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ABSTRACT

A severe consequence of adult Zika virus (ZIKV) infection is Guillain-Barré Syndrome (GBS), where
autoreactive antibodies attack peripheral and central nervous systems (CNS) resulting in neuro-ocular
pathology and fatal complications. During virally induced GBS, autoimmune brain demyelination and
macular degeneration correlate with low virus neutralization and elevated antibody-mediated infection
among Fcy-R bearing cells. The use of interferon-deficient mice for ZIKV studies limits elucidation of
antibody-dependent enhancement (ADE) and long-term pathology (=120 days), due to high lethality
post-infection. Here we used immunocompetent BALB/c mice, which generate robust humoral immune
responses, to investigate long-term impacts of ZIKV infection. A high infectious dose (1x10° FFU per
mouse) of ZIKV was administered intravenously. Control animals received a single dose of anti-IFNAR
blocking monoclonal antibody and succumbed to lethal neurological pathology within 13 days.
Immunocompetent mice exhibited motor impairment such as arthralgia, as well as ocular inflammation
resulting in retinal vascular damage, and corneal edema. This pathology persisted 100 days after infection
with evidence of chronic inflammation in immune-privileged tissues, demyelination in the hippocampus
and motor cortex regions of the brain, and retinal/corneal hyperplasia. Anti-inflammatory transcriptional
responses were tissue-specific, likely contributing to differential pathology in these organs. Pathology in
immunocompetent animals coincided with weakly neutralizing antibodies and increased ADE among
ZIKV strains (PRVABC59, FLR, and MR766) and all Dengue virus (DENV) serotypes. These antibodies were
autoreactive to GBS-associated gangliosides. This study highlights the importance of longevity studies in
ZIKV infection and confirms the role of anti-ganglioside antibodies in ZIKV-induced neuro-ocular disease.
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Introduction initially manifests gastrointestinal and respiratory symptoms,''

and as autoantibodies develop, symptoms shift to the notable

Zika virus (ZIKV) is a mosquito-borne flavivirus discovered in
1947 in a rhesus macaque within the Zika Forest of Uganda.
Outbreaks of human ZIKV were occasional until an epidemic
in 2015 with more than 37,000 cases in the US and US terri-
tories, and more than 1 million in Latin America.'

ZIKV can spread via multiple modes of transmission: trans-
placentally to developing fetuses, via breastfeeding to infants,
to adults through sexual intercourse, or cutaneously via mos-
quito bite. Congenital Zika syndrome (CZS), associated with
microcephaly and birth defects, has been demonstrated in
infants of infected pregnant women,”* and more recent
reports point to impaired visual and neurological development
among infants born with CZS independent of microcephaly.”””
Flaviviruses persist up to 6 months in immune-privileged
compartments such as brain, eyes, and genitals after the virus
has been systemically cleared.®'°

While infected adults can end up with permanent ocular
damage, such as macular degeneration and retinal edema, the
most severe consequence of adult infections is Guillain-Barré
Syndrome (GBS), a disease attacking the nervous system. GBS

motor/neural impairment hallmarks. Diagnostic criteria for
GBS include progressive symmetric weakness of one or more
limbs, hyporeflexia or areflexia, and a full progression within
4 weeks."” Recent studies suggest that ZIKV-induced GBS
develops during the course of infection, and not post-
infection, as commonly seen with other GBS-inducing patho-
gens, such as Campylobacter jejuni.>”'> While the role of
T cells in GBS-associated demyelination and neuroinflamma-
tion has been well studied,'®"” there is limited information on
the putative role of ZIKV-specific antibodies in initiating or
sustaining these symptoms. These facets of GBS necessitate the
use of animal models enabling the long-term study of ZIKV-
induced pathology.

Commonly used murine models for ZIKV infection are
deficient in type-I interferon (IFN) receptors (IFNAR-/- such
as A129/AG129 strains), as flavivirus infections are intricately
linked to the host IFN response. These murine models are
either deficient in IEN receptors,'® or IFN signaling is inhibited
by blocking receptors with antibodies to facilitate susceptibility
to infection and enable extreme viremia.'*>' Consistent with
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human infections, ZIKV-infected IFNAR-/- mice develop
purulent ocular discharge with detectable viral RNA (vRNA)
in lacrimal glands and tears, and active ZIKV virions in Miiller
glial cells and optic tract tissues,”® with symptoms persisting
after viral clearance.”’ However, these animals do not survive
beyond 10 days post-infection, which limits studies of long-
term infectious impacts.

Previous studies investigating the molecular mechanisms by
which ZIKV gain access to the eye and causes inflammation
have revealed the role of retinal epithelial infections and cell
death in allowing for ZIKV to cross the blood-barriers of
immune-privileged tissues.”>*> These investigations are often
limited to in vitro studies of human primary cells, or juxtapose
cell culture studies with ZIKV infection in wild-type (WT)
C57BL/6 and immune-compromised animals. Singh et al. pro-
vides a thorough analysis of transcriptional responses after
intravitreal inoculation of ZIKV into either WT or ISGI5
deficient animals and shows a rapid induction of inflammatory
responses during ZIKV infection.”” These findings coincide
with retinal lesions and chorioretinitis that present within
24 hours of infection and last up to 96 hours after infection.
While this insight into ZIKV pathogenesis of immune-
privileged tissues is beneficial, the mechanism behind systemic
ZIKV entry into the eye and ZIKV infection synergy between
eye and brain remain to be determined.

