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SUMMARY

The rational design of dengue virus (DENV) vaccines requires a detailed understanding of the 

molecular basis for antibody-mediated immunity. The durably protective antibody response to 

DENV following primary infection is serotype-specific. However, there is an incomplete 

understanding of the antigenic determinants for DENV type-specific (TS) antibodies, especially 

for DENV serotype 3, which has only one well-studied strongly neutralizing human monoclonal 

antibody (mAb). Here, we investigated the human B cell response of children following natural 

DENV infection in the endemic area of Nicaragua and isolated 15 DENV3 TS mAbs recognizing 

the envelope (E) glycoprotein. Functional epitope mapping of these mAbs and small animal 

prophylaxis studies revealed a complex landscape with protective epitopes clustering in at least six 

to seven antigenic sites. Potently neutralizing TS mAbs recognized sites principally in E 

glycoprotein domains I and II, with patterns suggesting frequent recognition of quaternary 

structures on the surface of viral particles.

In Brief

The repertoire of type-specific neutralizing sites in dengue virus serotype 3 (DENV3) is poorly 

defined. Young et al. identify human monoclonal antibodies to multiple previously unidentified 

antigenic sites on DENV3 envelope protein and show that they neutralize DENV3 potently in vitro 
and reduce viral infection in mice.

Graphical abstract
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INTRODUCTION

Dengue viruses (DENV) are positive-sense RNA viruses belonging to the Flavivirus genus 

and are transmitted to humans by Aedes aegypti or Aedes albopictus mosquitoes (Diamond 

and Pierson, 2015). The four serotypes of DENV (DENV1–4) are estimated to cause ~390 

million infections and 100 million cases each year (Bhatt et al., 2013), ranging from mild 

fever to severe Dengue Hemorrhagic Fever and Dengue Shock Syndrome (Halstead et al., 

1973). Infection with one DENV serotype does not confer lasting protective immunity to the 

other three serotypes, which has complicated vaccine design. After a primary infection, 

type-specific (TS) antibodies to the infecting serotype provide durable, essentially life-long, 

protection (de Alwis et al., 2012; Murphy and Whitehead, 2011). While cross-reactive (CR) 

antibodies to the other three serotypes develop during a primary infection, these responses 

although initially protective, often wane over time in the absence of secondary exposures, 

and low to intermediate levels of CR antibodies may contribute to enhanced viral replication 

and an increased risk of severe disease (de Alwis et al., 2014; Halstead, 2015; Katzelnick et 

al., 2017a; Salje et al., 2018; Sangkawibha et al., 1984). Following a secondary infection, 

individuals typically develop a durable serotype cross-protective immunity (Dejnirattisai et 
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al., 2015a; Patel et al., 2017). The only licensed dengue vaccine, Denvaxia, caused increased 

risk in dengue-naive children for severe dengue after natural infection, and breakthrough 

infections with DENVs were common, including DENV3 (Ferguson et al., 2016). Another 

tetravalent vaccine, TAK-003 failed to protect against DENV3, at 18 months in dengue-

naive populations (Biswal et al., 2019). The basis for DENV3 vaccine failure is uncertain; 

however, the full repertoire of antibodies and the epitopes targeted following primary or 

secondary DENV infections remains partially characterized, preventing a full understanding 

of the mechanisms of protective immunity and immune enhancement (Gallichotte et al., 

2018a; Katzelnick et al., 2017b).

The DENV envelope (E) glycoprotein mediates viral entry into cells and is the main target 

of neutralizing antibodies after infection and vaccination (Kuhn et al., 2015; Pierson and 

Diamond,2008). The four DENV serotypes vary by 25–40% in the amino acid sequence of 

the E protein (Fleith et al., 2016). Within each serotype, the E protein of different genotypes 

varies by 6–9% (Chen and Vasilakis, 2011; Flipse and Smit, 2015), and genotypic variation 

plays an underappreciated role in antibody immune escape (Brien et al., 2010; Sukupolvi-

Petty et al., 2013; Wahala et al., 2010). The DENV E protein consists of three domains 

(designated E protein domain I [EDI], EDII, and EDIII), and two protomers form head-to-

tail dimers on the surface of viral particles. Three dimers lie parallel to each other and form 

thirty rafts in a herringbone pattern on the mature virion. Several human TS neutralizing 

monoclonal antibodies (mAbs) against DENV1, DENV2 and DENV4 have been mapped, 

many of which recognize quaternary epitopes that span different E protein molecules and are 

therefore only present on the assembled virion (de Alwis et al., 2012; Fibriansah et al., 

2015a; Teoh et al., 2012). The human antibody response to DENV3 is less studied at the 

clonal level than the other DENV serotypes. A single potent TS neutralizing human mAb 

(hmAb, 5J7) was described in detail, which recognizes a complex quaternary epitope 

spanning three E protomers in viral particles. Using viral reverse genetics, we demonstrated 

that residues in the DENV3-specific hmAb 5J7 epitope can be transplanted onto the E 

protein from DENV1 or DENV4 to generate chimeric infectious virions displaying the 5J7 

epitope (Andrade et al., 2017; Messer et al., 2016; Widman et al., 2017). Interrogation of 

these chimeric viruses with panels of hmAbs and primary sera revealed that a highly 

variable fraction of the polyclonal serum DENV3-reactive neutralizing antibody response 

targets the hmAb 5J7 epitope, suggesting that major neutralizing epitopes of DENV3 

remained undiscovered.

Here, we report the isolation and characterization of fifteen TS DENV3 neutralizing hmAbs 

from the B cells of three individuals in a long-standing, prospective pediatric cohort in 

Nicaragua (Katzelnick et al., 2017a; Kuan et al., 2009). Using wild-type and recombinant 

DENV3 genotype E glycoprotein variants, coupled with detailed molecular mapping studies 

using epitope transplant gain-or loss-of-function recombinant viruses and other mapping 

techniques, we identified six to seven TS antigenic sites in the DENV3 E protein recognized 

by neutralizing mAbs. Finally, selected hmAbs were protective against DENV3 infection 

when given as prophylaxis in mice. These results indicate that multiple antigenic sites on the 

DENV3 E protein are recognized by neutralizing and protective human antibodies.
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RESULTS

Isolation of TS hmAbs from children previously infected with DENV3.

To define the antigenic landscape of DENV3, we immortalized memory B cells from 

children with previous laboratory-confirmed DENV3 infection in a Nicaraguan cohort study. 

Peripheral blood mononuclear cells (PBMCs) were collected from one individual who had a 

primary DENV3 infection (followed by an inapparent DENV1 infection) and from two 

DENV2-immune individuals who experienced a secondary DENV3 infection (Figure 1A, 

Table S1). We transformed B cells and isolated DENV3 hmAbs from these PBMC samples 

as described (Nivarthi et al., 2017; Smith et al., 2012) (Figure S1, Tables S1 and S2). The 

percentages of DENV E protein-reactive B cells in circulation were estimated as 1.8, 1.1 or 

1.6% of transformable B cells for subjects 3243, 985, or 1791, respectively.

The hmAbs that bound only to DENV3 (and not to DENV1, 2 or 4) were evaluated for 

neutralizing activity against serotypes DENV1–4 (Figure 1B). Fifteen DENV3-specific 

neutralizing hmAbs were isolated from the 3 subjects. DENV3 neutralizing antibody 

potencies varied, but included hmAbs that were: (a) equally potent as the previously 

described hmAb 5J7 (e.g., hmAbs DENV-297, −354, −406, and −415) (EC50 of 0.2–0.35 μg/

mL), (b) more potent than hmAb 5J7 (e.g., hmAbs DENV-115, −144, −286, −290, −298, 

−404, −419, −437, and −443) (EC50 < 0.035μg/mL), or (c) less potent than hmAb 5J7 (e.g., 

hmAbs DENV-66 and −236) (EC50 of > 0.2 μg/mL) (Figure 1C). A low level of cross-

neutralization against some strains of DENV1 was detected with hmAb DENV-144 (Table 

S2), derived from subject 3243, who had been infected sequentially with DENV3 followed 

by DENV1 (Figure 1A, Table S1). To determine whether any of these hmAbs targeted the 

hmAb 5J7 quaternary epitope, each was tested for its ability to neutralize the DENV4/3 M16 

recombinant virus, which presents the DENV3 hmAb 5J7 epitope in the structural context of 

a DENV4 E glycoprotein backbone (Widman et al., 2017). Although all newly generated 

hmAbs neutralized the parental DENV3, none neutralized the DENV4/3 M16 recombinant 

virus, indicating that the identified DENV3 hmAbs do not recognize the hmAb 5J7 epitope 

(Figure 1D, 1E).

Epitope mapping using DENV3 loss-of-function recombinant viruses.

We previously used recombinant chimeric DENVs to map epitopes in DENV1, 2, 3 or 4 

viruses recognized by murine or human mAbs (Gallichotte et al., 2018a; Gallichotte et al., 

2018b; Gallichotte et al., 2018c; Gallichotte et al., 2017; Swanstrom et al., 2019). To 

identify the epitopes recognized by the 15 DENV3 TS hmAbs identified in this study, we 

first generated a panel of DENV3 loss-of-function (LOF) mutant viruses. Starting with a 

previously described DENV3/1 EDI-A chimeric virus that incorporates 22 residues of the 

DENV1 EDI hmAb 1F4 footprint in the DENV3 E protein (Swanstrom et al., 2018), we 

introduced progressively larger portions of DENV1 TS hmAbs 1F4 and 14c10 antigenic 

region residues, designated DENV3/1 EDI-B, DENV3/1 EDI/III-C and DENV3/1 EDI/III-D 

(Figure 2A, Table 1a). These epitope domains, which mostly reside in EDI and/or a portion 

of EDIII of DENV1, were transplanted into the DENV3 backbone (Messer et al., 2016). All 

recombinant viruses replicated efficiently in Vero cells (Figure 2A–C, Figure S2).
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To demonstrate that appropriate epitope exchange, we investigated the ability of the DENV3 

TS 5J7 hmAb and the DENV1 TS hmAbs 1F4 or 14c10 to neutralize the panel of wild-type 

or DENV3/1 chimeric viruses (Figure 2C). Whereas the DENV1 TS hmAb 1F4 neutralized 

all 4 of the DENV3/1 chimeras, only the DENV3/1 EDI/III-D (38 amino acids) chimera 

fully restored the DENV1 14c10 antibody neutralization phenotype, reflecting 

transplantation of the entire 14c10 epitope, which extends across EDI, EDIII and the EDI/II 

hinge region (Teoh et al., 2012). The other three chimeras partially restored the 14c10 

neutralization phenotype. Residues Q52N, L53P and T55V in the EDI/II hinge region were 

critical for 14c10 neutralization in DENV1 chimeras (Figure 2C). Conversely, neutralization 

by hmAb 5J7 was retained in DENV3/1 EDI/III-C, but not in the DENV3/1 EDI/III-D 

recombinant virus, demonstrating the critical importance of these same three residues for 

hmAb 5J7 neutralization in DENV3 (Figure 2C). These data also support atomic structures 

showing that the hmAb 5J7 and 14c10 epitopes extend in opposite directions from an area of 

overlap within the EDI/II hinge in their respective serotypes. Even though the mAb 1F4 

epitope overlapped the EDI/II hinge area (Fibriansah et al., 2014), variation in this area did 

not hinder its ability to neutralize viruses in the chimeric panel. As a control, the 

recombinant form of the CR hmAb EDE1 epitope-specific hmAb C8 also neutralized the 

panel of chimeric viruses.

