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Mounting evidence has associated Zika virus (ZIKV) infection with
congenital malformations, including microcephaly, which raises
global alarm. Nonetheless, mechanisms by which ZIKV disrupts
neurogenesis and causes microcephaly are far from being under-
stood. In this study, we discovered direct effects of ZIKV on neural
progenitor cell development by inducing caspase-1- and gasder-
min D (GSDMD)-mediated pyroptotic cell death, linking ZIKV infec-
tion with the development of microcephaly. Importantly, caspase-
1 depletion or its inhibitor VX-765 treatment reduced ZIKV-induced
inflammatory responses and pyroptosis, and substantially attenu-
ated neuropathology and brain atrophy in vivo. Collectively, our
data identify caspase-1- and GSDMD-mediated pyroptosis in neu-
ral progenitor cells as a previously unrecognized mechanism for
ZIKV-related pathological effects during neural development, and
also provide treatment options for ZIKV-associated diseases.

Zika virus | microcephaly | neurogenesis | pyroptosis | caspase-1

he recent outbreak of Zika virus (ZIKV) epidemics in the
Americas has drawn global attention, largely due to its as-
sociation with the dramatic increase of neonatal microcephaly, in
addition to other clinical manifestations similar to those caused
by infection of the Flavivirus genus. ZIKV belongs to the family
Flaviviridae (genus Flavivirus) and is transmitted through the Aedes
species mosquitoes or sexually (1, 2). To date, ZIKV has spread
rapidly around the world in 87 countries and territories after its
initial origination from an outbreak in Brazil (3). Clinical illness
caused by ZIKV infection is generally mild and characterized by
acute febrile illness associated with rash, arthralgia, and conjunctivitis
(4). However, accumulating evidence suggests that ZIKV infection
during pregnancy can cause the fetus to be born with microcephaly
accompanied with or without other congenital malformations (5-9).
A recent report based on analysis of over 4 million births in Brazil
during 2015 to 2017 highlighted an association between congenital
ZIKYV infection and microcephaly, and found an approximate 15- to
75-fold increase in microcephaly risk by ZIKV infection in preg-
nancy (10). Thus far, 31 countries have reported microcephaly or
neurological malformations associated with ZIKV (11).
Microcephaly is a condition in which an infant is born with an
abnormally small head or the head stops growing after birth. In
more severe cases, growth restriction affects the brain and cen-
tral nervous system, which may lead to epilepsy, cerebral palsy,
learning disabilities, hearing loss, and vision problems (12-14).
Evidence supporting an etiological role of ZIKV in microcephaly
includes detection of ZIKV in the placenta and amniotic fluid of
microcephalic fetuses and in the blood of microcephalic new-
borns (15-17). Moreover, ZIKV had also been found in the fetal
brain tissues from infants with microcephaly (5, 17). Recently,
several in vivo and in vitro studies have indicated that ZIKV is
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able to infect neural progenitor cells (NPCs), impair the cell cycle,
and cause cell death (18-21). Nevertheless, while efforts have
been paid to study the mechanism by which ZIKV disrupts neu-
rogenesis and causes microcephaly, it is not fully elucidated, and
clinically applicable therapeutic targets are yet to be identified.
Previous studies reported that apoptosis occurred in cells in-
fected by ZIKV (18-21). Examination of ZIKV-infected NPCs
and 3D brain organoids showed that ZIKV infection triggered
caspase-3—mediated apoptosis, resulting in diminished cortical layers
(22). Notably, as a form of programmed cell death to remove un-
wanted cells, apoptosis represents a process that does not induce
inflammatory response (23). Nevertheless, it has been found that
high levels of multiple inflammatory cytokines and necrosis can be
present in the brains of microcephalic newborns infected by ZIKV,
suggesting that ZIKV may also cause other forms of cell death (17,
24). A recent study performed in brain tissue samples of ZIKV*
microcephaly cases has revealed an activation of inflammasome-
associated genes, indicating that activation of inflammasome and
pyroptosis may aggravate neuroinflammation and consequently
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increase central nervous system damage in neonates with ZIKV-
associated microcephaly (25). In addition, several studies performed
in mice further demonstrated that the nucleotide and oligomeri-
zation domain, leucine-rich repeat-containing protein family, pyrin-
containing domain 3 (NLRP3) inflammasome activation could
mediate ZIKV-associated neuroinflammation and suggested that
pyroptosis may also contribute to the neuropathogenesis of ZIKV
infection (26, 27). In such a context, pyroptosis has been identified
as a highly inflammation-associated programmed cell death, char-
acterized by pore formation on the plasma membrane, cell swelling,
and plasma membrane disruption and consequent releases of their
cytoplasmic contents, including inflammatory cytokines, into the
extracellular environment (28). Pyroptosis can be initiated by mi-
crobial products or endogenous stimuli that stimulate pattern
recognition receptors (PRRs), resulting in the formation of the
inflammasome, a multiprotein complex consisting of a PRR as the
sensor, the adaptor apoptosis-associated speck-like protein con-
taining a caspase-recruitment domain (ASC), and the cysteine
protease caspase-1 (29, 30). The inflammasome subsequently co-
ordinates cleavage and activation of caspase-1. Caspase-1 was first
recognized as a protease that cleaves the inactive precursors of IL-
1p and IL-18 into mature inflammatory cytokines. Furthermore,
activated caspase-1 cleaves the pore-forming protein, gasdermin D
(GSDMD), ultimately resulting in releasing its N-terminal frag-
ment, termed gasdermin N, to bind membrane lipids and form
pores, leading to cell swelling with large bubbles extruding from the
plasma membrane (31-33).

