
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Protective and Pathogenic Effects of Dengue Virus Antibodies in vitro and in vivo

Permalink
https://escholarship.org/uc/item/8xw121qz

Author
Williams, Katherine Lindsay

Publication Date
2011
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8xw121qz
https://escholarship.org
http://www.cdlib.org/


 
 
 
 
 

Protective and Pathogenic Effects of Dengue Virus Antibodies in vitro and in vivo 
 

by  
 

Katherine Lindsay Williams 
 
 
 
 

A dissertation submitted in partial satisfaction of the  
 

requirements for the degree of  
 

Doctor of Philosophy 
 

in 
 

Infectious Diseases and Immunity 
 

in the 
 

Graduate Division 
 

of the  
 

University of California, Berkeley 
 
 
 
 

Committee in charge:  
 

Professor Eva Harris, Chair 
Professor Laurent Coscoy 

Professor William Sha 
 
 

Fall 2011 
 
 
 



 
 
 
 
 
 
 
 



 1 

ABSTRACT 
 

Protective and Pathogenic Effects of Dengue Virus Antibodies in vitro and in vivo 
 

by 
 

Katherine Lindsay Williams 
 

Doctor of Philosophy in Infectious Diseases and Immunity  
 

University of California, Berkeley 
 

Professor Eva Harris, Chair 
 
The mosquito-borne dengue virus (DENV) is endemic in 100 countries and annually threatens 
over half of the worlds’ population. Any of the four serotypes of DENV (DENV1-4) can cause a 
wide range of disease, ranging from inapparent illness to classic dengue fever to severe disease 
characterized by vascular permeability and hypotensive shock (dengue hemorrhagic fever/ 
dengue shock syndrome; DHF/DSS). The complex interactions between epidemiological, viral, 
host genetic, and immunological factors make dengue pathogenesis difficult to dissect. While 
both the humoral and cellular arms of the adaptive immune response have been reported to 
contribute to the development of severe dengue disease, antibodies alone are sufficient to 
enhance DENV disease in vitro, a concept referred to as “antibody-dependent enhancement”. 
Under this hypothesis, antibodies generated against the first DENV infection recognize but do 
not neutralize the second DENV serotype and instead permit increased entry into Fc receptor 
(FcR)-bearing target cells. The development of small animal models to study DENV 
pathogenesis has greatly facilitated dissection of the role of individual immune components 
critical to both protection and enhancement of DENV disease. Here, we characterize a novel 
mouse model of lethal DENV disease and further demonstrate that antibodies alone are sufficient 
to enhance a sub-lethal DENV infection. Hallmarks of the antibody-enhanced, lethal phenotype 
include increased viral load, reduction in platelet counts, elevated pro-inflammatory cytokines 
and vascular permeability, all of which are considered defining features of severe human dengue 
disease. We further demonstrate that genetically modified non-FcR-binding anti-DENV 
monoclonal antibodies (mAbs) can be used to treat lethal disease caused by both high viral 
inoculum (virus-only) and enhancing amounts of antibody. While prophylactic ability appears 
dependent upon the neutralizing titer of the mAb, therapeutic efficacy following an antibody-
enhanced, lethal infection is unique to highly avid mAbs that target the fusion loop and envelope 
protein Domain III (EDIII) A strand epitopes. Further investigation into the protective role of 
antibodies examined the role of anti-EDIII antibodies in mediating serotype-specific protection 
and enhancement in vivo. While previous studies of murine mAbs suggested that anti-EDIII 
antibodies were predominantly serotype-specific and highly neutralizing, our work demonstrated 
that they only constitute between 15% and 35% of the in vitro neutralizing potency of human and 
mouse serum, respectively, and are not required for protection in vivo. Further analysis of 
specific antibody subsets revealed that serotype-specific antibodies (targeting all E domains) 
contribute predominantly to maintaining serotype-specific protection, while cross-reactive 
antibodies drive disease enhancement. Taken together, our in vivo studies using a small animal 
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model of DENV disease have validated in vitro observations and identified specific roles for 
antibody subsets in mediating both protection and enhancement.   
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Dengue disease pyramid and clinical manifestations of disease  
Dengue virus (DENV) is a mosquito-borne virus of the Flaviviridae family and is related 

to other well-known viruses that cause West Nile Encephalitis, Japanese Encephalitis and 
Yellow Fever [1,2,3,4]. Endemic to the majority of the tropical and subtropical regions of the 
world, there are currently over 3.5 billion people at risk for DENV infection [5], making DENV 
the most medically important arthropod-borne virus worldwide and a major public health 
challenge. There are an estimated 50 million cases of dengue fever (DF) annually accompanied 
by 250,000–500,000 cases of the potentially fatal dengue hemorrhagic fever/ dengue shock 
syndrome (DFH/DSS), most often affecting children [4,6]. DENV is transmitted through the bite 
of either Aedes aegypti [7], the predominant DENV vector, or Aedes albopictus [8] mosquitoes. 
There are four serotypes of DENV, and infection with any of the four can cause a wide range of 
clinical symptoms in humans, from asymptomatic infection to DF to the more severe illness, 
DHF/DSS. Between 50-90% of all DENV infections are asymptomatic [9,10,11]; of the 
symptomatic infections, a large percentage are unreported [6,12]. Classic DF generally lasts 2-7 
days, beginning with high fever and accompanied by headache, retro-orbital pain, nausea, 
vomiting, muscle, joint, and bone aches and laboratory diagnosis of neutropenia, 
thrombocytopenia (low platelet count) and elevated liver enzymes [3,4]. Only 0.5-1% of all 
DENV infections develop into severe disease; however, without proper care, the fatality rate can 
reach 20% [6,13] (Figure 1). The clinical course of DHF/DSS is initially quite similar to the 
clinical description of DF; however, following defervescence, DHF/DSS patients rapidly 
deteriorate into life-threatening conditions characterized by hemorrhagic manifestations, 
thrombocytopenia and shock (DSS) and can die within 24-48 hours [3,4]. The inability to 
differentiate DF from DHF/DSS at early stages of infection contributes to the difficulty in 
treating the disease. Both prospective and retrospective epidemiological analysis of dengue 
epidemics suggest the greatest risk factor for development of DHF/DSS is prior infection with a 
different DENV serotype [10,14,15,16,17]. 
 
Replication of the DENV virion 

DENV contains a small, positive-sense RNA genome (~10.7 kb) composed of three 
structural proteins (capsid, C; pre-membrane/membrane, prM/M; envelope, E) and seven non-
structural (NS1, NS2A, NS2B, NS3, NS4A, NS4b NS5) proteins flanked by 5’ and 3’ 
untranslated regions (UTRs) [18]. The surface of the virion consists of 180 copies of the E 
protein; in the mature conformation of the virion, the E protein is arranged in 90 homodimers 
that lay flat across the surface of the lipoprotein membrane [19].  

Infection with the mature virion is a receptor-mediated, endocytic process that is 
followed by acidification of the endosomal compartment [20,21]. Acidification of the endosomal 
compartment triggers rearrangement of the E protein into homotrimers, such that the fusion loop 
of each E protein is located at the same end and can insert jointly into the endosomal membrane 
[22,23]. Approximately 18 hours following initial infection, new virions assemble in the 
endoplasmic reticulum (ER) and bud into the lumen [24]. During this stage, cryo-electron images 
have depicted an icosahedral arrangement of 60 trimeric spikes [25,26] where the prM protein 
covers the fusion peptide on the E protein to prevent inactivation as the virion progresses through 
the secretory pathway [27,28]. The prM portion of the membrane protein is subsequently cleaved 
by a furin-like protease, releasing the “pr” portion of prM [29,30] and allowing the now mature 
form of the virion to settle into a homodimeric conformation of 90 E proteins that lay flat against 
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the surface of the virion [19]. The E protein thus forms three distinct geometries throughout the 
virus maturation and infection process [31].  

As a result of the flexibility of the E protein, particular epitopes may be more or less 
accessible depending on the chemical environment and geometric conformation of the virion 
[32,33,34]. Further, different host cells can affect the efficiency of the maturation process, such 
that virus preparations may be composed of different ratios of mature and immature virions 
[35,36,37]. Non-infectious, immature virion particles have been shown to become infections 
when incubated with antibodies that target epitopes unique to the immature particle such as the 
fusion loop and prM [38]. Further, antibodies targeting the EDI lateral ridge and EDII fusion 
loop demonstrate a 30-40% reduced ability to neutralize fully mature virion preparations as 
compared to a heterogenous population composed of mature and immature virions [36].  
 
Development and use of monoclonal antibodies to study DENV structure and biology 
 Monoclonal antibodies (mAbs) have been instrumental in mapping the structure and 
surface of the DENV virion. Early breakthroughs in hybridoma production helped to facilitate 
systematic advances in our understanding of the conformation and structure of the virion. More 
recent observations using mAbs obtained from DENV-immune human B cells have provided 
novel insights into the mechanisms of DENV neutralization, and have further advanced our 
knowledge of the composition of the polyvalent antibody repertoire. Innovations in hybridoma 
technology facilitated the isolation of the first monoclonal antibodies targeting the DENV virion 
in 1982. An initial panel of 22 mAbs, including 3H5, was isolated from mouse ascites fluid 
developed through multiple rounds of infection with either purified virus or mouse suckling-
brain passaged New Guinea C (NGC) virus [39]. This panel, as well as a second panel of mAbs, 
including 4G2 and 2H2 [40], were subsequently used to classify mAbs by flavivirus cross-
reactivity (group-reactive; dengue complex-specific; dengue sub-complex-specific; dengue 
serotype-specific) [41]. Initial mapping studies using these mAb panels identified several novel 
DENV E protein epitopes and suggested that the E protein was composed of three domains 
[42,43,44,45,46]. Ultimately, using tick-borne encephalitis (TBE) virus as a model, Mandl et al 
[47] proposed a structural model of the E protein composed of three non-overlapping, 
antigenically distinct domains, A, B and C [47]. Three-dimensional imaging of the crystal 
structure of the TBE E protein confirmed these antigenically-derived hypotheses, and clearly 
identified three domains, termed I (EDI), II (EDII) and III (EDIII) corresponding to previously-
labeled domain C, A and B, respectively [48].   

Roehrig et al  [49,50] pioneered the early DENV mapping studies using a model based on 
TBE.  Epitope mapping using 11 peptides identified four distinct antigenic regions by ELISA; 
these regions were further identified as discontinuously linked protein sequences corresponding 
to domains A, B and C [49,50].  Further refinement and identification of new epitopes [51,52] 
using a series of differently-sized linear peptides resulted in the conclusion that most neutralizing 
antibodies, such as 3H5, recognize discontinuous epitopes [53,54]. In-depth characterization of 
the virion surface, including identification of relative areas of chemical stability, flavivirus group 
sensitivity, neutralization, surface accessibility, hemagglutination and fusion was further 
facilitated by the development of a second large panel of antibodies through immunization of 
Balb/C mice with either high- or low-pH virus emulsified in Freund’s adjuvant [55].  

The early mAb studies identified distinguishing characteristics between mAbs targeting 
different domains. While mAbs targeting the EDIII lateral ridge were type-specific and potently 
neutralizing, mAbs targeting EDI/II were much more cross-reactive and less potent in vitro [56]. 
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Using both forward (chimeric DENV2 viruses) and reverse genetics (viral escape variants) 
Hiramatsu et al [57] identified that the strongly-neutralizing [55], type-specific [41] MAb 3H5 
bound directly to residues 383, 384 and 385, and that these three amino acids were the main 
residues conferring type specificity within EDIII [57]. Supporting these studies, Beasley and 
Barrett (2002) mapped a similar type-specific epitope to the lateral ridge in West Nile Virus 
(WNV) [58]. The prominence of the lateral ridge epitope was highlighted through a series of 
studies examining the therapeutic efficacy of a highly potent WNV-specific mAb, E16, that 
bound to the EDIII lateral-ridge [34,59,60]. Derived following repeated immunization of Balb/C 
mice with insect-cell produced E protein and boosted with purified E protein, E16 proved to be 
potently neutralizing in vitro and therapeutically efficacious when given even up to five days 
following WNV infection in vivo [59].  

The prophylactic and therapeutic ability conferred by WNV mAb E16 spurred new 
investigations to discover similarly potent DENV-specific mAbs that targeted EDIII. In-depth 
analysis of a panel of 14 antibodies targeting DENV2 EDIII identified 8 that were type-specific, 
4 that were subcomplex- or complex-reactive, and 2 that were broadly cross-reactive. In this 
study, all of the mAbs categorized as type-specific were considered either strongly or moderately 
neutralizing. Further investigation of the two subcomplex-reactive mAbs revealed that both were 
moderately to strongly neutralizing in vitro and bound to a new epitope (K305, K307, K310, 
P384) that mapped to the A strand of EDIII [61]. Additional fine mapping studies of DENV2 
EDIII using a panel of 12 EDIII-specific mAbs ascribed similar residues (K310, I312, P332, 
L389, W391) to a similarly complex-reactive epitope [62]. Further functional analysis comparing 
the traditional type-specific mAbs to the new complex-reactive mAbs demonstrated that the 
type-specific mAbs required a lower occupancy for neutralization and were generally more 
potently neutralizing [61,62,63]. Concurrent with this in-depth analysis of previously existing 
mAbs, two studies were undertaken to produce potently neutralizing, DENV1-specific [64] and 
DENV2-specific mAbs [65] in the hope of generating mAbs of comparable potency to WNV 
mAb E16. In both studies, immunization of interferon α/βR-/- C57BL/6 (AG-B6) mice was 
required to facilitate adequate DENV replication [66]. To produce the mAbs, AG-B6 mice were 
immunized twice with either DENV1 or DENV2, and the mice with high antibody titers were 
boosted with purified EDIII protein. From the DENV1 study, one MAb, E105, bound strongly to 
the EDIII lateral ridge and demonstrated therapeutic efficacy in a paralytic infection model in 
mice [64]. In the DENV2 study, 24 mAbs were produced that targeted a number of different 
epitopes previously defined on the surface of WNV, including the EDI lateral ridge, EDII dimer 
interface, lateral ridge and fusion loop, and EDIII lateral ridge, C-C’ loop and A strand. In 
comparison to the DENV1 study, no potently neutralizing, lateral ridge-specific mAbs were 
identified in the DENV2 mAb study [65]. Given the strongly neutralizing and predominantly 
type-specific response associated with EDIII mAbs, multiple groups have begun testing 
vaccination strategies using recombinant EDIII protein [67,68,69,70].   

Despite the strong focus on EDIII-specific mAbs, concurrent studies in both WNV and 
DENV were being conducted to further explore the binding and functional properties of EDI/II 
MAbs. Fine-mapping studies of the fusion loop region in DENV identified distinct epitopes that 
bind a number of group- and complex-reactive mAbs of moderate neutralizing potency [32,71]. 
A study of 89 mAbs binding to EDI or EDII of WNV identified six novel epitopes as well as the 
previously-characterized fusion loop epitope. While not as potent as most EDIII-specific mAbs, 
fusion loop mAbs nonetheless were shown to protect against WNV infection in vivo [72]. Recent 
investigations have highlighted the importance of mAbs with unique properties, including non-
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neutralizing mAbs that are protective in vivo [37], strongly neutralizing mAbs that bind to an 
epitope conformationally dependent upon the breathing of the virus [73,74,75], and a small class 
of mAbs that do not bind to recombinant E, but rather to heterodimeric complexes of the folded 
E protein [76]. 

 
Mechanisms of antibody-mediated neutralization 
 Antibody-mediated neutralization of viral infection can be described as acting through 
either a single or multi-hit mechanism. A single-hit mechanism requires a lone antibody-binding 
event to render the virus non-infectious, while multi-hit mechanisms require engagement of 
multiple antibodies and epitopes to ensure effective viral neutralization (reviewed in Parren and 
Burton [77]). Neutralization of flaviviruses requires a distinct ‘multi-hit’ mechanism (reviewed 
in Pierson et al [78]. Antibody-mediated neutralization is mechanistically defined as the number 
of antibodies bound to a virion required to exceed a given threshold [79]. MAb affinity and 
epitope accessibility are the two critical components that define whether a mAb can 
stoichiometrically exceed this threshold [80]. Theoretically, the most potently neutralizing mAbs 
would be those of the highest affinity that bind to highly accessible epitopes. MAbs binding to 
partially occluded epitopes may only be able to neutralize a viral infection under super-saturating 
conditions, while mAbs binding to obscured epitopes may be incapable of neutralization, or only 
under specific conditions [36,73,75,80]. As an example of these hypotheses, Pierson et al [79] 
mathematically derived that 30 of the 120 available binding sites must be bound for the highly 
potent, WNV-specific mAb E16 [34,59] to neutralize 50% of virus particles in vitro [79]. Similar 
data examining functional characteristics of EDIII-specific mAbs supports this observation and 
identifies a relationship between neutralization potency and mAb avidity [63]. Antibody-
mediated neutralization of DENV can interfere with DENV infection by direct virus 
neutralization, FcγR-mediated clearance [37], complement-mediated lysis of infected cells 
[81,82], or antibody-dependent cellular cytotoxicity [83,84,85,86]. Direct, virus-mediated 
neutralization can occur through a number of different mechanisms, including prohibiting viral 
attachment, internalization and/or fusion [78]. Recent evidence has suggested that the most 
potently neutralizing DENV mAbs inhibit infection via a post-attachment mechanism [65]. 
 
The adaptive immune response to DENV 
 Host factors, including major histocompatibiliy complex (MHC) polymorphisms and 
prior T- and B-cell immunity, are key determinants of susceptibility to severe dengue disease 
[87]. Type I (α/β) and Type II (γ) interferons induce resistance to DENV disease [66,88], and 
both arms of the adaptive immune response have been demonstrated to play an important role in 
both protection [89] and enhancement [14,16,90,91] of dengue disease. In general, most 
individuals infected with DENV for the first time (primary infection) experience inapparent 
infection, undifferentiated fever, or DF [2]. Following primary infection, individuals are 
considered to be immune for life against re-infection with the same serotype [88,89,92]. Repeat 
infection with the same serotype resulting in illness are rare, if it exists at all [93]. Early studies 
conducted by Sabin (1952) [89] using human volunteers determined serotype-specific immunity 
to be protective against re-infection with the same serotype for at least 18 months following 
primary infection, but for only 1-2 months against a different serotype [89]. In contrast, 
epidemiological data and human studies suggest that the greatest risk factor for development of 
DHF/DSS is prior infection with a different DENV serotype [88]. While secondary infections are 
significantly associated with an increased risk of severe disease, progression to DHF/DSS is 
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quite rare, indicating that the cross-reactive immune response can also provide protection 
[94,95]. Indeed, Zompi et al [96] have recently shown a role for both cross-reactive antibodies 
and cross-reactive T cells in mediating heterotypic protection in vivo [96]. Further, recent 
evidence using statistical modeling suggests that a serotype cross-reactive immune response may 
provide protection for up to two years [97]. 

Two non-mutually exclusive hypotheses have been proposed to explain the role of the 
adaptive immune response in contributing to the development of DHF/DSS. The first implicates 
antibodies in mediating enhanced disease. In hallmark studies, Halstead and O’Rourke [98] 
demonstrated that DENV did not replicate in peripheral blood leukocytes (PBL) of non-immune 
primates but did replicate in PBL isolated from immune primates; however, non-immune PBL 
could be infected by adding anti-DENV antisera. This illustrates a phenomenon termed 
“antibody-dependent enhancement” (ADE) [88], in which non-neutralizing anti-DENV 
antibodies facilitate entry of the virus into Fcγ receptor (FcγR)-bearing cells [88,99]. This 
increase in infected cells directly contributes to the higher viremia levels associated with 
DHF/DSS [11,100], and the infection of target monocyte/macrophage cells leads to activation, 
ultimately promoting the “cytokine storm” that characterizes DHF/DSS [101]. Additional 
evidence for ADE in vivo is derived from the observation that most severe cases in primary 
DENV infections occur in infants in endemic areas, where DENV-specific antibodies are 
transferred transplacentally to infants from their dengue-immune mothers [102]. These 
antibodies wane over time until they can enhance DENV infection [102,103], suggesting that 
pre-existing antibodies alone are sufficient to promote severe DENV illness [88]. The second 
hypothesis explaining the immunopathology underlying severe secondary DENV infection 
implicates T cells [91]. Specifically, low-affinity, cross-reactive CD4+ and CD8+ memory T cells 
resulting from a primary infection are over-activated during secondary DENV infection with a 
different serotype, and these serotype cross-reactive T cells produce high levels of cytokines, 
such as TNF-α, which contribute to increased vascular permeability [87,104,105]. While in vitro 
and ex vivo experiments provide insight into individual contributions of the humoral and cell-
mediated immune response, an in vivo model is required to mechanistically define their 
contribution to protection and enhancement of DENV infection and disease. 
 
Evidence for the role of pre-existing immunity and the development of severe disease in 
infant and pediatric cohort studies 

The largest burden of dengue disease is found in infants and children/adolescents 
[106,107]. Multiple research groups have designed prospective pediatric cohorts in dengue-
endemic regions, including both Central and South America and South and Southeast Asia in an 
effort to facilitate immunologic and epidemiologic investigation of the complex interactions 
between DENV immunity and disease. Specifically, two main questions have been the subject of 
intense research. In 1988, Kliks et al [102] hypothesized that infants born to DENV-immune 
mothers are at increased risk of severe dengue disease as their passively acquired anti-DENV 
antibody titers wane over time. Thus, the first question addressed in a subset of these cohort 
studies has been to assess the impact of passively acquired antibodies and the risk of severe 
dengue disease in infants. The burden of disease in dengue-hyperendemic countries generally 
falls on the pediatric population; severe dengue disease is rarely seen in adult populations, as 
these individuals are often to completely immune following repeated exposures over the course 
of their lifetime. For example, in Nicaragua, by the age of 2, between 22-40% of children 
demonstrate evidence of immunity to one serotype, and by 9, over 95% are DENV-immune [9]. 
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During this period, the risk for development of severe disease is the highest in children 5-9 
[106,108]. Thus, the second topic addressed in these cohort studies has been a more thorough 
analysis of the incidence and prevalence of inapparent and symptomatic infection and of severe 
disease and the identification of immune correlates of either protection or enhancement in 
pediatric populations.  

 
Infant studies 
 In 1979, Marchette et al [109] reported that cord blood from infants born to DENV-
immune mothers contained an enhancing factor that decays with time. Indeed, passive transfer of 
antibodies from mother to infant is commonplace in dengue-endemic countries. An estimated 
94.7% of mothers enrolled in a Thai cohort had anti-DENV antibodies at delivery, and a direct 
correlation was found to exist between maternal and infant antibody titers [110] as well as 
between the maternal antibody titer at birth and infant age at onset of disease [111]. The actual 
antibody titer at the onset of disease in infants is difficult to measure but can be predicted using 
the maternal antibody titer at birth and the decay rate associated with measles IgG [102]. Based 
on these assumptions, multiple studies have estimated that infants <4 months of age possess 
highly neutralizing, protective titers of antibodies >1:1000 that decline to an estimated range of 
1:5 to 1:100 when the infant is between 5 and 9 months of age. By 12 months of age, the 
antibody titers have declined such that they are generally not measurable and may afford neither 
protection nor enhancement to the infants [112,113]. Supportive of this observation is the age 
distributions of symptomatic DENV infection, where the ratio of DHF: DF is the lowest before 4 
months and after 8 months of age but almost equal at 5-6 months  of age [111,114]. In a study of 
DHF in 75 Vietnamese infants, Simmons et al [113] demonstrated that 65% of infants with 
severe disease had plaque reduction neutralization test (PRNT) titers <1:20, and suggested PRNT 
to be a good, but not absolute correlate for disease severity. In support of this observation, 
Libraty et al  [111] similarly found that all Philippino infants had anti-DENV3 titers of <1:50 at 
the time of symptomatic DENV3 infection  However, no difference in either PRNT titer or the 
virus output generated through a K562-cell based enhancement assay was correlated with disease 
severity when comparing cord blood collected from infants with DHF to either hospitalized or 
non-hospitalized infants with DF in this study [111]. Taken together, the literature has 
universally identified a correlation between poorly neutralizing antibody titers, the age of the 
infant, and an increased risk of severe disease. However, further evidence supporting a causal 
relationship between poorly neutralizing antibodies and the development of DHF/DSS is lacking. 
While difficult to do, further studies should focus on comparing infant anti-DENV neutralizing 
titers between asymptomatic and symptomatic DENV cases to clarify whether antibody titers 
truly affect the onset of DENV disease in otherwise DENV-naïve infants. 
 
Pediatric studies 
 Studies conducted in DENV-endemic regions of both the Americas and Asia have 
documented a direct relationship between DENV immunity with age, such that most children 
living in DENV endemic regions are considered immune to at least one serotype by age 9 (67% 
estimated in Indonesia [17], 95% estimated in Nicaragua [9]). Multiple factors, including co-
circulation of multiple DENV serotypes [88], population immunity [95], population genetics 
[115,116] and viral factors [117,118], can affect estimates of incidence of dengue. In general, 
estimates of DENV infection incidence are thought to be higher in Asian populations than in 
Latin America, resulting most likely from the difference in the force of infection.  In a 
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Nicaraguan pediatric cohort, the incidence of all DENV infections was estimated to be between 
5.8 and 11.1% [9] or 343-1,759 cases/100,000 person-years [12], while in Indonesia, the 
incidence was estimated at 38.9% in seronegative children [14]. Similarly, the ratio of inapparent 
to symptomatic infections varies dramatically by region and changes between primary and 
secondary infections. Even within the same region, ratios can vary widely from year to year. For 
example, in Nicaragua, between 2004 and 2008, the ratios of primary inapparent: symptomatic 
infection ranged from 5.3:1 (2007-08) to 11.3:1 (2006-07) and for secondary infection, from 2:1 
(2007-08) to 37.4:1 (2004-05) [9].  

The development of severe disease displays a bi-modal distribution, with infants and 
children at the greatest risk [3,108]. Efforts to understand pre-existing immunity and its role in 
mediating disease severity following a primary infection have been complex -- even basic in 
vitro correlates of severe disease have been controversial. For example, while some studies have 
identified a significant relationship between viremia levels and disease severity [93,100], others 
have failed to support the association [119]. As mentioned previously, conclusions about the role 
of pre-existing antibodies and disease severity have also been controversial. While some 
evidence exists in support of an inverse relationship between neutralizing titers against the 
infecting serotype and severe disease [93], this correlation has been refuted in other studies 
[119]. Similarly, studies examining the enhancing activity (measured using assays using K562 
cells that are only permissive to DENV infection in the presence of antibody) of DENV-immune 
serum have failed to support a relationship with either viremia or disease severity [119]. In 
conclusion, epidemiological investigations have identified interesting, but complicated questions 
that would greatly benefit from in depth investigation in a controlled, laboratory environment 
with a small animal model capable of investigating relevant components of both protection and 
enhancement. 
 
Development of a mouse model for DENV infection and disease 

A small animal model for studying dengue disease is of critical importance to furthering 
many areas of dengue research, including host immunity, disease pathogenesis and drug and 
vaccine development. Non-human primate (NHP) models, including the rhesus macaque, were 
originally used to study antibody-dependent enhancement in vivo [98]. Recent observations have 
validated the rhesus macaque model by demonstrating that both protection [120] and 
enhancement [121] can be achieved with passive transfer studies in vivo. While an intriguing 
model, non-human primates are severely limiting for large scale in vivo experimentation. 
Although many attempts were made over the past several decades to develop an animal model 
for studying DENV, most animal species proved to be resistant to DENV infection [122]. Over 
the past 7 years, our group and others [123,124,125] have developed and characterized the 
AG129 mouse (IFN-α/β, and -γ receptor-deficient) as a tool for studying dengue pathogenesis 
and immunology.  

Initial attempts to develop a mouse model for dengue in immunocompetent mice required 
high doses of virus and were hindered by the inability to recapitulate several important aspects of 
human DENV infection, including replication in peripheral tissues and development of the 
hallmark symptoms of dengue disease [122]. As another approach, humanized mice developed 
by engrafting severe combined immunodeficient (SCID) mice with either human peripheral 
blood lymphocytes or a variety of DENV-susceptible tumor cells, including human K562 
erythroleukemic cells [126] and human liver HepG2 [127] and Huh-7 [128] cells were explored 
as potential DENV mouse models. Improvement of the humanized mouse model has included 
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the development and characterization of nonobese diabetic (NOD)/SCID mice [129] and RAG2-/-

γ-/- mice [130] engrafted with CD34+ human cord blood hematopeietic stem cells. Interestingly, 
the reconstituted NOD/SCID mice developed viremia as well as clinical signs of dengue, 
including fever, rash and thrombocytopenia following a subcutaneous (sc) infection with 
DENV2 [129]. However, the interaction between human cells and the mouse immune system 
may not completely reproduce a functional immune system, limiting the study of the adaptive 
immune response to DENV infection. Additionally, these mice are difficult and expensive to 
generate, thus hindering large-scale studies.  

Severely immunocompromised strains, BALB/c athymic nu/nu mice[131] and RAG1-/- 

mice [66], both succumb to infection with DENV, but death results from paralysis instead of a 
defined vascular leak phenotype. Given the importance of IFNs in controlling viral infections, 
studies were conducted in IFN-α/β, and -γ receptor deficient [56,66] and STAT1-deficient mice 
[132,133,134]. Johnson and Roehrig [56] initially established the utility of AG129 mice to study 
primary DENV infection and vaccine challenge. Comparison between mice lacking either the 
IFN-α/β or IFN γ receptor or both suggested that both knockouts are required for early viral 
replication in peripheral tissues and subsequent disease [66]. Degradation of the transcription 
factor STAT2 was identified by Ashour et al [135] to be a critical factor underlying murine 
resistance to DENV; while human Stat2 can be degraded by DENV, murine Stat2 is refractory. 
Perry et al [134] further supported the role of Stat2 in protection against early disease in a 
STAT1-independent manner by infecting mice deficient in either or both of the transcription 
factors. While STAT1-/- and STAT2-/- mice demonstrated similar phenotypes following DENV 
infection, STAT1-/- x STAT2-/- mice demonstrated an early death phenotype, indicating that 
STAT2 could drive a STAT1-independent, protective mechanism [134]. Despite the 
immunodeficiency, the AG129 mouse is one of the only models that can be infected by four 
serotypes of DENV and supports replication in relevant cell and tissue types, thus allowing for 
investigation of tropism and pathogenesis in context of a functional adaptive immune system.  
 
Characterization of the AG129 mouse model of disease 
 Over the past several years, multiple studies have characterized the tissue and cellular 
tropism of DENV in the AG129 model [94,136], demonstrating significant parallels with human 
infection [136,137,138]. Specifically, initial tropism studies using the AG129 model 
demonstrated that clinical isolates from all four DENV serotypes replicate efficiently in spleen, 
lymph node, bone marrow and muscle.  Negative-strand viral RNA was detected in dendritic 
cells and macrophages of the lymph node and spleen [94]. Similarly, antibodies directed against 
the non-structural NS3 DENV protein indicated active viral replication in macrophages, dendritic 
cells, hepatocytes and bone marrow-derived myeloid cells in infected AG129 mice [136]. Both 
of these studies coincide with tropism data from human autopsy studies [136,138] and flow 
cytometry analysis of infected human peripheral blood mononuclear cells [137], where the 
infected cells were predominantly of the myeloid lineage. Importantly, the subcutaneous route of 
infection and 102-105 pfu inoculum used in these murine tropism studies are compatible with the 
natural route and viral inoculum found in a mosquito bite [139]. In addition, AG129 mice exhibit 
thrombocytopenia inversely related to viral load and develop high levels of soluble NS1 during 
DENV infection comparable to levels in humans [124]. 

Characterization of the AG129 immune response revealed a functional adaptive immune 
response to DENV infection. Specifically, antibodies elicited by infection are a mixture of 
serotype-specific and serotype-cross-reactive antibodies, including long-lasting neutralizing 
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antibodies [140], and the distribution of IgG isotypes among DENV-specific antibodies include 
IgG1, IgG2a and IgG2b in ratios similar to the ratios of isotypes elicited by viral infection of 
wild-type 129 mice [141] (KW, EH unpublished data). Sequential infections of one DENV 
serotype followed 4-52 weeks later by another serotype demonstrated reduction in viral load in 
the second infection as compared to naïve mice experiencing a primary infection [140]. Passive 
transfer studies demonstrated that transfer of high doses of mAbs directed against different 
epitopes on the E protein (EDII fusion loop or EDIII lateral ridge; see below) or anti-DENV 
polyclonal sera 24 hours prior to DENV infection protect against viral challenge with either the 
same or a different serotype as measured by a reduction in viral load in spleen, lymph node and 
serum [140] (data not shown). Additionally, studies examining the T cell response to DENV 
infection in IFNα/βR-/- C57BL/6 mice determined that CD8+ T cells release IFNγ and TNFα and 
have cytotoxic effects in vivo [123]. Mapping studies identified twelve immunodominant 
epitopes that mapped to six DENV proteins, and vaccination with four of these epitopes 
supported clearance of viral proteins [123]. In contrast, depletion of CD4+ T cells was shown to 
neither effect viral load following infection, nor induction of a neutralizing antibody response. 
However, vaccination with CD4 epitopes helped reduce viral load following challenge, 
indicating that CD4+ T cells may participate in viral clearance [142]. Zompi et al [96] recently 
supported a role for T cells in mediating cross-reactive protection in a heterotypic model of 
DENV infection [96]. Taken together, these results support the role of the mouse model in 
studying the role of the humoral immune response in mediating both serotype-specific and cross-
reactive protection and enhancement.  

