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Abstract

Zika virus (ZIKV) is a mosquito-borne flavivirus with maternal infection associated with pre-

term birth, congenital malformations, and fetal death, and adult infection associated with

Guillain-Barré syndrome. Recent widespread endemic transmission of ZIKV and the poten-

tial for future outbreaks necessitate the development of an effective vaccine. We developed

a ZIKV vaccine candidate based on virus-like-particles (VLPs) generated following transfec-

tion of mammalian HEK293T cells using a plasmid encoding the pre-membrane/membrane

(prM/M) and envelope (E) structural protein genes. VLPs were collected from cell culture

supernatant and purified by column chromatography with yields of approximately 1-2mg/L.

To promote increased particle yields, a single amino acid change of phenylalanine to alanine

was made in the E fusion loop at position 108 (F108A) of the lead VLP vaccine candidate.

This mutation resulted in a modest 2-fold increase in F108A VLP production with no detect-

able prM processing by furin to a mature particle, in contrast to the lead candidate (parent).

To evaluate immunogenicity and efficacy, AG129 mice were immunized with a dose titration

of either the immature F108A or lead VLP (each alum adjuvanted). The resulting VLP-spe-

cific binding antibody (Ab) levels were comparable. However, geometric mean neutralizing

Ab (nAb) titers using a recombinant ZIKV reporter were significantly lower with F108A immu-

nization compared to lead. After virus challenge, all lead VLP-immunized groups showed a

significant 3- to 4-Log10 reduction in mean ZIKV RNAemia levels compared with control

mice immunized only with alum, but the RNAemia reduction of 0.5 Log10 for F108A groups

was statistically similar to the control. Successful viral control by the lead VLP candidate fol-

lowing challenge supports further vaccine development for this candidate. Notably, nAb titer

levels in the lead, but not F108A, VLP-immunized mice inversely correlated with RNAemia.

Further evaluation of sera by an in vitro Ab-dependent enhancement assay demonstrated
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that the F108A VLP-induced immune sera had a significantly higher capacity to promote

ZIKV infection in FcγR-expressing cells. These data indicate that a single amino acid

change in the fusion loop resulted in increased VLP yields but that the immature F108A par-

ticles were significantly diminished in their capacity to induce nAbs and provide protection

against ZIKV challenge.

Author summary

Zika virus (ZIKV) is transmitted by mosquitoes and is a serious health threat due to

potential epidemic spread. Infection in adults may lead to Guillain-Barré syndrome, a

neurological disorder, or may cause harm to a developing fetus resulting in preterm birth,

fetal death, or devastating congenital malformations. There are currently no approved

vaccines against ZIKV. We previously developed a lead candidate vaccine based on a

virus-like particle (VLP) that was generated in tissue culture. This ZIKV shell is devoid of

any viral genetic material. In previous studies, this lead VLP candidate generated neutral-

izing antibodies (nAbs) that recognized wild-type ZIKV and prevented viral replication in

both mice and non-human primates. To increase production of the lead VLP candidate

and decrease cost-of-goods, we introduced a single amino acid change, phenylalanine to

alanine, in the envelope glycoprotein. This change resulted in a modest increase in VLP

yield. However, this single amino acid change resulted in reduced induction of nAbs fol-

lowing immunization and no significant reduction of RNAemia following challenge com-

pared to the lead candidate. The results of this study suggest this investigational vaccine

candidate is not suitable for further vaccine development and that ZIKV VLP maturation

may have an important role in protection.

Introduction

Zika virus (ZIKV) is a mosquito-borne positive-sense RNA virus belonging to the Flaviviridae
family, genus Flavivirus, which includes other disease pathogens such as dengue (DENV),

West Nile (WNV), Tick-borne encephalitis (TBEV), yellow fever (YFV), and Japanese enceph-

alitis (JEV) viruses [1]. ZIKV emerged in several major outbreaks first recorded in Yap Island,

Micronesia in 2007, followed by French Polynesia in 2013, and subsequently Brazil and the

Americas in 2015/2016 [2–4]. It was during the 2013 outbreak that Guillain-Barré syndrome

was first described in association with ZIKV infection [5, 6]. Additional pathologies were

observed during the ZIKV outbreak in Northeastern Brazil where evidence accumulated

supporting a causal relationship between ZIKV infection of pregnant women and fetal injury

[7–15]. In February 2016, the World Health Organization declared ZIKV disease a public

health emergency of global concern.

During flavivirus replication, the viral genome encodes a polyprotein precursor that is pro-

cessed into 3 structural proteins [capsid, pre-membrane/membrane (prM/M), envelope (E)]

and 7 nonstructural proteins [16]. The pr peptide covers the tip of the E protein and prevents

the viral particle from undergoing premature fusion within the secretory pathway of the host

cell. The immature virion with trimeric spikes of prM-E dimers is cleaved by a host furin-like

serine protease within the trans-Golgi to produce a mature ZIKV particle with a smooth outer

shell made of 90 heterodimers of E and M proteins [17–19]. However, the prM cleavage by

furin may be incomplete, and thus, a virion with both mature and immature regions are
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released from infected cells [1, 19–22]. The role that virion maturity has on protection is not

completely understood and could have implications when developing vaccines [23, 24].

Although several candidates are in clinical development, currently there are no approved

ZIKV vaccines that prevent viral infection of the mother and transmission to the developing

fetus [25–34]. When developing vaccines against ZIKV, the potential for vaccine-induced dis-

ease enhancement is an important consideration. Specifically, a waning vaccine-induced anti-

body (Ab) response may increase disease severity following homotypic ZIKV infections or

heterotypic flavivirus infections. In support of the latter concept, Katzelnick and colleagues

demonstrated that ZIKV infection may enhance the future risk of severe dengue disease in

humans [35]. Studies to address disease enhancement in previously ZIKV-infected popula-

tions may be possible to conduct when another outbreak occurs in a population with sufficient

ZIKV seroprevalence. One potential mechanism of disease enhancement is known as anti-

body-dependent enhancement (ADE). ADE occurs when Ab-coated viruses bind to Fc

gamma receptor (FcγR)-expressing cells (e.g., monocytes, macrophages, and dendritic cells)

and enter these cells via FcγR-mediated endocytosis, leading to a significant increase in viral

load and production of pro-inflammatory mediators [36–42]. With the goal of developing a

safe ZIKV vaccine, the propensity of the ZIKV VLP vaccine candidates to induce ADE in vitro
was evaluated herein. While direct demonstration of in vivo ADE in the mouse model may

provide a more definitive answer as to the ADE-inducing potential of an early development

vaccine candidate [43], measuring ADE in vitro can help with candidate down-selection and

provide rationale for further development and evaluation in NHP studies that best align with

observations in human populations [44]. ADE is most studied in dengue disease, whereby

infection with one DENV serotype induces short-term heterologous protection against other

DENV serotypes. However, protection wanes after a few months and infection with a different

DENV serotype is more likely to promote dengue hemorrhagic fever or dengue shock syn-

drome [45–47]. A relevant case study is the licensed live-attenuated, chimeric yellow fever tet-

ravalent dengue vaccine, which is currently approved in the USA only for individuals 9

through 16 years of age with laboratory-confirmed previous DENV infection [48, 49]. During

phase III trials, this vaccine afforded 30% to 64% protection in vaccinees with previous DENV

exposure, while in contrast, the number of hospitalizations and severe dengue disease cases

increased in the DENV-naïve vaccine recipients [50–58].

Due to their ability to induce strong and durable Ab responses, virus-like particles (VLPs)

are valuable platforms for vaccine development, as illustrated by licensed HPV vaccines [59].

Indeed, the organized, highly repetitive and dense manner in which VLPs display antigens on

their surface enables the development of potent B-cell immunity [60]. Previously, we demon-

strated that passive transfer of immune sera induced by the lead ZIKV VLP vaccine candidate

protected AG129 mice against lethal ZIKV challenge [61]. In addition, a second study demon-

strated that active immunization using the VLP vaccine also protected rhesus macaques

against ZIKV challenge [62]. Herein, we sought to develop a ZIKV vaccine based on VLPs con-

sisting of M and E structural proteins produced in mammalian cells to elicit protective neutral-

izing antibody (nAb) responses.

An important goal of the vaccine development program and the focus of this study was to

increase the yield of ZIKV VLPs. A robust and scalable manufacturing process is necessary for

a VLP platform to be cost-effective for widespread application and to compete with other vac-

cine candidates [63]. An earlier study by Urakami and colleagues evaluated DENV serotype 1

(DENV-1) VLP production of 27 different prM/M and E constructs and found that a phenylal-

anine to alanine amino acid change in position 108 (F108A) of the fusion loop (FL) promoted

high VLP yields, approximately 16-fold above VLPs with wild-type prM/M and E amino acid

sequences [64]. The mutation of key residues in E was predicted to induce conformational
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changes in DENV VLP and confer a VLP production advantage. Because the flavivirus FL in

domain II of the E protein (EDII) is highly conserved [65–67], we hypothesized that the F108A

mutation may also increase ZIKV VLP production, reduce the induction of non-neutralizing

cross-reactive anti-E Abs, and maintain the induction of highly protective nAb responses.

We found that an F108A mutation in the ZIKV VLP construct resulted only in a modest

increase in VLP yield and failed to induce protective nAbs in AG129 mice relative to the lead

VLP vaccine candidate. Upon evaluation of the F108A VLP, it was observed that the particles

were not processed to a mature state and that in vitro ZIKV infection was enhanced by F108A

VLP-induced immune sera relative to the parent VLP particle. This lack of prM processing by

furin could, in part, explain the lack of capacity to induce potent protective Ab responses.

Materials and methods

Ethical statements

Ethics statement for AG129 mice. Animal procedures were performed at University of

California, Berkeley. AG129 mice were produced from in-house colonies and bred under spe-

cific pathogen-free conditions in an animal facility at the University of California, Berkeley.

Veterinary care and experimental procedures were performed with the approval of the Institu-

tional Animal Care and Use Committee. Mice were euthanized if weight loss was equal or

greater than 20% of their original weight [61]. Study approval and animal care was conducted

in accordance with the Guide for Care and Use of Laboratory Animals and U.S. Government

Principles for the Utilization and Care of Vertebrate Animals Used in Testing, Research and

Training.

ZIKV VLP DNA design, production, purification, and characterization of

VLPs

The ZIKV cassette plasmid construct used to generate the VLP has been previously described

[61]. Briefly, the cassette containing the chimeric ZIKV structural genes, prM/M (African

MR766 strain) and E (Brazilian SPH2015 strain), was inserted downstream from a human

cytomegalovirus (CMV) IE enhancer/promoter in the CMV/R plasmid described by Barouch

and colleagues [68]. The prM/M sequence encodes 168 amino acids (pr peptide = 93 amino

acids and M peptide = 75 amino acids for stem and lipid membrane regions). The E sequence

encodes 504 amino acids. The plasmid was electroporated into HEK293T cells, and superna-

tant containing ZIKV VLPs was subsequently harvested.

For VLP purification, the VLP-laden supernatant was collected 2–6 days post-transfection,

clarified by centrifugation at 10,000×g for 10 min at room temperature, and pooled for VLP

purification. Briefly, the supernatant was filtered through a diatomaceous Earth/Sartopore

2XLG column, concentrated 30× by Tangential Flow Filtration (TFF), and treated with 100U/

mL benzonase for 1 hour. The supernatant was then buffer exchanged into 100mM sodium

citrate dihydrate, 25mm Tris hydrochloride (pH 8.5); run through a CaptoCore 700 column;

then buffer-exchanged into 300mM sodium citrate dihydrate, 25mm Tris hydrochloride (pH

8.5) prior to Size Exclusion Chromatography (SEC) on a Sephacryl 500 column. Pooled VLP-

enriched fractions were concentrated on a 500-kDa hollow fiber column to ~1500x final vol-

ume in 25mm sodium citrate dihydrate, 25mm Tris hydrochloride (pH 8.5). The purified

VLPs were sterile filtered prior to administration to animals. VLP concentration was quanti-

fied using a standard BCA assay (Thermo cat#23227).

For characterization, proteins from harvested supernatant or column-purified VLP samples

were separated using NuPAGE 4–12% Bis-Tris precast protein gels (Invitrogen, CA) and
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either stained with InstantBlue Coomassie stain reagent (Abcam, England) or transferred onto

a nitrocellulose membrane using an iBlot dry blotting system (Invitrogen, CA). Nitrocellulose

membranes were blocked with 5% milk in phosphate buffered saline containing 0.05% Tween

20 (PBS-T). Rabbit anti-prM polyclonal Ab (Genetix, cat#gtx133305) and rabbit anti-ZIKV E

Ab (MyBiosource, cat#mbs568050) at 1:1000 dilution were used to detect VLP components.

After three PBS-T washes, membranes were probed with goat anti-rabbit HRP-conjugated Ab

(Invitrogen, CA) at 1:10,000 dilution, and peroxidase-bound proteins were revealed using a

SuperSignal West Femto kit (Thermo, cat#34094). The purified VLPs were further character-

ized by negative staining using uranyl acetate and visualized by transmission electron micros-

copy. Particles were predominantly found to be 30 and 55 nm in diameter.

Biolayer Interferometry (BLI) Analysis of VLPs

VLPs were evaluated for their binding capacity against a panel of anti-ZIKV monoclonal Abs

(mAbs), most of which are ZIKV-neutralizing. BLI measured the real-time mAb-VLP interac-

tions using the Octet RED96 system (FortéBIO, Menlo Park, CA). Standard curves based on

the lead ZIKV VLP were performed for each mAb to determine the relative binding of the

F108A particle (S1 Fig). Specifically, lead VLP (100ng/mL to 3.125μg/mL) was bound to the

indicated capture mAb, and wavelength changes (Δλ) were measured at 100 and 250 seconds

(s). F108A VLP dilutions (25 to 6.25μg/mL) were bound under the same conditions by each

mAb, and Δλ was measured. A 4PL regression curve of the lead VLP wavelength change to

VLP concentration was generated using 250s binding time for mAbs with low affinity for

F108A (ZIKV-117, ZV-48, and LM-081), while 100s was used for the others. The following

mAbs were used: ZIKV-116, a nAb that blocks ZIKV fusion with host membranes and recog-

nizes the lateral ridge of E Domain III (EDIII) [69]; ZIKV-117, a nAb with broad activity

against African and Asian lineages that binds to a quaternary interdimer epitope on E [70–72];

ZIKV-67, a nAb that binds to the lateral ridge of EDIII [73]; ZIKV-48, a nAb that binds the

C-C loop of EDIII [73]; IM-79, a non-neutralizing mAb that binds to ZIKV reporter virus par-

ticles (Integral Molecular, Philadelphia, PA); and LM-081, a nAb that binds to quaternary epi-

topes in EDII and EDIII of adjacent ZIKV E protein monomers [74].