In this study, immunocompetent BALB/c mice were intra-
venously infected®® with a high dose of ZIKV-PRVABC59
suitable for this model.** BALB/c mice were selected over
C57BL/6 mice for their ability to generate robust humoral
responses and their use in vaccination studies. Similar studies
in C57BL/6 mice require intracranial or intravitreal injection in
order to achieve similar ZIKV neuro-ocular pathology.***
This study seeks to build on previous studies by examining
the development and convalescence of neuro-ocular pathology
over 120 days using a less traumatic form of inoculation. To
assess infection-induced pathology, we adapted two ocular
reflex assessments, and two motor/neural and joint tests. We
evaluated the magnitude and quality of immune responses
after infection.

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), 5% HEPES (Corning, H3537) and 1% Penicillin/
Streptomycin (Corning, 30-002-CI). ZIKV stocks were gener-
ated from the African lineage Uganda strain (MR766, B.E.
I. resources, NR-50085) and the Asian lineage, Caribbean iso-
late 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 resources (NR-50183). 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 propagated in Vero cells for
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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 superna-
tants were concentrated using Amicon centrifugal concentra-
tion 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 puri-
fied by discontinuous 20-60% sucrose gradient, where they
were diluted 1:5 with FBS before final storage at ~80°C.*

Virus titration

Viral stocks were titrated by plaque assay performed in Vero
cells as previously described.”” Focus-forming assays were per-
formed as previously described.”® 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.*” Tissue homogenates and cell
suspensions were then added onto 0.4 um 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 growing
as a monolayer in the lower well. This provided a measure of
tissue-specific live viral load as opposed to quantifying the
amount of VRNA present in tissues.

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 approved
by Emory University’s Institutional Animal Care and Use
Committee (IACUC) in accordance with guidelines with the
United States Federal Animal Welfare Act (PL 89-544) and
subsequent amendments.

Animal infection, tissue and biological fluid sampling

Mice were infected with 1 x 10° FFU of ZIKV-PR virus intra-
venously (IV).”® Serum or platelet-poor plasma (PPP) was col-
lected 0, 3, 6, 10, 30, 40, 60, 80, 100, and 120 days post-infection;
plasma was collected in citrate buffer and stored at —20°C until
use. Small groups of mice were euthanized at the same time
points and tissues were collected and processed for histology or,
homogenized in protease inhibitors and RNase inhibitors
(ThermoFisher Scientific, Waltham, MA) for infectivity and
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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,”’ 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 pum 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 pm cell strai-
ners. Homogenates were separated using a Percoll (Millipore
Sigma, P1644) density gradient,’>** and cell suspensions 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.

Anti-IFNAR administration

Immunocompetent mouse infections were compared to
a second cohort of animals that which received a one-
time administration of anti-mouse IFNAR-1 functionally
blocking monoclonal antibody (mAB) (MAR1-5A3, Leinco
Technologies, #1-401). Each mouse received 1 mg of anti-
IFNAR mAB via intraperitoneal injection 24 hours prior
to infection.®® The projected half-life of this dosage is
2.6 days.

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, and then reverse transcribed with the gScript Reverse
Transcription kit (QuantaBio, 95047). For quantification of vVRNA,
a standard curve was generated using 10-fold serial dilutions of
ZIKV RNA standard. qRT-PCR for ZIKV prM-E was performed
with TagMan Gene Expression Master Mix, ZIKV Primers, and
probe as previously described.’® The standard curve had an
R 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-1p, TNF-q,
IL-10, SOCS3, MMP2, MMP9, and COX2 were performed with
PerfeCTa SYBR Green SuperMix Low Rox (Quantabio, #95056-
500). Primers for GAPDH, IL-1p, TNF-qa, IL-10, SOCS3, and
COX2 were as previously described.”® MMP2 primers were
as follows; forward 5-AACGGTCGGGAATACAGCAG-3)
reverse 5-GTAAACAAGGCTTCATGGGGG-3". MMP9 primers
were as follows; forward 5-AACCTCCAACCTCA
CGGACA-3'; reverse 5- AGGTTTGGAATCGACCCACG-3'.
Data was analyzed using the AACt method to determine normal-
ized 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.” 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, mea-
sures optic function and can also potentially indicate inflam-
mation in parietal and occipital lobes of the brain.*®* It is
performed by holding the mouse gently by the tail suspended
approximately 1-2 feet above a solid cage grate surface.”” The
mouse is 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.**' 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.”” 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.*>**> The mouse is allowed to
grip onto a surface and steadied by the tail.*”” 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 no response, with the leg
dropping to the ground and not returning 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.***> 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.”” 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
oft 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 was 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 DPI and the remaining15
mice at 100 DPL The tissues were fixed in 10% formalin
solution, followed by paraffin embedding for 8 um 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
4 G2 antibody (Millipore, MAB10216) was used for viral
infectivity analysis. Myelination studies utilized anti-MBP-
Alexa Fluor488 (SantaCruz, sc-271524), anti-Vimentin
(Rabbit anti-Mouse, Abcam, ab92547), and anti-Myelin PLP
(Rabbit anti-Mouse, 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/Image].

TUNEL staining

TUNEL stain was selected because it identifies infection-
induced cell death via DNA fragmentation irrespective of spe-
cific cell death pathways i.e.apoptosis, necroptosis, or
pyroptosis.**™** Terminal deoxynucleotidyl transferase dUTP
nick end labeling, or TUNEL, staining was performed
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according to manufacturer protocol (Abcam, ab66110). 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 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 microscopes via SPOT-advanced imaging
software. Images were processed in Fiji/Image].