It is noteworthy that pyroptosis involves cell lysis, causes a
massive release of cellular contents, and thereby triggers robust
inflammation, contributing to the development of many autoim-
mune and inflammatory diseases (34). Recent studies have shown
that pyroptosis can be a primary cause of such diseases as anthrax-
lethaltoxin—induced lung injury and hematopoietic progenitor cell
depletion in mice (35, 36). Moreover, pyroptosis mediated by
caspase-1 in HIV infection accounts for CD4™ T cell depletion, a
critical event in HIV pathogenesis (37). Our previous studies have
revealed that ZIKV activates NLRP3 inflammasomes in mice,
indicating that pyroptosis might be involved in the pathogenesis of
ZIKV infection (26). Whether pyroptosis participates in ZIKV-
induced cell death of neural cells in the brain and leads to neu-
ropathology and microcephaly, however, has not been studied.

In this study, our data show that neonatal ZIKV infection in
mice causes severe brain inflammation, neuro-tissue damage,
and postnatal-onset brain atrophy. We reveal that ZIKV exposure
causes pyroptosis in neural cells, including NPCs, astrocytes, and
microglia, mediated by activation of caspase-1 and GSDMD in vivo
as well as in vitro, which experimentally links ZIKV with the de-
velopment and progression of microcephaly. It is of great interest
that our results demonstrate that caspase-1 deletion or treatment
with caspase-1 inhibitor VX-765, which underwent phase I and
II clinical trials for other diseases, reduced ZIKV-induced in-
flammatory responses and pyroptosis, and robustly attenuated
neuropathy and brain atrophy. Together, our findings provide
unique perspectives on ZIKV-associated neuropathogenesis and
potentially clinically applicable options for its treatment.

Results

ZIKV Replicates in Neonatal Mouse Brain and Causes Severe
Neuropathological Alterations and Brain Atrophy. To evaluate
whether ZIKV infection is pathogenic during brain develop-
ment in mice, WT mouse pups of immunocompetent mice at
postnatal day 3 (P3), a time point when the development of rodent
brain and immune system resembles the second and third trimes-
ters of gestation in humans (38, 39), were subcutaneously mock-
infected or infected with 5 x 10° plaque formation units (PFUs)
of ZIKV. Notably, the ZIKV-infected mice displayed lower body
weight than the mock-infected mice during the period from 3 d
postinfection (dpi) through 21 dpi (Fig. 14): Furthermore, autopsy
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examination found marked brain atrophy in the ZIKV-infected
mice, as demonstrated by decreased dorsal brain area at 21 dpi
(Fig. 1 B and C). Using a qRT-PCR assay, high numbers of viral
RNA copies were confirmed to be present in the brains of ZIKV-
infected mice, suggesting that the observed brain atrophy was
closely associated with the ZIKV infection (Fig. 1D). To further
investigate the possible pathogenic effect of ZIKV infection on
brain development, tissue sections of the murine brains were
subject to neuropathological examination. Of note, the ZIKV-
infected mouse brains showed massive neutrophilic infiltration,
necrosis, and disruption of the normal cytoarchitecture predomi-
nantly in the hippocampus, thalamus, and cortex areas, indicating
severe focal inflammation in the brain, whereas the mock infection
causes no pathological changes (Fig. 1 E and F). Moreover, brains
of ZIKV-infected mice showed frequent perivascular cuffs of
mononuclear cells and microglial cells (Fig. 1 E and F). Taken
together, our findings indicate that ZIKV infection causes brain
atrophy and induces robust inflammatory brain damages in the
murine infection model employed.

ZIKV Infection Causes NPC Pyroptosis In Vivo. In light of previous
studies having shown tropism of ZIKV to NPCs and caspase-
3-mediated apoptotic cell death (18, 19), based on our afore-
mentioned observation of inflammatory damages in the ZIKV-
infected mouse brains, we further asked whether ZIKV infection
can also trigger caspase-1-mediated pyroptosis in NPC populations
in the brain. When stained for cleaved caspase-1 (p10) and
propidium iodide (PI) in NPC niches with indicated markers, as
shown in Fig. 2 4 and B, mock-infected mice brains showed scant
evidence of caspase-1* and PI* cells, while in contrast ZIKV-
infected mice exhibited abundant cleaved caspase-1 and PI* cells
within these neurogenic niches. Other cells types, such as neu-
rons, astrocytes, and microglia were also investigated and stained
for cleaved caspase-1 (p10) with cell type-specific markers. As
shown in ST Appendix, Fig. S1, cleaved caspase-1 (p10) reactivity
was detected in a small number of NeuN-expressing neurons and
glial fibrillary acidic protein (GFAP)-expressing astrocytes, but not
in ionized calcium-binding adapter molecule 1 (Iba-1)—expressing
microglia, suggesting that ZIKV infection might indeed induces
pyroptotic cell death in various types of cells in the brain.

As pyroptosis is mechanistically connected to inflammasome
activation, a wider panel of inflammasome genes was next assessed
in the brain tissue specimens obtained from the ZIKV-infected and
the mock-infected mice. As shown in Fig. 2C, all inflammasome-
associated genes were detectable in the mouse brain tissue speci-
mens, with levels of ILIB, IL-18, CASPI, ASC, and GSDMD
transcripts being remarkably elevated in those derived ZIKV-
infected mice, as compared with the mock infection. Moreover,
while inflammasome sensor genes, including MEFV (coding for
pyrin), NLRPI, NLRP2, NLRP3, and AIM2 were also detectable
in all mouse brain tissues, NLRP3 expression increased most sig-
nificantly in ZIKV-infected brains when compared with the mock
controls (Fig. 2D). In addition, as cleavage and formation of ac-
tivated N-terminal domain of GSDMD (GSDMD-N) by activated
caspase-1 was recently identified as an executioner of pyroptosis
(31, 32), we next examined whether ZIKV infection could induce
proteolytic cleavage of GSDMD. Our results showed that signifi-
cant degrees of both caspase-1 and GSDMD cleavages indeed
occurred in the ZIKV-infected brains (Fig. 2E). Taken together,
these data support the notion that ZIKV infects NPCs and triggers
pyroptotic cell death in vivo.

