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SUMMARY

The envelope (E) glycoprotein is the primary target of type-specific (TS) neutralizing antibodies 

(nAbs) after infection with any of the four distinct dengue virus serotypes (DENV1–4). nAbs can 

be elicited to distinct structural E domains (EDs) I, II, or III. However, the relative contribution 

of these domain-specific antibodies is unclear. To identify the primary DENV3 nAb targets in 

sera after natural infection or vaccination, chimeric DENV1 recombinant encoding DENV3 EDI, 

EDII, or EDIII were generated. DENV3 EDII is the principal target of TS polyclonal nAb 
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responses and encodes two or more neutralizing epitopes. In contrast, some were individuals 

vaccinated with a DENV3 monovalent vaccine-elicited serum TS nAbs targeting each ED in a 

subject-dependent fashion, with an emphasis on EDI and EDIII. Vaccine responses were also 

sensitive to DENV3 genotypic variation. This DENV1/3 panel allows the measurement of serum 

ED TS nAbs, revealing differences in TS nAb immunity after natural infection or vaccination.

In brief

Munt et al. uses chimeric DENV3 recombinant viruses to map human monoclonal antibody 

epitopes and demonstrate preferential E-glycoprotein-domain-specific neutralizing antibody 

responses in polyclonal sera after natural infection or vaccination. The approach provides a metric 

for evaluating the relationship between antibody neutralization and protective immunity.

Graphical Abstract

INTRODUCTION

Dengue virus (DENV) is a widespread, arthropod-borne RNA virus1,2 that infects an 

estimated >390 million people worldwide, resulting in 40,000 fatal cases each year.3,4 

Approximately 40% of the world’s population live in areas at risk for DENV infection.5–7 

Although DENV typically causes flu-like symptoms, 5% of the symptomatic individuals 
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develop dengue shock syndrome (DSS) or dengue hemorrhagic fever (DHF), which can 

progress to hemorrhage, shock, and death.8–13 The incidence and geographic range of 

DENV infections are predicted to increase dramatically due to growing urbanization, human 

travel, and environmental changes, including global warming, heightening the need for 

effective countermeasures.14

DENV particles encode two surface membrane (M) gly coproteins, the premembrane (prM) 

and envelope (E) gly coproteins,15 that play essential roles in virion entry, maturation, 

assembly, and egress. During virus maturation, prM initially presents in immature, rough 

particles and is subsequently cleaved by host furin proteases into the pr and M proteins. 

Cleavage promotes dramatic structural changes in the virion, from immature, rough forms 

that transition into more infectious, smooth, and mature particles that display novel antigenic 

sites on the E protein.16 The E protein protomer is essential for viral attachment and 

entry into the cell.17–19 Structurally, E protein monomers contains three distinct domains 

(EDs), designated EDI, EDII, and ED-III.20,21 On the mature viral surface, E proteins 

interact to form 90 homodimers that tightly pack to form a protein E with icosahedral 

symmetry.22 On the viral E, simple and quaternary structure epitopes, spanning two or more 

E protein monomers, are targeted by both type-specific (TS) and/or cross-reactive (CR) 

neutralizing antibody (nAb) responses, making E a critical target for evaluating the design 

and performance of vaccines.23,24 DENV is comprised four distinct serotypes (DENV1–4), 

which are further subdivided intogenotypeswithineachserotype.25–28Afteraprimaryinfection, 

individuals typically develop transient serotype CR immunity to other serotypes29,30 and 

long-lasting, TS protective Ab responses to the homologous serotype.8,31–35 However, 

recent findings reveal a more nuanced immune protective repertoire, where reinfections 

by different genotypes within the same serotype are possible.36–41 After secondary infection 

with a different serotype, more potent and persistent CR Ab responses are elicited, which 

appear protective against all four serotypes.42,43 Paradoxically, DHF/DSS is also more 

likely to occur during secondary DENV infection, most often associated with Ab-dependent 

enhancement (ADE) mechanisms.44–47 After infection with a new serotype, ADE is likely 

driven by pre-existing CR, non-nAbs that bind the virus and promote interactions with Fc 

receptors, enhancing virus replication and activation of target immune cells, host cytokine 

expression, and disease.48,49

Several DENV tetravalent vaccines are in clinical development, including an US Food 

and Drug Administration (FDA)-licensed chimeric yellow fever-dengue, live-attenuated, 

tetravalent dengue vaccine (Dengvaxia/CYD-TDV, Sanofi Pasteur) and 2 live-attenuated 

vaccines in phase III trials including Takeda’s tetravalent dengue vaccine candidate 

(Tak-003/005—Takeda) and the National Institutes of Health tetravalent admixture of 

monovalent vaccines (TV003—NIH), the former recently licensed for use under QDENGA 

in individuals aged 4 and older in Indonesia and the European Union. Dengvaxia generally 

induced nAbs to all 4 DENV serotypes for 2 years after vaccination in most individuals, 

although breakthrough infections still occurred in some vaccinees.50–54 Importantly, some 

naive, vaccinated children in the Philippines were at a higher risk of developing severe 

dengue upon subsequent infection.54 Currently, Dengvaxia is licensed in the United 

States and elsewhere for individuals >9 years old with pre-existing DENV immunity 

(“preimmune”).55,56 Other live-attenuated vaccine candidates stimulate a serotype-specific 
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immunodominant response (Takeda)57 or more balanced, TS Ab responses in up to 76% of 

the vaccinees (NIH).58 High-titered total (TS + CR) nAbs represent the traditional correlate 

for vaccine efficacy and protection. Although defined correlates for DENV protective 

immunity are complex and still understudied, TS nAb titers represent another potential 

correlate for protective immunity after DENV infection.1,53,59 In DENV3, EDI, and EDII 

typically encode potent antigenic sites for DENV3 TS nAbs, whereas EDIII contains weaker 

TS-neutralizing epitopes.60 However, CR prM and EDII fusion-loop epitopes have been 

linked to responses associated with ADE. Methods that accurately quantify the kinetics, 

magnitude, durability, and domain-specific targeting of the TS nAb response in serum may 

shed new insights into the immunologic basis for breakthrough infection and protective 

immunity. To address these questions, we developed a panel of DENV1 recombinant 

viruses that encoded different combinations of EDI, EDII, or EDIII from the DENV3 E 

glycoprotein. These chimeric viruses replicate efficiently and enable the measurements of 

serum DENV3 ED-specific neutralization responses across the 2-fold, 3-fold, and 5-fold 

axes on the virion. Herein, we describe a DENV1/3 reagent panel and provide evidence 

that the ED targeting of serum TS nAbs not only differs after natural DENV3 infection and 

vaccination but also varies in a genotype-specific fashion.

