of different surface markers and receptors,
such as FcγR and DC-SIGN, can influence numerous aspects of cellular infection,
including the degree of infectivity and susceptibility to ADE, we first determined
HMEC-1 cell surface expression of FcγRI (CD64), FcγRII (CD32), FcγRIII (CD16),
and DC-SIGN (CD209) by flow cytometry (Figure 50). Consistent with published
results, HMEC-1 cells did not express any of the traditional FcγRs, nor did they
express DC-SIGN.
Induction of FcγRs has also been shown in response to inflammation,
cytokines secretion, such as IFN-γ, and certain viral infections, such as
cytomegalovirus (CMV) [147, 218, 297]. To determine the ability of DENV
infection to induce FcγR expression in HMEC-1 cells, we extracted total cellular
RNA at 6, 12, 24 and 48 h pi from HMEC-1 cells that were mock infected with
medium or infected with DENV1 (MOI 1) and FcγRIIA expression was measured
by real-time PCR using FcγRII-specific primer pairs. FcγRII expression was
determined by real-time PCR relative to the housekeeping gene β-actin and the
delta-delta Ct method was used to compare changes in FcγRII expression
between mock-infected cells and DENV or DENV-ADE infected cells. K562 cells
were used as a positive control for FcγRIIA expression. FcγRIIA was not induced
in DENV-infected HMEC-1 cells at any time-point tested (data not shown). These
results confirm the absence of FcγR expression in HMEC-1 cells and
demonstrate the inability of DENV infection to induce FcγR expression in HMEC-
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1 cells. Since FcγRs are required for ADE in monocytic cells, the lack of FcγR
expression by HMEC-1 cells implies that these cells will not be susceptible to
ADE of DENV infection.

Optimizing Direct DENV infection of HMEC-1 cells
The effects of DENV infection on ECs and EC function remain undefined,
yet are central to understanding the role of the endothelium in DENV
pathogenesis. DENV-infected ECs have been detected in vitro and in mouse
models of DENV infection, and autopsy samples provide evidence of EC
susceptibility to DENV during natural infection [197, 210, 211]. However, our
understanding of the extent of EC permissiveness to infection as well as the
degree of infectivity and the capability for establishing productive infection of ECs
is limited. To assess HMEC-1 infectivity and optimize DENV infection of HMEC-1
cells, we compared DENV infection kinetics of K562 cells, a human
myeloerythroleukemic cell line with known susceptibility to DENV infection in vitro
(Chapter 4, Aim 2), to HMEC-1 cells infected with DENV1 at a multiplicity of
infection (MOI) of 1. Intracellular viral load was measured by real-time PCR using
equal amounts of total cellular RNA isolated from infected cells to determine the
degree of cellular infectivity. DENV replication was assessed in two ways. In one
method, viral RNA was isolated from infected cell culture supernatants and
DENV genomic copies were quantified by real-time PCR, which provided a count
of both immature and mature virus present in culture supernatants. The other
method assessed the production of infectious virions by each cell type by plaque
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assay using infected cell culture supernatants as a measure of productive cellular
infection. Figure 51 compares DENV infection kinetics in K562 cells versus
HMEC-1 cells according to the three aforementioned parameters of infectivity.
Overall, both K562 cells (Figure 51A) and HMEC-1 cells (Figure 51B) exhibited
similar patterns of infection. K562 and HMEC-1 cells demonstrated an equally
high level of infectivity as early as 6 h post-infection (pi), with intracellular virus
loads reaching 105 PFU/ml in both groups. Both groups maintained a relatively
constant level of infectivity throughout the course of infection, as seen by a
steady 2-log increase in intracellular DENV RNA from 6 h to 120 h pi. The level
of extracellular DENV RNA remained relatively constant for both K562 and
HMEC-1 cells from 6 h to 24 h pi, followed by a significant increase in the amount
of DENV RNA after 24 h pi. Plaque assay results showed a significant increase
in infectious virions in culture supernatants from 9 h (~102 PFU/ml) to 48 h pi
(~105 PFU/ml), with a peak and plateau of viral titers between 72 h and 120 h pi,
and mean maximum titers of approximately 105 PFU/ml in both groups.
Interestingly, in K562 cells, infectious virus titers and extracellular DENV RNA
began to decrease after 72 h pi and 96 h pi, respectively, compared to HMEC-1
cells, which exhibited continuously increasing levels of extracellular DENV RNA
through 120 h pi and constant high titers of infectious virions from 72 h to 120 h
pi. These results demonstrate that HMEC-1 cells are highly permissible to DENV
infection, and the extent of infection is similar to that of K562 cells in vitro.
Furthermore, DENV is able to efficiently infect HMEC-1 cells resulting in rapid
replication and release of infectious virions and generation of a sustained,
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productive infection. The fact that HMEC-1 cells are readily infected and continue
to produce high titers of virus without any evidence of viral clearance, as seen
with K562 cells, suggests that ECs may be a source of persistent virus
production during natural infection.

The Effect of Antibodies on Direct DENV infection of HMEC-1 cells
While FcγRs are commonly found on antigen presenting cells (APCs) such
as monocytes, macrophages, and dendritic cells (DCs), numerous studies have
reported FcγR expression on both primary ECs and endothelial cell lines,
including human umbilical vein endothelial cells (HUVECs) and liver sinusoidal
endothelial cells (LSEC) [211, 326, 327]. In addition to FcγRs, expression of other
surface markers has also been shown to enhance infection of ECs, including the
closely related homolog of DC-SIGN known as DC-SIGNR or L-SIGN, which is
expressed on ECs in the liver and lymph nodes has been linked to enhanced
infection

of

human

immunodeficiency

virus

1

(HIV-1)

and

simian

immunodeficiency virus (SIV) as well as Ebola virus, where DC-SIGNR was
shown to dramatically enhance infection of primary cells by binding Ebola
glycoproteins [327-329]. Also, ECs are known for filtering small immune
complexes (IC) from the blood and/or extracellular fluid by macropinocytosis,
enabling internalization of potentially infectious ICs without FcγR involvement
[211]. This evidence demonstrates that other surface molecules aside from
FcγRs can potentially mediate ADE. Therefore, although we previously
demonstrated that HMEC-1 cells do not express traditional activating FcγRs
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(FcγRIA, FcγRIIA, FcγRIIIA), we still needed to resolve whether DENV infection in
the presence of hMAbs could result in ADE of infection in HMEC-1 cells via nonFcγR-mediated mechanisms. Total cellular RNA was isolated at various time
points post-infection over a period of 7 days from HMEC-1 cells mock-infected or
infected with DENV1 at a MOI of 1 in the absence or presence of an enhancing
concentration (0.625 µg/ml) of the hMAb 1.6D, and intracellular DENV genomic
copies were quantified by qRT-PCR (Figure 52). Initially, HMEC-1 cells infected
with DENV alone or in the presence of 1.6D demonstrated a similarly high
degree of infectivity, with the exception of a significant (P = 0.0004) decrease in
DENV RNA observed for DENV+1.6D cells at 3 h pi. By 12 h pi, a decrease in
infectivity of HMEC-1 cells infected with DENV+1.6D compared to DENV alone
was observed, but this finding was not statistically significant (P = 0.091).
However, a significant decrease in infectivity between DENV and DENV+1.6D
occurred after 24 h pi, as indicated by decreased number of viral RNA copies in
cells infected with DENV+1.6D, and the level of infection for DENV+1.6D
continued to decline for the remainder of the infection (Figure 52). These results
demonstrate that HMEC-1 cells support DENV infection and replication, but not
ADE. Interestingly, however, despite infection with such a low concentration of
1.6D, which has been shown to significantly enhance infection in K562 cells
(Chapter 4, Aim 2), HMEC-1 cells infected with DENV+1.6D showed a surprising
reduction in infectivity of approximately 2.5-logs over the 7-day infection period
(Figure 52). As we showed in Chapter 2, Aim 1.1, hMAbs that target the fusion
loop, such as 1.6D, exhibit concentration-dependent neutralization and ADE.
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Thus, the dramatically reduced infectivity observed for HMEC-1 cells infected
with DENV+1.6D suggests that in cells lacking FcγRs, antibody titers that would
normally result in ADE of FcγR-bearing cells can actually neutralize infection and
significantly contribute to viral clearance, indicating a potentially protective role
for Abs in DENV-infection of ECs.
Although HMEC-1 cells did not exhibit ADE when infected in the presence
of an enhancing concentration of the fusion loop hMAb 1.6D, it was not known
whether other hMAbs might induce ADE in HMEC-1 cells. In Chapter 2, Aim 1.1,
we determined that the neutralization and ADE capabilities of anti-E hMAbs
depended upon antibody epitope specificity, and in Chapter 4, Aim 2, we showed
that hMAbs with different epitope specificities could differentially modulate the
antiviral response of FcγR-bearing cells in response to DENV infection. Thus, we
speculated that hMAbs targeting different epitopes might be able to differentially
affect DENV infection in HMEC-1 cells. To answer this question, we tested the
anti-E non-neutralizing hMAb 1.8B, a partial fusion loop-binding hMAb, for ADE
activity in HMEC-1 cells. Infected culture supernatants were harvested at 96 h pi
from HMEC-1 cells infected with DENV1 at a MOI of 1 in the absence or
presence of 1.8B at the enhancing concentration of 2.5 µg/ml, and infectious
virions were quantified by plaque assay. For comparison, K562 cells were
infected in parallel under the same conditions as HMEC-1. DENV-infection of
K562 cells in the presence of 1.8B significantly enhanced infectious virion
production (P = 0.0005; n = 2) compared to DENV1 infection alone (Figure 53A).
However, virus titers produced by HMEC-1 cells infected in the presence of 1.8B
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were not significantly different from the titers of HMEC-1 cells infected with
DENV1 alone, indicating an absence of infection enhancement even in the
presence of a non-neutralizing hMAbs (Figure 53B). In addition, a panel of other
enhancing hMAbs targeting different E protein epitopes were screened for ADE
activity in HMEC-1 cells and revealed no enhancement of infection (data not
shown), which further confirmed a lack of ADE activity in HMEC-1 cells. Thus,
these results verified that HMEC-1 cells do not support ADE.

