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Zika virus (ZIKV) is a reemerging human pathogen that causes congenital abnormalities, including
microcephaly and eye disease. The cellular/molecular basis of ZIKV and host interactions inducing
ocular and neuronal pathogenesis are unclear. Herein, we noted that the Hippo/Salvador-Warts-Hippo
signaling pathway, which controls organ size through progenitor cell proliferation and differentiation,
is dysregulated after ZIKV infection. In human fetal retinal pigment epithelial cells, there is an early
induction of transcriptional coactivator, Yes-associated protein (YAP), which is later degraded with a
corresponding activation of the TANK binding kinase 1/interferon regulatory factor 3 type I interferon
pathway. YAP/transcriptional co-activator with a PDZ-binding domain (TAZ) silencing results in reduced
ZIKV replication, indicating a direct role of Hippo pathway in regulating ZIKV infection. Using an in vivo
Ifnar1�/� knockout mouse model, ZIKV infection was found to reduce YAP/TAZ protein levels while
increasing phosphorylated YAP Ser127 in the retina and brain. Hippo pathway is activated in major
cellular components of the blood-brain barrier, including endothelial cells and astrocytes. In addition,
this result suggests AMP-activated protein kinase signaling pathway’s role in regulating YAP/TAZ in
ZIKV-infected cells. These data demonstrate that ZIKV infection might initiate a cross talk among
AMP-activated protein kinaseeHippoeTBK1 pathways, which could regulate antiviral and energy stress
responses during oculoneuronal inflammation. (Am J Pathol 2020, 190: 844e861; https://doi.org/
10.1016/j.ajpath.2019.12.005)
Supported by the California Institute for Regenerative Medicine
QuesteDiscovery Stage Research Projects grant DISC2-10188 (V.A.), NIH
award R21AI135583 (A.K.), and NIH grants R21AI095004 (K.M.) and
R01AI108400 (K.M.).
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Zika virus (ZIKV) is a mosquito-borne positive-sense RNA
virus that was first isolated in 1947 in Uganda, Africa. Since
then, there have been numerous outbreaks throughout Africa
and Asia, and, most recently, the pandemic in the Americas
and Caribbean islands.1 In 2016, the World Health Orga-
nization declared a global health emergency because of an
increasing number of microcephaly cases and other
neurologic-ocular disorders2,3 reported in South America.
Studies demonstrated that vertical transmission of ZIKV in
infected mothers causes microcephaly, fetal growth restric-
tion, and ocular abnormalities in developing fetuses.4
stigative Pathology. Published by Elsevier Inc
Involvement of ZIKV in the eye was reported in several
cases from Brazil and other affected countries, where infants
born with microcephaly showed evidence of retinal lesions,
focal pigmented mottling, optic nerve abnormalities,
. All rights reserved.
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Hippo Pathway in ZIKV-Neuroinflammation
chorioretinal atrophy, and a withering of the retina and
choroid.2,5e7 There might be more cases of ZIKV-mediated
neural and ocular complications because many are under-
reported.8 ZIKV infection in adults is linked to Guillain-
Barre syndrome and neurologic complications, including
encephalitis/meningoencephalitis, myelitis, and acute
disseminated encephalomyelitis.9,10 These inflammatory
changes and cerebrovascular complications can lead to
seizures and encephalopathy, sensory polyneuropathy, and
sensory neuropathy. The recent ZIKV outbreaks and asso-
ciated neurologic disorders generated a need to understand
the disease pathology and molecular mechanisms for
development of effective ZIKV vaccine and therapeutic
agents.3,9,11e14 However, the molecular mechanism under-
lying ZIKV infection is not well understood.

Recently, in vitro models of ZIKV infection12,15,16 have
demonstrated that ZIKV infects retinal cells and cells lining
the blood-retinal barrier, including retinal pigment epithelial
(RPE) cells and retinal vascular endothelium. The RPE
constitutes the outer blood-retinal barrier and shields the
neuroretina from hematogenous pathogens, including
ZIKV. Therefore, disruption of RPE could generate a route
of entry for ZIKV through the fenestrated choroidal capil-
laries. Similarly, the remarkable neurotropism of ZIKV in-
dicates the virus has tremendous ability to infiltrate the
blood-brain barrier (BBB). Different cell types, such as
endothelial cells, astrocytes, pericytes, and microglia,
compose the BBB.17,18 Studies have shown that the AXL
receptor tyrosine kinase (AXL) protein is enriched in
endothelial cells, radial glial cells, astrocytes, and neural
stem cells, which mediate ZIKV entry.19 ZIKV can infect
human brain microvascular endothelial cells and peri-
cytes.16,20 Moreover, astrocytes are critical in preserving the
BBB in addition to maintaining homeostasis and providing
energy and metabolic support to neurons.21,22 Therefore, on
ZIKV infection, the release of inflammatory mediators and
influx of immune and inflammatory cells can disrupt the
endothelial integrity and affect the BBB.

Mice models have been useful in investigating the ZIKV
disease pathogenesis mechanism.23 Several studies have
used interferon (IFN) receptor knockout (Ifnar1�/�) mice
for systemic or direct inoculation of ZIKV into the desired
tissue/organ.11,17,23e26 The innate and specific immune re-
sponses critical for controlling ZIKV infection have been
extensively investigated.27e30 Ifnar1�/� infected mice
showed neutrophil and macrophage infiltrates in the central
nervous system with high expression levels of IL-1, IL-6,
and cyclooxygenase 2 (COX2). ZIKV infection has been
shown to elicit epitope-specific polyfunctional cytotoxic
CD8þ T cells.11,12,31e34 Thus, the mouse model is relevant
for understanding the pathogenesis of ZIKV disease.

Hippo signaling pathway is shown to control neural pro-
genitor cell proliferation and differentiation and organ
size.35,36 Because ZIKV affects the developing eye and brain,
we hypothesized that the developmentally conserved Hippo
pathway could be dysregulated during ZIKV infection. The
The American Journal of Pathology - ajp.amjpathol.org
key components of the Hippo pathway in mammals are
STE20-like (serine/threonine) kinases (MST1/2; Hpo in
Drosophila) and large tumor suppressor (LATS1/2; Wts in
Drosophila). On activation by stimuli, MST1/2 phosphory-
late and activate the LATS1/2. The activated phosphorylated
LATS1/2, along with Salvador 1, then phosphorylates YY1
associated protein 1 (YY1AP1), also known as Yes-
associated protein (YAP; oncogene and a transcription
coactivator) at serine 127 residue.37 The phosphorylated YAP
S127, then bound to a cytoplasmic 14-3-3 protein, results in
nuclear exclusion. Subsequent YAP phosphorylation at
serine 397 by casein kinase 1 d primes it for ubiquitination
and degradation by proteasomes.36 While Hippo pathway is
inactive, the unphosphorylated YAP and its homologous
partner, tafazzin, also known as transcriptional coactivator
with PDZ-binding motif [transcriptional co-activator with a
PDZ-binding domain (TAZ) or WW domain containing
transcription regulator 1 (WWTR1)], translocate to the nu-
cleus, where they bind to the TEA domain transcription
factor (TEAD) family of transcription factors and mediate
expression of target genes (BIRC5, CTCF, AXIN2, MYC, and
CCND1) that are involved in cell survival and proliferation.
Recent evidence suggests that the Hippo pathway modulates
host antiviral immune responses,38e41 where YAP inhibits
antiviral defense mechanisms by antagonizing the function of
proinnate immune factors TBK1 and IRF3.42 YAP depletion
can relieve TBK1 and IRF3 suppression by YAP,42 resulting
in antiviral response by stimulating the production of type I
and III interferons.