RESULTS

Design and recovery of DENV1/3 EDII and EDIII recombinant viruses

The DENV1/3 full ED chimeric panel was developed using a quadripartite reverse genetics 

system41,61 and features the EDI, EDII, or EDIII residues from the DENV3, G-III, Sri 

Lanka ’89 strain introduced into the DENV1 (Westpac) E glycoprotein (Figures 1A–1C). 

In addition to the previously described DENV1/3 EDI recombinant virus that encodes 

the DENV3 3-fold axis in E,60 we designed DENV1/3 EDII and EDIII recombinant 

virus chimeras that encode the DENV3 E glycoprotein 2-fold and 5-fold symmetry axes, 

respectively. Initial attempts to recover a recombinant DENV1 virus that encoded the 

DENV3 EDII domain were not successful. Recovery of viable DENV1/3 EDII chimeras 

required the inclusion of a serotype-matched chimeric prM protein, designed to maintain 

favorable DENV3 prM-EDII interface interactions that likely function in maturation and 

release. Specifically, residues 1–108 of the DENV3 prM were fused with residues 109–

166 of the DENV1 M protein, thereby preserving N- and C-terminal interactions with 

the appropriate homologous DENV1 and DENV3 E protein residues (Figure S1A). Four 

DENV1/3 EDII constructs (A–D) were designed and recovered, with between 24 and 38 

amino acid residues transplanted from DENV3 into DENV1, with DENV1/3 EDIIC and 

D encoding increasing numbers of DENV3 residues in the EDI-EDII hinge region (Figure 

S1B). Of the 4 EDII chimeras, DENV1/3 EDIIA (with 33 DENV3 EDII residues), replicated 

most efficiently in Vero81 non-human primate (NHP) cells (titer = 1 × 107 FFU/mL) 

(Figure 2A). The DENV1/3 EDIIA virus retained binding to DENV1 TS monoclonal Abs 

(mAbs) binding to EDI (human mAbs [hmAbs] 14C10 and 1F4) and EDIII, demonstrating 

the preservation of native DENV1 structure.62,63 With titers approaching 1.3 × 106 FFU, 

DENV1/3 EDIIC encodes 37 DENV3 EDII residues and presented fully intact 1F4 and 

partially intact 14C10 epitopes, respectively. DENV1/3 EDIIB and EDIID, encoding 24 and 

38 DENV3 residues, were also recovered but replicated less efficiently.
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Four DENV1/3 EDIII mutants were also constructed (A–D), designed to display DENV3 

EDIII while preserving DENV1 EDIII residues on the interaction interfaces and select EDIII 

residues engaging the M and capsid proteins during virion assembly (Figure S1C). All 

recombinants were recovered on C636 insect cells but had attenuated growth phenotypes in 

Vero81 NHP cells, especially DENV1/3 EDIII. The most robust mutant, DENV1/3 EDIIIb, 

retained one DENV1 EDIII residue at position F392 and replicated to titers of 2.8 × 105 

fluorescent foci units/ml (FFU/mL) on Vero81 cells (Figure 2A). DENV1/3 EDIIIc was 

less hardy, and DENV1/3 EDIIIa and EDIIId could not be recovered in Vero81 cells. Virus 

stocks from the most replication-competent chimeras (DENV1/3 EDIIA, DENV1/3 EDIIC, 

and DENV1/3 EDIIIb) in Vero81 cells were selected for downstream immunologic and 

biochemical phenotyping. Deep sequencing data for the E glycoprotein of the recombinant 

virus stocks revealed mutations that arose in the DENV1–3 EDI and EDIIIb mutants 

(Figure S2). Deep sequencing revealed three DENV1 reversion mutations in EDI of the 

DENV1/3 EDI virus at G29S, N37D, and A50V, which likely stabilize the hinge regions 

and subsurface interactions. DENV1/3 EDIIIb virus stocks contained mutations at position 

N377K, a subsurface residue in EDIII, T16I, a subsurface residue in EDI, and at surface 

positions K203E and K204R in EDII. K203E, K204R, and N377K are unique mutations, 

localized along the interface between two monomers in the dimer. T161I is a reversion to a 

DENV1 codon and resides on the interface between two monomers in the dimer (Figures 1A 

and S2).

mAb neutralization phenotypes within the DENV1/3 full panel

Previously, our group mapped 13 DENV3 TS hmAbs to EDI, EDII, and EDIII.60 To 

evaluate the preservation of DENV3 and DENV1 TS epitopes on the DENV1/3 chimeric 

and parental viruses, we tested neutralization sensitivity to a panel of DENV3 hmAbs 

(−443, −115, −290, −419, −66, −5J7, -P3D05, and -P7C07)60,64,65 and DENV1 hmAbs 

(−1F4 and −14C10) (Figure 2B; Table S2). As designed, DENV1 TS hmAb-1F4 binding 

to EDI neutralized the DENV1 and DENV1/3 EDIIA, EDIIC, and EDIIIb chimeras, but 

not DENV3 or the DENV1/3 EDI chimera. DENV1 TS hmAb-14C10, which targets a 

quaternary epitope centered in EDI that extends into EDIII on an adjacent monomer, 

potently neutralized DENV1 and DENV1/3 EDIIA but lost ≥56% of its neutralizing 

activity against the DENV1/3 EDI, EDIIC, and EDIIIb recombinants. DENV3 was not 

neutralized by hmAb-14C10. Loss of neutralization in DENV1/3 EDIIC was likely due 

to the introduction of DENV3 residues N52Q and T275G in the EDI/EDII hinge region, 

which reside within the 14C10 epitope footprint.62 Several natural infection and vaccination-

derived hmAbs (e.g., −115, −290, −419, −5J7, -P3D05, and -P7C07) potently neutralized 

the DENV1/3 EDIIA and EDIIC chimeras and DENV3, but not the other ED chimeras, 

localizing those Abs to epitopes encoded in DENV3 EDII. Finally, the DENV3 EDIII-

targeting TS hmAb-66 efficiently neutralized the DENV1/3 EDIIIb chimera and DENV3, 

but not the remainder of the chimeric viruses. Importantly, each DENV3 hmAb neutralized 

only the chimera containing its epitope’s domain, but not the other chimeras, further 

confirming the overall ED epitope presentation across the DENV1/3 panel. Based on 

virologic and immunologic phenotyping with hmAbs, DENV1/3 EDIIA was chosen as the 

best candidate for DENV1/3 EDII domain-specific mapping.
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Western blot analysis was performed on the final virus panel to evaluate maturation status 

after passage on Vero cells. Although all virus stocks were only partially mature, DENV1/3 

EDIIIb was more immature than DENV3 WT (prM/E ratios 1.099 and 0.456, respectively), 

potentially explaining why DENV3 EDIII-targeting hmAb-66 more efficiently neutralized 

the DENV1/3 EDIII chimera better than wild-type DENV3 (Figures 2C and 2D).

