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ABSTRACT
Zika virus (ZIKV) causes moderate to severe neuro-ocular sequelae, with symptoms ranging from con-
junctivitis to Guillain-Barré Syndrome (GBS). Despite the international threat ZIKV poses, no licensed 
vaccine exists. As ZIKV and DENV are closely related, antibodies against one virus have demonstrated the 
ability to enhance the other. To examine if vaccination can confer robust, long-term protection against 
ZIKV, preventing neuro-ocular pathology and long-term inflammation in immune-privileged compart-
ments, BALB/c mice received two doses of unadjuvanted inactivated whole ZIKV vaccine (ZVIP) intramus-
cularly (IM) or cutaneously with dissolving microneedle patches (MNP). MNP immunization induced 
significantly higher B and T cell responses compared to IM vaccination, resulting in increased antibody 
titers with greater avidity for ZPIV as well as increased numbers of IFN-γ, TNF-α, IL- and IL-4 secreting 
T cells. When compared to IM vaccination, antibodies generated by cutaneous vaccination demonstrated 
greater neutralization activity, increased cross-reactivity with Asian and African lineage ZIKV strains 
(PRVABC59, FLR, and MR766) and Dengue virus (DENV) serotypes, limited ADE, and lower reactivity to 
GBS-associated gangliosides. MNP vaccination effectively controlled viremia and inflammation, prevent-
ing neuro-ocular pathology. Conversely, IM vaccination exacerbated ocular pathology, resulting in uncon-
trolled, long-term inflammation. Importantly, neuro-ocular pathology correlated with anti-ganglioside 
antibodies implicated in demyelination and GBS. This study highlights the importance of longevity studies 
in ZIKV immunization, and the need of exploring alternative vaccination platforms to improve the quality 
of vaccine-induced immune responses.

ARTICLE HISTORY 
Received 29 April 2020  
Revised 19 May 2020  
Accepted 23 May 2020 

KEYWORDS 
Zika virus; vaccination; 
neuro-pathology;  
auto-immunity

Introduction

The most severe consequence of adult Zika virus (ZIKV) infec-
tion is Guillain-Barré syndrome (GBS), a disease attacking 
peripheral nerves that can result in permanent neuro-ocular 
damage, such as macular degeneration.1–3 As ZIKV and other 
flaviviruses persist up to 6 months in immune-privileged tis-
sues such as brain, eyes, and genitals, these organs present 
a crucial focus for ZIKV vaccination research.4–6 Indeed, 
ZIKV infections are spread via multiple modes of transmission; 
transplacentally to developing fetuses, via breastfeeding to 
infants, and through sex, or mosquito bite. Infants that acquire 
ZIKV often present congenital Zika syndrome (CZS), with 
impaired visual and neurological development. Most notable 
among these is microcephaly;, however, recent reports note 
instances of neuro-ocular pathology among infants indepen-
dent of microcephaly.7,8 The multi-modal transmission of 
ZIKV, coupled with its long-term persistence and impact on 
brain and eyes, underlies the importance of developing an 
effective vaccine with potential for worldwide distribution.

The production of autoantibodies in GBS leads to enhanced 
tissue pathology and clinical symptomatology. As such, 

progressive paralysis of one or more limbs culminating in 
hyporeflexia or areflexia are diagnostic hallmarks of GBS, and 
can be fully manifested within 4 weeks.9 While other pathogens 
implicated in GBS, such as Campylobacter jejuni, develop 
pathology after pathogen clearance, ZIKV-induced GBS is 
initiated during infection.10–12 Long-term demyelination of 
CNS tissues and chronic neuroinflammation is common 
among GBS patients, and have been linked to T cell infiltration 
into these tissues.13,14 However, there is limited knowledge on 
the putative role of ZIKV-specific antibodies in initiating or 
sustaining neuro-ocular symptoms and the role that vaccina-
tion may play in their development.

Several publications have demonstrated the specific role of 
T cells in mediating brain pathology, such as synaptic 
degradation,13 and detailed the role of retinal epithelial cells 
in maintaining ocular immune-privilege via blood-barrier 
integrity.15,16 These studies often rely on a combination of 
human primary cell cultures and different mouse models. As 
flavivirus pathology is intricately linked to the host type I and 
type III interferon (IFN) response, many studies rely on short 
term observations in wild-type (WT) animals or utilize immu-
nocompromised animals to generate extreme pathology. For 
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example, Singh et al. provided a thorough transcriptional ana-
lysis of cellular responses after intra-ocular injection of ZIKV 
into either WT or ISG15 deficient C57BL/6 mice and demon-
strated the rapid induction of inflammation in retinal cells.15 

This inflammation corresponded to retinal lesions within WT 
mice that persisted up to 96 hours after infection. Despite 
evidence that ZIKV-induced neuro-ocular pathology develops 
in a variety of murine models, few studies seek to evaluate the 
synergy between this pathology and humoral immune 
responses following vaccination.

There are at least 29 ZIKV vaccine candidates in various 
stages of clinical trials, with 45% of US-based candidates utiliz-
ing Zika virus inactivated particles (ZVIP)17–21 in conjunction 
with adjuvants, administered subcutaneously (SC) or intra-
muscularly (IM).22,23 These candidates are often are co- 
administered with an alum adjuvant.19–21 In this study, we 
generated a Zika virus inactivated particle (ZVIP) vaccine 
using the Asian lineage PRVABC59 strain and implemented 
investigated two routes of delivery,: IM and or cutaneous with 
dissolving polymer microneedle patches (MNP) encapsulating 
the vaccine.24–26 By targeting the cutaneous vaccine to epider-
mal keratinocytes, Langerhans cells, and dermal dendritic cells, 
we aimed to mobilize unique immunological mechanisms and 
signaling pathways from the vaccination site to draining lymph 
nodes, enhancing ZIKV-specific B and T cell responses.27,28 

We have previously demonstrated that MNP immunization 
confers superior immune responses compared to conventional 
IM vaccination in adult BALB/c mice,29,30 and in high-risk 
populations.31 Hence, we considered the MNP approach as 
more effective for a mosquito-borne infection because epithe-
lial cells are early ZIKV infection targets32 and protection can 
be conferred using skin-resident memory T cells.33

MNP immunization with ZVIP was juxtaposed to IM 
immunization to test our hypothesis whether vaccine delivery 
via the skin can induce potent, long-lasting, and broadly pro-
tective immune responses using an immunocompetent BALB/ 
c mouse model. This strain was selected over C57BL/6 mice for 
its ability to generate robust humoral responses in vaccination 
studies and for the less invasive approach to generate neuro- 
ocular symptoms; while BALB/c mice can present pathology of 
these compartments following intravenous infection with 
ZIKV, C57BL/6 mice require intracranial injection in order 
to achieve similar ZIKV neuro-ocular pathology.34 Here, we 
seek to build on existing vaccine candidates by using a prime- 
boost administration approach to investigate kinetics, magni-
tude, and quality of immune responses, evaluate if vaccination 
confers robust protection against infectious challenge, and to 
correlate reductions in auto-reactive antibodies and neuro- 
ocular pathology with vaccination routes.

Methods and materials

Cells and virus stocks

Vero cells (ATCC, CCL-81) for virus propagation and titration 
were maintained in DMEM (Mediatech, 10–013-CV) contain-
ing 10% fetal bovine serum (FBS; Hyclone, Thermo Scientific, 
SH3007103), HEPES (Corning, H3537) and 1% Penicillin/ 
Streptomycin (Corning, 30–002-CI). ZIKV stocks were 

generated from the African lineage Uganda strain (MR766, B. 
E.I. resources, NR-50085) and the Asian lineage, Caribbean 
isolate from Puerto Rico (PRVABC59, generously provided 
by Dr. Scott Michael and Dr. Sharon Isern at Florida Gulf 
Coast University). The FLR strain from Colombia was 
obtained from B.E.I (B.E.I. resources, NR-50183). Resources. 
Dengue virus strains (DENV1/Hawaii/1944, DENV2/16681/ 
Thailand/1964, DENV3/H87/Philippines/1956, and DENV4/ 
UNC4019/Colombia/2006) were generously provided by 
Dr. Joshy Jacob of Emory University. All viruses were propa-
gated in Vero cells for 7 days at 37°C. After the tenth passage, 
culture supernatants were collected and cell debris was cleared 
by centrifugation at 3,000xg for 10 minutes at 4°C. Viral 
harvest was then filtered using 0.22-micron filters (Sigma, 
Z741966). Culture supernatants were concentrated using 
Amicon centrifugal concentration filters (EMD Millipore, 
C7715) by centrifugation at 4,000xg for 30 minutes. As the 
ZIKV virion is approximately 50 nm in diameter, we used the 
100 NMWL variant filters to maximize the recovery. Finally, 
viral supernatants were purified by discontinuous 20–60% 
sucrose gradient, where they were diluted 1:5 with FBS before 
final storage at −80°C.35

Virus titration

Viral stocks were titrated by plaque assay performed in Vero 
cells as previously described.36 Focus-forming assays were per-
formed as previously described.37 Blue foci were counted, and 
titers were calculated by foci numbers in infectious volume (# 
of foci x infectious volume x conversion factor to ml x dilution 
factor). FFU and PFU are equivalent in that both are quantifi-
cation methods. In this study, PFU assays and FFU assays 
resulted in similar titers.