We next tested the ability of each newly generated DENV3 hmAb to neutralize viruses in the 

chimeric DENV3/1 virus panel. The DENV3-specific hmAbs grouped into three classes 

(Figure 2D). Ten of the fifteen hmAbs (hmAbs DENV-236, −286, −297, −298, −354, −404, 

−406, −415, -437, or −443) did not neutralize the DENV3/1 chimeras, suggesting that loss 

of 23 core residues in the DENV3 EDI (that differ from DENV1 EDI) impacts binding 

and/or neutralization of this group (Figure 3D). These 10 hmAbs, designated as Group 1 

hmAbs, likely target the core residues in the DENV3 EDI domain. The second cluster 

(designated Group 2) includes three hmAbs that efficiently neutralized wild-type DENV3 

virus and the entire panel of DENV3/1 loss-of-function chimeric viruses (hmAbs 

DENV-115, −290 and −419). As the constructs with the largest transplanted regions include 

DENV1 residues from EDI and EDIII but leave EDII as found in DENV3, we predict that 

hmAbs DENV-115, −290 and −419 target residues in EDII and perhaps a small portion of 

EDIII of DENV3. The third group (hmAbs DENV-66 and DENV-144) neutralized only the 

chimeras with the smallest transplanted regions, DENV3/1 EDI-A and DENV3/1 EDI-B, 

suggesting that DENV3 residues outside of the EDI domain, perhaps in EDIII and/or a 

smaller footprint in EDI, likely contribute to binding and neutralization of the Group 3 

hmAbs. Groups 1 and 3 contain a mixture of weakly to highly potent neutralizing hmAbs, 

whereas all three Group 2 hmAbs exhibited high neutralizing potency.

Chimeric DENV1/3 gain-of-function (GOF) recombinant virus mapping.

Chimeric loss-of-function E glycoproteins may disrupt long-range protein-protein 

interactions and complicate interpretation of DENV3/1 antibody-epitope map locations. 

Therefore, we designed and recovered a panel of DENV1/3 gain-of-function (GOF) EDI 

mutant viruses (Figure 3A) to validate the predicted EDI map locations of the 10 Group 1 

DENV3 hmAbs. Using a DENV1 molecular clone (Gallichotte et al., 2017), we introduced 

progressively larger portions of the EDI domain from DENV3 into DENV1 (Figure 3). In 
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the DENV1/3-EDI-A recombinant virus, we replaced DENV1 surface contact residues for 

hmAbs 1F4 and 14c10 in EDI with the corresponding DENV3 residues. The virus expressed 

by this construct should not be neutralized by DENV1 TS hmAbs 1F4 or 14c10 nor the 

DENV3 TS mAb 5J7 (Figure 3A–C). In DENV1/3 EDI-B, we transplanted the entire EDI of 

DENV3 into DENV1, including both the previously described surface residues and variant 

interior residues (e.g., V141I, P169S, A180T, T182G, D184E and T293E). In addition, we 

deleted DENV1 residues E157 and H158, because these two amino acids do not exist in the 

DENV3 EDI domain. This construct probes the role of both the surface and interior residues 

in hmAb binding and neutralization. The two GOF chimeric viruses also replicated 

efficiently in Vero cells (Figure 3A–D, Figures S2, S3).

Consistent with the defined structural interaction domains of each antibody/epitope pair, 

both DENV1/3 EDI-A and DENV1/3 EDI-B chimeric viruses were not neutralized by the 

DENV1 TS hmAbs 1F4 and 14c10 nor the DENV3 TS hmAb 5J7 (Figure 3D). Upon testing 

the new panel of DENV1/3 EDI GOF chimeras against the ten Group 1 DENV3 hmAbs, we 

defined nine mAbs that efficiently neutralized both DENV1/3 chimeric viruses, but not 

DENV1. The DENV1/3 EDI-B chimera was neutralized more efficiently than the DENV 1/3 

EDI-A chimera by seven of the nine hmAbs with similar neutralization potency compared to 

the DENV3 parental virus (e.g., Group 1a EDI hmAbs DENV-286, −298, 354, −404, −406, 

−437 and −443) (Figure 3D). Unexpectedly, two hmAbs (Group 1b EDI hmAbs DENV-236 

and −297) neutralized both DENV1/3 EDI chimeras more efficiently than the parental 

DENV3 virus. These data suggest that the DENV3 Group 1 hmAbs engage the DENV3 EDI 

region using at least two different binding patterns that appear dictated, in part, by interior 

residues (e.g., V141I, P169S, A180T, T182G, D184E and T293E) in EDI of the chimeric 

viruses. A third binding pattern (Group 1c) is represented by the Group 1 hmAb DENV-415, 

which did not neutralize either of the DENV1/3 EDI GOF chimeras. The DENV1/3 EDI-A 

or DENV1/3 EDI-B chimeras did not alter the Group 2 antibody neutralization titers. In 

contrast, the Group 3 hmAbs had distinct patterns, with hmAb144 (Group 3b), but not 

hmAb66 (Group 3a), neutralizing DENV1/3 EDI-A and DENV1/3 EDI-B.

To determine if the DENV3-neutralizing hmAbs bound to epitopes contained within a single 

protomer or spanning the two protomers of the E homodimer, the hmAbs were tested for 

binding to DENV3 recombinant E (recE) monomer or stabilized recE dimers (Figure S4). 

Epitopes contained within a single E monomer or domain should be efficiently presented on 

recE monomers, whereas hmAbs with epitopes that spread across the dimer interface should 

bind preferentially to recE dimers (Dejnirattisai et al., 2015b; Metz et al., 2017). Indeed, 

hmAb DENV-415 did not bind to recE monomers but showed weak binding to recE dimers, 

suggesting it recognizes a quaternary epitope, perhaps requiring residues in neighboring E 

proteins in addition to EDI. Only Group 1b hmAbs DENV-236 and −297 showed no 

preference for recE dimers over monomers, suggesting that they recognize epitopes in the 

EDI of a single E protomer, whereas the remaining 12 hmAbs recognize quaternary epitopes 

that span the E homodimer similar to DENV-415.

Together, these data suggest the presence of functional neutralization epitopes on the surface 

of DENV3 E protein previously unidentified. Group 1 hmAbs DENV-236, −286, −297, 

−298, −354, −404, −406, −437 and −443, and to a lesser extent DENV-415, are predicted to 
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recognize epitopes in EDI in at least 3 unique, yet perhaps overlapping, patterns from the 

previously described DENV3 neutralizing hmAb, 5J7. Group 2 (e.g., hmAbs DENV-115, 

−290 and −419) likely map in EDII. The group 3a DENV3 TS hmAb DENV-66 did not 

neutralize any of the DENV1/3 EDI GOF chimeric viruses, suggesting that its epitope 

overlaps with and/or resides outside of DENV3 EDI, perhaps in EDIII. Surprisingly, the 

Group 3b hmAb DENV-144 could neutralize both DENV1/3 EDI GOF chimeras (Figure 

3D) and the DENV3/1 EDI LOF chimeras (Figure 2D). These data suggest the presence of 

another, likely complex, binding interface that depends on residues in DENV3 EDI and 

EDIII. However, it seems likely that the hmAb DENV-144 epitope site in EDI is resistant to 

the incorporation of extensive DENV1 variation across the region. This hypothesis is 

consistent with low-level cross neutralization by DENV-144 of the Nauru Westpac 1974 

strain that encodes variation in EDI.

HmAb neutralization phenotypes for viruses of DENV3 genotypes I to IV.

To validate the location of the DENV3 epitopes, we determined if natural variation encoded 

within the DENV3 genotypic panel altered the neutralization profiles of hmAbs in the panel 

(Figure 4A and 4B). Viruses in the DENV3 recombinant genotype panel encode the E 

glycoproteins from genotypes I, II, III or IV (G-I to-IV) introduced into the DENV3 Sri 

Lanka G-III backbone (Messer et al., 2012). Although each genotype strain encodes distinct 

amino acid differences across EDI, EDII and EDIII, all DENV3 genotypes were highly 

sensitive to neutralization by hmAb 5J7. All Group 1a EDI hmAbs neutralized viruses from 

all 4 genotypes. In contrast, Group 1b hmAbs DENV-236 and DENV-297 did not neutralize 

the G-IV virus, which encoded seven unique amino acid substitutions in EDI (Figure 4C). 