Quantification of MBP, Myelin PLP, and 4G2 positive cells
Corrected total cellular fluorescence (CTCEF, also called nor-
malized MFI) was determined as described by Lourenco et al.
for both MBP, myelin PLP, and vimentin stains.* 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/Image]. 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 pg/ml of inactivated virus stocks, diluted
in sodium bicarbonate buffer. Plates were incubated overnight
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 dupli-
cate and incubated for 2 hours at 37°C. The standard curves
were generated with appropriate purified mouse immunoglo-
bulins and isotype-specific HRP-labeled detection antibodies
(Southern Biotech, Birmingham, AL). Sample IgG concentra-
tions were determined by interpolation from standard curves.
Anti-ganglioside specific antibody concentrations were deter-
mined similarly. Flat bottom, 96-well Nunc MaxiSorp plates
were coated with 2 pg/ml of either GD1a, GD1b, or GTla
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.”’

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.”®
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Antibody-dependent enhancement assay

ADE assay protocol was performed as described using U937
cells.”® 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 co-culture
assays and qRT-PCR, two-way ANOVA was used to analyze
differences between infected and uninfected infections were
followed by Sidak’s Post Hoc test for multiple comparisons.
Two-way ANOVA with Sidak’s post-hoc was also used to
determine differences between uninfected and infected groups.
For immunofluorescence assays, two-way ANOV A was used to
compare differences in hippocampal and cortical regions, as
well as between early and late time points. Non-linear regres-
sion analysis was performed to determine the ICsq (95% con-
fidence interval) for avidity and neutralization assays.
A p-value less than 0.05 was considered significant.

Results

ZIKV-PRVABC59 infection in immunocompetent mice
results in distinct neurological and ocular pathology

Current mouse models for ZIKV are insufficient for long-term
studies because they utilize low infectious dosages (less than
1 x 10° FFU) to generate acute pathology and mortality within
1 week of infection. When immunocompetent animals were
infected with 1 x 10° FFU of virus, symptoms and pathology
typical of ZIKV infections presented within 3 days post infec-
tion (DPI). While the moribund weight loss of 25% or greater
seen in IFNAR-/- models was not observed, infected BALB/c
mice lost 10% of their starting weight by 6 DPI, and never
recovered to match uninfected animals (Figure 1A). To evalu-
ate how immunocompetent BALB/c mice compare to similar
immune compromised models, we administered 1 mg of anti-
IFNAR mAB by intraperitoneal injection 24-hours prior to
infection. These animals lost approximately 20% of their initial
body weight, and were euthanized due to seizures at 3, 4, 5, 10,
11, and 12 DPI (Figure 1B). Only 1 animal the received anti-
IFNAR block survived beyond 12 DPL

ZIKV has demonstrated persistence in human organs and
fluids for >200 days.”’ 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 4. Homogenized tissues
would then shed live virus through the membrane pores,
infect permissive sterile cells below, and where the readout

of this assay is FFU/ml. Homogenates were not added directly
to monolayers because it does not discriminate if the cells are
permissive to infection or 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. Among immunocompetent mice, the
maximum viral load in systemic organs was similar, between
1.4 x 10* and 1.3 x 10* FFU/ml in liver and spleen. Mice
which received anti-IFNAR treatment showed a maximum of
2.2 x 10* and 1.9 x 10* FFU/ml in these same tissues (Figure
1C). Viral burden in their immunoprivileged tissues, eye and
brain, were 1.3 x 10* FFU/ml and 9.3 x 10°> FFU/ml, respec-
tively. In contrast, anti-IFNAR recipients showed a maximum
of 1.8 x 10* and 1.7x10* FFU/ml in identical tissues. Viral
load in immunocompetent animals was 1.7-fold greater in
plasma vs tears. Among anti-IFNAR mice, tears exhibited an
average of 1.7 x 10* FFU/ml and plasma a maximum of
2.9 x 10* FFU/ml (Figure 1C). To correlate live virus isola-
tions to the amount of VRNA present within immune-
privileged tissues, qRT-PCR was performed at 10 and 100
DPI in brain, eyes, and plasma in both immunocompetent
and immunocompromised mice and showed that anti-IFNAR
administration resulted in elevated viral load in all tissues
(Figure 1D). Animals that received anti-IFNAR injection
demonstrated a maximum vRNA concentration of 1x10%
7.1x10%, and 1.7 x 10* ng/ml in brain, eyes, and plasma
respectively. Immunocompetent animals demonstrated max-
imum infectivity levels of 5.8x10°, 4.2x10°, and 1 x 10* ng/ml
of vRNA in the same tissues, respectively.

Our model demonstrated vision and motor-function
abnormalities following ZIKV infection similar to those
observed in humans infections and in other published
IFNAR-/- murine models.”®> We standardized palpebral and
visual placement reflex tests to evaluate ocular pathology and
intracranial inflammation, and rear-limb withdrawal and grip
tests to evaluate motor/neural pathology. Palpebral reflex def-
icits can indicate inflammation in facial, ocular, and cranial
nerves.”>>* Among infected immunocompetent mice, 55% lost
normal palpebral reflex responses 3 DPI. Symptoms reached
their nadir 6 DPI, where 75% of mice exhibited aberrant or loss
of normal reflexes (p < .0001 for all time-points) (Figure 2A).
Palpebral reflexes appeared to recover in 60% of the animals in
the remainder of the time-course, whereas 40% of mice
demonstrated a persistent loss of normal reflexes until the
end of monitoring period (120 DPI). Among anti-IFNAR
mice, palpebral reflexes declined within 3 DPI, reaching
a nadir where all animals had lost palpebral/corneal reflexes
30 DPI. This loss persisted up to 120 DPI (Figure 2A).