Evidence for multiple unique/overlapping neutralizing epitopes in DENV3 EDII

Previous studies demonstrated that natural infection-derived DENV3 TS-neutralizing 

hmAbs-115 and −419 target an epitope in EDII that is conserved in genotypes I, II, and 

III, but not IV.60 A third anti-EDII DENV3 TS hmAb, −290, did not exhibit differential 

neutralization across a panel of DENV3 genotypes, whereas -P3D05 and -P7C07 remained 

untested. Therefore, hmAbs-P3D05 and -P7CO7, derived after primary DENV3 natural 

infection followed by tetravalent vaccination, were tested for neutralization of multiple 

DENV3 genotypes using chimeric DENV3 G-III viruses displaying different genotype E 

glycoproteins (Figure 3). The hmAbs efficiently neutralized all genotypic variants in the 

panel, suggesting that hmAbs-P7CO7, -P3D05, and the previously analyzed hmAb-290 

either recognized unique EDII epitopes or engaged overlapping epitopes in a unique manner. 

To functionally map the exact EDII residue clusters that regulated hmAb-115 and −419 

genotype-specific neutralization, we created a panel of DENV3 EDII mutants (DENV3/3, 

clusters 1–4) containing EDII residues from a genotype susceptible to hmAb-115 and −419 

neutralization (DENV3 G-III), which were introduced into a genotype backbone resistant to 

neutralization (DENV3 G-IV) (Figures 4A and S3). As 9 variable residues were spatially 

clustered on the E glycoprotein dimer (Figure 4A), proximal blocks of 3 or 6 DENV3 

G-III, EDII residues were transplanted into the resistant G-IV backbone (e.g., cluster 1: 

T68I, T81V, and S113L; or cluster 4: G62E, A63G, H120Q, L124P, A224T, and V226T). In 

parallel, two additional recombinants were designed that further subdivided the six residues 

in cluster 4 into two smaller clusters (cluster 2: A224T and V226T; cluster 3: G62E, A63G, 

H120Q, and L124P). All viruses were viable and replicated in cell culture, cluster 1 to 106, 

cluster 3 to 105, and clusters 2 and 4 to 104 FFU/mL. The susceptible DENV3 G-III and 

DENV3/3 genotype mutant clusters 3 and 4 were potently neutralized by hmAbs-115 and 

−419, whereas the resistant DENV3 G-IV, and DENV3/3 cluster 1 and 2 mutants were not 

neutralized (Figure 4B). These data demonstrate that the cluster 3 mutant contains important 

functional residues for hmAb-115 and −419 neutralization (e.g., G62E, A63G, H120Q, and 

L124P) (Figure 4C).

Strategy for mapping DENV3 E-glycoprotein-domain-specific neutralizing phenotypes in 
polyclonal sera

To define E-glycoprotein-domain-specific structural targets of the DENV3 TS human 

polyclonal Ab response, DENV3 primary convalescent or vaccinated human serum samples 

were first depleted all DENV3-binding Abs or just DENV serotype CR Abs (retaining any 

DENV3 TS Abs) using beads coated with a DENV3 G-II reference strain (homotypic 

depletion) or with a mixture of DENV1, 2, and 4 virions (heterotypic depletion)43 

(Figure S4A). To demonstrate the efficiency of depletion studies, DENV3 EDI-, EDII-, 

and EDIII-directed TS hmAbs were introduced into heat-inactivated normal human sera 

(NHS), depleted using the three conditions above, and then assayed by focus reduction 
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neutralization test (FRNT). Sample A was comprised hmAbs-290 (EDII) and −443 (EDI), 

whereas sample B contained hmAbs-236 (EDI), −115 (EDII), and −66 (EDIII). Under 

these conditions, little, if any, reductions in neutralization titers were noted after applying 

the control and DENV1, 2, 4 depletions. Under identical conditions, all DENV3 hmAb 

neutralization titers were lost after DENV3 homotypic depletion (Figure S4B).

DENV3 ED-specific and genotype-nAb responses after primary natural infection

Six primary human DENV3 (G-III) convalescent natural infection serum samples were 

obtained from the Nicaraguan Pediatric Dengue Cohort Study (NPDCS) (n = 3)66 and the 

adult Arbovirus traveler cohort (ATC) (n = 3)67 (Table S1). The depleted natural infection 

serum samples (n = 6) were tested against the DENV1/3 EDI, II, and III chimeric virus set. 

After heterotypic depletion with DENV1, 2, and 4, the primary DENV3 TS neutralization 

response neutralized DENV1/3 EDIIA either the highest (5/6) or the second highest (1/6), 

suggesting that EDII is the dominant target of DENV3 TS sera in these natural infection 

samples (Figure 5A). However, variations in the response were also noted across the panel, 

as 3/6 produced nAbs to all three EDs, 2/6 targeted two different EDs, and 1/6 only 

recognized a single ED. For example, neutralization titers from one subject from Nicaragua 

targeted DENV1/3 EDI over DENV1/3 EDIIA, although at similar levels (ID50 = 173 vs. 

99) (Table S3A). Most of the convalescent subjects also had lower levels of DENV3 TS 

nAbs that were tracked with EDI (5/6) and/or EDIII (3/6), demonstrating subdominant 

responses.

The depleted late convalescent sera from the six individuals exposed to DENV3 infections 

were also tested for neutralization of DENV3 G-III and G-II strains to determine the 

breadth of TS neutralization (Figure 5B). The DENV3 TS serum Abs similarly neutralized 

both genotypes in most individuals (mean fold-change from DENV3 G-III to G-II = 0.03) 

demonstrating neutralization breadth across these two DENV3 genotypes (Figures 5B and 

S6).

On average after natural primary DENV3 infection, 22%, 67%, and 29% of the DENV3 TS 

response targeted the DENV3 EDI, EDII, and EDIII viruses, respectively, further supporting 

that EDII is the primary antigenic target of naturally derived DENV3-specific Abs (Figure 

5C).