Direct DENV Infection of HMEC-1 Cells Does Not Induce Apoptosis
In response to DENV infection, multiple studies have reported EC
morphological alterations and increased EC apoptosis, both of which have been
proposed to affect vascular permeability, consequently leading to the vascular
leakage syndrome characteristic of DHF/DSS [145, 201, 330]. To determine
whether DENV infection-induced changes in HMEC-1 cell morphology, we mockinfected or infected confluent HMEC-1 monolayers with DENV1 at a MOI of 1
and visualized cell monolayers after 48 h pi using an inverted phase contrast
microscope. We observed no changes in HMEC-1 morphology or monolayer
integrity between mock infected and DENV-infected HMEC-1 cells (Figure 54).
HMEC-1 cells infected with DENV1 plus hMAb 1.6D at 10 µg/ml or cells exposed
to 10 µg/ml of 1.6D in the absence of DENV infection also revealed no aberrant
changes in cell morphology compared to mock-infection, indicating that neither
anti-DENV antibodies nor DENV-Ab immune complexes (IC) cause any apparent
EC damage (data not shown).
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In addition to morphological changes, apoptosis of DENV-infected ECs
has also been proposed as a potential mechanism leading to altered vascular
permeability and plasma leakage. However, most of the studies reporting
significant levels of DENV-induced EC apoptosis utilized the ECV304 cell line,
which has since been discovered as a bladder carcinoma cell line derivative,
rather than of EC origin [201, 331, 332]. Post-mortem studies of DHF patients
also revealed evidence of EC apoptosis, but whether the cause of apoptosis was
due to direct EC cell infection in these patients was unable to be determined
[333]. Additionally, antibodies present in dengue patient sera, in particular antiNS1 antibodies, have also been shown to induce EC damage as well as increase
vascular permeability, suggesting the ability of antibodies and immune
complexes (IC) to interact directly with ECs and induce damage, even in the
absence of FcγRs [169, 334, 335]. To assess whether direct DENV infection of
HMEC-1 cells resulted in apoptosis, we mock-infected or infected HMEC-1 cells
with DENV1 at a MOI of 1 and harvested infected cells at various time points
post-infection. Cells were stained with Annexin V-FITC and analyzed by flow
cytometry. Our results revealed no statistically significant increases in apoptosis
in DENV-infected HMEC-1 cells compared to mock-infected cells at any time
point tested (Figure 55A). Next we examined the ability of anti-DENV hMAbs
targeting different E protein epitopes to interact with HMEC-1 cells directly, in the
absence of DENV infection, or as immune complexes (DENV pre-incubated with
hMAb) and induce apoptosis. HMEC-1 cells were infected with DENV1 alone or
exposed to 10 µg/ml of 1.6D (fusion loop hMAb), 1.8B (partial fusion loop hMAb),
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or 4.2C (non-fusion loop hMAb) pre-incubated with medium (ie in the absence of
DENV infection) or pre-incubated with DENV1 (ie in the presence of DENV
infection). Cells were harvested at 48 h pi, and the percent of Annexin V positive
(+) cells were determined by flow cytometry. There was no difference observed in
the level of apoptosis between mock-infected cells and HMEC-1 cells exposed to
hMAbs alone or in the presence of DENV1 infection (Figure 55B). A positive
control for apoptosis was also included in which confluent HMEC-1 monolayers
were cultured for 48 h with complete MCDB 131 growth medium or starved by
replacing complete medium with HBSS. These cells were then stained with
Annexin V-FITC and propidium iodide (PI), a marker of non-viable cells, and the
percentages of Annexin V+ (apoptotic) cells and double-positive Annexin V+PI+
(late apoptotic/necrotic) cells were determined by flow cytometry. Of the serumstarved cells, > 85% were Annexin V+ (compared to 12.8% of control cells) and
nearly 75% were Annexin V+PI+ (compared to 1.09% of control cells), thus
validating our method of apoptosis detection (Figure 55C).
Taken together, these results demonstrated that direct DENV infection of
HMEC-1 cells does not increase apoptosis, nor does it induce visible changes in
cell morphology or monolayer integrity, suggesting that DENV infection-induced
structural or mechanical disruption of the endothelium is not a major mechanism
for increased vascular permeability. Furthermore, using DENV-specific hMAbs
targeting epitopes located on distinct regions of the E protein DII, we
demonstrated that direct interaction of HMEC-1 cells with anti-E hMAbs or
DENV-hMAb immune complexes also failed to increase HMEC-1 apoptosis,
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indicating that, unlike anti-NS1 antibodies, antibodies targeting the E protein do
not directly contribute to EC barrier disruption.

Direct DENV Infection Induces HMEC-1 Cell Activation and Cytokine
Secretion
In the absence of DENV infection-induced apoptosis, another mechanism
must be responsible for the plasma leakage in DHF/DSS. ECs are crucial
regulators of immune cell chemotaxis, extravasation and consequently, vascular
permeability [216, 323]. Studies have demonstrated that DENV-infected ECs
produce pro-inflammatory cytokines IL-6 and IL-8, which were individually shown
to increase vascular permeability and are also elevated in the serum of DHF/DSS
patients [103, 139, 201, 213, 336]. Additionally, IL-8 is a potent immune cell
chemoattractant, suggesting that DENV-infected ECs may contribute to vascular
leakage by recruiting activated immune cells to the site of infection, thus
promoting extravasation, exacerbating local inflammation, and consequently
leading to increased vascular permeability. Thus, ECs are thought to contribute
to the immune response to DENV as well as to changes in vascular permeability
characteristic of DHF/DSS through the production of various cytokines and
chemokines [214, 303]. Our results thus far revealed that HMEC-1 cells are both
highly susceptible to DENV infection and capable of sustaining a productive
infection. To determine the impact of DENV-infected HMEC-1 cells on the
immune response to DENV, we performed a kinetic evaluation of the HMEC-1
inflammatory response to DENV infection in conjunction with virus replication.
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HMEC-1 cells were infected with DENV1 at a MOI of 1 and culture supernatants
were assessed for infectious virion production and secretion of soluble
inflammatory mediators by plaque assay and cytometric bead array (CBA) assay,
respectively. DENV replication kinetics in HMEC-1 cells from 0 h to 72 h pi is
shown in Figure 56. The 0 h pi time point relates to the number or infectious
virions present in the supernatants of HMEC-1 cells following the 90 min
incubation with the DENV inoculum, two subsequent cell washings to remove
excess un-adsorbed virions, and re-feeding with fresh complete medium.
Infectious virion titers steadily increased from 0 h to 72 h pi, reaching
approximately 5-logs of virus by 72 h pi, thus verifying HMEC-1 infectivity. DENVspecific production of soluble inflammatory mediators by HMEC-1 cells infected
with DENV1 at 24, 48, and 72 h pi is shown in Figure 57. Direct DENV infection
results in HMEC-1 cell activation, as determined by significantly increased levels
of ICAM-1, an indicator of EC activation, at 24 h and 48 h pi. E-selectin levels are
also significantly increased with respect to mock-infection by 24 h pi followed by
peak production at 48 h pi. In response to direct DENV infection, HMEC-1 cells
secrete a vast array of pro- and anti-inflammatory cytokines with increased
production over mock-infected levels observed as early as 24 h pi. Production of
the antiviral cytokines IFN-α and IFN-γ was increased with respect to mockinfection at 24 h and 48 h pi. However, by 72 h pi, IFN-α decreased to mockinfection levels while IFN-γ remained elevated in response to increasing virus
titers. DENV-infected HMEC-1 cells also produced TNF-α, a known inducer of
vascular leak [144, 145, 207, 301, 302, 330]. Increased TNF-α secretion was
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detected at 24 h and 72 h pi, with peak production observed at 24 h pi. Increased
levels of pro-inflammatory cytokines IL-1β and IL-12p70, and to a lesser extent
IL-1α, were also detected at 24 h and 48 h pi, but production of these cytokines
declined to mock-infected levels by 72 h pi. IL-1β levels were significantly
increased at 48 h pi DENV-infected HMEC-1 cells also produced increased
amounts of the pyrogenic cytokine IL-6, which has been shown to alter EC
morphology through actin filament rearrangement resulting in increased EC
permeability in vitro [336]. IL-6 production continued to increase from 24 h to 72 h
pi concurrent with infectious virus titers (Figure 57). DENV infection also
stimulated substantial increases in chemokine production, particularly the potent
neutrophil chemoattractant IL-8 along with MCP-1, both of which were found to
be elevated in DHF/DSS and have been implicated in the pathogenesis of
vascular leakage [139, 213, 214]. Additionally, macrophage chemoattractants
MIP-1α and MIP-1β are also produced by DENV-infected ECs at 24 h and 48 h pi.
This massive chemokine production by DENV-activated ECs has the potentially
to transform the vascular endothelium into a target for cytokine-secreting immune
cells, thus contributing to disease pathology. These results demonstrate that
DENV efficiently infects and consequently activates HMEC-1 cells, which was
characterized by upregulation of ICAM-1 and enhanced secretion of soluble
mediators associated with DHF/DSS, including IFN-α, IFN-γ, IL-1β, TNF-α, IL-6,
IL-8, and MCP-1, particularly at early time points post-infection, thus supporting a
role for ECs as key contributors to early stages of DENV pathogenesis.
Furthermore, by 72 h pi, HMEC-1 cells exhibited a dramatic reduction in pro-
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inflammatory and antiviral cytokine secretion despite the continued increased
production of high infectious virus titers, again suggesting a lack of viral
clearance by these cells, and providing addition evidence supporting the idea
that ECs may be a source of persistent virus production during natural DENV
infection.

Direct DENV Infection of HMEC-1 Cells Does Not Affect Permeability
After confirming activation and secretion of inflammatory mediators by
DENV-infected ECs, we speculated whether direct DENV infection could alter EC
permeability. In order to examine changes in EC permeability, we established a
system involving confluent HMEC-1 cell monolayers cultured on 24-well microporous transwell membranes (Corning) and employed the transendothelial
albumin permeability assay (described in Materials and Methods), which
measures permeability changes as a function of trypan blue-conjugated bovine
serum albumin (TB-BSA) flux into the lower chamber over time (Figure 58).
To determine the effect of direct DENV infection on HMEC-1 permeability,
we mock infected or infected confluent monolayers of HMEC-1 cells seeded on
24-well transwell microporous membrane inserts with DENV1 at a MOI of 1, and
HMEC-1 monolayer permeability was assessed at 48 h pi by TB-BSA assay.
HMEC-1 monolayers treated with recombinant human TNF-α were included as a
positive control. As shown in Figure 59A, the percentage of TB-BSA cleared by
cells infected with DENV1 was nearly identical to TB-BSA clearance by mockinfected cells, indicating that direct DENV infection does not affect HMEC-1
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permeability. This result was verified by the almost immediate and sustained
increase in permeability of HMEC-1 monolayers treated with TNF-α, which
validated our method of permeability detection (Figure 59A).
Based on our previous finding that direct DENV infection induces HMEC-1
activation and production of inflammatory mediators, we hypothesized that
DENV-infected ECs could induce changes in permeability by paracrine
stimulation of neighboring ECs. Supernatants from DENV1-infected HMEC-1
cells harvested at 24, 48, and 72 h pi (corresponding to the supernatants used
previously for cytokine detection by CBA assay) were used as conditioned
medium (CM) for infecting fresh HMEC-1 cells. Confluent HMEC-1 monolayers
were mock-treated (with medium) or exposed to 24, 48, or 72 h pi HMEC-1 CM,
and monolayer permeability was assessed after 48 h incubation by TB-BSA
assay. Figure 59B revealed no difference in TB-BSA clearance between mockinfected HMEC-1 monolayers and monolayers treated with CM from DENVinfected HMEC-1 cells harvested at any time point post-infection. Taken together,
the results of these permeability assays indicate that despite a high susceptibility
to DENV infection and increased pro-inflammatory cytokine production by DENVinfected ECs, the increased vascular permeability during DHF/DSS is not the
result of autocrine or paracrine (EC to EC) stimulation.