Visual placement reflex deficiencies can suggest abnormal-
ities in optic and cranial nerve function. For this assessment,
hyporeflexia indicates an animal’s reflexes are reduced or slo-
wed to a debilitating degree. Similar to palpebral reflex kinetics,
hyporeflexia in immunocompetent mice was observed as early
as 3 DPI, and appeared to reach a nadir between 6 and 10 DPI
where 50% of all animals demonstrated loss of visual placement
reflexes (p < .0001 for all time-points) (Figure 2B).
Thirty percent of mice demonstrated persistent hyporeflexia
120 DPI, indicating non-resolving neurological/ocular
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Figure 1. PRVABC59 can infect systemic and privileged organs in immunocompetent mice. (A) Body weight changes were monitored for 120 DPI. (N = 10).
PRVABC59 infected mice were immunocompetent, while mice denoted as alFNAR (anti-IFNAR) received a single administration of monoclonal antibody that
functionally blocks IFNAR signaling 24 hours prior to infection. The N for alFNAR mice decreased from 10 to 5 between 3 and 6 DPI, and further decreased from 5
to 1 between 10 and 30 DPI. These loses are denoted by vertical lines. The horizontal dotted line represents lethal weight loss endpoint. (B) Survival of mice infected
with ZIKV with and without prior administration of alFNAR mAB. (C-D) Active viral replication was determined by infectious co-culture (C) at 0, 10, and 100 DPI. Total
ZIKV genomic RNA was quantified by qRT-PCR (D; N = 5) at 0, 10, and 100 DPI. For panels C and D, N = 3 at 0 and 3 DPI, and for PRVABC59 group at 100 DPI. N = 1 for
alFNAR at 100 DPI. All error bars in all panels reflect Standard Deviation. Data was analyzed by Two-way ANOVA using Sidak post-hoc correction. For all panels, * is
p < .05, **is p < .01, ¥***is p < .001, and **** js p < .0001.
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Figure 2. Competent mice infected with ZIKV-PRVABC59 demonstrate distinct ocular and motor/neural symptomatology that correlate with viral load.
Ocular clinical scores were determined via palpebral (A) and visual placement (B) reflexes. (Two-way ANOVA with Bonferroni’s post-hoc correction; N = 10). Motor/neural
clinical scores were evaluated by rear-limb withdrawal reflex tests (C) and by grip time tests (D). The dotted line among grip time tests indicates the standard time
a healthy animal should endure test conditions. (Two-way ANOVA with Bonferroni’s post-hoc correction; N = 10). (E) Symptom severity and viral load at 100 DPI in the
affected tissue were analyzed by Pearson’s test to determine potential correlations for palpebral (i), visual placement (i), and rear limb withdrawal reflexes (iii) and for
grip time tests (iv). Dashed lines represent 95% confidence interval bands; Pearson’s correlation coefficient and p-values are listed for each graph. All correlation
analyses used infectious and symptom data (N = 25). For all panels, * is p < .05, ** is p < .01, *** is p < .001, and **** is p < .0001. All error bars in all panels reflect

standard deviation.

infectious sequelae. Among anti-IFNAR mice, the remaining
animals demonstrated hyporeflexia at 30 DPI which persisted
until 120 DPL

Rear-limb withdrawal reflexes assess joint pain, inflamma-
tion, and motor/neural pathology. Among immunocompetent

infected mice, 70% lost normal withdrawal reflex 3 DPL
Symptoms reached their nadir 6 DPI, where 80% of mice
exhibited aberrant or loss of withdrawal reflex (p < .0001 for
all time-points) (Figure 2C). Reflexes among this cohort
appeared to recover across the remainder of the time-course



with a notable relapse 60 DPI. At 120 DPI, 30% of mice
demonstrated a persistent loss of withdrawal reflexes. Anti-
IFNAR animals exhibited a constant and steady decline of
withdrawal reflexes until the remaining animal because unre-
sponsive at 30 DPI (Figure 2C).

Similar to rear limb withdrawal assessments, immunocom-
petent mice evaluated via grip time demonstrated motor/
neural impairment as early as 3 DPI, evident by the 2.7-fold
reduction in average grip time of infected animals.
Hyporeflexia reached the nadir 6 DPI, with a 5.8-fold reduction
in average grip time (p < .0001 for all time-points) (Figure 2D).
While symptoms appeared to convalesce, a secondary drop in
grip time occurred between 60 and 80 DPI, potentially indicat-
ing a periodicity of symptoms or recurrence of infection. The
average grip time among infected mice remained 35% lower
than uninfected animals 120 DPI. Anti-IFNAR treated animal
showed an immediate decline in grip abilities that persisted
and did not recover through 120 DPI.

Correlation analyses were performed to determine the
relationship between viral burden and reflex clinical assess-
ment scores 100 DPI in immunocompetent mice (Figure
2E). Palpebral and visual placement clinical assessments
primarily evaluate ocular functionality, pain, and inflamma-
tion. Scores from these tests were plotted against the con-
centration of ZIKV RNA per gram of eye tissue as
determined by qRT-PCR. Both palpebral and visual place-
ment scores demonstrated a strong negative correlation
(palpebral r = —-0.7505 and p < .0001; visual placement
r = —0.6199 and p < .0001) between increasing viral load
and ocular reflex scores (Figure 2E-i and ii). Rear limb
withdrawal and grip time tests were used to evaluate
motor/neural inflammation, function, and pain. Scores
from these two clinical assessments were plotted against
the concentration of ZIKV RNA per gram of brain tissue
as determined by qRT-PCR. Rear limb withdrawal and grip
time evaluations both exhibited a strong negative correla-
tion between increasing viral load and decreasing motor/
neural responses (withdrawal r = -0.7078 and p < .0001;
grip times r = —0.7972 and p < .0001) (Figure 2E-iii and iv).
Collectively, these data demonstrated that immunocompe-
tent mice infected with high doses of ZIKV, suffered from
mild weight loss and reduced recovery resulting in distinct
neurological and ocular pathology that significantly corre-
lated with viral burden.