ZIKV Infects Human NPCs and Induces Pyroptosis In Vitro. To further
understand the possible connection between ZIKV and impair-
ment of neurogenesis, we next evaluated the biological effect of
ZIKV-induced pyroptosis on cultured human NPCs (hNPCs).
hNPCs were first exposed to ZIKV at a multiplicity of infection
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ZIKV infection leads to severe neuropathological alterations and brain atrophy in mice. Three-day-old mouse pups of immunocompetent mice were

subcutaneously injected with 5 x 10° PFUs of ZIKV, or were mock-infected. (A) Body weight curves of mock- and ZIKV-infected mice (n = 12). (B) Repre-
sentative images of brains obtained from mock- and ZIKV-infected mice (21 dpi). (Scale bar, 1 cm.) (C) Quantification of dorsal brain area is shown in the
histogram (n = 10). (D) ZIKV RNA in mice specimens was quantified by qRT-PCR (21 dpi) (n = 5). Dotted line depicts the limit of detection for the assays. ()
Representative micrographs of histopathological analysis with H&E staining of brain sections (21 dpi). Black arrows: necrotic loci; red arrowheads: perivascular
cuffing. (Scale bar, 100 pum.) (F) Representative micrographs of the hippocampus, cortex, and thalamus of ZIKV- and mock-infected mice brain (21 dpi). (Scale
bar, 50 pm.) All data are presented as mean + SD, Student’s t test, ***P < 0.001.

(MOI) of 1 for 36 h and morphological examination found typ-
ical pyroptotic changes with cell swelling and membrane rupture
being identified in ZIKV-infected hNPCs, but not in the mock con-
trols (Fig. 34). ZIKV infection in hNPCs was verified by costaining of
ZIKV E antigen and SOX2 in cells (Fig. 3B). In addition, ultra-
structural analysis by transmission electron microscopy (TEM)
also revealed necrotic morphological changes showing clumps
of chromatin, swollen mitochondria, and disruption of plasma
membrane following ZIKV infection (Fig. 3C). We next examined
the activity of caspase-1 in the cell lysates, and the data showed
increased caspase-1 activity in cells infected by ZIKV (Fig. 3D).
Moreover, pyroptotic cells were further verified by PI/Hoechst
33342 double-staining assay, and as expected, hNPCs infected with
ZIKV underwent pyroptosis (Fig. 3 E and F). To quantify the loss
of membrane integrity during pyroptosis, lactate dehydrogenase
(LDH) activity was measured in cell culture supernatants, indicating
extravasation of cellular contents. As Fig. 3G shows, the amount of
LDH release markedly increased by ZIKV infection as compared to
mock infection, whereas silencing caspase-1 expression reduced the
amount of LDH release caused by ZIKV infection as compared to
the siRNA negative control, suggesting that caspase-1-mediated
pyroptosis in NPCs, contributes to ZIKV pathogenesis. Further-
more, ZIKV infection triggered cleavage of caspase-1 and GSDMD
in hNPCs, when compared with the mock-infected counterpart cells
(Fig. 3H). In these experiments, nigericin, which promotes NLRP3
inflammasome assembly, caspase-1 activation, and pyroptosis, was
used as a positive control (40). Together, the above findings further

ZIKV Induces Pyroptotic Cell Death in Human Neurospheres. To fur-
ther illustrate the biological effects of ZIKV infection during
neurogenesis, we next infected 3D culture of neural cells with ZIKV
and then observed formation of neurospheres using a previously
established method (20). We found that mock-infected hNPCs
generated round neurospheres, whereas ZIKV-infected neurospheres
exhibited morphological abnormalities with signs of pyroptotic cell
death (Fig. 4 A and B). Moreover, the mock-infected neurospheres
continued to grow over time, but only a few ZIKV-infected
neurospheres survived with smaller sizes (Fig. 4 A-D). To fur-
ther validate that the neurospheres infected with ZIKV under-
went pyroptosis, we double-stained neurospheres with active
caspase-1 and PI. As shown in Fig. 4F, neurospheres infected
with ZIKV contained intensely stained active caspase-1 and PI,
indicating that ZIKV infection can induce pyroptosis in neuro-
spheres. In these experiments, neurospheres infected with ZIKV
was verified by costaining of ZIKV E antigen and SOX2 in the
neurospheres (Fig. 4F), and furthermore, LDH release from neu-
rospheres following ZIKV infection was also determined, showing
that ZIKV infection induced LDH release from neurospheres
(Fig. 4G). Collectively, these findings further confirmed the ca-
pability of ZIKV to induce neurospheres pyroptosis and impaired
the growth and morphogenesis of healthy neurospheres.