ZIKV challenge strain

ZIKV clinical isolate Nica 2–16 was originally isolated from a ZIKV-infected Nicaraguan

patient in 2016 by the National Virology Laboratory, Ministry of Health, Managua, Nicaragua

[75]. The virus was propagated in C6/36 cells to generate the virus stock and titered by a focus-

forming assay on BHK cells [17].

Immunogenicity and efficacy studies

AG129 mice used in this study lack the receptor for types I and II IFN (IFN α/β and γ) and dis-

play age-dependent morbidity and mortality following ZIKV infection, providing a platform

for testing the efficacy of antivirals and vaccines. Eleven- to sixteen-week-old male and female

AG129 mice were immunized (n = 5 mice per group) with ZIKV lead VLP or F108A VLP

(50μL each hind limb, 100μL total) by the intramuscular (IM) route. Animals were immunized

on Day 0 followed by a booster immunization given on Day 28 with doses of 0.1, 1, or 10μg of

VLP in combination with 100μg Alhydrogel 2% (alum) adjuvant (Brenntag Biosector A/S, cat#

vac-alu-250). Control groups consisted of mice immunized with 100μg of alum (Alum-only,

no VLP) as well as of unimmunized mice (Naïve). In addition, control mice that were unim-

munized and not challenged with ZIKV (Uninfected) were also included in these experiments.

Male and female mice were distributed as evenly as possible in groups to avoid a potential sex
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bias. Blood samples were collected 21 days after each immunization (Day 21 and Day 49) to

evaluate induction of ZIKV-specific Abs. Mice were challenged 52 days after the initial immu-

nization (24 days following booster immunization) with 5,000 focus-forming units (FFU) of

ZIKV clinical isolate Nica 2–16 delivered subcutaneously (SC) in the left hind footpad in a

50μL volume. Blood specimens were collected on days 2 and 4 post-ZIKV challenge (Days 54

and 56 after the first immunization) to quantify ZIKV relative genomic RNA copies by RT-

qPCR (GE/mL). Additionally, mice were weighed daily through 20 days post-virus

inoculation.

ZIKV-specific assays

VLP-capture ELISA. Total serum IgG levels to Zika VLP were measured by sandwich

ELISA using VLP as the capture antigen. To optimize signal-to-noise ratio, capture Ab, VLP

antigen, and secondary Ab concentrations were defined using a positive control serum sample

(pooled Day 21 sera from mice immunized with 1 or 10μg dose of F108A VLP). Flat-bottom

384-well plates were coated overnight at 4˚C with rabbit serum containing Abs raised against

prM and E and diluted 1:4,000 in carbonate-bicarbonate buffer (Sigma, cat#C3041). The next

day, plates were blocked with 5% nonfat dry milk in PBS-T, and 40ng of VLPs in blocking

buffer were added to each well and incubated for 2 hours at 37˚C. Murine immune serum sam-

ples were serially diluted 1:50 to 1: 21,870, and each dilution was tested in duplicate. Overnight

incubation with 20μL test sera at 4˚C was followed by detection of binding Abs with 7.5ng/

well goat anti-mouse IgG conjugated to horseradish peroxidase (Invitrogen, cat#626520) in

blocking buffer for 1 hour at 37˚C. TMB substrate was added and incubated for 10 min, with

stop solution (KPL, cat#50-85-05) being added prior to the measurement of optical density

(OD) at a wavelength of 450nm (OD450). Endpoint titers were defined as the reciprocal dilu-

tion that resulted in an OD450 = 0.1 using 4PL regression and GraphPad Prism 8 analysis soft-

ware. Sera with undetectable binding were assigned a value one-half LOD (25). The

concentrations of lead and purified F108A particles used as capture antigens was determined

prior to ELISA by BCA assay. The positive control mouse anti-ZIKV E serum (zoonogen,

cat#pa10049) was diluted 1:3,200 to 1:21,870.

ZIKV Renilla luciferase neutralization assay (ZIKV-RlucNT50). ZIKV-specific nAb

titers in serum samples collected at the designated time points were determined using a lucifer-

ase-based virus neutralization assay as described by Espinosa and colleagues [61]. The assay is

based on the capacity of Abs to neutralize recombinant ZIKV reporter virus generated from

modified SPH2015 strain (ZIKV-Rluc; Integral Molecular, Philadelphia, PA), with readout

consisting of inhibition of luciferase transgene expression. Neutralization (NT50) titers were

defined as the reciprocal serum dilution that neutralizes 50% of luciferase activity using linear

regression analysis. Serum samples with undetectable neutralization activity were assigned a

value one-half LOD (5) for graphing and statistical analysis.

Quantitative Reverse Transcriptase PCR, AG129 mice. ZIKV RNA copy number was

determined from 200μL of serum from blood samples collected via submandibular bleed on

days 2 and 4 post-challenge. Blood was allowed to clot at room temperature, and serum was

separated by centrifugation. ZIKV RNA was extracted from serum samples using the QIAamp

Viral RNA Mini Kit (Qiagen), and RNA levels were determined by TaqMan one-step quantita-

tive reverse transcriptase PCR (RT-qPCR) using a standard curve comprising 10-fold dilutions

of ZIKV Nica 2–16 RNA in the range of 101 to 108 genome equivalents per mL (GE/mL) [61].

The RT-qPCR assay had no established LOD or LLOQ so all values of genome equivalents

per mL serum (GE/mL) are presented and an arbitrary log LOD of -0.229 was set based on

the lowest log GE/mL detected (0.59 GE/mL). Serum samples with undetectable ZIKV RNA
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(CT� 40) were assigned a log value of -0.53 (the log value of one-half the LOD) for graphing

and statistical analysis.

Antibody-dependent enhancement assay (ADE). FcγR-expressing K562-r cell line

(ATCC, cat# CRL-3344) was cultivated in RPMI medium (2mM Glutamine, 10% FBS, 50μg/

mL non-essential amino acids, 50μg/ml Gentamicin, and 10mM HEPES). Serum samples

from VLP-immunized mice were serially diluted in duplicate from 1:10 to 1:2,430 with com-

plete RPMI medium, mixed 1:1 (v:v) with ZIKV strain PRVABC59 (provided by the Centers

for Disease Control and Prevention), and incubated for 1 hour at 37˚C (targeted virus range

for media only control: 10–12% of cells infected). Cells were added at 5 × 104 per well to virus-

serum complexes and incubated for 2 hours at 37˚C. Cells were centrifuged, washed once with

medium, resuspended in complete RPMI medium, and incubated at 37˚C and 5% CO2 for 24

hours. On the day of staining, cells were collected by centrifugation, washed once with RPMI,

and fixed with 5% formaldehyde for 10 min at room temperature. Alexa Fluor 488-conjugated

4G2 mAb, pan-specific against the flavivirus E protein, was diluted 1:500 in perm/stain buffer

(0.1% Saponin and 2.5% BSA in PBS) and added to the cells for 30 min at room temperature.

Cells were washed twice and resuspended in FACS buffer (0.5% BSA in PBS). Infection

enhancement was calculated by dividing the mean percentage of ZIKV-infected cells treated

with virus serocomplex by the mean percentage of cells infected with ZIKV in the absence of

serum (i.e., in the presence of tissue culture medium only). The threshold for ADE activity was

calculated by averaging the fold-enhancement values of all samples from the control groups

(n = 15; Alum-only, Naïve and Uninfected groups) and adding 3 standard deviations (SD),

similarly to previously described [64].

Statistical analysis

GraphPad Prism 8.0.0 was used to plot results and for statistical analyses. The statistical analy-

ses used for each dataset are described in each figure legend. Where noted, assay results below

the detection limit were assigned a value one half the detection limit for graphing and statisti-

cal analysis. ELISA titers in the VLP and Alum-only groups were compared by one-way

ANOVA. Lead VLP/F108A VLP relative binding ratios were compared by one-way ANOVA

followed by Sidak’s multiple comparison tests between the lead VLP and F108A VLP groups at

each dose level. Combined lead VLP-binding ratios were compared to those of the combined

F108A data by unpaired t test. Serum nAb titers generated by RlucNT50 assay, NT50 titers nor-

malized to endpoint ELISA titers, and RNAemia levels by RT-qPCR (GE/mL) were compared

within each time point by Kruskal-Wallis nonparametric ANOVA followed by Dunn’s pair-

wise comparison tests between 1) the Alum-only control group and each VLP-immunized

group (n = 6 comparisons) and 2) the lead VLP group and the F108A group at each dose level

(n = 3 comparisons). Percentage weight changes in mice post-ZIKV challenge were compared

on each day by one-way ANOVA followed by Dunnett’s multiple comparison tests with the

Alum-only control group (n = 8 comparisons). Day 54 (day 2 post-challenge) log10 GE/mL val-

ues and Day 49 (3 weeks post-booster) RlucNT50 levels in the surviving versus dead mice were

compared by Mann-Whitney U tests. Spearman correlation analysis of Day 49 RlucNT50 titers

compared to Day 54 RNA GE/mL values were performed on log10-transformed values r and P

values shown in the figure. Fold-enhancement of infection values were compared by one-way

ANOVA followed by 1) Dunnett’s multiple comparison tests between the Alum-only control

group and each VLP-immunized group (n = 6 comparisons) and 2) Sidak’s pairwise compari-

son tests between the lead VLP group and the F108A group at each dose level (n = 3 compari-

sons). All P values are 2-tailed, and significance levels are denoted as: ����P < 0.0001,
���P< 0.001, ��P< 0.01, �P< 0.05, or ns (not significant).
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Results

A single amino acid change at position 108 in the E protein fusion loop of

ZIKV VLP increases particle production approximately 2-fold with no

apparent change in particle morphology

The goal of this study was to test whether a mutation could be introduced into the E protein of

a lead ZIKV VLP vaccine candidate in order to confer an increase in yield without negatively

affecting VLP immunogenicity and efficacy. A single point mutation introduced into the

nucleotide sequence of the E protein was sufficient to induce an amino acid change from a

phenylalanine to an alanine at position 108 (F108A). To characterize the mutated VLP vaccine

candidate F108A, we transfected HEK293T cells with the F108A VLP and the ZIKV lead vac-

cine candidates in parallel under the same growth conditions. Analyzing the E protein content

of clarified supernatant harvests revealed a modest yield increase of extracellular E protein

detected in the F108A preparation compared to that of the lead VLP harvest. Increased VLP

yields of F108A were evident by Western blot analysis on days 2, 3, 4 and 5 post-transfections

(Fig 1A). Additionally, in 3 of the development runs of VLP upstream production, VLP

Fig 1. Lead and F108A ZIKV VLP production and Transmission Electron Microscopy (TEM). (A) Western blot of supernatant samples collected on

days 2, 3, 4, and 5 days post-transfection (p.t.) from cells transfected with a plasmid containing either the lead or F108A ZIKV VLP cassette. Proteins

were stained for E using a mouse ZIKV-specific mAb (MyBiosource, cat#mbs568050). (B) Transmission electron micrographs of purified lead (left

panel) and F108A VLPs (right panel) negatively stained with uranyl acetate. The white scale bar depicted on images is 50nm long.

https://doi.org/10.1371/journal.pntd.0010588.g001
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capture ELISA quantification showed apparent ca. 2-fold yield increases for F108A that cor-

roborated the Western blot data. Intact spherical particles with a diameter of approximately

30nm and 50nm were found in both lead and F108A VLP preparations (electron microscopy,

Fig 1B). No other morphological distinctions between ZIKV lead and F108A VLPs based on

the electron microscopy could be ascertained at this resolution. Together, these results demon-

strated a modest yield benefit for the F108 mutant without apparent changes to VLP

morphology.

The F108A mutation in the E protein FL affects processing of the prM

protein and VLP epitope availability

Particle maturation occurs upon cleavage of prM by host cell furin, which promotes the rear-

rangement of the E proteins into dimers that lie flat along the virion membrane. PrM cleavage

in purified ZIKV VLPs was analyzed by SDS-PAGE with Coomassie Blue staining and West-

ern blot. Purified lead and F108A VLP preparations were run side-by-side, and contaminants

in both preparations were observed to be minimal by Coomassie staining in the 1μg lane, the

higher mass tested (Fig 2A). The E protein band (54kDa) and the prM/M band (18.5kDa)

intensities remained comparable between lead and F108A VLPs. M protein (ecto-domain +

transmembrane domain) at 8kDa was only detected in the ZIKV VLP lead preparation, sug-

gesting that the F108A mutation prevented detectable cleavage of prM into its smaller compo-

nents pr (10kDa) and M (8kDa) (Fig 2A and 2B). Data presented in S2 Fig illustrating the

evaluation of a different lot of ZIKV F108A and lead VLPs support these observations. Col-

umn-derived F108A and lead VLP pooled fractions (S2A and S2B Fig, respectively) when eval-

uated by Western blot (S2C Fig) indicate a visible band corresponding to M protein identified

with the lead ZIKV VLP but not the F108A VLP preparation. The identity of the 15kDa band

in Fig 2A and 2B is unknown but potentially a degradation product of a precursor protein.

The absence of pr at 10kDa may be due to a loss of the cleaved peptide during purification.

Analysis of the prM processing provided insight into the level of particle maturation in both

preparations. We observed that the ZIKV VLP lead particles were partially mature or mixed

whereas F108A particles lacked detectable maturation and thus were relatively immature.

Absence of F108A particle maturation may have led to the modest increase of the VLP yield.

To provide further characterization of the F108A VLP structure, BLI was used to evaluate

the availability of known epitopes of E on F108A particles relative to lead particles using a

panel of previously characterized mAbs specific for ZIKV (Fig 2C). Five neutralizing and one

non-neutralizing mAbs were evaluated by BLI for binding to lead and F108A particles. Stan-

dard curves for each mAb were created based on known VLP concentration and used to quan-

tify the relative F108A VLP binding (S1A Fig). Binding ratios of F108A VLP relative to lead

VLP were calculated for each F108A concentration that fell on the lead standard curve for that

mAb, and these ratios are shown for each mAb in Fig 2C. We found that relative to the lead

VLP, binding of F108A VLP was reduced using all neutralizing ZIKV mAbs, with average

binding ratios from 0.73 to 0.09. Ab binding to F108A VLP was found to be the most reduced

relative to lead VLP by mAb ZIKV-117, a neutralizing mAb that binds to a quaternary interdi-

mer epitope on the E dimer-dimer interface on EDII, the same domain as F108A. For ZIKV-

117, binding was reduced by 11-fold (binding ratio of 0.093) relative to lead. Neutralizing

mAb LM-081, which binds to quaternary epitopes in EDII and EDIII, showed similarly

reduced binding to F108A that was 10-fold reduced relative to lead (binding ratio of 0.10).