ZIKV infection-induced antibodies have limited
cross-protection and enhance infection among ZIKV and
DENYV strains

To characterize and evaluate kinetics of ZIKV-specific IgG
antibody subtype production and evaluate antibody matura-
tion progression, we collected PPP up to 120 DPI from
immunocompetent mice. ZIKV-specific IgG total concen-
trations were low within the first 40 DPI, never exceeding
77 ng/ml. After 40 DPI, IgG total concentrations increased
until 80 DPI, where they plateaued at 647.5 ng/ml and
reached a maximum of 714.1 ng/ml (Figure 3A). ZIKV-
specific IgG1 concentrations never exceeded 116.8 ng/ml
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during the length of the study (Figure 3B), and IgG2a
concentrations demonstrated increasing titers until 60
DPI, with a maximum of 110.3 ng/ml followed by a sharp
spike in concentrations reaching a maximum of 332.2 ng/
ml (Figure 3C). This data demonstrates that there was
a sharp increase in antibody titers around 60 DPI, and
that the majority of these antibodies were IgG2a.

As antibody cross-reactivity has been well documented
between ZIKV and DENV, we next aimed to characterize
antibody quality, based on the ability to neutralize ZIKV
strains and DENV serotypes, and to potentiate infection of
non-permissive cell types 100 DPI. Neutralizing virus titer
was determined using a contemporary South American ZIKV
strain from Colombia, FLR; and an ancestral African lineage
strain from Uganda, MR766 (Figure 3D). Of ZIKV strains,
PRVABC59 demonstrated 50% neutralization at a titer of
628, while neither FLR nor MR766 demonstrated neutraliza-
tion beyond a titer of 16. Four DENV strain serotypes were
selected for neutralization analysis (Figure 3E). Of these four
serotypes, only DENV-1 and DENV-2 exhibited antibody-
mediated neutralization with titers of 61 and 33, respectively.
This data demonstrates that antibodies generated by ZIKV
infection were specific to the strain of infection, and had little
to no neutralization capacity to other strains of ZIKV or to
DENYV serotypes.

Flavivirus antibody cross-reactivity is a double-edged sword;
often antibodies can neutralize different viruses at high concen-
trations but also enhance infection via incomplete neutralization
at lower concentrations. Antibody-dependent enhancement
(ADE) is a well-studied phenomenon where poorly neutralizing
antibodies against one flavivirus or virus strain can increase
infectivity of another virus or strain.”> Here, we evaluated the
ability of antibodies generated against PRVABC59 to enhance
infectivity of homologous and non-homologous ZIKV strains
and DENV using non-permissive U937 cells that will only be
infected by through ADE. Antibodies generated by ZIKV infec-
tion demonstrated some autologous neutralization capabilities at
high antibody concentrations and became enhancing at a titer of
320. Among ZIKYV strains, both FLR and MR766 demonstrated
an endpoint titer of 40, which resulted in 92% and 86% of cells
becoming infected, respectively (Figure 3F). Despite the lineage
differences, FLR and MR766 infection is a direct product of
antibody concentration as evinced by infectivity and antibody
concentration decreasing simultaneously. This also points to
potential differences among E-protein sequences where FLR
and MR766 have a common sequence distinct from
PRVABC59. Among DENV serotypes, DENV-2 and DENV-4
demonstrated similar peaks of infectivity at titers of 160 and 80,
respectively, with a maximum of 85% of all cells infected for both
viruses. DENV-1 infected 71% of all cells at an endpoint titer of
20, and DENV-3 exhibited 74% of cells infected at a titer of 320
(Figure 3G). The trend observed for DENV-1 ADE in (Figure
2G) demonstrates that virus neutralization is a product of anti-
body concentration and not epitope specificity, as ADE
decreases as antibody concentration decreases. Collectively,
these data demonstrate that antibodies generated by ZIKV infec-
tion were both poorly neutralizing and highly enhancing to non-
homologous viruses and strains.
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Figure 3. PRVABC59-induced antibodies are weakly neutralizing and enhance non-homologous infection. Antibody kinetics for IgG total (A), IgG1 (B), and IgG2a
() that are specific to PRVABC59 were determined up to 120 DPI via ELISA using whole, inactivated virus particles. (N = 5). (D-E) Antibody neutralization was evaluated
by determining the endpoint antibody titer necessary to neutralize 50% of live virus (ICsq) among homologous and non-homologous ZIKV strains (D; N = 5) and
a representative strain from all four DENV serotypes (E; N = 5). The horizontal line indicates when 50% of live virus has been neutralized. (F-G) Antibody-mediated
infection was evaluated among homologous and non-homologous ZIKV strains (F) and a representative strain from all four DENV serotypes (G; N = 5). Background
fluorescence, denoted by the horizontal dotted line, was determined by combining virus, no antibody sample, and cells. All error bars in all panels reflect standard
deviation.
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Figure 4. Tenacious corneal and retinal hyperplasia coincides with persistent ocular infection, increasing levels of cell death, and chronic inflammation. (A)
Macroscopic (top) and fundus (bottom) imaging was done at 0, 3, 10, 30, and 100 DPI to visualize ocular pathology. (B-C) Eyes from infected and uninfected mice were
harvested 10 (B) and 100 (C) DPI for H&E and immunofluorescent staining. H&E images of corneal and retinal layers were taken at 20x to assess pathology. (D-E) ZIKV
infectivity was determined by immunofluorescent staining for flavivirus antigens (Two-way ANOVA with Bonferroni’s post-hoc; N = 10). (F-G) Similarly, TUNEL staining
for cell death was performed at 10 and 100 DPI (Two-way ANOVA with Bonferroni’s post-hoc; N = 10). (G) gRT-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 AACt method (N = 5).
For all panels, * is p < .05, **is p < .01, *** is p < .001, and **** is p < .0001. All error bars in all panels reflect standard deviation.
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Corneal and retinal hyperplasia among infected mice
coincides with elevated cell death and persistent
inflammation in the eye