DENV3 genotype-specific neutralization responses following monovalent vaccination

Next, we analyzed six DENV3 (G-I) NIH monovalent vaccine serum samples collected 

180 days after prime/boost68 (Table S1). Using undepleted serum samples, variable 

neutralization titers were noted across the DENV1/3 panel (Figure S5), with the highest 

responses targeting EDIII (3/6), EDI (2/6), and EDII (1/6). As high cross-domain responses 

were noted in some undepleted samples, four samples (NIH A, B, D, and F; 3 high titers, 1 

low titer) were depleted to further confirm the diminished TS response recognition pattern 

of DENV1/3 EDII. The depleted NIH monovalent serum samples (n = 4) were tested 

with the DENV1/3 chimeric panel, with 50% of the TS sera recognizing only one ED, 

25% recognizing two different EDs, and 25% recognizing all three ED regions. Depletion 

clarified the responses in the samples, showing preferential targeting of EDIII (NIHA), 
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EDIII > EDI (NIH B), or EDI (NIH D). Of the 3, none had measurable TS nAbs to DENV3 

EDII. In sample NIH F, TS nAbs mostly tracked with EDI > EDIII domains, with a smaller 

portion of the TS nAbs targeting EDII, but at a much lower level than EDI (8-fold) and 

EDIII (4-fold). As clear differences were noted in some undepleted and depleted DENV3 

serum samples such as NIH B and NIH D, the data support a requirement for depletions 

when mapping ED responses in the DENV1/3 chimeric panel. However, as one of the 

undepleted samples, NIH E, did not have any response to EDII, together, these data still 

support the hypothesis that monovalent responses preferentially targeted EDIII and EDI over 

EDII.

When the depleted NIH serum samples were tested against two different DENV3 genotypes, 

the DENV3 TS nAbs neutralized DENV3 G-II more efficiently than DENV3 G-III in all 

cases (mean fold-change = 10.68) (Figures 6B and S6). Comparing mean fold-change, the 

DENV3 TS monovalent vaccine sera were significantly more likely (p = 0.0095/356-fold) to 

neutralize DENV3 G-II over G-III than the natural infection sera (Figure S6). On average, 

after monovalent DENV3 vaccination, 42%, 25%, and 68% of the DENV3 TS serum Ab 

responses targeted the DENV3 EDI, EDII, and EDIII viruses, respectively (Figure 6C). In 

contrast to natural infection sera, analyses of these four vaccine samples suggest that NIH 

DENV3 monovalent vaccination preferentially induces DENV3 TS Abs that target EDI 

and EDIII and are more effective against DENV3 G-II than G-III. Together, these data 

suggest significant differences between ED targeting frequency and focus, which culminates 

in unique collections of genotype distinct Ab populations derived after natural infection and 

vaccination.

Visualizing the antigenic relationships between viruses and polyclonal sera

Antigenic cartography was employed to better visualize the ED-specific antigenic 

relationships between the chimeric viruses, based on the TS serum ID50 responses (Figure 

7).69,70 After natural infection, TS nAb responses mapped closest to DENV3 G-III, rather 

than to DENV3 G-II strains, and were also in close proximity to DENV1/3 EDIIA, 

indicating that the antigenic juxtaposition of these sample sets was heavily regulated by 

nAbs preferentially targeting DENV3 EDII. There were two clear phenotypes exhibited in 

the convalescent serum Ab population (n = 6). The NPDCS children’s sera (n = 3) are 

positioned near equidistant between DENV3 G-II and G-III, whereas the ATC adult natural 

sera (n = 3) grouped closer to DENV3 G-III than to G-II. DENV1/3 EDI and EDIIIb were 

more antigenically distant than DENV1/3 EDIIA from both DENV3 genotypes. In relation 

to DENV1, DENV1/3 EDI was antigenically positioned closest, followed by DENV1/3 

EDIIA, and then DENV1/3 EDIIIb. In contrast to natural infection, DENV3 TS polyclonal 

Ab responses in NIH monovalent vaccine sera mapped more closely to DENV3 G-II than 

to G-III and chimeras DENV1/3 EDI and EDIIIb, but not to DENV1/3 EDIIA. These data 

clearly support the existence of large antigenic shifts in ED epitope targeting between Abs in 

natural infection and NIH vaccine-recipient sera.
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DISCUSSION

DENV remains a major global health threat due to the geographic prevalence of all 

four serotypes, the potential for disease enhancement following secondary infection and 

vaccine obstacles, which are further complicated by the lack of clearly defined correlates 

of protection. Large, phase III clinical studies have demonstrated that total neutralization 

titers are important, yet complex correlates of protection, since breakthrough infections 

have been frequently observed, even in some participants with high-titer serum nAb 

responses.50–54 Recent studies also support the hypothesis that total TS nAb responses 

may represent correlates of protective immunity as well.37,54,59,71 TS nAbs have been 

shown to target epitopes in EDI, EDII, and EDIII in DENV3,60 and similar findings are 

reported across all DENVs.34,62,63,65,72–74 After infection or vaccination, one potential 

strategy to measure protective Ab-mediated immunity is to develop methods that measure 

the E-glycoprotein ED-specific antigenic contributions to the overall nAb responses in 

polyclonal sera.75 By manipulating the prM-E structural interactions in DENV virions, a 

panel of well-characterized DENV1/3 chimeric ED recombinant viruses was isolated and 

used to empirically support the hypothesis that EDII is the primary target for DENV3 

TS nAbs responses after natural infection. The DENV3 EDIIA antigenic site appears 

to contain at least three unique and/or overlapping nAb epitopes (e.g., those recognized 

by hmAb-5J7, −115/−419, or −290/-P3D05/-P7C07), supporting a need for future high-

resolution structures. One antigenic site, recognized by hmAbs-115/−419, was highly 

sensitive to natural genetic variation encoded by a currently circulating DENV3 genotype 

(IV), supporting potential Ab-driven evolution over time.

Although little is known regarding the prM content of most DENV serotypes produced 

in vivo, DENV1 particles were shown to be mostly mature.76 Maturation status is known 

to influence the magnitude of the DENV neutralization response for some monoclonal 

and polyclonal sera.77 However, DENV prM cleavage is inefficient and can subtly alter 

virion maturation, epitope presentation, and neutralization across natural isolates, leading to 

altered disease severity.78 As the maturation status of DENV3 genotypes in vivo remains 

uncertain, we evaluated ED-specific primary nAb responses following natural infection and 

vaccination, using partially mature viruses throughout. Future studies may reveal subtle 

differences in ED-specific neutralizing titers using mature and immature DENV1/3 ED 

recombinant virus panels after natural infection and vaccination.