Trans-well focus-forming assay
To evaluate if live virus can be isolated from systemic and 
privileged tissues and bodily fluids, we adapted a trans-well 
infectious system similar to a monocyte chemotaxis assay used 
for Japanese Encephalitis Virus.38 Tissue homogenates and cell 
suspensions were then added onto 0.4 µm trans-well insert 
systems (Corning, CLS3396) overtop sterile Vero cells. Live 
virus released from cells in contact with the insert filtered 
through the membrane to infect permissive Vero cells below 
to provide a measure of tissue-specific live viral load as 
opposed to quantifying the amount of vRNA present in tissues.

Vaccine preparation

ZIKV-PRVABC59 stocks were prepared as detailed above and 
were titrated with plaque assay and FFA.36 Viral stocks were 
inactivated with 0.04% formalin for 7 days at 22°C and sub-
jected to membrane dialysis39 to remove formalin.40 Stocks 
were then tested for successful inactivation by plaque assay 
and FFA in Vero cells.

ZIKV incorporation into MNP

MNPs were fabricated and underwent quality control testing as 
previously described.41 Briefly, MNPs containing the vaccine 
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were dissolved in PBS, ran on a 10% SDS-PAGE gel and 
immune-stained with anti-ZIKV E-protein antibody (EMD 
Millipore, MAB10216) in order to visualize protein bands 
and to determine successful incorporation of the inactivated 
virus. MNPs were fabricated in a two-step process with poly-
dimethylsiloxane (PDMS) molds as previously described.42 

MNPs were prepared by sequentially casting the first-cast solu-
tion to fill the mold cavities and the second-cast solution to 
cover the mold surface (corresponding to the MNP patch 
backing). The MN patches were removed from the molds and 
attached to adhesive paper discs. Patches were inspected via 
light microscopy for integrity and uniformity

Animal strains and housing

Female BALB/c mice (Charles River Laboratories) were housed 
in a biosafety level 1 facility at Emory University’s Division of 
Animal Resources and viral infection experiments were per-
formed on animals housed in a Biosafety Level 3 facility at 
Emory University’s Division of Animal Resources. All experi-
ments were conducted in accordance with protocols 
(DAR2002950-122617BN) approved by Emory University’s 
Institutional Animal Care and Use Committee (IACUC) and 
in accordance with guidelines with the United States Federal 
Animal Welfare Act (PL 89–544) and subsequent amend-
ments. At the time of vaccination, mice were 5–6 weeks old.

Vaccination protocol

BALB/c mice were vaccinated with 4 µg of whole, inactivated 
ZIKV. Vaccine was administered via MNP43 or IM injections 
using a prime-boost vaccination schedule. Mice were anesthe-
tized using a ketamine/xylazine cocktail, and MNP patches 
were administered to the caudal side of the dorsum using direct 
pressure for 1 minute, and then left for 20 minutes.27 Thirty 
days after prime vaccination, mice received an identical booster 
immunization, and were then infected 30 days later. Antibody 
kinetics were performed on days 7 and 30 post-prime vaccina-
tion, and again on days 7, 14 and 30 post-booster vaccination.

Animal infection, tissue and biological fluid sampling

Mice were infected with 1 × 106 FFU of ZIKV-PR virus intra-
venously (IV).44 Serum or platelet-poor plasma (PPP) was 
collected 0, 3, 6, 10, 30, 40, 60, 80, 100, and 120 days post- 
challenge; plasma was collected in citrate buffer and stored at 
−20°C until use. Small groups of mice were euthanized at 10 
and 100 DPI. Tissues were collected and processed for histol-
ogy, homogenized in protease inhibitors and RNase inhibitors 
(ThermoFisher Scientific, Waltham, MA) for infectivity and 
qRT-PCR studies. In the remaining mice, tears were collected 
via PBS gavage 100 DPI and after euthanasia. Tissues (brain, 
eyes, genital organs, liver and spleen) were collected and pro-
cessed for infectivity experiments, histology, and inflammatory 
markers. Ocular tissues were not perfused prior to harvest to 
avoid structural and cellular changes induced by the perfusion 
process,45 as functional morphology of the retina correlates 
directly with fluid pressure in the choroid. For both FFA and 
qRT-PCR quantification methods, tissues were homogenized 

after mincing and passaged through 40 µm cell strainers 
(Fisher Scientific, 08–771-1). They were further digested with 
1 mg/ml of Collagenase IV (Worthington, LS004189) for 
30 minutes at 37°C, and the purified through 40 µm cell 
strainers. Homogenates were separated using a Percoll 
(Millipore Sigma, P1644) density gradient,46,47 and cell suspen-
sions were isolated for qRT-PCR and FFA trans-well studies. 
One eye from each animal was used for FFA and qRT-PCR 
experiments, and the other was used for tissue sectioning for 
microscopy studies.

RNA isolation and qRT-PCR

Total RNA was extracted from tissues using Trizol (Ambion, 
15596018). Tissues were homogenized into Trizol reagent 
using the FastPrep-24 5 G homogenizer (MP Biomedicals). 
Total RNA was isolated using the PureLink RNA mini-kit 
(Ambion, 12183025). Purified RNA was quantified, checked 
for quality assurance via NanoDrop Spectrometry 
(ThermoFisher, ND200), and then reverse transcribed with 
the qScript Reverse Transcription kit (QuantaBio, 95047). 
For quantification of vRNA, a standard curve was generated 
using 10-fold serial dilutions of ZIKV RNA standard. qRT- 
PCR for ZIKV prM-E was performed with TaqMan Gene 
Expression Master Mix, ZIKV Primers, and probe as pre-
viously described.48 The standard curve had an R2 value 
greater than 0.99. vRNA copies were interpolated from the 
standard curve using the average Ct value obtained from 
samples run in triplicate. qRT-PCR for GAPDH, IL-1β, 
TNF-α, IL-10, SOCS3, MMP2, MMP9, and COX2 were per-
formed with PerfeCTa SYBR Green SuperMix Low Rox 
(Quantabio, #95056-500). Primers for GAPDH, IL-1β, 
TNF-α, IL-10, SOCS3, and COX2 were as previously 
described.49 MMP2 primers were as follows; forward 5ʹ- 
AACGGTCGGGAATACAGCAG-3ʹ; reverse 5ʹ-GTAAAC 
AAGGCTTCATGGGGG-3ʹ. MMP9 primers were as follows; 
forward 5ʹ-AACCTCCAACCTCACGGACA-3ʹ; reverse 5ʹ- 
AGGTTTGGAATCGACCCACG-3ʹ. Data was analyzed 
using the ∆∆Ct method to determine normalized relative 
expression.

Ocular and brain symptomatology

At the same time points of blood collection post-infection, 
animals were assessed for ocular and motor/neural symptoma-
tology. Behavioral tests to characterize pathogenesis in our 
mouse model were adapted from the Department of 
Molecular & Comparative Pathobiology’s 2015 Lab Manual 
from Johns Hopkins University School of Medicine.50 These 
assessments were identified and further researched with the 
explicit aim to evaluate visual and motor function following 
ZIKV infection.

Visual placement reflex
A reaching reflex test, or visual placement assessment measures 
optic function and can also potentially indicate inflammation 
in parietal and occipital lobes of the brain.51,52 It is performed 
by holding the mouse gently by the tail suspended approxi-
mately 1–2 feet above a solid cage grate surface.50 The mouse is 
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then vertically lowered slowly toward the grate, taking note not 
to allow whiskers to contact the surface. A mouse with normal, 
average visual capabilities will attempt to reach toward the 
surface. A mouse that is blind, with impaired vision, or spatio- 
temporal problems will not attempt to reach until the whiskers 
contact the surface. Alternatively, the impaired mouse may also 
try to bend backwards on itself, in attempt to right itself using 
its awareness of gravity.

Palpebral reflex
Alternatively called the corneal reflex, it measures optic func-
tion and indicates potential inflammation in central nervous 
tissue connected to the optic tract, such as the trigeminal nerve, 
occipital lobe, and parietal lobes of the brain.53,54 It is per-
formed by using a teased-out cotton tipped applicator. The 
mouse is held steady, and the cotton is gently touched against 
the cornea.50 The blinking response is assessed on a scale of 0 
to 3. On this scale, 3 represents a hyper-repetitive blinking in 
response to corneal stimulation; 2 equivocates to a normal, 
quick blink response; 1 corresponds to a slow blink or 
a closure response to stimuli; and a score of 0 indicates there 
was no response to corneal stimuli. Impaired or absent reflex 
responses suggests deteriorated motor/neural capabilities, eye 
function, and potential neurological inflammation.