ZV-48 binds the C-C loop of EDIII and showed 6-fold reduced binding of F108A. By contrast,

ZIKV-116 and ZV-67, which both bind to the lateral ridge of EDIII showed comparable bind-

ing to F108A and lead VLP, with binding ratios of 0.42 and 0.73, respectively. Finally, IM-79,
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Fig 2. Comparison of the maturation state of lead and F108A particles by prM/M protein detection and E epitope mapping. (A) SDS-PAGE

followed by Coomassie protein staining of 500ng and 1μg of purified lead and F108A ZIKV VLPs. Molecular weight ladders on this gel are the

Novex Sharp (NS; Invitrogen, cat#57318, molecular weights for this ladder shown in kDa) and the Super Signal (SS; Thermo, cat#847868) (B)

SDS-PAGE followed by immunoblotting analysis of 500ng and 1μg of purified lead and F108A ZIKV VLPs. An anti-prM polyclonal Ab against

ZIKV (Genetex, cat#gtx133305) was used to detect VLP proteins. (C) Binding of each mAb to F108A VLP relative to lead VLP measured by

Biolayer Interferometry. Binding was measured at 100 seconds (ZIKV-116, ZV67, IM-79), 250 seconds (ZIKV-117, ZV48, LM-081) or both 100
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which was found to bind to ZIKV-Rluc particles but without detectable neutralizing activity

(product technical data, Integral Molecular, Philadelphia, PA), showed a modest increased

binding to F108A relative to lead VLP, demonstrating that not all mAbs binding to F108A

were reduced. Thus, these VLP characterization data together provide evidence of the relative

immaturity of the F108A VLP compared to the lead and suggested ultrastructural differences

in at least some of the neutralizing epitopes of E.

VLP binding Ab responses are comparable after immunization with lead or

F108A VLPs

We next tested the immunogenicity and protection resulting from immunization with the two

VLP types which had apparent differences in particle maturity. AG129 mice were immunized

twice, one month apart (Days 0 and 28) with a dose titration of 0.1, 1, or 10μg of either of the

two VLP candidates together with 100μg alum adjuvant. Virus challenge was on Day 52,

approximately 1 month following the booster immunization, as shown in the study schedule

(Fig 3A). To quantify the levels of ZIKV VLP-specific binding IgG in the mice after the booster

immunization, sandwich ELISAs using the lead or mutant VLPs as the capture antigens were

performed. We found that after two successive immunizations with the VLP candidates, end-

point titers of VLP-binding IgG were in the range of 6,000 to 49,000 against lead (Fig 3B) and

F108A (Fig 3C) VLPs, but that titers were similar in all immunized groups regardless of VLP

type or dose (ELISA titer comparisons of the 6 VLP immunized groups by one-way ANOVA;

Lead, P = 0.105, F108A, P = 0.068). As expected, Ab titers in alum-only immunized mice were

below the limit of detection while the positive control, anti-E mouse serum, resulted in Ab

titers of approximately 96,000 and 143,000 for lead and F108A VLP antigens, respectively.

Because of the apparent differences in VLP maturation and epitope abundance between the

two VLP types used for immunization, we asked whether the IgG specificities raised in each

mouse had a detectable preferential binding to one of the two VLP types. To calculate the rela-

tive binding for each serum, the ELISA IgG titer for the lead VLP particle was divided by the

F108A VLP titer. We found that at the 10μg VLP dose, the serum IgG from the lead VLP

immunized mice showed a significant 2.6-fold increased binding to lead VLP relative to

F108A (P = 0.0002, Fig 3D). Specifically, while the IgG to F018A showed slightly higher bind-

ing to F108A VLP (relative binding geometric mean of 0.825), IgG to lead VLP showed a geo-

metric mean 2.12-fold higher binding to lead VLP. The two other dose groups showed only

slightly higher binding ratios in the lead VLP groups compared to F108A groups (P>0.05 for

these doses). Because no apparent dose response was evident based on the ELISA IgG titers

comparing each of the 3 VLP groups, we examined the overall effect on binding ratios for the

combined lead VLP groups compared to the combined F108A VLP groups. Data presented in

Fig 3E show that, overall, the IgG of the combined F108A groups bound lead and F108A VLPs

comparably (geometric mean binding ratio of 1.04). However, the combined lead VLP groups

showed a significantly increased binding (P = 0.002) to lead VLP (geometric mean binding

ratio of 1.61). Taken together, these results show that the IgG raised to lead VLP exhibited

higher binding to lead VLP compared to F108A VLP and that significant binding preferences

toward lead and F108A VLPs were evident only at the highest VLP dose groups. Thus, this

and 250 seconds (ZIKV-117). For ZIKV-117, only the highest F108A concentration tested fell on the standard curves for the 100 and 250-second

measurements, so both are shown. For each Ab, 2 or 4 F108A VLP dilutions fell on the lead VLP standard curve. For those dilutions, the F108A

VLP concentration was calculated by least squares fit from the 4PL curve, and the ratios of bound F108A VLP to bound lead VLP were calculated.

Refer to S1 Fig for standard curves. Symbols represent the ratios from individual measurements, bars and numbers at the top of each group

represent geometric mean ratios, and an equivalence line representing equal mAb binding to F108A and lead is shown at 1.

https://doi.org/10.1371/journal.pntd.0010588.g002
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Fig 3. Vaccination and induction of lead and F108A VLP binding Abs. (A) Vaccination and bleeding schedule of AG129 mice are shown. Mice (5

per group) were immunized IM on day 0 and day 28 with doses of 0.1, 1, or 10μg VLP and alum adjuvant. Mice were subsequently SC challenged with

ZIKV (Nica 2–16 strain) on day 52. Bleeding was performed on Days 21 and 49 of the study prior to viral challenge. Day 49 sera were tested by

sandwich ELISA using captured lead (B) or F108A (C) VLPs, and endpoint titers were calculated. Each symbol represents the mean endpoint dilution

of two independent measurements for an individual animal, and the geometric mean titer is depicted by a horizontal bar. The dotted line is the limit of

detection (LOD) of the assay, and sera with undetectable binding were assigned a value of one-half LOD (25). Anti-E ZIKV mouse serum (Zoonogen,

cat#pa10049) was used as a positive control and to demonstrate binding availability of E for the VLP types. For each capture antigen, endpoint titers of

the VLP groups were compared by one-way ANOVA. The symbol † denotes a mouse that succumbed after viral challenge. (D) Relative Binding is the

ratio of the lead VLP ELISA endpoint titer divided by the F108A VLP ELISA endpoint titer for each individual sample. Group geometric mean ratios

are shown on top, and an equivalence line was placed at y = 1. One-way ANOVA followed by Sidak’s multiple comparison tests for each of the three

doses were performed. (E) Comparison of Relative Binding Antibody (bAb) for combined lead vs combined F108A VLP groups is shown. Combined

group geometric mean ratios and significance level by unpaired t test are shown on top. Dose group of F108A VLP-immunized mice that succumbed

later to viral challenge is indicated. Comparison of the combined groups was by Mann-Whitney U test (ns, not significant, �P<0.05, ��P<0.01,
���P<0.001, ����P<0.0001).

https://doi.org/10.1371/journal.pntd.0010588.g003
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suggests that F108A mutation-mediated effects on neutralization or protection against ZIKV

may be most readily apparent at the 10μg dose.

The nAb response against ZIKV in mice immunized with the lead VLP is

greater than that of F108A mutant VLP

Lead and F108A VLP-induced immune sera from AG129 mice were tested for their ability to

neutralize ZIKV reporter particles from the Brazilian epidemic strain SPH2015 [74]. Of note,

standard production of these reporter particles (in the absence of furin overexpression) was

shown by the vendor to yield partially mature particles based on partial prM cleavage observed

on Western blot. For sera collected on Day 21 following prime immunization, only the 1μg

and 10μg lead VLP groups displayed significant nAb levels compared with the Alum-only con-

trol group (P = 0.0093 and 0.0006, respectively) (S3 Fig). Additionally, nAb titers were signifi-

cantly higher in the 10μg lead VLP group compared to the 10μg F108A VLP group (P = 0.002,

S3 Fig). The geometric mean nAb titers of the groups after the boost (Day 49), in the range of

40 to 510, are illustrated in Fig 4A. While the negative control (alum-only) mice showed no

detectable neutralizing activity, 29 of 30 mice immunized with the ZIKV VLP constructs

showed serum nAb activity; the only immune serum with NT50 <10 being observed in the

10μg F108A group (Fig 4A). Only the lead VLP groups showed GMTs that were significantly

increased compared to the Alum-only control group (P = 0.0059, P = 0.0034, P = 0.0010 for

the 0.1, 1, and 10μg doses, respectively) (Fig 4A). Similar to the binding Ab responses, the

ZIKV reporter particle-specific nAb responses induced by the F108A VLP trended lower com-

pared to the lead VLP following immunizations with 0.1μg (2.8-fold) and 1μg (2.7-fold) of

VLP. A significant difference between NT50 titers was only observed in mice immunized with

10μg VLP (P = 0.0053), with F108A VLP inducing 11.9-fold less nAbs that the lead VLP

(Fig 4A). A 4.5-fold overall decrease in NT50 titers was observed between combined lead and

combined F108A VLP immunized groups (Fig 4B, P = 0.0002).

We next assessed the nAb response as a proportion of the total VLP-specific IgG response

in each mouse as a measure of the quality of the immune response. To this end, we normalized

each NT50 titer to its corresponding endpoint ELISA IgG titer against the lead VLP. We found

that in mice immunized with 10μg of VLP, normalized NT50 titers were significantly 12.2-fold

higher in the lead VLP immunized group compared to the Fl08A group (P = 0.008, Fig 4C).

Normalized NT50 values in the 0.1μg dose groups were similar to those in the 10μg dose group,

with a 13-fold lower antibody quality in F108A VLP-immunized mice (P = 0.019), while Ab

quality values in the 1μg dose groups were similar (P>0.05). We observed an overall 7-fold

increase in Ab quality in the combined lead groups compared to the combined F108A VLP

groups as well (Fig 4D, P<0.0001). These nAb data demonstrated a significant difference in

functional Ab levels elicited by lead or F108A VLPs and that the lead VLP generated a higher

proportion of neutralizing IgG compared to the F108A particle.

F108A VLP confers diminished protection compared to lead VLP against

ZIKV challenge

The VLP immunized mice were challenged SC with ZIKV strain Nica 2–16 and efficacy was

evaluated by monitoring weight loss, RNAemia, and survival for 20 days after challenge. Begin-

ning on day 4 post-challenge, weight loss of ZIKV challenged mice was compared to unin-

fected controls (Figs 5A and S4). Significant weight loss began to be evident for alum-only

control mice compared to uninfected mice 8 days post-challenge (P< 0.05 on days 8, 10 and

12 and P< 0.01 on days 14 and 16). The Naïve group also showed significant weight loss rela-

tive to the Uninfected group beginning at day 12 through the end of the observation period on
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day 20 (P = 0.03 to 0.004). Importantly, on day 16 post-challenge, only the three lead VLP-

immunized groups exhibited significantly higher weight relative to the Alum-only group

(P<0.05 for each group), and by day 18, there were too few survivors in the Alum-only group

to allow for continued comparisons (S4 Fig). At the end of the observation period, the lead

VLP-immunized mice had significantly higher body weights compared to mice immunized

with the F108A VLPs (Fig 5B). Survival upon ZIKV challenge was also assessed throughout the

Fig 4. Lead and F108A VLP induction of nAb after booster immunization. The vaccination schedule is shown in Fig 3A. (A) NT50 is defined as the

reciprocal dilution of serum that neutralizes 50% of reporter virus luminescence calculated using linear regression analysis. Each symbol represents the

NT50 for an individual animal, and † indicates a lethal ZIKV infection. Horizontal bars represent the geometric mean titer (GMT) of each group. The

dotted line is the limit of detection (LOD) of the assay, and sera with undetectable neutralization activity were assigned a value of one-half LOD (5).

Statistical comparisons of NT50 data were performed using Kruskal-Wallis test followed by Dunn’s multiple comparisons tests (�P<0.05; ��P<0.01;
���P<0.001; ����P<0.0001; ns, not significant). All VLP groups were compared to the Alum-only group. Additional pairwise comparisons were

performed between titers of lead and F108A groups at each dose, with significance level for each comparison shown above each bar. (B) Comparison of

NT50 titers for combined lead VLP groups compared to combined F108A VLP groups. GMT, individual NT50 values, assay LOD, † designation, and

significance value by Mann-Whitney U test are as in (A). (C) Ab quality assessment by the ratio of NT50 to ELISA titer to lead VLP are shown for each

dose of lead or F108A VLP. Group geometric mean titer ratios are shown above each group, individual ratios are shown by a symbol, group means by a

horizontal bar, lethal infections by the symbol †, and statistical significance by Kruskal-Wallis followed by Dunn’s multiple comparison tests for each of

the three doses as in (A). (D) Ab quality assessment by NT50 to ELISA titer to lead VLP ratios are shown for combined lead and combined F108A

groups. Group GMT ratios, individual ratios, lethal infections, and statistical significance levels by Mann-Whitney U test are as in (A).

https://doi.org/10.1371/journal.pntd.0010588.g004
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20-day monitoring period (Fig 5C). Interestingly, all mice from the Alum-only group (n = 5)

succumbed to infection by day 17, while only 3 out of 5 naïve mice died. Mice immunized

with the lead VLP at all doses were fully protected. In contrast, only the F108A VLP at the

0.1μg dose afforded full protection while the 10 and 1μg F108A VLP doses protected 80% (4

out of 5) and 60% (3 out of 5) animals, respectively.

Fig 5. Protection afforded by VLP immunization as measured by weight loss and survival. The vaccination schedule is shown in Fig 3A. (A)

Weight changes from day 4 post-challenge of F108A VLP-immunized (blue), lead VLP-immunized (red), and control [naïve challenged (naïve), alum-

only immunized and challenged (alum-only), and naïve unchallenged (uninfected)] mice. Each symbol corresponds to the mean cumulative weight

change on days 4 to 20 for each mouse group (n = 5), and error bars indicate standard error of the mean (SEM). Statistical comparisons of weight

change per day were performed by one-way ANOVA followed by Dunnett’s multiple comparisons tests between all groups each day. Significance levels

between control and VLP-immunized groups relative to the Alum-only group are indicated in S4 Fig. (B) Day 20 post-challenge weight changes were

combined for F108A and lead VLP groups, respectively. Statistical significances were obtained by performing an unpaired t-test and means for each

combined VLP dose groups are indicated on top. (C) Survival of mice was assessed up to 20 days post-challenge.

https://doi.org/10.1371/journal.pntd.0010588.g005
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F108A VLP confers diminished protection compared to lead VLP against

RNAemia following virus challenge

To measure protection against viremia after challenge, RT-qPCR was used to quantify ZIKV

genomes in mouse sera on days 2 and 4 post-challenge (Figs 6A and S5, respectively). We

found that on day 2 post-challenge, mice immunized with the lead VLP vaccine had statisti-

cally significant lower RNAemia (3- to 4-Log10 decreases) compared to the alum-only control

mice, regardless of VLP dose (0.1μg, P = 0.0029; 1μg, P = 0.0046; and 10μg, P = 0.0005) (Fig

6A). In striking contrast, none of the F108A VLP groups showed significant differences in

RNAemia levels compared to the Alum-only group (Fig 6A). RNAemia levels were lower in

Fig 6. Immunization with lead, but not F108A VLP, significantly reduces RNAemia, which inversely correlates with nAb responses. Animals were

challenged with 5,000 FFU of ZIKV strain (Nica 2–16) SC at Day 52 as depicted in Fig 3A. (A) Viral load in serum was measured on day 2 post-

challenge by RT-qPCR. Each symbol represents the log10 GE/mL for an individual mouse, horizontal bars and values above each group show group

means, significance values compared to the Alum-only group are just above group mean values, and the bars and significance levels on top were

obtained by comparing lead and F108A groups. The dotted line is the limit of detection (LOD) of the assay set based on the lowest log GE/mL detected

(0.59 GE/mL), and the symbol † denotes a mouse with a lethal infection. Measurements below the LOD were assigned a value of half the LOD.