To further investigate the role of dengue pathogenesis in vivo, a virulent, mouse 
peripherally-adapted strain of DENV2, D2S10, was generated by alternately passaging the virus 
through mice and mosquito cells ten times, harvesting mouse serum in each cycle [143]. A high 
inoculum of D2S10 administered to AG129 mice results in a lethal “vascular-leak” syndrome 
within 4-5 days. D2S10 has only two mutations, N124D and K128E, in the E protein that 
differentiate it from the parental clinical isolate PL046. These mutations decrease heparin sulfate 
binding and consequently reduce clearance of the virus, thus increasing viremia and contributing 
to the lethal disease phenotype [144]. A triple plaque-purified clone of D2S10, S221, has an 
additional mutation in NS1 and causes the same phenotype as D2S10 [123]. The DENV2 D2S10 
virus has been used to investigate the role of antibodies in mediating both protection against and 
enhancement of disease in Chapters 2,3,4 and 5. 
 
Unraveling the polyvalent antibody response to DENV: a complex interplay between 
neutralizing and enhancing DENV antibodies 
While MAb studies demonstrated that anti-EDIII mAbs were the most potently neutralizing, 
ELISA binding studies examining the composition of the polyvalent antibody repertoire 
comparing humans with neuro-invasive and non-neuroinvasive WNV disease suggested that a 
very small percentage of the total human antibody repertoire targeted EDIII [60]. In a separate 
DENV-specific study, antibodies targeting EDIII were depleted from primary DENV-immune 
serum. Comparison of the binding and functional ability of control-depleted and EDIII-depleted 
serum similarly suggested that polyvalent DENV-immune serum contained only a small 
proportion of EDIII-specific antibodies, and that these antibodies functionally did not contribute 
to either serotype-specific or serotype-cross-reactive neutralization in vitro [145,146]. Binding 
studies using ablated EDIII epitopes supported these observations and suggested that >80% of 
the antibodies in both primary and secondary human cases bound to cross-reactive epitopes on 
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either the EDII fusion loop [147,148] or EDIII A strand [147]. Two independent, high 
throughput studies using alternate screening methods to analyze B cells from infected humans 
both isolated pools of mAbs that were largely cross-reactive [149,150]. Interestingly, a dominant 
focus of the immune response appears to target prM [149]. A third, recently-published study 
screened serum using whole virus rather than recombinant proteins and found, surprisingly, that 
only ~35% of antibodies bound to recombinant E protein, as compared to the whole virion [151]. 
These data indicate that the target of the humoral immune response may be to epitopes that have 
only recently become the subject of intense investigation [73].   
 

Thesis objectives 
 

Given the recent, conflicting observations about the role of different components of the immune 
response, the objective of this dissertation research was to use a small animal model system to 
dissect and identify the contribution of different components of the humoral immune response to 
mediating protection and enhancement following DENV infection. In Chapter 2, we discuss the 
development and characterization of a mouse model to study lethal, antibody-enhanced DENV 
disease in vivo. The third and fourth chapters of this dissertation use this model to investigate the 
relevant subsets of the humoral immune response that contribute to both protection and 
enhancement of DENV infection in vivo. In Chapter 4, we analyze the role of EDIII-specific 
antibodies from both human as well as murine DENV-immune serum. In Chapter 3, we examine 
the role of aglycosylated mAbs that cannot bind to the FcγR in mediating therapeutic protection 
following a lethal, antibody-enhanced DENV infection. The fifth chapter examines the 
hypothesis that different pools of antibodies (serotype-specific versus serotype-cross-reactive) 
mediate protection and enhancement of DENV or whether the same antibodies can be both 
protective and enhancement, but at different dilutions. As vaccine studies progress through Phase 
III trials [152], a more thorough understanding of the contribution of the humoral immune 
response to both protection and enhancement is essential. Further identification of the 
immunogenic and highly protective antibodies will be critical to development of a safe, long-
lasting and efficacious vaccine.  

 

 

 

 

 

 

 

 

 

 

 

 



 12 

REFRENCES 

1. Sabin AB (1950) The dengue group of viruses and its family relationships. Bacteriol Rev 14: 
225-232. 

2. Burke DS, Monath TP (2001) Flaviviruses; Knipe DM, Howley PM, editors. Philadelphia: 
Lippincott Williams and Wilkins. p. 1043-1126 p. 

3. Murphy BR, Whitehead SS (2011) Immune response to dengue virus and prospects for a 
vaccine. Annu Rev Immunol 29: 587-619. 

4. Gubler DJ (1998) Dengue and dengue hemorrhagic fever. Clin Microbiol Rev 11: 480-496. 
5. Gubler DJ (2002) The global emergence/resurgence of arboviral diseases as public health 

problems. Arch Med Res 33: 330-342. 
6. WHO (1997) Dengue haemorrhagic fever: diagnosis, treatment, prevention, and control.: 

WHO. 
7. Rodhain F, Rosen L (1997) Mosquito vectors and dengue virus-vector relationships. In: 

Gubler DJ, Kuno G, editors. Dengue and dengue hemorrhagic fever. New York: CAB Int. 
pp. 45-60. 

8. Effler PV, Pang L, Kitsutani P, Vorndam V, Nakata M, Ayers T, Elm J, Tom T, Reiter P, 
Rigau-Perez JG, Hayes JM, Mills K, Napier M, Clark GG, Gubler DJ (2005) Dengue 
fever, Hawaii, 2001-2002. Emerg Infect Dis 11: 742-749. 

9. Balmaseda A, Hammond SN, Tellez Y, Imhoff L, Rodriguez Y, Saborio SI, Mercado JC, 
Perez L, Videa E, Almanza E, Kuan G, Reyes M, Saenz L, Amador JJ, Harris E (2006) 
High seroprevalence of antibodies against dengue virus in a prospective study of 
schoolchildren in Managua, Nicaragua. Trop Med Int Health 11: 935-942. 

10. Burke DS, Nisalak A, Johnson DE, Scott RM (1988) A prospective study of dengue 
infections in Bangkok. Am J Trop Med Hyg 38: 172-180. 

11. Endy TP, Chunsuttiwat S, Nisalak A, Libraty DH, Green S, Rothman AL, Vaughn DW, 
Ennis FA (2002) Epidemiology of inapparent and symptomatic acute dengue virus 
infection: a prospective study of primary school children in Kamphaeng Phet, Thailand. 
Am J Epidemiol 156: 40-51. 

12. Standish K, Kuan G, Aviles W, Balmaseda A, Harris E (2010) High dengue case capture rate 
in four years of a cohort study in Nicaragua compared to national surveillance data. PLoS 
Negl Trop Dis 4: e633. 

13. Gibbons RV, Vaughn DW (2002) Dengue: an escalating problem. BMJ 324: 1563-1566. 
14. Sangkawibha N, Rojanasuphot S, Ahandrik S, Viriyapongse S, Jatanasen S, Salitul V, 

Phanthumachinda B, Halstead SB (1984) Risk factors in dengue shock syndrome: a 
prospective epidemiologic study in Rayong, Thailand. I. The 1980 outbreak. Am J 
Epidemiol 120: 653-669. 

15. Guzman MG, Kouri G, Valdes L, Bravo J, Alvarez M, Vazques S, Delgado I, Halstead SB 
(2000) Epidemiologic studies on Dengue in Santiago de Cuba, 1997. Am J Epidemiol 
152: 793-799; discussion 804. 

16. Guzman MG, Kouri GP, Bravo J, Soler M, Vazquez S, Morier L (1990) Dengue hemorrhagic 
fever in Cuba, 1981: a retrospective seroepidemiologic study. Am J Trop Med Hyg 42: 
179-184. 

17. Graham RR, Juffrie M, Tan R, Hayes CG, Laksono I, Ma'roef C, Erlin, Sutaryo, Porter KR, 
Halstead SB (1999) A prospective seroepidemiologic study on dengue in children four to 
nine years of age in Yogyakarta, Indonesia I. studies in 1995-1996. Am J Trop Med Hyg 
61: 412-419. 



 13 

18. Lindenbach BD, Rice CM (2001) Flaviviridae: the viruses and their replication. In: Knipe 
DM, Howley PM, Griffin DE, editors. Fields Virology. Philadelphia, PA: Lippincott 
William & Wilkins. pp. 991-1041. 

19. Mukhopadhyay S, Kim BS, Chipman PR, Rossmann MG, Kuhn RJ (2003) Structure of West 
Nile virus. Science 302: 248. 

20. van der Schaar HM, Rust MJ, Waarts BL, van der Ende-Metselaar H, Kuhn RJ, Wilschut J, 
Zhuang X, Smit JM (2007) Characterization of the early events in dengue virus cell entry 
by biochemical assays and single-virus tracking. J Virol 81: 12019-12028. 

21. van der Schaar HM, Rust MJ, Chen C, van der Ende-Metselaar H, Wilschut J, Zhuang X, 
Smit JM (2008) Dissecting the cell entry pathway of dengue virus by single-particle 
tracking in living cells. PLoS Pathog 4: e1000244. 

22. Modis Y, Ogata S, Clements D, Harrison SC (2004) Structure of the dengue virus envelope 
protein after membrane fusion. Nature 427: 313-319. 

23. Bressanelli S, Stiasny K, Allison SL, Stura EA, Duquerroy S, Lescar J, Heinz FX, Rey FA 
(2004) Structure of a flavivirus envelope glycoprotein in its low-pH-induced membrane 
fusion conformation. Embo J 23: 728-738. 

24. Mackenzie JM, Westaway EG (2001) Assembly and maturation of the flavivirus Kunjin 
virus appear to occur in the rough endoplasmic reticulum and along the secretory 
pathway, respectively. J Virol 75: 10787-10799. 

25. Zhang Y, Corver J, Chipman PR, Zhang W, Pletnev SV, Sedlak D, Baker TS, Strauss JH, 
Kuhn RJ, Rossmann MG (2003) Structures of immature flavivirus particles. Embo J 22: 
2604-2613. 

26. Zhang Y, Kaufmann B, Chipman PR, Kuhn RJ, Rossmann MG (2007) Structure of immature 
West Nile virus. J Virol 81: 6141-6145. 

27. Heinz FX, Stiasny K, Puschner-Auer G, Holzmann H, Allison SL, Mandl CW, Kunz C 
(1994) Structural changes and functional control of the tick-borne encephalitis virus 
glycoprotein E by the heterodimeric association with protein prM. Virology 198: 109-
117. 

28. Guirakhoo F, Heinz FX, Mandl CW, Holzmann H, Kunz C (1991) Fusion activity of 
flaviviruses: comparison of mature and immature (prM-containing) tick-borne 
encephalitis virions. J Gen Virol 72 ( Pt 6): 1323-1329. 

29. Stadler K, Allison SL, Schalich J, Heinz FX (1997) Proteolytic activation of tick-borne 
encephalitis virus by furin. J Virol 71: 8475-8481. 

30. Zheng A, Umashankar M, Kielian M (2010) In vitro and in vivo studies identify important 
features of dengue virus pr-E protein interactions. PLoS Pathog 6: e1001157. 

31. Kuhn RJ, Zhang W, Rossmann MG, Pletnev SV, Corver J, Lenches E, Jones CT, 
Mukhopadhyay S, Chipman PR, Strauss EG, Baker TS, Strauss JH (2002) Structure of 
dengue virus: implications for flavivirus organization, maturation, and fusion. Cell 108: 
717-725. 

32. Crill WD, Chang GJ (2004) Localization and characterization of flavivirus envelope 
glycoprotein cross-reactive epitopes. J Virol 78: 13975-13986. 

33. Kaufmann B, Nybakken GE, Chipman PR, Zhang W, Diamond MS, Fremont DH, Kuhn RJ, 
Rossmann MG (2006) West Nile virus in complex with the Fab fragment of a 
neutralizing monoclonal antibody. Proc Natl Acad Sci U S A 103: 12400-12404. 

34. Nybakken GE, Oliphant T, Johnson S, Burke S, Diamond MS, Fremont DH (2005) Structural 
basis of West Nile virus neutralization by a therapeutic antibody. Nature 437: 764-769. 



 14 

35. Fuchs A, Lin TY, Beasley DW, Stover CM, Schwaeble WJ, Pierson TC, Diamond MS 
(2010) Direct complement restriction of flavivirus infection requires glycan recognition 
by mannose-binding lectin. Cell Host Microbe 8: 186-195. 

36. Nelson S, Jost CA, Xu Q, Ess J, Martin JE, Oliphant T, Whitehead SS, Durbin AP, Graham 
BS, Diamond MS, Pierson TC (2008) Maturation of West Nile virus modulates 
sensitivity to antibody-mediated neutralization. PLoS Pathog 4: e1000060. 

37. Vogt MR, Dowd KA, Engle M, Tesh RB, Johnson S, Pierson TC, Diamond MS (2011) 
Poorly neutralizing cross-reactive antibodies against the fusion loop of West Nile virus 
envelope protein protect in vivo via Fcgamma receptor and complement-dependent 
effector mechanisms. J Virol 85: 11567-11580. 

38. Zybert IA, van der Ende-Metselaar H, Wilschut J, Smit JM (2008) Functional importance of 
dengue virus maturation: infectious properties of immature virions. J Gen Virol 89: 3047-
3051. 

39. Gentry MK, Henchal EA, McCown JM, Brandt WE, Dalrymple JM (1982) Identification of 
distinct antigenic determinants on dengue-2 virus using monoclonal antibodies. Am J 
Trop Med Hyg 31: 548-555. 

40. Brandt WE, Buescher EL, Hetrick FM (1967) Production and characterization of arbovirus 
antibody in mouse ascitic fluid. Am J Trop Med Hyg 16: 339-347. 

41. Henchal EA, Gentry MK, McCown JM, Brandt WE (1982) Dengue virus-specific and 
flavivirus group determinants identified with monoclonal antibodies by indirect 
immunofluorescence. Am J Trop Med Hyg 31: 830-836. 

42. Heinz FX, Berger R, Tuma W, Kunz C (1983) A topological and functional model of 
epitopes on the structural glycoprotein of tick-borne encephalitis virus defined by 
monoclonal antibodies. Virology 126: 525-537. 

43. Roehrig JT, Mathews JH, Trent DW (1983) Identification of epitopes on the E glycoprotein 
of Saint Louis encephalitis virus using monoclonal antibodies. Virology 128: 118-126. 

44. Henchal EA, McCown JM, Burke DS, Seguin MC, Brandt WE (1985) Epitopic analysis of 
antigenic determinants on the surface of dengue-2 virions using monoclonal antibodies. 
Am J Trop Med Hyg 34: 162-169. 

45. Cammack N, Gould EA (1986) Topographical analysis of epitope relationships on the 
envelope glycoprotein of yellow fever 17D vaccine and the wild type Asibi parent virus. 
Virology 150: 333-341. 

46. Hawkes RA, Roehrig JT, Hunt AR, Moore GA (1988) Antigenic structure of the Murray 
Valley encephalitis virus E glycoprotein. J Gen Virol 69 ( Pt 5): 1105-1109. 

47. Mandl CW, Heinz FX, Stockl E, Kunz C (1989) Genome sequence of tick-borne encephalitis 
virus (Western subtype) and comparative analysis of nonstructural proteins with other 
flaviviruses. Virology 173: 291-301. 

48. Rey FA, Heinz FX, Mandl C, Kunz C, Harrison SC (1995) The envelope glycoprotein from 
tick-borne encephalitis virus at 2 A resolution. Nature 375: 291-298. 

49. Roehrig JT, Johnson AJ, Hunt AR, Bolin RA, Chu MC (1990) Antibodies to dengue 2 virus 
E-glycoprotein synthetic peptides identify antigenic conformation. Virology 177: 668-
675. 

50. Roehrig JT, Risi PA, Brubaker JR, Hunt AR, Beaty BJ, Trent DW, Mathews JH (1994) T-
helper cell epitopes on the E-glycoprotein of dengue 2 Jamaica virus. Virology 198: 31-
38. 



 15 

51. Aaskov JG, Geysen HM, Mason TJ (1989) Serologically defined linear epitopes in the 
envelope protein of dengue 2 (Jamaica strain 1409). Arch Virol 105: 209-221. 

52. Lin B, Parrish CR, Murray JM, Wright PJ (1994) Localization of a neutralizing epitope on 
the envelope protein of dengue virus type 2. Virology 202: 885-890. 

53. Megret F, Hugnot JP, Falconar A, Gentry MK, Morens DM, Murray JM, Schlesinger JJ, 
Wright PJ, Young P, Van Regenmortel MH, et al. (1992) Use of recombinant fusion 
proteins and monoclonal antibodies to define linear and discontinuous antigenic sites on 
the dengue virus envelope glycoprotein. Virology 187: 480-491. 

54. Trirawatanapong T, Chandran B, Putnak R, Padmanabhan R (1992) Mapping of a region of 
dengue virus type-2 glycoprotein required for binding by a neutralizing monoclonal 
antibody. Gene 116: 139-150. 

55. Roehrig JT, Bolin RA, Kelly RG (1998) Monoclonal antibody mapping of the envelope 
glycoprotein of the dengue 2 virus, Jamaica. Virology 246: 317-328. 

56. Johnson AJ, Roehrig JT (1999) New mouse model for dengue virus vaccine testing. J Virol 
73: 783-786. 

57. Hiramatsu K, Tadano M, Men R, Lai CJ (1996) Mutational analysis of a neutralization 
epitope on the dengue type 2 virus (DEN2) envelope protein: monoclonal antibody 
resistant DEN2/DEN4 chimeras exhibit reduced mouse neurovirulence. Virology 224: 
437-445. 

58. Beasley DW, Barrett AD (2002) Identification of neutralizing epitopes within structural 
domain III of the West Nile virus envelope protein. J Virol 76: 13097-13100. 

59. Oliphant T, Engle M, Nybakken GE, Doane C, Johnson S, Huang L, Gorlatov S, Mehlhop E, 
Marri A, Chung KM, Ebel GD, Kramer LD, Fremont DH, Diamond MS (2005) 
Development of a humanized monoclonal antibody with therapeutic potential against 
West Nile virus. Nat Med 11: 522-530. 

60. Oliphant T, Nybakken GE, Austin SK, Xu Q, Bramson J, Loeb M, Throsby M, Fremont DH, 
Pierson TC, Diamond MS (2007) Induction of epitope-specific neutralizing antibodies 
against West Nile virus. J Virol 81: 11828-11839. 

61. Sukupolvi-Petty S, Austin SK, Purtha WE, Oliphant T, Nybakken GE, Schlesinger JJ, 
Roehrig JT, Gromowski GD, Barrett AD, Fremont DH, Diamond MS (2007) Type- and 
subcomplex-specific neutralizing antibodies against domain III of dengue virus type 2 
envelope protein recognize adjacent epitopes. J Virol 81: 12816-12826. 

62. Gromowski GD, Barrett ND, Barrett AD (2008) Characterization of dengue virus complex-
specific neutralizing epitopes on envelope protein domain III of dengue 2 virus. J Virol 
82: 8828-8837. 

63. Gromowski GD, Barrett AD (2007) Characterization of an antigenic site that contains a 
dominant, type-specific neutralization determinant on the envelope protein domain III 
(ED3) of dengue 2 virus. Virology 366: 349-360. 

64. Shrestha B, Brien JD, Sukupolvi-Petty S, Austin SK, Edeling MA, Kim T, O'Brien KM, 
Nelson CA, Johnson S, Fremont DH, Diamond MS (2010) The development of 
therapeutic antibodies that neutralize homologous and heterologous genotypes of dengue 
virus type 1. PLoS Pathog 6: e1000823. 

65. Sukupolvi-Petty S, Austin SK, Engle M, Brien JD, Dowd KA, Williams KL, Johnson S, 
Rico-Hesse R, Harris E, Pierson TC, Fremont DH, Diamond MS (2010) Structure and 
function analysis of therapeutic monoclonal antibodies against dengue virus type 2. J 
Virol 84: 9227-9239. 



 16 

66. Shresta S, Kyle JL, Snider HM, Basavapatna M, Beatty PR, Harris E (2004) Interferon-
dependent immunity is essential for resistance to primary dengue virus infection in mice, 
whereas T- and B-cell-dependent immunity are less critical. J Virol 78: 2701-2710. 

67. Chu JH, Chiang CC, Ng ML (2007) Immunization of flavivirus West Nile recombinant 
envelope domain III protein induced specific immune response and protection against 
West Nile virus infection. J Immunol 178: 2699-2705. 

68. Spohn G, Jennings GT, Martina BE, Keller I, Beck M, Pumpens P, Osterhaus AD, 
Bachmann MF (2010) A VLP-based vaccine targeting domain III of the West Nile virus 
E protein protects from lethal infection in mice. Virol J 7: 146. 

69. Martina BE, van den Doel P, Koraka P, van Amerongen G, Spohn G, Haagmans BL, 
Provacia LB, Osterhaus AD, Rimmelzwaan GF (2011) A recombinant influenza A virus 
expressing domain III of West Nile virus induces protective immune responses against 
influenza and West Nile virus. PLoS One 6: e18995. 

70. Block OK, Rodrigo WW, Quinn M, Jin X, Rose RC, Schlesinger JJ (2010) A tetravalent 
recombinant dengue domain III protein vaccine stimulates neutralizing and enhancing 
antibodies in mice. Vaccine 28: 8085-8094. 

71. Crill WD, Trainor NB, Chang GJ (2007) A detailed mutagenesis study of flavivirus cross-
reactive epitopes using West Nile virus-like particles. J Gen Virol 88: 1169-1174. 

72. Oliphant T, Nybakken GE, Engle M, Xu Q, Nelson CA, Sukupolvi-Petty S, Marri A, Lachmi 
BE, Olshevsky U, Fremont DH, Pierson TC, Diamond MS (2006) Antibody recognition 
and neutralization determinants on domains I and II of West Nile Virus envelope protein. 
J Virol 80: 12149-12159. 

73. Lok SM, Kostyuchenko V, Nybakken GE, Holdaway HA, Battisti AJ, Sukupolvi-Petty S, 
Sedlak D, Fremont DH, Chipman PR, Roehrig JT, Diamond MS, Kuhn RJ, Rossmann 
MG (2008) Binding of a neutralizing antibody to dengue virus alters the arrangement of 
surface glycoproteins. Nat Struct Mol Biol 15: 312-317. 

74. Cherrier MV, Kaufmann B, Nybakken GE, Lok SM, Warren JT, Chen BR, Nelson CA, 
Kostyuchenko VA, Holdaway HA, Chipman PR, Kuhn RJ, Diamond MS, Rossmann 
MG, Fremont DH (2009) Structural basis for the preferential recognition of immature 
flaviviruses by a fusion-loop antibody. Embo J 28: 3269-3276. 

75. Dowd KA, Jost CA, Durbin AP, Whitehead SS, Pierson TC (2011) A dynamic landscape for 
antibody binding modulates antibody-mediated neutralization of West Nile virus. PLoS 
Pathog 7: e1002111. 

76. Vogt MR, Moesker B, Goudsmit J, Jongeneelen M, Austin SK, Oliphant T, Nelson S, 
Pierson TC, Wilschut J, Throsby M, Diamond MS (2009) Human monoclonal antibodies 
against West Nile virus induced by natural infection neutralize at a postattachment step. J 
Virol 83: 6494-6507. 

77. Parren PW, Burton DR (2001) The antiviral activity of antibodies in vitro and in vivo. Adv 
Immunol 77: 195-262. 

78. Pierson TC, Diamond MS (2008) Molecular mechanisms of antibody-mediated neutralisation 
of flavivirus infection. Expert Rev Mol Med 10: e12. 

79. Pierson TC, Xu Q, Nelson S, Oliphant T, Nybakken GE, Fremont DH, Diamond MS (2007) 
The stoichiometry of antibody-mediated neutralization and enhancement of West Nile 
virus infection. Cell Host Microbe 1: 135-145. 



 17 

80. Pierson TC, Fremont DH, Kuhn RJ, Diamond MS (2008) Structural insights into the 
mechanisms of antibody-mediated neutralization of flavivirus infection: implications for 
vaccine development. Cell Host Microbe 4: 229-238. 

81. Mehlhop E, Ansarah-Sobrinho C, Johnson S, Engle M, Fremont DH, Pierson TC, Diamond 
MS (2007) Complement protein C1q inhibits antibody-dependent enhancement of 
flavivirus infection in an IgG subclass-specific manner. Cell Host Microbe 2: 417-426. 

82. Avirutnan P, Mehlhop E, Diamond MS (2008) Complement and its role in protection and 
pathogenesis of flavivirus infections. Vaccine 26 Suppl 8: I100-107. 

83. Kurane I, Hebblewaite D, Brandt WE, Ennis FA (1984) Lysis of dengue virus-infected cells 
by natural cell-mediated cytotoxicity and antibody-dependent cell-mediated cytotoxicity. 
J Virol 52: 223-230. 

84. Kurane I, Hebblewaite D, Ennis FA (1986) Characterization with monoclonal antibodies of 
human lymphocytes active in natural killing and antibody-dependent cell-mediated 
cytotoxicity of dengue virus-infected cells. Immunology 58: 429-436. 

85. Garcia G, Alvarez M, Santana E, Martinez JR, Alvarez A, Rodriguez R, Guzman MG (2003) 
[Detection of lymphoproliferative response in monkeys innoculated with dengue 4 virus]. 
Rev Cubana Med Trop 55: 27-29. 

86. Laoprasopwattana K, Libraty DH, Endy TP, Nisalak A, Chunsuttiwat S, Ennis FA, Rothman 
AL, Green S (2007) Antibody-dependent cellular cytotoxicity mediated by plasma 
obtained before secondary dengue virus infections: potential involvement in early control 
of viral replication. J Infect Dis 195: 1108-1116. 

87. Green S, Rothman A (2006) Immunopathological mechanisms in dengue and dengue 
hemorrhagic fever. Curr Opin Infect Dis 19: 429-436. 

88. Halstead SB (2003) Neutralization and antibody-dependent enhancement of dengue viruses. 
Adv Virus Res 60: 421-467. 

89. Sabin AB (1952) Research on dengue during World War II. Am J Trop Med Hyg 1: 30-50. 
90. Thein S, Aung MM, Shwe TN, Aye M, Zaw A, Aye K, Aye KM, Aaskov J (1997) Risk 

factors in dengue shock syndrome. Am J Trop Med Hyg 56: 566-572. 
91. Rothman AL (2010) Cellular immunology of sequential dengue virus infection and its role in 

disease pathogenesis. Curr Top Microbiol Immunol 338: 83-98. 
92. Innis BL (1997) Antibody responses to dengue virus infection. In: Gubler DJ, Kuno G, 

editors. Dengue and Dengue Hemorrhaggic Fever. New York: CAB Int. pp. 221-243. 
93. Endy TP, Nisalak A, Chunsuttitwat S, Vaughn DW, Green S, Ennis FA, Rothman AL, 

Libraty DH (2004) Relationship of preexisting dengue virus (DV) neutralizing antibody 
levels to viremia and severity of disease in a prospective cohort study of DV infection in 
Thailand. J Infect Dis 189: 990-1000. 

94. Kyle JL, Beatty PR, Harris E (2007) Dengue virus infects macrophages and dendritic cells in 
a mouse model of infection. J Infect Dis 195: 1808-1817. 

95. Kochel TJ, Watts DM, Halstead SB, Hayes CG, Espinoza A, Felices V, Caceda R, Bautista 
CT, Montoya Y, Douglas S, Russell KL (2002) Effect of dengue-1 antibodies on 
American dengue-2 viral infection and dengue haemorrhagic fever. Lancet 360: 310-312. 

96. Zompi S, Santich BH, Beatty PR, Harris E (2011) Protection from Secondary Dengue Virus 
Infection in a Mouse Model Reveals the Role of Serotype Cross-Reactive B and T Cells. 
J Immunol. 



 18 

97. van Panhuis WG, Luxemburger C, Pengsaa K, Limkittikul K, Sabchareon A, Lang J, Durbin 
AP, Cummings DA (2011) Decay and persistence of maternal dengue antibodies among 
infants in Bangkok. Am J Trop Med Hyg 85: 355-362. 

98. Halstead SB, O'Rourke EJ (1977) Antibody-enhanced dengue virus infection in primate 
leukocytes. Nature 265: 739-741. 

99. Boonnak K, Slike BM, Burgess TH, Mason RM, Wu SJ, Sun P, Porter K, Rudiman IF, 
Yuwono D, Puthavathana P, Marovich MA (2008) Role of dendritic cells in antibody-
dependent enhancement of dengue virus infection. J Virol 82: 3939-3951. 

100. Vaughn DW, Green S, Kalayanarooj S, Innis BL, Nimmannitya S, Suntayakorn S, Endy TP, 
Raengsakulrach B, Rothman AL, Ennis FA, Nisalak A (2000) Dengue viremia titer, 
antibody response pattern, and virus serotype correlate with disease severity. J Infect Dis 
181: 2-9. 

101. Kurane I, Ennis FA (1997) Immunopathogenesis of dengue virus infections. In: Guber DJ, 
Kuno G, editors. Dengue and Dengue Hemmorhagic Fever. New York: CAB 
International. pp. 273-290. 

102. Kliks SC, Nimmanitya S, Nisalak A, Burke DS (1988) Evidence that maternal dengue 
antibodies are important in the development of dengue hemorrhagic fever in infants. Am 
J Trop Med Hyg 38: 411-419. 

103. Chau TN, Quyen NT, Thuy TT, Tuan NM, Hoang DM, Dung NT, Lien LB, Quy NT, Hieu 
NT, Hieu LT, Hien TT, Hung NT, Farrar J, Simmons CP (2008) Dengue in vietnamese 
infants-results of infection-enhancement assays correlate with age-related disease 
epidemiology, and cellular immune responses correlate with disease severity. J Infect Dis 
198: 516-524. 

104. Mongkolsapaya J, Dejnirattisai W, Xu XN, Vasanawathana S, Tangthawornchaikul N, 
Chairunsri A, Sawasdivorn S, Duangchinda T, Dong T, Rowland-Jones S, 
Yenchitsomanus PT, McMichael A, Malasit P, Screaton G (2003) Original antigenic sin 
and apoptosis in the pathogenesis of dengue hemorrhagic fever. Nat Med 9: 921-927. 

105. Beaumier CM, Mathew A, Bashyam HS, Rothman AL (2008) Cross-reactive memory 
CD8(+) T cells alter the immune response to heterologous secondary dengue virus 
infections in mice in a sequence-specific manner. J Infect Dis 197: 608-617. 

106. Kabilan L, Balasubramanian S, Keshava SM, Thenmozhi V, Sekar G, Tewari SC, 
Arunachalam N, Rajendran R, Satyanarayana K (2003) Dengue disease spectrum among 
infants in the 2001 dengue epidemic in Chennai, Tamil Nadu, India. J Clin Microbiol 41: 
3919-3921. 

107. Jain A, Chaturvedi UC (2010) Dengue in infants: an overview. FEMS Immunol Med 
Microbiol 59: 119-130. 

108. Anders KL, Nguyet NM, Chau NV, Hung NT, Thuy TT, Lien le B, Farrar J, Wills B, Hien 
TT, Simmons CP (2011) Epidemiological factors associated with dengue shock 
syndrome and mortality in hospitalized dengue patients in Ho Chi Minh City, Vietnam. 
Am J Trop Med Hyg 84: 127-134. 

109. Marchette NJ, Halstead SB, O'Rourke T, Scott RM, Bancroft WH, Vanopruks V (1979) 
Effect of immune status on dengue 2 virus replication in cultured leukocytes from infants 
and children. Infect Immun 24: 47-50. 

110. Perret C, Chanthavanich P, Pengsaa K, Limkittikul K, Hutajaroen P, Bunn JE, Brabin BJ 
(2005) Dengue infection during pregnancy and transplacental antibody transfer in Thai 
mothers. J Infect 51: 287-293. 



 19 

111. Libraty DH, Acosta LP, Tallo V, Segubre-Mercado E, Bautista A, Potts JA, Jarman RG, 
Yoon IK, Gibbons RV, Brion JD, Capeding RZ (2009) A prospective nested case-control 
study of Dengue in infants: rethinking and refining the antibody-dependent enhancement 
dengue hemorrhagic fever model. PLoS Med 6: e1000171. 

112. Kliks SC, Nisalak A, Brandt WE, Wahl L, Burke DS (1989) Antibody-dependent 
enhancement of dengue virus growth in human monocytes as a risk factor for dengue 
hemorrhagic fever. Am J Trop Med Hyg 40: 444-451. 

113. Simmons CP, Chau TN, Thuy TT, Tuan NM, Hoang DM, Thien NT, Lien le B, Quy NT, 
Hieu NT, Hien TT, McElnea C, Young P, Whitehead S, Hung NT, Farrar J (2007) 
Maternal antibody and viral factors in the pathogenesis of dengue virus in infants. J Infect 
Dis 196: 416-424. 

114. Capeding RZ, Brion JD, Caponpon MM, Gibbons RV, Jarman RG, Yoon IK, Libraty DH 
(2010) The incidence, characteristics, and presentation of dengue virus infections during 
infancy. Am J Trop Med Hyg 82: 330-336. 

115. Appanna R, Ponnampalavanar S, Lum Chai See L, Sekaran SD (2010) Susceptible and 
protective HLA class 1 alleles against dengue fever and dengue hemorrhagic fever 
patients in a Malaysian population. PLoS One 5. 

116. Sessions OM, Barrows NJ, Souza-Neto JA, Robinson TJ, Hershey CL, Rodgers MA, 
Ramirez JL, Dimopoulos G, Yang PL, Pearson JL, Garcia-Blanco MA (2009) Discovery 
of insect and human dengue virus host factors. Nature 458: 1047-1050. 