Rear limb withdrawal
The limbic withdrawal test measures motor neuron responses 
in mice, and can indicate arthralgia in limb joints, and/or 
inflammation of motor neurons.55,56 The mouse is allowed to 
grip onto a surface and steadied by the tail.50 One of the hind 
limbs is gently picked up and pulled taut at a 45° angle. The 
limb is then released, and the withdrawal of the limb is scored 
on a scale 0 to 3. On this scale, 3 represents a hyper-active 
response; 2 equivocates to a normal quick withdrawal of the 
limb back to normal position; 1 corresponds to a slow response 
to stimulus; and a score of 0 indicates there was no response, 
and leg drops to the ground and does not return to normal 
position.

Grip time assessment
The grip time assessment quantitatively evaluates mouse mus-
cular capabilities and indicates potential arthralgia and mus-
cular coordination issues.57,58 The test was performed by 
placing a mouse on a grated cage lid, and the grate was sus-
pended 1–2 feet above the bench-top or cage.50 The mouse and 
grate were gently shaken for 1 minute, and then rapidly 
inverted to bring the mouse into an upside-down position. 
The time the mouse could successfully hold on without falling 
off the grate was recorded. Healthy mice are expected to be able 
to hold onto the grate for a minimum of 1 minute. Any 
recordings less than 60 seconds were considered abnormal.

Histopathology and immunofluorescence of eyes and 
brain

To evaluate tissue infectivity, viral burden, and infection- 
induced histopathology, eyes and brains were harvested from 
5 out of 20 total mice per group at 10 and the remaining at 100 
DPI. The tissues were fixed in 10% formalin solution, followed 

by paraffin embedding for 8 µm sectioning. Sectioning of brain 
tissues was performed at the Neuropathology/Histochemistry 
core of the Emory NINDS Neurosciences Core Facility (P30 
NS055077), sectioning and H&E staining of eye tissues was 
performed by the L.F. Montgomery Ophthalmology Pathology 
core.

Immunofluorescent staining
Slides were de-waxed and rehydrated using sequential washes 
of xylene, ethanol, and distilled water. Antigens were 
unmasked and retrieved by submersion in sodium citrate buf-
fer (10 mM, pH 6.0) for 10 minutes at 56°C. Aldehyde auto- 
fluorescence was quenched in a humidified chamber using 3 M 
glycine solution, and lipofuscin auto-fluorescence was 
quenched using Sudan-Black B. Slides were then blocked in 
bovine serum albumin (2% BSA)-TBS. Primary antibody 
diluted in 1% BSA in PBS buffer was added directly on top of 
each section, and slides were incubated overnight at 4°C. The 
4G2 antibody (Millipore, MAB10216) was used for viral infec-
tivity analysis. Myelination studies utilized anti-MBP-Alexa 
Fluor488 (SantaCruz, sc-271524), anti-Vimentin (Abcam, 
ab92547), and anti-Myelin PLP (Abcam, 28486) antibodies. 
Secondary antibodies were fluorescently conjugated (Anti- 
Mouse Alexa594, Biolegend #405326; Anti-rabbit Alexa547, 
Abcam, ab150167; Anti-mouse Alexa488, Invitrogen, 
A10667), diluted in 1%BSA in PBS solution and incubated 
for 2 hours at room temperature. Prolong Gold Antifade 
mounting medium with DAPI (Thermo-Fisher, P36931) was 
applied, and slides were covered with a coverslip. Images were 
taken on Zeiss AxioScope microscopes via SPOT-advanced 
imaging software. Images were processed in Fiji/ImageJ.

TUNEL staining
TUNEL stain was selected because for the broad range of cell 
death pathways it stains for, i.e. apoptosis, necrosis, and 
pyroptosis.59–61 While there is no definitive way to discern 
between these pathways via TUNEL stain, DNA fragmentation 
does occurs in all of these cell death pathways, making it 
preferable in this study where we seek to identify cell death 
induced by infection rather than specific pathways. Terminal 
deoxynucleotidyl transferase dUTP nick end labeling, or 
TUNEL, staining was performed according to manufacturer 
protocol (Abcam, ab66110). Slides were de-waxed and rehy-
drated using sequential washes of xylene, ethanol, and distilled 
water. Antigens were unmasked and retrieved by submersion 
in sodium citrate buffer (10 mM, pH 6.0) for 10 minutes at 56° 
C. Aldehyde auto-fluorescence was quenched in a humidified 
chamber using 3 M glycine solution, and lipofuscin auto- 
fluorescence was quenched using Sudan-Black B. Slides were 
then blocked in bovine serum albumin (2% BSA)-TBS. Slides 
were then washed in PBS and blocked using a proteinase 
K solution for 5 minutes at room temperature. Wash slides 
with PBS and then label fragmented DNA using TdT enzyme, 
enzyme buffer, and Br-dUTP (Abcam, ab66110). Prolong Gold 
Antifade mounting medium with DAPI (Thermo-Fisher, 
P36931) was applied, and slides were covered with 
a coverslip. Images were taken on Zeiss AxioScope micro-
scopes via SPOT-advanced imaging software. Images were 
processed in Fiji/ImageJ.
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Quantification of MBP, Myelin PLP, and 4G2 positive cells
Corrected total cellular fluorescence (CTCF, also called nor-
malized MFI) was determined as described by Lourenço et al. 
for both MBP, myelin PLP, and vimentin stains.62 Similarly, to 
determine the percentage of 4G2 positive cells, DAPI foci and 
4G2 cells were enumerated both manually and automatically, 
using the “Threshold” and “Analyze particles” functions in 
FIJI/ImageJ. The percent of infected cells was then calculated 
as the number of 4G2 positive cells was divided by the number 
of DAPI positive foci.

Antibody titration and characterization

ELISAs
Anti-ZIKV specific antibodies were determined by coating 
flat bottom, 96-well Nunc MaxiSorp plates (Thermo-Fisher, 
44–2404-21) with 4 µg/ml of inactivated virus stocks, diluted 
in sodium bicarbonate buffer. Plates were incubated over-
night at 4°C, washed with PBS-Tween 0.5%and blocked with 
2% BSA in PBS for 1 hour. Individual PPP samples were run 
in duplicate and incubated for 2 hours at 37°C. The standard 
curves were generated with appropriate purified mouse 
immunoglobulins and isotype-specific HRP-labeled detection 
antibodies (Southern Biotech, Birmingham, AL). Sample IgG 
concentrations were determined by interpolation from stan-
dard curves. Anti-ganglioside specific antibody concentra-
tions were determined similarly. Flat bottom, 96-well Nunc 
MaxiSorp plates were coated with 2 µg/ml of either GD1a, 
GD1b, or GT1a ganglioside (SantaCruz, sc-202621, sc- 
202622, sc-202629, respectively). Standard wells were coated 
as described above. PPP samples were diluted. Standard curve 
antibodies and development of plates was performed as 
described previously.63 The avidity index was determined 
using Prism 7.03 Software (GraphPad, La Jolla, CA) by calcu-
lating the molar concentration of the chaotropic agent 
required to reduce the initial optical density by 50% as pre-
viously described.63

Focus-forming reduction by neutralization assay (FFRNT)
Heat-inactivated PPP samples were diluted serially and com-
bined with 100 FFU live virus. Antibody dilutions and virus 
were co-incubated for 1 hour at 37°C, and then added over 
Vero cells for 24 hours. The focus-forming assay was per-
formed as described.37

Avidity
Competitive ELISA with chaotropic inhibition was performed 
as described previously.63

Flow cytometry identification of activated cellular subsets
Skin draining (inguinal) lymph nodes were collected at 7 and 
14 DPV to evaluate the presence of activated TFH cells, CD8+ 

follicular cells, and GC B-cells. Spleens were also collected at 7 
and 14 DPV (−53 and −46 DPI) to evaluate the presence of 
recently activated T-cell populations, as well as for differen-
tiated B-cell subsets.41 Samples were acquired on an LSR II flow 
cytometer (BD Biosciences) and data were analyzed with 
FlowJo (FlowJo LLC, BD, v9.9) (Gating strategies available in 
SFigure 2A, B, and C).

ELISpot
ELISpot assays were performed and quantified as described 
previously.63

Antibody-dependent enhancement assay
ADE assay protocol was performed as described using U937 
cells.37 The cells were maintained in suspension in complete 
RPMI medium. Cells were stained with 4G2 antibody (EMD 
Millipore). Samples were run on a CytoFLEX LX system at 
Pediatrics/Winship Flow Cytometry Core of Winship Cancer 
Institute of Emory University, Children’s Healthcare of Atlanta 
and NIH/NCI, which is supported under the award number 
P30CA138292.