II. Indirect Infection of HMEC-1 Cells

Indirect DENV Infection of HMEC-1 Cells Alters Cell Morphology, and
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Induces Apoptosis
Apoptosis of DENV-infected ECs is a proposed mechanism leading to loss
of vascular barrier integrity and the consequent plasma leakage characteristic of
DHF/DSS. Despite in vitro and in vivo evidence of EC apoptosis during DENV
infection, it is unclear whether apoptosis is triggered by direct viral infection of
ECs or indirectly as a result of cytotoxic factors produced by infected immune
cells that act on the endothelium [100, 145, 169, 321]. The ability of indirect
DENV infection mechanisms to induce changes in HMEC-1 cell morphology was
assessed by exposing confluent HMEC-1 monolayers to conditioned medium
(CM) procured from K562 supernatants harvested at 48 h pi from mock-infected
K562 cells (Mock-CM) or K562 cells infected with DENV1 alone (DENV1-CM) or
in the presence of hMAb 1.6D at 3 different concentrations: 40, 2.5, and 0.625
µg/ml (1.6D[40]-CM, 1.6D[2.5]-CM, and 1.6D[0.625]-CM, respectively). As a
negative control, HMEC-1 cells were mock-treated with complete MCDB 131
medium (Mock). After a 48-hour incubation, HMEC-1 monolayers were examined
by phase contrast microscopy (Figure 60). Visualization of both mock-treated
HMEC-1 monolayers (Figure 60A/AA) and K562 Mock-CM- treated monolayers
(Figure 60B/BB) revealed the characteristic cobblestone morphology of HMEC-1
cells. Examination of HMEC-1 monolayers exposed to DENV1-CM showed signs
of aberrant changes in HMEC-1 morphology, including cell rounding and small
gap formations in the monolayers, consistent with signs of cellular apoptosis or
necrosis and monolayer disruption (Figure 60C/CC). These changes were also
observed for HMEC-1 monolayers exposed to 1.6D-CM at all three
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concentrations of 1.6D (Figure 60D/DD, 60E/EE, 60F/FF). Interestingly, the
degree of cellular disruption appeared to be inversely proportional to the titer of
1.6D. HMEC-1 monolayers treated with 1.6D[40]-CM, which is a neutralizing
concentration of 1.6D, showed the least pronounced changes in HMEC-1
morphology, compared to mock-infected, and most closely resembled treatment
with DENV1-CM (Figure 60D/DD). The most pronounced changes in HMEC-1
morphology were observed for monolayers exposed to 1.6D[2.5]-CM or
1.6D[0.625]-CM, both of which are ADE concentrations of 1.6D (Figure 60E/EE,
60F/FF). These changes included cell rounding and fragmentation and reduced
cell volume consistent with signs of apoptosis, suggesting that EC exposure to
monocytic cell infection supernatants may lead to EC apoptosis, which signifies a
potential mechanism for increased permeability. Large gaps or vacuoles were
also visible in monolayers treated with ADE CM, along with monolayer retraction,
particularly involving cells near the edges of the wells, revealing obvious
disruption of EC barrier in response to K562 CM under ADE conditions (Figure
60E/EE, 60F/FF). These results indicate that DENV and DENV ADE infection of
monocytic cells stimulate the production of cytotoxic factors capable of inducing
aberrant changes in EC morphology and disrupting EC barrier integrity, which
may lead to changes in vascular permeability associated with DHF/DSS.
Based on those findings, we next sought to determine whether the
aberrant changes in HMEC-1 morphology in response incubation with K562 CM
were due to increased apoptosis. DENV-induced cellular activation and secretion
of different soluble mediators or cytotoxic factors can occur at different time

273
intervals during infection. In Chapter 4, Aim 2 we demonstrated a temporal
relationship between virus replication and cytokine production by K562 cells that
varied based on DENV infection in the absence or presence of hMAb (ie nonADE versus ADE infection conditions) as well as ADE infection with different
hMAbs at different concentrations, thus indicating the importance of kinetic
evaluation of cytokine production in relation to virus replication over a period of
time (as opposed to looking at a single time point during infection). Therefore, we
decided to expose HMEC-1 cells to K562 CM harvested at different times postinfection (0, 24, 36, 48, 72, and 96 h pi) from K562 cells infected with DENV1
alone (DENV1-CM) or in the presence of different hMAbs (DENV+hMAb CM).
The CM used for this study, in addition to all other indirect infection studies,
corresponds to the K562 infection supernatants harvested as described in
Chapter 4, Aim 2. DENV+hMAb CM defines DENV1 infection in the presence of
hMAbs 1.6D[20], 1.6D[0.625], 1.8B, or 4.2C (Chapter 4, Aim 2). HMEC-1 cells
treated with mock-infected K562 CM (Mock-CM) was included as a control to
ensure that any observed HMEC-1 apoptosis was not simply due to toxicity from
K562 cell culture media. To detect whether indirect DENV infection induced
changes in EC apoptosis, HMEC-1 cells were treated with complete medium or
K562 CM for a period of 24, 48, or 120 h, then stained with Annexin V-FITC and
analyzed by flow cytometry for Annexin V positive (+) cells indicative of apoptosis.
Incubation for 24 h or 48 h with K562 CM harvested at 0, 24, 36, 48, and 72 h pi
did not cause an increase in the percent of Annexin V+ cells compared to mocktreated cells (data not shown). However, treating HMEC-1 cells for 120 h with
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K562 non-ADE CM and ADE CM, but not K562 mock-CM, harvested at 96 h pi
resulted in significant increases in the number of Annexin V+ cells, indicating that
the increased induction of apoptosis observed for cells treated with non-ADE CM
and ADE CM was DENV infection-specific and not due to media toxicity (Figure
61). Additionally, a significant increase in apoptosis over mock-CM- treated
HMEC-1 cells was observed for HMEC-1 cells exposed to DENV+hMAb CM from
K562 cells infected in the presence of hMAbs, including a neutralizing
concentration of hMAb (1.6D[20]-CM), but not DENV-CM (P = 0.1166),
suggesting that the presence of antibody during DENV1 infection of monocytic
cells enhances the induction of apoptosis in surrounding ECs compared to DENV
infection in the absence of Ab, which may contribute to the increased vascular
permeability during secondary DENV infection. Of the cells exposed to
DENV+hMAb CM, those treated with 1.8B-CM showed the greatest increase in
Annexin V+ cells compared to DENV1-CM treated cells (Figure 61). After 1.8BCM, HMEC-1 exposure to 1.6D[0.625]-CM resulted in the next greatest increase
in Annexin V+ cells compared to DENV1-CM, followed by 1.6D[20]-CM, and
finally 4.2C-CM, which demonstrated the least amount of Annexin V+ cells of all
of the ADE CM groups compared to DENV1-CM (Figure 61). However, despite
the increase in apoptosis for cells treated with DENV+hMAb CM compared to
cells treated with DENV1-CM, statistical analysis of three separate experiments
revealed that the differences in Annexin V+ cells between DENV-CM and
DENV+hMAb CM-treated HMEC-1 cells were not statistically significant (DENV1CM versus: 1.6D[20]-CM P = 0.3403; 1.6D[0.625]-CM P = 0.2054; 1.8B-CM P =
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0.0802; 4.2C-CM P = 0.3467). Thus, these results suggest that while EC
apoptosis induced as a result of indirect ADE infection may contribute to the loss
of endothelial barrier function during secondary DENV infection, widespread EC
apoptosis is most likely not the main mechanism responsible for vascular leak.
Taken together, these results demonstrate that CM from DENV-infected
monocytic cells contains factors that can induce changes in EC morphology and
stimulate apoptosis of ECs, both of which support an indirect component of
DENV-mediated EC disruption. Furthermore, the fact that changes in EC cellular
morphology and increases in EC apoptosis were found to depend on the time of
K526 CM harvest as well as HMEC-1 cell exposure time demonstrates the
transient nature of EC changes as a result of indirect DENV infection, which is
indicative of the transient changes in EC permeability that occurs during natural
DENV1 infection. While our results demonstrated significant increases in HMEC1 apoptosis for cells exposed to DENV+hMAb CM, the overall relevance of these
increases to DENV pathogenesis is undefined. The lack of massive, widespread
EC apoptosis as a result of indirect infection indicates that the vascular leakage
associated with DHF/DSS is probably a result of multiple interactions, which may
include transient changes in EC morphology and/or EC apoptosis, ultimately
leading to increased vascular permeability.