117. Rico-Hesse R, Harrison LM, Salas RA, Tovar D, Nisalak A, Ramos C, Boshell J, de Mesa 
MT, Nogueira RM, da Rosa AT (1997) Origins of dengue type 2 viruses associated with 
increased pathogenicity in the Americas. Virology 230: 244-251. 

118. Messer WB, Vitarana UT, Sivananthan K, Elvtigala J, Preethimala LD, Ramesh R, Withana 
N, Gubler DJ, De Silva AM (2002) Epidemiology of dengue in Sri Lanka before and 
after the emergence of epidemic dengue hemorrhagic fever. Am J Trop Med Hyg 66: 
765-773. 

119. Laoprasopwattana K, Libraty DH, Endy TP, Nisalak A, Chunsuttiwat S, Vaughn DW, Reed 
G, Ennis FA, Rothman AL, Green S (2005) Dengue Virus (DV) enhancing antibody 
activity in preillness plasma does not predict subsequent disease severity or viremia in 
secondary DV infection. J Infect Dis 192: 510-519. 

120. Lai CJ, Goncalvez AP, Men R, Wernly C, Donau O, Engle RE, Purcell RH (2007) Epitope 
determinants of a chimpanzee dengue virus type 4 (DENV-4)-neutralizing antibody and 
protection against DENV-4 challenge in mice and rhesus monkeys by passively 
transferred humanized antibody. J Virol 81: 12766-12774. 

121. Goncalvez AP, Engle RE, St Claire M, Purcell RH, Lai CJ (2007) Monoclonal antibody-
mediated enhancement of dengue virus infection in vitro and in vivo and strategies for 
prevention. Proc Natl Acad Sci U S A 104: 9422-9427. 

122. Balsitis SJ, Harris E (2009) Animal models of dengue virus infection: applications, insights, 
and frontiers. In: Hanley KA, Weaver SC, editors. Frontiers in Dengue Virus Research. 
Norwich, UK: Horizon Scientific Press. 

123. Yauch LE, Zellweger RM, Kotturi MF, Qutubuddin A, Sidney J, Peters B, Prestwood TR, 
Sette A, Shresta S (2009) A protective role for dengue virus-specific CD8+ T cells. J 
Immunol 182: 4865-4873. 



 20 

124. Schul W, Liu W, Xu HY, Flamand M, Vasudevan SG (2007) A dengue fever viremia model 
in mice shows reduction in viral replication and suppression of the inflammatory 
response after treatment with antiviral drugs. J Infect Dis 195: 665-674. 

125. Tan GK, Ng JK, Trasti SL, Schul W, Yip G, Alonso S (2010) A non mouse-adapted dengue 
virus strain as a new model of severe dengue infection in AG129 mice. PLoS Negl Trop 
Dis 4: e672. 

126. Lin YL, Liao CL, Chen LK, Yeh CT, Liu CI, Ma SH, Huang YY, Huang YL, Kao CL, 
King CC (1998) Study of Dengue virus infection in SCID mice engrafted with human 
K562 cells. J Virol 72: 9729-9737. 

127. An J, Kimura-Kuroda J, Hirabayashi Y, Yasui K (1999) Development of a novel mouse 
model for dengue virus infection. Virology 263: 70-77. 

128. Blaney JE, Jr., Johnson DH, Manipon GG, Firestone CY, Hanson CT, Murphy BR, 
Whitehead SS (2002) Genetic basis of attenuation of dengue virus type 4 small plaque 
mutants with restricted replication in suckling mice and in SCID mice transplanted with 
human liver cells. Virology 300: 125-139. 

129. Bente DA, Melkus MW, Garcia JV, Rico-Hesse R (2005) Dengue fever in humanized 
NOD/SCID mice. J Virol 79: 13797-13799. 

130. Kuruvilla JG, Troyer RM, Devi S, Akkina R (2007) Dengue virus infection and immune 
response in humanized RAG2(-/-)gamma(c)(-/-) (RAG-hu) mice. Virology 369: 143-152. 

131. Hotta H, Murakami I, Miyasaki K, Takeda Y, Shirane H, Hotta S (1981) Inoculation of 
dengue virus into nude mice. J Gen Virol 52: 71-76. 

132. Chen ST, Lin YL, Huang MT, Wu MF, Cheng SC, Lei HY, Lee CK, Chiou TW, Wong CH, 
Hsieh SL (2008) CLEC5A is critical for dengue-virus-induced lethal disease. Nature 453: 
672-676. 

133. Shresta S, Sharar KL, Prigozhin DM, Snider HM, Beatty PR, Harris E (2005) Critical roles 
for both STAT1-dependent and STAT1-independent pathways in the control of primary 
dengue virus infection in mice. J Immunol 175: 3946-3954. 

134. Perry ST, Buck MD, Lada SM, Schindler C, Shresta S (2011) STAT2 mediates innate 
immunity to Dengue virus in the absence of STAT1 via the type I interferon receptor. 
PLoS Pathog 7: e1001297. 

135. Ashour J, Laurent-Rolle M, Shi PY, Garcia-Sastre A (2009) NS5 of dengue virus mediates 
STAT2 binding and degradation. J Virol 83: 5408-5418. 

136. Balsitis S, Coloma J, Castro G, Alava A, Flores D, McKerrow JH, Beatty PR, Harris E 
(2009) Tropism of dengue virus in mice and humans defined by viral nonstructural 
protein 3-specific immunostaining. Am J Trop Med Hyg 80: 416-424. 

137. Durbin AP, Vargas MJ, Wanionek K, Hammond SN, Gordon A, Rocha C, Balmaseda A, 
Harris E (2008) Phenotyping of peripheral blood mononuclear cells during acute dengue 
illness demonstrates infection and increased activation of monocytes in severe cases 
compared to classic dengue fever. Virology 376: 429-435. 

138. Jessie K, Fong MY, Devi S, Lam SK, Wong KT (2004) Localization of dengue virus in 
naturally infected human tissues, by immunohistochemistry and in situ hybridization. J 
Infect Dis 189: 1411-1418. 

139. Styer LM, Kent KA, Albright RG, Bennett CJ, Kramer LD, Bernard KA (2007) Mosquitoes 
inoculate high doses of West Nile virus as they probe and feed on live hosts. PLoS 
Pathog 3: 1262-1270. 



 21 

140. Kyle JL, Balsitis S, Zhang L, Beatty PR, Harris E (2008) Antibodies play a greater role than 
immune cells in heterologous protection against secondary dengue virus infection in a 
mouse model. Virology 380: 296-303. 

141. van den Broek MF, Muller U, Huang S, Aguet M, Zinkernagel RM (1995) Antiviral defense 
in mice lacking both alpha/beta and gamma interferon receptors. J Virol 69: 4792-4796. 

142. Yauch LE, Prestwood TR, May MM, Morar MM, Zellweger RM, Peters B, Sette A, Shresta 
S (2010) CD4+ T cells are not required for the induction of dengue virus-specific CD8+ 
T cell or antibody responses but contribute to protection after vaccination. J Immunol 
185: 5405-5416. 

143. Shresta S, Sharar KL, Prigozhin DM, Beatty PR, Harris E (2006) A murine model for 
dengue virus-induced lethal disease with increased vascular permeability. J Virol 80: 
10208-10217. 

144. Prestwood TR, Prigozhin DM, Sharar KL, Zellweger RM, Shresta S (2008) A Mouse-
Passaged Dengue Virus Strain with Reduced Affinity for Heparan Sulfate Causes Severe 
Disease in Mice by Establishing Increased Systemic Viral Loads. J Virol. 

145. Midgley CM, Bajwa-Joseph M, Vasanawathana S, Limpitikul W, Wills B, Flanagan A, 
Waiyaiya E, Tran HB, Cowper AE, Chotiyarnwon P, Grimes JM, Yoksan S, Malasit P, 
Simmons CP, Mongkolsapaya J, Screaton GR (2010) An in-depth analysis of original 
antigenic sin in dengue virus infection. J Virol 85: 410-421. 

146. Wahala WM, Kraus AA, Haymore LB, Accavitti-Loper MA, de Silva AM (2009) Dengue 
virus neutralization by human immune sera: role of envelope protein domain III-reactive 
antibody. Virology 392: 103-113. 

147. Crill WD, Hughes HR, Delorey MJ, Chang GJ (2009) Humoral immune responses of 
dengue fever patients using epitope-specific serotype-2 virus-like particle antigens. PLoS 
One 4: e4991. 

148. Lai CY, Tsai WY, Lin SR, Kao CL, Hu HP, King CC, Wu HC, Chang GJ, Wang WK 
(2008) Antibodies to envelope glycoprotein of dengue virus during the natural course of 
infection are predominantly cross-reactive and recognize epitopes containing highly 
conserved residues at the fusion loop of domain II. J Virol 82: 6631-6643. 

149. Dejnirattisai W, Jumnainsong A, Onsirisakul N, Fitton P, Vasanawathana S, Limpitikul W, 
Puttikhunt C, Edwards C, Duangchinda T, Supasa S, Chawansuntati K, Malasit P, 
Mongkolsapaya J, Screaton G (2010) Cross-reacting antibodies enhance dengue virus 
infection in humans. Science 328: 745-748. 

150. Beltramello M, Williams KL, Simmons CP, Macagno A, Simonelli L, Quyen NT, 
Sukupolvi-Petty S, Navarro-Sanchez E, Young PR, de Silva AM, Rey FA, Varani L, 
Whitehead SS, Diamond MS, Harris E, Lanzavecchia A, Sallusto F (2010) The human 
immune response to Dengue virus is dominated by highly cross-reactive antibodies 
endowed with neutralizing and enhancing activity. Cell Host Microbe 8: 271-283. 

151. de Alwis R, Beltramello M, Messer WB, Sukupolvi-Petty S, Wahala WM, Kraus A, 
Olivarez NP, Pham Q, Brian J, Tsai WY, Wang WK, Halstead S, Kliks S, Diamond MS, 
Baric R, Lanzavecchia A, Sallusto F, de Silva AM (2011) In-depth analysis of the 
antibody response of individuals exposed to primary dengue virus infection. PLoS Negl 
Trop Dis 5: e1188. 

152. Durbin AP, Whitehead SS (2011) Next-generation dengue vaccines: novel strategies 
currently under development. Viruses 3: 1800-1814. 

 



 

 22 

 
 
 
 
 
 
 

 
 
 
 

CHAPTER 2 
 

LETHAL ANTIBODY ENHANCEMENT OF DENGUE DISEASE IN MICE IS PREVENTED 
BY FC MODICFICATION  
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INTRODUCTION 
 
The four serotypes of dengue virus (DV) are mosquito-borne flaviviruses responsible for 

50-100 million human infections annually. Primary infection in individuals over the age of one 
year with any DV serotype is usually asymptomatic or results in self-limited dengue fever (DF), 
but secondary infection with another DV serotype carries an increased risk of severe disease, 
including life-threatening dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS) [1,2]. 
Fatal disease is characterized by increased vascular permeability leading to hemoconcentration 
and hypovolemic shock [3]. The increased severity of secondary infections is believed to result, 
at least in part, from antibody-dependent enhancement (ADE) of DV infection, in which FcγR 
engagement by antibody-virus immune complexes facilitates virus entry into susceptible myeloid 
cell types [4]. A role for ADE in human dengue pathogenesis is supported by observations that 
maternally-derived anti-DV antibodies increase the risk of DHF in infants during primary 
infection with DENV2 [5,6].  Antibody-mediated increases in DV viremia have been 
demonstrated in macaques, but a limited number of antibody conditions were examined, and 
exacerbation of dengue disease by passively transferred antibodies was not observed [7,8]. 
Consequently, fundamental questions about the immunology and pathogenesis of ADE have 
remained unanswered, and small animal models for testing antiviral interventions in the context 
of ADE have not been available.        
 Recently, we derived a mouse-adapted DV2 strain, D2S10, that produces a TNF-a-
dependent fatal vascular permeability syndrome in interferon-ab and g-receptor-deficient 
(AG129) mice 4-5 days after intravenous (iv) infection with 107 plaque forming units (pfu) of 
virus [9].  DV infection in AG129 mice reproduces important features of human DV infection, 
including similar tissue and cellular tropism, viremia, vascular leakage, and elevated serum 
cytokine levels [9,10,11,12].  Antibodies elicited by DV infection are a mixture of serotype-
specific and serotype-cross-reactive antibodies, including long-lasting neutralizing antibodies.  
Memory immune responses are present after primary DV infection, and serotype cross-protective 
immunity was observed in three different sequential infection scenarios [13].  Thus, we utilized 
the AG129 model to examine the effects of serotype cross-reactive antibodies on DV2 infection 
in vivo. In this report, we demonstrate lethal enhancement of DV infection and disease by both 
polyclonal and monoclonal antibodies. We also show that ADE functions to increase the viral 
burden in blood and tissues, resulting in a vascular permeability syndrome that is similar to that 
seen in mice with a higher inoculum in the absence of immune antibody and shares clinical 
features of human dengue disease. Finally, we confirm the critical role of FcγR interaction in 
ADE in vivo and provide proof-of-principle for a pre- and post-exposure treatment strategy 
utilizing genetically engineered monoclonal antibodies that can no longer bind FcγR. 

 
RESULTS 

Lethal enhancement of dengue disease by anti-DV serum.      
 Serum containing anti-DV1 antibodies was collected from AG129 mice 8 weeks after 
subcutaneous (s.c.) inoculation with 105 pfu of DV1 strain 98J. Heat-inactivated anti-DV1 serum 
exhibited a 50% neutralizing titer (NT50) against DV2 D2S10 of 1:296 and against DV1 98J of 
1:1,069 using a flow-based neutralization assay [14], peak enhancement titers of 1:75 against 
DV2 D2S10 (fold enhancement 14.8%) and 1:225 against DV1 98J (fold enhancement 10.7%) in 
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an in vitro ADE assay with FcγR-bearing human K562 cells, and ELISA titers of 400 and 3200 
against purified DV2 and DV1, respectively (data not shown). In addition, no residual DV1 
could be isolated following inoculation into C6/36 mosquito cells (data not shown). The effects 
of anti-DV1 serum on DV2 infection were investigated after intraperitoneal (i.p.) injection of 
100ml of either naïve mouse serum (NMS) or anti-DV1 serum, followed 24 hours later by i.v. 
challenge with 104-106 pfu of DV2.  Lethal infection controls received 107 pfu of DV2, and all 
mice were monitored for mortality for 10 days.  While no mortality was observed in NMS-
recipient mice infected with 106 pfu or less of DV2, 92-100% of anti-DV1 recipients died after 
inoculation with 105-106 pfu of DV2 (Figure 2.1A and Table 2.1) between 4 and 5 days post-
infection.  In both the 107 pfu infection controls and anti-DV1 recipients infected with 105 or 106 
pfu, lethal disease was accompanied by fluid accumulation in visceral organs characteristic of the 
vascular permeability syndrome induced by D2S10 [9] (Figure 2.1B). Mice administered anti-
DV1 serum and challenged with D2S10 also experienced significant increases in serum TNF-a 
(p < 0.01) and IL-10 (p < 0.01) and greater platelet depletion (p < 0.02), as compared to NMS-
recipient controls (Figure 2.1C-F); each of these disease parameters also correlates with dengue 
severity in humans [15,16,17].  

Anti-DV antibody increases systemic viral burden.          
 Viral burden was subsequently compared between anti-DV1 and NMS-recipient mice 
infected with 105 or 106 pfu DV2.  Viral burden was systemically increased in anti-DV1 versus 
NMS-recipient mice, with a 20-fold increase (p < 0.02) in viremia accompanied by significant 3- 
to 12-fold increases in viral load in multiple tissues (p < 0.04) including peripheral blood 
mononuclear cells, liver, small intestine, lymph node, and bone marrow (Figure 2.2A); non-
significant increases in the large intestine and spleen (p > 0.08) and lungs (data not shown) were 
observed. No statistically significant differences were observed in tested disease parameters, 
viral burden, or tissue tropism between 107 pfu of D2S10 infection in the absence of antibody 
and antibody-enhanced infection with 105 pfu of D2S10.  Notably, anti-DV antibodies also 
enhanced infection with non-adapted low-passage human DV isolates DV1 Western Pacific-74 
(Figure 2.2B) and DV2 TSV01 (Figure 2.2C), as determined by significant increases (p < 0.04) 
in viral burden in the liver and small intestine for both viruses, and in serum for DV2 TSV01. 
Although mortality was not observed, a subset of animals infected with DV1 Western Pacific-74 
under antibody-enhanced conditions displayed fluid accumulation in visceral organs and gross 
morphology similar to but less pronounced than that observed with enhanced DV2 D2S10 
disease. 

Increased infection of FcγR-bearing cells during ADE.         
 ADE is predicted to facilitate infection of FcγR-bearing cell types such as tissue 
macrophages and dendritic cells [4]; therefore, we examined the cellular tropism of DV2 in mice 
by immunostaining for the viral NS3 protein, which is only present during active replication of 
virus. As found in humans [11,18], infected cells with morphology and location consistent with 
tissue macrophages or dendritic cells [19,20] were detected in lymph node, small intestine, large 
intestine, and bone marrow under all infection conditions, and NS3+ cells with endothelial and/or 
phagocyte morphology were also observed in liver (Figure 2.3 and data not shown). Infection in 
myeloid cells was confirmed by co-staining of serial sections and bone marrow aspirates for NS3 
and the myeloid/macrophage marker F4/80 (data not shown). Furthermore, using flow 
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cytometry, DV NS3 and E protein were detected in bone marrow cells expressing myeloid 
markers CD11b, CD11c, and F4/80, and in liver DV infection was primarily in CD31+CD45- 
sinusoidal endothelial cells, which also express FcγR (Figure S2.1). Notably, significantly 
greater numbers of NS3+ cells (p < 0.05) were present in tissues of anti-DV1 recipient mice 
compared to naïve serum recipient controls infected with the same dose of DV2, supporting the 
hypothesis that ADE functions to increase the viral burden in cells and tissues.  

Effect of antibody dose on ADE in vivo.           
 While serotype cross-reactive immunity is implicated in the pathogenesis of severe 
dengue, serotype-specific immunity typically protects against re-infection with the same DV 
serotype [2]. However, in vitro studies suggest that all antibodies that neutralize infection are 
capable of ADE at some lower concentration [21]; therefore, we examined the effects of anti-
DV1 and anti-DV2 sera on DV2 D2S10 infection in mice over a range of doses. While the 
highest dose (400 µl) of anti-DV1 serum lethally enhanced infection (Figure 2.4A and Table 
2.2), recipients of 400 µl of anti-DV2 serum developed no signs of illness and lacked detectable 
viremia (Figure 2.4B and C; Table 2.2), confirming that serotype-specific antibodies can 
provide robust protection in this model.  However, lower doses of both anti-DV1 and anti-DV2 
serum caused lethal enhancement, showing that serotype-specific as well as serotype-cross-
reactive antibodies can also enhance infection in vivo in a dose-dependent manner (Figure 2.4A 
and B).  To assess the ability of the BHK PRNT50 assay to predict in vivo protection and 
enhancement in this mouse model, neutralizing activity was measured in the sera of mice 
immediately prior to infection with D2S10. Serum was collected approximately 18 hours post-
transfer of anti-DV antibodies, and 4 hours prior to infection. Similar to human studies [22], 
lethal enhancement occurred even in mice that had detectable neutralizing antibodies, although 
no lethality was observed in mice with PRNT50 values of >200.      
 To further define the characteristics of enhancing antibodies, we examined the ability of 
monoclonal antibodies (MAbs) to enhance DV disease in mice. Mice were inoculated with DV2 
D2S10 24 hours after transfer of increasing amounts of the flavivirus cross-reactive, neutralizing 
MAb 4G2 (Figure 2.4D). 4G2 caused lethal enhancement at doses of 0.062-4mg/kg (1.25-80 
µg/mouse), but no mortality occurred in mice receiving 20mg/kg (400 µg/mouse) or in IgG2a 
isotype control antibody recipients (Figure 2.4D and Table 2.2). 4G2, anti-DV1 serum, and anti-
DV2 serum all enhanced infection and disease over a ~60-fold range in concentration. 

ADE requires FcγR interaction in vitro and in vivo.        
 Since FcγR engagement is required for ADE in vitro [23], we hypothesized that 
eliminating the ability of antibodies to bind to FcγRs would prevent ADE in vivo. To test this, we 
first generated F(ab’)2 fragments of 4G2.  These fragments were indistinguishable from intact 
4G2 in their ability to bind to DV2 E protein by ELISA (Figure S2.2A), but were unable to 
enhance DV infection of the human FcγR-bearing cell line K562 (Figure 2.5A). In vivo, F(ab’)2 
fragments have a shorter serum half-life than intact IgG, thus it was necessary to identify a 
dosing regimen that would maintain serum concentration of F(ab’)2 fragments within the known 
enhancing range for intact IgG antibodies. Serum F(ab’)2 levels were measured one and 24 hours 
after i.v transfer of 20µg of F(ab’)2 by E protein ELISA; this dose maintains E-reactive 
antibodies at levels within the range where IgG causes enhancement for 24 hours (Figure 
S2.2C). To examine the effects of intact IgG and F(ab’)2 in vivo, we compared the enhancing 
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effects of a single dose of 4G2 MAb with daily 20µg doses of 4G2 F(ab’)2 (Figure 2.5B). 
Whereas significant mortality was observed in 4G2 MAb recipients (p < 0.04) no illness 
occurred in 4G2 F(ab’)2 or IgG2a isotype control recipients (Figure 2.5C).  Viremia measured at 
3.5 days post-infection in F(ab’)2 recipients was significantly reduced (p < 0.03) compared to 
isotype control antibody recipients (Figure 2.5D), suggesting that loss of FcγR interaction not 
only diminished enhancement but also promoted neutralization to reduce viral load.  
 We followed up these studies using a MAb genetically engineered to eliminate FcγR 
binding.  MAb E60 is a flavivirus cross-reactive neutralizing mouse IgG2a antibody that, similar 
to 4G2, binds to an epitope in the fusion peptide of domain II on the E protein [24,25]. This MAb 
was cloned and the constant regions replaced [26] with those from human IgG1 to create an E60-
chimeric human IgG1 (E60-hIgG1). In addition, an asparagine to glutamine variant at position 
297 in human IgG1 was engineered (E60-N297Q), as this mutation abolishes FcγR binding 
without altering the half-life of the antibody in mouse serum [27]. Affinity measurements 
conducted by surface plasmon resonance indicated that E60-mouse IgG2a (E60-mIgG2a), E60-
hIgG1, and E60-N297Q all exhibited similar binding to purified E protein (Figure S2.3A) and 
DV2-infected cells by flow cytometry (data not shown), as well as similar neutralizing activity 
against DV2 by both PRNT50 assay (0.23, 0.25, and 0.42 µg/ml, respectively) and a 
neutralization assay using DC-SIGN-expressing human target cells (Figure S2.3B). However, as 
expected, E60-mIgG2a and E60-hIgG1 enhanced DV2 infection of K562 cells in vitro whereas 
E60-N297Q did not (Figure 2.6A).          
 To test the ability of the E60-N297Q variant to enhance DV infection in vivo, mice were 
administered 20µg of E60-mIgG2a, E60-hIgG1, and E60-N297Q 24 hours prior to infection with 
106 pfu of D2S10. Whereas both E60-mIgG2a and E60-hIgG1 consistently caused antibody-
dependent mortality 4 to 5 days post-infection, equivalent doses of E60-N297Q caused neither 
morbidity nor mortality (Figure 2.6B). Instead, viremia and tissue viral burden in E60-N297Q 
recipients were substantially reduced, demonstrating that the N297Q mutation converted the in 
vivo effect of E60 on viral burden from enhancement to neutralization (Figure 2.6C, data not 
shown).             
 The N297Q mutation also abolishes binding to complement component C1q [27].  
Consequently, we generated a second variant antibody, E60-A330L, to assess whether the loss of 
C1q binding or the loss of FcγR binding explained the inability of E60-N297Q to mediate ADE.  
E60-A330L does not bind C1q but retains binding to FcγR [28], and we confirmed this by 
surface plasmon resonance (data not shown). E60-A330L exhibited similar binding and 
neutralization activity to E60-hIgG1, enhanced DV infection in vitro in K562 cells, and lethally 
enhanced a DV2-D2S10 infection in vivo (Figure S2.3B, C, and D, and data not shown).  Thus, 
C1q interaction was not required for ADE in vitro or in vivo, and a loss of C1q binding does not 
explain the inability of E60-N297Q to enhance DV infection. 

An antibody that cannot bind FcγR has both prophylactic and therapeutic potential.      
 The experiments above suggested that an N297Q variant antibody against DV could have 
potential as an antiviral intervention. To assess this, 20µg of E60-hIgG1 or E60-N297Q was 
administered concurrently with 25ml of anti-DV1 serum 1 day prior to infection with DV2.  E60-
N297Q protected mice against any signs of illness, whereas all recipients of anti-DV1/E60-
hIgG1 succumbed to infection (Figure 2.7A).  Post-exposure therapeutic application of E60-
N297Q was evaluated by administering 25ml anti-DV1 serum to mice, followed by infection 
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with DV2 the next day, and i.v. administration of E60-N297Q or E60-hIgG1 on day 1 or 2 post-
infection. While all mice treated with E60-hIgG1 succumbed to infection, lethality was 
completely prevented by a single 20µg dose of E60-N297Q on day 1 (Figure 2.7B and data not 
shown), and E60-N297Q treatment significantly decreased viremia, tissue viral burden, and 
serum TNF-a levels as measured 3.5 days post-infection (Figure S2.4, p < 0.04). Moreover, 20 
or 50µg doses of E60-N297Q administered on day 2 resulted in 40% and 80% survival, 
respectively, demonstrating therapeutic efficacy for this antibody in mice (Figure 2.7B).    
 
MAbs 82.11 and 87.1 complexed with either mouse Igγ2A or human Igγ1 Fc regions are 
equivalently enhancing in vivo.   
 We next wanted to determine whether human aglycosylated antibodies could be used to 
treat lethal, antibody-enhanced disease. Before beginning these studies, we first needed to 
determine that mAbs with the same F(ab)’2 but with either a human or mouse Fcγ constant 
region would be able to interact equivalently with mouse FcγR. To ask this question, we created 
chimeric mAbs using human mAb 82.11 and 87.1, where each mAb was engineered with either 
mouse Igγ2A or human Igγ1. 5 µg of either the wildtype and mouse chimeric MAbs were 
subsequently administered in vivo 24 hours prior to a sublethal 105 pfu DENV2 D2S10 infection. 
Mice receiving either mouse or human 87.1 demonstrated 33% and 67% survival, respectively, 
while mice receiving either variant of 82.11 all succumbed to a lethal infection (Figure 2.8). 
This data allows us to conclude that mAbs with human Igγ1 can interact with mouse FcR, and 
that human and mouse mAbs with the same F(ab)’2 fragment are equivalently enhancing in vivo. 
 
Human MAbs that cannot bind FcγR do not enhance DENV infection and show 
therapeutic efficacy in vivo.                
 We next tested two strongly neutralizing non-FcR-binding (LALA) human MAbs to 
determine whether these MAbs would be capable of similarly preventing enhancement or acting 
therapeutically following an antibody-enhanced infection. Unmodified or LALA variant MAbs 
were transferred into AG129 mice 24 hours prior to a sub-lethal infection with DENV2 strain 
D2S10. While mice pretreated with 1 or 5 µg unmodified MAbs DV87.1 and DV82.11 showed 
enhanced lethal DENV infection, mice receiving the same amounts of LALA variants did not 
succumb to infection (1 or 5 µg 87.1 LALA, p< 0.0253; 1 or 5 µg 82.11 LALA, p< 0.0455 as 
compared to mice which received PBS in place of MAb) (Figure 2.9A) or show signs of illness. 
In contrast, mice receiving 5 µg of the mouse MAb 4G2 (pan-flavivirus, E DI/II-specific), 
succumbed to an enhanced, lethal D2S10 infection, whereas 5 of 6 mice receiving PBS alone 
survived infection (Figure 2.9A).  

To determine whether survival following transfer of the DV87.1 LALA and DV82.11 
LALA variants was associated with reduced viral load, we measured the viral burden in serum 
and tissues 3.5 days following D2S10 antibody-enhanced infection. Serum viremia and tissue 
viral load measured in liver, small intestine and lymph node were significantly decreased in mice 
receiving 5 µg of either LALA variant as compared to mice receiving 5 µg of the parent 
unmodified MAbs (Figure 2.10A-D).  

To explore whether the LALA variants could serve as a possible therapy following 
DENV infection, we administered 50 µg of the LALA variants or unmodified MAbs to mice 24 
hours after infection with DENV2 D2S10 under enhancing conditions (24 hours after transfer of 
heterotypic anti-DENV1 serum. Mice receiving either the DV87.1 or DV82.11 LALA variant 



 

 28 

survived the normally lethal infection, whereas mice receiving the unmodified parent MAbs 
succumbed to infection, as did mice receiving non-binding isotype control (DV22.3 LALA MAb 
that only recognizes DENV4) or PBS  (82.11 LALA, p=0.011; 87.1 LALA, p=0.0015 as 
compared to non-treated control mice) (Figure 2.9B). In summary, these results demonstrate that 
engineering of the LALA mutation on strongly neutralizing MAbs abrogates the capacity for 
ADE and confers a protective phenotype as a post-exposure therapy in mice [29]. 