These data further suggest Group 1b hmAbs DENV-236 and DENV-297 may use a different 

set of interaction residues in EDI as compared with Group 1a EDI hmAbs DENV-286, −298, 

−354, −404, −406, -437 and −443. Of note, Group 1c hmAb DENV-415 neutralized all of 

the viruses in the DENV3 genotype panel, although the EC50 values for neutralization varied 

by ~10-fold. G-III viruses were neutralized efficiently, whereas G-I, -II and-IV viruses were 

more resistant. Among the Group 2 hmAbs that may target EDII, hmAb DENV-290 

efficiently neutralized viruses from all genotypes, whereas hmAbs DENV-115 and 

DENV-419 did not neutralize virus from G-IV (Figure 4C). G-IV contains nine unique 

amino acids substitutions in EDII (Figure 4A, 4B). Since hmAbs DENV-115, −290 and 

−419 neutralized all of the EDI/EDIII-exchanged DENV3/1 and DENV1/3 chimeras, these 

data support their recognition of at least two unique and/or partially overlapping epitopes in 

EDII. Group 3 hmAbs also demonstrated disparate neutralization phenotypes; Group 3b 

hmAb DENV-144 neutralized viruses from all four genotypes, whereas Group 3a hmAb 

DENV-66 neutralized only G-III strains. As EDIII contains amino acid substitutions in G-I, -

II and-IV as compared to G-III, these data support mapping studies that DENV-66 

recognizes EDIII (Figure 4C). For the hmAb DENV-144 epitope, we searched for areas that 

were not excluded by the DENV3/1 chimera panel and were conserved among the 4 

genotypes. Although DENV-144 was the most complex functional epitope to define, our 

data suggest that it recognizes EDI perhaps at the ED I/III interface.
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Fine mapping of epitopes using genotype differences.

As natural variation in DENV3 G-IV contains clustered variation in EDI, II and III that 

altered the neutralization profiles of Group 1–3 hmAbs, exchange of the ED regions between 

susceptible (e.g., G-III) and resistant (e.g., G-IV) genotypes of DENV3 should localize the 

epitope domain of selected Group 1, 2 and 3 hmAbs. We used reverse genetics to introduce 

either the EDI, II, or III regions from the resistant DENV3 G-IV E glycoprotein into the 

sensitive DENV3 G-III strain (Figure 4D–E, Figure S5) or vice versa, allowing us to map 

critical functional residues using both GOF and LOF studies. Focusing first on the Group 1b 

antibodies that efficiently neutralized DENV3 G-III but not G-IV viruses, we observed that 

hmAbs DENV-236 and −297 gained neutralizing activity against DENV3 G-IV mutant 

viruses encoding the EDI, but not the EDII or EDIII domains from G-III (Figure 4D). 

Additionally, hmAbs DENV-236 and −297 lost neutralizing activity against the sensitive 

DENV3 G-III mutant virus when EDI was replaced with G-IV EDI, but not EDII or EDIII 

(Figure 4E). Therefore, the epitopes for Group 1b hmAbs DENV-236 and-297 should reside 

in EDI. Group 1c hmAb DENV-415, which did not gain neutralizing activity against the 

DENV3/1 chimeras, had neutralization profiles that shifted nearly 10-fold when the G-III 

EDIII was present in this set of DENV3 genotype mutant viruses. HmAb DENV-415 gained 

neutralization potency (24-fold) of the DENV3 G-IV mutant when EDIII was converted to 

G-III, whereas converting EDI or EDII variation did not affect neutralization. Conversely, 

when EDIII of DENV3 G-III was replaced by EDIII of G-IV, we observed a 10-fold loss of 

neutralization potency. Based on these data, we hypothesize that the hmAb DENV-415 

epitope region encompasses residues spanning across EDI-III, more so than the epitope 

targeted by other Group 1 hmAbs.

The Group 2 hmAbs DENV-115 and −419 demonstrated a gain-of-neutralization potential in 

the resistant DENV3 G-IV mutants when residues in EDII, but not EDI or EDIII, were 

converted to G-III residues (Figure 4D). Reciprocally, in the fully susceptible DENV3 G-III 

genetic backbone, neutralizing activity of these mAbs was lost when residues in EDII, but 

not EDI or EDIII, were changed to those in the DENV3 G-IV (Figure 4E). Of note, when 

the EDIII of DENV3 G-III was inserted into the resistant DENV3 G-IV backbone, hmAb 

DENV-115 gained the ability to neutralize this virus weakly, albeit >1,000-fold less potently 

than fully susceptible strains. These data further suggest that the epitope for hmAb 

DENV-115, but not DENV-419, is distinct and may extend from EDII into EDIII. 

Nonetheless, these data identify critical portions of the epitopes for DENV-115 and −419 in 

EDII. In agreement, passage of DENV3 G-III six times in the presence of high 

concentrations of DENV-115 resulted in a single, amino acid change, K93E, located in EDII. 

Finally, the group 3 mAb DENV-66 neutralized the resistant DENV3 G-IV backbone only 

when the variation in EDIII, but not EDI or EDII, was changed to residues in G-III. 

Similarly, hmAb DENV-66 failed to neutralize the susceptible DENV3 G-III virus when its 

EDIII was converted to that of G-IV EDIII. These results confirm our assignment of the 

epitope for hmAb DENV-66 in EDIII (Figure 4D–E).

In vivo protection studies.

The in vitro neutralization potency of anti-flavivirus antibodies does not always correlate 

with in vivo activity, especially when antibodies target different epitopes or have distinct 

Young et al. Page 9

Cell Host Microbe. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mechanisms of action (Mukherjee et al., 2014; Pierson and Diamond, 2015). The interferon 

α/β and γ receptor-deficient AG129 mouse strain is an established model for DENV 

replication and pathogenesis (Balsitis et al., 2010; Johnson and Roehrig, 1999; Messer et al., 

2016; Raekiansyah et al., 2005; Sarathy et al., 2018; Shresta et al., 2004; Shresta et al., 

2006). Using a DENV3 replication model, representative hmAbs from different individuals 

that targeted each of the four distinct interaction sites across EDI, II and III were evaluated 

for their ability to reduce viral load in the spleens of mice when administered as prophylaxis 

prior to inoculation with a wild-type DENV3 virus (DENV3 UNC3009, G-III) (Figure 5). 

The representative Group 1a hmAbs DENV-298, -404, and −443 along with Group 1c 

DENV-144, which recognize EDI and were isolated from three different individuals, showed 

mixed levels of capacity to reduce virus replication in vivo. The hmAbs DENV-298, −404 

and −144 reduced virus titers by ~10-fold as compared with hmAb DENV-443, which 

reduced infection by >3 log10 genome equivalents (GE)/mg of GAPDH, below the limit of 

detection. Even 20 μg of hmAb DENV-443 reduced viral titers by 100-fold. These data were 

somewhat unexpected, as the in vitro neutralization potency of each Group 1a hmAb in 

culture was similar (e.g., IC50 values: DENV-443 = 4–7 ng/mL, DENV-404 = 8–18 ng/mL, 

DENV-298 = 15–23 ng/mL). The Group 2 EDII hmAbs DENV-115, −290 and −419, 

isolated from three different individuals who either experienced DENV3 as a primary or 

secondary infection, reduced virus titers by over ~2 to >3 log10 GE/μg of GAPDH. These 

DENV3 TS hmAbs also had high neutralizing potency in vitro (exhibiting IC50 values of 4–

5 ng/mL), suggesting that EDII is an important site for antibody neutralization and antiviral 

activity in mice. In contrast, the Group 3 EDIII hmAb DENV-66 reduced virus titers by <10-

fold in the spleen. For comparison, the previously described DENV3 neutralizing hmAb 5J7 

reduced virus titers by an average of 10-fold as compared to the isotype control. Together, 

these data indicate that the hmAbs identified following DENV3 infections in children from 

Nicaragua are among the most potently neutralizing DENV3 hmAbs isolated to date, both in 
vitro and in vivo, and target diverse epitopes in EDI and EDII, and to a lesser extent in EDIII 

on DENV3.

DISCUSSION

Dengue natural and vaccine-induced immunity relies on the development and maintenance 

of long-term protective antibody titers, and B and T cell memory responses. A tetravalent 

live attenuated dengue vaccine (Dengvaxia) sensitized rather than protected in DENV-naive 

individuals, whereas DENV-immune individuals were highly protected (Hadinegoro et al., 

2015; Halstead, 2017, 2018a, b; Sridhar et al., 2018). The best studied correlate of protective 

immunity after DENV infection is the development of high serologic titers and high titers of 

serum neutralizing antibodies (Katzelnick et al., 2016; Sangkawibha et al., 1984). Moreover, 

recent studies with people exposed to natural DENV infections or live-attenuated vaccines 

indicate that the specificity (TS/epitope specificity) rather than total quantity of neutralizing 

antibodies correlates best with long-term protection (Gallichotte et al., 2018b; Henein et al., 

2017; Moodie et al., 2018; Sridhar et al., 2018). Indeed, DENV4 genotype variation in the E 

glycoprotein strongly correlated with reduced neutralization titers after vaccination 

(Gallichotte et al., 2018b). These and other studies demonstrate a pressing need to identify 

improved correlates of antibody-mediated protective immunity. Here, we isolated 15 
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DENV3 TS neutralizing hmAbs from three Nicaraguan children who experienced DENV3 

primary or secondary infection. Using both GOF-and LOF-epitope chimeric viruses, we 

identified three classes of neutralizing antibodies that likely reflect six to seven neutralizing 

antigenic sites in and across EDI, II and III of DENV3 (Figure 6A–B). All but two hmAbs in 

Group 1b bound to stabilized dimers of DENV3 E protein better than to monomeric E 

protein, supporting the hypothesis that most neutralizing anti-DENV hmAbs recognize 

quaternary epitopes (Magnani et al., 2017; Metz et al., 2017; Rouvinski et al., 2017). 

Importantly, these data suggest that the neutralizing antigenic repertoire of DENV3, and 

potentially other DENV serotypes, is more complex than previously recognized.

Most of the durable human serum neutralizing response after primary infection is associated 

with TS antibodies that recognize a few well-defined epitopes centered within and spanning 

domains on the DENV E glycoprotein (de Alwis et al., 2012; Fibriansah et al., 2015b; 

Gallichotte et al., 2018a; Teoh et al., 2012). While our study has identified 15 hmAbs that 

map within and/or span DENV3 EDI, II and III, other less well characterized DENV3 

hmAbs (DV74.4 and DV7.9.3) are predicted to bind in EDI/II (Beltramello et al., 2010). 

Another TS hmAb (P3D05) isolated after tetravalent live-attenuated vaccination remains 

unmapped (Magnani et al., 2017). The panels of hmAbs and chimeric viruses reported here 

will provide a useful resource to determine if uncharacterized mAbs recognize known or 

unique epitopes in DENV3. In contrast to murine DENV3 TS Abs, which principally target 

EDIII (Brien et al., 2010; Wahala et al., 2010), our studies support earlier work showing that 

epitopes entirely contained within EDIII of DENV are infrequently targeted by strongly 

neutralizing human antibodies.