The Effect of Soluble Mediators from Conditioned Medium (CM) on
Endothelial Cell Permeability
To test the hypothesis that DENV1-infected mononuclear cells produce
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factors that can act on the vascular endothelium and disrupt vascular barrier
integrity, we used conditioned medium (CM) generated by infecting K562 cells
with DENV1 alone, (DENV1-CM) or in the presence of hMAbs 1.6D, 1.8B, or
4.2C (collectively referred to as DENV+hMAb CM) and harvesting K562 infection
supernatants at various time points post-infection. The CM used for this study
corresponds to the K562 infection supernatants harvested as described in
Chapter 4, Aim 2 (Figure 32). Briefly, K562 infection with DENV alone resulted in
viral titers of approximately 3- to 4-log PFU/ml. DENV infection was neutralized in
the presence of hMAb 1.6D[20] beginning after 48 h pi. Enhancement of DENV1
infection was observed for K562 cells infected with DENV1 in the presence of
hMAbs 1.6D[0.625], 1.8B, and 4.2C, resulting in peak fold-increases of 2.54-logs,
2.46-logs, and 1.78-logs of virus, respectively (Figure 32).
Having established a system to detect changes in EC permeability (Figure
58), we tested the ability of K562 DENV CM or DENV+hMAb CM to increase EC
barrier permeability. Confluent HMEC-1 cell monolayers cultured on 24-well
micro-porous transwell membranes (Corning) were incubated for 48 h with
complete medium (untreated) or treated with K562 mock-infected CM (Mock-CM),
DENV1-CM or ADE CM (1.6D[20]-CM, 1.6D[0.625]-CM, 1.8B-CM, or 4.2C-CM)
harvested at different times post-infection (24, 48, 72, and 120 h pi), and
permeability was assessed by transendothelial albumin permeability assay.
HMEC-1 cells treated with TNF-α, a known inducer of EC permeability in vitro
and in vivo, was included as a positive control for induction of permeability [337].
Mean maximum increases in HMEC-1 permeability following exposure to mock-
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infected versus DENV-infected or ADE DENV-infected K562 CM are shown in
Figure 62. Among individual permeability experiments, the degree/magnitude of
HMEC-1 permeability varied with respect to the time-point at which K562 CM
was harvested, with peak increases in permeability typically observed following
exposure to 48 h or 72 h pi K562 CM, as shown in Figure 62. However, the
differential induction of permeability by DENV1-CM versus DENV+hMAb CM
involving different hMAbs was generally not affected by harvest time. Analysis by
two-way, two-tailed ANOVA revealed that percent clearance of TB-BSA was
significantly different based on 1) the treatment applied apically to HMEC-1
monolayers (P < 0.0001), and 2) the harvest time of K562 CM (P < 0.0001).
While an increase in permeability was observed for HMEC-1 cells treated with
CM from K562 cells infected with DENV1 alone (DENV1-CM; Figure 62A) or in
the presence of hMAb 4.2C (4.2C-CM; Figure 62E) compared to cells treated
with CM from mock-infected K562 cells (mock-CM), these increases were not
statistically significant as determined by Bonferroni post-test. CM harvested at 48
h and 72 h pi from K562 cells infected with DENV1 in the presence of hMAb
1.6D[0.625] (1.6D[0.625]-CM; Figure 62C) or 1.8B (1.8B-CM; Figure 62D)
significantly

increased

monolayer

permeability

compared

to

mock-CM.

Interestingly, CM harvested at 48 h pi from K562 cells infected with DENV1 in the
presence of hMAb 1.6D[20] (1.6D[20]-CM), a neutralizing concentration of 1.6D,
also induced a significant increase in HMEC-1 monolayer permeability (Figure
62B). Comparison of CM from K562 cells infected with DENV1 alone and in the
presence of hMAb revealed that DENV+hMAb CM harvested at 48 h and 72 h pi
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demonstrated greater overall permeabilizing activity than DENV1-CM at those
time points (Figure 63). However, the only statistically significant increase in
HMEC-1 permeability over DENV1-CM was observed for 1.6D[0.625]-CM
harvested at 72 h pi (P = 0.0434; t test). Together, these data suggest that
DENV-infected monocytic cells, but particularly monocytic cells infected in the
presence of hMAbs, produce factors capable of inducing changes in vascular
permeability in a time-dependent and antibody-specific manner.
Based on these findings, we sought to determine whether DENV
replication in K562 cells is required to achieve the permeabilizing activity of CM.
Furthermore, since CM procured from K562 cells infected in the presence of
hMAb induced greater permeability changes overall compared to cells infected
with DENV alone, with 1.6D[0.625]-CM producing the greatest increase in
permeability (Figure 63), we hypothesized that the permeabilizing activity
associated with DENV+hMAb CM was dependent on factors produced as a result
of Fc-FcγR interaction. To determine the importance of both active DENV
infection and Fc-FcγR interaction on the permeabilizing activity of CM, HMEC-1
monolayers were treated for 48 h with CM harvested at 48 h pi from K562 cells
infected with UV-inactivated DENV1 (UV-DENV1) in the absence or presence of
wild-type (WT) 1.6D[0.625] or the Fc variant 1.6D-LALA[0.625], which lacks the
ability to engage cellular FcγRs and thus cannot trigger ADE (as described in
Chapter 4, Aim 2). CM from UV-DENV-infected K562 cells or K562 cells infected
with UV-DENV+1.6D with or without functional Fc was unable to increase HMEC1 permeability, expressed as fold-increase over mock-infected K562 CM (Figure
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64A). Together, these results indicate that replication-competent virus, and thus
active DENV infection is required to produce factors capable of increasing EC
permeability. Additionally, the permeabilizing activity of CM is not simply the
result of Fc-FcγR cross-linking in the absence of replicating virus. Thus, in the
absence of replicating virus, functional Fc-FcγR interaction is irrelevant with
regard to the ability to stimulate production of inflammatory mediators capable of
increasing EC permeability.
Interestingly, previous determination of K562 CM virus titers by plaque
assay revealed that release of DENV progeny peaked between 36 h and 48 h pi
for all K562 infection groups (Figure 32), in contrast to the permeabilizing activity
of CM, which was greatest for all groups at 72 h pi (Figure 63), a full 24 to 48
hours after detection of peak virus titers. Thus, the permeabilizing activity of CM
did not coincide with peak virus production by K562 cells, a finding that parallels
what is observed for natural DENV infection during which vascular leak typically
occurs after peak viremia [287].
Treatment of HMEC-1 monolayers with TNF-α was sufficient to trigger
increased permeability in the absence of viral infection (Figure 63); however,
direct DENV infection of HMEC-1 cells was not (Figure 59). Since the CM used in
the indirect permeability studies contained different amounts of replicationcompetent virus in addition to various permeabilizing factors, we hypothesized
that increased permeability may occur independently of EC infection.
Furthermore, since CM procured from K562 cells infected in the presence of
hMAb induced greater permeability changes overall compared to cells infected
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with DENV alone, with 1.6D[0.625]-CM producing the greatest increase in
permeability, we also hypothesized that the increased permeability associated
with DENV+hMAb CM was dependent on factors produced as a result of FcFcγR interaction in the context of active DENV infection. To test these
hypotheses, CM was first obtained from K562 cells infected for 48 h or 72 h with
DENV1 alone or in the presence of wild-type hMAb 1.6D[20] or 1.6D[0.625] or
the hMAb Fc variant 1.6D-LALA[20] or 1.6D-LALA[0.625]. This CM was then
added directly to confluent HMEC-1 monolayers or UV-inactivated (UIA) and then
added to HMEC-1 cells, and monolayer permeability, expressed as fold-increase
in permeability over mock-infected K562 CM, was assessed after 48 h.
Comparing fold-increase in permeability between CM and UIA-CM harvested at
either 48 h pi (Figure 64B) or 72 h pi (Figure 64C) revealed a reduction in
permeability by UIA-CM versus CM that was not subjected to UIA, indicating that
the presence of infectious virions in CM and thus DENV replication within ECs is
required to significantly increase HMEC-1 permeability. Furthermore, CM from
K562 cells infected with wild-type 1.6D[20] or 1.6D-[0.625] resulted in greater
fold-increases in permeability than their 1.6D-LALA counterparts at both 48 h pi
(Figure 64B) and 72 h pi (Figure 64C), indicating the importance of Fc-FcγR
interaction to the enhanced permeabilizing activity of DENV+hMAb CM in the
context of active DENV infection.
Previously, we demonstrated that K562 cells secrete an array of cytokines,
chemokines and other inflammatory mediators produced at various levels in
response to DENV infection alone or under ADE infection conditions (Chapter 4,
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Aim 2). In an attempt to elucidate potential factors responsible for increased EC
permeability by indirect infection of ECs with K562 CM, we compared mean
maximum levels of pro-inflammatory and vasoactive mediators present in K562
CM for each infection condition (Table 12). The values listed in Table 12
correspond to maximum cytokine levels obtained for K562 infection supernatants
by CBA assay in Chapter 4, Aim 2. IFN-γ and TNF-α levels were significantly
increased in K562 DENV-CM and DENV+hMAb CM compared to Mock-CM. IL1β was also significantly increased for DENV1 infection alone or in the presence
of 1.6D[20] (Table 12). Overall, similar levels of vasoactive cytokines were
detected in non-ADE and ADE CM, which would indicate that the presence of
antibody during DENV infection of monocytic cells does not have a significant
effect on maximum cytokine production by these cells. However, DENV-induced
cellular activation and secretion of different soluble mediators can occur at
different time intervals during infection [99, 287, 338]. In Chapter 4, Aim 2, our
findings reinforced this idea by identifying a temporal relationship between virus
replication and cytokine production that varied based on non-ADE and ADE
DENV infection as well as ADE infection with different hMAbs at different
concentrations. Therefore, the observed variation in the induction of HMEC-1
permeability by K562 non-ADE and ADE CM may be explained by the differential
production of synergistic or antagonistic combinations of inflammatory soluble
mediators in the presence of fluctuating virus titers present at any given time
during infection.
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Exposure to DENV CM Differentially Affects Endothelial Cell Infectivity
As shown previously, HMEC-1 cells are highly susceptible to DENV
infection in vitro. Since we previously determined that DENV and DENV+hMAb
K562 CM contain variable levels of infectious virions (Figure 32), then exposing
HMEC-1 cells to CM should result in HMEC-1 infection, which could also
potentially affect permeability. To assess the effects of DENV and DENV+hMAb
CM on the level of HMEC-1 infection, confluent HMEC-1 cells were exposed to
48 h pi CM from K562 cells infected with DENV1 alone or in the presence of
hMAbs. After 48 h, HMEC-1 infectivity was assessed based on the level of
intracellular infection by qRT-PCR using total cellular RNA and based on
production of infectious virus titers in HMEC-1 indirect supernatants by plaque
assay. Input virus levels and initial DENV infectivity of the K562 cells that
corresponded to the CM used to treat HMEC-1 cells, was also determined, as for
HMEC-1 cells, in order to compare virus input levels (ie K562 infection) with virus
output levels from HMEC-1 cells treated with K562 CM (Figure 65A and 65B).
Interestingly, despite the presence of nearly 4-log PFU/ml of infectious virus in
the DENV1-CM, exposure to DENV1-CM did not result in HMEC-1 infection, as
determined by the lack of DENV RNA detected within DENV1-CM-treated
HMEC-1 cells (Figure 65A). Additionally, no viable, infectious virions remained in
the supernatants of HMEC-1 cells infected with DENV1-CM compared to HMEC1 infected with CM from K562 cells infected in the presence of hMAb (Figure
65B). Conversely, detection of intracellular DENV RNA confirmed infection of
HMEC-1 cells following exposure to either 1.6D[20]-CM or 1.6D[0.625]-CM
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(Figure 65A). The lack of DENV infection in HMEC-1 cells treated with DENV1CM was not simply the result of low virus titers in DENV-CM, as the lowest virus
titers were detected in 1.6D[20]-CM, yet infection was still observed for HMEC-1
cells treated with 1.6D[20]-CM (Figure 65B). The lack of infectious virions in the
supernatants of HMEC-1 cells infected with DENV1-CM suggests the ability of
DENV1-CM to induce a protective antiviral state within HMEC-1 cells that
effectively leads to virus inactivation and clearance of infectious particles.
Furthermore, the notable absence or loss of active DENV infection in DENV1CM- exposed HMEC-1 cells may explain the reduced permeabilizing activity
observed for DENV1-CM compared to DENV+hMAb CM, since we previously
demonstrated the requirement for active viral infection for induction of EC
permeability (Figure 64). These results indicate the possibility that DENV1
infection without antibody in K526 cells may generate progeny virions with
altered maturity perhaps resulting from the production of various antiviral factors
during infection that hamper the viral replication cycle (recall in Chapter 4, Aim 2,
we demonstrated that these factors were absent, diminished or delayed in K562
cells infected in the presence of hMAb, particularly under ADE conditions).
Alternatively, DENV1-CM may contain factors that stimulate production of robust
antiviral response in HMEC-1 cells that effectively eliminates infectious virus,
thereby preventing EC infection. Thus, exposure to CM of K562 cells infected
with DENV1 alone or in the presence of either neutralizing or enhancing titers of
antibody has the ability to differentially affect EC infectivity, which may
consequently impact EC permeability. These findings also expand the definition
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of ADE by describing ADE as not simply restricted to increased viremia in FcγRbearing cells, but also via an indirect mechanism whereby Ab may either
enhance the infectivity of progeny virions released from infected monocytic cells
or enhance EC susceptibility to DENV infection, even in the presence of a robust
pro-inflammatory/antiviral response.