In this study, in vitro and in vivo models were used to
characterize how ZIKV modulates the Hippo signaling
pathway. We found that the level of YAP/TAZ changes
during ZIKV infection because of Hippo pathway activa-
tion. shRNA knockdown showed that YAP/TAZ plays a
direct role in ZIKV replication. Lastly, investigating the
interplay between the host cell and ZIKV in mouse model
revealed that the activation of Hippo pathway targets BBB
and immune and inflammatory cells, contributing to energy
stress, antiviral response, and neuroinflammation.

Materials and Methods

Ethics Statement

The Institutional Animal Care Use Committee of the Uni-
versity of California, Los Angeles (UCLA) and Cedars-
Sinai Medical Center have provided approval of the study.
This work was performed in strict compliance with the
recommendations of NIH's Guide for the Care and Use of
Laboratory Animals.43

Cell Lines

Human fetal RPE cells were obtained from Dr. Guoping Fan
(UCLA). The cells were collected with required informed
consent described in earlier work.44,45 Fetal retinas
845
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Table 1 List of Antibodies Used in This Study

Antibodies Source Catalog no.

Acetyl-CoA carboxylase (C83B10) rabbit mAb Cell Signaling (Danvers, MA) 3676
AMPKa (D5A2) rabbit mAb Cell Signaling 5831
Anti-CD4, clone EPR19514 Abcam (Cambridge, MA) ab183685
Anti-IRF3 (phospho S386) antibody (EPR2346) Abcam ab76493
CD45 antibody (YW62.3) Bio-Rad (Hercules, CA) MCA1031GA
Cleaved caspase-3 rabbit monoclonal antibody, clone D175 Cell Signaling 9661S
Donkey anti-rabbit alexa fluor-555 Thermo Fisher Scientific (Waltham, MA) A31572
Donkey anti-rabbit alexa fluor-647 Jackson ImmunoResearch (West Grove, PA) 711-605-152
Donkey anti-rat Cy3 Jackson ImmunoResearch 712-165-153
Goat anti-Armenian hamster alexa fluor-488 Abcam ab173003
Goat anti-mouse alexa flour-555 Thermo Fisher Scientific A32727
Goat anti-rabbit alexa flour-488 Thermo Fisher Scientific A-11008
Goat anti-rabbit alexa fluor-647 Thermo Fisher Scientific A32733
Goat anti-rabbit IgG (HþL) secondary antibody, HRP Thermo Fisher Scientific 31460
Goat anti-rat alexa fluor-555 Thermo Fisher Scientific A21434
IRF-3 (D83B9) rabbit mAb Cell Signaling 4302
LATS1 (C66B5) rabbit mAb Cell Signaling 3477
Monoclonal anti-b-actin antibody produced in mouse Sigma-Aldrich A5316
Mouse anti-occludin (OC-3F10), monoclonal Thermo Fisher Scientific 33-1500
MST1 antibody Cell Signaling 3682
NeuN rabbit monoclonal antibody, clone D4G40 Cell Signaling 24307S
NK1.1 monoclonal antibody (PK136), eBioscience Thermo Fisher Scientific 14-5941-82
Phospho-acetyl-CoA carboxylase (Ser79) antibody number 3661 Cell Signaling 3661s
Phospho-AMPKa (Thr172) (40H9) rabbit mAb number 2535 Cell Signaling 2535T
Phospho-AMPKa (Thr172) (D4D6D)rabbit mAb Cell Signaling 50081
Phospho-IRF-3 (Ser386) (E7J8G) XP rabbit mAb Cell Signaling 37829
Phospho-stat1 (Tyr701) (58D6) rabbit mAb number 9167 Cell Signaling 9167S
Phospho-TBK1/NAK (Ser172) (D52C2) XP rabbit mAb Cell Signaling 5483S
Phospho-YAP (Ser127) (D9W2I) rabbit mAb Cell Signaling 13008
Phospho-YAP (Ser397) (D1E7Y) rabbit mAb Cell Signaling 13619
YAP/TAZ (D24E4) rabbit mAb Cell Signaling 8418S
YAP (D8H1X) XP rabbit mAb Cell Signaling 14074S
Purified rat anti-CD11b, clone M1/70 BD Pharmingen (San Diego, CA) 553308
Purified rat anti-mouse CD31 BD Pharmingen 550274
Rabbit flavivirus group primary antibody (D1-4G2-4-15) Novus Biologicals (Centennial, CO) NBP2-52666
Rat monoclonal anti-mouse CD8, clone YTS169.4 Abcam ab22378
Stat1 (D1K9Y) Rabbit mAb New England Biolabs (Ipswich, MA) 14994
TBK1/NAK (E9H5S) mouse mAb Cell Signaling 51872S
Polyclonal rabbit anti-GFAP Agilent Dako (Santa Clara, CA) Z033429-2
Purified Armenian hamster anti-CD11c, clone N418 BioLegend (San Diego, CA) 117302
Zika virus NS1 protein antibody Genetex (Irvine, CA) GTX133307
Zika virus NS4B protein antibody, rabbit polyclonal GeneTex GTX133311

AMPKa, AMP-activated protein kinase a; GFAP, glial fibrillary acidic protein; HRP, horseradish peroxidase; IRF3, interferon regulatory factor 3; LATS, large
tumor suppressor; mAb, monoclonal antibody; MST, STE20-like (serine/threonine) kinase; NeuN, neuronal nuclei; NS, non-structural; TBK1, TANK binding
kinase 1; TAZ, ranscriptional o-activator with PDZ-binding motif; YAP, Yes-associated protein.

Garcia et al
(approximately 20 weeks old) were used for isolating RPEs
at the laboratory of Dr. Fan using a previously reported
protocol.44,45 The cells were cultured in minimal essential
medium-a modification medium containing 10% fetal
bovine serum, 1% penicillin/streptomycin, 1% N2 supple-
ment, 1% glutamine, 125 mg taurine, 1% nonessential
amino acids, 10 mg hydrocortisone, and 6.5 ng triiodothy-
ronine. Cells of early passage (4 to 8) were used.