Statistical analysis

Correlation analysis was performed on vRNA titers deter-
mined by qRT-PCR for brain and eyes to determine 
a relationship with raw reflex scores. Pearson’s correlation 
coefficient with a two-tailed p-value were calculated for each 
of the four reflexes. For ELISA assays, linear regression tests to 
interpolate OD values into concentrations. For ELISPOT, flow 
cytometry, co-culture assays, and qRT-PCR, two-way ANOVA 
followed by Bonferroni’s Post Hoc test for multiple compar-
isons was used to analyze differences between vaccination 
groups, as well as between vaccinated and unvaccinated groups 
following infection. Two-way ANOVA with Bonferroni’s post- 
hoc was also used to determine differences between uninfected 
and infected groups, as well as between vaccination groups for 
all reflex assessments performed. For immunofluorescence 
assays, two-way ANOVA was used to compare difference hip-
pocampal and cortical regions, as well as between early and late 
timepoints. Non-linear regression analysis was performed to 
determine the IC50 (95% confidence interval) for avidity and 
neutralization assays. A p-value less than 0.05 was considered 
significant.

Results

MNP vaccination induced a greater concentration of 
vaccine-specific antibodies with higher avidity

he role of autoreactive CD8+ T cells has been well documen-
ted in regard to ZIKV neurological pathology, but the puta-
tive interplay of autoantibodies has been neglected despite the 
obvious connection between self-reactive antibodies and 
GBS.13 Here, we utilized two vaccination strategies to inves-
tigate their effect on antibody magnitude, quality, and pro-
tective immunity against viral infection. Two cohorts of mice 
were vaccinated as per the schematic in Supplementary Figure 
1A using either intramuscular injection (IM), cutaneously 
delivery using dissolving polymer microneedle patches 
(MNP), or an empty MNP as a mock vaccination control. 
All animals received a primary vaccination of 4 µg of ZVIP 
injected either by IM or MNP, and were then monitored for 
30 days. After 30 days, animals received a booster vaccination 
that was identical to the prime in both dose and administra-
tion route, and subsequently monitored for an additional 
30 days.
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Prior to all vaccination experiments, ZVIP incorpora-
tion into the MNPs was confirmed qualitatively by 
microscopy to visualize ZVIP vaccine combined with 
sulforhodamine dye and by Western blot (Fig S1B). 
Patches with – vaccine mixed with vital dye (sulforhoda-
mine) are pictured after patch casting and after needle 
dissolution in porcine cadaver skin (Fig SB-i and ii, 
respectively) Vaccine delivery into porcine cadaver skin 
was verified by the presence of dye deposition (Fig S1B- 
iii). Vaccine concentration in the new patches and used 
patches was quantitatively estimated with sandwich 
ELISA. The difference in concentration between new 
and used patches allowed us to calculate the percentage 
of vaccine delivery in the skin and thus adjust the dose to 
match those delivered with needle and syringe. MNPs are 
simple-to-administer skin patches that contain water- 
soluble, solid, conical needles of microns dimensions 
that encapsulate vaccine.24–26 Upon painless application 
to skin, the microneedles dissolve and release the vaccine 
within minutes, after which the used patch can be dis-
carded as non-sharps waste. To ensure the ZVIP vaccine 
was successfully incorporated in patches, we ran 
a western blot to confirm the presence of ZVIP in cast 
patches (SFig1-Biv).

Antibody kinetics of ZVIP-specific IgG, IgG1, and IgG2a 
were evaluated by ELISA (Figure 1). MNP vaccination gen-
erated at least 10-fold greater total IgG as early as 7 days 
after vaccination (−53 DPI) compared to IM vaccination 
(Figure 1a). MNP-induced total IgG concentrations 
remained 10-fold greater for all time-points prior to infec-
tious challenge. IgG1 induced by MNP showed an immediate 
spike of antibodies, followed by a plateau of concentration 
for the remaining time-points. IM-induced IgG1 showed 
a gradual increase in titer concentration that increased 
further after the booster vaccination (Figure 1b). MNP and 
IM vaccinations demonstrated similar kinetic trends for 
IgG2a concentrations, but MNP vaccine recipients had con-
sistently 4.4- to 50-fold greater concentrations of IgG2a than 
IM vaccinated mice (Figure 1c). Prior to infectious challenge, 
30 days after booster vaccination (0 DPI), we measured 
antibody avidity as an index of antibody maturation and 
quality (Figure 1d). MNP generated antibodies demonstrated 
IC50 of 1.365 M, and IM antibodies had an IC50 of 0.683 M, 
a 2.2-fold difference (p = .023). This data demonstrates that 
MNP patches induce greater concentrations of vaccine- 
specific antibodies, and that after a prime and booster vacci-
nation animals that received MNPs have antibodies with 
greater avidity for vaccine-antigen.

Figure 1. Cutaneous vaccinations induced greater antibody concentrations that 
bind with higher avidity. Animals received a prime vaccination 60 days prior to 
infectious challenge (−60 DPI) by either IM or MNP, and were then monitored 7 
and 14 days after vaccination (−53 and −46 DPI). Animals received a duplicate 

vaccination that was identical in route and dosage, termed booster, 30 days after 
vaccination (−30 DPI). After booster vaccination, animals were again monitored 7 
and 14 days (−23 and −16 DPI). Vaccine-specific IgG total (a), IgG1 (b), and IgG2a 
(c). Vertical lines denote prime and booster vaccination administration and also 
identify 0 DPI as the day animals were challenged. (All N = 10) (d) Antibody avidity 
was determined by chaotropic competitive ELISA (N = 10). The dotted horizontal 
line denotes the IC50, or the concentration of thiocyanate needed to remove 50% 
of antibodies bound to vaccine-antigen. Antibody-antigen binding (Ab-Ag) is 
analyzed using a non-linear analysis (Log (inhibitor) vs response with a variable 
slope) to determine the logIC50. Error bars represent standard deviation for all 
panels.
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MNP vaccinations induced sustained B and T cell 
responses while IM vaccination induced ephemeral T cell 
secretory responses

ZVIP-specific CD8+ and CD4+ T cells impact viral pathogen-
esis and have established roles in autoreactive demyelination 
and chronic neuroinflammation; as such, cellular responses 
after a single vaccination were also evaluated. The frequency 

of germinal center (GC) B cells, follicular helper T cells (TFH), 
follicular CD8+ T cells, and CD4+ and CD8+ cells in inguinal 
lymph nodes (ILN) and spleen suspensions were quantitated 
(gating strategies in Fig S2). CD19+CD3ε−GL7+FAS+ ILN GC 
B cell levels were 10-fold higher in ZVIP-MNP than IM groups 
as early as 7 days post-vaccination (DPV; −53 DPI) (Figure 2a– 
i) and 20-fold higher by 14 DPV (−46 DPI) (p < .0001, p = .02 

Figure 2. Cutaneous vaccination generated greater B and T cell responses within 2 weeks after of vaccination. (a) Kinetics of cellular responses to a single vaccination 
were evaluated in immune competent female BALB/c mice 7 and 14 DPV (−53 and −46 DPI). Germinal center B cell (i), TFH cell (ii), and follicular CD8+ cell (iii) kinetics 
were evaluated in inguinal lymph nodes, ILN, (N = 10 for −53 DPI; 5 for −46 DPI). Splenic plasmablasts (iv) plasma cell frequencies (v) were also evaluated for systemic 
humoral responses (N = 5 for −53 and −46 DPI). Two-way ANOVA test was used to compare vaccine administration routes between vaccination groups and corrected 
using Sidak post-host analysis. CD4+ and CD8+ T cell subsets at 7 (b) and 14 (c) days post prime vaccination (−53 and −46 DPI) were analyzed for secretion of IFNγ (i), 
TNFα (ii), IL-2 (iii), and IL-4 (iv) (N = 5). Two-Way ANOVA test was used to compare vaccine administration routes and corrected using Sidak post-host analysis. For all 
panels, * is p < .05, ** is p < .01, *** is p < .001, and **** is p < .0001. Error bars represent standard deviation for all panels.
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respectively). The frequencies of TCRβ−/B220+/CD138+ sple-
nic plasmablasts were 2-fold 7 DPV (−53 DPI) and 3-fold 14 
DPV (−46 DPI) higher in the MNP group compared to IM 
(p < .0001) (Figure 2a–iv and v). TCRβ−/B220−/CD138+ splenic 
plasma cells were 3-fold 7 DPV (−53 DPI) and 2-fold 14 DPV 
(−46 DPI) in the MNP group compared to the IM group 
(p < .0001).