Indirect Activation of ECs by DENV Infection Results in Pro-Inflammatory
Cytokine Release that Contributes to Increased Vascular Permeability
Thus far, our results revealed the ability of active DENV infection alone or
in the presence of different hMAbs to activate monocytic cells to secrete soluble
mediators of EC permeability. However, soluble factors secreted by monocytic
cells in response to DENV +/-hMAb may not only alter EC barrier function, but
may also affect EC activation and subsequent release of soluble mediators,
which consequentially may also contribute to increased EC permeability. To
determine the impact of indirect infection (via K562 CM) on EC activation, we
assessed the production of various soluble mediators by ECs exposed to DENV
and DENV+hMAb K562 CM compared to ECs directly infected with DENV1. Prior
to permeability assessment by TB-BSA assay, supernatants from HMEC-1 cells
exposed to either 48 h or 72 h pi K562 CM were harvested from the lower
chamber and inflammatory cytokine levels were quantified by CBA assay (Figure
66). DENV-specific cytokine production was determined for all infection groups
by subtracting HMEC-1 mock-infected cytokine values. Additionally, K562 “input”
cytokine levels (ie specific amounts of each cytokine detected within individual
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K562 infection supernatants, as determined by CBA assay in Chapter 4, Aim 2)
were subtracted from HMEC-1 cells exposed to K562 CM to determine HMEC-1
cytokine levels in response to indirect infection. Exposure to DENV and
DENV+hMAb CM greatly increased DENV-specific cytokine production by
HMEC-1 cells compared to direct DENV infection (Figure 66). Specifically,
HMEC-1 cells exposed to CM produced significantly greater levels of the proinflammatory cytokines IFN-α, IFN-γ, and TNF-α along with vasoactive cytokines
and chemokines including IL-6, IL-8, and MCP-1 compared to HMEC-1 cells in
response to direct DENV infection. Production of EC activation markers ICAM-1
and E-selectin were also upregulated for CM-exposed versus directly infected
HMEC-1 cells. Furthermore, HMEC-1 cells exposed to CM from K562 cells
infected with DENV in the presence of 1.6D[20] or 1.6D[0.625] produced
significantly greater levels of MCP-1 and IL-8 compared to CM from K562 cells
infected with DENV alone (P < 0.0001; two-tailed, two-way ANOVA with
Bonferroni posttest). Together, these data demonstrate that HMEC-1 activation
as well as permeability is primarily induced by an indirect route, via DENVinfected monocytic cells, particularly in the presence of Ab, rather than direct
DENV infection of ECs.
Production of inflammatory mediators was also assessed for HMEC-1
cells exposed to CM from K562 cells infected with UV-DENV1 alone or in the
presence of 1.6D[0.625] and compared to both direct and indirect DENV infection
(Figure 67). Interestingly, HMEC-1 cells exposed to CM from UV-DENV1
infection alone or in the presence of 1.6D[0.625] produced significantly lower
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levels of inflammatory cytokines, specifically the key vasoactive cytokine TNF-α,
which may explain the inability of UV-DENV CM to alter HMEC-1 permeability.
Additionally, HMEC-1 cells treated with UV-DENV1+1.6D[0.625] CM produced
significantly less pro-inflammatory cytokines, including IL-1α, IL-12p70, and IFN-γ,
and the vasoactive IL-6, along with IL-13 and the EC adhesion molecule Eselectin compared to infection with DENV1 that was not UV-inactivated (Figure
67). These data further suggest that replication-competent DENV infection is
required for EC activation and subsequent secretion of soluble mediators
capable of disrupting vascular barrier function.
The overwhelming increase in EC activation and subsequent production of
inflammatory and vasoactive mediators prompted the question of whether ECs
infected by indirect mechanisms could act in an autocrine or paracrine manner to
further induce activation of neighboring ECs and alter vascular barrier function.
To test the hypothesis that indirect infection and activation of ECs can trigger
changes in EC permeability, we devised a double indirect infection scheme
(Figure 68). First, HMEC-1 cells were treated with CM harvested at 48 h pi from
mock-infected K562 cells or K562 cells infected with DENV1 alone or in the
presence of 1.6D[20] or 1.6D[0.625] for 48 h. Following infection, HMEC-1
supernatants were harvested and transferred to fresh HMEC-1 monolayers and
allowed to incubate for 48 h, after which monolayer permeability was assessed
compared to untreated HMEC-1 monolayers. HMEC-1 monolayers treated with
double

indirect

infection

CM

(CM2)

containing

DENV+1.6D[20]

or

DENV+1.6D[0.625] resulted in a 2.2-fold and 2.5-fold increase, respectively, over
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untreated cells, whereas CM2 containing DENV1 in the absence of hMAb had no
effect on monolayer permeability compared to untreated cells (Figure 68).
Furthermore, TB-BSA clearance was significantly increased by HMEC-1 exposed
to 1.6D[20]-CM2 (P = 0.0194; n = 3) and 1.6D[20]-CM2 (P = 0.0238; n = 3)
compared to DENV1-CM2. These data reveal the ability of ECs indirectly
activated by DENV-infected monocytic cells in the presence of antibody to trigger
changes in permeability via subsequent paracrine activation of proximal ECs,
and thus, describes a new mechanism by which ADE of infection can enhance
vascular EC permeability leading to loss of EC barrier function associated with
DHF/DSS.

Discussion
The primary objective of this study was to elucidate the role of DENVspecific hMAbs in increasing DENV infectivity and inducing vascular leak by both
direct and indirect mechanisms. Specifically, we aimed to determine how DENVinduced cytokines impact EC infectivity, activation, and permeability using hMAbs
and an in vitro model of microvascular barrier function to measure DENV-induced
changes in EC permeability. Most of our knowledge of the EC response to DENV
comes from studies using the ECV304 cell line, which was found not to be of EC
origin, and human umbilical vein endothelial cells (HUVEC) [139, 201, 331, 332].
Since the plasma leakage associated with DHF/DSS is restricted to the
microvasculature, the use of HMEC-1 cells to study DENV infection of ECs is
novel because HMEC-1 cells are derived from microvascular ECs, as opposed to
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HUVECs, which are derived from large vessels. Microvascular ECs differ from
macrovascular ECs in a number of ways, with one major difference being that
microvascular ECs express mannose receptor, a known receptor for DENV entry,
whereas macrovascular ECs, such as HUVECs, do not [339, 340]. Thus, HMEC1 cells are more consistent with the cells affected during natural human infection,
making them a more appropriate model for studying DENV-induced permeability.
Our approach is also unique in that it utilized hMAbs derived from convalescent
DENV patients instead of dengue human immune serum, which effectively
separates the Ab component from other aspects of the immune response, and
enabled the role of Abs in DENV-induced disease pathology to be studied in
isolation. To our knowledge, we are among the first to study both EC infection
and DENV-induced vascular leak using hMAbs.
The first objective of this Aim was to determine the effects of direct DENV
infection on microvascular ECs. Collectively, our results revealed that HMEC-1
cells (1) are highly susceptible to direct DENV infection and capable of
supporting a persistent, productive infection in the absence of viral clearance, (2)
are not susceptible to ADE in the presence of anti-E hMAbs, (3) are activated in
response to direct DENV infection, resulting in inflammatory cytokine and
chemokine production, (4) do not exhibit morphological changes or increased
apoptosis in response to direct DENV infection in the absence or presence of
anti-E hMAbs or anti-E hMAbs in the absence of DENV infection. Taken together,
these results suggest that vascular leakage associated with DHF/DSS occurs
independently of direct DENV infection of ECs. However, the high infectivity and
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continuous production of high virus titers presents the possibility that ECs may
serve as a reservoir for virus replication, and given their function lining the blood
vessels,