The human TIM-1 gene was cloned into the lentiviral
vector plasmid, pLenti CMV Puro DEST (Addgene,
846
Cambridge, MA).46 The TIM-1eexpressing lentiviral vector
was produced by calcium phosphate transfection method.47

TIMeHEK-1 cells were generated by transducing HEK293
cells (ATCC, Manassas, VA) with lentiviral vectors
expressing TIM-1, followed by culture in Iscove’s modified
Dulbecco’s medium (Sigma-Aldrich, St. Louis, MO) sup-
plemented with 10% fetal calf serum (Sigma-Aldrich) and
1 mg/mL puromycin (Life Technologies, Camarillo, CA).
Human glioblastoma cell line U-87 MG and Vero cell line
were purchased from ATCC. The cells were incubated at
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Zika virus (ZIKV) infection dysregulates Hippo signaling pathway. A: Heat maps show differentially expressed Hippo pathway genes at 2 and 3
days post infection (dpi) in ZIKV-infected retinal pigment epithelial (RPE) cells. ZIKV infections were done in biological triplicates for each time point. The
uninfected controls were done in biological quadruplicates and pooled in duplicates for downstream analyses. B: Western blot analysis of Hippo pathway. C:
Graphs showing b-actinenormalized Western blot signal intensity for YAP protein are presented. Representative data from three independent experiments are
presented. D: Kinetics of viral production by infected RPE cells at indicated time points after infection. Viral titer was measured by plaque assay using Vero
cells. Heat-inactivated (HI) ZIKV has not yielded infectious virus, and not degraded YAP/TAZ, as determined by Western blot analysis. Dashed line represents
the assay detection limit. E: Immunohistochemistry images reveal a reduction in YAP/TAZ protein level in infected cells (arrowheads) at 24 hours post-
infection (hpi). **P < 0.01, ***P < 0.001 (t-test). Scale bars Z 10 mm (E). M, mock; PBS, phosphate-buffered saline; PFU, plaque-forming unit; TAZ,
transcriptional co-activator with a PDZ-binding domain.

Hippo Pathway in ZIKV-Neuroinflammation
37�C, supplemented with 5% CO2, and subcultured when
90% confluence was reached at approximately every second
to third day using 0.05% trypsin plus 0.53 mmol/L EDTA
(Corning, Corning, NY). Use of these established cell lines
for the study was approved by the Institutional Biosafety
Committee of Cedars-Sinai Medical Center and UCLA.

shRNA-Mediated Gene Silencing

HEKeTIM-1 cells (2.5 � 104 cells/well) were added in a
48-well plate. After 24 hours, the pLKO.1-puro shRNA
targeting YAP/TAZ (50-CCGGCCCAGTTAAATGTT-
CACCAATCTCGAGATTGGTGAACATTTAACTGGGT
TTTTG-30) or pLKO.1-puro Non-Targeting shRNA Control
plasmid (Sigma-Aldrich) was transfected using Lipofect-
amine 2000 (Invitrogen, Waltham, MA). At 48 hours after
The American Journal of Pathology - ajp.amjpathol.org
transfection, ZIKV with a multiplicity of infection of 1.0
was added. At 24 hours after infection, cell culture
supernatant and cell protein lysates were collected for virus
titer and YAP/TAZ protein knockdown efficiency
assessments.
ZIKV

Asian genotype Zika virus strain, PRVABC59 (https://www.
ncbi.nlm.nih.gov; GenBank accession number KU501215),
was used in this study. PRVABC59 was acquired from
the CDC (Atlanta, GA). Viral stocks were generated in
Vero cells. Viral titer was measured by plaque assay, as
previously described.48 For heat inactivation, ZIKV was
subjected to heat treatment for 1 hour at 70�C.
847
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Figure 2 Zika virus (ZIKV) infection affects the expression of Hippo pathway YY1 associated protein 1 (YY1AP1; YAP)/transcriptional co-activator with a
PDZ-binding domain (TAZ) factors in human glioblastoma cells. A: U-87 MG human glioblastoma cells support ZIKV replication and produce high titer in-
fectious virus. Graph shows kinetics of ZIKV production by U-87 MG cells. Dotted line represents the assay detection limit. B: Immunohistochemistry images
reveal ZIKV infection in U-87 MG cells (green) at 24 hours post-infection (hpi). C: Western blot analysis of YAP/TAZ expression kinetics in ZIKV-infected cells.
Longer exposure was required to visualize YAP isoform. Heat-inactivated (HI) ZIKV was included as negative control. D: Graph presents actin-normalized
Western blot signal intensity for YAP protein. Representative data from two independent experiments are presented. *P < 0.05, ***P < 0.001 (t-test).
Scale bars Z 5 mm (B). ENV, envelope; PFU, plaque-forming unit.

Garcia et al
Zika Viral Infection

For infection studies, RPE, U-87 MG, and HEKeTIM-1
cells were plated in a 24-well plate (2.5 � 104 cells/well).
After 24 hours, ZIKV inoculum (live or heat inactivated),
with a multiplicity of infection of 1, was prepared using the
base media and added to each well (200 mL). After 2 to 4
hours of incubation at 37�C with 5% CO2, the base medium
was replaced with complete medium (1 mL per well). The
uninfected (mock control) wells received complete media
without virus inoculum. For energy stress experiment, 2-
deoxy glucose (2-DG) was added (25 mmol/L solution) to
HEKeTIM-1 cells. Cell lysates for protein and RNA were
harvested at desired time points for downstream analyses.
Quantification of ZIKV by Plaque Assay

Vero cells seeded in 12-well plates were used for measuring
ZIKV titer of serially diluted cell culture supernatants or
serum. Virus inoculum was added to Vero cells and incu-
bated at 37�C for 4 hours. Subsequently, complete medium
was added. Two days after the infection, viral plaques were
counted using inverted phase-contrast microscope (Leica,
Buffalo Grove, IL), as previously described.35
848
Mouse Experiment

This study used 4- to 6-weekeold Ifnar1�/� (IFN-abR-KO)
male mice [Jackson Laboratory, Bar Harbor, ME; Mutant
Mouse Resource & Research Centers (MMRRC) stock num-
ber 32045-JAX] for infection study. The mouse is the most
commonly used small animal model system to study ZIKV
pathogenesismechanism in vivo. It provides the opportunity to
study ZIKV-mediated brain disease. A recent study26 and
preliminary study have demonstrated that inoculation of ZIKV
in Ifnar1�/� mouse results in brain infection resembling that
seen in human patients. Therefore, these mice continue to be
used for the ZIKV infection studies. Mice were housed at
UCLA Division of Laboratory Animal Medicine. Under iso-
flurane anesthesia, Ifnar1�/� male mice were injected with
phosphate-buffered saline (PBS; nZ 6 mice) or PRVABC59
Zika virus (1 �106 plaque-forming units/mouse in a 40-mL
volume; n Z 6 mice) in the hind limb region by s.c. route.
Blood and tissues were harvested at 7 days post infection (dpi).
On the basis of a previous publication,11 4.0 � 0.5 (log10

scale) focus forming units (FFU)/mL were estimated in the
serum from ZIKV-infected Ifnar1�/� mice. With a sample size
of six animals per group, this studywill thus have 80% statistical
power to detect a change between group means of�1.0 (log10
scale). Animals were not excluded from analysis, and the
ajp.amjpathol.org - The American Journal of Pathology
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Hippo Pathway in ZIKV-Neuroinflammation
only inclusion criterion required was 4- to 6-weekeold Ifnar1�/