Several groups have focused on defining the functional and structural properties of DENV 

CR antibodies elicited in adults after secondary infection (Dejnirattisai et al., 2015b; Li et 

al., 2018). However, the hmAbs elicited in pediatric subjects from DENV-endemic regions 

represent an understudied population who may differ in their capacity to recognize the 

number, location and complexity of DENV3 neutralizing epitopes in the E glycoprotein 

(Simon et al., 2015). Thus, analysis of the antibody repertoire in at-risk pediatric populations 

is important for evaluating vaccine performance. In subject 3243, who experienced a 

primary DENV3 infection followed by an inapparent secondary DENV1 infection, DENV3-

specific neutralizing hmAbs (DENV-66, −115 and −144) targeted three distinct areas of the 

E glycoprotein. Whereas the epitope targeted by hmAb DENV-144 is complex and predicted 

to extend across a portion of EDI into EDIII (Figure 6A–B), mapping techniques suggest 

that hmAb DENV-115 recognizes a separate epitope in EDII that spans multiple protomers. 

Using similar approaches, we found that hmAb DENV-66 likely targets EDIII, analogous to 

DENV3 lateral-ridge epitope seen with murine mAbs (Brien et al., 2010). Thus, we have 

identified three spatially distinct DENV3-specific neutralizing epitopes in EDII and III 

induced by primary DENV3 infection in PBMCs collected after a secondary DENV1 

infection. Unlike murine mAbs, the EDII-specific hmAb DENV-115, but not the EDII I-

specific hmAb DENV-66, substantially reduced DENV3 viral load in the spleen in vivo.

The majority of our hmAbs were isolated from two children who experienced DENV3 

secondary infections several years after a primary DENV2 infection. These two DENV3 

secondary infections also induced TS antibodies that targeted EDII and EDI, which 
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demonstrates the importance of these antigenic sites in TS DENV3 immunity. Together, 

these data support the idea that patient-specific polyclonal responses may target distinct 

neutralizing epitopes after infection. In these patients, ten of the twelve neutralizing hmAbs 

target EDI of the DENV3 E glycoprotein, and two of the hmAbs target EDII. This EDI 

epitope skewing was unexpected, given the expansive repertoire of epitopes targeted by 

antibodies from the first individual, 3243. DENV polyclonal neutralizing responses appear 

to target either an EDII/EDIII or an EDI epitope after a DENV2 primary infection 

(Gallichotte et al., 2018c) or a EDI/II hinge epitope following primary DENV1 and DENV3 

infections (Andrade et al., 2017; Andrade et al., 2019). Using recombinant viruses and sera 

from many Nicaraguan pediatric subjects, substantial individual variation was noted in the 

proportion of DENV3 TS neutralizing antibody titers attributed to the 5J7 epitope (range, 0 

to 100%), which further supports the notion of individual variation in epitope targeting 

(Andrade et al., 2017). This finding likely reflects inter-host immune variation associated 

with infection, differences in antibody germline gene frequency and use patterns, disparate 

flavivirus infection histories, and depth of epitope mapping analyses. In the children who 

experienced DENV2 primary infections in this study, it is possible that the antibody variable 

genes in pre-existing EDI DENV2-reactive B cells mutated during the DENV3 infection to 

convert clones from DENV2-reactive to DENV3-specific, leading to epitope skewing of the 

response. Immune responses between closely related flaviviruses are complex and may be 

impacted by pre-exposure histories that shape the antibody response to new strains or related 

viruses, as noted when Zika virus spread into DENV-endemic areas (Bhaumik et al., 2018; 

Grifoni et al., 2017; Stettler et al., 2016). Unfortunately, insufficient quantities of PBMCs 

prevented us from evaluating the antibody lineages identified in these children. In human 

recipients of the NIH tetravalent vaccine, both TS and CR neutralizing antibodies have been 

reported for DENV3, although it is unclear whether these antibodies map to the same or 

different epitopes as those reported after DENV3 infection (Magnani et al., 2017; Smith et 

al., 2013; Swanstrom et al., 2019).

Chimeric recombinant viruses provide a strategy for mapping epitope-specific responses of 

monoclonal or polyclonal antibodies (Gallichotte et al., 2018c; Gallichotte et al., 2017; 

Gallichotte et al., 2015; Widman et al., 2017). Functional characterization of the 

virus:antibody interface is also useful because the Group 1a hmAbs showed a 10-fold 

increase in their neutralization potency when the entire EDI from DENV3 was present, 

indicating that the surface and underlying residues in chimeric E glycoproteins are 

important. Group 1b antibodies are highly susceptible to natural variation in DENV3 

genotypes, whereas Group 1a antibodies are not. When atomic-resolution structures of these 

epitopes become available, the functional epitopes will help delineate the critical interactions 

and mechanisms required for virus neutralization and DENV3 protective immunity.

All 15 hmAbs studied here efficiently neutralized DENV3 strains encoding a G-III E 

glycoprotein, which corresponds with the circulation of DENV3 G-III viruses throughout 

the Caribbean and Central America in 2004–11 (Gutierrez et al., 2011; OhAinle et al., 

2011). However, natural variation altered the neutralization potency of a subset of antibodies 

targeting EDI (Group 1b hmAbs), EDII (hmAbs 115 and 419) and EDIII (hmAb 66) (Figure 

6A). DENV3 genotypes G-I, -II, -III and-V circulate currently, whereas G-IV is derived 

from an ancestral lineage from the Caribbean (Puerto Rico:1963/77) that now is rare in 
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human populations (King et al., 2008; Waman et al., 2017). Our DENV3 genotype panel 

includes E glycoproteins from G-I through-IV (Messer et al., 2012) and lacks some recently 

reported variation in this serotype. Historically, natural variation is thought to play a limited 

role in DENV immunologic escape from pre-existing immunity (Holmes and Twiddy, 2003). 

However, studies have demonstrated as much as 10-to 15-fold differences in DENV3 

neutralization phenotypes across genotypes, using monoclonal and polyclonal antibodies 

collected following primary DENV3 infections (Messer et al., 2012; Sukupolvi-Petty et al., 

2013; Wahala et al., 2010). Although speculative, these data suggest that DENV3 genotypic 

variation might contribute to breakthrough infections in rare individuals, especially those 

who developed limited polyclonal serum antibody responses that target one or a limited 

subset of neutralizing epitopes.

The in vivo potencies of the EDI antibodies were variable, and the panel of mAbs included 

both potent and weak inhibitors of virus replication in mice, as seen with the Group 1a 

hmAbs DENV-443 and −298, respectively. This phenotype may reflect subtle differences in 

epitope targeting and neutralization potency within EDI, an impact on antibody performance 

as a function of maturation status, or alternatively may reflect inherent differences in Fc 

effector functions encoded by these antibodies (Lee et al., 2013; Lofano et al., 2018). All 

three EDII antibodies tested potently reduced virus load in vivo, with DENV-290 being the 

most effective, suggesting the importance of EDII in protective immunity. Future studies are 

planned to evaluate the potency of a subset of these neutralizing human antibodies in a lethal 

DENV3 challenge mouse model.

The hmAbs, recombinant proteins and chimeric viruses will serve as key reagents for 

evaluating vaccine immunogenicity and for measuring epitope-and ED-specific responses 

associated with natural infections and/or vaccinations. As DENV-naive children receiving 

the Dengvaxia tetravalent vaccine appear at increased risk for severe DENV after infection 

(Sridhar et al., 2018), and TAK-003 showed reduced efficacy in seronegative populations 

against DENV3 (Biswal et al., 2019), there is a critical need for better correlates of 

protective immunity and improved vaccines in children. Our study demonstrates the 

importance of evaluating the TS neutralizing antibody responses in children experiencing 

primary or secondary infections with DENV. The DENV3 antibody neutralizing landscape is 

complex, with antibodies falling into multiple groups as described here and previously 

(Fibriansah et al., 2015b; Widman et al., 2017). As the most potent DENV3-specific hmAbs 

target EDI and EDII in vivo, it is possible that variation in the potency and epitope 

specificities of individual host responses after DENV3 infections or vaccination may result 

in complex patterns of neutralizing antibodies in polyclonal sera. Variation in the serological 

repertoire may correlate with protective immunity or susceptibility to repeat infection by the 

same or different DENV3 genotypes (Waggoner et al., 2016). The complexity of the 

DENV3 neutralizing antigenic landscape suggests that the diversity of neutralizing epitopes 

in other DENV serotypes also remains largely undiscovered. Given the hundreds of millions 

of DENV infections worldwide and the issues surrounding tetravalent vaccine outcomes, 

analysis of the antibody repertoire and epitope specificities elicited after vaccination may 

well determine efficacy and the likelihood of breakthrough infections leading to more severe 

disease in children and adults.

Young et al. Page 13

Cell Host Microbe. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



STAR METHODS

LEAD CONTACTS AND MATERIAL AVAILABILITY

Further information and requests for antibody reagents may be directed to and be fulfilled by 

the corresponding author: James E. Crowe, Jr. (james.crowe@vumc.org). Further 

information and requests for chimeric virus reagents may be directed to and be fulfilled by 

the corresponding author: Ralph S. Baric (rbaric@email.unc.edu). Requests for recombinant 

monomers and dimers should be directed to Aravinda deSilva 

(aravinda_desilva@med.unc.edu). Materials described in this paper are available for 

distribution under the Uniform Biological Material Transfer Agreement, a master agreement 

that was developed by the NIH to simplify transfers of biological research materials.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects—The Pediatric Dengue Cohort Study is an ongoing prospective dengue 

cohort study that follows approximately 3,700 children ages 2–17 in District II of Managua, 

Nicaragua. The protocol for the Pediatric Dengue Cohort Study in Nicaragua was reviewed 

and approved by the Institutional Review Boards of the University of California, Berkeley, 

(#2010–09-2245) and the Nicaraguan Ministry of Health (NIC-MINSA/CNDR-

CIRE-09/03/07–008.ver1). Parents or legal guardians of the subjects enrolled in the study 

provided written informed consent, and participants 6 years of age and older provided 

assent.