Depletion of Caspase-1 Reverses ZIKV-Induced Neuropathological
Alterations and Brain Atrophy. Based on our findings that caspase-
1-mediated pyroptosis could be triggered by ZIKV infection in NPCs
and neurospheres in the brain, we next generated caspase-I-null
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Fig. 2. ZIKV infection induces NPCs pyroptosis in vivo. (A) Representative micrographs of the brain tissue costained for SOX2, cleaved caspase-1 (p10), and
ZIKV NS3 protein (21 dpi). The nuclei were stained with DAPI. (Scale bar, 25 pm.) (B) Representative micrographs of the brain tissue costained for SOX2 and PI
(21 dpi). The nuclei were stained with DAPI. (Scale bar, 25 pm.) (C and D) Relative expression levels of inflammasome-associated genes were determined using
gRT-PCR in mice brain specimens (21 dpi) (n = 5). (E) Examination of the proteolytic cleavage of caspase-1 and GSDMD in mice brain specimens with ZIKV- or
mock- infection, using immunoblotting analysis (21 dpi). GSDMD-FL, full-length GSDMD; GSDMD-N, the N-terminal cleavage product of GSDMD. All data are
presented as mean + SD, Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001.

background mice to further evaluate the role of pyroptosis in the
pathogenesis of ZIKV-induced brain malformation in vivo. Specifi-
cally, after 3-d-old mouse pups of WT or caspase-1-deficient
(Caspl™") were subcutaneously infected with 5 x 10° PFUs of ZIKV
or mock-infected, we found that WT mice infected with ZIKV
exhibited lower body weight as compared with mock-infected groups,
whereas the body weights of ZIKV-infected Caspl™~ mice were
similar to those of the mock-infected groups at 21 d (Fig. 54). Com-
pared with the ZIKV-infected WT mice, severe brain atrophy was
drastically abrogated in the Caspl ™~ mice infected by ZIKV (Fig.5B
and C). Histopathological examination further indicated that Caspl -
mice were all spared from inflammation-induced damage, in contrast
to the ZIKV-infected WT mice (Fig. 5D and SI Appendix, Fig. S2).
Moreover, when the expression levels of proinflammatory cytokines
IL-1p and IL-18 were measured in brain tissues, we found that de-
pletion of caspase-1 abolished the increase of IL-1p and IL-18 in mice
infected with ZIKV, as compared with those in their WT counterparts
(Fig. 5 E and F). In addition, our results also showed that ZIKV in-
fection triggered a cleavage of GSDMD, while caspase-1 ablation at-
tenuated GSDMD cleavage, as assessed by immunoblotting analysis,
indicating inhibition of pyroptosis in the brains of these mice (Fig. 5G).
Accordingly, neuropathology and brain atrophy caused by ZIKV could
be restrained by abrogation of caspase-1-mediated pyroptosis.

VX-765 Treatment Alleviates Neuropathology and Brain Atrophy in
ZIKV-Infected Mice. The important role of caspase-1 in mediating
ZIKV-associated neuropathology prompted us to investigate whether

23872 | www.pnas.org/cgi/doi/10.1073/pnas.2007773117

caspase-1 can be a potential therapeutic target for neuropathology
and microcephaly. VX-765, a prodrug of VRT-043198, is a potent
and selective inhibitor of caspase-1 with an ability to permeate the
blood-brain barrier and is pharmacologically well tolerated (41,
42). In our attempt to further determine whether VX-765 was able
to influence ZIKV-associated neuropathological outcome in vivo,
we treated 3-d-old mouse pups subcutaneously infected with 1 x
10° PFUs of ZIKV or mock-infected with VX-765 (50 mg/kg, i.p.),
using caspase-3 inhibitor Z-DEVD-FMK (50 mg/kg, i.p.) and
carrier solvent (PBS/DMSO) as controls. Our results showed that
mice treated with control vehicle or Z-DEVD-FMK gained weight
slower than the mock-infected control mice, whereas this conse-
quence did not occur in mice treated with VX-765 (Fig. 64).
Thirty days later, the survival rate of ZIKV-infected mice was only
38%, and in contrast, mice treated with VX-765 displayed a higher
survival rate of 69%. Whereas all mice treated with Z-DEVD-
FMK died by day 16 after infection (Fig. 6B), further observation
showed no significant difference in body weight changes and
survival between mice treated with Z-DEVD-FMK and those with
vehicle or VX-765 without ZIKV infection, suggesting that caspase-3
inhibition increased, rather than alleviated the lethality of mice
infected by ZIKV (SI Appendix, Fig. S3 A and B). Furthermore, as
compared with the vehicle control-treated ZIKV-infected mice,
severe brain atrophy caused by ZIKV infection was attenuated by
VX-765 treatment (Fig. 6 C and D). Brain sizes of mice treated
with VX-765 or Z-DEVD-FMK without ZIKV infection showed
no difference when compared to mock infection of vehicle control
treatment (SI Appendix, Fig. S3 C and D).
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Fig. 3. ZIKV infects cultured hNPCs and induces pyroptosis. (A) Phase-contrast cell images of hNPCs with ZIKV or mock infection (white arrows,
pyroptotic cells). (Scale bar, 50 pum.) (B) Representative micrographs of hNPCs double-stained for ZIKV (E protein) and SOX2 at 36 hpi (MOI = 1). The
nuclei were stained with DAPI. (Scale bar, 400 pm.) (C) Representative transmission electron micrographs of mock- and ZIKV-infected hNPCs. Red
arrows: membrane pores, Yellow arrowheads: mitochondria with collapsed cristae; red arrowheads: immature viral particles. (Scale bars, 2 pm.) (D)
Caspase-1 activity was determined in cell lysates from mock- and ZIKV-infected hNPCs. (E) Representative micrographs of Pl and Hoechst 33342
staining of hNPCs with ZIKV or mock infection. Red: Pl dye; blue: Hoechst 33342 dye. (Scale bar, 100 pm.) (F) Quantification of the number of PI* cells
relative to mock infection is shown in the histogram. (G) LDH release was measured in supernatant derived from mock- and ZIKV-infected hNPCs
transfected with small-interfering RNAs (siRNAs) targeting caspase 1. (H) Proteolytic cleavage of caspase-1 and GSDMD in hNPCs with ZIKV or mock
infection was examined by immunoblotting analysis. Nigericin induced abundant caspase-1 and GSDMD activation in uninfected cells served as a
positive control. GSDMD-FL, full-length GSDMD; GSDMD-N, the N-terminal cleavage product of GSDMD. All data are presented as mean =+ SD,

Student’s t test, *P < 0.05, **P < 0.01.