� mice. Animals were randomly selected and placed in two
groups, PBS control and ZIKV infection groups. Investigators
(A.K. and V.A.) were blinded during the acquisition and anal-
ysis of images from stained sections of mouse eye and brain.
Immunohistochemistry

Brain and eye tissues were fixed in 4% paraformaldehyde
for 1 hour and transferred to PBS solution. Tissues were
then incubated in 10% and 20% sucrose for an hour each
and 30% sucrose overnight. Tissue was then embedded in
optimal cutting temperature compound (Fisher Healthcare,
Waltham, MA) and stored overnight at �80 �C. Leica
cryostat microtome was used for sectioning tissues (6 mm
thick), and the tissue slices were mounted on Super Frost
microscope slides (VWR, Aurora, CO). To remove
optimal cutting temperature, slides were incubated in 1�
PBS for 10 minutes. Sections were washed three times
with 1� PBS and permeabilized for 1 hour at room tem-
perature using blocking buffer (0.3% Triton X-100, 2%
bovine serum albumin, 5% goat serum, and 5% donkey
serum in 1� PBS). For immunostaining, sections were
submerged in each primary antibody (Table 1) and incu-
bated overnight at 4�C. Subsequently, the sections were
washed three times with 1� PBS and incubated 1 hour at
room temperature with respective secondary antibody
(Table 1). Nucleus was visualized by DAPI (Life Tech-
nologies) in blocking buffer at a dilution of 1:5000. Im-
ages were acquired using ZEISS LSM 700 confocal
microscopes (ZEISS, Jena, Germany) and Zeiss Zen Im-
aging Software version 2.3 available at the UCLA Eli and
Edythe Broad Center of Regenerative Medicine and Stem
Cell Research Microscopy Core at Center for Health Sci-
ences Building.
Figure 3 Zika virus (ZIVK) infection modulates inflammatory and im-
mune pathways in retinal pigment epithelial (RPE) cells. YY1 associated
protein 1 (YY1AP1; YAP)/transcriptional co-activator with a PDZ-binding
domain (TAZ) factors are important for ZIKV replication. A: RNA-sequencing
analysis shows genes of innate immune and inflammatory pathways
induced on ZIKV infection of RPE cells at 72 hours post-infection (hpi). B:
Western blot analysis of innate immune pathway factors activated during
ZIKV infection in RPE. C: Western blot of shRNA-mediated knockdown of
YAP/TAZ in HEKeTIM-1 cells. Graph depicts ZIKV titer yielded by each
shRNA transfected cells at 24 hpi. *P < 0.05, **P < 0.01, and
***P < 0.001 (t-test). PFU, plaque-forming unit; pIRF3, phosphorylated
IRF3; pSTAT1, phosphorylated STAT1; pTBK1, phosphorylated TBK1.
Western Blot Analysis

Cell samples were lysed with lysis buffer containing 50
mmol/L Tris (pH 7.4), 0.25% sodium deoxycholate, 1%
NP-40, 1 mmol/L EDTA, 150 mmol/L NaCl, 1 mmol/L
Na3VO4, 20 mmol/L NaF, 1 mmol/L phenylmethylsulfonyl
fluoride, 2 mg mL�1 aprotinin, 0.7 mg mL�1 pepstatin, and
2 mg mL�1 leupeptin or Laemmli Sample Buffer (Bio-Rad,
Hercules, CA). SDS-PAGE with 10% precast gradient gels
(Bio-Rad) was used for resolving protein samples. The
Trans-Blot turbo transfer system (Bio-Rad) was used for
transferring proteins to a 0.2-mm polyvinylidene difluoride
membrane. Then, the membranes were incubated with 5%
skim milk and 0.1% Tween-20 in tris-buffered saline at
room temperature for 1 hour. After the blocking step, the
membranes were incubated with appropriate primary anti-
bodies (Table 1), then secondary antibodies, and detected by
SuperSignal West Pico Chemiluminescent Substrate kit
(Thermo Scientific, Waltham, MA).
The American Journal of Pathology - ajp.amjpathol.org
Image Analysis/Quantification

The confocal images were obtained using the Zeiss LSM 700
Confocal Microscopy with the Zeiss Zen Imaging Software
version 2.3 with maximum intensity projection feature. By a
double-blinded approach (S.W.F. and V.A.), ImageJ’s plugin
Cell Counter plugin (NIH, Bethesda, MD; https://imagej.nih.
gov/ij/plugins/cell-counter.html) was used to count the
positively stained cells. Tissue sections from three mice per
849
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Figure 4 Zika virus (ZIKV) infection induces phosphorylation of YY1 associated protein 1 (Yy1ap1; YAP) protein in retina of Ifnar1�/� mice. A and B: Low-
and high-magnification immunohistochemistry images of retina infected with ZIKV are shown. A: Expression of pYAP S127 protein at various layers of retina
along with ZIKV envelope (ENV) antigen are presented. Boxed areas are shown at higher magnifications in the enlargments to the right. B: Images of
uninfected and infected mice retina, choroidal, and retinal pigment epithelial (RPE) layers, probed for ZIKV and pYAP S127, are shown. C and D: Graphs show
quantification of cell populations stained positive for Hippo pathway proteins [pYAP S127 or YAP/transcriptional co-activator with a PDZ-binding domain
(TAZ)] and ZIKV ENV in retina. Sections from three mice per group were analyzed with approximately 150 cells counted. Representative data from two
independent mice experiments are shown. *P < 0.05, **P < 0.01, and ***P < 0.001 (t-test). Scale bars: 25 mm (A, main images); 5 mm (A, enlargements);
10 mm (B). BV, blood vessel; GL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; PBS, phosphate-buffered saline.

Garcia et al
group were used, and three to four independent images per
mouse were analyzed. Confocal images acquired at 63�
objective were used for all the analyses. Total number of
cells in each image was obtained by manually counting all
the DAPI-stained nuclei using ImageJ version 1.8.0. Total
cell count was then used for normalization and to calculate the
percentage of individual marker positive cell populations in
respective images. The mean percentage of positively stained
850
cells from three to four independent images (approximately
150 cells total) was quantified and presented as graph format.