Statistical comparisons were performed using Kruskal-Wallis test followed by Dunn’s multiple comparisons tests (ns, not significant; �P<0.05;
��P<0.01; ���P<0.001; ����P<0.0001). (B) Combined lead and combined F108A VLP groups were compared to the Alum-only group. Individual viral

load values, assay LOD, and the symbol † designation are as in (A). (C) The relationships between NT50 and viral load (both log10 transformed) for the

combined lead VLP groups and the combined F108A VLP groups were assessed by Spearman correlation analysis with resulting r and P values shown.

https://doi.org/10.1371/journal.pntd.0010588.g006
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each of the lead VLP immunized dose groups relative to each of the F108A VLP groups immu-

nized with the same VLP dose. The only statistically significant difference of RNAemia was

between the 10μg dose group of lead and F108A (P = 0.036). By comparing the Alum-only

group to the combined lead VLP and combined F108A groups we found that, overall, the

F108A VLP groups had similar RNAemia levels compared to the Alum-only group (P>0.05),

while the lead VLP groups had significant reductions in RNAemia compared to both the

Alum-only group (P<0.0001) as well as the combined F108A groups (P = 0.0002) (Fig 6B).

Together, these data show that protection against viremia was only observed in the lead VLP

groups. Similar trends in RNAemia reduction were observed on day 4 post-challenge (S5 Fig).

Only the 0.1 and 10μg dose groups showed significant reductions in RNAemia compared to

the Alum-only group (P = 0.0135 and 0.0029, respectively), while the pairwise comparisons of

lead and F108A groups at each dose were found to be significantly different only at 10μg

(P = 0.0122).

For this study, we performed correlation analyses between pre-challenge NT50 titers and

RNAemia levels in the combined lead VLP groups and combined F108A groups. The data in

Fig 6C show a statistically significant inverse correlation between log10 GE/mL andlog10 NT50

in mice immunized with the lead VLP (P = 0.0008). However, the F108A VLP immunization

was not significantly protective against RNAemia (Fig 6A and 6B), and there was no correla-

tion between pre-challenge NT50 levels and day 2 RNAemia levels in the F108A VLP immu-

nized mice (P = 0.54) (Fig 6C). Taken together, these challenge data showed that 1) only the

lead VLP provided complete protection against ZIKV challenge and significant reductions in

RNAemia compared to controls, 2) lead VLP provided significantly increased protection

against weight loss compared to F108A groups, and 3) pre-challenge nAb levels in the lead

VLP, but not F108A, groups showed a significant inverse correlation with viral RNA loads,

suggesting a protective role for nAbs against the lead VLP.

F108A VLP-induced immune sera enhance ZIKV infection in vitro
An in vitro assay was performed to assess ADE of ZIKV infection using sera from lead or

F108A VLP immunized mice. Serial dilutions of post-boost (Day 49) serum samples were

incubated with ZIKV Nica 2–16 and used to infect FcγR expressing K562-r cells. Infected cells

were quantified using a flow cytometry-based assay and the fold-enhancement of infection

was calculated as the percentage of cells infected with a serum dilution/virus mixture relative

to cells infected with medium alone/virus mixture. A threshold for positive ADE activity was

also set as the mean fold-enhancement of infection value of mice from negative control groups

(Alum-only, Naïve and Uninfected) plus 3 SD. We found that sera from mice immunized with

0.1μg VLP had geometric mean values above the enhancement threshold and that, at each dilu-

tion tested, the values for F108A VLP were not significantly different from those of the lead

VLP group (Fig 7A). In contrast, a significant increase in ADE activity was observed for F108A

VLP compared to lead VLP-specific immune sera for the 1μg dose group at 1:10 serum dilu-

tion (P = 0.0014) (Fig 7B) and for the 10μg dose group at 1:10 and 1:30 serum dilutions

(P = 0.0066 and P = 0.0335, respectively) (Fig 7C). We also observed that when the immune

sera from the lead VLP-immunized mice were serially diluted in the assay, fold enhancement

values increased progressively and then decreased at the highest dilutions forming a bell-

shaped curve (Fig 7A–7C).

Since a 1:10 serum dilution is closest to the physiological concentrations (i.e., undiluted),

this dilution was used in the assay to show differences between individual serum samples (Fig

7D). All 15 of the mice immunized with F108A VLP showed values above the calculated

threshold for ADE activity. A dose-dependent effect of ZIKV-specific ADE activity was
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observed for mice immunized with the lead VLP. Four out of 5 mice showed ADE activity in

the 0.1μg dose group, 3 out of 5 in the 1μg dose group and none in the 10μg dose group. Pair-

wise comparisons were made between each VLP group and the Alum-only group as well as

between lead VLP and F108A VLP groups at each VLP dose. ADE was significantly increased,

as compared to sera from the Alum-only group, when using sera from mice immunized with

0.1μg of lead VLP (P = 0.020) as well as with sera from immunizations with 0.1μg and 1μg of

F108A VLP (P = 0.0001 and P = 0.0002, respectively). Most strikingly, the serum ADE values

for F108A VLP groups were significantly higher than their respective lead VLP groups at each

dose level (P = 0.0348, P<0.0001, and P = 0.0348 for the 0.1μg, 1μg, and 10μg dose group,

Fig 7. Ab-dependent Enhancement in vitro assay. (A-C) Fold enhancement of infection is represented for each serum dilution tested, ranging from

10-fold up to 2,430-fold. Fold-enhancement reflects the ratio of the percentage of cells infected with diluted serum-treated virus to medium only-treated

virus. The calculated cutoff for ADE activity, shown by dot and dashed line, was calculated as the mean fold-enhancement values of the negative control

groups (Alum-only, naïve, and uninfected) + 3 standard deviations (SD). Each symbol indicates the geometric mean of a dose group (5 mice), and error

bars represent geometric SD. The three dose groups, 0.1μg (A), 1μg (B) and 10μg (C), were separated into different graphs in which lead and F108A

VLP-immunized mice are compared. The Alum-only group is shown in each panel for comparative purposes. Statistical comparisons of enhancement

data were performed at each dose using one-way ANOVA test followed by pairwise Sidak’s multiple comparisons between lead and F0108A groups at

each serum dilution (�P<0.05; ��P<0.01; ���P<0.001; ����P<0.0001; ns, not significant). (D) Fold-enhancement of infection of cells infected with the

10-fold serum dilution. Each symbol represents the geometric mean of two independent measurements for an individual animal. Horizontal bars

represent the geometric mean titer of each group. The symbol † denotes a mouse that succumbed after challenge. Statistical comparisons were

performed using ANOVA test followed by Dunnett’s multiple comparisons tests with significance levels denoted as in (A-C) above. All VLP groups

were compared to the Alum-only group. Additional pairwise comparisons were performed between titers of lead and F108A groups at each dose with

significance level for each comparison shown above each bar.

https://doi.org/10.1371/journal.pntd.0010588.g007
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respectively), indicating that the F108A VLP induces higher levels of infection-enhancing Abs

than the lead VLP candidate. Together, these results provide in vitro evidence that the F108A

VLP, in addition to eliciting lower nAb levels than the lead VLP, induced significantly higher

levels of ZIKV infection enhancing Abs that further increased with decreasing VLP dose.

Discussion

We report herein a ZIKV VLP vaccine that induced robust protective nAb responses in mice.

Protection was based on reduction of viral genome copies, protection against weight loss, and

survival. We consider this robust protection. We note that while the observed 3- to 4-Log10

reductions in mean genome copy numbers were significant, we did not specifically address lev-

els of infectious virus and whether low RNA copy numbers indicated the presence of infectious

virus. Previous mouse and NHP studies also supported development of this VLP vaccine can-

didate [61, 62]. In our NHP study, we addressed viremia using our lead VLP vaccine followed

by a ZIKV challenge [62]. Using the less sensitive plaque assay, relative to RT-qPCR, as a read-

out, we detected no viremia following viral challenge. Whether our vaccine is capable of

achieving sterilizing immunity requires further investigation. However, it should be noted that

attaining sterilizing immunity following vaccination is an important goal but difficult to real-

ize. As witnessed with the recent Moderna and Pfizer vaccines for COVID-19 disease, success

was due to prevention of severe disease and death while breakthrough infections were evident

[76–78].

It is generally accepted that highly efficacious and protective immune responses rely, in

part, on CD4+ T cells that produce cytokines that activate and maintain CD8+ T cells that

clear virus-infected cells as well as B cells that produce Abs that can prevent receptor attach-

ment and cell entry. Although not the focus of this study, our ZIKV VLP vaccine likely induces

sufficient CD4+ T cell responses specific for the ZIKV prM and E structural proteins, as helper

T cell responses were presumably required for induction of the ZIKV-specific nAb responses

that we observed following VLP immunization. Although recombinant protein vaccines and/

or VLP-based vaccines may induce some CD8+ T cell responses, they would likely not be the

optimal vaccine platform for this goal [79]. Generally, live-attenuated vaccines, viral vectors,

and nucleic acid platforms would be anticipated to induce robust CD8+ T cells. CD8+ T cells

are thought to play a protective role in ZIKV infection based on studies in animal models, but

there is less available data in humans [80]. Grifoni and colleagues elucidated in-depth charac-

terization of human CD8+ T cells responding to ZIKV infection that are characterized by a

polyfunctional IFNγ signature with upregulation of TNFα and related activation markers [81].

Thus, a live attenuated vaccine approach for ZIKV vaccine development to induce both

humoral and cellular immune responses, such as in the case of the licensed yellow fever (YF)

vaccine [82–84], would seem a valid approach, although there would be significant safety

concerns.

Studies have shown that one dose of YF vaccine may provide at least 35 years of immunity

with detectable Abs up to 40 years and a YF-specific memory T cell pool for at least 18 years

post-vaccination [85]. In the case of the licensed recombinant live attenuated virus vaccine,

Dengvaxia, which utilizes the YF nonstructural protein backbone and DENV-specific prM

and E structural proteins, children receiving the vaccine and who had never experienced prior

DENV infection were more susceptible to hospitalization and severe disease when exposed to

a subsequent DENV infection [50–58]. It is suggested that an ideal DENV vaccine that induces

long-lasting homotypic nAb responses to all four serotypes in all age groups and elicits

CD8+ T cell responses to intracellular (nonstructural) antigens of DENV to increase efficacy

of the vaccine would be advantageous [86]. However, in the case of ZIKV vaccine
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development, a live-attenuated vaccine would be difficult to develop due to potential harm to

the developing fetus. We have focused our ZIKV vaccine development on a virus-like-particle

approach to induce protective nAb. This approach of inducing protective nAbs is, in part, sup-

ported by the efficacy of inactivated flavivirus vaccines such as tick-borne encephalitis (TBE)

and Japanese encephalitis virus (JEV), which were licensed based on protective Abs as the pri-

mary immune correlate of protection. The YF 17D vaccine developed in the 1930s by Max

Theiler and colleagues is one of the oldest live-attenuated vaccines, and the level of nAbs

required for protection is a Log10 neutralizing index of 0.7, or PRNT50 value of 1:20 to 1:40

[82, 83, 87, 88]. Regarding the inactivated vaccine for JEV, IXIARO, a PRNT50 titer of at least

10 has been shown to correlate with protection against development of JE disease in humans

[89, 90]. The TBE vaccine Ticovac was recently approved (August 2021 FDA; February 2022

ACIP) for use in US travelers but has been available in Europe for over 20 years. An early

study indicated a level of 125 ELISA units is sufficient for protection against TBE disease in

mice [91], while a more recent CDC presentation [92] specified that a nAb titer�10 was used

in vaccine studies to indicate protection.

In summary, our VLP vaccine approach induced robust nAb responses, protected mice

against high viral loads, weight loss, and death; thus, these data support further ZIKV VLP vac-

cine development. It is however, noted that development of an ‘ideal’ vaccine using a different

vaccine platform and/or additional viral antigens with the goal of inducing highly protective

humoral and cellular responses is desirable but outside the scope of these studies.

Analysis of mAbs derived from ZIKV-infected donors revealed that the anti-viral humoral

response is directed primarily to the E protein [14, 93–96]. To this end, the vaccine develop-

ment strategy described herein is based on VLPs displaying to the immune system E protein

comparable to virus encountered during endemic or pandemic spread. VLPs are an ideal plat-

form for generation of ZIKV vaccines as they can be produced from prM/M and E proteins

that undergo pH-induced rearrangements and conformational changes similar to the wild-

type virus [97]. In previous studies, we evaluated the lead ZIKV VLP candidate where we

observed yields of column purified VLP in the range of 1-2mg/L following in vitro transfection

of prM/M and E DNA in HEK293T cells [61, 62]. In order to potentially increase VLP yields,

we adopted a strategy from Urakami and colleagues, who reported that mutating the E protein

at position F108A in the FL of DENV-1 increased yields 16-fold when producing DENV-1

VLP in mammalian cells [64]. Although increasing VLP production yield was desirable, espe-

cially for downstream scalability, it was important that any modifications did not come at the

expense of VLP immunogenicity and efficacy. Initial production runs of the F108A ZIKV VLP

indicated that the yield was approximately only 2-fold higher than the lead candidate. Evalua-

tion of both VLP particles by SDS-PAGE and Western blot revealed that the F108A particle

lacked detectable prM processing by furin relative to the lead candidate. However, transmis-

sion electron micrographs indicated that particles were comparable in size and appearance, at

least at the resolution achieved. BLI analysis using a panel of characterized ZIKV binding

mAbs demonstrated that Ab binding to F108A VLP, relative to lead, was mostly reduced in

mAbs that bind quaternary epitopes on EDII (mAbs ZIKV-117 and LM-081) and on EDIII

outside of the lateral ridge (LM-081), while mAbs that bind to the lateral ridge of EDIII

(ZIKV-116 and ZV-67) were only slightly reduced.

Although binding Ab levels induced by the F108A VLP were similar to lead VLP, neutrali-

zation activity was reduced. Following ZIKV challenge, the F108A VLP-immunized groups

that exhibited a trend in weight loss had a significantly higher RNAemia compared to the lead

VLP-vaccinated groups, and 3 of 15 mice succumbed to infection. Interestingly, nAb levels

elicited by F108A VLP immunizations did not correlate with RNAemia in serum, in contrast

to the lead VLP-induced nAbs, which were inversely correlated. Finally, an evaluation of in
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vitro enhancement of ZIKV infection indicated that F108A immune sera had a higher propen-

sity to enhance ZIKV infection, especially at the intermediate 1μg and high 10μg doses.