 
DISCUSSION 

 
Understanding the immunopathogenesis of DV infection has been severely hampered by 

the lack of a small animal disease model. Thus, studies of ADE have been limited to 
epidemiological observations and in vitro experimentation. Here, we present the first model of 
antibody-enhanced lethal dengue disease in vivo. This work describes a long-sought mouse 
model for investigation of dengue pathogenesis, characterizes a clinically important mechanism 
of immunopathogenesis, has implications for vaccine development, and identifies a possible 
antibody-based antiviral strategy to treat life-threatening DV infection.     
 Numerous attempts have been made to establish a mouse model of dengue disease and 
have been limited by the relatively low susceptibility of mice to DV infection. Previous models 
have included intracerebral inoculation of DV or injection of very high (>109 PFU) doses of 
virus into immunocompetent mice [30,31]; infection of SCID [32,33,34,35] or NOD/SCID or 
RAG2g(c)-/-mice [36,37] implanted with human cells or cell lines; and use of various 
immunodeficient strains of mice [38,39]. The most common outcome is neurovirulent disease, 
with a few recent exceptions [36,37]. Of these, the AG129 mouse model has proven both useful 
and tractable, as it is permissive to infection with all four DV serotypes, displays relevant tissue 
and cellular tropism, produces long-lasting serotype-specific and serotype-cross-reactive anti-DV 
antibodies of a balanced isotype ratio, and generates a vascular leakage syndrome that in many 
respects resembles human dengue disease [9,10,11,12,13]. Nonetheless, we acknowledge that the 
lack of IFN receptors limits reproduction of some facets of human disease, especially in relation 
to cytokine profiles or infection conditions that are modulated by IFNs. However, the many 
similarities with specific features of human DV infection and the critical role for FcγR in ADE in 
vivo that we demonstrate here support the use of the AG129 model for specific avenues of 
dengue research. Interestingly, IFN-receptor deficient mice (A129) have recently been 
successfully adapted for other mosquito-borne viruses, including both Chikungunya and yellow 
fever [40,41].           
 In vivo ADE models have also been established for other viruses including Yellow Fever 
Virus (YFV), Murray Valley Encephalitis Virus (MVEV), Japanese Encephalitis Virus (JEV), 
and Feline Infectious Peritonitis Virus (FIPV) [42,43,44,45,46,47], in which passive transfer of 
antibody increases viral titers and/or mortality.  These models show several parallels with our 
model of antibody-enhanced DENV infection: with FIPV, immune sera are able to enhance 
macrophage infection and disease during subsequent challenge with the same FIPV serotype in 
kittens [41, 46], and with MVEV, JEV, and YFV, enhanced mortality was observed in mice 
administered flavivirus cross-reactive polyclonal antibodies or non-neutralizing YFV-specific 
monoclonal antibodies [42-45]. However, none of these pathogens are associated with antibody-
enhanced disease in humans.  By modelling ADE with a pathogen known to cause antibody-
enhanced disease in humans and using a model that displays a variety of relevant disease 
phenotypes, this report extends previous work on ADE to the ability to model human disease 
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parameters and aid in the development of therapeutics.      
 In vivo evidence of ADE of DV infection was first described by Halstead et al [8] 
following the passive transfer of antibodies in the rhesus macaque. Similar data was recently 
obtained by Gonçalvez et al [7], where passive transfer of the serotype-cross-reactive MAb 1A5 
enhanced DV4 viremia over a ~30-fold concentration range (0.22-6 mg/kg). While both of these 
studies described elevated viremia, neither resulted in a clinical phenotype with parallels to 
human disease. Here, we describe enhancement of a mouse-adapted strain of DV2 by serotype-
specific and cross-reactive sera as well as by monoclonal antibodies. Importantly, 
characterization of antibody-dependent dengue disease in the AG129 mouse maintains several 
parallels with severe disease in humans. Hallmark features of human DHF/DSS are vascular 
leak, higher viral burden, increased levels of serum cytokines such as TNF-a and IL-10, and 
platelet depletion [48]. All of these features were observed in our mouse model of ADE. 
Moreover, the magnitude of DV enhancement also mimics that seen in humans and non-human 
primates.  We observed a 20-fold increase in viremia triggered by ADE; DV viremia in humans 
is reported to be 10- to 100-fold higher in DHF cases than in DF cases [49,50], and ADE in 
macaques increases viremia 5-100 fold [7,8]. Interestingly, in all of the disease parameters we 
examined, there was no apparent difference between lethality resulting from antibody-enhanced 
infection with a sublethal viral dose and lethality resulting from direct inoculation with a 100-
fold higher viral dose. Thus, this model did not reveal any fundamental difference in the 
mechanisms of pathogenesis between antibody-enhanced and non-enhanced infection; rather, 
lethality here appears to be a result of higher viral burden, regardless of how such a burden was 
achieved.            
 To ensure that enhanced disease in the AG129 model was not solely a feature of the 
mouse-adapted strain, mice were infected with clinical isolates DV1 Western Pacific-74 and 
DV2 TSV01 in the presence of anti-DV antibodies, and enhanced viremia was observed in both 
cases.  The lack of mortality in infections with these viruses is likely a result of the lower viral 
burden established by non-adapted strains even in the presence of enhancing antibody. 
Interestingly, mild fluid accumulation was also observed in the gastrointestinal organs in a subset 
of mice. As only a small fraction (0.5%) of human secondary DV infections results in severe 
disease, and some DV strains are more virulent than others based on genetic differences [51], the 
observed spectrum in disease severity is not surprising, but rather parallels the human condition.             
Immunohistochemical characterization of the cellular tropism associated with ADE using NS3-
specific antibodies indicated infection in cells with morphology consistent with dendritic cells 
and tissue macrophages in the lymph node, small intestine, large intestine and bone marrow. 
Further characterization by flow cytometry supported the IHC data and demonstrated infection, 
as evidenced by both anti-E and anti-NS3 staining, in cells with surface markers of monocytes 
and macrophages in the bone marrow and sinusoidal endothelial cells in the liver.  By both 
methodologies, the infected cell types identified in the murine model agree with those cells 
defined as the natural targets of DV in the human host [11,18]. Interestingly, the infected cell 
types did not change between an enhanced and non-enhanced DV infection; rather, 
quantification by both IHC and flow cytometry indicated an increase in the number of infected 
cells. Taken together, antibody-enhanced disease appears to result in increased infection in the 
natural targets of DV infection and resulting pathogenesis that does not significantly differ from 
the disease that results when a 100-fold higher dose of DV is used in the absence of enhancing 
antibody.            
 In human infants who have acquired maternal anti-DV antibody, severe dengue can occur 
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even when calculated neutralizing antibody titers against the secondary infecting serotype are 
>1:100 [52]. Similarly, children with detectable neutralizing antibody against the infecting virus 
strain can develop DHF during secondary DV infections [22].  These studies indicate that the in 
vitro neutralization assay using BHK21 cells is not a consistent correlate of protection in 
humans.  Similarly, our PRNT50 assays performed on serum samples from mice after antibody 
transfer but before virus challenge demonstrated that despite in vitro neutralizing activity at the 
time of infection, anti-DV1 sera, anti-DV2 sera, and 4G2 all enhanced infection in vivo. 
Enhanced disease was consistently observed in antibody-recipient mice with pre-infection 
neutralizing titers of <1:200, but not greater. Thus, substantial neutralizing antibody levels 
appear to be required to prevent severe disease in this model.  Of note, the passive transfer and 
primary infection scheme used does not examine anamnestic B and T cell immune responses, 
and thus, more accurately models DHF/DSS in infants with primary DV infection rather than 
secondary DV infections.         
 In vitro evidence had previously indicated that an interaction between the Fc portion of 
the antibody and the FcγR was necessary for ADE [7]; however, this hypothesis had never been 
corroborated in vivo. Using two different reagents – F(ab)’2 fragments of 4G2 and the N297Q 
variant of hE60-IgG1, we demonstrate that binding of the Fc portion of the antibody to the FcγR 
is required for ADE-induced disease. Further analysis with F(ab)’2 or the N297Q variant showed 
a reduction in viral titer below the level in mice receiving PBS in place of MAb. Thus, under 
conditions where the antibody cannot bind the FcγR, the F(ab) portion of the antibody can 
neutralize infection. These data also demonstrate that antibodies directed to the fusion loop in E 
domain II are capable of neutralizing DV infection independently from effector functions 
mediated by FcγR and C1q.  Because the N297Q mutation also ablated the C1q binding site, we 
tested a second hE60 variant, hE60-A330L, that contained a mutation disrupting the complement 
C1q receptor binding site, but not the FcγR interaction. Mice receiving the hE60-A330L variant 
succumbed to an enhanced DV infection. This confirms that interaction of the anti-DENV MAb 
with the FcγR, and not binding of C1q, is essential for ADE in vivo.   
 Given the promising data with the hE60-N297Q variant, we tested the prophylactic and 
therapeutic efficacy of this antibody. When given as prophylaxis together with an enhancing 
amount of anti-DV1 serum, hE60-N297Q was completely protective. Although interesting, a 
DENV prophylactic is not likely to be a clinically useful reagent. However, when given 24 hours 
after an enhanced DENV infection, E60-N297Q completely protected against mortality; 
likewise, tissue viral load and systemic TNF-a levels in these mice at 3.5 days post-infection 
were significantly reduced. Two different doses of E60-N297Q, 20 and 50 µg, were administered 
48 hours post-infection and resulted in 50% and 80% survival, respectively. Given the condensed 
timeframe of DENV pathogenesis in the AG129 model, E60-N297Q or similar therapeutic 
MAbs may have a broader time window for intervention and efficacy in humans or other animal 
models that display more protracted kinetics of DV infection.       
 In summary, we report the first animal model of lethal antibody-mediated enhancement 
of DV infection, describe virologic and pathologic changes induced by ADE, and define 
antibody conditions for protection and ADE in passive antibody transfer recipients. Furthermore, 
we show that antibodies engineered to prevent FcγR interaction exhibit prophylactic and 
therapeutic efficacy against DV infection, and thus have potential as a novel antiviral strategy 
against DV. 
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MATERIALS AND METHODS 

 
Ethics Statement. All experimental procedures were pre-approved by the UC Berkeley Animal 
Care and Use Committee and were performed according to the guidelines of the UC Berkeley 
Animal Care and Use Committee. 
Viruses, cell lines and monoclonal antibodies. DV was propagated in the Aedes albopictus cell 
line C6/36 (American Type Culture Collection [ATCC]) as described elsewhere [53]. DV2 strain 
D2S10 (passaged 4 times in C6/36 cells) was derived in our laboratory [9] from the parental 
DV2 PL046 Taiwanese isolate as previously described [9]. The DV1 strain 98J was isolated in 
our laboratory from a patient from Guyana in 1998 [54] and passaged 7 times in C6/36 cells. The 
DV1 strain Western Pacific 74, originally isolated in Nauru in 1974, was obtained from the 
National Institutes for Biological Standards and Control (Hertfordshire, UK) and passaged 3 
times in C6/36 cells. The DV2 strain TSV-01, isolated in Townsville, Australia, in 1993 was 
obtained from W. Schul, passaged ~10 times in C6/36 cells (Novartis Institute for Tropical 
Diseases, Singapore) [10].  Virus titers were obtained by plaque assay on baby hamster kidney 
cells (BHK21, clone 15) as described [53].  For mouse experiments, virus was concentrated by 
centrifugation at 53,000 x g for 2 hours at 4°C and resuspended in cold PBS with 20% FBS 
(HyClone, Thermo Scientific). U937 DC-SIGN cells were obtained from A. de Silva (University 
of North Carolina, Chapel Hill) and grown in RPMI media (Invitrogen) at 37°C in 5% CO2. 
K562 cells were used for all enhancement assays and grown in RPMI media (Invitrogen) at 37°C 
in 5% CO2. The hybridoma of MAb 4G2 was purchased from ATCC, grown in serum-free 
medium (Invitrogen), and purified using protein G affinity chromatography (Thermo Scientific).  
Mouse mAbs Mouse mAb E60 and human E60-IgG1 (hE60), were obtained from M. Diamond, 
and hE60-N297Q was obtained from S. Johnson (MacroGenics, Inc.) The mouse E60 IgG2a 
mAb was originally generated against WNV E protein, reacts with an epitope in the fusion 
peptide in DII, and cross-reacts with DV E proteins [25]. The generation of a chimeric human-
mouse E60 with the human IgG1 constant regions and the mouse VH and VL was performed as 
described previously [26]. Point mutations in the Fc region that abolish FcγR and C1q binding 
(N297Q) or C1q binding alone (A330L) were introduced by QuikChange mutagenesis 
(Stratagene). All recombinant antibodies were produced after transfection of HEK-293T cells, 
harvesting of supernatant, and purification by protein A affinity chromatography. 
Human mAbs Human mAbs 82.11 and 87.1 were obtained from F. Sallusto and A. 
Lanzavecchia (Institute for Research in Biomedicine, Bellinzona Switzerland)  and are human in 
origin. Peripheral blood mononuclear cells were isolated and cryopreserved from donors who 
had been diagnosed with DENV infection. Previously sorted IgG+ memory B cells were 
immortalized using 20 cells/well in multiple cultures using EBV with CpG oligodeoxynucleotide 
2006 (Microsynth) and irradiated allogeneic PBMCs. The culture supernatants were 
subsequently screened for DENV-specific Mabs, and the positive cultures were cloned by 
limiting dilution. Domain-specific binding patterns were determined by ELISA using a yeast 
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display assay provided by M. Diamond.  The LALA variants were created by sequencing and 
cloning the variable regions of heavy-chain and light-chain genes by PCR. Leucine-to-alanine 
(LALA) mutations at positions CH2 1.3 and 1.2 of Igγ1 were introduced by site-directed 
mutagenesis (GenScript). Recombinant antibodies were produced in HEK-293T cells and 
purified by protein A affinity chromatography and size-exclusion chromatography.  
 
Infection of AG129 mice. AG129 mice [55] were originally obtained from M. Aguet (Swiss 
Institute for Experimental Cancer Research, Epalinges, Switzerland) and were bred in the 
University of California (UC) Berkeley Animal Facility. All experimental procedures were pre-
approved and were performed according to the guidelines of the UC Berkeley Animal Care and 
Use Committee. Generation of mouse anti-DV sera. 6-8 week-old AG129 mice were infected 
subcutaneously with 105 pfu of either DV1 strain 98J or DV2 strain PL046 or PBS. Mice were 
sacrificed by terminal bleed six to eight weeks after infection. Serum was separated from whole 
blood by centrifugation, heat-inactivated, and frozen at -80°C.  Enhancement of DENV in vivo. 
Mice were injected intraperitoneally with MAb, PBS, or anti-DV sera in a total volume of 400 
µl, then infected 20-24 hours later with DV by intravenous (iv) injection into the tail vein in a 
total volume of 100ml. In some experiments, 50-100 ml of blood was obtained via retro-orbital 
bleed approximately 18 hours post-transfer (i.e., 4-6 hours prior to DV infection) and processed 
into serum as above. 
 
Measurement of cytokines and platelet counts. Cytokines were measured using commercially 
available ELISA kits (EBioscience). Platelet counts were obtained by diluting 20µl of 
anticoagulated blood into Unopette reservoirs (BD) and counting on a hemocytometer.  
 
Quantitation of virus in tissues by plaque assay. Viral load was determined in the indicated 
tissues as previously described [53], and expressed as either pfu/g (all solid tissues) or pfu/109 
cells (bone marrow and PBMCs). To obtain PBMCs, 200-300µl of whole blood was collected 
into EDTA-coated microtainer tubes (Becton Dickinson) after cardiac puncture. Samples were 
washed 3 times in red blood cell lysis buffer (eBioscience) and once in cold PBS, and 
resuspended in 250ml alpha-MEM with 5% fetal bovine serum (FBS, Hyclone), 10mM Hepes 
(Invitrogen) and 100U penicillin/100 µg streptomycin (P/S; Invitrogen). 
 
Quantitation of virus in serum by quantitative RT-PCR. Viral RNA was extracted from 60ml 
serum aliquots using Qia-Amp Viral RNA recovery kit (Qiagen). Quantitation of viral RNA 
utilized Taqman reagents (One Step RT-PCR Kit, Applied Biosystems, Foster City, CA) and an 
ABI PRISM 7700 sequence detection system as described [56]. Viremia is expressed as plaque-
forming unit equivalents/ml, which was calculated by dividing the genomic RNA copy number 
in each sample by the genome:pfu ratio of C6/36-derived virus as determined by plaque assay 
and qRT-PCR. 
 
Immunohistochemistry. Tissues were collected at day 3.5 (n=3-6 mice per group), formalin-
fixed, and processed into paraffin sections.  Serial sections from each tissue were stained for NS3 
using MAb E1D8 or an isotype control as previously described [11].  For quantification of NS3+ 
cells, at least ten visual fields were counted for each sample except bone marrow, where four 
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fields from four independent sections were counted due to the small area of mouse bone cross-
sections. All pairwise comparisons were performed by two-sided Wilcoxon Rank Sum tests.  
 
Flow Cytometry. Bone marrow aspirates were collected by perfusing two femurs with cold, 
complete RPMI media (Invitrogen) containing 10% FBS (Hyclone), 10mM Hepes (Invitrogen) 
and 100U penicillin/100 µg streptomycin (P/S; Invitrogen). Resuspended cells were washed once 
in red cell lysis buffer and once in D-PBS (Invitrogen). The cells were subsequently resuspended 
in flow cytometry buffer containing D-PBS, 2.0% bovine serum albumin (BSA; Fisher 
Scientific) and 0.02% sodium azide (Sigma-Aldrich) and plated in a 96-well U-bottom plate 
(Becton- Dickinson) at 1x106 cells/ well. Cells were blocked with 5% normal rat serum (Jackson 
Laboratories) diluted in flow cytometry buffer. Bone marrow cells were stained extracellularly 
using CD11b-PeCy7 (eBioscience), CD11c-PE (eBioscience), and F4/80-TC (Caltag) or isotype 
control, and then fixed in 2% paraformaldehyde (Ted Pella, Inc.), washed and permeabilized 
with 0.1% saponin (Sigma-Aldrich), followed by intracellular staining with human anti-DV E 
MAb 87.1 (F. Sallusto and A. Lanzavecchia, Institute for Research in Biomedicine, Bellinzona, 
Switzerland) or isotype control MAb hIgG1 WNV-E16 (M.S. Diamond) followed by secondary 
goat anti-human IgG conjugated to Alexa488 (Invitrogen).  Livers were harvested into 10mL 
cold, complete RPMI media and subsequently digested using 20mg/mL collagenase VII (Sigma-
Aldrich), washed, and the digested tissue passed over a 70-mM cell strainer (Fisher). The 
resulting cells were centrifuged over an Optiprep gradient (14.7%/ 22.2%), washed once with D-
PBS, and plated in a 96-well plate at 1x106 cells/well. The cells were stained extracellularly 
using CD31-PE (eBioscience), fixed in 2% PFA, permeabilized with 0.1% saponin, and stained 
intracellularly with anti-NS3 MAb E1D8 conjugated to Alexa488 (Invitrogen) or isotype control 
(mIgG2a-Alexa488 (Invitrogen)). Data was collected using either an LSR II (BD) or FC-500 
(BD) flow cytometer and analyzed using FlowJo v8.8.6 software (TreeStar).  
 
Surface plasmon resonance Monoclonal antibodies at a concentration range of 12.5 to 200 nM 
were injected over the surface of a Biacore 3000 instrument with immobilized E protein (~300 
RU) at a flow rate of 30ml/min for 120 seconds and a dissociation time of 180 seconds. Binding 
curves at concentration zero were subtracted as blank. Kinetic parameters were calculated by 
fitting binding curves to a bivalent analyte binding model. The kinetic parameters were similar 
for binding of both MAb variants to E protein, as the difference between affinities is less than 
two-fold.  
 
Preparation of F(ab)’2 fragments and ELISA: 4G2 F(ab)’2 fragments were generated using 
the F(ab)’2 Preparation kit (Pierce) according to the manufacturer’s instructions. To ensure that 
the F(ab)’2 fragments did not contain residual Fc portions, the 4G2 F(ab)’2 proteins were diluted 
in SDS-PAGE loading dye, boiled, and electrophoresed on a 10-20% Tris-glycine gel (Bio Rad) 
and stained with Colloidal Blue (Invitrogen) overnight. To measure the stability of F(ab)’2 
fragments in vivo, sera from mice given different amounts of F(ab)’2 were tested by ELISA for 
DV2 E protein binding. In brief, ELISA plates (Fisher Scientific) were coated with 2mg/ml of 
recombinant DV2 E protein (Hawaii Biotech Inc.) in carbonate coating buffer, pH 9.6 overnight 
at 4°C. The plate was blocked for 1 hour at room temperature in 5% nonfat dry milk and 5% 
donkey serum (Jackson Laboratories) in PBS-0.5% Tween 20. After washing, 50ml of serum 
containing intact 4G2 or F(ab)’2 4G2 diluted 1:10 in blocking buffer was added to the plates.  
After washing, 100 ul of either goat anti-mouse anti-F(ab)’2 (Jackson Laboratories) or goat anti-
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mouse anti-Fc (Jackson Laboratories) diluted 1:1000 in PBS-T was added as secondary antibody. 
Biotinylated mouse anti-goat antibody (Jackson Laboratories) was added as a tertiary antibody, 
followed by streptavidin-alkaline phosphatase (Zymed). P-Nitrophenyl phosphate (PnPP; Sigma 
Aldrich) was added as the substrate, and the reaction was stopped 3M NaOH and read in an ELX-
808 ultra microplate reader (Bio-Tek Instruments) at 405 nm.  
 
Neutralization assay using U937 DC-SIGN cells and plaque reduction neutralization test. 
Serial 3-fold dilutions of antibodies were mixed with DV2 D2S10 virus at a multiplicity of 
infection (MOI) generating 7-15% infection of U937 DC-SIGN cells in a 96-well U bottom plate 
as described previously [14]. After infection for 24 hours, the cells were subsequently washed 
once with flow cytometry buffer, and fixed in 2% PFA for 10 minutes at room temperature. The 
cells were then permeabilized in FACS buffer with 0.1% saponin (Sigma Aldrich) and stained 
with 2.5µg/mL 4G2-Alexa 488 (Invitrogen). The cells were washed twice, and percent infection 
determined by flow cytometry on a Beckman Coulter EPICS XL flow cytometer. The resulting 
raw data was expressed in GraphPad Prism 5.0 software as percent infection versus log10 of the 
serum dilution, and a sigmoidal dose-response curve with a variable slope was applied to 
determine the antibody titer coinciding with a 50% reduction in infection as compared to the no-
serum control (NT50). The plaque reduction neutralization test (PRNT) was performed in 
duplicate as described previously [13].    
 
In vitro measurement of ADE. Serial 3-fold dilutions of antibody were mixed with DV2 D2S10 
virus in duplicate for 45 min at 37°C, then mixed with K562 cells at MOI of 1 for 48 hours [23] 
in a 96-well plate. The cells were subsequently washed once with FACS buffer and fixed in 2% 
PFA for 10 minutes at room temperature. To stain, the cells were permeabilized in FACS buffer 
with 0.1% saponin (Sigma Aldrich), and then stained with 2.5µg/mL 4G2-Alexa 488 
(Invitrogen). The cells were washed twice, and percent infection was determined by flow 
cytometry on a Beckman Coulter EPICS XL flow cytometer. The resulting data was expressed as 
percent cellular infection versus log10 of the serum dilution in Microsoft Windows Excel.  
 
Statistical analysis. Kaplan-Meier survival curves were used to display mortality data, and log 
rank analyses were used to determine statistical significance between experimental groups. Non-
parametric analyses using the two-sided Wilcoxon rank sum tests were used for pairwise 
comparisons of viral load, cytokines, and platelet counts. A Fisher’s exact test was used to 
examine survival on day 4 post-infection in F(ab’)2 experiments because the instability of 
F(ab’)2 fragments necessitated comparison at a single time point. Calculations were performed 
in GraphPad Prism 5.0 software. 
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Figure 2.1 Lethal enhancement of dengue disease by anti-DV sera.  A. Mice were 
administered 100ml naïve mouse serum (NMS) or anti-DV1 serum (a-DV1), challenged i.v. with 
the indicated dose of DV2 strain D2S10 24 hours later, and monitored for survival.  Kaplan-
Meier survival curves are shown; see Supplementary Table 1 for p-values. The numbers of mice 
per group are as follows: NMS + 107

 D2S10,15; NMS + 106 D2S10, 8; NMS + 105 D2S10, 11; 
NMS + 104 D2S10, 4; α98J + 106 D2S10, 12; α98J + 105 D2S10, 4; α98J + 104 D2S10, 4. B-F. 
Disease parameters were compared in mice receiving no virus, 107 pfu DV2, or 105 pfu DV2 
after transfer of naïve or anti-DV1 serum.  B. Vascular leak-associated fluid accumulation in 
visceral organs at day 3.5 post-infection (p.i.).  C-E.  Serum levels of TNF-a (c), IL-10 (d), and 
IL-6 (e) in infected mice at day 3.5 p.i. were measured by ELISA (eBioscience). F. Platelet 
counts in mice at day 3.5 p.i. were determined using a hemacytometer.  In (c-f), n=4 in all groups 
except the uninfected group in panel f, where n=12.  Error bars represent standard deviations, 
and two-sided Wilcoxon rank sum tests were used to determine statistical significance 
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Figure 2.2 Enhancement by heterologous anti-DV antibodies increases systemic viral 
burden of mouse-adapted and clinical isolates of DV. A. Mice were administered 100 µl NMS 
or anti-DV1 serum i.p. and infected 24 hours later with 105 pfu DV2 D2S10 i.v.; lethal infection 
controls were infected i.v. with 107 pfu DV2 D2S10. Viral burden was measured in the indicated 
tissues at day 3.5 p.i. by qRT-PCR (serum) or plaque assay (all other tissues) as described in 
Materials and Methods. B. Mice were administered 100 µl NMS or anti-DV2 serum i.p. and 
infected the next day with 3x106 pfu DV1 Western Pacific-74 i.v.. Virus burden was measured in 
the indicated tissues at day 3.5 p.i. by qRT-PCR (serum) or plaque assay (all other tissues) as 
described in the Materials and Methods  C. Mice were administered 20 µg anti-DV MAb 4G2 or 
PBS i.p. and infected the next day with 106 pfu DV2 TSV01 i.v.. Virus burden was measured as 
in (A). Symbols indicate values in individual mice.  Limits of detection are represented by 
dashed lines when present, or the horizontal axes. All pairwise comparisons were performed by 
two-sided Wilcoxon Rank Sum tests. 
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Figure 2.3 Detection and quantification of DV-infected cells with or without antibody-
dependent enhancement.  Mice were administered naïve serum (NMS) or anti-DV1 serum and 
infected i.v. with 105 pfu DV2 the following day.  Controls were mock-infected or infected with 
107 pfu DV2 i.v.  A. Tissues were collected from all mice (n=3-6 per group) at day 3.5, formalin-
fixed, and processed into paraffin sections.  Serial sections from each tissue were stained with 
anti-DV NS3 antibody E1D8 (NS3) or an isotype control mouse IgG2a (IgG2a data not shown), 
and multiple sections of each tissue type were thoroughly examined for staining.  Positive 
staining for NS3 is brown while hematoxylin counterstain is blue.  Strong cytoplasmic staining 
observed with E1D8, but not IgG2a control antibody, was considered DV-specific when 
observed in infected mice but not uninfected controls.  NS3+ cells in lymph node, small intestine, 
and large intestine exhibited morphology and location consistent with tissue macrophages under 
all infection conditions (arrowheads). In liver, NS3+ cells were consistent with tissue 
macrophages and/or endothelial cells.  Serial sections showed the F4/80 macrophage marker 
staining in the same locations where infected cells were present in lymph nodes, small intestine, 
large intestine, and bone marrow (data not shown).  B. NS3+ cells per visual field were 
quantified.  At least ten visual fields were counted for each sample except bone marrow, where 
four fields from four independent sections were counted due to the small area of mouse bone 
cross-sections.  All pairwise comparisons were performed by two-sided Wilcoxon Rank Sum 
tests. 
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Figure 2.4 Antibody conditions for enhancement of DV infection.  A. Mice were 
administered 1.6-400 µl anti-DV1 serum i.p., and pre-infection serum samples were collected the 
next day.  Mice were then infected with 105 pfu DV2 i.v. and monitored for survival.  
Neutralizing activity of each pre-infection serum was determined in duplicate by PRNT50 assay 
on BHK21-15 cells.  For each serum dose, PRNT50 results are displayed as the average of 3 to 4 
mice, with the range in brackets. B. Serum transfers, bleeds, virus challenges, and PRNT assays 
were performed as in (A), but using anti-DV2 serum generated in AG129 mice.  C. Viremia was 
measured in naïve serum controls (n=4) and recipients of 400 µl anti-DV2 serum (n=3) on day 4 
p.i. by qRT-PCR. D. Mice were administered 1.25-400 µg of anti-DV monoclonal antibody 4G2, 
and pre-infection bleeds, challenges, and PRNT assays were performed as in (A). 
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Figure 2.5 Antibodies that lack the Fc region fail to mediate ADE and instead protect 
against lethal challenge. A. Infection of K562 cells by DV2 in the presence of 4G2 MAb or 
4G2 F(ab’)2 fragment was determined 48 hours p.i. by staining with Alexa488 anti-DV E protein 
MAb followed by flow cytometry.  Average infection without antibody was 0.74%. B. Dosing 
scheme used to compare the in vivo effects of F(ab’)2 and intact MAb.  Mice were administered 
intact 4G2 or IgG2a control MAb on day -1, or 20µg doses of F(ab’)2 every 24 hours beginning 
1 hour prior to infection, and were then challenged with 105 pfu of DV2 i.v.  C. Survival in mice 
from (B) receiving the indicated antibodies was scored on day 4 post-infection, and a two-sided 
Fisher’s exact test was used.  D. Viremia at day 4 p.i. in surviving mice from (C), measured by 
qRT-PCR.  Error bars represent standard deviations, and pairwise comparisons were performed 
by two-sided Wilcoxon rank sum tests. 
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Figure 2.6. Antibodies with a mutated FcγR binding site cannot enhance DV infection in 
vitro or in vivo. A. Infection of K562 cells by DV2 in the presence of E60-mIgG2a, E60-hIgG1, 
E60-N297Q. B. Mice were administered 20 µg of the indicated E60 MAbs, challenged 24 hours 
later with 106 pfu DV2 i.v., and monitored for survival (n=4 mice per group).  p=0.02 for E60-
hIgG1 versus E60-N297Q. C. Mice were administered E60 MAbs and virus as in (B), and viral 
burden in peripheral blood cells was measured by plaque assay (n= 4 mice per group).  
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Figure 2.7 Antibodies with a mutated FcγR binding site have both prophylactic and 
therapeutic potential and reduce viral load and serum TNF-α  in DV-infected mice. A. Mice 
were simultaneously administered 25 µl anti-DV1 serum and 20µg of the indicated E60 MAbs 
i.p., challenged 24 hours later with 2x105 pfu of DV2 i.v., and monitored for survival (n=5 mice 
per group).  p=0.009 for E60-hIgG1 versus E60-N297Q recipients. B. Mice were administered 
25 µl anti-DV1 serum i.p., challenged 24 hours later with 105 pfu of DV2 i.v., treated by i.v. 
administration of E60-N297Q at the indicated doses and days p.i., and monitored for survival.  p-
values compared to untreated controls (n=9) were: p=0.008 for 20 µg E60-N297Q on day 1 p.i. 
(n=5); p=0.005 for 20 µg E60-N297Q on day 2 p.i. (n=10); and p=0.02 for 50µg E60-N297Q on 
day 2 p.i. (n=5). Survival differences were compared using logrank tests. C. Mice were 
administered 25 µl of anti-DV1 serum i.p. and infected i.v. the next day with 105 pfu of DV2.  
Mice were injected i.v. with either PBS (untreated) or 20 µg E60-N297Q 24 hours later. On day 
3.5 p.i, mice were euthanized and serum and tissues were collected.  Viral burden in serum, 
small intestine, and bone marrow were measured by qRT-PCR for serum and plaque assay for 
solid tissues.  D. Serum TNF-α was measured by ELISA.  n=4 mice per group in all analyses.  
For viral load and TNF-α  values, error bars represent standard deviations, and pairwise 
comparisons were performed by two-sided Wilcoxon rank sum tests.   
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Figure 2.8 F(ab)’2 fragments with either mouse Igγ2A or human IgγI enhance a sublethal 
DENV2 D2S10 infection equivalently.  AG129 mice (n = 3/ group) were administered 5 µg of 
mAb 87.1 or 82.11 F(ab)’2 with either mouse (mse) Igγ2A or human (hu) Igγ1 24 hours prior to 
a sub-lethal DENV2 D2S10 infection. Animals were monitored for morbidity and mortality for 
10 days following infection.  
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Figure 2.9 LALA variants do not enhance DENV in vivo and demonstrate postexposure 
therapeutic efficacy A. (Top) 1 or 5 µg of DV87.1, DV87.1 LALA variant, 4G2, or PBS were 
transferred i.p. in 200 ml volume into AG129 mice (n = 3 per group). The mice were infected 
18–24 hr later with 106 pfu DENV-2 strain D2S10. (Bottom) 1 or 5 µg of DV82.11, DV82.11 
LALA variant, 4G2, or PBS were transferred i.p. in 200 ml volume into AG129 mice (n = 3 per 
group). The mice were subsequently infected 18–24 hr later with 106 pfu DENV-2 D2S10. All 
mice receiving LALA-variant MAbs survived as compared to mice receiving a lethal, antibody-
enhanced infection (1 or 5 µg DV87.1 LALA, p < 0.0253; 1 or 5 µg DV82.11 LALA, p < 0.0455 
compared to 4G2 MAb positive control). B. AG129 mice were administered 35 ml anti-DENV-1 
serum i.p. and were infected 24 hr later with 105 pfu of DENV-2 D2S10 i.v. At 24 hr after 
infection, the mice were treated with 50 µg of either DV87.1, n = 6; DV87.1 LALA, n = 6; 
DV82.11, n = 6; DV82.11 LALA, n = 5; DV22.3 LALA, n = 6; or PBS, n = 6 i.p. In all cases, 
mortality was monitored daily for 10 days. Mice treated with either 50 µg DV87.1 LALA (p < 
0.0015) or DV82.11 LALA (p < 0.011) 24 hr post infection survived significantly longer than 
mice receiving 50 µg of nonbinding LALA variant MAb DV22.3. 
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Figure 2.10 LALA variants protect against DENV2 infection by reducing viral load.   
AG129 mice (n=3 per group) were administered 5 g of either DV87.1, DV87.1 LALA, DV82.11 
or DV82.11 LALA i.p. and infected 18-24 h later with 106 pfu DENV-2 D2S10 i.v. The animals 
were sacrificed at day 3.5. (A-D) Virus burden was measured in the indicated tissues by either 
qRT-PCR (liver and serum) or plaque assay (small intestine and lymph node). Bars indicate 
mean SEM. The limit of detection for each panel is the x-axis. A two sample Wilcoxon rank sum 
analysis was used to compare viral load values between MAb variants. An asterisk indicates a p-
value <0.05 (p<0.0495 for comparisons between MAb variants in the liver, sera and lymph;  
p=0.0369 for comparison between DV87.1 MAb variants in the small intestine, and p=0.0463 
between DV82.11 MAb variants). 
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Table 2.1 Effect of anti-DV1 serum and viral dose on morbidity and mortality. 

Seruma DV2 
dose 
(pfu) 

morbidityb morbidity 
p-value 

vs. NMS 
controlc 

mortality mean 
survival 

time ± s.d. 
(days)d 

mortality p-
value vs. 

NMS controle 

NMSf 107 15/15  14/15 4.2 ± 0.4  

NMS 106 6/7  0/7 n.a.g  

α-DV1h 106 8/8 0.5 7/8 3.6 ± 0.3 0.003 

NMS 105 0/11  0/11 n.a.  

α-DV1 105 4/4 0.03 4/4 4.0 ± 0.0 0.001 

NMS 104 0/4  0/4 n.a.  

α-DV1 104 4/4 0.03 1/4 5.5 0.3 

a100 µl of the indicated antiserum was given to all mice in each group. 

bMice were scored as morbid if hunched posture, ruffled fur, and lethargy were simultaneously 
present at any time during the first ten days post-infection. 

cResult of two-sided Fisher’s exact test comparing α-DV1 recipients to NMS recipients at the 
same viral dose. 

dMean survival time of mice who succumbed to infection during 10-day timecourse. 

eResult of logrank analysis comparing anti-DV1 recipients to NMS recipients at the same viral 
dose. 

fNaive mouse serum. 

gNot applicable.  No mortality occurred in these groups. 

hAnti-DV1 serum collected 8 weeks after infection of AG129 mice with 105 pfu DV1. 
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Table 2.2 Morbidity and mortality with 105 pfu DV2 inoculation under varying antibody 
conditions. 

antiserum 
or 

antibody 

antiserum 
or 

antibody 
dosea 

morbidityb morbidity 
p-value 

vs. 
controlc 

mortality mean 
survival 

time ± s.d. 
(days)d 

mortality p-
value vs. 