Conjunctivitis and uveitis are common symptoms among
humans infected with ZIKV, and ocular pathology comparable
to them has been observed in IFNAR-/- mouse models of ZIKV
pathogenesis.”"** We documented macroscopic conjunctivitis
by facial imaging of the same immunocompetent mouse across
infectious time-points in effort to detail animal pain according
to the mouse grimace scale®”8 (Figure 4A, top-row).
Unilateral swelling and orbital tightening was evident 3 DPI
and progressed to bilateral swelling with purulent discharge 10
DPI. Both eyes showed intense purulent discharge at 30 DPI,
and swelling was persistent up to 100 DPI (Figure 4A, top row).
Fundoscopy was performed simultaneously and showed
intense vascular inflammation 3 DPI. Retinal edema and vas-
cular inflammation developed 10 DPI, persisted up to 30 DPI,
and was not fully resolved by 100 DPI (Figure 4A, bottom-
row).

Eye tissues were sampled 10 and 100 DPI to determine
infection-induced morphological changes during early and
late stages (Figure 4B-C). Within 10 DPI, infected = mice
demonstrated chemotic conjunctiva, minor edema of corneal
epithelia, and increased leukocyte infiltration within corneal
stroma (Figure 4B, left side). ZIKV infections also presented
edematous retinal pigmented epithelial (RPE) layers which
contributed to further retinal degeneration, and notable
immune infiltration of sclera and ganglionic layers (evident
by increased nuclei present in these layers) (Figure 4B, right-
column). Through 100 DPI, animals showed non-resolving
warping of corneal epithelia, and hyperplasia within the cuboi-
dal and squamous layers (Figure 4C, left column), with persis-
tent leukocytes within the stroma. Retinal layers of infected
animals showed bifurcation of the ganglionic layer and distinct
edema of RPE (Figure 4C, right-column).

Active virus and vVRNA could be isolated from eyes of
infected animals 100 DPI. Thus, we aimed to identify cell
tropism within the eye, possible changes in tropism as infection
progresses, and whether morphologically affected tissues
demonstrated increased infection or infection-induced cell-
death. Viral proteins were detected as early as 10 DPI in
lacrimal glands and cornea of infected mice and persisted 100
DPI (Figure 4D; S2 A-B). The number of infected cells
increased 1.2-fold between 10 and 100 DPI (p = .006) (Figure
4E). To quantify infection-induced cell death, we fluorescently
labeled apoptotic and necrotic cells using terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL); we and
observed increased levels of cell death in cornea and lacrimal
glands (Figure 4F; S2 C-D). When compared to uninfected
animals, ZIKV-infected eyes exhibited 5-times higher cell
death after 10 DPI, and 12.6-times greater levels of cell death
after 100 DPI. Between 10 and 100 DPI, cell death within
infected eyes increased 1.3-fold (p = .004), which correlated
with the fluorescent infectivity data (Figure 4G).

IL-1B and TNF-« transcription were 1611-fold and 964-fold
greater in ZIKV-infected eyes compared to uninfected eyes
(Figure 4H). COX2 expression among infected eyes was 111-

times greater than in uninfected eyes. MMP transcription was
also elevated, with MMP2 showing 1,861-fold higher expres-
sion and MMP9 exhibiting 1,313-fold increased transcription.
Transcription of the anti-inflammatory cytokines IL-10 and
SOCS3 was increased 1,007- and 108-fold respectively.
Collectively, these data demonstrate that ZIKV infection-
induced ocular hypo- and areflexia may be the manifestation
of direct infection and cell death of eye tissues, which subse-
quently mediate leukocyte infiltration, tissue morphology
changes, and pan-uveitis inflammation.

ZIKV infection reduces myelin expression and results in
prolonged inflammation in the brain

We observed decreased neurological and motor reflexes
and elevated concentrations of anti-ganglioside autoanti-
bodies after infection of immunocompetent mice with
PRVABC59. The severity of pathology correlated strongly
with viral load in brain tissues, and the antibodies gener-
ated by infection were characterized as poorly neutraliz-
ing, broadly cross-reactive, and able to robustly induce
infection in non-permissive Fcy-R bearing leukocytes.
These data in conjunction with established literature link-
ing anti-ganglioside antibodies with aberrant myelin
expression among GBS patients® led us to investigate
ZIKV-induced myelin expression alterations in the brain.
Murine tissues were harvested from immunocompetent
100 DPI and processed for immunofluorescent histochem-
istry using dual stains for pan-flavivirus group antigen and
myelin glycoproteins common on myelin-bearing cells,
such as oligodendrocytes and Schwann cells.

ZIKV infectivity immunofluorescence was performed to
determine if viral antigen was isolated to specific regions of
the brain; the total amount of infected foci were normalized
against the total number of cells present in the optic field. Both
the hippocampus and cortex showed 35-40% infectivity
(Figure 5A). Myelin basic protein (MBP) and myelin proteoli-
pid protein (mPLP) are the most abundant proteins in the CNS
which contribute to the myelin sheath.®* Thus, we stained
brain sections for MBP in cortex sections, which revealed
that infected mice had 2.5 times lower MBP expression than
uninfected animals (p < .0001) (Figure 5B and C; S1A).
Hippocampus and cortex regions stained for mPLP showed
a 2.3- and 1.9-fold lower expression, respectively, compared to
uninfected mice (p =.0001, p =.001) (Figure 5D-F; S1B and C).
GBS patients have not only demonstrated antibody-mediated
reduction in MBP and mPLP, but also a reduction in inter-
mediate neuro-filament and glial cell body proteins, such as
vimentin (Vim).”® Hippocampus and cortex regions from
infected animals demonstrated 2.1- and 2.0-fold less Vim
expression compared to uninfected animals (both p < .0001)
(Figure 5G-I; S1D and E).