Further histopathological examination showed that massive
neutrophilic infiltration and necrotic loci was observed in the hip-
pocampus of ZIKV-infected control and Z-DEVD-FMK-treated
mice but was potently attenuated after the VX-765 treatment
(Fig. 6E). No apparent neuroinflammation was observed in mice
treated with control vehicle, VX-765, or Z-DEVD-FMK without
ZIKV infection (SI Appendix, Fig. S3E). Immunohistochemistry
(IHC) analysis for Iba-1-, and GFAP-specific markers for microglia
and astrocytes, respectively, was used to assess neuroinflammation
in the brains. As shown in Fig. 6F, both Iba-1 and GFAP levels were
significantly higher in the hippocampus of ZIKV-infected control-
and Z-DEVD-FMK-treated mice than the mock-infected mice.
Of note, VX-765 administration robustly decreased the ex-
pression of Iba-1 and GFAP to levels comparable to brains of
uninfected mice, suggesting that VX-765 was able to reverse
neuroinflammation.

Furthermore, the expression levels of proinflammatory cytokines
IL-1p and IL-18 were up-regulated in the brain tissues of control
vehicle-treated mice exposed to ZIKV, whereas such an up-regulation
was repressed by VX-765 treatment, but not Z-DEVD-FMK
(Fig. 6 G and H). Correspondingly, after VX-765 treatment,
proteolytic cleavage of both caspase-1 and GSDMD was found
to be inhibited in the brains of ZIKV-infected mice as compared
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with that in the vehicle-control or Z-DEVD-FMK-treated coun-
terparts, indicating that VX-765 indeed suppress pyroptosis as-
sociated with ZIKV infection in vivo (Fig. 6/). It is additionally
noteworthy that ZIKV replication in mice was repressed by VX-
765, but enhanced by Z-DEVD-FMK (SI Appendix, Fig. S4).
Together, the above data suggest that inhibition of pyroptosis
indeed improve the neuropathological outcome caused by ZIKV
infection.

In this study, type-I IFN receptor-deficient (Ifnarl~'~) mice
were also used to generate a ZIKV infection model to further
evaluate the effect of VX-765 on reducing neuroinflammation
and pyroptosis. Notably, VX-765 treatment improved survival
rates of mice infected with ZIKV (SI Appendix, Fig. S54). His-
topathological examination revealed that while ZIKV infection
induced severe inflammatory responses in the brains of mice, such
ZIKV-induced inflammatory responses were repressed by VX-765
(SI Appendix, Fig. S5B). Moreover, VX-765 also inhibited IL-1p
and IL-18 production and GSDMD cleavage in the ZIKV-
infected mice brains (SI Appendix, Fig. S5 C and D). Taken to-
gether, these results demonstrate that VX-765 treatment exerts
significant and sustained beneficial effects on ZIKV-associated
neuropathy and brain atrophy in conjunction with reduced
neuroinflammation and pyroptosis.
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Student’s t test, **P < 0.01, ***P < 0.001.

Discussion

Here we demonstrate that ZIKV infection in neonatal mice
displays a tropism for neurogenic niches in the brain and leads to
cellular pyroptosis associated with neuropathological alterations
and brain atrophy. Importantly, we found that inhibition of pyrop-
tosis by caspase-1 ablation or VX-765 treatment potently attenuates
neuropathy and brain atrophy caused by ZIKV infection. These
findings reveal a previously unidentified mechanism underlying
which ZIKV infection results in microcephaly, and provide a
foundation for the potential applicability of antipyroptotic treat-
ment against ZIKV-associated diseases.

Microcephaly is a severe brain malformation characterized by
reduction of the head circumference due to abnormal develop-
ment during pregnancy, or impeded growth of the brain after
birth. Neonates with microcephaly show a heterogeneous mani-
festation of brain impairments involving damaged cognitive, visual,
hearing, and motor functions (43). The etiology of microcephaly is
heterogeneous, ranging from genetic causes to environmental
factors, including genetic disorders, infection of pathogens (e.g.,
toxoplasma or rubella virus), exposure to toxic chemicals during
pregnancy, and severe malnutrition during fetal life (44). After the
outbreak of ZIKV in Brazil, substantial evidence indicates a causal
link between ZIKV and microcephaly (5-9). In this study, we
evaluated the pathogenic effects of ZIKV infection on brain
malformation during development by infecting mouse pups of
normal, immune-competent mice at P3, a period of rodent brain
and immune system development that resembles the second and
third trimesters of human fetus (38, 39). In agreement with pre-
vious studies (45, 46), we found that mice subjected to early-life
infection by ZIKV display neuropathological alterations and brain
atrophy after infection, and that ZIKV triggers neural cells, in-
cluding NPCs, astrocytes, and microglia cell death in the brain. In-
terestingly, while several previous studies suggested the presence of
apoptosis, a noninflammatory form of programmed cell death to