A single amino acid residue mutation in E prevented prM from being efficiently cleaved on

ZIKV VLPs. This modification appears to have prevented this vaccine candidate from induc-

ing a protective response in mice against ZIKV challenge. Improving our understanding of

how the structure of the VLP’s surface contributes to the induction of a protective immune

responses should aid future flavivirus vaccine antigen designs [98]. Based on these immunoge-

nicity and efficacy data, the lead vaccine candidate was shown to be more suitable for vaccine

development versus the F108A VLP candidate. The threshold of prM cleavage that is adequate

to produce a safe and protective ZIKV vaccine remains unknown, and we believe that there is

an unmet need to set this criterion. Importantly, a previous study showed that significantly

reducing the amount of unprocessed prM on the surface of an immature DENV serotype-2

VLP vaccine candidate conferred higher protection to all four DENV serotypes compared to

its immature VLP counterpart [99]. Measures of vaccine efficacy in flavivirus challenge models

are dependent on the levels of prM processing of both the immunogen and the challenge virus.

The levels of prM processing and maturity of the challenge virus used in the mouse efficacy

experiments and ZIKV used in the ADE assay are unknown but would be important to address

in future studies to further examine the role of particle maturity. We note that for the studies

described herein, virus passage numbers were kept to a minimum since serial in vitro passage

of DENV-1 was shown to decrease levels of virion maturation [100]. Partially mature reporter-

Luc virus used in the present nAb assays and mature reporter-Luc virus produced in the pres-

ence of furin were previously shown to be equally neutralized by well-characterized nAbs [74].

Interestingly, the apparent difference in maturation states between the lead and F108A

ZIKV VLPs does not seem to correlate with the proportions of particle sizes. Particle diameters

ranging from approximately 30nm to 50nm were observed in both lead and F108A purified

VLP preparations. The 50nm particle size is comparable to the T = 3 symmetry, usually found

for ZIKV in vivo, whereas the 30nm particles may correspond to T = 1 symmetry [101]. Parti-

cle size heterogeneity has been studied previously for flavivirus VLPs, but conclusions are

mixed regarding a possible link to particle maturity and immunogenicity. While Ferlenghi and

colleagues generated an immunogenic TBEV VLP preparation with 90% mature small parti-

cles (31 nm) [102], Ohtaki and colleagues observed that their larger particles (40-50nm) were

more immunogenic and mature than the smaller particles (20-30nm) for WNV VLPs [103].

Shen and colleagues propose that the structure of their smaller DENV VLP particles with T = 1

symmetry might be advantageous for inter-dimeric epitope accessibility on the E protein [99].

Moreover, the absence of capsid in the VLP constructs may explain the observed particle size

heterogeneity more so than particle maturity. Tan and colleagues’ work on ZIKV structure

supports the notion that capsid plays an important part in the virus assembly process and sus-

tains its structure [104].

As mentioned above, it has been extensively documented that secondary infection with

DENV from a heterologous serotype increases the risk for severe DENV disease. One of the

root causes of this effect has been linked to the presence of non-neutralizing or poorly neutral-

izing Abs in affected individuals. As generation of cross-reactive Abs between ZIKV and

DENV1-4 following infection with either virus is highly prevalent due to the similarity of these

viruses’ surface epitopes [105], checking for signs of exacerbated disease outcome following

secondary infection with either virus would appear to be of utmost importance. Most recently,

evidence has been put forward as to the implication of preexisting ZIKV Abs increasing cases

of symptomatic and severe DENV-2 infection in humans [35]. The reverse, DENV antibodies

enhancing ZIKV infection, has been shown as well in vitro [106]. Less is known about the risk

of enhanced ZIKV infection following ZIKV-priming. However, when studying the protective
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potential of purified polyclonal ZIKV IgG, Pinto and colleagues concluded that careful calcula-

tion of dosage is needed upon immunization as there exists a “window of caution” when the

neutralizing ability of the administered antibodies is dampened by enhancement of viral infec-

tion. Although immunization with our lead ZIKV VLP-induced Abs with high neutralization

capacity and absence of ADE was observed at low serum dilutions, we cannot rule out the pos-

sibility that individuals may eventually over time develop Abs within the said “window of cau-

tion” due to waning immunity. Thus, safety and efficacy are key criteria in the development of

a flavivirus vaccine and generation of non-neutralizing Abs or Abs at sub-neutralizing concen-

trations should be prevented, particularly when Abs to conserved epitopes can cross-react with

other flaviviruses and cause ADE [107]. Indeed, Abs directed to the highly conserved FL pep-

tide or prM do not efficiently neutralize infection but may render non-infectious immature

virions highly infectious and thus be causative agents of ADE [37, 108]. Here we studied ADE

in vitro using K562 FcγR-expressing cells. K562 cells have been used in the past as a tool to

evaluate ZIKV ADE in vitro [106, 109, 110], as well as ADE in other flavivirus infections [64].

Monocyte-derived macrophages also may be used as reporter cells for ADE, however, Pinto

and colleagues have shown that similar ZIKV ADE levels were obtained when using either cell

type over a similar range of antibody concentrations [109]. The same group also demonstrated

that low concentrations of purified ZIKV IgG drove enhanced ZIKV in vivo similar to the

effect seen in vitro on K562 cells and monocyte-derived macrophages.

We observed that Abs induced by the F108A VLP induced a lower percentage of binding

antibodies that were neutralizing (Fig 4C and 4D) and that enhanced ADE (Fig 7) compared

to the lead candidate. It is possible that the poor maturity of this VLP led to antibodies that

promoted ADE. A similar finding was described for a ZIKV DNA vaccine in which the parent

construct was further modified to increase the yield of in vitro secreted virus-like subparticles

(SVPs) [24]. The higher-yield construct was found to be less mature and less protective in

NHPs than the parent. Further characterization of nAb responses suggested that protection

was associated with better neutralization against mature forms of the virion rather than total

nAb levels. Consistent with these findings, we observed that the F108A ZIKV immature parti-

cle-induced immune sera also had reduced neutralizing ability compared to the lead ZIKV

VLP candidate, which consisted of relatively more mature particles. Several groups developing

flavivirus vaccines have observed that more mature particles resulting from increased prM

processing improve nAb responses and/or protect better than the less mature counterparts

[99, 103, 111, 112]. To circumvent the issue posed by incomplete prM processing, investigators

have gone to the extent of developing vaccines directed only against the DENV envelope [113–

115]. However, a study by Rodenhuis-Zybert in which human DENV convalescent sera was

analyzed suggests that the titer of prM IgG may not be a good predictor of disease severity

[116]. We acknowledge that although our studies indicate that the F108A vaccine candidate

had a higher capacity to induce in vitro enhancement, this observation can’t be used as a pre-

dictor of in vivo enhancement in vaccinated individuals exposed to ZIKV infection. Impor-

tantly, our in vitro observation of enhancement together with decreased immunogenicity and

efficacy is sufficient to halt vaccine development of the F108A ZIKV vaccine candidate.

In summary, the strategy of introducing a mutation in the FL (F108A) to increase VLP

yields following prM/M and E DNA transfection in HEK293T cells was minimally successful.

Only an approximate 2-fold increase in purified VLP production was realized. Additionally,

the F108A particle also induced a significantly less efficacious immune response, a detriment

to vaccine development. This loss in efficacy is likely due in large part to generating a relatively

less mature particle, which in turn induced lower nAb levels and higher levels of Abs that pro-

moted virus infectivity. In fact, there was no correlation between nAbs induced by the F108A
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particle and level of RNAemia. These studies support the importance of a critical evaluation of

particle and virus maturity in flavivirus vaccine development.

Supporting information

S1 Dataset. Complete dataset for all plots and statistical analyses. Excel.xlsx file with a tab

named for each figure panel (e.g., Fig 2C) that contains the corresponding dataset for that

panel.

(XLSX)

S1 Fig. mAb binding to F108A and lead VLP measured by Biolayer Interferometry. Sym-

bols represent each measurement, connecting lines show the 4PL regression curve (for ZV-48

F108A, there were only 3 detectable points so no regression could be performed), dotted lines

indicate 95% CI bounds for the lead regression, and R squared values are shown for each lead

regression.

(TIF)

S2 Fig. Coomassie and anti-ZIKV prM Western blot analysis of the VLP used to immunize

AG129 mice. Purified F108A VLP fractions (A) and lead VLP fractions (B) collected from a

chromatography system were run on an SDS-PAGE gel and stained by Coomassie to identify

the VLP proteins and control for purity. The VLP containing fractions bracketed above were

then pooled to prepare the F108A ZIKV VLP and lead VLP material. (C) Pooled material was

run on an SDS-PAGE gel, and maturity of particles was tested by staining with an anti-ZIKV

prM Ab (Genetex, cat#gtx133305).

(TIF)

S3 Fig. ZIKV serum neutralizing antibody titers after priming immunization with lead or

F108A VLP (Day 21 of study). Serum samples obtained prior to boosting were analyzed by

luciferase-expressing ZIKV reporter particle to determine each 50% neutralization titer

(NT50). Symbols represent the mean from two assay replicate values for each serum, bars rep-

resent GMT, and the dotted line represents the assay LOD. Titers below LOD were assigned a

value one-half the LOD (5) for graphing and statistical analysis. Statistical comparisons were

using Kruskal-Wallis test followed by Dunn’s multiple comparisons tests between 1) the

Alum-only group vs. each VLP group and between 2) the lead and F108A VLP groups at each

dose level (9 comparisons total). Significance levels are shown by asterisks as follows, �P<0.05,
��P<0.01, ���P<0.001, ����P<0.0001, and ns (not significant).

(TIF)

S4 Fig. Weight change comparisons following ZIKV challenge of immunized mouse

groups and an unchallenged (Uninfected) group vs. the Alum-only control group. Statisti-

cal significances of percentage weight changes between groups on each day post-challenge

were obtained by one-way ANOVA followed by Dunnett’s multiple comparisons tests vs. the

Alum-only group.

(TIF)

S5 Fig. Viral load in serum was measured on day 4 post-challenge by RT-qPCR. Each sym-

bol represents the log10 GE/mL for an individual mouse, horizontal bars and values above each

group show group means, significance values vs. the Alum-only group are just above group

mean values, and the bars and significance levels at the top are from comparing lead and

F108A groups. The dotted line is the limit of detection (LOD) of the assay set based on the low-

est log GE/mL detected (0.59 GE/mL). Measurements below the LOD were assigned a value of

half the LOD. Statistical comparisons were performed using Kruskal-Wallis test followed by
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Dunn’s multiple comparisons tests (ns, not significant; �P<0.05; ��P<0.01; ���P<0.001;
����P<0.0001). All VLP groups were compared to the Alum-only group, and the lead and

F108A groups were compared at each dose level.

(TIF)

Acknowledgments

We thank Tiffany Richard, Carla Uranga, and Jayavani Aruri for technical support.

Author Contributions

Conceptualization: Darly Manayani, Jason Mendy, Jonathan Smith, Diego A. Espinosa, Eva

Harris, Jeff Alexander, Lo Vang.

Formal analysis: Danielle Thompson, Jason Mendy, Jeff Alexander, Lo Vang, Christopher S.

Morello.

Investigation: Danielle Thompson, Ben Guenther, Darly Manayani, Jason Mendy, Diego A.

Espinosa, Jeff Alexander, Lo Vang, Christopher S. Morello.

Methodology: Danielle Thompson, Ben Guenther, Jason Mendy, Diego A. Espinosa, Lo Vang,

Christopher S. Morello.

Project administration: Jonathan Smith, Jeff Alexander.

Resources: Jeff Alexander, Lo Vang.

Supervision: Darly Manayani, Jason Mendy, Jonathan Smith, Jeff Alexander, Lo Vang.

Writing – original draft: Danielle Thompson, Jeff Alexander, Lo Vang, Christopher S.

Morello.

Writing – review & editing: Danielle Thompson, Ben Guenther, Darly Manayani, Jason

Mendy, Jonathan Smith, Diego A. Espinosa, Eva Harris, Jeff Alexander, Lo Vang, Christo-

pher S. Morello.

References
1. Pierson TC, Diamond MS. Degrees of maturity: the complex structure and biology of flaviviruses. Curr

Opin Virol. 2012; 2(2):168–75. https://doi.org/10.1016/j.coviro.2012.02.011 PMID: 22445964.

2. Duffy MR, Chen TH, Hancock WT, Powers AM, Kool JL, Lanciotti RS, et al. Zika virus outbreak on Yap

Island, Federated States of Micronesia. The New England journal of medicine. 2009; 360(24):2536–

43. Epub 2009/06/12. https://doi.org/10.1056/NEJMoa0805715 PMID: 19516034.

3. Kindhauser MK, Allen T, Frank V, Santhana RS, Dye C. Zika: the origin and spread of a mosquito-

borne virus. Bull World Health Organ. 2016; 94(9):675–86c. Epub 2016/10/07. PMID: 27708473.

4. Lanciotti RS, Kosoy OL, Laven JJ, Velez JO, Lambert AJ, Johnson AJ, et al. Genetic and serologic

properties of Zika virus associated with an epidemic, Yap State, Micronesia, 2007. Emerg Infect Dis.

2008; 14(8):1232–9. Epub 2008/08/06. https://doi.org/10.3201/eid1408.080287 PMID: 18680646.

5. Cao-Lormeau VM, Blake A, Mons S, Lastère S, Roche C, Vanhomwegen J, et al. Guillain-Barré Syn-
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12. Netto EM, Moreira-Soto A, Pedroso C, Höser C, Funk S, Kucharski AJ, et al. High Zika Virus Seroprev-

alence in Salvador, Northeastern Brazil Limits the Potential for Further Outbreaks. mBio. 2017; 8(6).

Epub 2017/11/16. https://doi.org/10.1128/mBio.01390-17 PMID: 29138300.

13. Rasmussen SA, Jamieson DJ, Honein MA, Petersen LR. Zika Virus and Birth Defects—Reviewing the

Evidence for Causality. The New England journal of medicine. 2016; 374(20):1981–7. Epub 2016/04/

14. https://doi.org/10.1056/NEJMsr1604338 PMID: 27074377.

14. Robbiani DF, Olsen PC, Costa F, Wang Q, Oliveira TY, Nery N Jr., et al. Risk of Zika microcephaly cor-

relates with features of maternal antibodies. The Journal of experimental medicine. 2019; 216

(10):2302–15. Epub 2019/08/16. https://doi.org/10.1084/jem.20191061 PMID: 31413072.

15. Robinson N, Mayorquin Galvan EE, Zavala Trujillo IG, Zavala-Cerna MG. Congenital Zika syndrome:

Pitfalls in the placental barrier. Rev Med Virol. 2018; 28(5):e1985. Epub 2018/05/16. https://doi.org/10.