Caspase 3/7 Assay to Measure Apoptosis

Caspase-Glo 3/7 Assay was performed as per the manufac-
turer’s protocol (Promega, San Luis Obispo, CA). At 48 hours
post-infection (hpi), uninfected and ZIKV-infected RPE cells
ajp.amjpathol.org - The American Journal of Pathology
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Hippo Pathway in ZIKV-Neuroinflammation
were incubated with the proluminescent caspase-3/7 substrate
at room temperature for 1 hour. Next, 100 mL of lysate mix
was transferred to a white 96-well microtiter plate, and the
luminescence signal was acquired using a luminometer
(Glomax Microplate Luminometer; Promega).

RNA Library Preparation and Sequencing

RPE cells infected with ZIKV were used for RNA
sequencing analysis.49 ZIKV at a multiplicity of infection of
1 was used for infection studies. RPE cell lysates were
collected at 2 and 3 dpi. For each time point, ZIKV in-
fections were performed in biological triplicates. The un-
infected controls (mock infected) were performed in
biological quadruplicates and subsequently pooled in du-
plicates for downstream RNA sequencing analyses. RNeasy
Mini Kit (Qiagen, Hilden, Germany) was used for isolating
total RNA from the cells. To remove residual carryover
DNA, on column RNase-free DNase treatment was per-
formed. Cedars-Sinai Genomics Core was used for library
preparation and RNA sequencing analyses. RNA samples
were evaluated for quality and concentration using spec-
trophotometer (NanoDrop 8000; Thermo Scientific). Illu-
mina TruSeq RNA Sample Preparation Kit version 2
(Illumina, San Diego, CA) was used for constructing RNA
sequencing libraries, as per manufacturer’s instructions.
Briefly, total RNA, isolated from uninfected and ZIKV-
infected cells having RNA integrity scores of �9 (Agilent
Bioanalyzer RNA 6000 Nano kit; Agilent, Santa Clara,
CA), was used for library preparation. For each sample, the
poly(A)þ RNA was enriched using oligo-dT attached
magnetic beads and subsequently fragmented and primed
for cDNA synthesis. The cDNA was ligated with RNA
adapters and barcodes to allow for clonal amplification and
multiplexing. Sequencing was performed on an Illumina
NextSeq 500 machine using 75-bp single-end sequencing
kit. An average read depth of 28 million reads with a
minimum number of 16 million reads was obtained for each
sample. The sequencing data were submitted to the Gene
Expression Omnibus database (https://www.ncbi.nlm.nih.
gov/geo; accession number GSE83900).

Analysis of RNA-Sequencing Data

Raw reads generated from RNA-sequencing experiment
were aligned to the human reference genome. STAR soft-
ware version 2.550 was used for alignment with a custom
human GRCh38 transcriptome reference that was down-
loaded from GENCODE (http://www.gencodegenes.org,
last accessed January 24, 2017). This reference contained
human GENCODE version 23 annotation for all protein-
coding as well as protein noncoding RNA genes. A modi-
fied trimmed mean of the M-values normalization method
was used to normalize expression counts for each gene in all
the experimental samples. DESeq2 Bioconductor package
version 1.10.1 in R version 3.2.251 was used for performing
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unsupervised principal component analysis.52 Each gene in
the samples was fitted into a negative binomial generalized
linear model. The differential expression of genes between
two sample groups was evaluated by Wald test using
DESeq2. To adjust for multiple hypothesis testing, the
Benjamini and Hochberg procedure53 was employed. To
select differentially expressed gene candidates, a false dis-
covery rate of less than the false discovery rate P < 0.05
was used. The shinyheatmap web interface54 was used for
the preparation of heat maps.54

Statistical Analysis

All statistical testing was performed at the two-sided a level
of 0.05. To test statistical significance, unpaired t-test was
used to compare two groups (uninfected versus infected).
GraphPad Prism software version 8.1.2 (GraphPad Soft-
ware, San Diego, CA) was used.

Results

Hippo Signaling Pathway Is Dysregulated in
ZIKV-Infected Cells

To first understand the molecular perturbations caused by
ZIKV infection on human RPE cells, transcriptome anal-
ysis49 was performed focusing on Hippo and antiviral
pathways. The data indicate that many genes in the Hippo
signaling pathway at 48 hpi (11 genes) and 72 hpi (21
genes) were differentially regulated (Figure 1A). Specif-
ically, the downstream Hippo pathway transcription coac-
tivators, such as TAZ/WWTR1 and TEAD family, were
significantly down-regulated (P < 0.05) in ZIKV-infected
RPE cells. Given that there are changes in the mRNA
levels of Hippo pathway related genes, the next approach
was to investigate how ZIKV infection affects Hippo
pathway at the post-translational level. Before proceeding
with the downstream cell-based analysis, we took into
consideration that Hippo signaling pathways are dysregu-
lated in cancer cell lines.55,56 To minimize the intrinsic ef-
fect of Hippo dysregulation, human primary RPE cells were
first used and results were verified in immortalized human
embryonic kidney cells stably expressing ZIKV entry re-
ceptor TIM-1 (HEKeTIM-1) cell line. Interestingly, infec-
ted RPEs at 2 hpi had significantly increased YAP protein
levels. At 4 hpi, the level of phosphorylated YAP (pYAP)
Ser397 form, a signal for YAP degradation, was increased
(Figure 1, B and C). The upstream MST1 kinase protein
level in ZIKV-infected RPE cells was relatively stable
compared with that in uninfected cells, whereas the LATS1
kinase level was reduced (Supplemental Figure S1A). The
ZIKV replication was confirmed by detecting the ZIKV
non-structural protein 1 (NS1) in infected cells. The result
shows that YAP degradation becomes significant as NS1
protein level accumulates to a high level starting at 24 hpi in
both cell types. The RPE cells produced high titer infectious
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ZIKV at various time points after infection (Figure 1D).
More important, RPE cells inoculated with heat-inactivated
ZIKV did not have YAP degradation, which suggests that
active ZIKV replication is required for Hippo pathway in-
duction. Immunocytochemistry analysis further confirmed
the reduction in YAP/TAZ protein levels in infected RPE
and HEKeTIM-1 cells (Figure 1E and Supplemental
Figure S1B). During fetal infection, ZIKV affects glial
progenitors, resulting in microcephaly and associated brain
anomalies. This study evaluated the effect of ZIKV infec-
tion on Hippo pathway using human glioblastoma cells
(Figure 2). These U-87 MG cells have efficiently supported
ZIKV infection (Figure 2, A and B), resulting in YAP/TAZ
degradation by 24 hpi (Figure 2, C and D). The transformed
cell lines, U-87 MG and HEK293, have been passaged in
culture for decades, resulting in accumulation of chromo-
somal abnormalities. Nevertheless, both the HEKeTIM-1
and U-87 MG cell lines, which are highly permissive for
ZIKV infection, supported the key findings seen in RPE,
demonstrating that dysregulation of the Hippo pathway is
not confined to RPE cell type (Figure 1 and Supplemental
Figure S1).