IM immunization elicited an early, significant spike of 
CD19−/CD3ε+/CD4+/CXCR5+/PD-1+CD4+ and CD19−/ 
CD3ε+/CD8+/CXCR5+/PD-1+CD8+ follicular T cell frequen-
cies. At 14 DPV (−46 DPI), follicular T cell subsets contracted 
10-fold in IM vaccinees from 10% to <1% but remained con-
stant at 3% in MNP vaccinees (7 DPV p < .0001; 14 DPV 
p = .0019; −53 DPI p = .0001) (Figure 2a–ii and iii). IFN-γ, 
IL-2, IL-4, or TNF-α secretion among CD4+ T cells was 3-fold 
greater in IM than MNP groups 7 DPV (−53 DPI; p < .0001, 
p = .0013) (Figure 2b). By 14 DPV (−46 DPI), MNP immuniza-
tion increased the frequency of CD4+ T cells secreting IFN-γ by 
87.1-fold, TNF-α 21.7-fold, IL-2 53.4-fold, and IL-4 26.1-fold 
(all p < .0001) (Figure 2c), suggesting delayed activation of 
CD4+ T cells due to an antigen-depot effect.27 MNP-induced 
CD8+ T cell secretion was low 7 DPV (−53 DPI) but was still 7- 
to 10-fold higher than IM (IFN-γ p = .0026; TNF-α p < .0001; 
IL-2 p < .0001; IL-4 p = .0018) (Figure 2b). Importantly, IM 
vaccination-induced CD8+ T cells were indistinguishable from 
blank vaccinated controls, while MNP vaccination-induced 
CD8+ secreting cells were 16–25% greater than IM groups (all 
p < .0001) (Figure 2b).

Overall, our data suggests that MNP vaccination induces 
greater cellular responses in addition to ZVIP-specific antibo-
dies of superior immunological quality. Systemic vaccination 
appears to offer an ephemeral CD4+ T cell response that does 
not persist beyond 7 DPV (−53 DPI), whereas MNP vaccina-
tion not only induces elevated and persistent CD4+ and CD8+ 

T cells in LN and spleen, but that these populations expand 
continually after vaccination.

Unadjuvanted IM vaccination offered little protection 
against infectious challenge

Animals were challenged with live virus that was homologous 
to the vaccine strain 30 days after receiving a booster vaccina-
tion. To evaluate vaccine protective efficacy, weight changes 
were monitored post-challenge up to 120 DPI; both MNP and 
IM vaccination protected against weight loss (Figure 3a). MNP 
vaccinees did not lose weight after infection and IM vaccinees 
lost a maximum of 5% of their starting weight 6 DPI. Blank 
controls showed 10% weight loss 6 DPI, followed by a slow 
recovery of weight (Figure 3a).

As ZIKV has demonstrated persistence in human organs 
and fluids for ≥200 days,64 we evaluated viral burden in brain, 
eyes, and plasma 10 and 100 DPI. Thus, we quantified viral 
burden in tissues and secretions with a focus-forming assay 
(FFA) co-culture, where homogenized tissues were used in 
a trans-well system over permissive Vero cells.38 

Homogenized tissues shed live virus through the membrane 
pores, infected permissive sterile cells below, and provided 
FFU/ml for each tissue. Homogenates were not added directly 
to monolayers because this does not discriminate if the cells are 

permissive to infection and a productive infection. Previous 
concerns were raised that ZIKV would not propagate in WT 
BALB/c tissues due to STAT non-homology. Thus, they were 
evaluated here to specifically identify if live virus was being 
shed from the tissues. Compared to IM vaccinations, MNP- 
vaccinees co-cultures exhibited 10- and 15-fold lower viral load 
for brains and eyes, 24- and 13-fold less for spleen and liver, 
and 11-fold less for tears and plasma at 100 DPI (all p < .0001) 
(Figure 3b). qRT-PCR quantification of vRNA mirrored FFA 
co-culture findings, where MNP vaccinations showed 6.4-, 
3.6-, and 4.1- fold less vRNA in brain, eyes, and plasma, 
respectively at 100 DPI (p ≤ 0.0001 for all groups) (Figure 3c).

The development and severity of neurological and ocular 
pathology was assessed by clinical reflexes up to 120 days after 
infectious challenge. For palpebral reflexes, MNP recipients 
exhibited a nadir at 10 DPI, with approximately 60% of animals 
showing loss of palpebral reflex (p = .0013 for 6 DPI, p < .0001 
for all other time-points), while blank controls show a nadir at 
6 DPI (Figure 3d). After this sharp decline, symptoms waned 
and animals recovered, with only 10% of animals demonstrat-
ing hyporeflexia at 120 DPI. IM recipients showed an immedi-
ate impairment in reflexes, with 45% of animals showing 
areflexia as early as 3 DPI, with the lowest score at 10 DPI, 
and long-term persistence up to 120 DPI. MNP vaccinees 
showed minimal loss of visual placement reflex, with only 
15% of animals showing areflexia in a cyclical pattern, poten-
tially indicating host inability to control viremia long-term and 
a periodic reemergence of virus from privileged compartments. 
In contrast, IM vaccination resulted in a 50% impairment of 
visual placement reflex within 6 DPI, with 70% of animals 
showing areflexia at 30 DPI, and persistent loss of visual place-
ment abilities up to 120 DPI (all p < .0001) (Figure 3e).

Rear limb withdrawal kinetics showed a trend similar as that 
observed with palpebral reflex, where MNP vaccinated animals 
demonstrated the maximum loss of reflex ability 10 to 30 DPI 
with approximately 40% showing hyporeflexia (Figure 3f). Of 
these, 30% exhibited a partial recovery and ultimately only 10% 
had persistent hyporeflexia 120 DPI. In contrast, IM vaccinated 
mice showed two negative peaks at 10 and 40 DPI, with 65% of 
animals suffering from hyporeflexia (6 DPI p = .01; 10 DPI 
p = .0014; 40 DPI p = .0004; 80, 100 and 120 DPI p < .0001). 
These animals underwent a periodic cycle of convalescence and 
reemergence of symptoms, and 60% of them showed persistent 
loss of withdrawal reflexes (Figure 3f). Finally, IM and MNP 
recipients demonstrated 2.8- and 2.1-fold lower grip times 6 
DPI, respectively, with MNP vaccine recipients showing 
a gradual recovery across the time-course and reaching normal 
scores by 60 DPI. IM vaccinated animals, on the other hand, 
maintained reduced grip times significantly lower than unin-
fected/blank vaccinated control group until 100 DPI (40 DPI 
p = .0002; 60, 80, and 100 DPI p < .0001) (Figure 3g).

IM vaccination exacerbated intraocular pathology 
without protecting against infection or cell death

Ocular pathology was evaluated 10 and 100 DPI in IM, MNP, 
and uninfected/blank vaccinated animals. After 10 days, IM 
and blank recipient mice demonstrated stromal inflammation, 
corneal destruction, complete loss of corneal cellular 
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Figure 3. Cutaneous vaccination reduced viral burden and protected against pathogenic weight loss and neuro-ocular symptoms. (a) Body weight changes were 
monitored for 120 DPI (N = 10 for all timepoints). (b) Replication competent viral load among systemic organs, immune privileged tissues, and bodily fluids was 
determined by infectious co-culture (c) at 0, 10, and 100 DPI. (C) Total ZIKV genomic RNA was quantified by qRT-PCR at 0, 10, and 100 DPI (D) (Two-way ANOVA with 
Sidak’s post-hoc; N = 5). Ocular clinical scores were determined via palpebral (d) and visual placement (e) reflex tests. (Two-way ANOVA with Sidak’s post-hoc; N = 10). 
Motor/neural clinical scores were evaluated by rear-limb withdrawal reflex tests (f) and by grip time tests (g). The horizontal line in panel G denotes the average time 
a normal mouse should be able to endure test conditions. (Two-way ANOVA with Sidak’s post-hoc; N = 10). For all panels, * is p < .05, ** is p < .01, *** is p < .001, and 
**** is p < .0001. P values represent the comparative differences between IM and MNP groups. Error bars represent standard deviation for all panels.
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organization, and a distinct abundance of infiltrating leuko-
cytes in the apical lumen. MNP mice showed mild hyperplasia 
of corneal epithelia and infiltrating leukocytes in the stroma 
while controls lacked these pathological features (Figure 4a, left 
column). Within the retinas, IM and blank vaccination mice 
had scleral hyperplasia, edema and subsequent degeneration of 
the inner and outer nuclear layers, as denoted by increases in 
total neural nuclei present. Additionally, ganglionic cell layers 
among IM recipients showed a distinct bifurcation with intense 
hyperplasia, potentially indicating vascular angiogenesis. In 
contrast, MNP retinal layers appeared normal with mild 
edema of RPE and limited scleral inflammation (Figure 4a, 
right-column).

At 100 DPI, the pathology observed in IM and blank vacci-
nation mice was similar to 10 DPI with increased numbers of 
leukocytes in the stroma, loss of cellular organization among 
cuboidal epithelia, and warping of Descemet’s and Bowman’s 
layers. MNP corneas demonstrated edema and hyperplasia of 
cuboidal epithelia (Figure 4b, left column). Retinal layers of IM 
recipients had visible hyperplasia within the ganglionic layers, 
and hydropic degeneration of RPE, choroid, and sclera layers, 
and leukocytes in the tissue posterior to the sclera which were 
absent in uninfected controls. In contrast, MNP ganglionic, 
nuclear, and plexiform layers appeared normal, while RPE and 
sclera exhibited mild edema and inflammation (Figure 4b, 
right-column).