DENV infection and infection history.: A suspected dengue case was considered a 

symptomatic DENV infection when 1) DENV RNA was detected by reverse-transcriptase 

polymerase chain reaction (RT-PCR) (Balmaseda et al., 1999; Lanciotti et al., 1992), 2) 

DENV was isolated (Balmaseda et al., 1999), 3) seroconversion was observed in paired 

acute and convalescent phase sera by IgM capture ELISA (Balmaseda et al., 2003; 

Balmaseda et al., 1999), or 4) seroconversion and/or a ≥4-fold increase in total DENV-

specific antibody titer in paired acute and convalescent sera was observed by Inhibition 

ELISA (Balmaseda et al., 2006; Fernandez and Vazquez, 1990). Inapparent DENV 

infections were identified through serological testing of paired annual blood draws from 

healthy subjects (Balmaseda et al., 2010; Kuan et al.,2008). Participants whose paired 

annual samples demonstrated seroconversion or a 4-fold or greater increase in total DENV-

specific antibody titer by Inhibition ELISA (iELISA), but who had not experienced a 

documented febrile episode associated with acute DENV infection, were considered to have 

experienced an inapparent DENV infection (Balmaseda et al., 2010; Kuan et al., 2009)

One hundred and sixteen participants who entered the cohort DENV-naïve and had 

experienced at least two DENV infections as determined by the iELISA were selected, and 

neutralizing antibody titers (NT50) for all four DENV serotypes at each annual sample were 

determined using a flow cytometry-based assay with reporter viral particles (RVPs) 

representing the four serotypes and Raji cells expressing the DENV attachment factor DC-

SIGN (Mattia et al., 2011; Montoya et al., 2013). PBMC samples collected after the second 

DENV infection for three such participants--985, 1791 and 3242--were used for isolation of 

DENV3-specific hmAbs. All individuals experienced one symptomatic RT-PCR-confirmed 
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DENV3 infection. Individuals 985 and 1791 experienced primary inapparent DENV2 

infection followed by secondary DENV3 infection, while individual 3242 experienced 

primary DENV3 infection followed by secondary inapparent DENV1 infection (Figure 1, 

Table S1).

PBMC preparation.: For PBMC preparation, blood samples were collected in Vacutainer 

tubes (Becton-Dickenson) with 5 mM EDTA as anticoagulant. Upon receipt at the 

Nicaraguan National Virology Laboratory, ~5 ml of blood was transferred into a Leucosep 

tube (Greiner Bio-One) containing 3 ml of Ficoll Histopaque (Sigma) and centrifuged at 

500g for 20 minutes at room temperature. The PBMC fraction was collected and transferred 

to a tube containing 9 ml of PBS with 2% fetal bovine serum (FBS; Denville Scientific) and 

1% penicillin/streptomycin (Sigma). Cells were washed and pelleted three times by 

centrifugation at 500g for 10 minutes and resuspended in RPMI 1640 complete medium 

(RPMI 1640, 10% FBS, 1% GlutaMAX™, 1% HEPES and 1% penicillin/streptomycin). 

Before the third wash, cells were counted using a hemocytometer (Sismex XS-1000i). After 

the third wash, cells were resuspended in cryovials at a concentration of 3 × 106 cells/ml in 

freezing medium (90% FBS, 10% dimethyl sulfoxide) and were placed in isopropanol 

containers (Mr. Frosty, Nalgene) at −80°C overnight and transferred to liquid nitrogen for 

storage (Michlmayr et al., 2017; Zompi et al., 2012).

Cell lines and viruses.: Vero-81 cells (ATCC# CCL-81) were maintained in Dulbecco’s 

modified Eagle’s/Ham’s F-12 50/50 Mix (DMEM/F-12 50/50) supplemented with non-

essential amino acids (NEAA), glutamine and sodium bicarbonate (Vero cell medium) at 

37°C. C6/36 cells (ATCC CRL-1660) were maintained in Gibco minimal essential medium 

(MEM) supplemented with 1% NEAA at 32°C. Both media were supplemented with 5% 

fetal bovine serum (FBS) and penicillin/streptomycin antibiotics. U937 cells expressing DC-

SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin), a 

known DENV attachment factor, were maintained as suspension cell cultures at 37°C with 

5% CO2 in RPMI 1640 (Gibco) supplemented with 1% non-essential amino acids, 1% 

penicillin and streptomycin, and 5% fetal bovine serum (FBS; HyClone). The rDENV1 

clone is based on DENV strain West Pac 74, the rDENV2 clone is based on DENV strain 

S16803, the rDENV3 clone is based on a Sri Lankan 1989 DENV strain and the DENV4 

molecular clone was based on the sequence of Sri Lankan DENV strain 1992a, and have 

been previously described(Gallichotte et al., 2017; Gallichotte et al., 2015; Messer et al., 

2012). The chimeric infectious clone rDENV4/3 M16 and the genotype panel of DENV3 

also have been described previously(Widman et al., 2017).

AG129 Mice.: This study was performed in strict accordance with the recommendations in 

the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. 

All procedures were approved by the U.C. Berkeley Animal Care and Use Committee 

guidelines. AG129 mice were housed and bred in our biosafety level 1 animal facility at UC 

Berkeley under specific pathogen-free conditions.
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METHOD DETAILS

Generation of DENV3-specific hMAbs.: Previously cryopreserved peripheral blood 

mononuclear cells (PBMCs) were thawed rapidly in a 37°C water bath and washed prior to 

transformation with Epstein-Barr virus (EBV) and incubated with CpG and additional 

supplements (Yu et al., 2008). Cultures were incubated at 37°C in 5% CO2 for 10 days prior 

to screening for DENV3-reactive cell lines with ELISA. The transformed B cell culture 

supernatants were screened by live virus capture ELISA for binding to a representative strain 

from each of the four DENV serotypes. The minimal frequency of DENV3-reactive B cells 

was estimated on the basis of the number of wells with DENV3-reactive supernatants as 

compared to the total number of lymphoblastoid cell line colonies in the transformation 

plates, as follows: [number of wells with DENV3-reactive supernatants]/[number of LCL 

colonies in the plate]. On the basis of the number of DENV positive wells and the number of 

transformed B cells tested (determined by average colony counts in transformed wells), the 

percentages of DENV E protein-reactive B cells in circulation were estimated to be 1.8, 1.1 

and 1.6% of transformable B cells for subjects 3243, 985, and 1791, respectively, which 

were similar to B cell frequencies reported in earlier studies for DENV-immune adult 

subjects (Smith et al., 2014). Cells from wells with supernatants reacting in the DENV3 

capture ELISA were subjected to cytofusion with HMMA2.5 nonsecreting myeloma cells, 

as previously described (Smith et al., 2013; Smith et al., 2012). Following cytofusion, 

hybridomas were selected for growth in HAT medium containing ouabain. Wells containing 

hybridomas producing DENV3-reactive antibodies were cloned biologically by limiting 

dilution plating followed by flow cytometric sorting for single cells using a FACSAria III 

cell sorter (BDBiosciences). Once clonal, the cell lines were used to produce mAb 

immunoglobulin G (IgG) in cell supernatants, using serum-free medium, followed by 

protein G column purification. One hybridoma line (DENV-419) secreted poorly, so we 

generated a recombinant form of the antibody and expressed it in mammalian ExpiCHO 

cells prior to protein G column purification. Here, in all three subjects, we focused on those 

antibodies that were TS against DENV3. This included 3 antibodies originating from subject 

3243 (primary DENV3 infection; sample collected after secondary DENV infection) and 5 

or 7 antibodies from subjects 1791 or 985, respectively, who had experienced DENV3 as a 

secondary DENV infection after primary DENV2.

Virus, rE and rEDIII ELISA.: To evaluate if the oligomeric state of the E protein 

influences the binding efficiency of the mAbs, we subjected the mAbs to an antigen-capture 

ELISA using DENV3 recombinant E (rE) proteins. DENV rE proteins exist in a 

concentration-and temperature-dependent monomer-to-dimer equilibrium (Kudlacek et al., 

2018). At physiological conditions, rE is mainly present as a monomer (rEM). Stable 

DENV3 homodimers (rED) were generated by introducing a disulfide interaction at the 

EDII-dimer interface (A257C). Ni2+-coated ELISA plates (Pierce Thermo) were coated with 

5 ng/pL DENV3 rEM or rED for 1 hour at 37°C. Next, the plates were blocked with TBS + 

0.05% Tween-20 + 3% skim milk for 1 hour at 37°C. Plates subsequently were washed three 

times with TBS + 0.2% Tween-20 and incubated with serially diluted mAb (2–0.015 ng/pL) 

for 1 hour at 37°C. Next, plates were washed and incubated with 1:2,500 diluted alkaline-

phosphatase (AP) conjugated anti-human IgG (Sigma) for 45 minutes at 37°C. After 
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washing, wells were developed with AP substrate (Sigma) and absorbance was measured at 

405 nm wavelength(Gallichotte et al., 2015).

Generation of the rDENV3/1and rDENV1/3 recombinant virus panels.: We previously 

described the generation of a DENV3/1 chimera, designated rDENV3/1 ED-1A (Messer et 

al., 2016). We use a four-component cDNA cloning system in which the DENV genome is 

divided into four segments that can be replicated separately as plasmids in Escherichia coli 
cells. Purified plasmids are cut with designated restriction enzymes to yield unique type IIS 

restriction endonuclease cleavage sites that can be ligated simultaneously to yield full-length 

DENV genome cDNA. A built-in T7 site is used to generate RNA, which is electroporated 

into C6/36 or Vero-81 cells to recover virus. Virus harvested from medium is subsequently 

passaged and sequence verified. To generate several additional chimeric rDENV3/1 viruses, 

we systematically increased the numbers and/or locations of amino acid residues from EDI 

and EDIII that were transplanted into DENV3 from DENV1. A closely matched derivative 

called DENV3/1 EDI-B (23 residues) was isolated, which extended the original DENV3/1 

EDI-A transplanted region to include two residues in EDIII of the neighboring protomer 

(e.g., D384E and N385K), removed one DENV1 residue from the EDI/II hinge region 

(N52Q), removed one DENV1 residue from the interior of EDI (V141I) and corrected a 

tissue-culture-induced mutation at residue F46L. The design of the DENV3/1 EDI/III-C 

chimeric virus further reduced the number of transplanted residues in the EDI/II hinge 

region by 3 residues (V50A, P53L and V55T), but converted most of the DENV3 ED I and 

ED III domains to DENV1, thereby increasing the total number of transplanted residues to 

35 amino acids (Table 1b). The final derivative, designated the DENV3/1 EDI/III-D 

chimera, builds upon the DENV3/1 EDI/III-C backbone by converting an additional 3 

residues in the domain I/II hinge area of DENV3 to DENV1 (Q52N, L53P and T55V) 

resulting in a total of 38 residues transplanted into DENV3. The viruses were designed to 

gain DENV1 1F4 and 14c10 hmAb neutralizing epitopes, while differentially preserving the 

DENV3-specific hmAb 5J7 neutralizing epitope, allowing us to measure loss of 

neutralization with the new panel of DENV3 hmAb. As a result of our quadripartite 

infectious clone design, all changes were isolated to the A and B fragments of the DENV3 

genome backbone. cDNAs encoding E proteins incorporating three increasing sizes of the 

DENV1 EDI/EDIII transplant were synthesized (BioBasic, Buffalo, NY) and incorporated 

into three different DENV3 fully assembled DNA genomes and transcribed. Then, the 

genome-length RNAs were electroporated into Vero-81 cells to generate a panel of viable 

recombinant rDENV3/1 viruses. Recombinant viruses were subjected to full-length 

sequencing to demonstrate the presence of appropriate subsets of mutations, as previously 

described(Gallichotte et al., 2018c; Gallichotte et al., 2017).