ECs

may

consequently

contribute

to

increased

viremia

and

dissemination of infection.
During natural DENV infection, hemorrhagic manifestations and vascular
leak syndrome occur during defervescence and clearance of viremia, yet DENV
disease severity correlates with rates of viral clearance [21, 27, 93]. While peak
viral loads are increased 10-100 fold in patients with DHF/DSS versus DF,
DHF/DSS patients also demonstrate significantly faster viral clearance rates [21,
93]. This supports the idea that a more robust inflammatory response elicited in
response to viral clearance is responsible for EC damage and loss of barrier
function, rather than direct DENV infection of ECs, thereby describing an indirect
mechanism for vascular leakage involving the release of inflammatory mediators
by DENV-infected immune cells. In agreement with this, previous studies have
shown that treating ECs with either culture supernatants from DENV-infected
monocytes or macrophages or dengue patient sera induced an increase in EC
permeability [25, 105, 203, 205, 208, 321]. Building on our results from Chapter 4,
Aim 2, which demonstrated that K562 cells release soluble inflammatory
mediators in response to DENV infection in the absence or presence of different
hMAbs, the second objective of this Aim was to investigate the effect of indirect
DENV infection on ECs using conditioned medium (CM) procured from K562
cells activated by infection with DENV alone or in the presence of hMAbs. This
study modeled a system in which free (unbound) DENV or Ab-bound DENV
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immune complexes interact with and infect immune cells in the vicinity of the
microvascular endothelium to produce factors that could interact with the
endothelium and subsequently alter EC barrier function. We demonstrated that
free DENV and DENV-Ab immune complexes stimulate K562 cells to release
soluble mediators that alter HMEC-1 morphology, increase HMEC-1 apoptosis
and disrupt the barrier function of HMEC-1 monolayers. Mechanistic studies
revealed enhanced activation of HMEC-1 cells and an overall increase in proinflammatory cytokine production following exposure to CM, particularly
DENV+hMAb CM, which may have facilitated the observed permeability changes
in this system. Although our results do not provide strong evidence of EC
apoptosis as a mechanism for increased vascular permeability, we did observe a
slight increase in the percentage of apoptotic cells for HMEC-1 cells exposed to
DENV CM in addition to morphological changes that were indicative of
monolayer disruption, both of which may contribute to vascular barrier
dysfunction. Plasma leakage during DHF/DSS is ephemeral in nature, with a
sudden onset that is typically followed by an uncomplicated recovery when in the
context of supportive care [34]. This type of plasma leakage is most likely not due
to large-scale EC damage or apoptosis, but rather transient changes in
permeability due to the action of certain soluble mediators released by infected
ECs or immune cells or by immune cell chemotaxis and extravasation. HMEC-1
permeability studies revealed that indirect infection with DENV+hMAb CM
increased HMEC-1 permeability, which was dependent on both the time postinfection of K562 supernatant harvest as well as the hMAb present during K562
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infection, thus supporting the idea of transient permeability changes caused by
immune mediators release during DENV infection in the presence of hMAb.
Although DENV1-CM was able to alter HMEC-1 permeability, this effect was
inconsistent and occurred less frequently than what was observed for
DENV+hMAb CM, which consistently induced increased permeability compared
to mock-CM. Notably, induction of HMEC-1 permeability by 1.6D[0.625]-CM was
also found to be significantly greater compared to that induced by DENV1-CM,
thus indicating the propensity for DENV+hMAb CM to increase vascular
permeability consistently and to a greater degree than CM from DENV1 infection
in the absence of Ab, as well as the ability of certain Ab types (such as the fusion
loop hMAb 1.6D) to induce permeability to a greater degree than others. Lower
levels of vasoactive and pro-inflammatory cytokines were also associated with
HMEC-1 cells exposed to DENV1-CM compared to DENV+hMAb CM, indicating
an enhanced activation of ECs under ADE conditions versus non-ADE conditions.
Unexpectedly, HMEC-1 permeability was also induced by treatment with CM
from DENV infection in the presence of a neutralizing titer of hMAb (1.6D[20]CM). One explanation for this may be related to the neutralizing ability of
1.6D[20], which was was determined by standard plaque assay-based
neutralization studies involving Vero E6 cells, which lack FcγRs. Although
1.6D[20] can neutralize DENV infection in FcγR-bearing K562 cells, neutralization,
as determined by a reduction in infectious virus titers below DENV-infection in
the absence of hMAb, is not observed in these cells until approximately 48 h pi
(Figure 32). Therefore, K562 cells infected with DENV in the presence of
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1.6D[20] typically have similar or slightly higher initial virus titers than K562 cells
infected with DENV alone until 48 h pi. Since increased permeability was shown
to occur in HMEC-1 cells treated with CM harvested between 48 h and 72 h pi,
following peak virus production, the permeabilizing activity of 1.6D[20]-CM may
have been due to increased virus production prior to the onset of Ab-mediated
neutralization.
Paradoxically, while direct DENV infection of ECs was not sufficient to
induce changes in EC permeability (Figure 59), indirect infection of ECs required
active DENV infection of both monocytic cells and ECs to increase vascular EC
permeability, as determined by the inability of UV-DENV1-CM and UV-inactivated
(UIA) CM to stimulate an increase in HMEC-1 permeability (Figure 64). These
results were supported by significantly reduced production of pro-inflammatory
cytokines and vasoactive mediators, including IFN-α, IFN-γ, TNF-α, IL-6, IL-8,
and MCP-1 by HMEC-1 cells in response to indirect infection with UV-inactivated
DENV, thus indicating a dual requirement for both active DENV1 infection in
combination with cellular factors for increased EC permeability (Figure 66).
Exposure to CM was also found to affect EC infectivity. HMEC-1 cells
treated with CM from K562 cells infected with DENV1 alone resulted in reduced
EC infectivity and clearance of infection, which suggested that DENV1 infection
in K562 cells in the absence of Ab induced the production of soluble mediators
capable of stimulating a protective antiviral response in ECs, which may reduce
or even prevent DENV infection of EC. In contrast, exposure to DENV+hMAb CM
did not reduce HMEC-1 susceptibility to DENV infection, but rather resulted in
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enhanced EC activation, cytokine production, and permeability, indicative of
natural DENV infection in the presence of pre-existing Abs. The significance of
enhanced HMEC-1 cytokine production in response to DENV+hMAb CM was
assessed using a double indirect infection model, which demonstrated the ability
of ECs activated by DENV-infected monocytic cells to subsequently activate
other ECs, triggering a cascade of EC activation that culminated in loss of
vascular barrier function via an “indirect autocrine” ADE response of bystander
ECs to the products of indirectly infected ECs.
The overall results of this study support the idea that pre-existing DENV
antibodies play a role in the pathogenesis of DHF/DSS, including activation of the
endothelium, and further corroborate the theory that pre-existing DENV Abs are a
risk factor for severe dengue disease [53]. The use of human monoclonal
antibodies in this study differed from other studies that examined EC activation
and barrier function using human immune serum to stimulate ADE infection
conditions, thereby revealing for the first time that the combination of hMAbs and
DENV can effectively activate K562 cells into secreting mediators of vascular
permeability. We also demonstrated an association between viral load, cytokine
production, and the onset of permeability changes via an indirect mechanism of
EC permeability by DENV-infected monocytic cells and provided an in vitro
method of simultaneously assessing the effect of antibodies on viral load, the
cellular inflammatory/antiviral response and consequential vascular leak.
Together, our results indicate that the net inflammatory response to DENV
infection and its subsequent impact on vascular permeability is determined by the
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balance between pro- and anti-inflammatory cytokines, the timing of cytokine
release, the local environment in which they are released, and the presence of
synergistic or antagonistic factors. Thus, our data support the idea that the
vascular leak syndrome associated with DHF/DSS results from complex
interactions between DENV-infected EC and host cellular inflammatory
responses.
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Figure 50. Analysis of HMEC-1 Cell Surface Receptors. Freshly isolated
HMEC-1 cells were co-stained for surface markers CD64 (FcγRI) and CD32
(FcγRII) (A) or CD16 (FcγRIII) and CD209 (DC-SIGN) (B), and expression was
evaluated by flow cytometry. Results are representative of three separate
observations.

297

K562
8

8

Viral load
(intracellular)

6

6

Viral load
(extracellular)

4

4

2

2

0

6

9

24

48

72

96

120

Titer (log10 PFU/ml)

log10 DENV-RNA (ml -1)

A!

Infectious Virions

0

Time (h) post-infection

HMEC-1
8

8

6

6

4

4

2

2

0

6

9

24

48

72

96

120

Titer (log10 PFU/ml)

log10 DENV-RNA (ml -1)

B!