23874 | www.pnas.org/cgi/doi/10.1073/pnas.2007773117

remove unwanted cells (23), in ZIKV-infected cells (18-21), our
present data reveal high levels of multiple inflammatory cytokines
and necrosis in the brains of newborns infected with ZIKV, strongly
suggesting that ZIKV infection also causes other forms of cell death
associated with inflammatory responses (17, 24). In this context, our
present data reveal that neural cells indeed undergo pyroptosis fol-
lowing ZIKV infection in vitro and in a brain atrophy mouse model
in vivo. In conjunction with our further evidence that pyroptosis, but
not apoptosis inhibition, is therapeutic for ZIKV-induced brain at-
rophy, we here propose a previously unrecognized, pyroptosis-based
neuropathogenic mechanism that directly links ZIKV infection to
the pathogenesis of microcephaly during neural development.
Pyroptosis represents a highly inflammatory form of programmed
cell death distinct from apoptosis or other types of cell death. In
contrast to apoptosis, pyroptosis is triggered by caspase-1 after its
activation by various inflammasomes and results in cellular lysis
and early release of the cytosolic contents to the extracellular
space, including proinflammatory cytokines (47). Activation of
pyroptosis promotes rapid clearance of infection of various bac-
teria and viruses by removing intracellular replication niches and
enhancing host defense response through the release of proin-
flammatory cytokines (28). The biological effects of pyroptosis,
however, can also be deleterious, as the resultant pyroptotic cell
death and increased inflammatory cytokines play important roles in the
pathogenesis of inflammatory diseases (34). For example, pyroptosis
has been shown to be a primary cause of anthrax-lethaltoxin—induced
lung injury and hematopoietic progenitor cell depletion (35, 36).
In addition, pyroptosis mediated by caspase-1 in HIV infection
accounts for CD4™ T cell depletion, a critical event in HIV path-
ogenesis (37). Here, we show that ZIKV infection triggers pyrop-
tosis in NPCs and disrupts formation of neurospheres, leading
to impairment of neurogenesis. In such a context, our study
facilitates understanding how ZIKV causes microcephaly and
developing of antipyroptotic therapies and provides a rationale
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cleavage product of GSDMD. All data are presented as mean + SD, Student'’s t test, **P < 0.01, ***P < 0.001. ns, not significant.

for future pyroptosis-targeted interventional strategies for severe
ZIKV diseases.

Notably, recent advances in understanding the key role of
pyroptosis in the pathogenesis of inflammatory diseases have
provided novel targets, such as caspase-1, for new therapeutic
strategies against an expanding number of inflammatory diseases.
VX-765, a prodrug of VRT-043198, is a potent and selective in-
hibitor of caspase-1, which is able to permeate the blood-brain
barrier and pharmacologically well tolerated, has been shown to
suppress IL-1p and IL-18 release in oxalozone-induced murine
dermatitis and rheumatoid arthritis models (41, 42, 48). Addi-
tional data demonstrate that VX-765 prevents CD4* T-cell
pyroptotic death in a dose-dependent manner in HIV-infected
lymphoid tissues (37). In the present study, a variety of in vitro
and in vivo experiments were performed to determine the effect
of VX-765 on ZIKV-associated outcomes, and our data revealed
that VX-765 treatment effectively alleviates ZIKV-induced neurop-
athy and brain atrophy in the neonatal mouse model. Moreover,
to generate an additional, independent ZIKV infection model to
further evaluate the therapeutic effect of VX-765, Ifnarl ™~ mice
were also employed, in which we found that VX-765 treatment
reduced the severity of inflammatory responses in the brains of
mice and improved survival rates of mice infected by ZIKV. Of
note, VX-765 has been proved to be safe and well tolerated in
phase 2b human trials against epilepsy (49). Brain penetrance data
performed in mouse models have also verified that VX-765 can
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cross the blood-brain barrier (41, 42). Moreover, previous study
using in vitro chorioamniotic membrane models have reported that
VX765 inhibited LPS-induced release of inflammasome-dependent
IL-1p and IL-18 by the chorioamniotic membranes, indicating that
VX765 may cross chorioamniotic membranes or the placental
barrier to implement its effect (50). Therefore, VX-765 may rep-
resent a safe drug that could easily and rapidly be clinically tested
for its efficacy against ZIKV-associated inflammatory diseases, in-
cluding microcephaly. Taken together, our data, and others’, sug-
gest that it may be worthwhile testing the capability of the drug to
cross the placental barrier, as fetal inflammatory diseases caused by
mother-to-child transmission of ZIKV remains a serious threat to
both maternal and fetal health.

In the present study, Z-DEVD-FMK was used to test the ef-
fect of blocking caspase-3—mediated apoptosis on brain atrophy
in comparison with the therapeutic effect of VX-765. Our results
showed that severe brain atrophy and neuroinflammation caused
by ZIKV infection could be attenuated by VX-765 treatment, but
not by Z-DEVD-FMK. Further investigation found that ZIKV
replication in mice was repressed by VX-765, but somewhat en-
hanced by Z-DEVD-FMK. The above findings indicated that in-
hibition of apoptosis by targeting caspase-3 seemed to aggravate
ZIKYV replication and disease in our model. As a form of pro-
grammed cell death to remove unwanted cells, apoptosis has been
reported to be a host strategy to limit virus replication in certain
contexts (51). Of note, such a notion is also echoed by the previous
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finding that viruses encode protein inhibitors that prevent or delay  related pathological effects during neural development, and also
host cell death so that virus replication can continue. For example,  provide treatment options for ZIKV-associated diseases.
Skaletskaya et al. (52) reported that vVICA of human cytomegalovirus ]
could inhibit Fas-mediated apoptosis and facilitate viral infection. ~Materials and Methods
In addition, Zhirnov et al. (53) demonstrated that the NS1 protein  Cell Culture and Virus. The ReNcell VM hNPCs (EMD Millipore) were cultured as
of influenza A viruses has IFN-dependent antiapoptotic potential, previously described (54). Cells were plated on laminin-coated T-25 cell cul-
further underscoring the Complex roles of apoptosis in the host— ture flasks and maintained at 37 °C with 5% CO, in ReNcell Maintenance
virus interplay. Nevertheless, whether and in what context apo- Me:dlum supplemented with 20 ng/.m.L fibroblast growth fac?or 2 and 20 ng/mL
L. A . . . . epidermal growth factor (EMD Millipore). Vero cells (obtained from the Cell
ptosis impedes ZIKV infection in murine brains, and thereby an ) . S A
L . Bank of the Chinese Academy of Sciences, Shanghai, China) were main-
?‘POPIQSli.“ﬂnbltor’ would enhance ZIKV pathogenesis needs further  4ineq at 37 °C with 5% €O, in DMEM supplemented with 10% FBS (Gibco),
investigation.