1002/rmv.1985 PMID: 29761581.

16. Lindenbach BD, Rice CM. Molecular biology of flaviviruses. Advances in virus research. 2003; 59:23–

61. Epub 2003/12/31. https://doi.org/10.1016/s0065-3527(03)59002-9 PMID: 14696326.

17. Kostyuchenko VA, Lim EX, Zhang S, Fibriansah G, Ng TS, Ooi JS, et al. Structure of the thermally sta-

ble Zika virus. Nature. 2016; 533(7603):425–8. https://doi.org/10.1038/nature17994 PMID: 27093288.

18. Prasad VM, Miller AS, Klose T, Sirohi D, Buda G, Jiang W, et al. Structure of the immature Zika virus

at 9 A resolution. Nature structural & molecular biology. 2017; 24(2):184–6. https://doi.org/10.1038/

nsmb.3352 PMID: 28067914.

19. Sirohi D, Kuhn RJ. Zika Virus Structure, Maturation, and Receptors. The Journal of infectious dis-

eases. 2017; 216(suppl_10):S935–S44. https://doi.org/10.1093/infdis/jix515 PMID: 29267925.

20. Cherrier MV, Kaufmann B, Nybakken GE, Lok SM, Warren JT, Chen BR, et al. Structural basis for the

preferential recognition of immature flaviviruses by a fusion-loop antibody. The EMBO journal. 2009;

28(20):3269–76. Epub 2009/08/29. https://doi.org/10.1038/emboj.2009.245 PMID: 19713934.

21. Junjhon J, Edwards TJ, Utaipat U, Bowman VD, Holdaway HA, Zhang W, et al. Influence of pr-M

cleavage on the heterogeneity of extracellular dengue virus particles. Journal of virology. 2010; 84

(16):8353–8. Epub 2010/06/04. https://doi.org/10.1128/JVI.00696-10 PMID: 20519400.

22. Rodenhuis-Zybert IA, Wilschut J, Smit JM. Partial maturation: an immune-evasion strategy of dengue

virus? Trends in microbiology. 2011; 19(5):248–54. https://doi.org/10.1016/j.tim.2011.02.002 PMID:

21388812.

23. Galula JU, Salem GM, Chang GJ, Chao DY. Does structurally-mature dengue virion matter in vaccine

preparation in post-Dengvaxia era? Human vaccines & immunotherapeutics. 2019; 15(10):2328–36.

https://doi.org/10.1080/21645515.2019.1643676 PMID: 31314657.

24. Maciejewski S, Ruckwardt TJ, Morabito KM, Foreman BM, Burgomaster KE, Gordon DN, et al. Distinct

neutralizing antibody correlates of protection among related Zika virus vaccines identify a role for anti-

body quality. Science translational medicine. 2020; 12(547). Epub 2020/06/12. https://doi.org/10.

1126/scitranslmed.aaw9066 PMID: 32522807.

25. Barrett ADT. Current status of Zika vaccine development: Zika vaccines advance into clinical evalua-

tion. NPJ Vaccines. 2018; 3:24-. https://doi.org/10.1038/s41541-018-0061-9 PMID: 29900012.

26. Diamond MS, Ledgerwood JE, Pierson TC. Zika Virus Vaccine Development: Progress in the Face of

New Challenges. Annual review of medicine. 2019; 70:121–35. Epub 2018/11/06. https://doi.org/10.

1146/annurev-med-040717-051127 PMID: 30388054.

PLOS NEGLECTED TROPICAL DISEASES Zika virus-like particle vaccine development based on particle maturity

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010588 July 6, 2022 25 / 30

https://doi.org/10.1371/journal.pmed.1002755
https://doi.org/10.1371/journal.pmed.1002755
http://www.ncbi.nlm.nih.gov/pubmed/30835728
https://doi.org/10.12688/f1000research.19918.1
http://www.ncbi.nlm.nih.gov/pubmed/31754425
https://doi.org/10.1016/j.pediatrneurol.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/30343688
https://doi.org/10.1093/cid/cix166
http://www.ncbi.nlm.nih.gov/pubmed/28329257
https://doi.org/10.1128/mSphere.00278-18
http://www.ncbi.nlm.nih.gov/pubmed/30089647
https://doi.org/10.1128/mBio.01390-17
http://www.ncbi.nlm.nih.gov/pubmed/29138300
https://doi.org/10.1056/NEJMsr1604338
http://www.ncbi.nlm.nih.gov/pubmed/27074377
https://doi.org/10.1084/jem.20191061
http://www.ncbi.nlm.nih.gov/pubmed/31413072
https://doi.org/10.1002/rmv.1985
https://doi.org/10.1002/rmv.1985
http://www.ncbi.nlm.nih.gov/pubmed/29761581
https://doi.org/10.1016/s0065-3527%2803%2959002-9
http://www.ncbi.nlm.nih.gov/pubmed/14696326
https://doi.org/10.1038/nature17994
http://www.ncbi.nlm.nih.gov/pubmed/27093288
https://doi.org/10.1038/nsmb.3352
https://doi.org/10.1038/nsmb.3352
http://www.ncbi.nlm.nih.gov/pubmed/28067914
https://doi.org/10.1093/infdis/jix515
http://www.ncbi.nlm.nih.gov/pubmed/29267925
https://doi.org/10.1038/emboj.2009.245
http://www.ncbi.nlm.nih.gov/pubmed/19713934
https://doi.org/10.1128/JVI.00696-10
http://www.ncbi.nlm.nih.gov/pubmed/20519400
https://doi.org/10.1016/j.tim.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/21388812
https://doi.org/10.1080/21645515.2019.1643676
http://www.ncbi.nlm.nih.gov/pubmed/31314657
https://doi.org/10.1126/scitranslmed.aaw9066
https://doi.org/10.1126/scitranslmed.aaw9066
http://www.ncbi.nlm.nih.gov/pubmed/32522807
https://doi.org/10.1038/s41541-018-0061-9
http://www.ncbi.nlm.nih.gov/pubmed/29900012
https://doi.org/10.1146/annurev-med-040717-051127
https://doi.org/10.1146/annurev-med-040717-051127
http://www.ncbi.nlm.nih.gov/pubmed/30388054
https://doi.org/10.1371/journal.pntd.0010588


27. Gaudinski MR, Houser KV, Morabito KM, Hu Z, Yamshchikov G, Rothwell RS, et al. Safety, tolerability,

and immunogenicity of two Zika virus DNA vaccine candidates in healthy adults: randomised, open-

label, phase 1 clinical trials. The Lancet. 2018; 391(10120):552–62. https://doi.org/10.1016/S0140-

6736(17)33105-7 PMID: 29217376

28. Maslow JN. Zika Vaccine Development-Current Progress and Challenges for the Future. Tropical

medicine and infectious disease. 2019; 4(3). Epub 2019/07/25. https://doi.org/10.3390/

tropicalmed4030104 PMID: 31337115.

29. Modjarrad K, Lin L, George SL, Stephenson KE, Eckels KH, De La Barrera RA, et al. Preliminary

aggregate safety and immunogenicity results from three trials of a purified inactivated Zika virus vac-

cine candidate: phase 1, randomised, double-blind, placebo-controlled clinical trials. Lancet. 2018;

391(10120):563–71. Epub 12/05. https://doi.org/10.1016/S0140-6736(17)33106-9 PMID: 29217375.

30. Pattnaik A, Sahoo BR, Pattnaik AK. Current Status of Zika Virus Vaccines: Successes and Chal-

lenges. Vaccines. 2020; 8(2). https://doi.org/10.3390/vaccines8020266 PMID: 32486368.

31. Poland GA, Ovsyannikova IG, Kennedy RB. Zika Vaccine Development: Current Status. Mayo Clinic

proceedings. 2019; 94(12):2572–86. Epub 2019/12/07. https://doi.org/10.1016/j.mayocp.2019.05.016

PMID: 31806107.

32. Schrauf S, Tschismarov R, Tauber E, Ramsauer K. Current Efforts in the Development of Vaccines for

the Prevention of Zika and Chikungunya Virus Infections. Frontiers in immunology. 2020; 11:592.

Epub 2020/05/07. https://doi.org/10.3389/fimmu.2020.00592 PMID: 32373111.

33. Shan C, Xie X, Shi P-Y. Zika Virus Vaccine: Progress and Challenges. Cell Host Microbe. 2018; 24

(1):12–7. Epub 06/28. https://doi.org/10.1016/j.chom.2018.05.021 PMID: 30008291.

34. Wilder-Smith A, Vannice K, Durbin A, Hombach J, Thomas SJ, Thevarjan I, et al. Zika vaccines and

therapeutics: landscape analysis and challenges ahead. BMC medicine. 2018; 16(1):84. Epub 2018/

06/07. https://doi.org/10.1186/s12916-018-1067-x PMID: 29871628.

35. Katzelnick LC, Narvaez C, Arguello S, Lopez Mercado B, Collado D, Ampie O, et al. Zika virus infection

enhances future risk of severe dengue disease. Science (New York, NY). 2020; 369(6507):1123–8.

Epub 2020/08/29. https://doi.org/10.1126/science.abb6143 PMID: 32855339.

36. da Silva Voorham JM, Rodenhuis-Zybert IA, Ayala Nuñez NV, Colpitts TM, van der Ende-Metselaar H,

Fikrig E, et al. Antibodies against the envelope glycoprotein promote infectivity of immature dengue

virus serotype 2. PloS one. 2012; 7(3):e29957. Epub 2012/03/21. https://doi.org/10.1371/journal.

pone.0029957 PMID: 22431958.

37. Dejnirattisai W, Jumnainsong A, Onsirisakul N, Fitton P, Vasanawathana S, Limpitikul W, et al. Cross-

reacting antibodies enhance dengue virus infection in humans. Science (New York, NY). 2010; 328

(5979):745–8. Epub 2010/05/08. https://doi.org/10.1126/science.1185181 PMID: 20448183.

38. George JA, Kim SB, Choi JY, Patil AM, Hossain FMA, Uyangaa E, et al. TLR2/MyD88 pathway-depen-

dent regulation of dendritic cells by dengue virus promotes antibody-dependent enhancement via Th2-

biased immunity. Oncotarget. 2017; 8(62):106050–70. Epub 2017/12/30. https://doi.org/10.18632/

oncotarget.22525 PMID: 29285314.

39. Halstead SB. Neutralization and antibody-dependent enhancement of dengue viruses. Advances in

virus research. 2003; 60:421–67. Epub 2003/12/24. https://doi.org/10.1016/s0065-3527(03)60011-4

PMID: 14689700.

40. Lei HY, Yeh TM, Liu HS, Lin YS, Chen SH, Liu CC. Immunopathogenesis of dengue virus infection.

Journal of biomedical science. 2001; 8(5):377–88. Epub 2001/09/11. https://doi.org/10.1007/

BF02255946 PMID: 11549879.

41. Nimmerjahn F, Ravetch JV. Fcgamma receptors as regulators of immune responses. Nature reviews

Immunology. 2008; 8(1):34–47. Epub 2007/12/08. https://doi.org/10.1038/nri2206 PMID: 18064051.

42. St John AL, Rathore APS. Adaptive immune responses to primary and secondary dengue virus infec-

tions. Nature reviews Immunology. 2019; 19(4):218–30. https://doi.org/10.1038/s41577-019-0123-x

PMID: 30679808.

43. Shukla R, Beesetti H, Brown JA, Ahuja R, Ramasamy V, Shanmugam RK, et al. Dengue and Zika

virus infections are enhanced by live attenuated dengue vaccine but not by recombinant DSV4 vaccine

candidate in mouse models. EBioMedicine. 2020; 60:102991. https://doi.org/10.1016/j.ebiom.2020.

102991 PMID: 32949997

44. Dai L, Song J, Lu X, Deng YQ, Musyoki AM, Cheng H, et al. Structures of the Zika Virus Envelope Pro-

tein and Its Complex with a Flavivirus Broadly Protective Antibody. Cell Host Microbe. 2016; 19

(5):696–704. Epub 2016/05/10. https://doi.org/10.1016/j.chom.2016.04.013 PMID: 27158114.

45. Halstead SB, Nimmannitya S, Cohen SN. Observations related to pathogenesis of dengue hemor-

rhagic fever. IV. Relation of disease severity to antibody response and virus recovered. The Yale jour-

nal of biology and medicine. 1970; 42(5):311–28. Epub 1970/04/01. PMID: 5419206.

PLOS NEGLECTED TROPICAL DISEASES Zika virus-like particle vaccine development based on particle maturity

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010588 July 6, 2022 26 / 30

https://doi.org/10.1016/S0140-6736%2817%2933105-7
https://doi.org/10.1016/S0140-6736%2817%2933105-7
http://www.ncbi.nlm.nih.gov/pubmed/29217376
https://doi.org/10.3390/tropicalmed4030104
https://doi.org/10.3390/tropicalmed4030104
http://www.ncbi.nlm.nih.gov/pubmed/31337115
https://doi.org/10.1016/S0140-6736%2817%2933106-9
http://www.ncbi.nlm.nih.gov/pubmed/29217375
https://doi.org/10.3390/vaccines8020266
http://www.ncbi.nlm.nih.gov/pubmed/32486368
https://doi.org/10.1016/j.mayocp.2019.05.016
http://www.ncbi.nlm.nih.gov/pubmed/31806107
https://doi.org/10.3389/fimmu.2020.00592
http://www.ncbi.nlm.nih.gov/pubmed/32373111
https://doi.org/10.1016/j.chom.2018.05.021
http://www.ncbi.nlm.nih.gov/pubmed/30008291
https://doi.org/10.1186/s12916-018-1067-x
http://www.ncbi.nlm.nih.gov/pubmed/29871628
https://doi.org/10.1126/science.abb6143
http://www.ncbi.nlm.nih.gov/pubmed/32855339
https://doi.org/10.1371/journal.pone.0029957
https://doi.org/10.1371/journal.pone.0029957
http://www.ncbi.nlm.nih.gov/pubmed/22431958
https://doi.org/10.1126/science.1185181
http://www.ncbi.nlm.nih.gov/pubmed/20448183
https://doi.org/10.18632/oncotarget.22525
https://doi.org/10.18632/oncotarget.22525
http://www.ncbi.nlm.nih.gov/pubmed/29285314
https://doi.org/10.1016/s0065-3527%2803%2960011-4
http://www.ncbi.nlm.nih.gov/pubmed/14689700
https://doi.org/10.1007/BF02255946
https://doi.org/10.1007/BF02255946
http://www.ncbi.nlm.nih.gov/pubmed/11549879
https://doi.org/10.1038/nri2206
http://www.ncbi.nlm.nih.gov/pubmed/18064051
https://doi.org/10.1038/s41577-019-0123-x
http://www.ncbi.nlm.nih.gov/pubmed/30679808
https://doi.org/10.1016/j.ebiom.2020.102991
https://doi.org/10.1016/j.ebiom.2020.102991
http://www.ncbi.nlm.nih.gov/pubmed/32949997
https://doi.org/10.1016/j.chom.2016.04.013
http://www.ncbi.nlm.nih.gov/pubmed/27158114
http://www.ncbi.nlm.nih.gov/pubmed/5419206
https://doi.org/10.1371/journal.pntd.0010588


46. Guzman MG, Alvarez M, Halstead SB. Secondary infection as a risk factor for dengue hemorrhagic

fever/dengue shock syndrome: an historical perspective and role of antibody-dependent enhancement

of infection. Archives of virology. 2013; 158(7):1445–59. Epub 2013/03/09. https://doi.org/10.1007/

s00705-013-1645-3 PMID: 23471635.