0

Time (h) post-infection

Figure 51. DENV Infection Kinetics in K562 Cells Versus HMEC-1 Cells.
Comparison of DENV infection kinetics in K562 cells (A) versus HMEC-1 cells (B)
infected with DENV1 (MOI 1) and harvested at the times indicated. Total cellular
RNA extracted from infected cells and viral RNA isolated from infected cell
culture supernatants was used to quantitate intracellular viral loads (open
squares) and extracellular DENV RNA (gray triangles) as a measure of DENV
replication, respectively, by qRT-PCR (left y-axis). Results are presented as
mean + SD of triplicate measurements representing two separate experiments.
DENV replication was also by assessed by measuring infectious virion titers in
cell culture supernatants by plaque assay (right y-axis). Results are presented as
mean + SEM of triplicate measurements representing two separate experiments.
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Figure 52. Kinetic Analysis of Intracellular Viral Loads Under Non-ADE and
ADE Infection Conditions. HMEC-1 cells were mock-infected (not shown) or
infected with DENV alone (DENV) or DENV pre-incubated with an enhancing titer
of hMAb 1.6D (DENV+1.6D). Total cellular RNA was extracted at the indicated
time points post-infection and intracellular viral genomic copy number (measured
as log10 DENV-RNA per ml) was determined by qRT-PCR using 100 ng of total
RNA per sample. Results are presented as the mean + SD of 2 experiments
done in triplicate. *P < 0.05; **P < 0.001; ***P < 0.0001 (two-tailed t test).
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Figure 53. Analysis of Infectious Virion Titers Under Non-ADE and ADE
Infection Conditions. (A) K562 or (B) HMEC-1 cells were infected with DENV1
alone (DENV1) or DENV1 pre-incubated with 2.5 µg/ml of hMAb 1.8B
(DENV1+1.8B). Culture supernatants were harvested at 96 h pi and infectious
virion titers were determined by plaque assay on Vero E6 cells. Results are
presented as the mean + SD of 2 experiments. *** P < 0.001 (two-tailed, t test).
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Figure 54. Direct DENV Infection Does Not Affect HMEC-1 Morphology.
HMEC-1 cells seeded on gelatin-coated 24-well plates were mock-infected (A) or
infected with DENV1 (MOI 1) (B) and visualized at 48 h pi by phase-contrast
microscopy. Magnification 10x.
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Figure 55. Direct DENV Infection of HMEC-1 Cells Does Not Increase
Apoptosis in vitro. (A) HMEC-1 cells were infected with DENV1 at a MOI of 1
and harvested at different time points post-infection. Cells were stained with
Annexin V and analyzed by FACS. Data is given as mean + SD of 2 experiments.
(B) HMEC-1 cells were infected with DENV1 at a MOI of 1 in the presence or
absence of hMAbs 1.6D, 1.8B, or 4.2C at 10 µg/ml or treated with hMAb in the
absence of DENV1 infection and harvested at 48 h post-infection. Cells were
stained with Annexin V and analyzed by FACS. Data shown is mean + SD of 2
experiments. (C) HMEC-1 cells were grown to confluence in complete MCDB
131 medium, which was replaced with either HBSS or fresh MCDB 131 medium
for 48 h. Cells were harvested and stained with Annexin V and PI and analyzed
by FACS. The means + SD of duplicate measurements from one experiment are
shown. Unstained cells were used as a negative control for staining.
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Figure 56. Virus Production by DENV1-infected HMEC-1 Cells. HMEC-1 cells
were infected with DENV1 at a MOI of 1 and infected cell supernatant fluids were
harvested at various time points post-infection. Production of infectious virions by
DENV1-infected HMEC-1 cells was determined by plaque assay. Results are
shown as the means + SEM of 3 experiments. Note: Supernatant fluids collected
at 24, 48, and 72 h post-infection were subsequently used to assess cytokine
production by flow cytometry and in permeability assays to assess the effect of
HMEC-1 infection supernatants on HMEC-1 monolayer integrity.
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Figure 57. Direct DENV Infection Induces Inflammatory Cytokine
Production by HMEC-1 Cells in vitro. Cell culture supernatant fluids were
harvested at 24, 48, and 72 h post-infection from HMEC-1 cells infected with
DENV1 at a MOI of 1 and used to assess DENV-specific production of pro- and
anti-inflammatory cytokines, chemokines, adhesion molecules and growth factors
by cytometric bead array (CBA) assay. DENV-specific cytokine levels are
depicted as the concentration of cytokine produced by infected cells (pg/ml)
minus the concentration of cytokine produced by mock-infected cells (pg/ml).
Results are presented as the means + SD of 3 experiments.
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Figure 58. Transendothelial Albumin Permeability Assay. A schematic of the
vascular endothelial cell permeability system using a 24-well plate with transwell
permeable supports. HMEC-1 cells are seeded on the porous membrane of the
transwell insert and cultured to confluence. The infection inoculum is added to
the upper chamber and cells are incubated for a specified period of time, after
which monolayers are washed and trypan blue-conjugated bovine serum albumin
(TB-BSA) is added to the upper chamber. Permeability is measured as the flux of
TB-BSA into the lower chamber at 595 nm.
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Figure 59. The Effect of Direct DENV1 Infection on HMEC-1 Permeability. (A)
Confluent HMEC-1 monolayers seeded on 24-well transwell inserts were mock
infected or infected with DENV1 at a MOI of 1 for 48 h, and HMEC-1 monolayer
permeability was assessed by TB-BSA detected in the bottom chamber over time.
HMEC-1 cells incubated with TNF-α (10 ng/ml) were used as a positive control
for increased permeability. Data are presented as mean + SD of two independent
experiments done in triplicate. (B) HMEC-1 cells on transwell inserts were
exposed for 48 h to supernatant fluids harvested at 24, 48, and 72 h pi from
HMEC-1 cells infected directly with DENV1 (MOI 1), and HMEC-1 permeability
was assessed by TB-BSA detected in the bottom chamber over time. Data are
presented as mean + SD of two independent experiments done in triplicate. *P <
0.05; ****P < 0.0001 (Student’s t test versus mock).
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Figure 60. Exposure to DENV Conditioned Media (CM) and DENV+hMAb CM
Affects HMEC-1 Morphology. HMEC-1 cells seeded on 0.2% gelatin-coated 24well plates were mock-infected (A; AA) or exposed to conditioned medium (CM)
from mock-infected K562 cells (B; BB) or K562 cells infected with DENV alone
(C; CC) or in the presence of hMAb 1.6D at 40 µg/ml (D; DD), 2.5 µg/ml (E; EE),
or 0.625 µg/ml (F; FF) and visualized at 48 h pi by phase-contrast microscopy.
Images A, B, C, D, E, F depict cells located in the center of the well. Images AA,
BB, CC, DD, EE, FF depict cells near the edges of the well. Magnification 10x.
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Figure 61. HMEC-1 Exposure to DENV+hMAb CM Increases Apoptosis.
HMEC-1 cells were mock-infected (mock) or exposed to conditioned medium
(CM) harvested at 96 h pi from mock-infected K562 cells (mock-CM) or K562
cells infected with DENV alone (DENV1-CM) or in the presence of hMAb 1.6D at
20 µg/ml (1.6D[20]-CM), 1.6D at 0.625 µg/ml (1.6D[0.625]-CM), 1.8B (1.8B-CM),
or 4.2C (4.2C-CM) for five days. Cells were stained with Annexin V and analyzed
by flow cytometry. Data is given as mean + SD of 2 experiments. *P < 0.05.
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Figure 62. Permeability Induced by DENV CM and DENV+hMAb CM. HMEC1 cells were exposed to conditioned medium (CM) harvested at 24, 48, 72, and
120 h pi from K562 cells infected with DENV1 alone (A; DENV1-CM), or in the
presence of hMAb 1.6D[20] (B), 1.6D[0.625] (C), 1.8B (D), or 4.2C (E) for 48 h.
For each infection condition (black bars), HMEC-1 permeability was assessed
with respect to permeability induced by mock-infected K562 cells (Mock-CM;
open bars). Untreated HMEC-1 cells and HMEC-1 cells treated with TNF-α were
included as negative and positive controls, respectively (gray bars). Data is given
as mean + SEM of duplicate or triplicate measurements collected from five
independent K562 infections and six permeability assays. *P < 0.05; **P < 0.01;
***P < 0.001 denote significance with respect to mock-CM.
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Figure 63. Conditioned Medium (CM) from DENV+hMAb Infected K562 Cells
Induces a Greater Increase in HMEC-1 Permeability than CM from DENV
Infection Alone. Comparison of the effects of CM from K562 cells infected with
DENV alone (DENV1-CM) versus CM from K562 cells infected with DENV1 in
the presence of different hMAbs (1.6D[20]-CM; 1.6D[0.265]-CM; 1.8B-CM; or
4.2C-CM) harvested at various time points post-infection on HMEC-1 monolayer
permeability. Results are presented as mean + SEM of duplicate or triplicate
measurements collected from five independent infections and six permeability
assays. *P < 0.05, denotes significance with respect to DENV1-CM.
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Figure 64. Permeabilizing Activity of Conditioned Medium (CM) Depends on
Active DENV Infection and Fc-FcγR Interaction. (A) Confluent HMEC-1
monolayers seeded on transwell membranes were exposed to CM harvested at
48 h pi from K562 cells infected with UV-irradiated DENV1 (UV-DENV1) in the
presence or absence of 0.625 µg/ml of wild-type hMAb 1.6D (UVDENV+1.6D[0.625]) or the Fc variant 1.6D-LALA (UV-DENV+1.6D-LALA[0.625])
for 48 h and assessed for changes in permeability. Results are depicted as fold
increase in TB-BSA clearance over mock-infected K562 cells and are given as
mean + SEM of duplicate measurements collected from two independent
infections and four permeability assays. CM harvested at 48 h pi (B) or 72 h pi
(C) from K562 cells infected with DENV1 alone or in the presence of 1.6D or
1.6D-LALA at 20 or 0.625 µg/ml, was added immediately to HMEC-1 monolayers
(black bars) or following UV-inactivation (UIA-CM; gray bars). Results are
depicted as fold increase in TB-BSA clearance compared to mock-infected K562
cells and are given as mean + SEM of duplicate measurements collected from
two independent infections and four permeability assays.
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Figure 65. Exposure to DENV+hMAb CM Enhances HMEC-1 Infectivity.
Comparison of the effect of DENV CM and DENV+hMAb CM on HMEC-1
infectivity. HMEC-1 cells were exposed for 48 h to CM harvested from K562 cells
at 48 h post-infection with DENV1 alone or in the presence of hMAbs. (A) DENV
infection of K562 cells (input) and HMEC-1 cells (output) was assessed by qRTPCR using total cellular RNA, and (B) infectious virion titers were determined by
plaque assay from DENV-infected K562 cell (input) and CM-exposed HMEC-1
cell (output) supernatant fluids. Results are presented as mean + SEM of 4-5
independent infections.
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Figure 66. Exposure to Conditioned Medium (CM) Activates HMEC-1 Cells
and Induces the Production of Inflammatory Mediators. Comparison of
inflammatory mediator production between HMEC-1 cells directly infected with
DENV1 (DENV1) or indirectly infected using CM from K562 cells infected with
DENV1 alone (DENV1-CM) or in the presence of 1.6D[20] or 1.6D[0.625].
Cytokine levels were determined by cytometric bead array (CBA) assay using
HMEC-1 cell culture supernatants harvested at 48 h post-infection. DENVspecific cytokine levels are depicted as the concentration of cytokine produced
by infected HMEC-1 cells (pg/ml) minus the concentration of cytokine produced
by mock-infected HMEC-1 cells (pg/ml). K562 “input” cytokine levels were also
subtracted from HMEC-1 cells exposed to K562 CM to yield HMEC-1 cytokine
levels in response to indirect infection. Results are presented as the means + SD
of 3 experiments.

314

2.5

150

1.0

IL-12p70 (pg/ml)

IL-6 (pg/ml)

IL-1! (pg/ml)

1.5

100

50

0.5
0.0

DENV1

DENV1CM

0

1.6D[0.625]CM

**

40

15

****

*
2.0

DENV1

DENV1CM

**

250

5

0

1.6D[0.625]CM

Direct Infection
CM
UV-DENV-CM

****
10

DENV1

DENV1CM

1.6D[0.625]CM

20

10

0

150
100
50

DENV1

DENV1CM

1.6D[0.625]CM

0

DENV1

DENV1CM

1.6D[0.625]CM

E-Selectin (ng/ml)

20

TNF-! (pg/ml)

IFN-! (pg/ml)

IL-13 (pg/ml)

30

15

10

***

5

0

DENV1

DENV1CM

1.6D[0.625]CM

**

4

****
200

3

2

1

0

DENV1

DENV1CM

1.6D[0.625]CM

Figure 67. Active DENV Infection is Required for Enhanced Activation and
Induction of Inflammatory Cytokine Production by HMEC-1 Cells.
Comparison of inflammatory mediator production between HMEC-1 cells directly
infected with DENV1 (DENV1) or indirectly infected using CM from K562 cells
infected with either DENV1 or UV-inactivated DENV1 in the absence or presence
of 1.6D[0.625]. Cytokine levels were determined by cytometric bead array (CBA)
assay using cell culture supernatants harvested at 48 h post-infection. DENVspecific cytokine levels are given as the concentration of cytokine produced by
infected HMEC-1 cells minus the concentration of cytokine produced by mockinfected HMEC-1 cells. K562 “input” cytokine levels were also subtracted from
HMEC-1 cells exposed to K562 CM to yield HMEC-1 cytokine levels in response
to indirect infection. Results are presented as the means + SD of 3 experiments.
*P < 0.05; **P < 0.01; ****P < 0.0001 (two-tailed t test).
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Figure 68. Permeability Induced by Double Indirect Infection of HMEC-1.
Confluent HMEC-1 monolayers seeded on transwell membrane inserts were
treated with HMEC-1 supernatant fluids harvested 48 h after exposure to
conditioned medium (CM) from K562 cells infected with DENV1 alone (DENV1CM2) or in the presence of hMAb 1.6D[20] (1.6D[20]-CM2) or 1.6D[0.625]
(1.6D[0.625]-CM2). Permeability was assessed by TB-BSA assay after 48 h
incubation. Results are given as mean + SEM of triplicate measurements
collected from three independent infections and three permeability assays. *P <
0.05 (two-tailed t test).