NMS controle 

NMSf 100 0/11  0/11 n.a. g  

α-DV1h 400 4/4 0.001 4/4 4.5 ± 0.0 0.001 

α-DV1 100 4/4 0.001 4/4 4.0 ± 0.0 0.001 

α-DV1 25 4/4 0.001 4/4 4.2 ± 0.3 0.001 

α-DV1 6.25 4/4 0.001 2/4 5.0 ± 0.0 0.02 

α-DV1 1.25 0/4 1.0 0/4 n.a. 1.0 

α-DV2i 400 0/4 1.0 0/4 n.a. 1.0 

α-DV2 100 4/4 0.001 4/4 4.0 ± 0.0 0.001 

α-DV2 25 4/4 0.001 4/4 4.0 ± 0.0 0.001 

α-DV2 6.25 4/4 0.001 4/4 4.0 ± 0.0 0.001 

α-DV2 1.25 4/4 0.001 4/4 4.0 ± 0.0 0.001 

IgG2a 20 0/8  0/8 n.a.  

4G2 400 0/7 1.0 0/7 n.a. 1.0 

4G2 80 10/10 0.00002 9/10 4.4 ± 0.4 0.001 

4G2 20 5/5 0.0008 5/5 4.0 ± 0.4 0.005 

4G2 5 6/6 0.0003 6/6 4.4 ± 0.4 0.0005 

4G2 1.25 5/6 0.003 3/6 4.8 ± 0.3 0.03 
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aDose of antiserum administered in µl or dose of MAb administered in µg. 

bMice were scored as morbid if hunched posture, ruffled fur, and lethargy were simultaneously 
present at any time during the first ten days post-infection. 

cResult of two-sided Fisher’s exact test comparing antiserum recipients to NMS recipients, or 
4G2 recipients to IgG2a recipients. 

dMean survival time of mice who succumbed to infection during 10-day timecourse. 

eResult of logrank analysis comparing anti-DV1 recipients to NMS recipients at the same viral 
dose. 

fNaive mouse serum. 

gNot applicable.  No mortality occurred in these groups. 

hAnti-DV1 serum collected 8 weeks after infection of AG129 mice with 105 pfu DV1 strain 98J. 

iAnti-DV2 serum collected 8 weeks after infection of AG129 mice with 105 pfu DV2 strain 
PL046 



 

 54 

 

 
 



 

 55 

Supplementary Figure 2.1 Phenotyping of DV-infected cell types in bone marrow and liver 
under non-ADE and ADE conditions. Mice were administered naïve serum (NMS) and 24h 
later injected i.v. with either PBS (uninfected) or 105 DV2 D2S10 (non-ADE) or were infected 
with 105 DV2 D2S10 24h after receiving anti-DV1 serum (ADE). Bone marrow aspirates and 
livers were collected on day 3.5 p.i. A. The bone marrow cells were stained and collected as 
described in the materials and methods. The majority of DV+ cells were CD11b+ (65%); thus, 
cells were initially gated on CD11b. The isotype control for CD11b is depicted in pink in the 
initial histogram. Scatterplots of CD11b+ cells stained with anti-DV E or isotype control and 
either CD11c or F4/80 are shown for one representative animal out of six. Similar results were 
obtained using anti-DV NS3 MAb E1D8: of CD11b+ cells, 0.33%, 0.96% and 3.03% were 
CD11c+NS3+ in uninfected, non-ADE, and ADE conditions, respectively; and 0.39%, 0.96%, 
and 3.34% were F4/80+NS3+ in uninfected, non-ADE, and ADE conditions, respectively. B. 
Livers were processed and stained as desribed in the materials and methods. Data collection and 
analysis was performed as in (a). Scatterplots of cells stained with CD31+ and anti-DV NS3 or 
isotype control are shown for one representative animal out of six. Similar results were obtained 
with human anti-DV E. 
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Supplementary Figure 2.2 Characterization of F(ab’)2 fragments of 4G2.  MAb 4G2 was 
processed into F(ab’)2 fragments using the Immunopure F(ab’)2 kit (Pierce).  A. Intact 4G2 and 
purified F(ab’)2 fragments were tested for reactivity against purified DV2 E protein (Hawaii 
Biotech Inc.) by ELISA and detected with anti-F(ab’)2-specific antibody. B. ELISA was 
performed as in (A), but with detection antibody specific for the Fc portion of mouse IgG. C. 
Mice were administered 4G2 i.p. at doses shown to enhance infection in vivo (5 or 80µg), and 
serum was collected 24 hours later. 4G2 F(ab’)2 fragments were administered to mice i.v. and 
serum collected 1 and 24 hours later.  Serum levels of intact 4G2 and F(ab’)2 fragment were 
measured by reactivity to DV2 E protein by ELISA using anti-F(ab’)2-specific antibod 
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Supplementary Figure 2.3 Further characterizations of E60 antibody variants.                    
A. Monoclonal antibodies at a concentration range of 12.5-200nM were injected over the surface 
of a Biacore 3000 with immobilized E protein (~300RU) at a flow rate of 30ml/min for 120sec 
and a dissociation time of 180 sec. Binding curves at concentration zero were subtracted as 
blank. Kinetic parameters were calculated by fitting binding curves to a bivalent analyte binding 
model. The kinetic parameters are similar for binding of both MAb variants to E protein, as the 
difference between affinities is less than two-fold. B. Neutralizing activity of E60 variants on 
DC-SIGN-expressing U937 cells.  DV2 was incubated with the indicated concentrations of each 
E60 variant MAb, applied to U937 cells expressing the DV attachment receptor DC-SIGN, and 
the percentage of cells infected with DV was assessed 24 hours later by flow cytometry staining 
with Alexa488-labelled anti-DV E protein MAb.  C. E60 A330L enhances DV infection in vitro.  
Enhancement assays were performed as in Figure 2.6A using E60-A330L.  E60-N297Q is shown 
for comparison.  D. E60 A330L enhances DV infection in vivo.  Mice were administered 20µg 
E60-A330L or PBS (no MAb) i.p, then infected 24 hours later with 106 pfu DV2 i.v.  Survival 
was monitored for 10 days.  n=4 for E60-A330L recipients. 
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CHAPTER 3 
 

MECHANSTIC ANALYSIS OF THERAPEUTIC EFFICACY OF AGLYCOSYLATED 
ANTIBODIES FOLLOWING LETHAL DENGUE VIRUS INFECTION 
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INTRODUCTION 
 
 Dengue, caused by the four serotypes of dengue virus (DENV1-4) is a mosquito-borne 
infectious disease found predominantly in tropical and sub-tropical regions of the world [1,2]. 
Symptoms associated with DENV infection can range from inapparent infections to classic 
dengue fever, a debilitating self-limited disease, to dengue hemorrhagic fever/dengue shock 
syndrome (DHF/DSS), characterized by vascular permeability and hypotensive shock [3]. In 
some Southeast Asian countries with high rates of co-circulation of different DENV serotypes, 
dengue is a major cause of pediatric hospitalization. In the absence of supportive care, fatality 
rates can reach 20-30% [1,4,5,6]. While several tetravalent vaccines [4,6,7] are currently in early 
stages of clinical evaluation, no vaccine has been licensed to date and no anti-viral therapeutic 
has been approved to treat DENV-induced disease in a clinical setting.  

Epidemiological analysis has identified a previous DENV infection as the greatest risk 
factor for the development of severe disease upon subsequent infection with a different DENV 
serotype [8,9,10,11,12]. Infection with one serotype provides life-long protection against re-
infection with the same serotype but may not protect against re-infection with a different 
serotype [13,14]. Only 60-70% amino acid homology exists among the four DENV serotypes 
[15]. Thus, while the adaptive immune response responds to a second DENV infection, it may 
lack the specificity to adequately neutralize the second infection, as it was originally developed 
against the serotype causing the first infection. This theory, termed “original antigenic sin”, 
offers an explanation for the increased risk of severe disease during secondary DENV infections 
[16,17]. Due to a number of factors including geographic expansion of the DENV vectors Aedes 
aegypti and Aedes albopictus and increased global urbanization, trade and travel, [18,19], there 
has been a substantial increase in not only the incidence of new dengue epidemics but also co-
circulation of the four DENV serotypes in the same region [20].  Over the past 35 years, the co-
circulation of all four serotypes of DENV has expanded to 60 countries and has resulted in an 
increased number of epidemics of severe disease in dengue-endemic regions previously known 
for outbreaks of only mild disease [1,21,22,23,24].  

DENV is a member of the flavivirus genus and a close relative of notable arboviral 
pathogens such as West Nile Virus and Yellow Fever Virus [15,25]. DENV has a 10.7-kb, 
positive-sense RNA genome composed of 3’ and 5’ untranslated regions that flank a polyprotein 
encoding three structural and seven non-structural proteins [26]. Of the three structural proteins, 
both the pre-membrane (prM/M) protein and the envelope protein (E) have been identified as the 
main antigenic targets of the humoral immune response in humans [27,28,29]. The E protein is 
composed of three structural domains, Domains I (EDI), II (EDII) and III (EDIII) [30,31,32,33], 
where EDII contains the fusion peptide [34] and EDIII contains viral receptor binding sites 
[35,36]. Recent investigations have identified a number of new epitopes on the E protein, the 
most potently neutralizing of which have been mapped to EDIII lateral ridge and A strand 
epitopes [37,38].  

While both the humoral and cellular arms of the adaptive immune response have been 
reported to contribute to the development of severe dengue disease, antibodies alone are 
sufficient to enhance DENV disease in vitro, a concept referred to as “antibody-dependent 
enhancement” (ADE) [39]. In an in vivo model of ADE, passive transfer of both monoclonal 
antibodies as well as polyvalent serotype-cross-reactive serum, when administered at sub-
neutralizing concentrations, is sufficient to enhance a sub-lethal dose of a mouse-adapted strain 
of DENV2, D2S10, in interferon α/β and γ-receptor deficient (AG129) mice [40,41]. The 
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resulting lethal antibody-enhanced disease is characterized by significantly increased viremia and 
tissue viral load, elevated pro-inflammatory cytokine levels, and vascular permeability resulting 
in fluid accumulation in the stomach and small intestine three to five days following infection 
[40,41]. Recently, our group reported that aglycosylated monoclonal antibodies (mAbs) targeting 
both the EDII fusion loop (E60 N297Q [40]) and the EDIII A strand (87.1 LALA and 82.11 
LALA [27]) that were genetically engineered to eliminate the glycosylation site required for FcR 
binding, when administered 24 hours following an antibody-enhanced DENV2 infection were 
sufficient to therapeutically prevent lethal disease and significantly reduce viral load in vivo. In 
this chapter, we expand upon these results and evaluate the ability of a panel of aglycosylated 
monoclonal antibodies targeting different epitopes on the E protein to act therapeutically 
following both a virus-only as well as an antibody-enhanced lethal infection. To this end, we 
identify relevant antibody characteristics that correlate with the ability of aglycosylated 
antibodies to act therapeutically, and we develop an in vitro assay to predict therapeutic efficacy 
following an antibody-enhanced DENV infection in vivo.  
 

RESULTS 
 
Wildtype mAbs act prophylactically to prevent antibody-enhanced lethal disease.   

Severe forms of DENV infection, including dengue hemorrhagic fever and dengue shock 
syndrome (DHF/DSS) can be fatal if not properly treated. Supportive fluid treatment is the 
recommended standard of care for treating DHF/DSS patients, and no therapeutic is currently 
licensed for use. In this study, we extended previous observations of the prophylactic and 
therapeutic efficacy of mAb E60 (anti-EDI/II fusion loop-specific mAb) [40] by studying a 
larger panel of monoclonal antibodies targeting additional epitopes located on the surface of the 
E protein homodimer, including the fusion loop and dimer interface on EDII and the C-C’ loop 
and A strand on EDIII (Figure 3.1).  

Previous studies indicated that mAb E60 targeting the fusion loop was prophylactic in the 
presence of an antibody-enhanced lethal infection as a non-modified mAb [40]. To test whether 
this efficacy was unique to mAb E60, we assessed the prophylactic efficacy of a number of mAb 
targeting different epitopes and spanning a wide range of neutralizing potency (Table 3.1).  
When administered at a dose of 50 µg concurrently with an enhancing amount of DENV1-
immune mouse serum, most non-modified mAb were prophylactic with the exception of 82.11, 
which only protected 50% of animals tested (Table 2). When 20 µg of wildtype mAb were tested 
prophylactically, mice receiving E28 were not protected, while mice receiving E44, E76, E87, 
E60 and 87.1 were protected. As a control, we also tested mAb 4G2, a group-reactive mAb that 
is modestly neutralizing in vitro (393 ng/mL) and can be enhancing in vivo over a range of 
concentrations from 2-80 µg. When administered concurrently with an enhancing dose of 
polyvalent DENV1-immune serum, 100 µg of 4G2 was completely protective, while a two-fold 
lower dose, 50 µg, was not protective (Table 3.2). These data demonstrate that even moderately 
neutralizing mAb can be prophylactically protective in the presence of an enhancing volume of 
DENV-immune serum and possibly imply a synergistic interaction with the antibodies found in 
DENV-immune serum. These in vivo data support the in vitro hypothesis [42,43] that antibodies 
bind and prevent infection when present at a stoichiometry sufficient to neutralize the flavivirus 
infection, even in the presence of enhancing concentrations of antibody.  Indeed, neutralizing 
potency appears to directly correlate with prophylactic efficacy, as only moderately neutralizing 
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mAb (NT50 of ≥150 ng/mL) failed to protect when administered at 20 or 50 µg (p<0.0253) as 
compared to strongly neutralizing mAb (NT50 <150 ng/mL). While an important validation of in 
vitro stoichiometrical observations, prophylactic prevention of disease is not a viable option 
when considering human DENV infection. Therefore, we next studied the therapeutic ability of 
the panel of mAbs when administered following lethal DENV challenge.  
 
Aglycosylated mAbs universally prevent virus-only lethal disease but not antibody-
enhanced lethal disease  

Although epidemiological studies have identified a prior infection with a different DENV 
serotype as the greatest risk factor for the development of severe disease, severe clinical 
manifestations have also been reported following a primary infection [44]. Previous data have 
indicated that wildtype mAbs cannot act therapeutically following an antibody-enhanced, lethal 
disease [40]. Therefore, we focused solely on the ability of aglycosylated mAb to act as a 
therapeutic agent. In order for a non-FcR-binding mAb to be a versatile therapeutic, these mAb 
must be functionally therapeutic following both a virus-only and an antibody-enhanced lethal 
DENV infection. To assess the ability of each mAb to protect against a lethal DENV infection, 
mice were infected with a lethal dose of DENV2 D2S10 and 24 hours later, administered 20 µg 
of each non-FcR-binding mAb. All of the non-FcR-binding mAbs tested prevented development 
of overt disease and protected against death (Figure 3.2A, Table 3.3). We subsequently tested 
whether the same mAb would be able to protect against an antibody-enhanced lethal DENV 
infection. To this end, we passively administered anti-DENV1 serum 24 hours prior to a sub-
lethal infection of DENV2 D2S10 and treated the animals 24 hours following infection with 20 
µg of each non-FcR-binding mAb. Of all the mAb tested, only E60 N297Q (p<0.001 as 
compared to non-treated mice) and 87.1 LALA (p<0.01 as compared to non-treated mice), 
targeting the fusion loop and A-strand, respectively, prevented mortality (Figure 3.2B and 
Table 3.3). MAb E76 N297Q (p<0.05 as compared to PBS-treated mice) and 82.11 LALA 
(p=0.189 as compared to PBS-treated mice) resulted in 67% and 50% survival, respectively. 
MAb E44 N297Q and E87 N297Q did not prevent the development of lethal disease (Figure 
3.2B, Table 3.3).  

 
Not all mAbs targeting the fusion loop demonstrate therapeutic efficacy following 
antibody-enhanced lethal disease.  

To determine why certain non-FcR-binding mAbs were efficient therapeutically 
following a virus-only lethal infection but not an antibody-enhanced infection, we examined a 
number of different in vitro characteristics of each mAb, including epitope specificity, 
neutralization potency and mAb avidity. As E60 N97Q has previously been demonstrated to be 
completely therapeutic 24 hours following DENV infection and protective in a dose-dependent 
fashion when administered 48 hours following infection [40], we hypothesized that the fusion 
loop epitope might be an important target for therapeutic mAbs. Therefore, we tested two 
additional aglycosylated mAbs, E18 and E28 that also target the fusion loop to determine their 
therapeutic efficacy following both a lethal and an antibody-enhanced DENV infection. Whereas 
all of the animals treated with mAb E18 and E28 after a virus-only lethal infection survived 
(p<0.01 for both E18 N297Q and E28 N297Q as compared to PBS-treated mice, Figure 3.3A 
and Table 3.4), none of the animals treated with aglycosylated mAbs E18 and E28 following an 
antibody-enhanced infection demonstrated any difference from the PBS-treated control group 
(Figure 3.3B, Table 3.4). These data demonstrate that while all mAbs targeting the fusion loop 
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can be effective following a virus-only lethal infection, additional antibody characteristics other 
than epitope specificity must determine the ability of these mAbs to act therapeutically following 
an antibody-enhanced lethal infection.  
 
Neutralization potency correlates with therapeutic efficacy within but not across epitopes.  

Neutralization potency was next examined as a potentially critical characteristic 
determining in vivo therapeutic potential of aglycosylated mAbs. The neutralization titer of each 
of the mAbs was assessed via a flow cytometry-based neutralization assay using human 
monocytic U937 cells expressing the DC-SIGN DENV attachment factor [45] against the 
infecting DENV2 D2S10 serotype, and the neutralization potency was expressed as the mAb 
concentration required to neutralize 50% in vitro infection (NT50). While E60 N297Q 
demonstrated an NT50 titer of 72 ng/mL, E18 N297Q and E28 N297Q were 5 to 8-fold less 
potent, with NT50 titers of 371 and 544 ng/mL, respectively (Table 3). Thus, examining solely 
mAbs targeting the fusion loop epitope, neutralization potency appeared to be an important 
correlate of therapeutic efficacy. However, comparison of NT50 titers between effective and non-
effective therapeutic mAbs targeting different epitopes failed to demonstrate a clear relationship 
between neutralizing potency and therapeutic efficacy for antibody-enhanced lethal infections 
(Tables 3.1 and 3.4). Indeed, the NT50 titer of E60 N297Q was 72 ng/mL, while the non-
therapeutic aglycosylated mAbs E44 and E87 had comparable NT50 titers of 68 ng/mL and 59 
ng/mL, respectively (Tables 3.1 and 3.3). Analysis of the neutralizing potency of aglycosylated 
variants did not support a relationship between NT50 titer and survival (p= 0.101) after 
administration in the context of a lethal antibody-enhanced DENV infection.  
 
MAb avidity correlates with neutralization potency but not therapeutic efficacy in vivo. 

The strength of binding between a single F(ab) region and its ligand, defined as a mAb’s 
affinity, are critical components of a mAb’s neutralizing potency. Therefore, we next 
hypothesized that mAb avidity, the strength of binding between multiple ligands and bivalent 
antibodies, may contribute to therapeutic efficacy following an antibody-enhanced, lethal 
infection. To test this hypothesis, we performed biochemical analysis using a direct, virion-
coated ELISA to determine the dissociation rate (Kd) as a measure of a mAb’s avidity. We then 
analyzed whether a correlation existed between the Kd and therapeutic efficacy of each mAb. 
Initial analysis of mAbs targeting the fusion loop identified a potential relationship between 
dissociation rate and therapeutic efficacy, as MAbs E18 N297Q and E28 N297Q, neither 
effective therapeutically, demonstrated higher dissociation rates than the therapeutically effective 
MAb E60 N297Q that also targeted the fusion loop.  However, further analysis of the 
dissociation rates of mAbs targeting alternative epitopes did not support a clear relationship 
between Kd and therapeutic efficacy (Table 3.1, p = 0.83).  
 
Aglycosylated mAbs E60 and 87.1 neutralize DENV via different mechanisms  
 Antibodies can inhibit DENV infection by blocking prior to the virus attaching to the cell 
(pre-attachment), or after the virus has already bound to the cell (post-attachment) [46]. To 
determine whether the therapeutically effective mAbs neutralized DENV in a similar fashion, we 
performed pre- and post-attachment neutralization assays [35,47,48] using U937 cells expressing 
DENV attachment factor DC-SIGN. A concentration of mAb (10 µg/mL), at least 20-fold greater 
than the least potent mAb NT50 titer, was selected for this experiment. In the pre-attachment 
assay, mAb and virus were incubated together at 4°C  prior to infection of U937 DC-SIGN cells 
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at 37°C. In the post-attachment assay, virus and cells were first incubated together at 4°C and 
then incubated with mAb at 4°C for an additional hour. A significant decrease in the neutralizing 
ability of the serum between the pre- and post-attachment assays would suggest that the mAb 
must be able to interact with the virion prior to incubation with cells to successfully neutralize 
the infection. If there is no change observed between the two assays, this could be interpreted as 
the mAb can bind to its epitope even after the virus has attached to cells and begun to fuse with 
the endosomal membrane and still prevent infection. Comparison to the standard neutralization 
protocol completed normally at 37°C was used as an internal control. While none of the mAbs 
demonstrated large changes comparing neutralization at 4°C or 37°C in the pre-attachment assay, 
neutralization by three mAbs was eliminated in the post-attachment assay. MAb E44, 82.11 and 
E60 targeting the dimer interface (E44) and fusion loop (82.11 and E60), were no longer able to 
neutralize infection when virus and cells were pre-incubated. While all three of these mAbs bind 
to epitopes on EDII and appear to share a pre-attachment neutralization mechanism, they 
nonetheless exhibited very different levels of therapeutic efficacy. In contrast, neutralizing 
potency of mAb 87.1 was only slightly impaired in the post-attachment assay, indicating that this 
mAb neutralizes through a post-attachment mechanism. Taken together this data suggests that 
therapeutically effective mAbs can neutralize DENV via different mechanisms (Figure 3.4).  
 
In vitro competition assay correlates with in vivo efficacy following murine polyclonal 
serum-enhanced infection  
 As only some mAbs demonstrated therapeutic efficacy following an antibody-enhanced 
lethal infection but all mAbs tested were efficacious following a virus-only lethal infection, we 
next hypothesized that the polyvalent serum passively administered to promote enhancement was 
interfering with the neutralizing ability of the non-therapeutically effective mAb E44 and E87. 
To determine if polyvalent serum was out-competing aglycosylated antibodies for binding to the 
virion, we designed an assay to mimic the interaction of DENV-immune serum and non-FcR 
binding mAbs in vivo. Using murine DENV1-immune serum, we generated enhancement curves 
in K562 cells, an erythroleukemic cell line that expresses FcγRIIA and is not naturally 
permissive for DENV infection in the absence of anti-DENV antibodies, and identified the serum 
dilution responsible for peak enhancement (Figure 3.5A). We next tested the ability of 
aglycosylated mAbs to reduce enhancement in vitro by first incubating the virus with mouse 
serum at its peak enhancing titer for 30 minutes, followed by addition of a dilution series of each 
aglycosylated mAb for 30 minutes, followed by incubation with K562 cells for 48 hours. 
Importantly, the concentrations of both immune serum and virus were comparable between the in 
vitro system and in vivo infections.  The volume of anti-DENV1 serum administered in vivo is 
0.025 mL, resulting in an approximate dilution of 1:110, assuming the total blood volume in a 
25g-AG129 mouse to be 2.5 mL. In comparison, the two dilutions of serum used to generate the 
peak enhancement were 1:180 and 1:540. Similarly, the concentration of virus used in vivo is 
estimated to be 4 x 104 pfu/mL, while the virus concentration used in vitro was 8.3 x 104 pfu/mL.  

Aglycosylated mAbs were tested beginning at 2000 ng/mL, a concentration at least 4-fold 
higher than the NT50 titer of the least potently neutralizing mAb. At concentrations of both 2000 
ng/mL and 1000 ng/mL, the aglycosylated mAbs that were moderately to strongly therapeutic in 
vivo (>60% protection) were significantly more efficient at blocking enhancement in vitro than 
mAbs that were weakly to completely ineffective as therapeutics (p<0.03 for both 2000 ng/mL 
and 1000 ng/mL concentrations) (Figure 3.5B). Specifically, the three most effective therapeutic 
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mAbs, 87.1 LALA, E60 N297Q and E76 N297Q, demonstrated 86%, 75% and 70% reduction of 
enhancement, respectively, at the highest concentration of aglycosylated antibody tested against 
an enhanced infection with 1:180 dilution of mAb. In contrast, mAbs 82.11 LALA, E44 N297Q 
and E87 N297Q reduced enhancement by 35%, 37% and 52%, respectively under the same 
experimental conditions (Figure 3.5B). This data was recapitulated when the DENV1-immune 
serum was used at a dilution of 1:540 (Figure 3.5C).  

 
Aglycosylated mAb can prevent enhancement by human DENV-immune serum in vitro.  

We next tested whether the in vitro competition assay would be able to predict the 
efficacy of therapeutic mAbs following an antibody-enhanced infection using human DENV-
immune serum in vivo. To test this hypothesis, we selected a primary DENV1 (Figure 3.6A, 
3.4B) and primary DENV3 (Figure 3.6A, 3.6E) human immune serum sample, both collected 3 
months following infection, and a primary DENV4 (Figure 3.6A, 3.6D) human immune serum 
sample collected years after infection and tested the ability of the aglycosylated mAbs to reduce 
enhancement in vitro. We first identified the peak enhancement titer for each primary immune 
serum sample (Figure 3.6A), and then used that serum dilution to test the ability of 
aglycosylated mAbs to reduce enhancement in vitro. As with the mouse immune serum, we 
identified a dilution of 1:180 and 1:540 as the two dilutions of serum yielding peak enhancement. 
Initial observations indicated that the two aglycosylated mAbs previously identified as 
therapeutic following a murine serum-enhanced infection, E60 N297Q and 87.1 LALA,  both 
demonstrated similar potency in reducing enhancement in vitro following an enhanced infection 
generated with human immune serum. An additional antibody, 82.11 LALA, was also identified 
as protective against an infection enhanced with human DENV-immune serum in vitro. While 
moderately protective both in vitro and in vivo against infections enhanced with murine DENV-
immune serum, mAb E76 N297Q did not appear to be protective against an infection enhanced 
with human immune serum. MAbs E18 N297Q, E28 N297Q, E44 N297Q and E87 N297Q 
displayed minimal therapeutic efficacy following an infection enhanced with human immune 
serum. In summary, mAbs E60 N297Q, 87.1 LALA, and 82.11 LALA were significantly more 
efficient at preventing enhancement against both the DENV1, DENV3 and DENV4 immune 
serum-enhanced infections than mAbs E18, E28, E76, E44 or E87 N297Q at concentrations of 
2000 ng/mL (p<0.03)  and 1000 ng/mL (p<0.03) (Figure 3.6B, 3.6C and 3.6D).  
 
Aglycosylated mAbs predicted by the in vitro competition assay are therapeutic following a 
DENV infection enhanced by human immune serum in vivo.  
 To determine whether the in vitro competition model is predictive of protection in vivo, 
we administered enhancing volumes of anti-DENV4 human immune serum 24 hours prior to a 
sub-lethal infection with DENV2 D2S10 and tested in vivo the three antibodies (E60 N297Q, 
87.1 LALA and 82.11 LALA) predicted to be the most potent therapeutics. Whereas the animals 
receiving PBS in place of aglycosylated mAb all succumbed four to five days following 
infection, animals treated therapeutically with any of the three selected aglycosylated mAbs 
survived infection with minimal indications of disease (Figure 3.7). This in vivo data supports 
the competition model as a relevant in vitro predictor of in vivo outcome following therapeutic 
administration of aglycosylated mAbs.  
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Aglycosylated mAbs are not dominant over intact mAbs in in vitro assays or as a 
therapeutic in vivo.  
 To further characterize the stoichiometry underlying the interaction between non-
modified and aglycosylated mAbs, we wanted to determine whether the intact or aglycosylated 
variants (assuming the same affinity for both mAbs) acted dominantly in vitro and whether this 
relationship would be reproducible in vivo. To ask this question, we selected the two most 
therapeutically efficient mAbs, E60 N297Q and 87.1 LALA, and mixed different ratios of non-
modified and aglycosylated mAb together including the following conditions: 100% non-
modified mAb, 90% non-modified and 10% aglycosylated mAb, 75% non-modified and 25% 
aglycosylated mAb, 50% of each mAb, 25% non-modified and 75% aglycosylated mAb, 10% 
non-modified and 90% aglycosylated mAb, and 100% aglycosylated mAb. The enhancing ability 
of each mAb mixture was then tested in a standard K562 assay enhancement assay. The only 
combination of non-modified E60/aglycoslylated E60 that was not enhancing in vitro was the 
10% WT/90% aglycosylated mAb combination, indicating that the majority of the antibody 
mixture must be aglycosylated in order to prevent enhancement of DENV infection (Figure 
3.8A). In contrast, the enhancement profiles of the combination of non-modified mAb 87.1 and 
mAb 87.1 LALA demonstrated a complete reduction in enhancement with ratio of 25%  non-
modified/75% aglycosylated mAb (Figure 3.8B).  

Using combinations of non-modified E60 and E60 N297Q, we then tested whether the in 
vitro requirement that 90% of the mAb mixture be aglycosylated was similarly required for 
therapeutic treatment in vivo. The same percentages of non-modified and aglycosylated mAbs 
tested in vitro were mixed together in a total of 20 µg and administered 24 hours following an 
antibody-enhanced DENV2 infection of AG129 mice. As predicted by the in vitro analysis, 90% 
of the administered mixture was required to be aglycosylated in order to provide therapeutic 
protection in vivo (Figure 3.8C). Aglycosylated and non-modified mAbs that were combined in 
a ratio less than 10% WT/90% aglycosylated mAb reduced therapeutic efficacy to 33% or less 
(Figure 3.8C). 
 
Displacement of enhancing antibodies may be critical to therapeutic efficacy following an 
ADE infection  

Antibody-mediated neutralization is achieved when a sufficient number of antibodies 
bound to the virion exceed a pre-determined threshold. Epitope availability and mAb avidity are 
the two most crucial biochemical factors that will determine if the stoichiometric requirements 
for neutralization can be met. All of the mAbs tested demonstrated neutralizing ability when 
tested in vitro and were therapeutically effective following a virus-only, lethal DENV infection. 
However, two aglycosylated MAbs, E44 N297Q and E87 N297Q, despite having similar 
dissociation rates (Kd) as E60 N297Q, were not therapeutically effective following an antibody-
enhanced, lethal infection. Because our in vitro competition assay accurately predicted in vivo 
therapeutic efficacy, we concluded that interactions with the polyvalent immune serum used for 
enhancement were interfering with the ability of the aglycosylated MAb to neutralize DENV 
infections. In order to further investigate the mechanism underlying why E60 and 87.1 were 
effective therapeutically and E87 and E44 were not, we propose two related, non-mutually 
exclusive hypotheses. The first hypothesis relates to epitope accessibility and suggests that the 
antibodies comprising a polyvalent serum mixture could bind to the virion and block the epitope 
to which E44 and E87 bind. If the dimer interface (E44) and C-C’ loop (E87) were not well-
exposed (few epitopes available for binding) and their accessibility was further compromised in 
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the presence of polyvalent serum, these aglycosylated mAbs could be unable to bind in sufficient 
concentrations to neutralize the DENV infection. In contrast, if the fusion loop (E60 target 
epitope) and the A stand (87.1 target epitope) were highly exposed, the aglycosylated variants of 
these mAbs could bind easily and quickly, establish a sufficient stoichiometry to neutralize the 
viral infection, and ultimately prevent enhancement. Alternatively, the therapeutic mechanism 
may be due to a displacement phenomenon, the focus of the second hypothesis. In both murine 
and human polyvalent serum, non-neutralizing, cross-reactive antibodies have been hypothesized 
to largely target the fusion loop [49] and to a lesser extent, the A strand epitope on EDIII [50], 
such that the effectiveness of mAbs E60 and 87.1 would be dependent upon their ability to 
displace antibodies from the polyvalent serum of lesser avidity that bind to the same epitope. E44 
and E87 may be ineffective therapeutics simply because few antibodies in the polyvalent serum 
repertoire target the dimer interface and C-C’ loop. It may also be possible that both hypotheses 
are true; that certain epitopes in the presence of polyvalent serum are obscured, and, of the 
epitopes that have a large number of available binding sites, therapeutically successful mAbs 
must be able to displace antibodies of lesser avidity.  