We also synthetically reconstructed two gain-of-function DENV1/3 recombinant chimeras. 

We replaced all of the varying surface residues in the EDI of our DENV1 ic with 

corresponding residues from DENV3 (DENV1/3 EDI-A). In parallel, we constructed a 

second chimera in which the varying residues in the surface and interior of the EDI of 

DENV1 were replaced with DENV3 residues (rDENV1/3 EDI-B). Both viruses were viable 

and sequenced confirmed, allowing for systematic measures of gain-of-function 

neutralization assays with the new panel of DENV hmAb.
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Generation of DENV3 genotype III/IV domain exchange virus panel.: Recombinant 

DENV3 G-IV viruses encoding the G-III EDI, EDII or EDIII natural variation were 

recovered using reverse genetics Recombinant DENV3 G-III viruses encoding the G-IV 

EDI, G-IV EDII, or G-IV EDIII were isolated using reverse genetics. Briefly, we substituted 

residues in EDI, EDII or EDIII from our DENV3 Puerto Rico G-IV molecular clone into our 

Sri Lanka 89 G-III molecular clone or vice versa using the quadripartite system described 

above and electroporated into C6/36 or Vero cells. All six viruses were viable and sequence-

confirmed to encode the appropriate ED specific natural variation from each genotype.

Vero cell titration and focus assays.: For viral titrations, viral stocks were diluted 10-fold 

serially in Vero cell medium supplemented with 2% heat-inactivated fetal bovine serum (HI-

FBS; Hyclone Defined) and 1x antibiotic. The inoculum was added to Vero-81 cells that 

were seeded into a 96-well plate (2 × 104 cells/well) the previous day and incubated at 37°C 

for 1 hour, then overlaid with overlay medium (Opti-MEM I Grand Island, NY, with 1% 

methyl cellulose and 2% heat-inactivated FBS). Viral foci were detected at 44 to 48 h after 

infection, following fixation/permeabilization with 10% buffered formalin/0.01% saponin 

using primary murine mAbs 2H2 and 4G2 and secondary horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG (Sigma), followed by TrueBlue substrate (KPL). Number 

and size of foci were analyzed with a CTL Immunospot instrument.

Vero cell neutralization assays.: Neutralization on Vero-81 cells has been described 

previously (Gallichotte et al., 2015). Briefly, monolayers of Vero-81 cells in 96-well plates 

were inoculated with a virus and antibody or serum mix that had been incubated for 1 h at 

37°C to allow for Ab:virion binding. Following a 1 hr incubation on cells at 37°C for 

infection, cells and inoculum were overlaid with overlay medium (see above). Viral foci 

were detected at 44 to 48 h after infection, following fixation/permeabilization with 10% 

buffered formalin/0.01% saponin using primary mAbs 2H2 and 4G2 (Swanstrom et al., 

2016) and secondary horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG 

(Sigma), followed by TrueBlue substrate (KPL). Numbers of foci were analyzed with an 

Immunospot Analyzer instrument (Cellular Technology Limited). All hmAb neutralization 

assays were performed as eight point dilution curves done in duplicate with at least 2 

independent experiments. Variable slope sigmoidal dose-response curves are calculated with 

top or bottom restraints of 100 or 0, respectively. EC50 is the concentration of antibody that 

neutralizes 50% of the virus being tested.

U937-DC-SIGN neutralization assay.: The neutralizing potency of the hmAbs was 

measured using a flow cytometry-based neutralization assay with the U937 human 

monocytic cell line stably transfected with DC-SIGN(Kraus et al., 2007). At an initial 

concentration of 15,000 ng/mL, hmAbs were serially diluted 3-fold 12 times in RPMI 

supplemented with 2% FBS. A dilution of virus that infects between 8–15% of the U937 

cells (previously determined by virus titration) was added to the hmAb dilutions and 

incubated for 1 hour at 37°C. U937 cells then were added to each well and incubated for 2 

hours at 37°C, following which unbound virus was removed by centrifugation at 252 x g for 

5 minutes and resuspended in 100 μL RPMI medium. Cells were then incubated at 37°C for 

24 hours. Next, cells were fixed in 4% paraformaldehyde, incubated for 10 minutes at room 
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temperature, and centrifuged at 252 x g for 5 min. Following this, cells were blocked in 

permeabilization buffer (0.1% saponin, 5% bovine serum albumin in 1X phosphate-buffered 

saline [PBS]) for 30 minutes at room temperature. Then, cells were incubated with anti-E 

mAb 4G2 conjugated to Alexa 488, diluted in blocking buffer (0.5% bovine serum albumin 

and 0.02% sodium azide in 1X PBS) for 25 minutes at room temperature. Finally, cells were 

washed and resuspended in PBS. Acquisition of the infected cells was performed with a 

Guava flow cytometer (EMD Millipore) by gating Alexa Fluor 488 dye-positive cells. The 

data were analyzed using a nonlinear, 4-parameter dose-response regression analysis with 

Prism software (GraphPad). The NT50 was determined as the concentration of the hmAb 

dilution that achieved a 50% reduction of the infection compared to infection control. Data 

generated had to meet the quality control criteria, whereby the sigmoidal dose-response 

regression fit had to include an absolute sum of squares of <0.2 and a coefficient of 

determination (R2) of >0.9.

Antibody pressure escape study.: DENV3 Sri Lanka 89 ic was incubated with a >50% 

neutralizing concentration of mAb DENV3–115 of 0.01 mg/mL prior to inoculation of 

Vero-81 cell culture monolayers. Virus was grown for 4 days under an antibody pressure of 

0.01 mg/mL, followed by a second passage in Vero-81 cells under similar conditions. The 

DENV3–115-selected virus was passaged 4 more times under increasing pressure to a final 

concentration of 0.1 mg/mL DENV3–115. RNA from the resulting DENV3–115-selected 

virus was isolated and sequenced. The only recovered non-silent mutation was A1211G, 

which resulted in a K93E mutation in EDII of the E glycoprotein.

Animal studies.: This study was performed in strict accordance with the recommendations 

in the Guide for the Care and Use of Laboratory Animals of the National Institutes of 

Health. All procedures were approved by the U.C. Berkeley Animal Care and Use 

Committee guidelines. AG129 mice were housed and bred in our biosafety level 1 animal 

facility at UC Berkeley under specific pathogen-free conditions. For infection experiments, 

mice 6–8 weeks of age, of both genders, were randomly assigned to experimental groups. 

Mice were transferred from our biosafety level 1 breeding facility to our biosafety level 2 

infection facility 2–3 days before infection. Mice 6 to 8 weeks of age were administered 50 

pg (unless otherwise indicated) of one of the newly isolated DENV3-specific hmAbs, 

DENV3 hmAb 5J7, or an isotype control antibody (IgG1) intraperitoneally (i.p.) in a total 

volume of 200 pL 24 hours prior to DENV inoculation. A sublethal dose (5 × 106 PFU) of 

rDENV3 strain UNC 3009, G-III, was administered intravenously (i.v.) in a total volume of 

100 pL. Seventy-two hours post-infection, mice were sacrificed, spleens were harvested and 

placed in Trizol, and total RNA was extracted. Viral RNA burden and GAPDH levels in 

spleen were assessed by quantitative RT-PCR. Virus load in genome equivalents (GE) was 

normalized by dividing by ug of glutaraldehyde 3-phosphate dehydrogenase (GAPDH).

QUANTIFICATION AND STATISTICAL ANALYSIS—Statistical analysis was 

performed using Prism 5.0 (GraphPad, La Jolla, CA). Variable slope sigmoidal dose-

response curves are calculated with top or bottom restraints of 100 or 0, respectively. EC50 is 

the concentration of antibody that neutralizes 50% of the virus being tested. Non-parametric 

Kruskal-Wallis test with Dunn’s multiple comparisons was calculated with multiplicity 
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adjusted P-values. P-values are indicate by * symbol in plots; ** = p<0.005, *** = 

p<0.0005, **** = p<0.0001. Statistical details of experiments can be found in the figure 

legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• The identified human type-specific mAbs target diverse antigenic sites on 

DENV3 E

• Chimeric DENV viruses encode functional DENV3 neutralizing epitopes

• Functional neutralizing epitopes can be rapidly mapped using chimeric 

DENV viruses

• Selected mAbs potently neutralize multiple genotype strains of DENV3 

viruses
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Figure 1. Fifteen hmAbs isolated from 3 children post DENV3 infection are DENV3-specific.
Memory B cells were immortalized from children experiencing primary or secondary 

DENV3 infections in Nicaragua. TS hmAbs were isolated that bound and neutralized 

DENV3.

A) DENV Immune PBMCs from children in a Nicaraguan Cohort study experienced 

DENV3 as either a primary infection or secondary infection after a DENV2 primary 

infection.

B) Fifteen hmAbs were tested against DENV1–4 by Vero-81 focus reduction neutralization 

test (FRNT). Positive controls were as follows, DENV1-specific hmAbs 1F4 and 14c10 for 

DENV1, DENV2-specific hmAb 2D22 for DENV2, DENV3-specific hmAb 5J7 for DENV3 

and crossreactive hmAb EDEI C8 for DENV4. All assays were performed twice in 

duplicate.