316

CHAPTER 6
Summary

317
Summary
Over the past fifty years, the incidence of dengue fever (DF), caused by
dengue virus (DENV), and dengue hemorrhagic fever/dengue shock syndrome
(DHF/DSS), a potentially fatal complication of DF and a major cause of morbidity
and mortality in children throughout the world, has increased 30-fold and has
expanded into new parts of the world, including the United States, resulting in
explosive outbreaks and making DENV infection a global public health problem.
There are currently no treatments or vaccines available against DENV, and a
limited understanding of the immune response to the virus coupled with the lack
of suitable animal models to study the disease hinder the development of DENV
antivirals and vaccines.
The main objective of this dissertation project was to determine the
involvement of antibodies (Abs) in the pathogenesis of vascular leak syndrome
associated with severe DHF/DSS by establishing a relationship between Abmediated increase in viremia and changes in vascular permeability, the hallmark
of DHF/DSS. Our approach focused on characterization of human monoclonal
antibodies (hMAbs) from a previously DENV-infected patient for their ability to
both neutralize and enhance infection and increase vascular permeability in vitro.
To our knowledge, we are among the first to explore the role of Abs in DENV
pathogenesis using hMAbs as opposed to human serum to study ADE of DENV
infection and elucidate the immunopathological mechanisms responsible for
vascular leakage in vitro.
The use of hMAbs to study DENV infection of FcγR-bearing cells and
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endothelial cell (EC) pathology during DENV infection has many advantages over
human serum: (1) It separates the Ab component from other aspects of the
immune response, allowing the role of Abs in DENV-induced disease to be
studied in isolation, (2) the monoclonal nature of hMAbs facilitates experiment
reproducibility and the amount of hMAbs used are more physiologically relevant
to natural, in vivo titers compared to human serum, which can vary by each
sample collection and between each experimental usage, (3) the structural and
functional characterization of hMAbs can be applied to an in vitro model of DENV
pathogenesis, which can then be used to link certain hMAb characteristics with
their effect in a model of disease pathology, thus making hMAb characterization
more relevant to disease pathogenesis and outcome, (4) hMAbs can be modified
to study individual aspects of the immune response, such as Fc-FcγR interaction,
and (5) hMAbs are of human origin and can therefore be used directly for in vivo
studies or for therapeutic means. Characterizing hMAbs from DENV-infected
individuals for their ability to induce vascular leak in vitro and in vivo provides a
unique look at how the Ab response during DENV infection may influence the
cellular response, resulting in severe disease.
Our first objective was to generate hMAb from memory B cells of a
previously DENV-infected patient to gain a better understanding of the humoral
response to natural DENV infection and determine the role of antibodies in
disease protection versus enhancement. In Chapter 2, Aim 1.1, we generated a
large panel of DENV E protein-specific hMAbs isolated from memory B cells of a
single patient who had recovered from what was believed to be a secondary
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DENV infection and analyzed the functional characteristics of these hMAbs in
vitro. We concluded that convalescent patients maintain a high frequency of
DENV-reactive memory B cells and that the human antibody response to DENV
E protein elicited by natural infection is predominantly comprised of broadly
cross-reactive antibodies targeting domain II (DII) epitopes. Coarse and
molecular mapping techniques revealed that the epitopes targeted by these
hMAbs clustered within three distinct regions of DII, which enabled the
characterization of hMAbs into three epitope classes: (1) fusion loop-binders, (2)
partial fusion loop binders, and (3) non-fusion loop (mid-DII) binders. Functional
analysis demonstrated that hMAbs within an epitope class shared many
functional similarities, which demonstrated the usefulness of hMAbs as tools to
study the epitopes targeted by serotype-specific or cross-reactive neutralizing
and/or enhancing Abs in human sera. We decided to focus on one particular
epitope class consisting of broadly cross-reactive, high affinity hMAbs that bound
to the conserved epitope containing the E protein DII fusion loop and
demonstrated both neutralization and enhancement of all four DENV serotypes.
Using a novel virus-liposome fusion assay, we determined that the mechanism of
neutralization for fusion loop binding hMAbs involved inhibition of intracellular
viral-endosomal membrane fusion, rather than virus-cell binding.
In addition to providing insight into the human immune response to DENV,
the hMAbs generated also served as valuable reagents that facilitated our study
of DENV pathogenesis in vitro. Our second objective involved using the hMAbs
generated in Chapter 2, Aim 1.1 to understand the effects of Abs on viral
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infection and replication and the cellular inflammatory/antiviral response to DENV
infection and examine potential mechanisms for ADE. In order to study ADE, we
chose to use a simple model consisting of K562 cells, a well-documented cell line
that expresses only one class of FcγR and is susceptible to ADE in vitro, and
hMAbs generated from previously DENV-infected patients, as opposed to human
serum, which in addition to neutralizing and enhancing Abs, contains a multitude
of other immune elements that may affect experimental outcomes. To our
knowledge, this is the first study to examine viral infection and the cellular
inflammatory response simultaneously using purified anti-DENV hMAbs, rather
than dengue immune sera, to stimulate ADE of infection. Furthermore, to assess
whether hMAbs with different epitope specificity impacted the cellular
inflammatory/antiviral response, we used anti-DENV hMAbs targeting different E
protein DII epitopes to determine the cytokine profiles of K562 cells infected
under non-ADE (ie DENV infection alone), ADE (ie DENV infection in the
presence of enhancing hMAbs), and neutralizing (ie in the presence of
neutralizing hMAb) infection conditions. Our results demonstrated an association
between viral load and cytokine production in DENV-infected FcγR-bearing cells
and provided an in vitro method of investigating the effect of Abs on viral load
and cellular inflammatory response simultaneously. Overall, we found that our
data support the intrinsic ADE hypothesis, but via a different mechanism than the
proposed increase in IL-10 and decreased IFN production thought to diminish the
cellular antiviral state, as seen for THP-1 cells, the cell line in which this effect
was originally described. Our results showed that ADE caused a modulated
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response with delayed, rather than suppressed IFN production, and an overall
pro-inflammatory profile in response to DENV infection in the presence or
absence of hMAb. Our work highlights the necessity of studying ADE and the
mechanisms involved using hMAbs, as opposed to serum, in multiple appropriate
cell types, and with a combination of detailed kinetic analysis involving multiple
parameters. This study is the first to demonstrate the impact of Ab types on viral
load and the cellular inflammatory response using specific hMAbs that circulate
in convalescent DENV patients. Profiling the cytokine response of FcγR-bearing
cells may help identify potential biomarkers for severe disease as well as provide
insight on the modulation of pro-inflammatory versus anti-inflammatory cytokines
during DENV infection, which carries important implications in disease outcome.
Assessing the effects of hMAbs on neutralization or enhancement of DENV
infection in conjunction with cytokine production may prove a pertinent method
for evaluating how vaccine-elicited anti-DENV Abs may modify DENV immunity
and infectivity.
K562 cells infected with DENV in the presence or absence of hMAbs were
found to release a multitude of pro-inflammatory and vasoactive mediators,
making it necessary to investigate indirect mechanisms of EC permeability
involving DENV-infected FcγR-bearing cells. Our final objective was to assess
both the direct and indirect effects of DENV in the presence or absence of
hMAbs on EC permeability, with the ultimate goal of establishing a link between
ADE and the severe pathology associated with DHF/DSS. Since the
permissiveness of ECs to DENV infection and the effects of infection, including
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apoptosis and altered permeability, continue to be subjects of debate,
consequentially, the role of vascular EC in DENV infection and the microvascular
plasma leakage observed in DHF/DSS remains unclear. To clarify these issues,
as well as determine the effect of ADE on EC, we utilized a human microvascular
EC cell line (HMEC-1) to assess direct DENV infection of ECs as well as the
effects of factors secreted by K562 cells infected with DENV in the absence or
presence of different hMAbs on EC barrier function. We demonstrated an
association between viral load, cytokine production, and the onset of permeability
changes via an indirect mechanism of EC permeability by DENV-infected FcγRbearing cells and provided an in vitro method of simultaneously assessing the
effect of Abs on viral load, the cellular inflammatory response to enhanced DENV
infection, and the resultant vascular leak. Although direct DENV infection of ECs
in the presence or absence of hMAbs did not alter EC permeability, we observed
a synergistic effect of active DENV infection and cytokine production by both
FcγR-bearing cells and ECs that resulted in increased EC permeability.
Examining the profiles of inflammatory cytokines in K562 conditioned medium
(CM), we determined that the temporal kinetics of pro-inflammatory and
vasoactive

cytokine

production

coincided

with

increased

permeability.

Additionally, exposure to K562 CM, particularly DENV+hMAb CM, significantly
increased EC activation and cytokine production compared to direct DENV
infection of ECs. Using a double indirect infection model, we found that the
factors released by ECs activated indirectly by DENV-infected FcγR-bearing cells
could subsequently contribute to the loss of vascular barrier function by acting on

323
neighboring, resting ECs via an “indirect autocrine” mechanism of ADE. Together,
the results of this study support the multifactorial nature of the pathogenesis
underlying vascular leak, involving a complex interaction between both direct
DENV infection of ECs as well as ADE of FcγR-bearing cells, and a synergistic
relationship between enhanced viremia and release of vascular and/or proinflammatory mediators leading to increased permeability. The use of anti-DENV
hMAbs to assess the effects of Abs on ECs and determine the ability of Abs to
induce vascular leak in vitro provides a clearer understanding of the role of
DENV Abs in the induction of DHF/DSS. Furthermore, hMAbs provide a rational
approach to understanding how Abs impact the vasculature, thus enabling the
identification of Ab characteristics that may trigger vascular leak, a crucial
concern for DENV therapeutics and vaccine design.
In conclusion, our data showed that DENV Abs are responsible for
increasing infectivity of FcγR-bearing cells with DENV, and the increased virus
load resulted in enhanced infection of ECs leading to loss of EC barrier function
and subsequent changes in vascular permeability, consistent with DHF/DSS
pathology. Based on the correlation established between hMAbs, viral load, and
vascular leak, future studies should include a focus on specific mechanisms
underlying the increased viremia and the impact on vascular leak and assess the
potential use of hMAbs to reduce the level of infection in vitro and in vivo.
Furthermore, future mechanistic studies on increased vascular permeability
should include an assessment of the interaction between ECs and immune cells
and immune factors that are upregulated during natural DENV infection. Finally,
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the effects of different combinations of hMAbs on viral load, the cellular
inflammatory response to DENV infection, and the subsequent effect on
permeability should be studied to gain insight into the synergistic and
antagonistic consequences of the multifaceted Ab response occurring during the
natural immune response to DENV infection.
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