Chronic inflammation plays a critical role in mediating
the long-term consequences of GBS,> thus we characterized
transcription of immune proteins 100 DPI from brains of
immunocompetent mice. ZIKV infection increased IL-1f3
and TNF-a levels by 500 and 660-fold, respectively
(Figure 3J). IL-1f3 expression can be regulated by cycloox-
ygenase 2 (COX2), a pain mediator, via a positive feedback
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Figure 5. PRVABC59 infection in the hippocampus and cortex corresponds to decreased levels of myelin and persistent inflammation. (A) Brains were
sectioned and stained for ZIKV antigen 100 DPI. Foci were counted in hippocampal (HC) and cortical regions (N = 15). (B-C) MBP expression was determined by
immunofluorescent staining in mid-brain cortex regions of mice (B), expression was normalized to background using the CTCF calculation and is presented as
normalized MFI (C; student’s t-test; N = 10). (D-F) mPLP expression among mid-brain sections was normalized to background using the CTCF calculation and is
presented as normalized MFI in both hippocampus and cortex regions (Two-way ANOVA with Bonferroni’s post-hoc analysis; N = 10). (G-I) Vim expression was similarly
quantified among hippocampus and cortex regions from infected mice. (Two-way ANOVA with Bonferroni's post-hoc analysis; N = 10). (J) gRT-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 AACt method (N = 5). For all panels, * is p < .05, ** is p < .01, *** is p < .001, and **** is p < .0001. All error bars in all panels reflect standard deviation.

loop.®! We quantified transcription of COX2 via qRT-PCR
and observed 75-fold greater levels within infected brains.
Matrix metalloproteinases (MMPs) are capable of mediating
blood-brain barrier (BBB) permeability, and thus we evalu-
ated transcription levels of MMP2 and MMP9. MMP2
expression increased 466-fold after infection, while MMP9
increased 290-fold. Finally, we sought to quantify transcrip-
tion of the anti-inflammatory proteins IL-10 and SOCS3, as

these play prominent roles in controlling neuroinflamma-
tion and in regulating anti-inflammatory phenotypes of
resident microglia. We observed that these proteins had 15
and 12-fold greater expression after infection. The elevated
anti-inflammatory expression is expected at late time points,
as these correlate with wound healing. Our transcriptional
data suggests that ZIKV infection results in persistent neu-
roinflammation with high levels of MMPs, which may result
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Figure 6. IgG produced during ZIKV infection are cross-reactive to host gangliosides. Antibodies generated during ZIKV infection were also evaluated for their
reactivity to GD1a, GD1a, and GT1a gangliosides (Ai, ii, and iii, respectively) via ELISA. The proportion of ganglioside-reactive antibodies to ZIKV-specific IgG was then
determined for 0, 3, 10, 60, 80, and 100 DPI. (N = 5). All error bars in all panels reflect standard deviation.

in systemic leukocyte infiltration and contribute to both
neurological symptoms and observed demyelination.®?

Antibodies generated during ZIKV infection are
auto-reactive to GBS-associated neural markers

Current researching regarding GBS and ZIKV-induced GBS
points to auto-antibodies generated against glycosylated patho-
gen proteins that which mimic ganglioside residues on neu-
rons. As our observed neuro-ocular pathology resembles GBS,
we next wanted to characterize the ganglioside reactivity of the
antibodies generated during ZIKV-infection of immunocom-
petent mice. Thus, we quantified the total amount of IgG that
bound to GD1a, GD1b, and or GT1a gangliosides (Figure 6A i-
iii). Each of these gangliosides correlates with a specific variety
of GBS. GD1a reactive IgG correlates with acute motor axonal
neuropathy; GD1b corresponds to a sensory ataxic variant;
GT1la is connected to Miller-Fisher Syndrome, a variant of
GBS affecting the eyes.”” 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 (Figure 6B i-iii). As early as 3 DPI,
30-46% of all ZIKV-induced IgG showed reactivity to one of
the three gangliosides. Both GD1la and GD1b demonstrated
similar peaks at 60 DPI with a maximum of 72% of all ZIKV-
IgG being autoreactive. GT1a reached a peak of 56% 100 DPI.
Our data demonstrate that highly autoreactive antibodies gen-
erated in immunocompetent mice are primarily against GD1a
and GD1b gangliosides.

Discussion

In this study, we successfully recapitulated ocular and neuro-
logical symptomatology and pathology observed in human
ZIKV infections® and in A129/AG129 murine models using
fully immunocompetent BALB/c mice.'””® Importantly, we
established precise clinical scoring methods to detail symptom
kinetics, severity, and convalescence. We demonstrated that



infection-induced sequelae persist among immune privileged
tissues up to 100 DPI, and that the demyelination generated
following by ZIKV infection correlates strongly with viral
burden and persistence, decreased ocular and motor/neural
clinical scores, and non-resolving inflammation. These find-
ings were associated with virus-specific antibodies that, despite
being long-lived, were weakly neutralizing and highly
enhanced infection, while also perpetuating tissue pathology
during ZIKV infection due to autoreactivity. These antibodies
were able to neutralize homologous virus but not other ZIKV
strains of Asian and African lineages, or DENV serotypes.
Notably, they mediated robust infection among non-
permissive cells by means of ADE.