47. Nisalak A, Clapham HE, Kalayanarooj S, Klungthong C, Thaisomboonsuk B, Fernandez S, et al. Forty

Years of Dengue Surveillance at a Tertiary Pediatric Hospital in Bangkok, Thailand, 1973–2012. The

American journal of tropical medicine and hygiene. 2016; 94(6):1342–7. Epub 2016/03/30. https://doi.

org/10.4269/ajtmh.15-0337 PMID: 27022151.

48. DENGVAXIA. https://www.fda.gov/vaccines-blood-biologics/dengvaxia. Accessed on 26 July 2021.

Updated on 01 January 2020.

49. DENGVAXIA [updated 2020 Jan 01; accessed 2021 Jul 26]. https://www.fda.gov/vaccines-blood-

biologics/dengvaxia.

50. Weekly epidemiological record. 2018; 36(93):457–76.

51. Dengue vaccine: WHO position paper, September 2018—Recommendations. Vaccine. 2019; 37

(35):4848–9. Epub 2018/11/15. https://doi.org/10.1016/j.vaccine.2018.09.063 PMID: 30424888.

52. Capeding MR, Tran NH, Hadinegoro SR, Ismail HI, Chotpitayasunondh T, Chua MN, et al. Clinical effi-

cacy and safety of a novel tetravalent dengue vaccine in healthy children in Asia: a phase 3, rando-

mised, observer-masked, placebo-controlled trial. Lancet. 2014; 384(9951):1358–65. Epub 2014/07/

16. https://doi.org/10.1016/S0140-6736(14)61060-6 PMID: 25018116.

53. Flipse J, Smit JM. The Complexity of a Dengue Vaccine: A Review of the Human Antibody Response.

PLoS neglected tropical diseases. 2015; 9(6):e0003749. Epub 2015/06/13. https://doi.org/10.1371/

journal.pntd.0003749 PMID: 26065421.

54. Hadinegoro SR, Arredondo-Garcı́a JL, Capeding MR, Deseda C, Chotpitayasunondh T, Dietze R,

et al. Efficacy and Long-Term Safety of a Dengue Vaccine in Regions of Endemic Disease. The New

England journal of medicine. 2015; 373(13):1195–206. Epub 2015/07/28. https://doi.org/10.1056/

NEJMoa1506223 PMID: 26214039.

55. Sabchareon A, Wallace D, Sirivichayakul C, Limkittikul K, Chanthavanich P, Suvannadabba S, et al.

Protective efficacy of the recombinant, live-attenuated, CYD tetravalent dengue vaccine in Thai

schoolchildren: a randomised, controlled phase 2b trial. Lancet. 2012; 380(9853):1559–67. Epub

2012/09/15. https://doi.org/10.1016/S0140-6736(12)61428-7 PMID: 22975340.

56. Sridhar S, Luedtke A, Langevin E, Zhu M, Bonaparte M, Machabert T, et al. Effect of Dengue Serosta-

tus on Dengue Vaccine Safety and Efficacy. The New England journal of medicine. 2018; 379(4):327–

40. Epub 2018/06/14. https://doi.org/10.1056/NEJMoa1800820 PMID: 29897841.

57. Tsai WY, Lin HE, Wang WK. Complexity of Human Antibody Response to Dengue Virus: Implication

for Vaccine Development. Frontiers in microbiology. 2017; 8:1372. Epub 2017/08/05. https://doi.org/

10.3389/fmicb.2017.01372 PMID: 28775720.

58. Villar L, Dayan GH, Arredondo-Garcı́a JL, Rivera DM, Cunha R, Deseda C, et al. Efficacy of a tetrava-

lent dengue vaccine in children in Latin America. The New England journal of medicine. 2015; 372

(2):113–23. Epub 2014/11/05. https://doi.org/10.1056/NEJMoa1411037 PMID: 25365753.

59. Schiller J, Lowy D. Explanations for the high potency of HPV prophylactic vaccines. Vaccine. 2018; 36

(32, Part A):4768–73. https://doi.org/10.1016/j.vaccine.2017.12.079 PMID: 29325819

60. Bachmann MF, Rohrer UH, Kundig TM, Burki K, Hengartner H, Zinkernagel RM. The influence of anti-

gen organization on B cell responsiveness. Science (New York, NY). 1993; 262(5138):1448. https://

doi.org/10.1126/science.8248784 PMID: 8248784

61. Espinosa D, Mendy J, Manayani D, Vang L, Wang C, Richard T, et al. Passive Transfer of Immune

Sera Induced by a Zika Virus-Like Particle Vaccine Protects AG129 Mice Against Lethal Zika Virus

Challenge. EBioMedicine. 2018; 27:61–70. Epub 2017/12/23. https://doi.org/10.1016/j.ebiom.2017.

12.010 PMID: 29269041.

62. Vang L, Morello CS, Mendy J, Thompson D, Manayani D, Guenther B, et al. Zika virus-like particle vac-

cine protects AG129 mice and rhesus macaques against Zika virus. PLoS neglected tropical diseases.

2021; 15(3):e0009195. Epub 2021/03/13. https://doi.org/10.1371/journal.pntd.0009195 PMID:

33711018.

63. Vicente T, Roldão A, Peixoto C, Carrondo MJT, Alves PM. Large-scale production and purification of

VLP-based vaccines. J Invertebr Pathol. 2011; 107 Suppl:S42–S8. https://doi.org/10.1016/j.jip.2011.

05.004 PMID: 21784230.

64. Urakami A, Ngwe Tun MM, Moi ML, Sakurai A, Ishikawa M, Kuno S, et al. An Envelope-Modified Tetra-

valent Dengue Virus-Like-Particle Vaccine Has Implications for Flavivirus Vaccine Design. Journal of

virology. 2017; 91(23). Epub 2017/09/29. https://doi.org/10.1128/JVI.01181-17 PMID: 28956764.

PLOS NEGLECTED TROPICAL DISEASES Zika virus-like particle vaccine development based on particle maturity

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010588 July 6, 2022 27 / 30

https://doi.org/10.1007/s00705-013-1645-3
https://doi.org/10.1007/s00705-013-1645-3
http://www.ncbi.nlm.nih.gov/pubmed/23471635
https://doi.org/10.4269/ajtmh.15-0337
https://doi.org/10.4269/ajtmh.15-0337
http://www.ncbi.nlm.nih.gov/pubmed/27022151
https://www.fda.gov/vaccines-blood-biologics/dengvaxia
https://www.fda.gov/vaccines-blood-biologics/dengvaxia
https://www.fda.gov/vaccines-blood-biologics/dengvaxia
https://doi.org/10.1016/j.vaccine.2018.09.063
http://www.ncbi.nlm.nih.gov/pubmed/30424888
https://doi.org/10.1016/S0140-6736%2814%2961060-6
http://www.ncbi.nlm.nih.gov/pubmed/25018116
https://doi.org/10.1371/journal.pntd.0003749
https://doi.org/10.1371/journal.pntd.0003749
http://www.ncbi.nlm.nih.gov/pubmed/26065421
https://doi.org/10.1056/NEJMoa1506223
https://doi.org/10.1056/NEJMoa1506223
http://www.ncbi.nlm.nih.gov/pubmed/26214039
https://doi.org/10.1016/S0140-6736%2812%2961428-7
http://www.ncbi.nlm.nih.gov/pubmed/22975340
https://doi.org/10.1056/NEJMoa1800820
http://www.ncbi.nlm.nih.gov/pubmed/29897841
https://doi.org/10.3389/fmicb.2017.01372
https://doi.org/10.3389/fmicb.2017.01372
http://www.ncbi.nlm.nih.gov/pubmed/28775720
https://doi.org/10.1056/NEJMoa1411037
http://www.ncbi.nlm.nih.gov/pubmed/25365753
https://doi.org/10.1016/j.vaccine.2017.12.079
http://www.ncbi.nlm.nih.gov/pubmed/29325819
https://doi.org/10.1126/science.8248784
https://doi.org/10.1126/science.8248784
http://www.ncbi.nlm.nih.gov/pubmed/8248784
https://doi.org/10.1016/j.ebiom.2017.12.010
https://doi.org/10.1016/j.ebiom.2017.12.010
http://www.ncbi.nlm.nih.gov/pubmed/29269041
https://doi.org/10.1371/journal.pntd.0009195
http://www.ncbi.nlm.nih.gov/pubmed/33711018
https://doi.org/10.1016/j.jip.2011.05.004
https://doi.org/10.1016/j.jip.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/21784230
https://doi.org/10.1128/JVI.01181-17
http://www.ncbi.nlm.nih.gov/pubmed/28956764
https://doi.org/10.1371/journal.pntd.0010588


65. Chabierski S, Barzon L, Papa A, Niedrig M, Bramson JL, Richner JM, et al. Distinguishing West Nile

virus infection using a recombinant envelope protein with mutations in the conserved fusion-loop. BMC

infectious diseases. 2014; 14:246. Epub 2014/06/03. https://doi.org/10.1186/1471-2334-14-246

PMID: 24884467.

66. Crill WD, Hughes HR, Trainor NB, Davis BS, Whitney MT, Chang GJ. Sculpting humoral immunity

through dengue vaccination to enhance protective immunity. Frontiers in immunology. 2012; 3:334.

Epub 2012/11/20. https://doi.org/10.3389/fimmu.2012.00334 PMID: 23162552.

67. Lai CY, Tsai WY, Lin SR, Kao CL, Hu HP, King CC, et al. Antibodies to envelope glycoprotein of den-

gue virus during the natural course of infection are predominantly cross-reactive and recognize epi-

topes containing highly conserved residues at the fusion loop of domain II. Journal of virology. 2008;

82(13):6631–43. Epub 2008/05/02. https://doi.org/10.1128/JVI.00316-08 PMID: 18448542.

68. Barouch DH, Yang ZY, Kong WP, Korioth-Schmitz B, Sumida SM, Truitt DM, et al. A human T-cell leu-

kemia virus type 1 regulatory element enhances the immunogenicity of human immunodeficiency

virus type 1 DNA vaccines in mice and nonhuman primates. Journal of virology. 2005; 79(14):8828–

34. Epub 2005/07/05. https://doi.org/10.1128/JVI.79.14.8828-8834.2005 PMID: 15994776.

69. Zhao H, Xu L, Bombardi R, Nargi R, Deng Z, Errico JM, et al. Mechanism of differential Zika and den-

gue virus neutralization by a public antibody lineage targeting the DIII lateral ridge. The Journal of

experimental medicine. 2020; 217(2). Epub 2019/11/24. https://doi.org/10.1084/jem.20191792 PMID:

31757867.

70. Sapparapu G, Fernandez E, Kose N, Bin C, Fox JM, Bombardi RG, et al. Neutralizing human antibod-

ies prevent Zika virus replication and fetal disease in mice. Nature. 2016; 540(7633):443–7. Epub

2016/11/08. https://doi.org/10.1038/nature20564 PMID: 27819683.

71. Erasmus JH, Archer J, Fuerte-Stone J, Khandhar AP, Voigt E, Granger B, et al. Intramuscular Delivery

of Replicon RNA Encoding ZIKV-117 Human Monoclonal Antibody Protects against Zika Virus Infec-

tion. Molecular therapy Methods & clinical development. 2020; 18:402–14. Epub 2020/07/23. https://

doi.org/10.1016/j.omtm.2020.06.011 PMID: 32695842.

72. Hasan SS, Miller A, Sapparapu G, Fernandez E, Klose T, Long F, et al. A human antibody against

Zika virus crosslinks the E protein to prevent infection. Nat Commun. 2017; 8:14722-. https://doi.org/

10.1038/ncomms14722 PMID: 28300075.

73. Zhao H, Fernandez E, Dowd KA, Speer SD, Platt DJ, Gorman MJ, et al. Structural Basis of Zika Virus-

Specific Antibody Protection. Cell. 2016; 166(4):1016–27. Epub 2016/08/01. https://doi.org/10.1016/j.

cell.2016.07.020 PMID: 27475895.

74. Whitbeck JC, Thomas A, Kadash-Edmondson K, Grinyo-Escuer A, Stafford LJ, Cheng C, et al. Antige-

nicity, stability, and reproducibility of Zika reporter virus particles for long-term applications. PLoS

neglected tropical diseases. 2020; 14(11):e0008730–e. https://doi.org/10.1371/journal.pntd.0008730

PMID: 33206639.

75. Tabata T, Petitt M, Puerta-Guardo H, Michlmayr D, Wang C, Fang-Hoover J, et al. Zika Virus Targets

Different Primary Human Placental Cells, Suggesting Two Routes for Vertical Transmission. Cell Host

Microbe. 2016; 20(2):155–66. Epub 07/18. https://doi.org/10.1016/j.chom.2016.07.002 PMID:

27443522.

76. Cromer D, Juno JA, Khoury D, Reynaldi A, Wheatley AK, Kent SJ, et al. Prospects for durable immune

control of SARS-CoV-2 and prevention of reinfection. Nature reviews Immunology. 2021; 21(6):395–

404. Epub 2021/05/01. https://doi.org/10.1038/s41577-021-00550-x PMID: 33927374.

77. Kim DS, Rowland-Jones S, Gea-Mallorquı́ E. Will SARS-CoV-2 Infection Elicit Long-Lasting Protective

or Sterilising Immunity? Implications for Vaccine Strategies (2020). Frontiers in immunology. 2020;

11:571481. Epub 2020/12/29. https://doi.org/10.3389/fimmu.2020.571481 PMID: 33362759.

78. Kyei-Barffour I, Addo SA, Aninagyei E, Ghartey-Kwansah G, Acheampong DO. Sterilizing Immunity

against COVID-19: Developing Helper T cells I and II activating vaccines is imperative. Biomedicine &

pharmacotherapy = Biomedecine & pharmacotherapie. 2021; 144:112282. Epub 2021/10/09. https://

doi.org/10.1016/j.biopha.2021.112282 PMID: 34624675.

79. Alexander J, Oseroff C, Dahlberg C, Qin M, Ishioka G, Beebe M, et al. A decaepitope polypeptide

primes for multiple CD8+ IFN-gamma and Th lymphocyte responses: evaluation of multiepitope poly-

peptides as a mode for vaccine delivery. Journal of immunology (Baltimore, Md: 1950). 2002; 168

(12):6189–98. Epub 2002/06/11. https://doi.org/10.4049/jimmunol.168.12.6189 PMID: 12055232.