Previously, the findings of Messer et al. displayed evidence that most people who 

experienced a natural DENV3 infection exhibited effective neutralization potency against 

multiple DENV3 genotypes but that the level of neutralization varied by individual.41 Our 

data also support the hypothesis that serum nAb ED-specificity oftentimes neutralizes across 

genotypes and can vary across individuals while dictating the need for larger collections of 

well-characterized primary infection and vaccine cohorts and the use of depletion studies 

to accurately measure TS ED responses in polyclonal sera. Although the sample size and 

volume were small, and future studies are needed across vaccine cohorts from different 

ages and geographic regions, DENV3 NIH monovalent vaccine-induced serum nAbs not 

only appear to preferentially target EDIII and EDI, over EDII, but were also less potent 

against some DENV3 genotypes. In addition to the genetic variation in the EDII region 
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of DENV3 G-IV, there is genetic variation in the EDI-EDII and EDI-EDIII hinge regions 

between DENV3 G-III and DENV3 G-I/G-II, which could also alter neutralization potency 

after vaccination with NIH’s DENV3 G-I monovalent vaccine strain (Figure S7). These 

data support the need to develop matched DENV3 ED genotype-serum matched reagents 

designed to tease out subtle differences associated with natural variation and neutralization 

within genotypes of each serotype. As similar results have been reported following DENV4 

vaccination,37,52 naive populations may be less protected against DENV genotypic variants 

as well. Our data support the concept that both the total number of and preferential 

specificity of ED-specific TS nAb epitopes may provide correlates for understanding the 

mechanisms of DENV3 protective Ab-mediated immunity.

The development of the chimeric DENV1/3 ED recombinant virus panel required creating 

DENV1 virions that encoded DENV3 residues at the 2-fold or 5-fold axes, designated 

DENV1/3 EDIIA or DENV1/3 EDIIIb, respectively. Although recovery of the DENV1/3 

EDIIIb recombinant virus was based on previously developed chimeras,75,79 recovery of 

DENV1/3 EDIIA and DENV1/3 EDIIC required more extensive structure-guided designs 

that incorporated prM and E protein-protein interaction networks, as initial studies revealed 

that a DENV1/3 EDII chimera with a DENV1 prM was not viable. Structural studies 

suggested that the DENV3 prM N-terminal domain residues through residue 108 should 

provide a more compatible interaction interface with portions of DENV3 EDII. In parallel, 

DENV1 prM residues from position 109 to the C-terminal end should interact more 

favorably with DENV1 E residues. The recovery of replication-competent DENV1/3 EDII 

recombinant viruses supported these hypotheses. Importantly, experimental evolution in 

Vero81 cells identified several second-site reversions in the DENV1/3 chimeras at interfaces 

between E dimers and E-prM. The DENV3 EDIIIb Vero81-adapted virus also contained two 

tissue culture-adapted mutations at the EDII-EDII intradomain interface and two subsurface 

mutations along the EDI-EDIII interface across monomers, which are close in proximity 

to M in mature particles and could be important for the E-M interaction matrix. Notably, 

Abs like hmAb-5J7, which spans multiple monomers and different domains, retained potent 

neutralizing activity to both DENV1/3 EDII chimeras. These data provide further evidence 

that residues in the intradomain and interprotein interfaces, and in the interdomain hinge 

regions, are likely critical for maintaining virus stability and fusion capacity.80–82 Chimeric 

E-glycoproteins provide a platform to map critical interaction residues in E and prM that 

regulate virion function. Future structural studies on early and evolved recombinants may 

reveal patterns of variation that are critical for virion stability and infectivity.

In individual recipients, tetravalent DENV vaccines induce heterogeneous neutralizing titers, 

potentially reflecting the different replication efficiencies of each serotype in heterogeneous 

human populations.53,55,57,58,83 The DENV1/3 EDIIA virus preserved both major DENV1 

epitopes for neutralizing hmAbs-1F4 and −14C10, and multiple potent DENV3 TS EDII-

directed neutralizing epitopes. This bivalent live virus immunogen, coupled with efficient 

replication at greater than 107 FFU/mL in culture, highlights its potential as a single dose, 

bivalent vaccine for DENV1 and DENV3. The larger DENV1/3 EDIIC transplant virus also 

preserved all DENV3 EDII epitopes tested, including the DENV1 hmAb epitope-1F4 and 

−14C10 epitope, although the latter Ab displayed a ~56-fold reduction in neutralization 

performance. Alternatively, the DENV1/3 EDIIC virus replicated slightly less efficiently 
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in vitro but preserved the hmAb-1F4 and −14C10 epitopes, providing a second potential 

candidate vaccine for testing in primates as described by our group.60,84 As DENV1 and 

DENV3 are phylogenetically close, our data support the need for depletion studies when 

evaluating ED-specific responses in polyclonal primary or secondary serum with these 

recombinant viruses.

Serum TS nAbs may target one or more EDs in a hierarchical fashion, which may 

differentially influence protective immunity and the frequency of breakthrough infections 

after primary infection or vaccination. Our data suggest that EDII is the principal target 

of TS nAbs after DENV3 primary infection, with lower-level nAb responses targeting EDI 

and/or EDIII in a patient-specific manner. In contrast, monovalent NIH DENV3 vaccination 

primarily elicited TS nAbs to EDI and EDIII, whereas EDII was only weakly targeted in 

about 25% of the samples tested, potentially providing opportunities for genotype-driven 

breakthrough infections, like those reported for DENV4.37,52 The DENV3 component in the 

TAK tetravalent vaccines replicated less efficiently than wild-type DENV3 in animal models 

and some humans, potentially altering ED-specific breadth.57,83,85–90 These data make a 

compelling argument for new research campaigns that fully characterize hmAb neutralizing 

and binding repertoires to DENV1–4 TS and CR nAb epitopes. Differences in genotype and 

ED targeting after infection and vaccination are likely influenced by significant differences 

in serotype replication efficiency, preexposure histories, vaccine strain, and natural variation 

across domains.

Cartography provides a visualization platform that reveals antigenic relationships between 

patient serum and ED-specific polyclonal responses after infection and vaccination.91 Not 

surprisingly, DENV3 TS primary serum Ab responses clustered much nearer to DENV3 

G-III, G-II, and DENV1/3 EDII, than Ab responses targeting DENV1/3 EDI and DENV1/3 

EDIII. Furthermore, late convalescent serum from the naturally infected children grouped 

closely and were relatively equidistant from DENV3 G-II and G-III, compared with the 

adult convalescent sera, which clustered nearest to DENV3 G-III. Although speculative, 

given the small sample size, these unique antigenic groupings between adults and children 

may suggest structural targeting differences in an age-dependent manner. In contrast, adult 

monovalent vaccine-recipient serum Abs mapped nearest to DENV3 G-II, a strain more 

closely related to the DENV3 G-I Sleman ‘78 strain present in the vaccine formulation, 

supporting the hypothesis that monovalent vaccine responses could be more genotype-

dependent than responses seen after natural infection.