To attempt to differentiate between the two hypotheses (accessibility vs displacement), 
we tested whether aglycosylated mAbs would yield different in vivo phenotypes when tested in 
the presence of enhancing concentrations of mAb 4G2, an anti-fusion loop mAb that enhances 
DENV2 D2S10 over a wide range of concentrations (2 µg to 80 µg) and is moderately 
neutralizing (NT50 titer of 393 ng/mL). First, we hypothesized that if the accessibility hypothesis 
were true, antibodies such as E44 and E87 would demonstrate improved therapeutic efficacy, 
87.1 would similarly remain potent, but E60 and 82.11 (mAbs targeting the fusion loop) would 
lose potency. In contrast, if the displacement hypothesis were true, we would hypothesize that 
E44 and E87 would not demonstrate improved efficacy, E60 and 82.11 would still retain 
efficacy, but 87.1 would lose efficiency. As in the previous studies, animals were administered 
20 µg of mAb 4G2, infected with 105 pfu of DENV2 D2S10, and administered 20 µg of 
aglycosylated mAb on Days -1, 0 and  +1, respectively. Mice receiving E60 N297Q 
demonstrated neither morbidity nor mortality (p<0.01 as compared with PBS-treated mice), and 
mice treated with mAb 82.11 LALA demonstrated an improved survival rate of 67% (p <0.01 as 
compared to PBS-treated mice). Mice treated with either E44 or E87 N297Q under these 
conditions did not demonstrate improved survival rates, similarly supporting the displacement 
hypothesis (Figure 3.9). The latter conclusion assumes that binding of 4G2 does not inhibit or 
obscure the ability of E44 or E87 to bind to the virion. These two pieces of data support the 
displacement hypothesis in that the aglycosylated mAbs that displace enhancing, non-modified 
antibodies from their binding sites can establish therapeutic dominance, but those that do not 
displace enhancing mAbs cannot act therapeutically. Interestingly, animals receiving 87.1 LALA 
were also protected and displayed a survival rate of 83% (p<0.05 as compared to PBS-treated 
mice) (Figure 3.9); this survival rate is not significantly different than that observed in animals 
administered polyvalent serum as an enhancing agent and treated with 87.1 LALA (Figure 3.2). 
These data imply that if the binding site of a potently neutralizing aglycosylated mAb is 
accessible such that a stoichiometrically sufficient number of the aglycosylated variant can bind, 
it can also establish therapeutic dominance even in the presence of intact antibodies targeting a 
different epitope, thus supporting the accessibility hypothesis. Together these data provide 
supporting evidence for both the displacement and the accessibility hypotheses.  
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DISCUSSION 
 
 In this manuscript, we study a panel of nine monoclonals that bind to a number of 
different epitopes on the dengue virion, including the fusion loop and dimer interface on Domain 
II of the E protein, and the A strand and C-C’loop on EDIII. Here we determine that critical 
differences exist between the ability of aglycosylated mAbs to act therapeutically following a 
virus-only lethal infection as compared to an antibody-enhanced lethal infection. Comparison of 
mAb characteristics such as neutralization potency, avidity and neutralization mechanism did not 
clearly identify a strong in vitro correlate explaining the differences in therapeutic efficacy in 
vivo. Rather, an assay designed to measure the potential for competition of the aglycosylated 
mAb with both mouse and human anti-DENV enhancing immune serum proved a statistically 
valid correlate. Further examination of this competition theory suggests that aglycosylated mAbs 
must be able to displace mAbs originating from polyvalent serum that are binding to the same 
epitope in order to exceed the stoichiometric requirements for neutralization and act 
therapeutically.  

Prophylactic efficacy of DENV infection appears to be directly correlated with mAb 
neutralizing potency. While mAbs of moderate neutralizing potency failed to protect when 
administered at between 20-50 µg, potently neutralizing mAbs were completely protective when 
tested at 20 µg. Further investigation is required to ascertain how important binding specificity 
may be in mediating prophylactic potency. Pierson et al (2008) [51] suggests that neutralization 
is a dynamic interaction between epitope availability and binding strength and has 
mathematically derived a requirement of 25% binding, or 30 of 120 available binding sites for 
mAb E16, a mAb targeting the EDIII lateral ridge on WNV [42]. Similarly for DENV, binding 
requirements for potent neutralization vary depending upon the epitope of interest [43]. In the 
presence of enhancing concentrations of polyvalent DENV immune serum, binding of individual 
mAbs becomes more complicated. Epitope availability may decline due to antibodies in the 
polyvalent serum either competing for binding sites or sterically hindering the aglycosylated 
mAbs from binding to their respective epitopes. Thus, one could hypothesize that antibodies 
binding to obscure epitopes (epitopes that are poorly immunogenic in vivo and are thus are not a 
predominant target of the DENV immune response) that maintain a low occupancy requirement 
for in vitro neutralization (partially reflected in the in vitro NT50 titer) would be the best in vivo 
prophylactic antibodies. While the data presented here support this hypothesis, further 
experimentation comparing mAbs with similar in vitro neutralizing potencies and avidities but 
with different binding epitopes could provide critical insight into this question.  
 While prophylactic efficacy appears strongly correlated with neutralizing potency, 
therapeutic efficacy requires that additional criteria be met. Following lethal, virus-only 
infections, aglycosylated mAbs appear robustly protective, irrespective of neutralizing potency, 
binding avidity or epitope specificity, whereas only some mAbs are therapeutic following an 
antibody-enhanced lethal infection. While the reasons for this difference are most likely due to 
the competition between the polyvalent serum and aglycosylated mAbs, differences in viral burst 
size following a virus-only, as compared to antibody-enhanced, lethal infection could also be 
contributing. Recent evidence has supported that DENV antibody-viral complexes, upon binding 
to and complexing FcγRI and FcγRIIA, activate the antiviral pathway RIGI/MDA5, decreasing 
Type I interferon production and upregulating production of interleukin 10 [52,53]. While both 
diseases are lethal 4-5 days following infection, it is possible that the initial burst size following 
the first one to two rounds of infection might be larger in an antibody-enhanced, versus lethal 
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virus-only infection [54] due to interactions with the FcγR and downstream signaling effects, 
thus initially producing a greater amount of viral progeny that is more difficult to neutralize.  
 Differences in aglycosylated mAb efficacy following an antibody-enhanced, lethal 
infection raise fundamental questions about the interaction between neutralizing and enhancing 
antibodies. The competition assay we designed in vitro underscores a basic requirement for the 
therapeutic mAb to be able to compete off antibodies from the polyvalent serum for binding. 
These data thus suggest that multiple mechanistic components are required in order for an 
aglycosylated mAb to serve as an effective therapeutic following an antibody-enhanced DENV 
infection. Firstly, the studies examining the interaction between the non-modified and 
aglycosylated mAb variants determined that a large majority (25% for 87.1/87.1 LALA and 90% 
for E60/E60 N297Q) of the mAb mixture must be aglycosylated to prevent enhancement in vitro. 
This experiment has assumed that the avidity of both the non-modified and aglycosylated mAbs 
is identical, such that they can bind and dissociate from the virion equivalently. While our in 
vitro ELISA assay suggests this may be the case, additional studies with surface plasmon 
resonance with mAb E60 and its N297Q variant have indicated that while E60 has a slightly 
stronger affinity, the difference is not greater than two-fold [40]. In vivo analysis of this 
observation supported our in vitro conclusions, in that as a therapeutic mAb mixture, a majority 
of the antibody repertoire competing for binding sites on the virion must be aglycosylated to be 
effective. Comparison of non-modified 87.1 and 87.1 LALA suggest that the avidity of the 
aglycosylated MAb may be slightly higher than its wildtype variant, perhaps supporting the 
observation that 75% of the antibody mixture, as opposed to 90% with the E60/E60 N297Q 
mixture, is required to be aglycosylated to prevent enhancement. Although it is possible that such 
affinity differences could contribute to this observation, it nonetheless appears that antibodies 
targeting the same epitope with comparable affinities require a substantial portion of the mAb 
mixture to be incapable of binding the FcR.  

Secondly, a successful therapeutic mAb must be strongly neutralizing (NT50 <100 
ng/mL). As mentioned before, neutralization capacity is a reflection of epitope availability and 
mAb avidity. Three mAbs targeting the fusion loop, E60, E18 and E28 bind comparable residues 
within the fusion loop epitope, but E18 and E28 dissociate from the virion 2-3 times more 
rapidly than E60. Additionally, neither E18 nor E28 are therapeutic, while E60 is robustly 
protective, lending credence to the hypothesis that mAb avidity is an important component of 
therapeutic efficacy in vivo. Similarly, when comparing aglycosylated mAbs targeting the A 
strand, mAb 87.1 LALA was completely protective, was strongly neutralizing and had a low Kd. 
MAb E76 N297Q was also a potent neutralizer, but had a 2-fold higher off-rate and was only 
67% protective in vivo. Taken together, examination of mAbs that are directed to the same 
epitope suggests a strong relationship between antibody avidity and therapeutic efficacy. Similar 
to the conclusions drawn from the analysis of neutralization potency, examination of avidity 
measurements across different epitopes suggests that additional factors are clearly important 
contributors to mediating mAb therapeutic efficacy against dengue disease.  

Epitope specificity is the second of two biochemical components critical to establishing a 
mAb’s neutralization potency. However, in the context of therapeutic mAbs, both the epitope 
specificity of the aglycosylated mAb and the dominant epitope targets of the polyvalent anti-
DENV serum must be taken into account. The composition of mouse and human antibody 
repertoires is different; thus, it was somewhat surprising to us that the same two antibodies, E60 
and 87.1, both targeting different epitopes on EDII and EDIII, respectively, would be effective 
against both murine and human DENV-immune serum enhanced infections. Mice generate a 
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strongly neutralizing antibody response against EDIII [31,35,38,43,55] that can be both serotype-
specific [37,43,56] as well as cross-reactive in nature [37,38,43,56]. In contrast, humans make 
very little neutralizing EDIII-specific antibody [16,57,58]. Rather, non-biased screens of human 
anti-DENV-immune serum suggest that a majority of the non-neutralizing, cross-reactive 
antibody response targets mostly the fusion loop and to some extent, the A strand [49,50]. Within 
the context of our displacement hypothesis, E60 N297Q and 87.1 LALA may be the most 
effective therapeutic mAbs because they are highly avid and can displace antibodies generated 
from polyvalent serum that target the EDII fusion loop and EDIII A strand, bind to the virion in 
sufficient quantities, and prohibit infection. When we used mAb 4G2 (moderately neutralizing, 
fusion-loop-specific mAb) to enhance DENV2 D2S10, we found that E60 N297Q still worked 
effectively as a therapeutic, which supported our hypothesis that aglycosylated mAbs must 
dislodge enhancing antibodies bound to the same epitope to be therapeutic. Interestingly, 87.1 
LALA was significantly therapeutically effective, despite the fact that 87.1 LALA and 4G2 bind 
to distinctly different epitopes. This observation is most likely due to the fact that the A strand is 
highly accessible and 87.1 LALA potently neutralizing. Finally, neither mAb E44 nor E87 
N297Q was able to protect in the presence of mAb 4G2. These latter data can be explained in 
that the two epitopes targeted by these mAbs, the C-C’ loop and dimer interface, are not 
predominant targets of the murine or human anti-DENV immune response. Under circumstances 
where the aglycosylated mAb cannot dislodge other antibodies targeting the same epitope, the 
aglycosylated mAb fails to be protective. Further experiments are underway to use additional 
mAbs that target other epitopes to enhance sub-lethal D2S10 infections and test the displacement 
hypothesis with aglycosylated mAbs that target that same epitope. Furthermore, it is encouraging 
that E60 N297Q, 87.1 LALA and 82.11 LALA all reduced in vitro enhancement generated with 
human DENV1, DENV3 and DENV4- derived cross-reactive enhancement. This work lends 
credence to the idea that the cross-reactive antibodies are indeed the major component of the 
human antibody response driving enhancement.  

Further examination of the utility of aglycosylated mAbs in treatment of DENV 
infections is warranted. As these mAbs are effective following either a virus-only or ADE-
derived severe infection, they could be conceivably be used in a clinical setting. As prM-specific 
mAbs have also been found to constitute a large proportion of the human polyvalent antibody 
response [27,28], testing of aglycosylated mAbs in the presence of prM-specific mAbs would be 
of interest. Further studies examining synergistic interactions between promising aglycosylated 
mAbs could be informative in identifying even more effective cocktails to treat antibody-
enhanced, lethal DENV disease.  
 

MATERIALS AND METHODS 
 
Viruses and cell lines. All viruses were propagated in Aedes albopictus cell line C6/36 
(American Type Culture Collection) and titered by plaque assay on baby hamster kidney cells 
(BHK21, clone 15) [59]. DENV2 D2S10 was derived as previously described [60]. All in vitro 
neutralization assays and in vivo infections were performed with non-concentrated virus. DENV2 
D2S10 virus was concentrated by ultra-centrifugation and used in the virion direct capture 
ELISA. U937-DC-SIGN (gift from A. de Silva, University of North Carolina, Chapel Hill) and 
K562 cells were used for flow cytometry-based in vitro neutralization and enhancement assays, 
respectively. Both cell lines were grown in RPMI medium (Invitrogen) and supplemented with 
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5% fetal bovine serum (Denville Scientific), 1% penicillin/ streptomycin and 1% hepes at 37°C 
in 5% CO2. 

 
Generation and purification of mouse anti-DENV wildtype and aglycosylated mAbs. Mouse 
mAb E60, E18, and E28 [61] and E44, E76 and E87 [38] were obtained from M. Diamond 
(Washington University School of Medicine, St. Louis, MO). Briefly, mouse mAb E60, E18 and 
E28 were generated against WNV E protein, but are cross-reactive with DENV E protein [61]. 
Anti-DENV2 mAb E44, E76 and E87 were generated by two sequential infections of IFN-αβR-/- 
C57BL/6 mice with 105 pfu of a 1:1 mixture of DENV2 strain 16681 and DENV2 strain New 
Guinea C (NGC). Following the second dose, the mice were boosted with purified EDIII (from 
strain 16681) i.v. three days before splenocyte harvest [38]. In both experiments, splenocytes 
were fused to P3X63Ag8.53 myeloma cells using polyethylene glycol 1500 [62]. All hybridomas 
producing anti-DENV2 mAb were subcloned by limiting dilution, isotyped using an ELISA Kit 
(Southern Biotech) and purified by protein A affinity chromatography (Invitrogen, Carlsbad, 
CA). Each mAb was further screened for epitope-specific binding patterns using yeast surface 
display [37,57]. 

The generation of a chimeric human-mouse E60 mAb with the human IgG1 constant 
region and the mouse VH and VL region was performed as described previously [57]. Point 
mutations in the Fc region (N297Q) that abolish FcR and C1q binding were introduced by 
QuikChange mutagenesis (Stratagene). All recombinant antibodies were produced after 
transfection of HEK-293T cells, harvesting of supernatant, and purification by protein A affinity 
chromatography.  
 
Generation and purification of human anti-DENV wildtype and aglycosylated mAb. MAb 
87.1 and 82.11 were obtained from F. Sallusto and are human in origin [27]. The generation of 
these mAbs has been discussed in detail in Beltramello et al, 2010 [27].  Briefly, peripheral 
blood mononuclear cells were isolated and cryopreserved from donors who had been diagnosed 
with DENV infection. Previously sorted IgG+ memory B cells were immortalized using 20 
cells/well in multiple cultures using EBV with CpG oligodeoxynucleotide 2006 (Microsynth) 
and irradiated allogeneic PBMCs. The culture supernatants were subsequently screened for 
DENV-specific MAb, and the positive cultures were cloned by limiting dilution. Domain-
specific binding patterns were determined by ELISA using a yeast display assay provided by M. 
Diamond.  Production of the LALA variants is described in Beltramello et al, 2010 [27]. Briefly, 
variable regions of heavy-chain and light-chain genes were sequenced and cloned by PCR and 
leucine-to-alanine mutations at positions CH2 1.3 and 1.2 of Igγ1 were introduced by site-
directed mutagenesis (GenScript). Recombinant antibodies were produced in HEK-293T cells 
and purified by protein A affinity chromatography and size-exclusion chromatography.  
 
Clinical Serum Samples from Dengue Patients. The DENV1 and DENV3 samples tested in 
vitro in this study were serum samples obtained from patients 6 months to 14 years of age who 
were admitted to the National Pediatric Reference Hospital, Hospital Infantil Manuel de Jesús 
Rivera in Managua, Nicaragua, and, after meeting the inclusion criteria, were enrolled in a 
dengue study [63,64]. A primary DENV infection was defined by antibody titer of <1:10 (acute) 
or antibody titer of <1:2560 (convalescent), and a secondary DENV infection was defined by 
anti-DENV antibody titer of >1:10 (acute) or >1:2560 (convalescent), as determined by an 
Inhibition ELISA [65] [66]. The serum samples used in this study were collected three months 
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post-symptom onset. The Nicaraguan hospital-based dengue study was approved by the 
Institutional Review Board at UC Berkeley and the Nicaraguan Ministry of Health. The DENV4 
serum sample used for in vitro and in vivo experiments was obtained from A. deSilva (University 
of North Carolina, Chapel Hill). In a study approved by the Institutional Review Board of the 
University of North Carolina at Chapel Hill, serum was collected from volunteers who had 
experienced natural DENV infections during prior travel abroad.  
 
AG129 Mouse Infections. AG129 mice [67] were bred at the University of California, Berkeley, 
Northwest Animal Facility. All procedures were pre-approved and conducted according to UC 
Berkeley Animal Care and Use Committee guidelines.  
Production of mouse anti-DENV serum. AG129 mice were infected intra-peritoneally (i.p.) 
with 105 pfu of DENV1 448. Six to eight weeks post-infection, mice were sacrificed and whole 
blood collected by terminal cardiac puncture. Serum was isolated from whole blood by 
centrifugation, heat inactivated, and stored at -80°C.  
In vivo therapeutic experiments.  
DENV2 D2S10 enhanced disease: AG129 mice were administered either 25 µl mouse anti-
DENV1 immune serum (in 200 µl final volume) or 200 µl human anti-DENV4 immune serum 
i.p. 24 hours prior to infection with an intra-venous (i.v.) sub-lethal, 105 pfu dose of DENV2 
D2S10. DENV2 D2S10 virus-only, lethal disease:  AG129 mice were infected i.v. with 4x106 

pfu of DENV2 D2S10. Prophylactic treatment:  Mice were concurrently administered either 20 
µg or 50 µg of non-modified mAb with 25  µl of DENV1 immune serum in a final volume of 
200 µl i.p. Therapeutic treatment: Animals were administered 25  µl of DENV1 immune serum 
on Day -1, 105 pfu DENV2 D2S10 on Day 0 and 20 µg of non-FcR-binding mAb in a final 
volume of 100 µl i.v. 24 hours following infection (Day +1). All animals were monitored 
carefully for morbidity and mortality following infection by checking status four times per day.  
 
DENV neutralization assay. The neutralization titer of each wildtype mAb and its non-FcR-
binding variant was measured using the U937-DC-SIGN flow cytometry-based neutralization 
assay as described in Kraus et al (2006) [68]. In brief, mAb were diluted to a starting dilution of 
2000 ng/mL and eight 3-fold serial dilutions were performed. The diluted mAb were mixed with 
DENV2 D2S10 at an MOI of 0.0125, incubated together for 45 minutes at 37°C, and 
subsequently used to infect OR incubated with 5x104 U937-DC-SIGN cells. Two hours 
following infection, the cells were washed and resuspended in RPMI medium containing 5% 
FBS (Denville Scientific), 1% penicillin/ streptomycin and 1% hepes. Twenty-four hours 
following infection, the cells were washed, fixed in 2% paraformaldehyde (Ted Pella, INC), 
permeabilized with saponin (Sigma Aldrich), and stained intracellularly with 4G2-Alexa488 
(Invitrogen). Percent infection was determined by flow cytometry using the BD LSR- Fortessa 
flow cytometer. Relative infection was calculated using the last duplicate dilution of each mAb 
series (1:0.19 ng/mL) as its own denominator to minimize variation. NT50 titers were calculated 
as described in Balsitis & Williams et al, 2010 [40]. Variations on this assay include incubation 
with dilutions of DENV-immune serum and virus at 4°C or pre-incubation with virus and cells at 
4°C prior to the addition of serial dilutions of mAb [35,38]. 
 
DENV enhancement assay 
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For each of the serum samples (murine DENV1-immune and human DENV1-, DENV3- and 
DENV4-immune serum samples), the peak enhancement titer (PET) was calculated. Eight 3-fold 
serial dilutions beginning at a starting dilution of 1:20 were mixed with DENV2 D2S10 virus at 
an MOI of 0.1. The serum dilution and virus were mixed together at a 1:1 ratio. 50,000 K562 
cells were added after a 45-minute incubation of the virus and serum at 37°C. Two hours 
following infection, the cells were washed and resuspended in RPMI media. After a 48-hour 
incubation period, the cells were washed, fixed in 2% paraformaldehyde (Ted Pella, INC), 
permeabilized with saponin (Sigma Aldrich), and stained intracellularly with 4G2-Alexa488 
(Invitrogen). The peak enhancement titer (PET) was calculated by plotting raw percent infection 
on the y-axis and the log-reciprocal serum dilution on the x-axis. A Gaussian distribution was 
used to fit each enhancement curve, and the amplitude was identified. This data point was then 
used to derive the log-reciprocal serum dilution corresponding to the amplitude and was reported 
as the PET.  
 
Steric hindrance assay DENV-immune serum was diluted to the concentration previously 
identified to cause the greatest enhancement (PET) in an in vitro K562 assay. DENV2 D2S10 
virus at an MOI of 0.1 and serum were mixed together in equal volumes for 30-45 minutes at 
37°C. Aglycosylated mAb were subsequently prepared in five 2-fold dilutions beginning at 2000 
ng/mL and were added to the polyvalent serum/virus mixture and allowed to incubate for an 
additional 30-45 minutes prior to the addition of 50,000 K562 cells. The cells were washed two 
hours following infection and fixed and stained as above in the neutralization assays. Baseline 
infection in K562 cells was determined in each assay to be between 1% and 2%, while peak 
infection ranged from 40-60%, depending on the serum used for enhancement. Relative infection 
was expressed as the average percent infection for each duplicate divided by the percent 
infection measured in the presence of the dilution of DENV-immune serum selected for each 
assay. A hatched line indicates the limit of detection for each assay.   
 
Direct capture virion ELISA. DENV2 D2S10 virus was prepared by ultra-centrifugation at 
53,000xg for 2 hours at 4°C and resuspended in cold PBS with 20% FBS (HyClone, Thermo 
Scientific). This protocol was obtained from Gromowski et al (2007) with minor modifications 
[43]. Concentrated virus was diluted to 5x104 pfu in carbonate coating buffer, pH 9.6, and 50 µl 
was added to each well of a 96-well flat-bottomed plate (xxx). The plate was coated overnight at 
4°C and washed thoroughly with 1X phosphate-buffered saline with 0.1% Tween-20 (PBS-T) 
prior to blocking in 50 µl of blocking buffer (5% milk w/v in PBS-T) for one hour. Both the non-
modified and aglycosylated mAb were diluted to a starting concentration of 120 µg/mL in 
blocking buffer and titrated two-fold for a total of 12 serial dilutions, and 100 µl of each mAb 
dilution was added in duplicate to the coated plate for one hour. The plate was thoroughly 
washed with PBS-T, and 100 µl of 1:2500 dilution of alkaline phosphatase (AP)-conjugated goat 
anti-human secondary Ab (Meridian) was added for one hour. The plates were again washed 
with PBS-T, and AP substrate PNPP (Sigma Aldrich) was added. The reaction was developed for 
45 minutes, and the absorbance was read at 405 nm on a UV-plate reader (xxx) using KC Junior 
software.   
 
Statistical Analysis  All graphs were produced using Prism 5 software (La Jolla, CA). Statistical 
analysis was performed using Stata v10 (College Station, Texas). Comparison of survival 
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functions was conducted using a non-parametric logrank equality test. Aglycosylated mAb that 
resulted in a statistically improved survival rate following an antibody-enhanced infection as 
compared to non-treated controls were considered ‘moderately to strongly therapeutic’ and 
compared to aglycosylated mAb that did not significantly improve survival. Wilcoxon Rank-
Sum analysis was used to further evaluate potential differences in mAb characteristics including 
NT50 titer, mAb avidity (as estimated by the Kd), and reduction in in vitro enhancement 
(competition assay).  
 

FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1  Anti-DENV mAbs target a number of different epitopes on the E protein. 
Ribbon diagram of a homodimer of the E protein constructed from DENV2 16681 sequence 
[32]. Domain I is red, Domain II is yellow and Domain III is blue. The epitopes targeted by 
mAbs in Table 1 include the fusion loop (green), dimer interface (white), C-C’ loop (orange) and 
A strand (magenta).  
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Figure 3.2 Therapeutic prevention of lethal and antibody-enhanced disease by non-FcR-
binding mAbs.  A) AG129 mice were administered a lethal inoculum of DENV2 D2S10 and 
subsequently treated with 20 µg of non-FcR-binding MAb. B) AG129 mice were administered a 
sub-neutralizing amount of anti-DENV1 polyvalent mouse serum 24 hours prior to a sub-lethal 
dose (105 pfu) of DENV2 D2S10. Mice were therapeutically administered 20 µg of non-FcR-
binding MAb 24 hours following infection and monitored for 10 days for morbidity and 
mortality. 
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Figure 3.3 Therapeutic prevention of lethal and antibody-enhanced dengue disease by non-
FcR-binding anti-fusion loop mAbs. A) Mice (n = 3 per group) were administered a lethal 
inoculum of DENV2 D2S10 and subsequently treated with 20 µg of non-FcR-binding mAb. B) 
Mice (n = 3-5 per group) were administered a sub-neutralizing amount of anti-DENV1 
polyvalent serum 24 hours prior to a sub-lethal dose of DENV2 D2S10. Mice were 
therapeutically administered 20 µg of non-FcR-binding mAb 24 hours following infection and 
monitored for 10 days for morbidity and mortality. 
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Figure 3.4. E60 N297Q and 87.1 LALA mAbs neutralize via different mechanisms. Pre-
attachment (A) and post-attachment (B) experiments were performed to determine whether 
mAbs blocked prior to, or after, viral attachment. In the pre-attachment assay, mAbs were tested 
at saturating conditions (10 µg/ml) and incubated with 625 DENV2 D2S10 particles at either 
4°C or 37°C for one hour; the resulting antibody-virus mixture was then used to infect U937 DC-
SIGN cells. In the post-attachment assay, virus and U937 DC-SIGN cells were initially 
incubated together for 1 hour at 4°C prior to incubation with antibody for an additional hour at 
4°C. In both assays, percent infection was measured 24 hours later by flow cytometry. 
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Figure 3.5 MAbs E60 N297Q and 87.1 LALA reduce enhancement with mouse DENV1-
immune serum in vitro. A) DENV1-immune mouse serum was diluted 8-fold beginning at 1:10 
and mixed with equal volumes of DENV2 D2S10 for 45 min before infection of K562 cells. 
Forty-eight hours following infection, cells were stained with 4G2-Alexa488, and percent 
infection was assessed by flow cytometry. The dilutions yielding peak enhancement, 1:180 and 
1:540, are circled. B) and C) Mouse DENV1-immune serum diluted 1:180 (B) or 1:540 (C) was 
pre-incubated with DENV2 D2S10 for 30 min before addition of six 2-fold dilutions of 
aglycosylated mAb beginning at 2000 ng/mL. K562 cells were added 30 min following 
incubation of immune serum, virus and aglycosylated mAb. The cells were fixed 48 hours 
following infection and stained intracellularly with 4G2-Alexa488, and the percent infection was 
obtained by flow cytometry. 
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Figure 3.6 MAbs E60 N297Q, 82.11 LALA and 87.1 LALA reduce enhancement with 
human DENV-immune serum in vitro. A) DENV1- and DENV3-immune human serum 
(obtained 3 months following primary infection) and DENV4-immune  human serum (obtained 
years following DENV infection) were diluted 8-fold starting at 1:10 and mixed with equal 
volumes of DENV2 D2S10 for 45 min before infection of K562 cells. Forty-eight hours 
following infection, cells were stained with 4G2-Alexa488, and percent infection was assessed 
by flow cytometry. Peak dilutions for all three samples were 1:180 and 1:540. B), C) and D) 
Serum diluted 1:180 was pre-incubated with DENV2 D2S10 for 30 min before addition of serial 
dilutions of aglycosylated mAb at the specified concentrations. K562 cells were added 30 
minutes following incubation of immune serum, virus and aglycosylated mAb. The cells were 
fixed 48 hours following infection and stained intracellularly with 4G2-Alexa488, and the 
percent infection was obtained by flow cytometry. 
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Figure 3.7 Aglycosylated mAbs predicted by the in vitro competition assay therapeutically 
protect against a lethal, human immune-serum-enhanced infection. AG129 mice (n = 3-5 
per group) were administered 200 µl of DENV4 human immune serum on Day -1, infected with 
105 pfu of DENV2 D2S10 on Day 0 and administered 20 µg of either E60 N297Q, 87.1 LALA 
and 82.11 LALA on Day +1, 24 hours following infection. Animals were monitored for 
morbidity and mortality for 10 days following infection.   
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Figure 3.8 Non-modified mAbs are dominant over aglycosylated mAbs in vitro and in vivo.  
A and B) Mixtures of non-modified and aglycosylated antibodies E60/E60 N297Q (A) and 
87.1/87.1 LALA (B) were pre-mixed at ratios of 90%:10%, 75%:25%, 50%:50%, 25%:75% and 
10%:90% before incubation with DENV2 D2S10. The antibody/virus mixture was then used to 
infect K562 cells. The cells were subsequently stained 48 hours later intracellularly using 4G2-
Alexa-488, and percent infection was measured by flow cytometry.  C) AG129 mice (n = 3 per  
group) were administered 25 µl anti-DENV1 mouse immune serum, infected with 105 pfu of 
DENV2 D2S10 and administered a total of 20 µg of E60/E60 N297Q in the same in vitro 
combinations tested in A) on Days -1, 0 and +1, respectively. Animals were monitored for 
morbidity and mortality for 10 days following infection.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   
   

 89 

 
 
Figure 3.9 Displacement of enhancing antibodies may be an important mechanism for 
successful therapeutic mAbs. AG129 mice were administered 20 µg mAb 4G2 (anti-fusion 
loop) on Day -1, infected with 105 pfu DENV2 D2S10 on Day 0, and then administered 20 µg of 
either 82.11 LALA (n = 6), 87.1 LALA (n = 6), E60 N297Q (n = 6), E44 N297Q (n = 3), or E87 
N297Q (n = 3) or PBS (n = 6) on Day +1, 24 hours following infection. Animals were monitored 
for morbidity and mortality for 10 days following infection.  
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Table 3.2 Prophylactic efficacy of a non-modified mAb  

Wildtype mAb 
Dose of 
mAba Morbidity Mortality 

20 µg ND ND 
82.11  50 µg 1/2 1/2 

20 µg 0/2 0/2 
87.1 50 µg 0/2 0/2 

20 µg 2/2 2/2 
E28  50 µg ND ND 

20 µg 0/2 0/2 
E44  50 µg 0/7 0/7 

20 µg 1/2 0/2 
E60  50 µg 0/2 0/2 

20 µg 0/2 0/2 
E76  50 µg 0/7 0/7 

20 µg 0/2 0/2 
E87  50 µg 0/2 0/2 

50 µg 2/2 2/2 
4G2  100 µg 0/2 0/2 
PBS --- 4/4 4/4 

a MAb administered concurrently with an enhancing dose (25 µl) of DENV-1-immune mouse 
serum 24 hours prior to infection with a sublethal dose (105 pfu) of DENV2 D2S10. 
 
Table 3.3 Therapeutic efficacy of aglycosylated mAb variants targeting different epitopes 

Aglycosylated 
mAb 

Virus-only 
Mortality 

Virus-only 
Mortality 

ADE 
Mortality 

ADE 
Mortality 

82.11 LALA ND ND 3/6 0.1890 
87.1 LALA 0/6 0.0054 0/6 0.0002 
E44 N297Q 0/3 0.0373 3/3 0.0053 
E60 N297Q 0/6 0.0054 0/9 0.0001 
E76 N297Q 0/8 0.0017 2/5 0.0398 
E87 N297Q 1/6 0.0125 5/5 0.7923 
PBS 5/6 --- 18/19 --- 

a p-value vs PBS-treated mice 
b p-value vs PBS-treated mice 
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Table 3.4 Therapeutic efficacy of aglycosylated mAb variants targeting the fusion loop 
Aglycosylated 

mAb 
Virus-only 
Mortality 

Virus-only 
Mortality 

ADE 
Mortality 

ADE 
Mortality 

E18 N297Q 0/6 0.0054 4/5 0.2074 
E28 N297Q 0/6 0.0054 5/5 0.7607 
E60 N297Q 0/3 0.0373 0/3 0.0110 
PBS 5/6 --- 8/9 --- 

a p-value vs PBS-treated mice 
b p-value vs PBS-treated mice 
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CHAPTER 4 
 

ANTIBODIES TARGETING E-DOMAIN III ARE NOT REQUIRED FOR SEROTYPE- 
SPECIFIC PROTECTION IN VIVO 
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INTRODUCTION 
 

Placing up to half of the world’s population at risk, dengue virus (DENV) is the most 
important emerging arboviral pathogen affecting humans [1]. Transmitted by the Aedes aegypti 
and Ae. Albopictus mosquitoes [2,3], DENV is comprised of 4 serotypes, DENV1-4 [4]. A large 
percentage of the estimated 100 million annual infections are clinically asymptomatic; 
symptomatic infections range from the self-limited but debilitating dengue fever (DF) to the 
potentially life-threatening dengue hemorrhagic fever and dengue shock syndrome (DHF/DSS) 
[5,6].  

The DENV envelope (E) protein is the major antigenic target on the surface of the virion 
[7]. Initial monoclonal antibody (MAb) mapping studies (reviewed in Roehrig, 1998) identified 
the E protein to be composed of three distinct antigenic regions: A, B and C [7]. Subsequent 
analysis of the crystal structure of DENV E glycoprotein revealed three domains- I, II and III- 
that were directly comparable with the previously defined antigenic regions [8]. Studies with 
mouse monoclonal antibodies (MAbs) have determined that antibodies targeting Domains I/II 
(EDI/II) are generally more cross-reactive among serotypes and of low to moderate neutralizing 
potency [9,10]. In contrast, mouse MAbs binding Domain III (EDIII) are serotype-specific and 
highly neutralizing [11,12,13,14,15], although both cross-reactive and non-neutralizing MAbs 
binding to newly identified EDIII epitopes have been identified [15,16,17].  