Subsequently, the activation of inflammatory and innate
antiviral signaling pathways in ZIKV-infected RPE cells
were examined (Figure 3, A and B). A time-dependent in-
crease in phosphorylation of key signaling factors TBK1
and IFR3 proteins in ZIKV-infected cells was noted
(Figure 3B). Moreover, phosphorylation of STAT1 was
observed, indicating that the infection activated the type I
and III interferon-mediated innate defense mechanism. In
addition, transcriptomic data have revealed the up-
regulation of TLR3, RIG-I (DDX58), STING, and ISG15
as well as inflammasome factors NLRP3, CASP1, IL1B, and
COX2 (Figure 3A). YAP/TAZ degradation during ZIKV
infection (12 to 48 hpi) has coincided with the activation of
innate immune pathway (Figure 1B). Previous reports have
shown that the YAP is an inhibitor of TBK1 and IRF3, and
the depletion of YAP can relieve this inhibition.42

Moreover, it was observed that ZIKV infection induced
caspase 3/7edependent programmed cell death in RPE
cells at 2 dpi (Supplemental Figure S1C). Because of the
reduction in total YAP/TAZ level during ZIKV infection,
the biological significance of this observation was inves-
tigated using shRNA-mediated gene silencing approach.
The HEKeTIM-1 cells were transfected with either con-
trol shRNA or YAP/TAZ shRNA construct. At 48 hours
after transfection, the cells were infected with ZIKV, and
Figure 5 Zika virus (ZIKV) infection activates Hippo signaling pathway in brain
uninfected and ZIKV-infected brains are shown. The 5 � 5 tiles of 5� objective co
the outline of the brain cross-sections. B: High-magnification images of the hig
duction of S127 phosphorylated YY1 associated protein 1 (Yy1ap1; YAP) protein in
enlargements to the right. C: Images of brain sections immunostained for YAP and
cells positive for Hippo pathway proteins and ZIKV ENV in brain. Sections from t
Representative data from two independent mice experiments are shown. *P < 0.05
main images); 10 mm (B, enlargements, and C). BV, blood vessel; Cx, cortex; P
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24 hours later, the culture supernatants were collected for
measuring viral titer in Vero cells by plaque assay. These
data showed that combined YAP/TAZ knockdown resulted
in partial reduction of ZIKV replication in HEKeTIM-1
cells (Figure 3C). This result indicates a direct role of
Hippo signaling on regulating ZIKV replication. The
reduction in YAP/TAZ level observed in infected cells
might result from the host cellular response to limit ZIKV
replication.

Hippo Signaling Pathway Is Activated by ZIKV in
Infected Retina and Brain

To understand the impact of ZIKV infection on Hippo
pathway in vivo, a well-established Ifnar1�/� knockout
mouse model was used. The ZIKV-infected mice had a high
level of viremia at 7 dpi (Supplemental Figure S2A).
Moreover, during the acute phase of infection, these mice
exhibited signs of neurologic disease, including posterior
paralysis (Supplemental Figure S2B). Using this model, a
detailed examination of the molecular and cellular changes
in harvested eye and brain tissues was performed at 7 dpi
after ZIKV infection. An immunohistochemistry approach
was utilized to detect and quantify ZIKV antigen and Hippo
pathway YAP/TAZ and pYAP S127 proteins in cells
(Figure 4, Supplemental Figure S2, C and D, and
Supplemental Figure S3). Ocular sections from three mice
per group (three to four images per mouse) were analyzed
with approximately 150 cells counted. Mean percentages of
positive cells are shown in the graphs. Consistent with
in vitro data, YAP/TAZ protein level was reduced in ZIKV-
infected retina (Figure 4D and Supplemental Figure S3). A
significant increase in YAP Ser127 phosphorylated form in
various cell layers of retina, such as ganglion cell outer
nuclear and RPE layers in the infected mice was noted
(Figure 4, AeC). ZIKV infection was observed, detected by
viral envelope positive cells, in the choroidal endothelium,
indicating virus replication in the blood-retinal barrier
(Figure 4B). YAP Ser127 phosphorylation will exclude
YAP from nucleus, thus preventing its cotranscriptional
activity. These data provide evidence that host response
might favor nucleus exclusion and degradation of YAP/
TAZ to restrict ZIKV infection.

Because ZIKV causes encephalitis in adults, a careful
evaluation of infected mouse brain was performed to un-
derstand the role of Hippo pathway during acute neuro-
inflammation. In normal uninfected brain, YAP/TAZ
of Ifnar1�/� mice. A: Low-magnification immunohistochemistry images of
nfocal images were stitched to obtain the full image. Dashed circles show
hlighted cortical regions (boxed areas) are provided. B: Images show in-
ZIKV-infected brain. Boxed areas are shown at higher magnification in the
envelope (ENV) proteins are shown. D and E: Graphs show quantification of

hree mice per group were analyzed, with approximately 150 cells counted.
, **P < 0.01, and ***P < 0.001 (t-test). Scale bars: 200 mm (A); 25 mm (B,
BS, phosphate-buffered saline; St, striatum.
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Figure 6 Activation of Hippo pathway in the components of blood-brain barrier during acute Zika virus (ZIKV) neuroinflammation. A: Immunohisto-
chemistry analysis of astrocytes [glial fibrillary acidic protein positive (GFAPþ)] during ZIKV infection. Boxed area is shown at higher magnification in the
bottom row. B: Analyses of endothelial cell (CD31þ) and microglial cell (CD11bþ) populations in ZIKV-infected brain. C: Images show the alteration of brain
vasculature tight junction (occludinþ) continuity by infiltrating cells and inflammatory condition in infected mouse brain. D: Graph shows percentage of cell
population containing phosphorylated form of YY1 associated protein 1 (Yy1ap1; YAP) in ZIKV-infected brain sections. E: Cleaved caspase 3 positive cells
quantified in infected brain are shown. Sections from three mice per group were analyzed, with approximately 150 cells counted. ***P < 0.001 (t-test). Scale
bars: 10 mm (A, top and middle row, B, and C); 5 mm (A, bottom row). BV, blood vessel; PBS, phosphate-buffered saline.
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protein expression was observed in cells lining the ven-
tricular zone, astrocytes, and the vascular endothelial cells
(Supplemental Figure S2C). Low to below detectable
levels of YAP/TAZ were noticed in cortical neurons.
ZIKV infection resulted in acute inflammatory changes,
including the perivascular leakage of inflammatory cells
into the brain parenchyma (Figure 5, AeC). The changes
in YAP/TAZ and pYAP S127 levels in the brain were
quantified by counting the cells expressing these proteins
854
in mice that were mock or ZIKV infected (Figure 5, D and
E). Consistent with the in vitro and retinal findings, the
pYAP S127 level in mouse brain is significantly increased
on ZIKV infection (Figure 5, B and D), denoting the
activation of Hippo signaling pathway. Conversely, the
YAP/TAZ expressing cells were reduced in the infected
mouse brain (Figure 5, C and E). These observations
indicate that acute oculoneuroinflammatory condition
favored the inactivation of YAP/TAZ by its
ajp.amjpathol.org - The American Journal of Pathology
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phosphorylation, and further suggest that the Hippo
pathway might orchestrate the host-pathogen interaction
during retinal and brain inflammation.