In summary, we identified genetic features in prM and E that likely co-evolve and interact 

to regulate DENV virion assembly, function, and viability, supporting earlier studies that 

implicated intimate prM/E interactions in virus viability and fitness. The recombinant 

DENV1/3 chimeric and DENV3/3 genotype panels and parental strains identified three 

or more hmAb epitopes in EDII and dictate a need for Ab-epitope high-resolution 

structures. One of the EDII epitopes appears to be under strong immune selection, 

leading to evolutionary changes that escape select hmAb neutralization, further supporting 

a need for additional structures. The DENV1/3 chimeric panel identifies differences 

in the targeting of TS responses across EDI, EDII, and EDIII after DENV3 infection 

and vaccination. A strength of our mutant/depletion neutralization assay model is the 

Munt et al. Page 11

Cell Host Microbe. Author manuscript; available in PMC 2024 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



presence of clear differences in DENV3 TS targeting of the 3 domains that emerge 

following infection and vaccination, which could explain vaccine-induced Ab breadth 

and durability. Future studies using ED-specific neutralization metrics may reveal new 

mechanistic correlates for understanding breakthrough infections. Our data also suggest 

that new reagents will be needed to dissect the complex relationships between correlates 

of protective immunity across DENV serotypes and genotypes and the relationships with 

ADE. One limitation of the study was that sample sets were small and of low volume, 

hampering depletion studies against a large panel of virus strains. Additionally, due to 

sourcing constraints, it happened that all our depleted serum samples were female in origin. 

Larger cohorts of well-characterized natural infection and vaccine-recipient serum samples, 

including representative genders and those that experienced breakthrough infections, will 

be critical to confirm any potential associations between ED nAb responses and protective 

immunity. Another interesting limitation is that EDIII-exchanged viruses occasionally show 

increased sensitivity to neutralization in comparison with the parental strain, suggesting 

that maturation status or the potential emergence of cryptic epitopes may exist, requiring 

structure-function investigations. We have solved many of the structural constraints that 

restrict ED exchange between serotypes, isolated highly replication-competent recombinant 

viruses encoding chimeric DENV1 and DENV3 immunogens and measured ED-specific 

nAbs in sera. These recombinant viruses may also have utility as a future bivalent vaccine 

candidate for in vivo testing in primates and then perhaps in humans.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Please direct requests for further information, resources, and/or reagents to 

Ralph Baric (rbaric@email.unc.edu).

Materials availability

• Plasmids and chimeric viruses generated in this study are available upon request.

• There are restrictions with regard to availability of serum reagents due to low 

volume of the samples.

Data and code availability

• Deep sequencing data have been deposited in the NCBI database and 

are publicly available upon this manuscript’s publication date. Accession 

numbers are listed in the key resources table (SRR23674710, SRR23675053, 

SRR23675073).

• No original code was developed for this manuscript.

• Any additional information required to reanalyze data reported in this manuscript 

is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human Serum Samples

Natural Infection Sera: Sera were obtained from three participants from the Nicaraguan 

Pediatric Dengue Cohort Study (NPDCS), all were derived from females aged 4–7 

years.47,66 The samples were obtained during the annual samples collection 5.5–8.5 months 

after symptomatic primary DENV3 infections (see Table S1). All NPDCS samples were 

obtained with full informed consent from the parents or participant assent for children aged 

5 years and above. The study was approved by the IRB at the University of California, 

Berkeley, the International Vaccine Initiative, and the Nicaraguan Ministry of Health (Centro 

Naticional de Diagnostico y Referencia and HIMJR). Sera were also obtained from three 

female participants, aged 28–42 years, in the Adult Arbovirus Traveler Cohort at the 

University of North Carolina, Chapel Hill, 1.5–18 years after natural symptomatic DENV3 

infection.67 The Traveler cohort samples were obtained with full informed consent from 

travelers with self-reported Dengue symptoms (IRB no. 08–0895).

Vaccine Sera: 6 adult volunteers from the NCT00831012 clinical trial, using vaccine: 

rDENV3Δ30/31 and study protocol: CIF-257. Sera were obtained 6–7.5 months post 

vaccination.68 NIH A, B, D, and F were all from female participants, aged 28–46 years. 

Monovalent vaccine sera were obtained through recruited volunteers at John Hopkins 

Bloomberg School of Public Health Center for Immunization Research (CIR). The study 

protocol was approved by the Joint Committee for Clinical Medicine and each volunteer was 

fully informed and consented.

Normal Human Serum (NHS): NHS was obtained from a member of the Adult 

Arbovirus Traveler Cohort who was negative for all anti-dengue antibodies by ELISA and 

neutralization assays.

Cell Culture: Vero 81 cells were maintained in medium (DMEM 50:50 F12 medium 

containing 5% FBS and 1% PenStrep, NEAA, Glutamax and bicarbonate) and incubated at 

37°C as previously described.60 Vero81 cells were split using 0.05%trypsin/EDTA. C636 

cells were maintained in 1XMEM media with 5% FBS, 1% Pen-Strep, and 1% NEAA at 

32°C, as previously described.79

Escherichia coli, for cloning purposes, were cultured at 37C in LB using selective 

antibodies.

METHOD DETAILS

DENV Wildtype Strains—Several DENV isolates were used during this study 

including DENV1 (Nauru/1974/Westpac), DENV2 (Thailand/1974/S16803), DENV3 G-II 

(CH53489/1973/Thailand), DENV3 G-III (Sri Lanka/1989), DENV4 (Sri Lanka/1992). 

Virus stocks were propagated in Vero81 cells for polyclonal studies, as previously described 

by our group.79

Tissue Culture—Vero 81 cells were maintained in medium (DMEM 50:50 F12 medium 

containing 5% FBS and 1% PenStrep, NEAA, Glutamax and bicarbonate) and incubated at 
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37°C as previously described.60 Vero81 cells were split using 0.05%trypsin/EDTA. C636 

cells were maintained in 1XMEM media with 5% FBS and 1% Pen-Strep at 32°C, as 

previously described.79

Design and Recovery of Recombinant Viruses—Four chimeric DENV1/3 EDII, 

4 EDIII and 4 DENV3/3 recombinant viruses were designed using our previously 

described tetrapartite DENV1 and DENV3 reverse genetics platforms.41,60,61 Briefly, 4 

DNA fragments, which are flanked by class IIS restriction endonucleases, are excised from 

agarose gels, and ligated together to produce a full length DENV 1 wildtype and derivative 

molecular clone encoding each chimeric E glycoprotein construct. To generate chimeric 

E glycoproteins, DENV3 EDI, II and III sequences were synthesized in the DENV1 E 

glycoprotein backbone encoded in the A clone by BioBasic and assembled using Golden 

Gate cloning and molecular techniques. The DENV3/3 genotype panel was engineered 

to encode DENV3 G-III natural variation within the DENV3 G-IV A plasmid backbone 

using BioBasic and a full-length clone was assembled as described above. Full-length viral 

RNA was then transcribed and electroporated into Vero81 cells, a non-human primate cell 

line, or in C636 mosquito cells and incubated for 4 to 7 days at 37 or 32°C, respectively. 