A person exposed to a primary DENV infection develops a polyclonal antibody response 
that neutralizes the homologous serotype responsible for infection, while leaving the subject 
susceptible to a second infection with a different serotype [18,19].  Pre-existing cross-reactive 
antibodies may enhance a second DENV infection and lead to more severe disease [20].  
Investigators are now beginning to study the binding and functional properties of human 
antibodies and to compare the human response to the well-studied mouse response.  Studies of 
human sera and MAbs indicate that multiple viral antigens including E protein, pre-membrane 
(prM/M) protein and non-structural protein 1 (NS1) are recognized by human antibodies 
[21,22,23,24,25,26,27]. Moreover, most DENV-specific human antibodies are cross reactive and 
weakly neutralizing, and a minor population of antibody appears to be responsible for the ability 
of immune sera to strongly neutralize the homologous serotype [21,22,23,24,25,26,27].  Based 
on studies with mouse MAbs, investigators had assumed that human antibodies that potently 
neutralize DENV also bind to EDIII.  However, recent data has suggested that EDIII-specific 
antibodies do not constitute a large percentage of the human anti-DENV antibody repertoire and 
do not contribute substantially to in vitro neutralization of DENV [26,28,29]. As the in vitro 
properties of antibodies do not always correlate with in vivo properties, here we compare the 
contribution of EDIII-specific antibodies in mouse and human immune sera to DENV 
neutralization and enhancement using a mouse model of dengue developed by our laboratory.   

 
RESULTS 

 
Human serum depleted of anti-EDIII antibodies reduces viral load in vivo  

Previous studies have demonstrated that humans infected with DENV develop low levels 
of anti-EDIII antibodies and that these antibodies make only a minor (<15%) contribution to the 
neutralization potency of the human immune serum in in vitro assays [26,29]. Thus, we first 
asked whether anti-EDIII antibodies in human serum contribute to protection in vivo using a 
mouse model of DENV infection and disease we had previously developed [30,31]. We obtained 
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a convalescent serum sample from a person exposed to a primary DENV2 infection and depleted 
the serum of anti-EDIII antibodies using a recombinant EDIII-maltose binding protein (MBP) 
fusion protein or MBP alone as previously described [26] (Figure 4.1A).  The neutralizing and 
enhancing abilities of the MBP-depleted and EDIII-depleted serum were assessed using U937 
DC-SIGN and K562 flow-cytometry based assays, respectively. EDIII depletion led to a 15% 
reduction in homologous neutralization titer as compared to the MBP-depleted control (Figure 
4.1B) and did not significantly affect serotype cross-reactive neutralization (Supplementary 
Figure 4.1A, B and C). Both the MBP-depleted and EDIII-depleted samples demonstrated 
similar peak enhancement titers against DENV2 (422 and 359), respectively (Figure 4.1C). 
Taken together, this data supports previously published work [26,29] and indicates that depletion 
of anti-EDIII antibodies from human serum does not drastically alter either the in vitro 
neutralization or enhancement profiles.    

While depletion of anti-EDIII antibodies only decreased the in vitro neutralization titer of 
the human immune serum by 15%, it is conceivable these antibodies might be required for 
protection in vivo.  To test this possibility, experiments were performed using a recently 
developed mouse model of DENV infection and disease [30,31]. Eighty µl of MBP-depleted or 
EDIII-depleted serum was transferred into AG129 mice (n=5/group) after accounting for the 
15% reduction in neutralization titer associated with the depletion 24 hours prior to a 103 pfu 
DENV2 D2S10 infection, a dose at which morbidity is not observed but protective effects on 
viremia and tissue viral load can be measured (Figure 4.2A). Non-terminal bleeds were collected 
4-6 hours prior to infection to measure circulating antibody titers. As demonstrated in Figure 2B, 
the average NT50 titer for MBP-depleted and EDIII-depleted groups were not significantly 
different from each other, but both were significantly higher than the normal human serum 
(NHS) recipient mice. Serum viremia and tissue viral load levels were subsequently measured 
four days post-infection by either plaque assay or quantitative RT-PCR. Mice receiving either 
MBP-depleted or EDIII-depleted serum displayed viremia levels that were at or slightly above 
the limit of detection for the assay (1 pfu(eq)/mL) and were significantly lower than the NHS-
recipient group (Figure 4.2C). Viral load levels were further measured in primary and secondary 
lymphoid organs; significant reductions in the spleen and bone marrow were observed in both 
experimental groups, as compared to the NHS control (Figure 4.2D and 4.2E). Importantly, 
across all organs tested, there was no difference in serum viremia or tissue viral load between the 
MBP-depleted and EDIII-depleted groups. These data indicate that anti-EDIII antibodies in 
human serum were not required for protection observed in vivo.  
 
Mice infected with DENV develop anti-EDIII antibodies that contribute to neutralization 
but not enhancement in vitro  

Previous data has suggested that most mouse MAbs that strongly neutralize DENV bind 
to EDIII [15]. Thus, we next examined whether mice exposed to DENV infection develop a 
polyclonal neutralizing antibody response that is mainly directed against epitopes on EDIII.  We 
depleted pooled anti-DENV2 mouse serum with EDIII protein using the same approach 
described for human immune sera [26]. We confirmed depletion of anti-EDIII antibodies using 
an EDIII-specific ELISA and demonstrated that there was little measurable binding to the EDIII 
protein in depleted serum (Figure 4.3A).  

Having removed the anti-EDIII antibodies from the anti-DENV2 serum, we measured the 
contribution of anti-EDIII antibodies to homologous and heterologous neutralization and 
enhancement in vitro. A 34% reduction in homologous neutralization titer was observed 
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comparing EDIII-depleted serum to MBP-depleted serum (Figure 3B). We subsequently 
assessed the effect of anti-EDIII depletion on serotype cross-reactive neutralization of DENV1 
strain 448, DENV3 strain CH53489 and DENV4 strain TVP30 (Supplementary Figure 4.1D-F) 
and observed comparable differences in neutralization titer that were similar in magnitude to 
those observed when testing homologous neutralization. The MBP-depleted and EDIII-depleted 
serum demonstrated similar peak enhancement titers (304 and 295, respectively) against DENV2 
(Figure 4.2C). Our data indicate that mice make EDIII-specific antibodies that contribute 
comparably to both serotype-specific, as well as serotype cross-reactive neutralization. 
Moreover, the data also indicate that more than half the neutralizing antibodies in mice are not 
directed against EDIII. 
 
EDIII-depleted anti-DENV2 mouse serum can protect against DENV2 infection.  

As our in vitro analysis of the EDIII-depleted serum suggested that EDIII-specific mouse 
antibodies contributed 34% to the overall neutralizing potency of DENV2-immune serum, we 
next asked whether EDIII-depleted serum would be as protective in vivo as control-depleted 
serum. Similarly to the experiments described using human immune serum, anti-DENV immune 
mouse serum was transferred 24 hours prior to a sublethal 103 pfu infection and non-terminal 
bleeds were taken 4-6 hours prior to infection to measure the neutralizing titer of the circulating 
antibodies present at the time of infection (Figure 4.4A). We first transferred equivalent volumes 
of MBP-depleted (MBP) and anti-EDIII-depleted (EDIII-A) serum (n= 4-6 per group) such that 
the average neutralization titer of the transferred serum in vivo was 67.4 and 47, respectively 
(Figure 4.4B) and significantly higher than NMS-recipient mice (p<0.01 for both comparisons). 
As the difference between the MBP-depleted and EDIII-depleted serum was 34% in vitro, we 
expected to see a comparable difference following transfer in vivo; indeed, comparing the 
average NT50 titers between the MBP (67) and EDIII-A (47) groups yielded a difference of 42%. 
Serum viremia levels in mice administered either MBP or EDIII-A serum were significantly 
reduced as compared to NMS-recipient mice (p<0.015, MBP and p<0.015, EDIII-A) (Figure 
4.4C); however, the viremia levels were not significantly different from each other. In the 
primary and secondary lymphoid organs, the mice administered either MBP or EDIIIA immune 
serum showed significant reductions in viral load as compared to the NMS-recipient groups. In 
the lymph node, the animals receiving EDIII-A serum had statistically elevated titers as 
compared to MBP group (p = 0.0285) while both groups demonstrated reduced viral loads as 
compared to NMS-recipient mice (Figure 4.4D-F).  
 We next assessed whether EDIII-depleted serum transferred at equivalent neutralizing 
titer (EDIII-B) as MBP-depleted serum (MBP) would be more protective than EDIII-depleted 
serum of lower in vivo neutralizing titer (EDIII-A). Thus, we transferred EDIII-depleted (EDIII-
B) serum such that the average NT50 titer of the circulating antibodies was 63 (Figure 4.4B) and 
comparable to animals receiving MBP-depleted serum (MBP, NT50 average, 67). Animals 
receiving MBP-B serum had significantly reduced viral loads as compared to NMS-recipient 
mice, and a reduction in viral load was observed in the lymph node (p = .055; Figure 4.4E) and 
bone marrow (p = 0.13, Figure 4.4F) as compared to EDIII-A recipient mice. There was no 
difference in viral load comparing the EDIII-B to the MBP-A recipient mice. Taken together, 
this data indicates that when anti-EDIII antibodies are present, they confer no additional benefit 
than serum depleted of anti-EDIII antibodies, but of the same neutralizing potency. While the 
30% reduction in neutralization titer observed in the EDIII-A recipient mice resulted in a 
significant increase in lymph node viral load as compared to both MBP-A and EDIII-A recipient 
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mice, it did not result in increased viral load changes in other organs. Thus, this data 
demonstrates that even in the absence of EDIII antibodies, homologous serum is still potently 
neutralizing and capable of serotype-specific protection, despite the 30% loss in in vitro 
neutralizing potency.  
 
Neutralization titer, rather than polyvalent serum composition may be a better indicator of 
potential for enhancement in vivo  

Infection with one serotype of DENV is expected to confer life-long immunity against 
the same serotype [18,32]. In contrast, a second infection with a different serotype is the greatest 
risk factor associated with the development of severe disease [20]. As the anti-EDIII antibodies 
do not appear to contribute substantially to in vivo protection, we next hypothesized that they 
may be a key component in preventing homologous enhancement. To test this hypothesis, 
AG129 mice (3-6 per group) were administered equivalent volumes of either MBP-depleted or 
EDIII-depleted serum or NMS. Pre-infection bleeds were taken 4-6 hours prior to infection to 
measure the circulating antibody titers by neutralization assay (NT50 titer). As in the protection 
experiment, the difference in the average NT50 titer between the MBP (73.5) and EDIII-A (53.8) 
groups was 37%. A fourth group of mice received EDIII-depleted serum of equivalent 
neutralizing potency (EDIII-B, NT50 average 75) as the MBP group. The control group of mice 
receiving NMS did not have a measurable NT50 titer (Figure 4.5A, Table 4.1). 

Mice were infected 24 hours following serum transfer with 104 pfu DENV2 D2S10, a 
sublethal dose that can be lethal under enhancing antibody conditions, and were followed for 
morbidity and mortality. Only 1/5 animals receiving the MBP-depleted serum developed 
significant disease and succumbed and a second developed transient signs of disease (0.5 days in 
duration). In contrast, 3/4 animals receiving the same volume of EDIII-depleted serum (EDIII-A) 
all developed severe signs of disease and died by Day 5 (p<0.05 as compared to MBP-depleted 
serum control) (Figure 4.5B, Table 4.1). These data suggest that anti-EDIII antibodies are 
protecting against enhancement in vivo. 

To determine whether an increase in neutralization titer of the EDIII-depleted serum 
would be sufficient to abrogate this enhancement response, we transferred sufficient volumes of 
EDIII-depleted serum such that the average NT50 titer of the transferred serum in vivo was 75 
(EDIII-B) and not significantly different from the MBP-depleted serum recipient mice (MBP) 
(Figure 4.5A, Table 4.1). Following a 104 sub-lethal D2S10 infection, none of the three animals 
receiving the increased volume of EDIII-depleted serum demonstrated signs or symptoms of 
illness (p<0.075 as compared to the EDIII-A group)  (Figure 4.5B, Table 4.1). These data 
suggest that murine anti-EDIII antibodies actively contribute to protection against enhancement 
when present but anti-EDI/II antibodies, when transferred at sufficiently high neutralizing titers 
comparable in potency to control MBP-depleted serum, will similarly no longer enhance a sub-
lethal DENV2 infection.  
 

DISCUSSION 
 

Many mouse MAbs that strongly neutralize DENV and other flaviviruses bind to well-
defined epitopes on domain III of the viral envelope protein.  The objective of this study was to 
determine whether anti-EDIII antibodies were responsible for potent neutralizing activity in 
immune sera from mice and people exposed to DENV infections.  Here, the role of anti-EDIII 
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antibodies in mouse and human immune sera were studied using in vitro cell culture models and 
an in vivo mouse model of DENV infection and disease.   

Our initial observations studying human serum confirm previously published results that 
anti-EDIII antibodies constitute between 5-15% of the serotype-specific neutralizing titer 
measured in vitro.  As suggested by the in vitro neutralization studies, anti-EDIII-depleted 
human serum was as protective as control-depleted serum when tested in vivo. To further 
investigate the role of anti-EDIII antibodies in modulating protection in vivo, we turned to anti-
DENV-immune mouse serum, where we found that anti-EDIII antibodies contributed 
approximately 34% to in vitro neutralization. When murine serum depleted of EDIII antibodies 
was tested at the same volume in vivo as control-depleted serum, we observed a significant 
increase in replicating virus in the lymph node and a marginal increase in bone marrow, but little 
difference in other organs. The lack of difference between the two groups is not entirely 
surprising, as the difference in neutralizing potency between the two sera following in vivo 
transfer was ~ 34%, and this difference was not sufficient to result in a significant loss in 
protection. When EDIII-depleted serum was transferred at an increased volume (400 µl) to 
compensate for the marginal loss in neutralizing titer, protection was observed in that viral titers 
as in MBP-depleted controls. Taken together, this data indicates that in vitro, mouse anti-EDIII 
antibodies are responsible for ~ 34% of in vitro serum neutralizing potency. This reduction in 
neutralization potency confers only a small loss of protection in vivo, and robust protection can 
be re-established following transfer of an increased volume of additional EDIII-depleted serum, 
indicating that anti-EDIII antibodies pre se are not required for homologous protection in vivo.    

These results indicate that while the neutralizing antibody response may be more skewed 
towards generating EDIII-specific antibodies in mice than in humans, the anti-EDIII antibodies 
are not critical for in vivo protection. This finding is intriguing, as MAb studies have frequently 
isolated strongly neutralizing, EDIII-specific antibodies from mice [7,13,14,15,16,17], whereas 
such MAbs are present but rare in humans [21,25]. While binding studies clearly suggest that 
mice make a potent anti-EDIII directed response, it appears that a large percentage of these 
antibodies are non-neutralizing both in vitro and in vivo. Although the observation that non-
EDIII antibodies can potently neutralize DENV may appear surprising, investigators have 
recently described murine and human antibodies that bind outside EDIII that potently neutralize 
dengue and other flaviviruses [16,33]. Confirmation that recombinant EDIII protein was properly 
folded was confirmed using a panel of MAbs directed to critical EDIII epitopes [26]. However, it 
is possible that some antibodies may bind to oligomeric epitopes that straddle either EDII and 
EDIII or EDI and EDIII when the virion is in its mature confirmation.  

Although a 34% difference in the average NT50 titers was observed between the mice 
receiving MBP and EDIII-A depleted serum, this difference was not statistically significant. 
Despite this, there was a clear phenotypic change in in vivo outcome when the animals were 
challenged with an enhancing dose of DENV2 in that 75% of animals receiving EDIII-A serum 
succumbed, while only 17% of mice receiving MBP control serum died. These data suggest that 
both antibody composition and neutralizing potency of transferred serum may be important 
factors in development of enhancement. An increase in the NT50 titer of the EDIII-depleted 
serum (EDIII-B) to an average titer identical to control, MBP-depleted serum eliminated 
enhancement in vivo, implicating that neutralizing potency of the transferred serum, rather than 
antibody composition, is a more important correlate of enhancement in vivo. Observations 
similar to this in maternal-infant clinical studies have similarly suggested a relationship between 
reduced neutralization titers against the infecting serotype and development of severe disease 
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[34,35,36]. Additional experiments exploring synergistic interactions between EDIII-specific 
MAbs (anti-lateral ridge or A strand) and other epitopes may provide further insight into the role 
of EDIII antibodies in the context of polyvalent immune responses. Studies exploring the 
composition of the antibody repertoire and how the ratio of antibodies targeting different 
epitopes changes with time following the primary exposure to DENV may also be of interest, 
especially in cases of waning primary immune responses where years have elapsed since initial 
exposure [24,25]. Given the potential role for anti-EDIII antibodies to prevent homologous 
enhancement and their minimal contribution to serotype cross-reactive interaction, the proposal 
to use EDIII protein as a vaccine is quite intuitive. Indeed, Block et al (2010) have initially tested 
this hypothesis using EDIII-based protein vaccines and found that vaccination of mice with 
tetravalent EDIII protein produced antibodies that were both non-neutralizing and neutralizing 
[37]. When tested for enhancement activity in vitro, these antibodies were less enhancing over a 
much smaller range of serum dilutions than comparable polyvalent mouse serum raised against 
DENV virions.  

Using a murine DENV disease model, we analyzed the relationship between immune DENV 
serum and disease severity in the absence of additional contributing factors such as long-lived 
plasma cells, memory B cells, or the cell-mediated immune response. We have demonstrated that 
anti-EDIII antibodies contribute only marginally to in vivo protection, such that the remaining 
components of the antibody repertoire (anti-EDI/II or anti-virion antibodies) are protective at a 
high neutralizing titer. While neither mice nor humans appear to make large amounts of 
functional anti-EDIII antibodies in response to natural infection, these data suggest that when 
present, anti-EDIII antibodies contribute to protection against enhancement. Vaccines designed 
to skew the immune response towards highly neutralizing and serotype-specific epitopes on the 
surface of EDIII would be predicted to be quite efficient in protecting against homotypic re- 
infection. Further evaluation of the correlation between neutralization titer and disease severity 
in the context of prospective pediatric and maternal-antibody cohort studies will be most 
beneficial to the long-term safety and efficacy of tetravalent DENV vaccines. 

 
MATERIALS AND METHODS 

 
Viruses and cell lines. All viruses was propagated in Aedes albopictus cell line C6/36 
(American Type Culture Collection) and titered by plaque assay on baby hamster kidney cells 
(BHK21, clone 15) [38]. DENV2 D2S10 was derived as described in [39]. DENV1 West-Pac, 
DENV3 CH53489 and DENV4 TVP360 were obtained from the National Institutes for 
Biological Standards (Hertfordshire, UK). U937 DC-SIGN (A. de Silva, University of North 
Carolina, Chapel Hill) and K562 cells were used for neutralization and enhancement assays, 
respectively. Both cells lines were grown in RPMI media (Invitrogen) at 37°C in 5% CO2. 
 
DENV immune human Serum Convalescent DENV immune sera were obtained from 
volunteers who had experienced natural DENV infections during travel abroad. The protocol for 
recruiting and collecting blood samples from people was approved by the Institutional Review 
Board of the University of North Carolina at Chapel Hill. Written informed 
consent was obtained from all subjects before collecting blood. 
 



 105 

AG129 Mouse Infections. AG129 mice [40] were bred at the University of California, Berkeley. 
All procedures were pre-approved and conducted according to UC Berkeley Animal Care and 
Use Committee.  
Production of mouse anti-DENV serum. AG129 mice were infected intra-peritoneally with 105 
pfu DENV2 PL046. Six to eight weeks post infection, mice were sacrificed and whole blood 
collected by terminal cardiac puncture. Serum was isolated from whole blood by centrifugation, 
heat inactivated, and stored at -80°C.  
In vivo protection experiments. AG129 mice were administered either mouse or human anti-
DENV2 immune serum in a final volume of 400-500 µl 24 hours prior to infection with an intra-
venous (i.v.) sub-lethal, 103 pfu dose of DENV2 D2S10.  
In vivo enhancement experiments. AG129 mice were administered either mouse anti-DENV2 
immune serum in a final volume of 500-900 µl 24 hours prior to infection with an iv sub-lethal, 
104 pfu dose of DENV2 D2S10.  
 
Depletion of mouse and human DENV2 immune serum. 
Recombinant EDIII protein fused to maltose binding protein (MBP-EDIII) was made as 
previously described using dengue virus type 2 strain S16803 (1) for human DENV-immune 
serum and strain 16681 for mouse DENV-immune serum. EDIII antibodies from mouse and 
human sera were depleted according to Wahala et al (2010) with minor modifications (2).  
Briefly, 250 µl of amylase resin was coated with 350 µg of EDIII or MBP control protein in 
column buffer.  After washing, the resin was blocked with 8% NHS or NMS and undiluted 
DENV2 immune sera were incubated with MBP-EDIII resin for 1.5 hours. Repeated depletion 
cycles were performed until all of the EDIII-reactive antibodies were removed.  The same serum 
was depleted in parallel with MBP coated resin as a control. ELISA confirmed complete 
depletion of EDIII reactive antibodies as previously described (2). 
 
Quantification of virus in tissue by plaque assay and quantitative RT-PCR. Tissue viral load 
was measured by plaque assay as previously described [38] and was expressed as pfu/g from in 
solid tissue and as pfu/109 in bone marrow cells. Samples of all tissue were saved in RNA later 
(Ambion) and RNA extracted using an RNeasy Mini kit (Qiagen). Serum was extracted from 
whole blood by centrifugation, and RNA extracted using a Qia-Amp Viral Recovery RNA kit 
(Qiagen). Serum viremia levels and tissue viral load were measured as described in Balsitis et al 
(2010)[31]. Viral load was expressed as either plaque-forming equivalents/µg GAPDH (tissue) 
or pfu (eq)/ mL (serum).    
 
In vitro Neutralization and Enhancement Assays. Four to six hours prior to D2S10 infection, 
retro-orbital eye bleeds were performed and 100 µl of whole blood obtained and processed for 
serum as described above. Pre-transfer serum or serum obtained from the retro-orbital eye bleeds 
was subsequently analyzed for neutralization potency using U937 DC-SIGN cells as described 
and enhancing activity using K562 cells. In both assays, serum was diluted either 1:5 (retro-
orbital bleeds) or 1:10 (pre-transfer serum) and titrated in 8, 3-fold dilutions prior to the addition 
of DENV2 D2S10 virus followed by a 45 minute incubation. U937 or K562 cells were then 
infected for 2 hours, washed and resuspended in RPMI media. Twenty-four hours (U937 DC-
SIGN cells) or 48 hours (K562 cells) following infection, the cells were washed, fixed in 2% 
paraformaldehyde (Ted Pella, INC), permeabilized with saponin (Sigma Aldrich) and 
intracellularly stained with 4G2-Alexa488 (Invitrogen). Percent infection was determined by 
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flow cytometry using the BD LSR- Fortessa flow cytometer. Relative infection was calculated 
using the last dilution of each serum sample (1:21,870) as its own denominator to minimize 
variation with staining. NT50 titers were calculated as described in Balsitis, 2010[31]. Peak 
enhancement titer (PET) were calculated by plotting raw percent infection on the y-axis, and log 
serum reciprocal dilution on the x-axis. A Gaussian distribution was used to fit each 
enhancement curve, and the amplitude identified. This data point was then used to derive the log-
reciprocal serum dilution corresponding to the amplitude and reported as the PET. 
 
Statistical Analysis Nonparametric analysis of neutralization titers, PET, tissue viral load and 
serum viremia data were compared using a Wilcoxon ranksum analysis. Time to onset of 
morbidity was assessed using a logrank analysis. All data was analyzed in Stata v10 (College 
Station, Texas).  
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FIGURES 
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Figure 4.1 Human E Domain III (EDIII) antibodies constitute a small portion of the 
polyvalent serum neutralizing antibody response. Human DENV2 immune serum was 
obtained from a DENV-immune individual enrolled in the University of North Carolina dengue 
traveler study and was subsequently depleted of anti-EDIII antibodies using either EDIII or 
MBP-control beads.  A) ELISA plates were coated with DV2 EDIII or MBP protein (negative 
control). Undiluted EDIII- and MBP-depleted human sera were tested for reactivity against with 
DENV2 EDIII, and absolute OD value at 405 nm is shown on the Y axis. B) Neutralization 
against the DENV2 D2S10 strain used for in vivo infections was measured by a neutralization 
assay using human U937 DC-SIGN cells. Relative percent infection is shown on the x-axis and 
log reciprocal dilution of the serum is shown on the y-axis. C) Enhancement against the same 
DENV2 D2S10 strain was measured using K562 cells, where raw percent infection is measured 
on the y-axis and log reciprocal serum dilution is on the x-axis. Each panel is representative of 
two or three separate experiments.  
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Figure 4.2 Human anti-EDIII antibodies are not required for protection in vivo. AG129 
mice (n=5 per group) were administered either human non-depleted (“DENV2”), MBP-depleted 
(“MBP”) or EDIII-depleted (“EDIII”) DENV2 immune serum corrected for the dilution factor 
associated with the depletion procedure, non-immune human serum (“NHS”) 24 hours prior to 
infection with 103 pfu D2S10 iv. A) Schematic of the anti-DENV2 EDIII-depletion and in vivo 
transfer experimental design. B) Retro-orbital eye-bleeds were taken 4-6 hours prior to DENV 
infection, and circulating neutralizing antibodies were measured against the infecting virus. C-E) 
Animals were sacrificed four days post-infection, and viral load was measured in the serum (C), 
bone marrow (D) and spleen (E). The data points presented here are combined from two separate 
experiments.  
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Figure 4.3 Mouse anti-DENV EDIII antibodies contribute to serotype-specific 
neutralization but not enhancement in vitro. Pooled anti-DENV2 PL046 serum was collected 
8-10 weeks following intra-peritoneal infection of AG129 mice and was depleted of anti-EDIII 
antibodies using EDIII or control MBP protein. A) ELISA plates were coated with DV2-EDIII 
and MBP protein (negative control).  Undiluted EDIII- and MBP-depleted mouse sera were 
tested for reactivity with DENV2 EDIII, and absolute OD value at 405 nm is shown on the Y 
axis. B) Neutralization against the DENV2 D2S10 strain used for in vivo infections was 
measured by neutralization assay in U937 DC-SIGN cells. Relative percent infection is shown on 
the x-axis, the log reciprocal dilution of the serum is shown on the y-axis and a dashed line 
indicates 50% infection. C) Enhancement against DENV2 D2S10 was measured in K562 cells, 
where raw percent infection is shown on the y-axis and log reciprocal serum dilution is shown on 
the x-axis. Each panel is representative of two or three separate experiments. 
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Figure 4.4 Murine EDIII-specific antibodies contribute only marginally to protection in 
vivo. AG129 mice (n=3-5/group) were administered either 250 µl (MBP-A) of MBP-depleted 
serum or 250 µl (EDIII-A) or 400 µl (EDIII-B) of EDIII-depleted serum or 400 µl non-immune 
mouse serum (NMS) 24 hours prior to infection with 103 pfu D2S10 iv. A) Schematic of the anti-
DENV2 EDIII-depletion and in vivo experimental design. B) Sub-mandibular bleeds were taken 
4-6 hours prior to infection, and circulating neutralizing antibodies were measured against the 
infecting virus. C-E) Animals were sacrificed four days post-infection, and viral load was 
measured in the serum (C), bone marrow (D), lymph node (E), and spleen (F). The data points 
presented here are combined from two separate experiments. 
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Figure 4.5 Anti-EDIII antibodies prevent enhancement in vivo 
AG129 mice (n=3-6/group) were administered either 50 µl (DENV2-A) of non-depleted DENV2 
serum, 250 µl of MBP-depleted serum (MBP) or 250 µl (EDIII-A) or 400 µl  (EDIII-B) or 400 
µl of non-immune mouse serum (NMS) prior to a sublethal 104 pfu DENV2 D2S10 iv infection. 
A) Schematic of the anti-DENV2 EDIII-depletion and in vivo transfer scheme. (B) Twenty-four 
hours prior to infection, sub-mandibular bleeds were taken and the serum was used to measure 
neutralization in U937-DCSIGN cells. C) Animals were followed for morbidity and mortality for 
10 days following infection. Survival outcome is depicted in a Kaplan-Meier survival curve. The 
data points presented here are combined from two separate experiments, except for the EDIII-B 
condition, which could only be tested once. 
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Table 4.1  
 

  

Neutralizing 
Titer (NT50 
Mean ± sd) Morbidity Mortality 

Mortality     
p-value* 

NMS 10 0/5 0/5 na 
MBP 74.5 2/5 1/5 --- 
EDIII-A 53.8 3/4 3/4 .0389 
EDIII-B 75 0/3 0/3 .075 

 
* p-value calculated in comparison to MBP 
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 Human DENV2-immune 
serum 

Mouse DENV2-immune 
serum 

 MBP-
depleted 

EDIII-
depleted 

MBP-
depleted 

EDIII-
depleted 

DENV1  69 86 164 115 

DENV3 50 59 116 87 

DENV4 102 147 184 121 

Supplementary Figure 4.1 Mouse (A-C) and human (D-F) DENV2-immune serum was tested 
for heterotypic neutralization in vitro. Neutralization titer against DENV1 strain West-Pac (A,D), 
DENV3 strain CH53489 (B,E), or DENV4 strain TVP-360 (C,F) was assessed using U937-
DCSIGN cells. 
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CHAPTER 5 
 

THE ROLE OF SEROTYPE-SPECIFIC AND SEROTYPE CROSS-REACTIVE ANTIBODIES 
IN MEDIATING PROTECTION AND ENHANCEMENT IN VIVO 



 122 

INTRODUCTION 
 

Mouse monoclonal antibody studies of flaviviruses, begun in 1982 [1,2,3], have contributed 
greatly to our current understanding of the structure of the DENV virion [4] and the critical 
epitopes targeted by the humoral immune response [5,6,7,8]. Only in the past few years have 
researchers begun to dissect the human polyclonal immune response to DENV. In contrast to the 
conclusions drawn with mouse polyvalent immune serum, the human antibody repertoire is 
largely cross-reactive [9,10,11,12], and targets epitopes such as prM/M [10], the EDII fusion 
loop, and EDIII A strand epitope [13]. One major difference between the antibody repertoire in 
mice versus humans appears to be the predominance of serotype-specific, neutralizing antibodies 
targeting EDIII in murine serum [14]. It remains unclear what epitopes induce a potent 
neutralizing antibody response in humans [15], and whether these antibodies are serotype-
specific or serotype-cross-reactive in nature. Another major unanswered question is whether 
antibodies that induce protection and those that induce enhancement are separate pools of 
antibodies or whether the same antibodies induce protection and enhancement (i.e., at different 
dilutions).  

Original antigenic sin suggests that a complex interaction occurs between the adaptive 
immune response primed against the first DENV infection and the distinct DENV serotype 
responsible for the subsequent infection [16,17]. Upon secondary infection, the sub-complex and 
complex-specific antibodies capable of binding the new virus may be insufficient to neutralize 
the viral infection, and may instead facilitate enhanced viral uptake through FcR and contribute 
to the development of more severe disease [18]. As candidate live attenuated and subunit 
vaccines proceed through early clinical trials, it becomes even more imperative to understand 
how different components of the immune response both prevent and facilitate DENV infection 
[19,20,21,22,23]. In the context of a vaccine, we must understand how the antibody response 
contributes to protection, but of equal importance, how to prevent antibody-dependent 
enhancement. Understanding in vitro correlates of in vivo outcome is a critical step towards 
determining whether an immune response generated against a natural infection, or vaccination, is 
potent enough to neutralize infection and to prevent enhancement in vivo. Further elucidation of 
both monotypic and polytypic immune responses is necessary to counter well-placed fears 
associated with DENV vaccination. In this chapter, we attempt to dissect the serotype-specific 
and serotype-cross-reactive components of the human polyvalent humoral immune response and 
identify their contribution to both protection and enhancement of DENV infection in vivo using 
our mouse model of DENV infection and disease.  

 
RESULTS 

 
DENV2 homotypic but not heterotypic anti-DENV3 serum reduces viral load in vivo 
despite equivalent in vitro neutralizing titers 
 We first wanted to determine whether there were measurable differences in the ability of 
human homotypic, as compared to heterotypic polyvalent serum, to protect against DENV2 
infection. To that end, we administered 10-fold different doses of either αDENV2 or αDENV3 
immune serum such that the neutralization capacity of the serum (measured using the U937 DC-
SIGN neutralization assay) from the two groups was not significantly different (Figure 5.1A). 
Animals were subsequently infected with a 103 pfu dose of DENV2 D2S10 and followed for four 
days, after which they were sacrificed and serum viremia levels measured. Despite circulating 
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neutralization titers being comparable between the two groups of mice, only the group having 
received the αDENV2-immune serum demonstrated reduced serum viremia levels (p<0.05, 
Figure 5.1B). This data allowed us to conclude that qualitative differences existed between the 
serotype-specific and cross-reactive antibody response.  
 
Depletion of serotype-cross-reactive antibodies does not affect protective capacity of 
serotype-specific, anti-DENV immune serum in vivo 
 Having determined that homotypic αDENV-immune serum was capable of robust 
protection, while heterotypic serum was not, despite equivalent circulating antibody titers in 
vitro, we next wanted to determine what fraction of the polyvalent serum may be contributing to 
the protection observed in vivo. In collaboration with Dr. Aravinda de Silva’s group at the 
University of North Carolina, Chapel Hill, we depleted human αDENV2-immune serum of 
cross-reactive antibodies using DENV3 virions (DENV2-B), of serotype-specific antibodies 
targeting the DENV2 virion (DENV2-C), or of non-specific antibodies using BSA coated to 
beads (DENV2-A). These depleted serum samples were initially evaluated in vitro and then 
further analyzed in vivo. ELISA assays performed by the de Silva laboratory demonstrated that 
the DENV3-depleted serum had lost all ability to bind to DENV1, DENV3, and DENV4 virions 
(hereafter referred to as “DENV1,3,4-depleted serum”) but retained the ability to bind to 
DENV2. In contrast, DENV2-depleted serum lost the ability to bind to the DENV2 virion, as 
measured by ELISA assay (data not shown). Initial testing in our laboratory of the neutralization 
capacity of control and DENV1,3,4-depleted serum demonstrated no change in the NT50 titer, 
whereas  depletion with DENV2 virions resulted in an 85%-90% loss in serum neutralizing 
potency (Figure 5.2A and 5.3A).  

