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ABSTRACT Zika virus (ZIKV) is an arbovirus member of the Flaviviridae family that
causes severe congenital brain anomalies in infected fetuses. The key target cells of ZIKV
infection, human neural progenitor cells (hNPCs), are highly permissive to infection that
causes the inhibition of cell proliferation and induces cell death. We have previously
shown that pharmaceutical-grade heparin inhibits virus-induced cell death with negligible
effects on in vitro virus replication in ZIKV-infected hNPCs at the “high” multiplicity of
infection (MOI) of 1. Here, we show that heparin inhibits formation of ZIKV-induced intra-
cellular vacuoles, a signature of paraptosis, and inhibits necrosis and apoptosis of hNPCs
grown as neurospheres (NS). To test whether heparin preserved the differentiation of
ZIKV-infected hNPCs into neuroglial cells, hNPCs were infected at the MOI of 0.001. In this
experimental condition, heparin inhibited ZIKV replication by ca. 2 log10, mostly interfering
with virion attachment, while maintaining its protective effect against ZIKV-induced cyto-
pathicity. Heparin preserved differentiation into neuroglial cells of hNPCs that were
obtained from either human-induced pluripotent stem cells (hiPSC) or by fetal tissue.
Quite surprisingly, multiple additions of heparin to hNPCs enabled prolonged virus repli-
cation while preventing virus-induced cytopathicity. Collectively, these results highlight
the potential neuroprotective effect of heparin that could serve as a lead compound to
develop novel agents for preventing the damage of ZIKV infection on the developing
brain.

IMPORTANCE ZIKV is a neurotropic virus that invades neural progenitor cells (NPCs),
causing inhibition of their proliferation and maturation into neurons and glial cells.
We have shown previously that heparin, an anticoagulant also used widely during
pregnancy, prevents ZIKV-induced cell death with negligible inhibition of virus repli-
cation. Here, we demonstrate that heparin also exerts antiviral activity against ZIKV
replication using a much lower infectious inoculum. Moreover, heparin interferes
with different modalities of virus-induced cell death. Finally, heparin-induced preven-
tion of virus-induced NPC death allows their differentiation into neuroglial cells de-
spite the intracellular accumulation of virions. These results highlight the potential
use of heparin, or pharmacological agents derived from it, in pregnant women to
prevent the devastating effects of ZIKV infection on the developing brain of their
fetuses.
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Zika virus (ZIKV) is a member of the Flaviviridae family that is mainly transmitted to
humans through the mosquito bites of the Aedes species (1), but it can also spread

through sexual transmission (2, 3), the maternal-fetal interface, and blood transfusion
(4). Following its discovery in 1947 (5), infections of humans by ZIKV were reported
occasionally in Africa and Asia, typically with mild clinical presentations (6). After
70 years of limited ZIKV spread with a few outbreaks, such as those in the Pacific
Islands in 2007 (7) and French Polynesia in 2013 (8), a significant challenge emerged to
global health authorities in February 2016 following the unexpected outbreak of neo-
nates presenting abnormally small brains (microcephaly) in Brazil (9, 10). The wide-
spread infection of pregnant women with ZIKV had caused serious birth defects,
including neurological diseases (11–13). In utero ZIKV-associated pathological condi-
tions of the fetus were supported by the evidence of ZIKV particles visible in brain sec-
tions using transmission electron microscopy and recovery of the full ZIKV genome
from the fetal brain (14). ZIKV was detected in neural and nonneural cells by immuno-
labelling of fetal brain from aborted fetuses, although the highest rate of infection was
in intermediate progenitor cells and immature neurons (15), suggesting a strong viral
tropism for human neural progenitor cells (hNPCs). Numerous reports have demon-
strated that hNPCs derived from human induced pluripotent stem cells (hiPSCs) are
highly permissive to ZIKV infection in vitro causing inhibition of their proliferation and
cell death (16–23). These findings were also reproduced in mouse animal models that
further demonstrated the development of microcephaly in infected fetuses (24–26).

Several studies have focused on the modalities of ZIKV-induced cell death, and both ap-
optotic and nonapoptotic modalities have been described as mechanisms that lead hNPCs
to die consequent to virus replication (27, 28). In this regard, ZIKV, like other flaviviruses,
exploits the endoplasmic reticulum (ER) to assemble the replication complex with an
expansion of cellular membranes that contain newly formed immature virions (29). This
overwhelming ER load leads to ER stress with consequent stimulation of the unfolded pro-
tein response (UPR) (30) and, in particular, expression of the C/EBP homologous protein
(CHOP) that initiates apoptosis in infected cells (31). Prolonged ER stress upon ZIKV infec-
tion, however, also triggers a particular type of nonapoptotic cell death characterized by
the cytoplasmic formation of ER-derived vacuoles leading to paraptosis-like cell death (32);
paraptosis was firstly defined by morphological criteria and by occurring independently of
the activation of cleaved-caspase 3 (cl-CASP3) (33). A hallmark of nonapoptotic cell death is
the expression of high mobility group 1 (HMGB1) protein (34, 35), originally described as a
DNA binding protein (36) involved in multiple nuclear functions, such as transcription, rep-
lication, recombination, DNA repair, and genomic stability (37). However, upon necrotic
cell death, HMGB1 can be passively released into the extracellular environment where it
acts as a damage-associated molecular pattern (DAMP) molecule triggering or potentiating
the inflammatory response (38).