Acute ZIKV Neuroinflammation Leads to Activation of
Hippo Pathway in the BBB

Given ZIKV is capable to cross the BBB, we specifically
focused on the effect of infection on major components of
the BBB: astrocytes (glial fibrillary acidic protein positive),
endothelial cells (CD31þ), and microglia (CD11bþ) (Figure
6, AeD). ZIKV infection resulted in formation of astro-
gliosis, microglial nodules, and apoptotic cell death
(Figure 6, A, B, and E, and Supplemental Figure S4). In
infected mouse brain, the tight junctions of the vasculature
could be altered by infiltrating cells and inflammatory
condition, as shown by loss of occludin continuity in
affected blood vessels by immunostaining (Figure 6C).
ZIKV effect on the components of BBB implicates that the
brain vascular pericytes could be compromised as well. In
addition, ZIKV-infected brain parenchyma and vasculature
had high levels of inflammatory CD45þ cells. These cells
show YAP/TAZ localization to cytoplasm (Figure 7A), as
well as higher level of cytoplasmic pYAP S127, both ob-
servations suggesting that the Hippo signaling pathway is
activated in response to viral infection (Figure 7B). Addi-
tional immune cell CD4þ and CD8þ T-cell populations
showed high expression of pYAP S127 as well (Figure 7, B
and C). Taken together, these data reveal that Hippo
pathway activation might be important for the host inflam-
matory and immune cells’ activities during viral-mediated
neuroinflammation.

Cross Talk between Hippo Signaling and Energy Stress
Pathways

Virus replication exerts huge energy demands on host cells
with increased glucose/ATP consumption. The AMP/ATP
ratio has been shown to be increased during ZIKV infec-
tion.26 This energy stress can induce activation of the master
energy pathway regulator AMP-activated protein kinase a
(AMPKa) to promote glycolysis and fatty acid oxidation.
Although AMPKa activation has been linked to degradation
Figure 7 Hippo signaling is active in infiltrating inflammatory and im-
mune cells during Zika virus (ZIKV) neuroinflammation. A: Infiltration of
CD45þ cells from brain vasculature to parenchyma during ZIKV infection is
shown. Note that YY1 associated protein 1 (Yy1ap1; YAP)/transcriptional co-
activator with a PDZ-binding domain (TAZ) is excluded from nucleus and
cytoplasmically localized in the inflammatory CD45þ cells. Boxed areas are
shown at highermagnification in the enlargements below.B:Hippo pathway
is activated in infiltrating CD45þ, CD4þ, and CD8þ cells with increased level of
pYAP S127. C: Graph presents the percentage of cell population containing
pYAP S127 in ZIKV-infected brain sections. Sections from three mice per
groupwere analyzed, with approximately 150 cells counted. ***P< 0.001 (t-
test). Scale bars: 10 mm (A,main images, and B); 5 mm (A, enlargements).
BV, blood vessel; PBS, phosphate-buffered saline.
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Figure 8 Adenosine monophosphate (AMP)-activated protein kinase (AMPK)eHippo signaling pathways’ cross talk during Zika virus (ZIKV) infection. A:
Western blot analysis of HEKeTIM-1 cells treated with energy stress inducer 2-deoxy glucose (2-DG; 25 mmol/L) and ZIKV (multiplicity of infection 1) at
various time points. Graphs show actin-normalized Western blot signal intensity for YAP and pYAP S127 proteins. B: Phosphorylation of AMPKa (pAMPKa)
downstream target protein acetyl-CoA carboxylase (ACC) as well as innate immune pathway factors in ZIKV-infected cells are shown. C: Immunohistochemistry
images of mice brain sections illustrate phosphorylated form of ACC (pACC) during acute ZIKV neuroinflammation and CD45þ leukocytes costained for pACC. D:
Graph depicts quantification of pACC positive cells. Sections from three mice per group were analyzed, with approximately 150 cells counted. *P < 0.05,
**P < 0.01, and ***P < 0.001 (t-test). Scale barsZ 10 mm (C). BV, blood vessel; ENV, envelope; pIRF3, phosphorylated IRF3; pSTAT1, phosphorylated STAT1.

Garcia et al
of YAP/TAZ through LATS1/2-mediated phosphorylation
at YAP Ser127,57,58 the cross talk between these two
pathways during ZIKV infection is not known. Therefore,
we set out to elucidate a novel link between AMPK and
Hippo pathway during ZIKV infection. 2-DG, a well-known
glycolytic inhibitor, and AMPK pathway activator, as a
856
positive control, were used.59 The data revealed that both
2-DG treated and ZIKV-infected cells showed time-
dependent phosphorylation of YAP and AMPKa
(Figure 8A). Significant elevation in the phosphorylated
YAP S127 form was observed in the 2-DG treated and
ZIKV-infected cells. This experiment showed that ZIKV
ajp.amjpathol.org - The American Journal of Pathology
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infection is mimicking the molecular changes that are
observed in cells subjected to 2-DG mediated energy stress.
Subsequently, acetyl-CoA carboxylase (ACC), a key
downstream target of activated AMPKa, was examined.
ACC is a multifunctional catalyst that accelerates the con-
version of acetyl-CoA to malonyl-CoA for fatty acid syn-
thesis, which is negatively regulated by AMPK-mediated
phosphorylation of ACC at serine residue 79.60 ACC
phosphorylation due to energy stress promotes fatty acid
oxidation. Time-dependent increases in phosphorylated
ACC form in ZIKV-infected RPE and HEKeTIM-1 cells
were observed (Figure 8B). The result suggested that ZIKV-
infected cell might activate AMPKa to counteract the en-
ergy stress, which could subsequently induce the Hippo
signaling pathway. However, to elucidate the direct link
between AMPK-Hippo pathway, additional functional
studies are required. Similarly, an increase of phosphory-
lated ACC containing cells in the ZIKV-infected brain was
observed (Figure 8, C and D). Both ZIKV-infected brain
cells and infiltrating CD45þ inflammatory cells had high
level of phosphorylated ACC. This result suggests that the
cellular metabolism might be reprogrammed in the inflam-
matory niche. Our current model, based on this, and pre-
vious studies, suggests an interesting hypothesis that in a
normal state (Hippo inactive), YAP/TAZ is able to trans-
locate into the nucleus and regulate cell proliferation and
survival. During infection, the AMPK, activated by energy
stress, can induce the Hippo signaling pathway, resulting in
YAP inactivation by phosphorylation. Because YAP is
known to negatively regulate TBK1 antiviral pathway,
depletion of YAP can promote antiviral response (Figure 9).
Hence, this study reveals an intriguing relationship
between ZIKV and AMPK-Hippo pathway that might play
an important role in host inflammatory and antiviral
responses.
The American Journal of Pathology - ajp.amjpathol.org
Discussion