Importantly, our study utilized BALB/c mice rather than
C57BL/6. Immunocompetent BALB/c mice were preferable for
this study because they generate robust humoral responses, and
thus are more suitable for investigations about antibody-
mediated pathology. While BALB/c have shown retinal degen-
eration due to normal husbandry lighting, a study by Bell et al.
found that standard lighting in animal facilities ranges between
130 and 325 lumens, and induced retinal lesions only in ani-
mals >20 weeks old.** Our results are similar to those reported
in C57BL/6 mice that developed retinal and corneal pathology,
such as retinal edema and hyperplasia, following ZIKV
infection.”®®> Manangeeswaran et al. found that retinal lesions
and ocular pathology persists in C57BL/6 up to 90 days and
correlates with elevated cytokine levels, but was performed in
suckling neonatal mice.® Our data in the BALB/c model agree
with the findings in C57BL/6 mice, and expand in the field of
ZIKV neuro-ocular pathology and the underlying mechanisms,
providing further insight into current knowledge gaps.

Our study is the first to report on ZIKV-induced autoreac-
tive antibodies to GD1a, GD1b, and GT1a gangliosides that
contribute to myelin degradation in immunocompetent BALB/
¢ mice following infection.”” GBS has been correlated with
antibody cross-reactivity to host gangliosides in other flavi-
viruses. We observed that 25-75% of all antibodies generated
by and specific to PRVABC59 were also reactive to GD1a and
GDI1b gangliosides, which may correlate to our observed
motor-neural pathology.®® Gangliosides are vital to synaptic
transmissions, intercellular adhesion and communication,
equilibrium, immune signaling, and nervous system and
motor/neural network maintenance.”” Anti-ganglioside anti-
bodies have been previously shown to lead to the absence or
fragmentation of MBP, myelin PLP, and vimentin all contri-
buting to persistent neuroinflammation within the brain by
acting as damage associated molecular patterns (DAMPs).
Myelin or myelin debris signal in macrophages via comple-
ment/opsonization or phagocytosis and facilitate M1 (macro-
phage type-1) polarization and proinflammatory secretion.”
Protracted neuroinflammation by M1 microglia is mediated by
locally secreted inflammatory factors, such as TNF-a, which is
consistent with our transcriptional data.”

The persistent neuroinflammation and severe pathology we
observed is consistent with published data reporting that
chronic neuroinflammation potentiates severe motor/cognitive
diseases among flavivirus infections as seen in GBS cases.”’
COX2 stimulates glial cell IL-13 and TNF-a secretion resulting
in a paracrine and autocrine signaling cascade.”” This cycle of
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persistent inflammation and pain-sensitivity is established
through a COX2 and IL-1p positive feedback loop, via NF-«kB
signaling.®"”> Our data confirmed this in ZIKV-infected mice,
showing elevated transcription of COX2, IL-1f, and TNF-a up
to 100 days after infection while simultaneously exhibiting
persistently hypo- and areflexia.

MMPs are endopeptidases with vital functions such as
neural network remodeling, tissue formation, and BBB integ-
rity regulation. M2 microglia (type 2 macrophages), which
function in tissue remodeling and anti-inflammatory
responses, secrete MMP2 to permeabilize the BBB’® and
allow for infiltrating macrophages to enter the brain, phagocy-
tose, and clear dead cells.®*”* Increased permeability of the
BBB via elevated transcription of MMP2 and MMP9 corre-
sponds with increased inflammatory leukocyte trafficking into
the brain.”>’® Our findings on MMP2 and MMP9 elevation
following ZIKV infection are similar to those of Wang et al,,
where MMP2 and MMP9 were upregulated in brain tissues
following West Nile virus (WNYV) infection, thus mediating
infiltrating leukocyte trafficking into the brain.”

TNF-a and IL-6 production by local resident and infil-
trating immune cells in the CNS induces IL-10 production,
which has an anti-inflammatory function via SOCS3 signal-
ing pathways.”” Importantly, IL-10 has demonstrated the
ability to protect astrocytes from excessive inflammation
and in regulating adult neurogenesis after brain injury,
being implicated as an important mediator of intracellular
cross talk between microglia, astrocytes, neurons, and
oligodendrocytes.”®”®

In eyes, COX2, IL-1f3, TNF-a, MMP2, and MMP?9 transcrip-
tion profiles among infected animals were elevated through 100
DPL Interestingly, IL-10 and SOCS3 expression were also ele-
vated in this cohort, suggesting an alternative route of ocular
pathogenesis in addition to the primary route resulting from
infection and inflammation. High intraocular concentrations of
IL-10 and SOCS3 have resulted in pathological angiogenesis via
Miiller-cell mediated neovascularization.® Additionally, SOCS3
works by blocking intracellular signaling of IL-6 and IL-23,
namely preventing STAT3 phosphorylation and directly influen-
cing ocular T cell repertoires.®’ This constraint on Tyy; and Ty,
differentiation during infection and inflammation also provides
insight into a novel pathway for ZIKV pathogenesis in the eye.

Our study addresses a current gap in the field regarding
antibody-specific mechanisms that underlie the initiation of
ocular and neurological pathology persistence and damage,
and point to the need for a more comprehensive, systems
biology approach to understand how antibodies influence
long-term  neurological pathogenesis of flaviviruses.
Collectively, our data suggests that autoreactivity of ZIKV
antibodies may initiate a demyelination cascade that ulti-
mately results in chronic neuroinflammation and persistent
neuro-ocular impairments. Importantly, we demonstrate
immunocompetent animals can serve as models for patho-
genesis and long-term infection studies. These findings
underscore the need of exploring alternative vaccination
platforms and imposing stringent qualifications for ZIKV
vaccine candidates that would confer breadth and longevity
of protection while minimizing the risk of autoimmunity or
ADE. Future studies should include investigation of
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demyelination sequelae after passive transfer of ZIKV-
induced antibodies, and the putative role of maternal anti-
bodies on vertically transmission. Additionally, future stu-
dies duplicating this work in C57BL/6 mice will determine if
similar pathology can be observed in a Thl-skewed
background.
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