. X 2 mM L-glutamine, 100 pg/mL streptomycin, and 100 U/mL penicillin. Aedes
cdiated pyroptosis  albopictus mosquito cells (C6/36) (ATCC CRL-1660) were maintained at 28 °C
for the ZIKV-  with 5% CO, in DMEM supplemented with 10% FBS. All cell lines were
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tested negative for mycoplasma contamination. The Asian lineage ZIKV SZ01
strain (GenBank accession no. KU866423) was amplified in C6/36 cells. Virus
stocks were titrated by standard plaque assays on Vero cells (55).

Formation of Neurospheres. Neurospheres were generated as previously de-
scribed (21). Briefly, hNPCs were cultured until 80% confluence and split with
Accutase (EMD Millipore). Cells were resuspended and maintained in ReNcell
Maintenance Medium, and grown with rotation at 90 rpm for 5 to 7 d.

In Vitro Infection. hNPCs were seeded in six-well plates at 1 x 10° cells per
well. At 24 h after seeding, the cells were washed once with PBS and then
incubated with ZIKV at the indicated MOI for 2 h at 37 °C. Next, the inoc-
ulum was removed and cells were washed once with PBS, and then replaced
with fresh medium. Mock-infected cells were incubated with the culture
supernatant from uninfected C6/36 cells. The cells were then incubated with
ZIKV in the presence of VX-765 for 1 h at 37 °C, washed once with PBS, and
cultured with fresh medium. For neurosphere infection, hNPCs were infected
with ZIKV at the indicated MOI before the cells were grown with rotation at
90 rpm to form neurospheres.

Mice. WT, Casp1~~, and Ifnar1~'~ mice with C57BL/6 background were bred
in pathogen-free animal facilities of Sun Yat-Sen University (SYSU). All ani-
mal studies were approved by the SYSU Institutional Animal Care and Use
Committee (SYSU IACUCQ) under protocol no. SYSU-IACUC-2019-B547, and all
animal experiments were performed in accordance with the guidelines ap-
proved by SYSU IACUC and conducted in a biological safety protection
laboratory.

In Vivo Murine Infection. Neonatal mice were infected subcutaneously according
to a previously described method (45). Briefly, 5 x 10° PFUs of ZIKV in a volume
of 50 pL or the same volume of mock medium was injected subcutaneously
into 3-d-old mouse pups of Casp7™~ mice or immunocompetent pups. Pups
were monitored daily for mortality, and body weight was measured every 3 d
from the day of infection until 21 dpi. Mice were humanely killed at 21 dpi or
when there was a >20% weight loss.

To evaluate the effect of VX-765 and Z-DEVD-FMK on neuropathological
outcomes, pups infected with 1 x 10° PFUs of ZIKV received, every 2 d, in-
traperitoneal injection of VX-765 (50 mg/kg) (Invivogen) or Z-DEVD-FMK
(50 mg/kg; MedChemExpress) diluted in PBS/DMSO from 1 dpi until 30 dpi.
Vehicle-treated animals received injections of PBS/DMSO every 2 d. Mice
were humanely killed at 30 dpi or when there was a >20% weight loss.

Ifnar1™~ mice were infected intraperitoneally as previous described (55).
Briefly, 5-wk-old /fnar1~'~ mice were injected intraperitoneally with 1 x 10°
PFUs of ZIKV in a volume of 50 puL or the same volume of mock medium. To
determine the effect of VX-765 on neuropathological outcomes, Ifnar1 ™~
mice infected with ZIKV received daily intraperitoneal injections of VX-765
(50 mg/kg) diluted in PBS/DMSO from 1 dpi until the experimental endpoint.
Control vehicle-treated animals received daily injections of PBS/DMSO. Mice
were evaluated daily for mortality and body weight was measured every 3 d
starting from the day of infection. Mice were humanely killed at 15 dpi or
when there was a >20% weight loss.

Histological Analysis. Mouse brain tissue was harvested and fixed in 4%
paraformaldehyde (PFA) for 24 h at room temperature. The fixed tissues were
dehydrated overnight, paraffin-embedded, sectioned, rehydrated, and stained
with H&E. The H&E-stained sections were analyzed for virus-induced neuro-
pathological damages. Images were obtained using a Zeiss Axio Imager 22
microscope and analyzed with the ZEN software (Carl Zeiss Microlmaging).