The role of the Hippo signaling pathway in organ develop-
ment and cell differentiation and proliferation is well estab-
lished.35,61,62 Herein, we provide evidence that this pathway
has broader biological role during host’s inflammatory and
immune responses against invading pathogens, specifically
the Zika virus, a member of Flaviviridae family. Using a
clinically relevant in vitro human fetal RPE cell-based sys-
tem, we demonstrate that ZIKV directly affects the Hippo
signaling pathway (Figure 1 and Supplemental Figure S1).
This observation has clear implications during the patho-
genesis of congenital ZIKV eye disease in developing fetal
retina as the irreversibly injured RPE cells undergo apoptotic
cell death. A dysregulated Hippo pathway in the affected
retina can further hamper retinal progenitor cell differentia-
tion and retinal organogenesis. The initial up-regulation of the
YAP protein that was observed could be because of the virus
trying to influence the host machinery to promote favorable
cell conditions for its replication (Figure 1). However, in turn,
the host could respond to counter ZIKV infection by acti-
vating an antiviral response and the Hippo pathway, leading
to the degradation of the critical proviral factor YAP/TAZ.
Similar observations of YAP depletion were reported during
Sendai virus and herpes simplex virus 1 infection in
HEK293T cells.42 After YAP depletion, there was conse-
quent relief of YAP-mediated inhibition of cellular antiviral
pathway factors TBK1 and IRF342. Future studies in cell
lines lacking TBK1, IRF3, LATS, or YAP genes can help
address the specific relationship between innate immunity
and Hippo pathway during ZIKV infection. A recent study
demonstrated that ZIKV infection modulated the methylation
status of several Hippo pathway genes, such as TAZ and Ras
association domain family member 1 (RASSF1), in human
neural progenitor cells.63
Figure 9 Schematic diagram of our hypothet-
ical model integrating AMP-activated protein ki-
nase (AMPK), Hippo, and TBK1 signaling pathways
during normal (A) and ZIKV-infected states (B).
ACC, acetyl-CoA carboxylase. AMP, adenosine
monophosphate; ATP, adenosine triphosphate; c-
GAS, cyclic GMP-AMP synthase; IKKe, inhibitor of
nuclear factor kappa B kinase subunit epsilon;
MAVS,mitochondrial antiviral-ignaling protein;
RIG-I,retinoic acidinducible gene I protein; STING,
stimulator of interferon response CGAMP interactor
1; TEAD, TEA domain transcription factors; ZIKV,
Zika virus.
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The mouse model in this study confirmed that the Hippo
pathway is specifically activated during Zika viral infection
of the retina and brain (Figure 4 and 5). Because the YAP
degradation is observed in Ifnar1�/� mice tissues during
infection, the YAP inactivation is regulated upstream of the
type I interferon Janus kinase (JAK)-STAT1 signaling
pathway. It is well established that wild-type C57BL/6 mice
are resistant to flaviviruses, including ZIKV. Therefore,
most studies have used immunocompromised Ifnar1�/�

mice that are devoid of receptor for both type I and II in-
terferons. However, it is important to acknowledge the
limitations of Ifnar1�/� mouse model for ZIKV pathogen-
esis study. Ifnar1�/� mouse lacks interferon (a and b) re-
ceptor 1 subunit, which is critical for activation of JAK-
STAT1 pathwayemediated innate antiviral response. This
defect can lead to increased susceptibility to ZIKV infection
with higher mortality and viral load than infected wild-type
mouse. Moreover, this model has also been shown to be
defective for natural killer cellemediated antitumor function
as well.64 However, Ifnar1�/� mice have functional type III
IFN system as well as B- and T-cellemediated adaptive
immune system.

The Hippo pathway is known to be controlled by
mechanical stress, sheer force, and cell-cell contact.37,65

High levels of pYAP S127 form in infected and acti-
vated endothelial cells in the brain vasculature were
observed in this study. In blood vessels, the nature of
blood flow (laminar versus turbulent) can have an effect
on Hippo signaling, as it has been demonstrated to play a
role in the pathogenesis of atherosclerosis.66 It is possible
that in the inflamed brain vasculature, the tremendous
volume of leukocyte infiltration could impede the
vascular flow and affect the Hippo pathway. Another
interesting observation in our study is that the Hippo
pathway is active in astrocytes. Multiple flaviviruses
(West Nile virus and Japanese encephalitis virus),
including ZIKV, have been shown to infect astrocytes, as
it is vital for retention of virus in the central nervous
system.67e70 Hippo pathway activity in astrocytes can
help restrict virus replication and mount inflammatory
response. A previous study using Yapnestin conditional
knockout mice shows depletion of YAP led to astro-
glyosis and astrocyte-driven microglial activation.71 This
study supports the observation that Hippo pathway acti-
vation in astrocytes may contribute to neuroinflammation.

It has been reported that the upstream Hippo pathway
mediator MST1 is important for T-cell function. In humans,
mutation in MST1 gene has been shown to have an immune
deficiency phenotype due to defective T cells.41,72 It was
observed that the brain-infiltrating CD4þ and CD8þ T lym-
phocytes have activated Hippo pathway, which suggests that
YAP/TAZ functional inactivation could be one of the triggers
for activating the T-cellemediated acquired immune
response. The infiltrating inflammatory cells were also
noticed to have high level of phosphorylated ACC. This
interesting observation implies that fatty acid oxidation
858
is also required for infiltrating cells’ activity during
neuroinflammation.
AMPK pathway has been shown to play an important role

in innate immune defense in various infectious and in-
flammatory conditions.73e75 Moreover, AMPKa plays a
pivotal role in inhibiting flavivirus (West Nile virus, ZIKV,
and Dengue virus).76 Recent reports show that AMPK
pathway activators 5-aminoimidazole-4-carboxamide ribo-
nucleotide (AICAR) and metformin can inhibit ZIKV
replication by modulating the host-cell metabolism.77,78

There has been a concerted effort to identify and develop
drugs that can modulate the Hippo pathway. Previous
studies have shown that HMG-CoA reductase inhibitors,
such as statins (cholesterol-lowering drugs), are effective
activators of the Hippo pathway.79,80 It would be useful to
test statins during acute viral neuroinflammation to evaluate
a potential neuroprotective effect.
These findings have opened up exciting new areas for

further investigation. It is important to identify ZIKV-
encoded virulence factors that can affect the AMPK-
Hippo signaling pathways, as this will provide functional
and mechanistic insight. Mouse genetic models with cell-
specific conditional YAP or LATS knockout studies in
astrocytes, RPE, and mononuclear cells would be useful
to tease apart the complexity of the Hippo pathway role
in viral retinitis and encephalitis. In summary, these re-
sults indicate that the Hippo signaling pathway plays a
fundamental role in regulating immune and inflammatory
processes during ZIKV infection. Thus, the Hippo
signaling pathway can be a potential therapeutic target
for the management of both ocular and neuronal
inflammation.
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