To assess ZIKV tropism within various tissues of the eye, we 
performed 4G2 immunohistochemistry on whole eyes. 4G2- 
positive foci detected in cornea, RPE, and lacrimal glands were 
enumerated 10 and 100 DPI. MNP recipients demonstrated 
low levels of infectivity at both time points, with a decrease 
from 6.5% to 2.8% between 10 and 100 DPI (Figure 4c, SFIG3 
A and B). IM vaccinated mice demonstrated 4.6-times higher 
viral infectivity 10 DPI, and 8.8-times greater infectivity at 100 
DPI compared to MNP groups, with an upward trend between 
early and late time-points (all p < .0001) (Figure 4c,d). TUNEL 
staining was performed in the optic tract to assess cell death 10 
and 100 DPI (SFigure 3C and D). Cornea and retina were 
TUNEL-positive, with corneal epithelium demonstrating 
abundant foci in all groups. Cell death was evident at early 
and late time-points among all groups. MNP vaccination 
showed no changes in cell death at both time-points, with 2.6 
to 2.1-fold higher cell death at 10 and 100 DPI, respectively, 
when compared to uninfected animals. IM recipients demon-
strated 4.6- and 8.8-fold greater cell death compared to unin-
fected and blank vaccinated mice at the same time-points, 
doubling the rate of cell death. Importantly, IM vaccinees 
showed 1.7-fold greater cell death levels at 10 DPI, and 4.2- 
fold more 100 DPI compared to MNP (all p < .0001) 
(Figure 4e,f).

Transcriptional analysis revealed that MNP vaccination 
limited expression of proinflammatory cytokines after infec-
tion, with 22-times greater transcription of IL-1β compared to 
uninfected animals, whereas IM vaccination resulted in 123- 
times higher expression (p = .0004) (Figure 7g). Similarly, 
TNF-α transcription was increased 32.5-fold in MNP and 293 - 
fold in IM vaccinated mice (p < .0001). COX2 expression was 
7.3-fold lower in the eyes of the infected MNP indicating lower 
inflammation; IM vaccination did not alter COX2 expression 

compared to MNP (p < .001) (Figure 4g). MMPs displayed 
a similar trend, where in the MNP group MMP2 expression 
was 35.7-fold greater than uninfected/blank vaccinated con-
trols, and in the IM group expression was 1,138.4-fold greater 
than in uninfected mice. Additionally, there was a 31.9-fold 
difference between IM and MNP immunized groups (p = .006) 
(Figure 4g). Finally, the MNP vaccine recipients showed an 
increase of 40.2- and 6.5-fold in transcription of anti- 
inflammatory cytokine, IL-10 and SOCS3, respectively, 
compared to uninfected/blank vaccinated animals, while IM 
vaccine recipients demonstrated an increase of 442- and 17- 
fold compared to uninfected mice. Comparatively, MNP ani-
mals exhibited 11-fold less transcription of IL-10 compared to 
IM groups, and 2.6-fold less transcription of SOCS3 (p = .0001) 
(Figure 4g). Lower expression of anti-inflammatory proteins 
may point to resolution of ocular infection within MNP 
groups, while elevated transcription of IL-10 and SOCS3 cor-
relates with H&E findings of pathogenic neovascularization. 
Taken together, our immunofluorescence, H&E, and transcrip-
tional data demonstrate that weakly neutralizing antibodies 
correlated with intraocular pathology and fail to protect ani-
mals from ocular infectivity, persistent ocular inflammation 
and pronounced cell death.

MNP vaccination protected against ZIKV-induced 
demyelination and chronic neuroinflammation

Immunocompetent mice infected with PRVABC59 demon-
strated neurological and ocular symptomatology that corre-
lated strongly with viral burden. Viral burden was reduced by 
MNP vaccination, reducing severity of symptoms and improv-
ing overall convalescence and recovery. To further evaluate the 
impact of vaccine-induced antibodies on neuro-ocular pathol-
ogy, we quantified hippocampal and cortical myelin levels 
using fluorescent microscopy, and determined neuro- 
inflammatory transcriptional responses using qRT-PCR.

Myelination of neural axons allows for electrical conduction 
and intracellular signaling. Within the CNS, the two most 
common forms of myelin are Myelin-basic protein and myelin 
proteolipid protein, and both are regulated by vimentin.65 One 
hundred days after infection, both hippocampal and cortical 
regions of the MNP group’s brains demonstrated that only 
1.5% of cells were infected (Figure 5a). In comparison, the 
IM group showed identical infection levels in both regions of 
the brain, although they were 16-fold greater compared to 
MNP recipients (both p < .0001) (Figure 5a; SFIG4). MBP 
expression after MNP vaccination in both hippocampus and 
cortex appeared to be unaffected by infection, as fluorescence 
was indistinguishable from uninfected animals. IM recipients, 
however, exhibited 3- and 2.1-fold less MBP expression in 
hippocampus and cortex, respectively, when compared to 
both uninfected and MNP vaccinated animals (both 
p < .0001) (Figure 5b,c; SFIG4A). Both mPLP and Vim expres-
sion showed similar patterns, where MNP recipients demon-
strated levels similar to uninfected and blank vaccinated 
animals. mPLP expression was 3.2- and 2.7-fold lower in the 
hippocampus and cortex, respectively, of the IM group, when 
compared to uninfected animals; and 4.1- and 2.2-fold lower 
when compared to MNP recipients (mPLP p < .0001 and 
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Figure 4. Low-quality antibodies triggered acute ocular pathology, increased ocular infectivity, and elevated cell death persisting up to 100 DPI. (a,b) Eyes from infected 
and uninfected mice were harvested 10 (a) and 100 (b) DPI for H&E and immunofluorescent staining. H&E images of corneal and retinal layers were taken at 20x to 
assess pathology. (c,d) ZIKV infectivity was determined by immunofluorescent staining for flavivirus antigens. The number antigen foci relative to the number of total 
cells in the field was calculated for both time points (Two-way ANOVA with Sidak’s post-hoc; N = 10). (e,f) Similarly, TUNEL staining for cell death was performed at 10 
and 100 DPI. Foci were quantified to assess infection-induced cell death (Two-way ANOVA with Sidak’s post-hoc; N = 10). (g) qRT-PCR on pro-inflammatory proteins, 
pain mediators, MMPs, and anti-inflammatory proteins among infected brains were normalized to GAPDH and then to expression levels of uninfected controls using the 
ΔΔCt method. (Two-way ANOVA with Sidak’s post-hoc; N = 5) Red dashed lines indicate relative expression levels detected in infected mice that received blank 
vaccinations. For all panels, * is p < .05, ** is p < .01, *** is p < .001, and **** is p < .0001. Error bars in all panels denote standard deviation.
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Figure 5. Low-quality antibodies elevated infection, lower myelin expression, and chronically stimulate pro-inflammatory cytokine expression. (a) Infectivity was 
determined by analyzing the number of 4G2 positive cells relative to the number of total cells in the field (Two-way ANOVA with Sidak’s post-hoc; N = 14). (b,c) MBP 
expression was quantified in mid-brain cortex and hippocampus regions of infected mice (b), and was normalized to background using the CTCF method and was 
enumerated as normalized MFI (c; One-way ANOVA with Sidak’s post-hoc analysis; N = 8). (d,e) mPLP expression was similarly quantified in mid-brain cortex (d) and 
hippocampus (e) regions of infected mice and was normalized to background (Two-way ANOVA with Sidak’s post-hoc analysis; N = 10). (f,g) Vim expression was 
quantified in mid-brain cortex and hippocampus regions of infected mice using the CTCF method (f) and was normalized to background (g; Two-way ANOVA with 
Sidak’s post-hoc analysis; N = 12). (h) qRT-PCR on pro-inflammatory proteins, pain mediators, MMPs, and anti-inflammatory proteins among infected brains were 
normalized to GAPDH and then to expression levels of uninfected controls using the ΔΔCt method. (Two-way ANOVA with Sidak’s post-hoc; N = 5). Red dashed lines 
indicate relative expression levels detected among infected mice that received blank vaccination controls. For all panels, * is p < .05, ** is p < .01, *** is p < .001, and **** 
is p < .0001. Error bars in all panels denote standard deviation.
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p = .0006; Vim both p < .0001) (Figure 5d,e). Vim expression 
was 1.7- and 2.3-fold lower in the hippocampus and cortex of 
IM vaccinated mice when compared to uninfected animals; 
and 1.6- and 1.7-fold lower when compared to MNP recipients 
(Figure 5f,g; SFIG4).