80. Mapalagamage M, Weiskopf D, Sette A, De Silva AD. Current Understanding of the Role of T Cells in

Chikungunya, Dengue and Zika Infections. Viruses. 2022; 14(2). Epub 2022/02/27. https://doi.org/10.

3390/v14020242 PMID: 35215836.

81. Grifoni A, Costa-Ramos P, Pham J, Tian Y, Rosales SL, Seumois G, et al. Cutting Edge: Transcrip-

tional Profiling Reveals Multifunctional and Cytotoxic Antiviral Responses of Zika Virus-Specific CD8

PLOS NEGLECTED TROPICAL DISEASES Zika virus-like particle vaccine development based on particle maturity

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010588 July 6, 2022 28 / 30

https://doi.org/10.1186/1471-2334-14-246
http://www.ncbi.nlm.nih.gov/pubmed/24884467
https://doi.org/10.3389/fimmu.2012.00334
http://www.ncbi.nlm.nih.gov/pubmed/23162552
https://doi.org/10.1128/JVI.00316-08
http://www.ncbi.nlm.nih.gov/pubmed/18448542
https://doi.org/10.1128/JVI.79.14.8828-8834.2005
http://www.ncbi.nlm.nih.gov/pubmed/15994776
https://doi.org/10.1084/jem.20191792
http://www.ncbi.nlm.nih.gov/pubmed/31757867
https://doi.org/10.1038/nature20564
http://www.ncbi.nlm.nih.gov/pubmed/27819683
https://doi.org/10.1016/j.omtm.2020.06.011
https://doi.org/10.1016/j.omtm.2020.06.011
http://www.ncbi.nlm.nih.gov/pubmed/32695842
https://doi.org/10.1038/ncomms14722
https://doi.org/10.1038/ncomms14722
http://www.ncbi.nlm.nih.gov/pubmed/28300075
https://doi.org/10.1016/j.cell.2016.07.020
https://doi.org/10.1016/j.cell.2016.07.020
http://www.ncbi.nlm.nih.gov/pubmed/27475895
https://doi.org/10.1371/journal.pntd.0008730
http://www.ncbi.nlm.nih.gov/pubmed/33206639
https://doi.org/10.1016/j.chom.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27443522
https://doi.org/10.1038/s41577-021-00550-x
http://www.ncbi.nlm.nih.gov/pubmed/33927374
https://doi.org/10.3389/fimmu.2020.571481
http://www.ncbi.nlm.nih.gov/pubmed/33362759
https://doi.org/10.1016/j.biopha.2021.112282
https://doi.org/10.1016/j.biopha.2021.112282
http://www.ncbi.nlm.nih.gov/pubmed/34624675
https://doi.org/10.4049/jimmunol.168.12.6189
http://www.ncbi.nlm.nih.gov/pubmed/12055232
https://doi.org/10.3390/v14020242
https://doi.org/10.3390/v14020242
http://www.ncbi.nlm.nih.gov/pubmed/35215836
https://doi.org/10.1371/journal.pntd.0010588


(+) T Cells. Journal of immunology (Baltimore, Md: 1950). 2018; 201(12):3487–91. Epub 2018/11/11.

https://doi.org/10.4049/jimmunol.1801090 PMID: 30413672.

82. Mokaya J, Kimathi D, Lambe T, Warimwe GM. What Constitutes Protective Immunity Following Yellow

Fever Vaccination? Vaccines. 2021; 9(6). Epub 2021/07/03. https://doi.org/10.3390/vaccines9060671

PMID: 34207358.

83. Julander JG, Trent DW, Monath TP. Immune correlates of protection against yellow fever determined

by passive immunization and challenge in the hamster model. Vaccine. 2011; 29(35):6008–16. Epub

2011/07/02. https://doi.org/10.1016/j.vaccine.2011.06.034 PMID: 21718741.

84. Hansen CA, Barrett ADT. The Present and Future of Yellow Fever Vaccines. Pharmaceuticals (Basel,

Switzerland). 2021; 14(9). Epub 2021/09/29. https://doi.org/10.3390/ph14090891 PMID: 34577591.

85. Wieten RW, Jonker EF, van Leeuwen EM, Remmerswaal EB, Ten Berge IJ, de Visser AW, et al. A Sin-

gle 17D Yellow Fever Vaccination Provides Lifelong Immunity; Characterization of Yellow-Fever-Spe-

cific Neutralizing Antibody and T-Cell Responses after Vaccination. PloS one. 2016; 11(3):e0149871.

Epub 2016/03/16. https://doi.org/10.1371/journal.pone.0149871 PMID: 26977808.

86. Angelo MA, Grifoni A, O’Rourke PH, Sidney J, Paul S, Peters B, et al. Human CD4(+) T Cell

Responses to an Attenuated Tetravalent Dengue Vaccine Parallel Those Induced by Natural Infection

in Magnitude, HLA Restriction, and Antigen Specificity. Journal of virology. 2017; 91(5). Epub 2016/12/

16. https://doi.org/10.1128/jvi.02147-16 PMID: 27974563.

87. Beck AS, Barrett AD. Current status and future prospects of yellow fever vaccines. Expert review of

vaccines. 2015; 14(11):1479–92. Epub 2015/09/15. https://doi.org/10.1586/14760584.2015.1083430

PMID: 26366673.

88. Mason RA, Tauraso NM, Spertzel RO, Ginn RK. Yellow fever vaccine: direct challenge of monkeys

given graded doses of 17D vaccine. Applied microbiology. 1973; 25(4):539–44. Epub 1973/04/01.

https://doi.org/10.1128/am.25.4.539-544.1973 PMID: 4633476.

89. Hegde NR, Gore MM. Japanese encephalitis vaccines: Immunogenicity, protective efficacy, effective-

ness, and impact on the burden of disease. Human vaccines & immunotherapeutics. 2017; 13(6):1–

18. Epub 2017/03/17. https://doi.org/10.1080/21645515.2017.1285472 PMID: 28301270.

90. Van Gessel Y, Klade CS, Putnak R, Formica A, Krasaesub S, Spruth M, et al. Correlation of protection

against Japanese encephalitis virus and JE vaccine (IXIARO) induced neutralizing antibody titers.

Vaccine. 2011; 29(35):5925–31. Epub 2011/07/05. https://doi.org/10.1016/j.vaccine.2011.06.062

PMID: 21723353.

91. Kreil TR, Burger I, Bachmann M, Fraiss S, Eibl MM. Antibodies protect mice against challenge with

tick-borne encephalitis virus (TBEV)-infected macrophages. Clinical and experimental immunology.

1997; 110(3):358–61. Epub 1997/12/31. https://doi.org/10.1046/j.1365-2249.1997.4311446.x PMID:

9409636.

92. Poehling and Hills TBE vaccine presentation 2021 [updated 2021 Sep 29; accessed 2022 Apr 27].

https://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2021-09-29/01-TBE-Poehling-and-

Hills-508.pdf.

93. Roehrig JT. Antigenic structure of flavivirus proteins. Advances in virus research. 2003; 59:141–75.

Epub 2003/12/31. https://doi.org/10.1016/s0065-3527(03)59005-4 PMID: 14696329.

94. Stettler K, Beltramello M, Espinosa DA, Graham V, Cassotta A, Bianchi S, et al. Specificity, cross-

reactivity, and function of antibodies elicited by Zika virus infection. Science (New York, NY). 2016;

353(6301):823–6. Epub 2016/07/16. https://doi.org/10.1126/science.aaf8505 PMID: 27417494.

95. Wang R, Zhen Z, Turtle L, Hou B, Li Y, Wu N, et al. T cell immunity rather than antibody mediates

cross-protection against Zika virus infection conferred by a live attenuated Japanese encephalitis

SA14-14-2 vaccine. Appl Microbiol Biotechnol. 2020; 104(15):6779–89. https://doi.org/10.1007/

s00253-020-10710-z PMID: 32556415.

96. Yu L, Wang R, Gao F, Li M, Liu J, Wang J, et al. Delineating antibody recognition against Zika virus

during natural infection. JCI Insight. 2017; 2(12). Epub 2017/06/15. https://doi.org/10.1172/jci.insight.

93042 PMID: 28614803.

97. Allison SL, Stadler K, Mandl CW, Kunz C, Heinz FX. Synthesis and secretion of recombinant tick-

borne encephalitis virus protein E in soluble and particulate form. Journal of virology. 1995; 69

(9):5816–20. Epub 1995/09/01. https://doi.org/10.1128/JVI.69.9.5816-5820.1995 PMID: 7637027.

98. Graham BS, Gilman MSA, McLellan JS. Structure-Based Vaccine Antigen Design. Annual review of

medicine. 2019; 70:91–104. Epub 2019/01/30. https://doi.org/10.1146/annurev-med-121217-094234

PMID: 30691364.

99. Shen WF, Galula JU, Liu JH, Liao MY, Huang CH, Wang YC, et al. Epitope resurfacing on dengue

virus-like particle vaccine preparation to induce broad neutralizing antibody. eLife. 2018; 7. Epub

2018/10/20. https://doi.org/10.7554/eLife.38970 PMID: 30334522.

PLOS NEGLECTED TROPICAL DISEASES Zika virus-like particle vaccine development based on particle maturity

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010588 July 6, 2022 29 / 30

https://doi.org/10.4049/jimmunol.1801090
http://www.ncbi.nlm.nih.gov/pubmed/30413672
https://doi.org/10.3390/vaccines9060671
http://www.ncbi.nlm.nih.gov/pubmed/34207358
https://doi.org/10.1016/j.vaccine.2011.06.034
http://www.ncbi.nlm.nih.gov/pubmed/21718741
https://doi.org/10.3390/ph14090891
http://www.ncbi.nlm.nih.gov/pubmed/34577591
https://doi.org/10.1371/journal.pone.0149871
http://www.ncbi.nlm.nih.gov/pubmed/26977808
https://doi.org/10.1128/jvi.02147-16
http://www.ncbi.nlm.nih.gov/pubmed/27974563
https://doi.org/10.1586/14760584.2015.1083430
http://www.ncbi.nlm.nih.gov/pubmed/26366673
https://doi.org/10.1128/am.25.4.539-544.1973
http://www.ncbi.nlm.nih.gov/pubmed/4633476
https://doi.org/10.1080/21645515.2017.1285472
http://www.ncbi.nlm.nih.gov/pubmed/28301270
https://doi.org/10.1016/j.vaccine.2011.06.062
http://www.ncbi.nlm.nih.gov/pubmed/21723353
https://doi.org/10.1046/j.1365-2249.1997.4311446.x
http://www.ncbi.nlm.nih.gov/pubmed/9409636
https://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2021-09-29/01-TBE-Poehling-and-Hills-508.pdf
https://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2021-09-29/01-TBE-Poehling-and-Hills-508.pdf
https://doi.org/10.1016/s0065-3527%2803%2959005-4
http://www.ncbi.nlm.nih.gov/pubmed/14696329
https://doi.org/10.1126/science.aaf8505
http://www.ncbi.nlm.nih.gov/pubmed/27417494
https://doi.org/10.1007/s00253-020-10710-z
https://doi.org/10.1007/s00253-020-10710-z
http://www.ncbi.nlm.nih.gov/pubmed/32556415
https://doi.org/10.1172/jci.insight.93042
https://doi.org/10.1172/jci.insight.93042
http://www.ncbi.nlm.nih.gov/pubmed/28614803
https://doi.org/10.1128/JVI.69.9.5816-5820.1995
http://www.ncbi.nlm.nih.gov/pubmed/7637027
https://doi.org/10.1146/annurev-med-121217-094234
http://www.ncbi.nlm.nih.gov/pubmed/30691364
https://doi.org/10.7554/eLife.38970
http://www.ncbi.nlm.nih.gov/pubmed/30334522
https://doi.org/10.1371/journal.pntd.0010588


100. Halstead SB. Insights from direct studies on human dengue infections. Proceedings of the National

Academy of Sciences. 2019; 116(1):17. https://doi.org/10.1073/pnas.1819607116 PMID: 30545911

101. Dowd KA, Pierson TC. The Many Faces of a Dynamic Virion: Implications of Viral Breathing on Flavivi-

rus Biology and Immunogenicity. Annu Rev Virol. 2018; 5(1):185–207. https://doi.org/10.1146/

annurev-virology-092917-043300 PMID: 30265634.

102. Ferlenghi I, Clarke M, Ruttan T, Allison SL, Schalich J, Heinz FX, et al. Molecular organization of a

recombinant subviral particle from tick-borne encephalitis virus. Molecular cell. 2001; 7(3):593–602.

Epub 2001/07/21. https://doi.org/10.1016/s1097-2765(01)00206-4 PMID: 11463384.

103. Ohtaki N, Takahashi H, Kaneko K, Gomi Y, Ishikawa T, Higashi Y, et al. Immunogenicity and efficacy

of two types of West Nile virus-like particles different in size and maturation as a second-generation

vaccine candidate. Vaccine. 2010; 28(40):6588–96. https://doi.org/10.1016/j.vaccine.2010.07.055

PMID: 20678586.

104. Tan TY, Fibriansah G, Kostyuchenko VA, Ng TS, Lim XX, Zhang S, et al. Capsid protein structure in

Zika virus reveals the flavivirus assembly process. Nat Commun. 2020; 11(1):895. https://doi.org/10.

1038/s41467-020-14647-9 PMID: 32060358.

105. Gunawardana SA, Shaw RH. Cross-reactive dengue virus-derived monoclonal antibodies to Zika

virus envelope protein: Panacea or Pandora’s box? BMC infectious diseases. 2018; 18(1):641. https://

doi.org/10.1186/s12879-018-3572-0 PMID: 30526531.

106. Castanha PMS, Nascimento EJM, Braga C, Cordeiro MT, de Carvalho OV, de Mendonça LR, et al.

Dengue Virus-Specific Antibodies Enhance Brazilian Zika Virus Infection. The Journal of infectious dis-

eases. 2017; 215(5):781–5. Epub 2017/01/01. https://doi.org/10.1093/infdis/jiw638 PMID: 28039355.

107. Pattnaik A, Sahoo BR, Pattnaik AK. Current Status of Zika Virus Vaccines: Successes and Chal-

lenges. Vaccines (Basel). 2020; 8(2):266. https://doi.org/10.3390/vaccines8020266 PMID: 32486368.

108. Dejnirattisai W, Supasa P, Wongwiwat W, Rouvinski A, Barba-Spaeth G, Duangchinda T, et al. Den-

gue virus sero-cross-reactivity drives antibody-dependent enhancement of infection with zika virus.

Nature immunology. 2016; 17(9):1102–8. Epub 06/23. https://doi.org/10.1038/ni.3515 PMID:

27339099.

109. Pinto AK, Hassert M, Han X, Barker D, Carnelley T, Branche E, et al. The Ability of Zika virus Intrave-

nous Immunoglobulin to Protect From or Enhance Zika Virus Disease. Frontiers in immunology. 2021;

12. https://doi.org/10.3389/fimmu.2021.717425 PMID: 34552587
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