C) DENV 3 neutralization by hmAbs was evaluated by FRNT using wildtype and 

recombinant viruses. Comparison of DENV3-specific hmAbs to 5J7. Using wild-type 

DENV3, EC50 values from repeat experiments performed on different days were averaged to 

show reproducibility. EC50 value denotes amount of hmAb needed to neutralize 50% of the 

virus in a Vero-81 FRNT. Error bars indicate standard deviation.

D) DENV4/3 M16 ic-PyMOL representation of DENV3 residues (blue) that capture the 

hmAb 5J7 epitope transplanted into a DENV4 backbone.
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E) DENV3-specific hmAbs do not use 5J7 epitope. DENV4/3 M16 ic is neutralized by 

hmAb 5J7 but not by the panel of 15 DENV3-specific hmAbs. EC50 values in a FRNT of 

hmAbs of DENV4/3 M16 ic, and parental DENV3 ic and DENV4ic.
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Figure 2. DENV3/1 recombinant EDI loss-of-function chimeras reveal previously unidentified 
DENV3 hmAb characteristics.
Chimeric DENV3 viruses encoding progressively larger blocks of DENV1 E glycoprotein 

sequence were used to interrogate the role of these transplanted regions in loss of DENV3 

antibody function.

A) Four DENV3/1 chimeric viruses with increasing portions of DENV1 residues in a 

DENV3 backbone. DENV3/1 chimera PyMOL representations of DENV1 residues (orange) 

transplanted into DENV3 backbone (grey). Number of amino acids changed is in 

parenthesis.

B) Amino acid alignment of changed residues in DENV3/1 chimeras. DENV3 residues are 

shown in blue. DENV1 residues are shown in orange. A tissue culture adaptation in 

DENV3/1 A is shown in yellow. Blank spaces in DENV3 indicate residues not present in 

DENV1.

C) DENV3/1 chimeras contain DENV1-specific, DENV3-specific and cross-reactive 

epitopes. EC50 values of Vero-81 cell FRNT of DENV3-specific hmAb 5J7, cross-reactive 

hmAb EDEI C8 and DENV1-specific hmAbs 1F4 and 14c10.

D) Panel of 15 hmAbs were sorted into 3 groups by EC50 values of Vero-81 cell FRNT 

against chimeric DENV3/1 viruses. Group 1: Ten hmAbs do not neutralize any members of 

the chimeric dengue 3/1 panel. Group 2: hmAbs DENV-115, DENV-290 and −419 

neutralize all chimeric DENV3/1 viruses (red circles). Group 3: hmAbs DENV-66 and −144 

neutralize only DENV3/1 EDI-A and-B (blue arrows).
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Figure 3. DENV1/3 EDI shows gain of function for 9 of 10 DENV3 hmAbs in group 1, mapping 
to EDI.
To interrogate gain of neutralization function, we constructed DENV1/3 EDI chimeric 

viruses with increased numbers of EDI residues from DENV3 introduced into the DENV1 

backbone. PyMOL representations of changed residues in the DENV1/3 EDI-A chimera. 

Transplanted DENV1 residues are shown in orange spheres on a DENV3 backbone. Top and 

side views are shown.

A) DENV1/3 EDI-A chimera surface residues were changed.

B) DENV1/3 EDI-B chimera surface and interior residues were changed.

C) Amino acid alignment of changed residues in DENV1/3 EDI chimeras. DENV3 residues 

are shown in blue. DENV1 residues are shown in orange. A tissue culture adaptation in 
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DENV3/1-A is shown in yellow. Blank spaces in DENV3 indicate residues not present in 

DENV1. All differences in EDI are represented except residues 29 and 47, which remained 

as DENV1 residues.

D) EC50 values of Vero-81 cell FRNT of hmAbs against chimeric DENV1/3 viruses. 9 of 10 

group 1 hmAbs neutralized both chimeric DENV1/3 viruses. DENV1/3 EDI-B 

neutralization pattern is most similar to that of DENV3. As expected 1F4, 14c10 and 5J7 do 

not neutralize either DENV1/3 chimera.
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Figure 4. DENV3 genotype panel.
To identify natural variation that disrupts hmAb function, a panel of recombinant viruses 

were used that encoded E glycoproteins derived from the different DENV3 genotypes. 

Subsequently, DENV3 genotype chimeras were used to map hmAbs to EDI, EDII or EDIII 

in the E glycoprotein by gain-of-function or loss-of-function.

A) DENV3 E glycoprotein dimers for designated GI-IV are shown. Amino acid residues that 

differ from those in the Sri Lanka genotype III are shown as spheres. A black sphere 

indicates the residue is unique to that genotype and not shared between the genotypes. 

Colored spheres indicate residues seen in two or more genotypes.

B) Amino acid alignment. Amino acids with nonpolar side chains are colored orange, 

uncharged polar are green, acidic are red and basic are blue. Domains are indicated in gray 

bar at bottom.

C) Genotypic variation alters FRNT neutralization EC50 values for select DENV3 hmAbs. 

Genotype IV DENV3 escaped neutralization by some DENV3 hmAbs.

D) Gain-of-function genotype IV DENV3 chimeric viruses with EDI, EDII, or EDIII from 

genotype III DENV3 were used to map select hmAbs to specific domains of E glycoprotein 

(see Figure S5). EC50 values of Vero-81 cell FRNT for select hmAbs show gain-of-function 

for DENV-236, -297 and −415 when EDI is transplanted. DENV-115 and −419 show gain-

of-function when EDII is transplanted. DENV-66 shows gain-of-function when EDIII is 

transplanted.

E) Loss-of-function genotype III DENV3 chimeric viruses with EDI, EDII, or EDIII from 

genotype IIV DENV3. EC50 values of Vero-81 cell FRNT for select hmAbs. DENV-236, 

−297 and −415 show loss-of-function when EDI is transplanted. DENV-115 and −419 show 

loss-of-function when EDII is transplanted. DENV-66 shows loss-of-function when EDIII is 

transplanted.

Young et al. Page 32

Cell Host Microbe. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Reduction of DENV3 viral burden in vivo by selected hmAbs.
AG129 mice were administered 50 mg hmAb (unless otherwise indicated) by intraperitoneal 

injection 24 hours prior to infection with 5×106 plaque forming units (PFU) of DENV3 

UNC3009. Virus titers were assessed 72 hours post-infection using quantitative RT-PCR of 

RNA isolated from the spleens of infected mice and are expressed as genome equivalents 

(GE) normalized to mg of GAPDH. Group 1 DENV-443 and Group 2 DENV-115, −290, and 

−419 hmAbs reduced DENV3 viral load compared to IgG isotype antibody. The number of 

mice in each treatment group are indicated, comprising 5 independent experiments in total, 

with at least 2 independent experiments performed for each hmAb. The limit of detection is 

104 GE/mg of GAPDH. Comparisons were performed using Kruskal-Wallis test with 

Dunn’s multiple comparisons (** p<0.005, *** p<0.0005, **** p<0.0001).
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Figure 6. Six distinct neutralizing epitopes defined by panel of 15 DENV3 hmAbs.
We identified six distinct functional type specific neutralizing epitopes in DENV3. A) 
Summary of antibody properties, phenotypes and interaction sites using GOF DENV1/3 or 

LOF DENV3/1 chimeras, DENV3 genotype variants and DENV3 genotype chimeras.

B) Shown is a ribbon diagram of a DENV3 E trimer with EDI in red, EDII in yellow and 

EDIII in blue. Predicted functional epitope sites are shown as black circles. hmAbs in Group 

1a interface with EDI differently from Group 1b, while Group 1c interacts in a more 

complex manner. The epitope for DENV-144 has the highest degree of uncertainty. HmAbs 

from secondary DENV3 infection are in purple squares.
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Table 1

Identification of Six New Dengue Virus Serotype 3 Specific Human Neutralizing Antigenic Sites CELL-

HOST-MICROBE-D-19–01064R2

A Name Recombinant Virus 
Backbone

DENV3 
5J7 Neut

DENV1 1F4 
Neut

AA changes Epitope 
Transplant

Neutralized by hmAb

DENV4/3 M16 DENV4 Baric 
genotype I

+++ - 36 aa 5J7 DENV3 5J7

DENV3/1 EDI 
A

DENV3 Baric 
genotype III

- +++ 23 aa 1F4
DENV1

66, 115, 144, 290, 419

DENV3/1 EDI B DENV3 Baric 
genotype III

- +++ 23 aa 1F4 + 14c10 
DENV1

66, 115, 144, 290, 419

DENV3/1 
EDI/III C

DENV3 Baric 
genotype III

+++ +++ 35 aa 1F4 + 14c10 
DENV1

115, 290, 419, 5J7

DENV3/1 
EDI/III D

DENV3 Baric 
genotype III

+++ 37 aa 1F4 + 14c10 
DENV1

115, 290, 419

DENV1/3 EDI 
A

DENV1 Baric - - 18 aa EDI surface aa 
DENV3

236, 286, 297, 298, 354, 
404, 406, 437, 443, 144

DENV1/3 EDI B DENV1 Baric - - 22 aa EDI all aa DENV3 236, 286, 297, 298, 354, 
404, 406, 437, 443, 144

B Name Recombinant 
Virus 
Backbone

Domain 
Swap

AA 
changes

DENV-236 DENV-297 DENV-415 DENV-115 DENV-419 DENV-66

DENV3 
G-III

DENV3 baric 
genotype III Sri 
Lanka

None 0 +++ +++ +++ +++ +++ +++

DENV3 
G-IV

DENV3 baric 
genotype IV 
Puerto Rico

None 0 - - + - - -

DENV3 
G-IV 
with G-
III EDI

DENV3 baric 
genotype IV 
Puerto Rico

EDI 9 aa +++ +++ + - - -

DENV3 
G-IV 
with G-
III EDII

DENV3 baric 
genotype IV 
Puerto Rico

EDII 9 aa - - + +++ +++ -

DENV3 
G-IV 
with G-
III EDIII

DENV3 baric 
genotype IV 
Puerto Rico

EDIII 6 aa - - +++ + - +++

DENV3 
G-with 
G-EDI

DENV3 baric 
genotype III Sri 
Lanka

EDI 8 aa - - ++ +++ +++ +++

DENV3 
G-with 
G-EDII

DENV3 baric 
genotype III Sri 
Lanka

EDII 10 aa +++ +++ ++ +++

DENV3 
G-with 
G-EDIII

DENV3 baric 
genotype III Sri 
Lanka

EDIII 6 aa +++ +++ +++ +++ +++ -
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