Transcriptional analysis of the inflammatory mediators in 
the brain revealed no change of proinflammatory IL-1β or 
TNF-α expression post-infection in the MNP group, compar-
able to uninfected controls. Infected IM vaccinees however, 
showed 166- and 281-fold greater transcription, respectively, 
compared to uninfected animals (p = .0462 and p = .0012) 
(Figure 5h). Pain mediator and proinflammatory stimulant, 
COX2, showed 1.8-fold greater expression among MNP mice 
and 678-fold higher expression in IM vaccine recipients 
(p < .0001) (Figure 5h). Matrix metalloproteinases (MMPs) 
demonstrated a trend similar to the proinflammatory cyto-
kines, where MNP immunized animals showed transcription 
levels comparable to uninfected animals, while the IM immu-
nized group demonstrated 477- and 133-fold greater transcrip-
tion relative to blank vaccinated and uninfected mice for 
MMP2 and MMP9 respectively (p < .0001 and p = .0005) 
(Figure 5h). Finally, the levels of anti-inflammatory cytokines 
IL-10 and SOCS3 were significantly upregulated among MNP 
brains, with 838- and 714-fold greater levels than uninfected 
animals. IM immunized mice also showed elevated anti- 
inflammatory transcription, with 53- and 112-fold greater 
expression of IL-10 and SOCS3 compared to uninfected ani-
mals, but these levels were significantly less than MNP mice 
(p < .001 and p = .002) (Figure 5h). Collectively, these data 
demonstrate that highly specific antibodies abrogated demye-
lination observed during ZIKV infection and limit the chronic 
neuro-inflammatory response.

MNP antibodies demonstrate greater breadth of 
neutralization, less ADE, and are less auto-reactive

As GBS is primarily mediated by auto-reactive antibodies, we 
next determined if the observed reduction in neuro-ocular 
pathology following MNP vaccination correlated with anti-
body neutralization, ADE, and auto-reactivity to ganglioside 
residues. After infectious challenge, vaccination groups 
demonstrated a plateau of antibody concentrations, regardless 
of IgG subtypes, that endured up to 120 DPI (Figure 6a–c).

Antibodies from both vaccination groups, sampled 100 DPI, 
were evaluated for their ability to neutralize 3 strains of ZIKV 
and each of 4 DENV serotypes (Figure 7). Neutralization of the 
homologous strain showed a titer of 11,815 for the MNP group, 
and a titer of 3,265 for the IM group, a 3.6-fold difference 
(Figure 7a). For ZIKV-FLR, MNP-induced antibodies had 
a titer of 1,915 and IM-induced antibodies had a titer of 81, 
a 23.6-fold difference (Fig 7Bi and ii). Neutralization of MR766 
showed titers of 26,887 and 3,313 for the MNP and IM vacci-
nated mice respectively, an 8.1-fold difference (Fig 7Bii). 
Among DENV strains, MNP-raised antibodies reached 
21,818, 1,702, 9,219, and 30 VN titers for DENV-1 through 
−4 respectively. IM-induced antibodies had neutralizing titers 
of 208, 397, 185, and 2 for the same strains. Thus, MNP anti-
body neutralization titers were 104.9-, 4.3-, 50.2-, and 15-fold 
greater than IM titers for DENV-1, DENV-2, DENV-3, and 

DENV-4, respectively (SFIG 5Aiii-vi) (all neutralization titers 
are listed in Sup Figure 5A).

The capability of vaccination-induced antibodies to 
enhance homologous and heterologous flavivirus infection 
were also quantified for both maximum infectivity and the 
associated endpoint titers (Sup Figure 5B). Ideal vaccine can-
didates would minimize ZIKV infection by ADE, regardless of 
strain, and demonstrate limited DENV reactivity. Co- 
incubation of ZIKV or DENV strains and U937 cells resulted 
in no detected infection. MNP-induced antibodies limited 
ADE infection of the permissive U937 cells. Following anti-
body co-incubation with PRVABC59, a maximum of 5% of the 
10,000 cells assayed were positive for ZIKV infection 
(Figure 7A). The same antibodies generated a maximum of 
10% and 18% of all infected cells when the FLR or MR766 
strains were used (Figure 8b–i and ii). Among DENV sero-
types, MNP-induced antibodies resulted in a maximum of 22% 
of all cells labeled positive for DENV-1 infection, 36% of cells 
were positive for DENV-2, 24% were positive for DENV-3, and 
19% were positive for DENV-4 (SFIG 6Aiii-vi). When infec-
tious virus was co-incubated with antibodies generated by IM 
vaccination, the frequency of cells positive for infection 
increased dramatically. The IM group showed a maximum of 
84.6% of all cells infected with PRVABC59 (Figure 8a), while 
FLR and MR766 demonstrated a maximum of 70% and 90% 
cell infectivity, respectively (Figure 8b–i,ii). IM-vaccination 
antibodies resulted in 72% of cells infected with DENV-1, 
54% infected with DENV-2, 41% infected with DENV-3, and 
86% infected with DENV-4 (Fig 8Biii – vi).

Collectively, these data demonstrate that antibodies gener-
ated via MNP vaccination were of greater immunological qual-
ity than those generated by IM, as evidenced by the reduced 
viral burden and limitation of clinical symptoms and tissue 
pathology after infection.

To correlate observed neuro-ocular pathology with GBS- 
like autoantibodies, we determined the relative concentra-
tions of anti-ganglioside autoantibodies generated by MNP 
and IM vaccinations. Thus, we quantified the total amount 
of IgG that bound to GD1a, GD1b, and GT1a gangliosides 
(Figure 9a–c). Each of these correlates with a specific variety 
of GBS. GD1a reactive IgG correlates with acute motor 
axonal neuropathy; GD1b corresponds to a sensory ataxic 
variant; GT1a is connected to Miller-Fisher Syndrome, 
a variant of GBS affecting the eyes.66 To understand what 
quantity of these antibodies are auto-reactive, we took the 
percentage of each ganglioside concentration as a proportion 
to the total ZIKV-specific IgG. In the MNP vaccinated 
group, 12% of all antibodies were GD1a reactive prior to 
infectious challenge and never exceeded 15% after challenge. 
Prior to challenge, 16% of IM induced antibodies were 
GD1a-reactive, and after challenge, a maximum of 25.1% of 
all antibodies showed autoreactivity 60 DPI (Figure 9a). For 
all time-points observed, MNP antibodies were significantly 
less reactive to GD1a than those induced by IM vaccination 
(p = .008 at 0 DPI, all other p < .0001). Thirteen percent of 
MNP antibodies prior to vaccination were reactive to GD1b 
and reached a maximum of 19% 10 DPI (Figure 9b). 
Twenty-two percent of IM vaccination-induced antibodies 
were reactive to GD1b prior to challenge, and reached 
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a maximum of 25% after challenge 10 DPI. Again, for all 
time-points observed, MNP antibodies were significantly less 
reactive to GD1b than those induced by IM vaccination 
(p = .001 at 10 DPI, all other p < .0001). Twelve percent 
of MNP antibodies prior to vaccination were reactive to 
GT1a and reached a maximum of 38% 60 DPI (Figure 9c). 
Sixteen percent of IM vaccination-induced antibodies were 
reactive to GT1a prior to challenge and reached a maximum 
of 25% after challenge 10 DPI. Similarly, MNP antibodies 
were significantly less reactive to GD1b than those induced 
by IM vaccination throughout the observation period 
(p = .001 at 10 DPI, all other p < .0001).

Discussion

ZIKV has remained as an international health concern since its 
re-appearance in 2015. It is increasingly apparent that the 
impact of ZIKV extends beyond microcephaly, as children 
born to infected mothers continually present new neurological 
and ocular clinical manifestations.67,68 As a result, there has 
been substantial interest in understanding the mechanisms 
behind ZIKV invasion and persistence in immune-privileged 
tissues, as well as a sustained interest in viable vaccine candi-
dates. Ocular and neurological pathology observed in humans 
has successfully been recapitulated in both WT and immuno-
compromised murine models, but has not been utilized to 
evaluate vaccine efficacy despite the potential correlation 
between GBS and ZIKV-induced long- term pathology. Here, 
we demonstrated that immunocompetent BALB/c mice devel-
oped unique ocular and neuro-motor pathology as a result of 
ZIKV infection, and that this pathology can be abrogated with 
cutaneous immunization using MNPs encapsulating unadju-
vanted whole, particle vaccine.