Immunofluorescence. Cultured cells and neurospheres were fixed using 4%
PFA in PBS for 15 min at room temperature. All brain tissue sections, cultured
cells or neurospheres were permeabilized with 0.2% Triton X-100 and
blocked for 1 h at room temperature with 5% BSA in PBS, followed by in-
cubation with the indicated primary antibody overnight at 4 °C. The primary
antibodies used were anti-SOX2 (Proteintech Group) and anti-ZIKV Envelope
(BioFront Technologies). Alexa Flour 488 or Alexa Flour 555 dye-conjugated
secondary antibodies (Life Technologies) and DAPI (Sigma-Aldrich) nuclear
counterstaining were used for visualization. Activation of caspase-1 was
measured using the FAM-FLICA Caspase-1 Assay Kit (ImmunoChemistry Tech-
nologies) according to the manufacturers’ instructions. Multiplex immunoflu-
orescence staining was performed using PANO 4-plex IHC Kit (Panovue)
according to the manufacturer’s suggested protocols. Antibodies used were:
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anti-SOX2 (Proteintech Group), anti-ZIKV NS3 (GeneTex), anti-Iba-1 (Wako),
anti-GFAP (Abcam), and anticaspase-1 p10 (Thermo Fisher Scientific). DAPI
were used as a nuclear counterstain. Images were obtained using a Zeiss
LSM880 confocal microscope (Carl Zeiss Microlmaging). The manual counting
of the cells was performed using the built-in cell-counter plugin of the
ImageJ program.

IHC. Tissue sections from mouse brain were placed on silane-coated slides,
deparaffinized, and hydrated using decreasing concentrations of ethanol.
Sections were then incubated with 3% hydrogen peroxide (H,0,) in meth-
anol for inactivation of endogenous peroxidase, followed by treatment with
0.01 M citrate buffer for 40 min at 95 °C to reactivate the antigens. Subse-
quently, sections were washed in PBS and incubated with primary antibodies
including anti-Iba-1 (Wako) and anti-GFAP (Abcam) overnight at 4 °C. After
washing with PBS, sections were incubated with rabbit or mouse biotinylated
secondary antibodies (Vector Laboratories) for 1 h at room temperature. Fi-
nally, immunoreaction was visualized using streptavidin-biotin-peroxidase
with DAB as substrate. Sections were viewed using a Zeiss Axio Imager Z2
microscope (Carl Zeiss Microlmaging).

TEM. Cell pellet was fixed in 2.5% glutaraldehyde (vol/vol) in 100 mM
phosphate buffer with 2% PFA (wt/vol) at 4 °C overnight. The next day,
postfixation was carried out with 1% of osmium tetroxide in 100 mM
phosphate buffer for 1.5 h at room temperature. The cell pellet was then
washed, dehydrated in a progressed series of ethanol (50%, 70%, 80%, 90%,
and 100%), cleared in acetone, and embedded in Eponate 12 resin (Ted Pella).
Ultrathin sections were cut to 60-nm thickness, and stained with 2.0% uranyl
acetate solution and 2.0% lead citrate solution. The cells were visualized with
the Tecnai G2 Spirit Twin TEM (FEI).

Pyroptosis Assay. Cell pyroptosis was measured as described previously (56).
Briefly, hNPCs were seeded in 12-well plates for 24 h, followed by infection
with ZIKV or mock control. Thirty-six hours postchallenge, the cells were
stained with staining solution containing Pl (2 pg/mL) and Hoechst 33342
(5 pg/mL). Dead cells (Pl permeable) were determined under a Zeiss Axio
Observer Z1 microscope and analyzed with ZEN software (Carl Zeiss Micro-
Imaging) and ImageJ program.

LDH Release Assay. LDH released into cell culture supernatants after distinct
treatments was measured using the Lactate Dehydrogenase Assay Kit
(Abcam) according to the manufacturer’s suggested protocols. Briefly, hNPCs
were seeded in 24-well plates for 24 h. The next day the cells were infected
with ZIKV or mock infection for 36 h, and supernatants and cell lysates were
harvested. The LDH activity in the culture supernatant was expressed as a
percentage of total LDH in the cell lysate.

ELISA. Cytokine levels were measured by ELISA using mouse IL-1p and IL-18
ELISA kits (eBiosciences) according to the manufacturer’s instructions.

Immunoblotting. The protein extracts were prepared by lysing cells or ho-
mogenizing tissues with RIPA lysis buffer (Millipore) containing a mixture of
protease and phosphatase inhibitors (Sigma-Aldrich). Proteins were then
separated by PAGE and transferred onto a polyvinylidene difluoride mem-
brane. The membranes were probed with the following primary antibodies:
anticaspase-1 (Santa Cruz Biotechnology), anti-human GSDMD (Abcam),
anti-mouse GSDMD (Abcam), anti-ZIKV Envelope (BioFront Technologies),
anti-p-actin (Proteintech Group). The blotted membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies, and the botted signals
were visualized by enhanced chemiluminescence with a commercially available
detection kit (Thermo Fisher Scientific) according to the manufacturer’s suggested
protocols.

gRT-PCR. Total RNA was extracted from mouse brain tissues with TRIzol
(Invitrogen) according to the manufacturer’s instructions. First-strand cDNA
synthesis was performed using random hexamer primers, and qRT-PCR was
carried out by using the ChamQ SYBR gPCR Master Mix (Vazyme). All readings
were normalized to the level of hypoxanthine phosphoribosyltransferase
mRNA. Viral RNA was detected and quantitated as previously described (20).

Statistical Analyses. The results are expressed as mean values (+SDs). Statis-
tical analyses were performed on triplicate experiments, using a two-tailed
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Student t test. For survival analysis, Kaplan—Meier survival curves were an-
alyzed by the log-rank test to assess differences between groups.

Data Availability. All study data are included in the article and S/ Appendix.
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