DENV-66 (hybridoma-produced Ig) This manuscript N/A

DENV-115 (hybridoma-produced Ig) This manuscript N/A

DENV-144 (hybridoma-produced Ig) This manuscript N/A

DENV-236 (hybridoma-produced Ig) This manuscript N/A

DENV-297 (hybridoma-produced Ig) This manuscript N/A

DENV-286 (hybridoma-produced Ig) This manuscript N/A

DENV-290 (hybridoma-produced Ig) This manuscript N/A

DENV-298 (hybridoma-produced Ig) This manuscript N/A

DENV-254 (hybridoma-produced Ig) This manuscript N/A

DENV-404 (hybridoma-produced Ig) This manuscript N/A

DENV-406 (hybridoma-produced Ig) This manuscript N/A

DENV-415 (hybridoma-produced Ig) This manuscript N/A

DENV-419 (hybridoma-produced Ig) This manuscript N/A

DENV-437 (hybridoma-produced Ig) This manuscript N/A

DENV-443 (hybridoma-produced Ig) This manuscript N/A

DENV-5J7 (plasmid-produced Ig) Beltramello, Williams et al. 2010 N/A

DENV-14c10 (plasmid-produced Ig) Teoh, Kukkaro et al. 2012 N/A

DENV-1F4 (hybridoma-produced Ig) Fibiansah, Tan et al. 2014 N/A

EDE1-C8 (plasmid-produced Ig) Rouivinski, Guardado-Calvo et al. 2015 N/A

EDE1-C10 (plasmid-produced Ig) Rouivinski, Guardado-Calvo et al. 2015 N/A

DENV-2D22 (hybridoma-produced Ig) Smith et al., 2015 N/A

Goat anti-Human IgG (Fc)-AP Meridian Life Science, Inc. Cat# W99008A

DENV-4G2(hybridoma-produced Ig) ATCC® HB-112™ D1–4G2–4-15

DENV-2H2(hybridoma-produced Ig) ATCC® HB-114™ D3–2H2–9-21

Bacterial and Virus Strains

DENV1 Thailand/16007/1964 Buddhari et al., 2014, PMC4199527 N/A

DENV1 Nauru/West Pac/1974 Puri et al., 2000, DOI: 10.1023/
A:1008160123754

N/A

DENV1 N1265–04 Andrade et al., 2017 N/A

DENV1ic West Pac 74 Gallichotte et al., 2017 N/A

DENV2 Thailand/16681/1964 Buddhari et al., 2014, PMC4199527 N/A

DENV2 Thailand/S16803/1974 Kelly et al., 2011, DOI 10.1007/
s11262–011-0602-z

N/A

DENV2 N172–06 Andrade et al., 2017 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

DENV2ic 16803 Gallichotte et al., 2015 N/A

DENV3 Philippines/16562/964 Buddhari et al., 2014, PMC4199527 N/A

DENV3 Thailand/CH53489/1973 Wahala et al., 2010 N/A

DENV3 N2845–09 Hadjilaou et al., 2015, doi:10.4049/
jimmunol.1500918

N/A

DENV3ic SriLanka 89 GIII Messer et al., 2012 N/A

DENV3 UNC3009, G-III Messer et al., 2016 N/A

DENV4 Indonesia/1036/1976 Buddhari et al., 2014, PMC4199527 N/A

DENV4 Columbia/TVP-376/1982 Sukupolve-Petty et al., 2013 N/A

DENV4 N703–99 Hadjilaou et al., 2015, doi:10.4049/
jimmunol.1500918 N/A

DENV4ic SriLanka 92 Widman, Young et al. 2017 N/A

DENV3/4 M16 Widman, Young et al. 2017 N/A

DENV3/1 EDI A Messer, Yount et al. 2016 N/A

DENV3/1 EDI B This manuscript N/A

DENV3/1 EDI/III C This manuscript N/A

DENV3/1 EDI/III D This manuscript N/A

DENV1/3 EDI A This manuscript N/A

DENV1/3 EDI B This manuscript N/A

DENV3 Indonesia 1982, genotype I Messer, Yount et al. 2012 N/A

DENV3 Thailand 1995, genotype II Messer, Yount et al. 2012 N/A

DENV3 Cuba 2002, genotype III Messer, Yount et al. 2012 N/A

DENV3 Puerto Rico 1977, genotype IV Messer, Yount et al. 2012 N/A

DENV3 GIV with GIII EDI This manuscript N/A

DENV3 GIV with GIII EDII This manuscript N/A

DENV3 GIV with GIII EDIII This manuscript N/A

DENV3 GIII with GIV EDI This manuscript N/A

DENV3 GIII with GIV EDII This manuscript N/A

DENV3 GIII with GIV EDII This manuscript N/A

Biological Samples

PBMCs from DENV infection survivors This manuscript
Nicaraguan Pediatric Dengue 
Cohort Study Donor ID #3243, 
#985, and #1791

Chemicals, Peptides, and Recombinant Proteins

1-Step Ultra TMB-ELISA Thermo Fisher Scientific Cat# 34029

Dulbecco’s Phosphate-Buffered Saline, 1X with calcium and 
magnesium Corning Life Sciences Cat# 21–030-CM

50x HAT media supplement Sigma-Aldrich Cat# H0137

Ouabain Sigma-Aldrich Cat# O3125

HyClone insect cell culture medium GE Healthcare Life Sciences Cat# SH30280.03

Fetal Bovine Serum, ultra-low IgG Thermo Fisher Scientific Cat# 16250078
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REAGENT or RESOURCE SOURCE IDENTIFIER

100x Penicillin Streptomycin Glutamine Thermo Fisher Scientific Cat# 10378016

ClonaCell-HY Medium E Stem Cell Technologies Cat# 03805

ClonaCell-HY Medium A Stem Cell Technologies Cat# 03801

DMEM, high glucose, GlutaMAX™ Supplement Thermo Fisher Scientific Cat# 10566–024

Dulbecco’s modified Eagle’s/Ham’s F-12 50/50 Mix Gibco 10–092-CV

Opti-MEM I Gibco 31985–070

GIBCO Hybridoma-SFM Thermo Fisher Scientific Cat# 12045076

Recombinant DENV E protein Kudlacek et al., 2018 N/A

Recombinant DENV E protein stabilized dimers Kudlacek et al., 2018 N/A

CpG10103 (TCGTCGTTTTTCGGTCGTTTT) Synthesized by Invitrogen N/A

TrueBlue substrate KPL 0510–0050

Cyclosporin A Sigma-Aldrich Cat# C1832

Chk2 inhibitor Sigma-Aldrich Cat# C3742

Non-fat dry milk Bio Rad Cat# 1706404

Goat serum Thermo Fisher Scientific Cat# 16210072

Critical Commercial Assays

Deposited Data

Experimental Models: Cell Lines

Mouse-human HMAA 2.5 myeloma cell line Dr. Marshall Posner N/A

DENV-66 hybridoma clone This manuscript N/A

DENV-115 hybridoma clone This manuscript N/A

DENV-144 hybridoma clone This manuscript N/A

DENV-236 hybridoma clone This manuscript N/A

DENV-297 hybridoma clone This manuscript N/A

DENV-298 hybridoma clone This manuscript N/A

DENV-286 hybridoma clone This manuscript N/A

DENV-290 hybridoma clone This manuscript N/A

DENV-254 hybridoma clone This manuscript N/A

DENV-404 hybridoma clone This manuscript N/A

DENV-406 hybridoma clone This manuscript N/A

DENV-415 hybridoma clone This manuscript N/A

DENV-419 hybridoma clone This manuscript N/A

DENV-437 hybridoma clone This manuscript N/A

DENV-443 hybridoma clone This manuscript N/A

C6/36 cells ATCC CRL-1660

U937-DC-SIGN cells

Vero-81 cells ATCC CCL-81

Experimental Models: Organisms/Strains
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: AG129 strain
M. Aguet (Swiss Institute for 
Experimental Cancer Research, 
Epalinges, Switzerland)

N/A

Recombinant DNA

Primer: DENV1–4, D1: 5'-TCA ATA TGC TGA AAC 
GCGCGA GAA ACC G Harris et al., 1998, PMID: 9705406 N/A

Primer: DENV1–4, D2: 5’-
TTGCACCAACAGTCAATGTCTTCAGGTTC Harris et al., 1998, PMID: 9705406 N/A

Primer: DENV1–4, TS1: 5'-CGT CTC AGT GAT CCG GGG 
G Harris et al., 1998, PMID: 9705406 N/A

Primer: DENV1–4, TS2: 5'-CGCCAC AAG GGC CAT GAA 
CAG Harris et al., 1998, PMID: 9705406 N/A

Primer: DENV1–4, TS3: 5'-TAA CAT CAT CAT GAG 
ACAGAG C Harris et al., 1998, PMID: 9705406 N/A

Primer: DENV1–4, DEN4: 5'-TGT TGT CTT AAA CAA 
GAG AGG TC Harris et al., 1998, PMID: 9705406 N/A

Primer: DENV UNC 3009 Forward: 
GGACTGGATACACGCACCCA This manuscript N/A

Primer: DENV UNC 3009 Reverse: 
CATGTCTCTACCTTCTCGACTTGTCT This manuscript N/A

DENV UNC 3009 Probe: 
ACCTGGATGTCGGCTGAAGGAGCTTG This manuscript N/A

TaqMan™ Rodent GAPDH Control Reagents Applied Biosystems Cat. 4308313

Software and Algorithms

GraphPad Prism 7.2 GraphPad Software, Inc. https://www.graphpad.com

PyMOL Schrödinger, LLC https://www.pymol.org/

Other

ÄKTA pure chromatography system GE Healthcare Life Sciences N/A

EL406 washer dispenser BioTek N/A

Biostack microplate stacker BioTek N/A

HiTrap Protein G High Performance GE Healthcare Life Sciences Cat# 17–0404-01

Immunospot CTL N/A
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