Importantly, we demonstrate that this route of vaccination 
can generate broadly neutralizing antibodies against multiple 
strains of ZIKV and DENV, while limiting antibody-mediated 
infection among non-permissive Fcγ-R bearing macrophages. 
We also show that the same unadjuvanted vaccine delivered 
intramuscularly induces weak and short-lived cellular 
responses, which ultimately result in broadly cross-reactive 
antibodies with limited neutralizing activity and elevated 
ADE capabilities compared to MNP vaccination. IM vaccina-
tion induced antibodies that enhanced ADE -similarly to 
infected controls that received blank vaccinations; further sup-
porting the hypothesis that antibodies generated by an IM 
delivered unadjuvanted ZIKV were of low immunological 
quality. This hypothesis was validated by our avidity analysis 
showing that antibodies in the IM vaccinated cohort had lower 
avidity than the MNP cohort. Collectively, this data indicates 
the necessity of adjuvants in conventional vaccination routes to 
stimulate more robust cellular and humoral responses. Indeed, 
recent studies point to the importance of a strong CD4+ and 
CD8+ T cell responses, where CD4+ T cells are critical in 
systemic clearance of ZIKV and prevent ZIKV neuro- 
invasion,44 while CD8+ T cells and T cell-derived IFN-γ are 
essential to protecting microglia during ZIKV infection.13

The observed neuroinflammation and neuro-ocular 
pathology was consistent with published data showing how 
flavivirus infections culminate in chronic neurological inflam-
mation that directly contributes to lethal motor/cognitive 
diseases, such as GBS.69 MNP vaccination conferred protec-
tion of ocular and brain micro-environments against viral 
infection, as shown by a reduction of COX2, TNF-α, and 
IL-1β transcription, which was consistently lower than IM 
vaccination counterparts. These three pro-inflammatory mar-
kers created a positive feedback loop in the context of micro-
glial secretion, where IL-1β and TNF-α secretion by glial cells 
is stimulated by COX2,70 and paracrine or autocrine IL-1β 
signaling through NF-kB signaling.71,72 Similar to the reduc-
tion of pro-inflammatory transcription, MNP vaccination 
resulted in lower transcription of MMP2 and MMP9 than 
IM vaccination after infectious challenge. MMPs are 

Figure 6. Antibodies generated by MNP vaccination remain elevated after infec-
tion challenge. ZIKV-specific antibody kinetics were quantified up to 120 DPI for 
IgG total (a), IgG1 (b), IgG2a (c). Time-points were analyzed using Two-way 
ANOVA with Sidak’s post-hoc correction (N = 10). For all panels, * is p < .05, ** 
is p < .01, *** is p < .001, and **** is p < .0001. Error bars in all panels denote 
standard deviation.
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endopeptidases with vital functions such as neural network 
remodeling, tissue destruction and restructure, and BBB 
integrity regulation.73,74 Thus, infection that induces 
increased permeability of the BBB via elevated transcription 
of MMP2 and MMP9 corresponds to increased inflammatory 
leukocyte trafficking into the brain.75,76 For both brain and 
eyes, the relative transcription levels of COX2, IL-1β, TNF-α, 
MMP2, and MMP9 among ZIKV-infected MNP vaccinated 
animals never exceeded a 2-fold difference and were statisti-
cally similar to blank vaccinated control mice, indicating 
a robust protection of these tissues using the MNP vaccina-
tion platform. Conversely, IM vaccination-induced transcrip-
tion levels of these same markers were at least 100-fold 
higher than MNP vaccinations, but were not statistically 
different from animals that received blank vaccinations, indi-
cating the cellular and humoral responses generated by IM 
immunizations were not protective in immune-privileged 
compartments.

Even though the eye and brain are intricately linked 
immune-privileged compartments, our data demon-
strated that vaccination differentially impacted the 
anti-inflammatory responses within these tissues. Anti- 

inflammatory proteins IL-10 and SOCS3 form a unique 
pathway, whereby following stimulation with TNF-α and 
IL-6 by local resident and infiltrating immune cells pro-
ducing IL-10.77 The latter then stimulates SOCS3 produc-
tion, and both work in concert to block intracellular 
signaling of IL-6 and IL-23, to prevent STAT3 phosphor-
ylation and directly influence ocular T cell repertoire.78 

Infected brain tissues showed that MNP elevated both IL- 
10 and SOCS3 more than IM counterparts. As IL-10 has 
demonstrated the ability to protect astrocytes from exces-
sive inflammation,79,80 our data demonstrated that MNP 
vaccination conferred protection against long-term 
neuro-inflammation in a manner that IM vaccination 
did not. Within the eye, IL-10 and SOCS3 have 
a counter-intuitive mechanism. Previous studies have 
demonstrated that high intraocular concentrations of 
these anti-inflammatory cytokines could stimulate angio-
genesis via Müller-cell mediated neovascularization.81 Of 
particular note, IM vaccination appeared to exacerbate 
ocular pathology 10 DPI, with intense infiltration of 
monocytes and granulocytes into both the vitreous and 
apical lumen. Leukocyte infiltration occurred alongside 

Figure 7. IM-induced antibodies demonstrated lower neutralizing activity than those generated by MNP. (a) Endpoint IC50 antibody dilutions were determined for MNP 
and IM vaccinated animals 100 DPI using the PRVABC59 strain of ZIKV. (b) Neutralization was also determined using the (i) FLR, and (ii) MR766 strains of ZIKV in addition 
to (iii) DENV1/Hawaii/1944, (iv) DENV2/16681/Thailand/1964, (v) DENV3/H87/Philippines/1956, and (vi) DENV4/UNC4019/Colombia/2006. The dotted line denotes 50% 
neutralization. Error bars represent standard deviation for all panels.
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a bifurcation of the ganglionic cell layers of infected 
retinas, demonstrating ocular pathology was not specific 
to a single tissue layer of the eye.

Our study is the first to report on MNP vaccination 
used against ZIKV, and that autoreactive antibodies to 
GD1a, GD1b, and GT1a gangliosides are increased fol-
lowing unadjuvanted IM vaccination, which contributed 
to myelin degradation in immunocompetent BALB/c mice 
following infection.82 GBS has been correlated with anti-
body cross-reactivity to host gangliosides in other 
flaviviruses,83,84 but is rarely studied as a consequence 
of flavivirus vaccination. We observed that 25–75% of 
all PRVABC59-specfic antibodies generated by ZIKV 
infection that were specific PRVABC59 were autoreactive, 
and that MNP vaccination lower this proportion to 
14–19%, while IM vaccination had 25–40% of autoreac-
tive antibodies. Gangliosides are vital to synaptic trans-
missions, intercellular adhesion and communication, 
equilibrium, immune signaling, and nervous system and 
motor/neural network maintenance.85 Anti-ganglioside 
antibodies have been previously shown to lead to the 
absence or fragmentation of MBP, myelin PLP, and 

vimentin, all contributing to persistent neuroinflamma-
tion within the brain by releasing damage associated 
molecular patterns (DAMPs)86. Myelin or myelin-debris 
signals in macrophages via complement/opsonization or 
phagocytosis and facilitates M1 (macrophage type-1) 
polarization and proinflammatory secretion86. This M1 
microglia polarization is associated with prolonged secre-
tion of TNF-α at high levels and can lead to permanent 
neural degeneration. This observation, correlated with 
our transcriptional data of blank vaccinated and IM 
vaccinated animals demonstrating chronic neuro- 
inflammation and demyelination.

Our study points to the need for a more comprehensive, 
systems biology approach to understand how antibodies influ-
ence long-term neurological pathogenesis of flaviviruses. Our 
data suggests that low specificity of ZIKV antibodies may 
initiate a demyelination cascade that ultimately resultes in 
chronic neuroinflammation and persistent neuro/ocular 
impairments. This adverse pathology can be circumvented by 
novel vaccination approaches that generate highly specific, 
strongly neutralizing antibodies despite the absence of an 
adjuvant. These antibodies limit infection of Fcγ-R bearing 

Figure 8. IM-induced antibodies enhanced infection among non-permissive FcγR-bearing cells, whereas MNP antibodies limit ADE. (a) ADE capacity was measured for 
MNP and IM vaccinated antibodies 100 DPI for the PRVABC59 strain of ZIVK. (b) ADE was also determined using the (i) FLR, and (ii) MR766 strains of ZIKV in addition to 
(iii) DENV1/Hawaii/1944, (iv) DENV2/16681/Thailand/1964, (v) DENV3/H87/Philippines/1956, and (vi) DENV4/UNC4019/Colombia/2006. The dotted line denotes back-
ground fluorescence determined by cells combined with virus but no antibodies. Error bars represent standard deviation for all panels.
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macrophages via ADE mechanisms and demonstrated limited 
autoreactivity to GBS-associated residues. Importantly, we 
demonstrated here that immunocompetent animals can serve 
as models for long-term vaccination studies, and denote high-
light that the need for adjuvants depends on the antigen 
administration route. Our findings point to the need of explor-
ing alternative vaccination platforms and imposing stringent 
qualifications for ZIKV vaccine candidates: vaccines must that 
would confer breadth and longevity of protection while mini-
mizing the risk of autoimmunity and ADE. Future studies 
should include investigation of demyelination sequelae after 
passive transfer of ZIKV-induced antibodies, and the putative 
role of maternal antibodies on vertical transmission. 
Additionally, future studies duplicating this work in C57BL/6 
mice will determine if similar pathology can be observed in 
a Th1-skewed background.
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