The supernatant was harvested, and cells were removed by centrifugation before freezing 

at −80°C. Virus stocks were titered by fluorescent foci assay and Sanger sequenced as 

previously described by our group.60 The final set of chimeras used for polyclonal analysis 

were subject to full-genome sequencing (DENV1/3 EDI, EDIIA, and EDIIIb chimeras) 

as previously described.97 Wildtype DENV3 G-III and DENV1 Westpac were passage 3, 

the EDI virus was passage 4, EDIIA was passage 1, and due to Vero adaptation and low 

replication efficiency, EDIIIb was passaged 7 times before deriving individual stocks for 

sequencing.

Wildtype and Recombinant Virus Quantification—Cells were plated on tissue-

culture-treated 96-well plates at 2 × 104 cells/well the day before the assay. Wildtype and 

derivative virus were serially diluted, plated onto the cells in duplicate at 50 μL per well and 

then incubated at 37°C for 1 hour. Overlay medium (2% FBS DMEM, 1% P/S/NEAA, 5 g 

methylcellulose) was placed over the top at 125 μL per well after 1 hour and the titer plate 

was incubated for 48 hours at 37 °C. After incubation, cells were fixed in 10% formaldehyde 

for 20 to 30 minutes and washed in permeabilization buffer (Invitrogen) three times. 5% 

powdered milk (Bio-Rad)/permeabilization buffer was used to block nonspecific binding 

for 10 mins, and then incubated with primary DENV antibody (2H2/4G2) for ~1 hr. After 

washing, a secondary antibody (HRP goat-anti-mouse/Sigma) was incubated for 45 minutes, 

washed extensively, and then developed with True Blue solution (KPL/Sera Care). Foci were 

visualized, counted and quality controlled with an Elispot analyzer (C.T.L.).

Strategy for Mapping DENV3 E Glycoprotein Domain Specific Neutralizing 
Phenotypes in Polyclonal Sera—Beads were coated with either a bovine serum 

albumin (BSA) control, a combination DENV1 (Westpac), 2 (S16803) and 4 (Sri Lanka/

1992) (heterotypic depletion), or with a WHO DENV3 G-II reference strain (homotypic 

depletion). Depleted sera were tested via FRNT, and the resulting dilution at which 50% 

maximal inhibition occurred (Inhibitory Dilutions 50 or ID50s) were normalized to the 
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DENV3 homotypic depletion for each subject. For proof of concept, DENV3 EDI, EDII 

and EDIII-directed TS hmAbs were introduced into heat-inactivated normal human sera 

(NHS) at a value 103 their ID50 dilution, depleted using the three conditions above, and then 

assayed by FRNT. Sample A was comprised of hmAbs-290 (EDII) and −443 (EDI), while 

Sample B contained hmAbs-236 (EDI), −115 (EDII) and −66 (EDIII). Percent TS responses 

were determined for each virus for each serum sample using the following calculations: 

%TS response = (TS-depleted value/BSA-depleted value) *100. These percentages are 

not additive, but rather represent the fraction of the total polyclonal antibody population 

directed at a specific ED that is DENV3 TS. Mean DENV3 TS ID50 Titer was calculated and 

values <40 were listed as not detected (ND). Mean fold-change of the DENV3 TS ID50 titers 

were determined using the following formula: Mean fold change = (DENV3 G-II TS value 
- DENV3 G-III TS value)/DENV3 G-III TS value and values of <40 were designated with 

a value of “20” for purposes of determining a fold-change.

Wildtype and Recombinant Virus Focus Reduction Neutralization Test (FRNT)
—Using 3,200 FFU/mL of each virus, 33 μmg/mL of each monoclonal antibody or 

polyclonal sera was diluted and then incubated with virus at 37°C for 1 hour. The virus/

antibody mixture was then placed onto cells (plated at 2 × 104 cells/well 24 hours in 

advance) at 50 μL per well in duplicate and incubated for 1 hour at 37°C. After, overlay 

(OptiMEM I, 5% carboxymethylcellulose, 2% FBS, 1% PenStrep) was then placed over 

the top of the cells at 125 μL/well, the plates were incubated at 37°C for 48 hours, stained 

and virus foci enumerated using a CTL Elispot analyzer. As a note, some serum samples 

were tested with DENV2 and DENV4 to look for background. Little to no background was 

present in the natural sera and no background existed in any monovalent sample tested.

Western Blot—Purified supernatant from the virus stocks were diluted with 4× Laemmli 

Sample buffer (Bio-Rad) and boiled at 70°C for 15 minutes. Following SDS-PAGE 

electrophoresis, proteins were transferred to PVDF membrane and blocked in blocking 

buffer (5% non-fat milk in PBS + 0.05% Tween-20, PBS-T) overnight. The membrane 

was incubated with polyclonal rabbit anti-prM (1:1,000) (Invitrogen, Cat. #PA5–34966) and 

purified human anti-Env (fusion loop), 1M7 (2 μg/ml) in 2% BSA + PBS-T solution for 

1 h at 37°C. The primary antigen-antibody complex was detected by incubating the blot 

with goat anti-rabbit IgG HRP (1:10,000, Jackson-ImmunoLab) and sheep anti-human IgG 

HRP (1:5,000, GE Healthcare) in 5% milk, for 1 h at room temperature. Membranes were 

developed by Super-signal West Pico PLUS Chemiluminescent Substrate (ThermoFisher). 

The pixel intensity of individual bands was measured using ImageJ, and maturation was 

calculated by using the following equation: (prM/Env).