We next tested whether the phenotypes observed with the DENV1,3,4-depleted and 
DENV2-depleted serum in vitro would yield a similar phenotype in an in vivo protection 
experiment. To that end, we transferred equivalent volumes of either control-depleted NHS 
(NHS-A), DENV1,3,4-depleted NHS (NHS-B), control-depleted αDENV2 serum, DENV1,3,4-
depleted αDENV2 serum, or DENV2-depleted αDENV2 serum into AG129 mice (n = 3/group) 
24 hours prior to a 103 pfu DENV2 D2S10 infection. Retro-orbital eye-bleeds were collected 4-6 
hours prior to infection, and the serum was used to measure circulating antibody titers against the 
infecting virus. Mice administered either NHS-A or NHS-B serum did not demonstrate 
measurable neutralizing titers, and two of three animals receiving αDENV2-C serum (DENV2-
depleted αDENV2 serum) similarly displayed neutralizing titers below the limit of detection. 
Surprisingly, serum from the third animal was capable of neutralizing DENV2 D2S10 in vitro. 
Animals receiving either the αDENV2-A (control-depleted αDENV2 serum) or αDENV2-B 
serum (DENV1,3,4-depleted αDENV2 serum) demonstrated measurable neutralizing titers 
against DENV2 D2S10 that were significantly greater than either the NHS-A or NHS-B groups 
(Figure 5.2B). Four days following infection, animals receiving either the NHS-A or NHS-B 
serum demonstrated robust viremia and DENV infection in the bone marrow and spleen. In 
contrast, animals receiving either αDENV2-A or αDENV2-B serum demonstrated a complete 
reduction in serum viremia, a 3-log reduction in the spleen, and a 1-2 log-fold reduction in bone 
marrow viral load (Figure 5.2C-E). Although the in vitro neutralization data suggested that the 
mice receiving the αDENV2-C serum (DENV2-depleted αDENV2 serum) would not be 
protected, we observed moderate, but significant reduction in serum viremia levels and tissue 
viral load in the spleen and bone marrow (Figure 5.2C-E).  
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As the DENV2-depleted αDENV2 serum was surprisingly protective in vivo, we 
repeated the experiment with a second human αDENV2-immune sample, and again the serum 
was either control-depleted (αDENV2-A) or depleted using DENV2 virions (αDENV2-C). As 
before, DENV2-depleted αDENV2 serum demonstrated a 90% reduction in neutralizing potency 
as compared to control-depleted serum in vitro (Figure 5.3A). When the serum was tested for 
protective capacity in vivo, the control-depleted αDENV2 serum was completely protective, 
whereas the animals receiving DENV2-depleted αDENV2 serum again displayed intermediate 
viremia and spleen viral load levels. To eliminate the possibility that the human DENV2-immune 
serum was simply extremely neutralizing in vivo, we diluted the control-depleted αDENV2 
serum 1:10, such that it retained only 10% of the original neutralizing capacity to compare with 
the DENV2-depleted αDENV2 serum (αDENV2-C) that exhibited 10% residual neutralizing 
potency against DENV2 D2S10. Thus, a third group of animals (αDENV2-D) was administered 
control-depleted serum diluted 1:10 in NHS. Two of three animals administered αDENV2-D 
serum did not have measurable neutralization titers following in vivo transfer, but all three 
animals displayed comparable viremia and spleen viral load levels to the NHS-A animals 
(Figure 5.3D), suggesting that control-depleted αDENV2 serum diluted 1:10 was not protective 
in vivo. Taken together, this data suggests that depletion of αDENV2-immune serum with 
DENV2 virions reduces, but does not eliminate, neutralizing potency in vitro. Additionally, the 
10% residual neutralizing potency found in the DENV2-depleted αDENV2 serum is 
significantly more neutralizing than 10% of the control-depleted serum alone, indicating that an 
important component of the protective capacity of DENV2-immune serum, as measured by in 
vitro neutralization assays, is not eliminated following depletion of antibodies binding to the 
DENV2 virion. Further, the in vitro neutralizing potency estimated for this remaining fraction of 
antibodies does not correlate with in vivo protection as has been previously observed. 
Identification of the target of this residual protective component in DENV2-depleted αDENV2 
serum is currently underway. 
 
In vitro assessment of both neutralization (NT50) and enhancement (PET) can predict in 
vivo outcome  

Monoclonal antibody (MAb) studies have suggested that the 50% neutralization titer 
(NT50) of a mAb correlates with the peak enhancement titer (PET) against the same virus. To 
determine whether a similar relationship exists with human monotypic sera, we determined the 
NT50 and PET of four monotypic sera (one serum sample from a primary DENV infection with 
each serotype) against DENV2. In this experiment, the three cross-reactive sera (αDENV1, 
αDENV3 and αDENV4) displayed moderate neutralization of DENV2, with NT50 titers between 
44 and 82 in a neutralization assay using U937 cells with the DC-SIGN DENV attachment 
factor. The PET was subsequently measured in K562 cells, a cell line that displays FcγRIIA on 
the surface, but is not naturally permissive for DENV infection in the absence of anti-DENV 
antibodies. One NT50/PET serum pair had identical NT50 and PET titers (αDENV3), while the 
other two PET titers were 2.5-3.5 times greater in magnitude than the NT50 titer. The αDENV2 
serum sample was strongly neutralizing and had comparable NT50 and PET titers. Comparing the 
αDENV2 serum to αDENV1, αDENV3 or αDENV4 serum, the αDENV2 serum was ~20-40 
fold more neutralizing and 10-40 fold less enhancing in vitro (Figure 5.4A-D). Combined, these 
data support the observation that serotype-specific serum must be significantly diluted in order to 
be enhancing. In contrast, serotype-cross-reactive serum is much more enhancing and requires 
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substantially less dilution. Further, the relationship between NT50 and PET appears to be 
relatively consistent in both serotype-specific, and serotype-cross-reactive scenarios.  

Having observed that serotype-specific serum is 10-40 fold less enhancing in vitro than 
serotype cross-reactive serum and must be substantially diluted in order to become enhancing, 
we next tested whether a similar relationship could be observed in vivo. To test this hypothesis, 
we transferred αDENV2 human immune serum at dilutions of 1:12.5 (200 µl transferred), 1:100 
(25 µl transferred) or 1:400 (6.25 µl transferred) (assuming the total blood volume of an AG129 
mouse to be 2.5 mL) 24 hours prior to a sub-lethal infection with DENV2 D2S10. In support of 
the hypothesis derived from our in vitro data, mice receiving a 1:12.5 dilution of αDENV2 
serum did not develop enhanced disease, whereas mice receiving a 10-fold (1:100 dilution) or 
40-fold (1:400 dilution) more diluted dose demonstrated between 40% (p<0.075 as compared to 
200 µl αDENV2) and 50% survival, respectively (Figure 5.4E).  We next tested whether cross-
reactive serum, identified as more enhancing in vitro, required less dilution than serotype-
specific serum in order to develop enhanced disease. As suggested by the in vitro enhancement 
data, αDENV3 serum was the most enhancing, meaning that it was diluted the least to yield peak 
enhancement (PET: 44, Figure 5.4C). In agreement with this observation in vitro, αDENV3 
serum diluted 1:25 (100 µl) was not enhancing in vivo, while αDENV3 serum diluted 1:12.5 
(200 µl) was 50% lethal (Figure 5.4E). As this particular serum was limited in quantity, we were 
not able to test less dilute/higher volumes of the serum to establish whether these concentrations 
would be even more enhancing in vivo. The remaining two cross-reactive human αDENV-
immune sera, αDENV1 and αDENV4, were 6-fold and 2.5-fold less enhancing in vitro, 
respectively, than the αDENV3 serum. In agreement with this, when tested at a dilution of 1:12.5 
(200 µl) in vivo, each serum was potently enhancing (p<0.05 for αDENV1 and p<0.01 for 
αDENV4 as compared to mice receiving NHS) (Figure 5.4F). Further analysis is needed to 
determine whether more dilute doses such as 1:25 would still be enhancing in vivo. As it stands, 
these in vivo data support a strong relationship between relative in vitro PET (and NT50) and in 
vivo enhancement.  
 
Depletion of cross-reactive anti-DENV antibodies eliminates enhancement in vivo 
 Having studied the components of the immune response required for in vivo protection, 
we next wanted to determine whether serotype cross-reactive antibodies were the main 
contributors to in vivo enhancement. To ask this question, we depleted αDENV3 serum of all 
cross-reactive antibodies targeting the DENV2 virion, with serum depleted using a control 
protein analyzed in parallel. When tested in vitro, DENV2-depleted αDENV3 serum displayed a 
complete loss in binding to the three other virions when tested by ELISA and no change in 
neutralizing potency as compared to the control or non-depleted αDENV3 serum (Figure 5.5B), 
but was no longer capable of neutralizing DENV2 (Figure 5.5A). When transferred prior to a 
sub-lethal, enhancing (105 pfu) dose of DENV2 D2S10, mice receiving the DENV2-depleted 
αDENV3 sera did not develop enhanced disease, whereas animals receiving control-depleted 
and non-depleted serum displayed 40% and 80% mortality rates (non-depleted serum, p<0.05 as 
compared to DENV2-depleted αDENV3 serum), respectively (Figure 5.5C). While only 2/5 
control-depleted αDENV3 mice succumbed to a lethal infection, all developed measurable signs 
of illness. In contrast, none of the mice receiving the DENV2-depleted αDENV3 immune serum 
developed any signs of disease (p<0.05 as compared to DENV2-depleted αDENV3) (Figure 
5.5D). This data suggests that two different antibody populations indeed exist in polyvalent 
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serum, one that contributes largely to neutralization and protection, while a second that is mainly 
enhancing and contributes to the development of severe disease in vivo.  
 

DISCUSSION 
  
 Understanding relevant in vitro correlates of in vivo outcome is an essential component 
for development of a safe and effective DENV vaccine.  In this chapter, we have identified 
robust in vitro correlates of both protection and enhancement in a mouse model of DENV 
infection and disease using monotypic human αDENV immune serum. As these observations 
were made using only monotypic serum, it would be worthwhile to extend these observations to 
include an analysis of polytypic responses following two or three DENV infections. Further, 
longitudinal analysis following individuals living in endemic countries over years would be 
instrumental in quantifying how the neutralization potency and enhancement capacity of serum 
changes over time and after secondary DENV infection. Also of interest would be studying 
serum from individuals vaccinated with either monovalent or tetravalent candidate dengue 
vaccines to determine whether either neutralization potency or enhancement capacity could be 
correlated with in vivo outcome in our mouse model, ideally to demonstrate that the humoral 
immune response after vaccination would not promote an enhanced infection in mice.  
 The depletion of cross-reactive anti-DENV antibodies from DENV2-immune serum, by 
definition, refers to the removal of all sub-complex and complex-specific antibodies capable of 
binding to DENV1, DENV3 and DENV4 virions. This will also result in the removal of cross-
reactive antibodies that could bind to the DENV2 virion, including, for example, EDII fusion 
loop and EDIII A strand antibodies. Following depletion, the only antibodies remaining in the 
serum were serotype-specific antibodies targeting only DENV2. Surprisingly, the cross-reactive 
depletion did not reduce the neutralization potency of the serum, nor did it negatively affect in 
vivo protection. Further analysis of the depleted serum to determine if all fusion loop and A 
strand (two predominantly cross-reactive epitopes) antibodies were removed should be 
completed to further validate the depletion strategy.  

As a negative control for the cross-reactive antibody depletion experiment, depletion of 
serotype-specific antibodies (all antibodies targeting DENV2) was included to demonstrate that 
depletion of this subset of antibodies, in turn, did effectively eliminate both in vitro 
neutralization and in vivo protection. While effective at reducing in vitro neutralization potency 
by 85%-90%, the DENV2 depletion produced serum that was still moderately protective in vivo, 
and this observation was repeated following depletion of a second sample from a different 
individual. An initial assumption we have made following these experiments is that the 
antibodies contributing to in vivo protection are the same antibodies contributing to the residual 
10% neutralization observed in vitro. To eliminate the option that human immune serum is 
highly neutralizing and can be protective even at extremely low titers, we controlled for the in 
vitro 10% neutralization capacity by diluting control-depleted serum 10-fold, but were not able 
to recapitulate the same protective phenotype in vivo. These data suggest that the antibodies 
remaining in the DENV2-depleted αDENV2 serum, while not neutralizing by traditional in vitro 
neutralization assays, confer measurable protection in vivo. An initial hypothesis attempting to 
identify these antibodies was that they targeted a rarely exposed, “breathing” form of the virion, 
such that when the virion is in a static state (as it is during the depletion with fixed virions), the 
epitope(s) are not exposed and the antibodies targeting these epitopes cannot be depleted. To test 
this hypothesis, additional experiments were performed that included incubating the serum with 
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DENV virions at higher temperatures and for longer time periods, but these experiments did not 
eliminate the residual 10% of the antibody population that contributed to in vitro neutralization. 
As this is human immune serum transferred into a mouse model, it is also possible that aberrant 
interactions between human Fc and mouse FcR could be augmenting the ability of the residual 
antibodies to mediate protection. Finally, we are currently in the process of testing whether the 
residual antibody in DENV2-depleted αDENV2 serum targets the DENV NS1 protein, which is 
secreted from infected cells and generates a small, but measurable antibody response. If it does, 
we will further deplete DENV2-depleted αDENV2 serum with NS1 protein to determine 
whether we can eliminate the residual 10% in vitro neutralization and remaining in vivo 
protection. This data is consistent with data obtained in our laboratory where mice immunized 
with NS1 protein and Sigma adjuvant plus CPG were protected against a lethal DENV challenge, 
while animals vaccinated with BSA, SIGMA adjuvant and CPG were not (SZ, SO, PRB, EH, 
unpublished data). 
 Combining observations from both the protection and enhancement experiments, we have 
been able to prove that depletion of cross-reactive antibodies does not alter the homotypic, 
protective capacity of αDENV-immune serum, but beneficially eliminates enhancement in vivo. 
Specifically, αDENV3-immune serum depleted of cross-reactive antibodies targeting the 
DENV1, DENV2 and DENV4 virions eliminated the ability of the serum to neutralize DENV2 
virus in vitro and abrogated enhancement in vivo. These data demonstrate that serotype-cross-
reactive antibodies are fundamentally responsible for DENV enhancement and are separable 
from the serotype-specific antibodies that contribute to neutralization and protection. Within this 
context, it appears as though serotype-specific antibodies strongly contribute to homotypic 
neutralization, while a separate category of cross-reactive antibodies mainly facilitate 
enhancement. We are also in the process of examining whether or not the antibody immune 
response contributes to serotype cross-reactive protection, and if so, what subsets of antibodies 
may play important roles in mediating this protective capacity. In summary, we have validated a 
mouse model of DENV infection and disease to quantify the contribution of different 
components of the humoral immune response in mediating protection and enhancement in vivo. 
Further studies determining whether antibodies targeting recombinant E protein or alternative 
epitopes on the virion (including those binding to heterodimeric complexes formed between E 
protein dimmers) will be critical to identifying the main components of the humoral immune 
response contributing to both protection and enhancement in vivo.  
 

MATERIALS AND METHODS 
 

Viruses and cell lines. All viruses were propagated in Aedes albopictus cell line C6/36 
(American Type Culture Collection) and titered by plaque assay on baby hamster kidney cells 
(BHK21, clone 15) [24]. DENV2 D2S10 was derived as previously described [25]. DENV1 448 
was a gift from Dr. Susie Kliks and DENV3 CH53489 and DENV4 TVP360 were obtained from 
the National Institute for Biological Safety and Control (Hertforshire, England). All in vitro 
neutralization assays and in vivo infections were performed with non-concentrated virus. U937-
DC-SIGN (gift from A. de Silva, University of North Carolina, Chapel Hill) and K562 cells were 
used for flow cytometry-based in vitro neutralization and enhancement assays, respectively. Both 
cell lines were grown in RPMI medium (Invitrogen) and supplemented with 5% fetal bovine 
serum (Denville Scientific), 1% penicillin/ streptomycin and 1% hepes at 37°C in 5% CO2. 
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Clinical Serum Samples from Dengue Patients. All human DENV-immune serum samples 
used in these experiments were obtained from A. deSilva (University of North Carolina, Chapel 
Hill). In a study approved by the Institutional Review Board of the University of North Carolina 
at Chapel Hill, serum was collected from volunteers who had experienced natural DENV 
infections during prior travel abroad.  
 
Virion depletion of human DENV-immune serum Human monotypic αDENV-immune serum 
was depleted using polystyrene microsphere beads adsorbed with purified Vero-grown dengue 
virus or using beads alone in presence of bovine serum albumin (used as a blocking agent). 
Three rounds of 2-hour depletions at 37°C on a rocking platform were completed to ensure 
complete depletion. Efficient depletion was measured using a virion-coated ELISA as described 
in de Alwis 2011 [12].  
 
AG129 Mouse Infections. AG129 mice [26] were bred at the University of California, Berkeley, 
Northwest Animal Facility. All procedures were pre-approved and conducted according to UC 
Berkeley Animal Care and Use Committee guidelines.  
In vivo protection experiments AG129 mice were administered 50 µl DENV-immune serum 
diluted into a final volume of 250 µl i.p. 24 hours prior to infection with an intra-venous (i.v.) 
sub-lethal, 103 pfu dose of DENV2 D2S10. A retro-orbital eye bleed was performed four to six 
hours prior to infection to measure circulating antibody titers. Animals were sacrificed four days 
following infection and organs and serum were taken to measure viral load.  
In vivo enhancement experiments AG129 mice were administered different volumes of serum 
(specified in figure legend) diluted into a final volume of 400 µl i.p. 24 hours prior to infection 
with an intra-venous (i.v.) sub-lethal, 104 pfu dose of DENV2 D2S10. Retro-orbital eye-bleeds 
were taken 4-6 hours prior to infection. Animals were monitored for morbidity and mortality for 
10 days following infection.  
 
Quantification of virus in tissue by plaque assay and quantitative RT-PCR. Tissue viral load 
was measured by plaque assay as previously described [24] and was expressed as pfu/g from in 
solid tissue and as pfu/109 in bone marrow cells. Samples of all tissue were saved in RNA later 
(Ambion) and RNA extracted using an RNeasy Mini kit (Qiagen). Serum was extracted from 
whole blood by centrifugation, and RNA extracted using a Qia-Amp Viral Recovery RNA kit 
(Qiagen). Serum viremia levels and tissue viral load were measured as described in Balsitis et al 
(2010) [27]. Viral load was expressed as either plaque-forming equivalents/µg GAPDH (tissue) 
or pfu (eq)/ mL (serum).    
 
DENV neutralization assay. The neutralization titer of each serum sample was measured using 
the U937-DC-SIGN flow cytometry-based neutralization assay as described in Kraus et al (2006) 
[28]. In brief, serum was diluted 1:10 and eight 3-fold serial dilutions were performed. The 
diluted serum were mixed with DENV2 D2S10 at an MOI of 0.0125, incubated together for 45 
minutes at 37°C, and the mixture incubated with 5x104 U937-DC-SIGN cells. Two hours 
following infection, the cells were washed and resuspended in RPMI medium containing 5% 
FBS (Denville Scientific), 1% penicillin/ streptomycin and 1% hepes. Twenty-four hours 
following infection, the cells were washed, fixed in 2% paraformaldehyde (Ted Pella, INC), 
permeabilized with saponin (Sigma Aldrich), and stained intracellularly with 4G2-Alexa488 
(Invitrogen). Percent infection was determined by flow cytometry using the BD LSR- Fortessa 
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flow cytometer. Relative infection was calculated using the last duplicate dilution of each serum 
sample (1:2430) as its own denominator to minimize variation. NT50 titers were calculated as 
described in Balsitis & Williams et al, 2010 [27].  
 
DENV enhancement assay 
For each of the serum samples, the peak enhancement titer (PET) was calculated. Eight 3-fold 
serial dilutions beginning at a starting dilution of 1:10 were mixed with DENV2 D2S10 virus at 
an MOI of 0.1. The serum dilution and virus were mixed together at a 1:1 ratio. 50,000 K562 
cells were added after a 45-minute incubation of the virus and serum at 37°C. Two hours 
following infection, the cells were washed and resuspended in RPMI media. After a 48-hour 
incubation period, the cells were washed, fixed in 2% paraformaldehyde (Ted Pella, INC), 
permeabilized with saponin (Sigma Aldrich), and stained intracellularly with 4G2-Alexa488 
(Invitrogen). The peak enhancement titer (PET) was calculated by plotting raw percent infection 
on the y-axis and the log-reciprocal serum dilution on the x-axis. A Gaussian distribution was 
used to fit each enhancement curve, and the amplitude was identified. This data point was then 
used to derive the log-reciprocal serum dilution corresponding to the amplitude and was reported 
as the PET.  
 
Statistical Analysis  All graphs were produced using Prism 5 software (La Jolla, CA). Statistical 
analysis was performed using Stata v10 (College Station, Texas). Comparison of survival 
functions was conducted using a non-parametric logrank equality test.  
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FIGURES 

 
 

 
 
Figure 5.1 Homotypic anti-DENV immune serum is more protective in vivo than 
heterotypic serum of equivalent neutralizing titer. AG129 mice (n=3 / group) were 
administered either 25 µl of αDENV2 serum or 250 µl of αDENV3 serum 24 hours prior to a 
sub-lethal, 103 pfu DENV2 D2S10 infection. A) Retro-orbital eyebleeds were taken 4-6 hour 
prior to infection to measure circulating antibody titers using the U937 DC-SIGN neutralization 
assay. B) Animals were sacrificed four days following infection and serum viremia levels 
measured using quantitative RT-PCR with primers directed against the NS5 protein.   
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Figure 5.2 Sera depleted of serotype-specific and serotype cross-reactive antibodies both 
confer protection in vivo despite having different neutralization titers in vitro. A DENV2-
immune serum sample (αDENV2) or normal human serum (NHS) sample was either control-
depleted (NHS-A, αDENV2-A), depleted of all cross-reactive antibodies targeting the DENV1, 
DENV3 and DENV4 virions (NHS-B, αDENV2-B), or depleted of all serotype-specific 
antibodies targeting the DENV2 virion (αDENV2-C). A) The in vitro neutralization titer was 
measured for each of these depleted serum using U937 DC-SIGN cells. Log reciprocal dilution is 
shown on the x-axis, relative infection is shown on the y-axis, and the dashed line indicates 50% 
neutralization (NT50). The DENV2-depleted serum demonstrated a 85% reduction in NT50 titer. 
B-E) AG129 mice (n = 3/group) were administered 80 µl of each serum, and infected with 103 
pfu DENV2 D2S10 24 hours later. Four to six hours prior to infection, a retro-orbital eye-bleed 
was taken and the serum used to measure neutralizing antibodies circulating at the time of 
infection (B). Animals were sacrificed 4 days following infection, and viremia (C) and tissue 
viral load in spleen (D) and bone marrow (E) was measured by qRT-PCR.  
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Figure 5.3 DENV2-virion depletion removes 85% of homotypic neutralizing antibodies in 
vitro, but still protects in vivo. A second DENV2-immune serum sample (αDENV2) or normal 
human serum  (NHS) sample was either control-depleted (NHS-A, αDENV2-A), or depleted of 
all serotype-specific antibodies targeting the DENV2 virion (αDENV2-C). Control-depleted 
αDENV2 serum was diluted to 10% of the original neutralizing titer of the αDENV2 control-
depleted serum (αDENV2-D). A) The in vitro neutralization titer was measured for each of the 
depleted sera using U937 DC-SIGN cells. Log reciprocal dilution is shown on the x-axis, relative 
infection is shown on the y-axis, and the dashed line indicates 50% neutralization (NT50). The 
DENV2-depleted serum demonstrated a 90% reduction in NT50 titer. B-D) AG129 mice (n = 
3/group) were administered 80 µl of each serum and infected with 103 pfu of DENV2 D2S10 24 
hours later. Four to six hours prior to infection, a retro-orbital eye-bleed was taken and the serum 
used to measure neutralizing antibodies circulating at the time of infection (B). Animals were 
sacrificed 4 days following infection, and viremia (C) and tissue viral load in spleen (D) was 
measured by qRT-PCR.  
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Figure 5.4 Serotype-specific human αDENV2 monotypic sera is 10-fold less enhancing than 
serotype cross-reactive sera both in vitro and in vivo. Human DENV-immune sera was tested 
for neutralization and enhancing ability in vitro, and the data used to predict in vivo outcome. 
A,B,C,D) For each serum sample, a neutralization curve generated using U937 DC-SIGN cells 
(open circle) is superimposed on an enhancement curve generated using K562 cells. A dashed 
line indicates 50% neutralization (NT50) for each serum sample and a circle denotes the peak 
enhancement titer (PET). E) Either 25 µl of human αDENV2 serum (n = 5) or 6.25 µl (n = 5) of 
human αDENV2 serum was transferred into AG129 mice 24 hours prior to a 103 pfu DENV2 
D2S10 infection. Mice were monitored for morbidity and mortality for 10 days following 
infection. F) 200 µl of human anti-DENV1, DENV3 or DENV4 sera was transferred into AG129 
mice (n = 4/group) 24 hours prior to injection with 105 pfu of DENV2 D2S10. Mice were 
monitored for morbidity and mortality for 10 days post-infection.  
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Figure 5.5 Depletion of cross-reactive antibodies from DENV3-immune sera minimizes 
neutralization of DENV2 in vitro and eliminates enhancement of DENV2 in vivo. A DENV3-
immune human serum sample was either control-depleted or depleted of all antibodies that bind 
to the DENV2 virion. A, B) The in vitro neutralization titer against DENV2 (A) and DENV3 (B) 
was measured for each of these depleted serum samples using U937 DC-SIGN cells. Log 
reciprocal dilution is shown on the x-axis, relative infection is shown on the y-axis, and the 
dashed line indicates 50% neutralization (NT50). C,D) AG129 mice (n = 4-5/group) were 
administered 200 µl of the specified serum and infected with 105 pfu of DENV2 D2S10 24 hours 
later. Animals were monitored for morbidity (D) and mortality (C) for 10 days following 
infection.  
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Project Summary One of the foremost goals underlying my dissertation research was to 
identify robust in vitro correlates of in vivo outcome. As shown in chapters 2,4 and 5, we found 
that the neutralization titer of anti-DENV antibodies following passive transfer of DENV-
immune serum correlates well in the context of both protection and enhancement experiments. 
Protection experiments suggest that there is an inverse relationship between the increasing titer 
of passively transferred immune serum and decreasing levels of viral replication in the serum and 
lymphoid organs. Similarly, enhancement experiments suggest that increasing dilutions of 
homotypic serum will reduce the neutralizing potency and ultimately render the serum 
enhancing. However, cross-reactive enhancement, as suggested in the Chapter 5, may be more 
complicated. Further analysis of the subsets of serum that contribute to enhancement in vivo, and 
whether standard in vitro assays can accurately capture these properties still remains unclear.  
 Initial observations in Chapter 2 suggested that E60 N297Q [1] and human mAbs 87.1 
and 82.11 [2] were potently therapeutic and acted by neutralizing the viral infection even when 
administered 24 hours following infection. This demonstrates that these mAbs can reduce DENV 
viral load even in the absence of effector functions provided by the Fc portion of the antibody, 
possibly acting differently than anti-WNV fusion loop mAbs [3]. Our initial hypothesis studying 
a larger panel of therapeutic mAbs was that the more neutralizing the monoclonal, the more 
potently therapeutic. While this mechanism appears to support prophylactic potency, it does not 
appear to explain therapeutic efficacy. Indeed, a complex interaction between epitope specificity, 
displacement ability and mAb avidity appears to determine therapeutic efficacy, such that only 
certain antibodies targeting the fusion loop and A strand epitopes are therapeutically protective. 
Within one epitope, aglyscoylated mAbs must have a high avidity (estimated using Kd) to be 
therapeutically efficacious. However, across epitopes, it appears that the ability of the 
aglycosylated antibodies to displace enhancing antibodies present in polyvalent immune serum 
and ultimately dominate binding over the surface of the virion is critical for therapeutic success. 
Through the experiments in Chapters 2 and 3 we also validated the ability of both human IgG1 
mAbs and human polyvalent immune serum to enhance sublethal DENV2 infections. This model 
of human antibody-enhanced disease was subsequently used to validate the ability of E60 
N297Q, 87.1 LALA and 82.11 LALA to therapeutically protect against lethal disease in vivo. 
Further investigations into synergistic or additive interactions between fusion loop and A strand 
antibodies are underway and might identify even more potently therapeutic combinations.  

The investigation into the role of anti-EDIII antibodies in polyvalent serum emerged from 
the observation that EDIII-specific mAbs isolated following murine DENV infection are potently 
neutralizing [4,5]. The derivation of these mAbs, however, resulted from in vivo infection 
schemes that involved at least one boost with recombinant EDIII protein. Thus, while these 
antibodies are indeed generated, the development of them may have been influenced by artificial 
boosting conditions, and may not have been completely reflective of the mouse’s natural immune 
response to DENV infection. Nonetheless, depletion of anti-EDIII antibodies from mouse 
immune serum resulted in a 35% loss in both homotypic as well as heterotypic neutralization 
titers, suggesting that the anti-EDIII antibodies that mice produce following one infection are 
both serotype-specific and serotype cross-reactive and potently neutralizing. In vivo protection 
studies demonstrated that while depletion of anti-EDIII antibodies reduced the neutralizing titer 
of the serum transferred in vivo, it did not result in a significant drop in viral load in all tissues. 
When examined in the context of enhancement, EDIII-depleted serum similarly reduced the 
neutralization titer of the transferred serum, but also resulted in a lethal phenotype in 75% of 
animals tested, indicating that anti-EDIII antibodies may be playing a role in preventing 
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homologous enhancement. In contrast, humans generate very few EDIII-specific antibodies, and 
further in vivo protection studies suggested that they are not required for a potently neutralizing 
antibody response. In conclusion, these data suggest that anti-EDIII antibodies are not the main 
source of in vivo protection. Rather, it is likely that novel classes of antibodies recently 
identified, such as those targeting heterodimeric complexes and that bind to the virion, but not to 
recombinant E protein [6,7,8], may be important components of the protective antibody response 
in humans.  

The studies dissecting specific antibody subsets into serotype-specific and serotype-
cross-reactive antibodies argues strongly in favor of the concept that there are two separate 
classes of antibodies that independently mediate protection and enhancement. Depletion of 
serotype-specific antibodies significantly reduced neutralization titer in vitro, and decreased 
protection in vivo, while depletion of cross-reactive antibodies (those binding all cross-reactive 
epitopes including fusion loop and A strand) appeared not to affect in vivo protection at all. In 
contrast, depletion of the same cross-reactive antibodies completely eliminated enhancement in 
vivo. Further investigation into this hypothesis, and evaluation of antibodies binding to 
recombinant E will be critical to identifying the components of the αDENV immune response 
required for mediating protection and enhancement in vivo.  

The development of a small animal model to study antibody-enhanced DENV disease 
provided concrete evidence that “antibody-dependent enhancement” can indeed result in 
clinically severe disease in vivo. Characterization of the AG129 model of ADE has revealed a 
number of characteristics similar to severe human disease including increased viremia and tissue 
viral load, elevated pro-inflammatory cytokines, thromboyctopenia and most importantly, 
vascular permeability [1,9]. While an important contribution to studying lethal DENV disease, 
other requirements for the model are subject to criticism. Severe antibody-enhanced murine 
disease develops rapidly (over the course of 24 hours) and is lethal by five days following 
infection. In contrast, the kinetics associated with human lethal DENV disease are more 
protracted. Similarly, the development of DHF/DSS in humans during or after defervesence, and 
does not correlate with peak viremia, as it appears to in mice [10]. Finally, the lack of both Type 
I and Type II interferon receptors limits the scope of this model and prevents analysis of the IFN 
response in vivo.  The ideal small animal model would be one that maintains an intact interferon 
response, but is infectable with all four strains of DENV. The main limitation of the murine 
model is that mouse Stat2, unlike human Stat2, is resistant to cleavage by DENV NS5 protein 
[11]. Thus, a new mouse model would require that mouse Stat2 be replaced with human Stat2, or 
a new mouse-adapted strain of DENV with mutations in the coil-coil region of NS5 be 
introduced to effectively eliminate this concern.  

Future studies Several experiments are currently underway to follow up the observations 
presented in my dissertation. First, new studies investigating the combined role of fusion loop 
and A strand aglycosylated mAbs are in progress to determine whether there is any synergistic 
interaction afforded when combining therapeutic agents following an antibody-enhanced 
DENV2 infection. Secondly, a series of experiments testing the hypothesis that the residual 
subset of antibodies contributing to ~10% in vitro neutralization but substantial in vivo protection 
target DENV NS1 are currently underway. Finally, a new study testing potential differences in 
the protective capacity of classes of antibodies (those that bind to prM/M, EDI/II, or EDIII, those 
that bind to the whole virus but not recombinant E protein) is currently being planned using a 
newly generated panel of human mAbs from DENV-immune Sri Lankan and Nicaraguan 
individuals.  
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