QUANTIFICATION AND STATISTICAL ANALYSIS

50% inhibitory concentration (IC50) and 50% inhibitory dose (ID50) graphical analysis 

was completed using GraphPad Prism, v.9, variable slope sigmoidal dose-response curve 

(Figures 2, 3, 4, 5, and 6). A non-parametric Mann-Whitney test was used to compare mean-

fold change between 2 groups. P-values are indicated by symbols: **=p=0.0095 (Figure S6).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• EDII is the main target of TS polyclonal Abs after DENV3 infection

• TS polyclonal Abs post-DENV3 monovalent vaccination mainly target 

DENV3 EDI and EDIII

• DENV3 G-I monovalent vaccination makes more genotype-sensitive Abs than 

G-III infection

• There are 3 or more functional monoclonal antibody epitopes in DENV3 

EDII
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Figure 1. DENV1/3 E glycoprotein recombinant viruses
(A) Design of DENV1/3 glycoproteins. Structural glycoprotein design. DENV1/3 EDI, 

EDII, and EDIII chimeras are depicted in a hexameric raft formation with 6 antiparallel E 

glycoprotein monomers forming 3 parallel dimers (PDB: 3J27, for visualization); DENV1 

= dark blue, DENV3 = pink, DENV1 1F4/14C10 epitopes =cyan on the EDII chimera and 

residue mutations in the EDIII chimera = lime green. The premembrane (prM) protein is 

pictured to the right of the EDII and EDIII chimeras (PDB: 6IDI, for visualization). For 

prM, DENV1= black, DENV3 = teal.
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(B) DENV1/3 particle symmetry. DENV3 E protein 3-fold, 2-fold, and 5-fold symmetry are 

represented on the whole virion with DENV1/3 EDI, DENV1/3 EDII, and DENV1/3 EDIII 

respectively, with DENV3 = pink, DENV1 = dark blue (PDB: 3J6S_*60, for visualization).

(c) Primary sequence variation in chimeric viruses. E glycoprotein DENV3 original encoded 

changes into DENV1 are represented for DENV1/3 EDII and EDIII chimeras, DENV3 = 

pink, DENV1 = dark blue.
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Figure 2. Phenotypic analysis of DENV1/3 E glycoprotein recombinant viruses
(A) Virus growth. Vero81 NHP cells were inoculated in triplicate and virus titers were 

measured by fluorescent foci units (FFU) at 48 h after infection, blue circles = triplicate 

titers.

(B) hmAB neutralization phenotypes. Confirmation of DENV1 and 3 epitopes in the 

DENV1/3 EDI, EDII, and EDIII panel plus parental strains using DENV1 and 3 mAb 

arrays.
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(C) Western blots. E and prM proteins were visualized through western blot and (D) Virus 

Maturation Status. prM/E ratios determined, with lower numbers indicating greater maturity.
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Figure 3. DENV3 vaccine-elicited hmAB neutralize multiple DENV3 genotypes
Isolated from vaccinee’s, novel EDII-targeting mAbs-P3D05 and -P7C07 were tested via 

FRNT for neutralization with a panel of DENV3/3 envelope genotype I–IV chimeras, 

displayed on a DENV3 G-III backbone, and exhibited similar potency between strains.
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Figure 4. DENV3 hmAbs-115 and −419 target clustered residues in EDII
(A) DENV3 EDII epitope mapping strategy. DENV3/3 EDII, G-III into G-IV parent (9 

residues) and 4 DENV3/3, G-III into G-IV cluster chimeras (C1–C4) encoding between 2 

and 6 DENV3 G-III residues are depicted, G-III changed residues = blue spheres (PDB: 

3J27, for visualization). C2 and C3 together make the residues encoded into C4.

(B) hmAB neutralization phenotypes. DENV1/3 EDII-targeting mAbs-115 and −419 

neutralize C3 and C4, with the critical residues lying in C3.
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(C) Annotated location of nAb epitopes in EDII. The critical mAb-115 and −419 epitope 

residues are depicted on the whole viron and are located at the EDII-EDII dimer interface 

(E62, G63, Q120, P124) (PDB: 3J6S_*60, for visualization).
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Figure 5. Primary DENV3 TS serum neutralization responses primarily target EDII after 
infection
(A) ED-targeting of late convalescent primary infection sera. Six DENV3 primary natural 

serum samples, 3 from the adult Arbovirus Travelers Cohort (ATC A–C) and three from the 

Nicaraguan Pediatric Dengue Cohort Study (NPDCS A–C) were depleted with bovine serum 

albumin (BSA), DENV1, 2, and 4, or DENV3 virus on a magnetic bead, and the remaining 

sera tested for neutralization with the DENV1/3 EDI-EDIII panel.

(B) Wild-type and genotype outcomes. Late convalescent sera were used to neutralize 

wild-type viruses (DENV1, 2, 4, and DENV3 genotypes G-II and G-III). The BSA control 
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represents total neutralization, the middle column (DENV1, 2, 4 depletion) represents the 

DENV3 TS nAb response, and the DENV3 depleted column represents any background 

neutralization which was then subtracted from the other columns.

(C) ED specific neutralization phenotypes. The mean DENV3 %TS antibody responses and 

mean DENV3 TS ID50 titers were calculated from the BSA and 1, 2, 4 depleted fractions to 

each virus across the late convalescent sera and represent the mean percentage or ID50 titer 

to each virus that is DENV3 TS compared with the control depletions, which contain both 

TS and CR antibody fractions.
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Figure 6. Monovalent DENV3 vaccine serum preferentially targets EDIII and EDI over EDII
(A) ED-targeting of DENV3 monovalent vaccine serum. Four DENV3 NIH monovalent 

vaccinee serum samples (NIH A, B, D, and F) were depleted with BSA, DENV1, 2, and 

4 or DENV3 on a magnetic bead and the remaining sera tested for neutralization with the 

DENV1/3 EDI-EDIII panel.

(B) Wild-type and genotype outcomes. DENV3 vaccine sera were used to neutralize wild-

type viruses (DENV1, 2, 4, and DENV3 genotypes G-II and G-III). The BSA-depleted 

denotes the control where total antibodies are present. The DENV1, 2, 4 column denotes 
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DENV3 TS antibodies and the DENV3 column denotes any background neutralization, 

which was then subtracted from the BSA and DENV1, 2, and 4 columns.

(C) ED specific neutralization phenotypes. The mean DENV3 %TS antibody responses and 

mean DENV3 TS ID50 titers were calculated from the BSA and 1, 2, 4 depleted fractions to 

each virus across NIH monovalent and represent the percentage or ID50 titer to each virus 

that is DENV3 TS compared with the control depletions, which contain both TS and CR 

antibody fractions.
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Figure 7. Cartography reveals distinct clusters of natural infection and vaccine serum responses
Antigenic cartography of the DENV wild-type and recombinant viruses and serum ID50s 

are depicted using the Smith et al. method. Viruses are shown as circles and serum samples 

are shown as triangles, corresponding to the colored key on the right. Convalescent sera are 

grouped together in the black circle, and further separated into pediatric sera (blue oval) and 

adult sera (rust colored oval). Vaccine sera are grouped together in the purple oval. Each grid 

box represents a 2-fold change in titer.
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