Following the strategy of repurposing drugs already approved for other medical
indications, we have previously described the ability of heparin to inhibit ZIKV cyto-
pathic effects without affecting virus replication in hNPCs when the infection was per-
formed at the “high” multiplicity of infection (MOI) of 1 (39). In the present study, we
have tested whether heparin protects from virus-induced apoptotic and nonapoptotic/
paraptosis-like cell death in infected stem-cell-derived neural progenitors and its antivi-
ral activity when cells were infected with a significantly lower MOI (0.001). As hiPSC-
derived NPCs do not consistently recapitulate in vivo embryonic human brain gene
expression (40), we have also investigated ZIKV infection in hNPCs obtained directly
from human fetal (hf) tissue (15, 22). As both hiPSC-NPCs and hf-NPCs spontaneously
aggregate to form neurospheres (NS) in nonadherent culture conditions, they have
been used as a surrogate model of neurogenesis and as targets of ZIKV infection (17,
21). Thus, we have exploited NS from both hiPSC-NPCs and hf-NPCs to determine the
effect of heparin protection from ZIKV infection and its capacity to permit hNPC differ-
entiation into mature neuroglial cells. Heparin was tested prior to, or following, infec-
tion and was repeatedly added during the differentiation experiments.
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Our results highlight the potential of heparin not only to interfere with ZIKV infec-
tion and replication (at low MOI) but also to protect hNPCs against the cytopathic
effects of ZIKV, allowing their differentiation into neuroglial cells.

RESULTS
Heparin inhibits ZIKV-induced nonapoptotic cell death.We have previously dem-

onstrated that heparin prevents ZIKV-induced cell death in hNPCs grown as monolayers
(39). Since a recent report highlighted a mechanism of massive cytoplasmic vacuolization
that leads to paraptosis-like death in ZIKV-infected HeLa cells, human foreskin fibroblasts,
and astrocytes (32), we tested whether these phenomena could also be observed upon
ZIKV infection of hiPSC-NPCs and whether heparin could affect virus-induced vacuole for-
mation. Firstly, cells infected with the PRVABC59 isolate were examined at different time
points postinfection by transmission electron microscopy. Single virions were visible in the
cytoplasm and in the lysosomes shortly after infection (4 h), aggregated, and then localized
around membrane-delimited vacuoles at 9 and 16 h postinfection. Occasionally, virions
were contained inside the vacuoles, but the majority were located outside (Fig. 1A).
Incubation of hiPSC-NPCs with heparin 1 h prior to infection did not alter the virion density
or their subcellular localization compared to untreated infected cells until 16 h postinfec-
tion (Fig. 1A). The number of vacuoles increased at 72 h postinfection in the infected con-
trol cell cultures, whereas heparin reduced virion-associated vacuoles, and cells exhibited
healthy and normal-appearing mitochondria as in uninfected conditions (Fig. 1B). To verify
whether vacuole formation was induced in hiPSC-NPCs, virion-positive cells were examined
for the presence of vacuoles. A total of 217 out of 247 ZIKV-infected cells (88%) were
indeed vacuole positive, whereas heparin significantly reduced the number of vacuole-pos-
itive cells to 52 out of 229 (23%) (Fig. 1C).

As membrane damage causes the passive release of HMGB1, a marker of nonapop-
totic cell death (41), its presence was measured in the culture supernatant of both con-
trol uninfected and ZIKV-infected hiPSC-NPCs in the presence or absence of heparin.
HMGB1 was present at low levels in the cell culture supernatant of uninfected hiPSC-
NPCs, whereas ZIKV significantly increased its levels 6 days postinfection (Fig. 1D), while
heparin significantly lowered the levels of released HMGB1 in infected cells. As an additional
control, we tested whether heparin interfered with the release of HMGB1 potentially
induced by nonreplicating heat-inactivated ZIKV (iZIKV). As shown in Fig. 1D, cells exposed
to iZIKV did not release HMGB1 at levels higher than those of uninfected cells, and heparin
did not modify this profile, suggesting that heparin inhibits HMGB1 release only in produc-
tively infected cells undergoing viral-induced cytopathicity.

Overall, these results indicate that heparin prevents or diminishes nonapoptotic cell
death caused by ZIKV infection, including paraptosis-like cytopathicity.

Heparin inhibits both necrosis and apoptosis in ZIKV-infected neurospheres of
different cellular origin. In order to validate heparin protection of ZIKV-induced cell
damage observed in hiPSC-NPCs grown as a monolayer, a more complex three-dimen-
sional (3D) system of NS formed by hNPC aggregates (42) was infected with ZIKV in
the presence or absence of heparin. In addition to hiPSC-NS, NS were obtained from
hNPCs isolated from a human fetal brain (hf-NS). Firstly, to determine the efficiency of
ZIKV infection in hf-NPCs compared to hiPSC-NPCs, cells in monolayer were infected
with three ZIKV isolates including the original African MR766 and the two more recent
ones, i.e., Puerto Rico 2015-PRVABC59 and the Brazilian 2016-INMI-1. The peak of virus
replication was reached between days 3 and 6 postinfection in both cell systems, with
an increase of ca. 2 log10 of infectious virus released in the culture supernatant. In
hiPSC-NPCs, a decrease of the viral titers was detected at day 10 postinfection (when
the culture was terminated), being more prominent with the infection of MR766 than
the two more recent isolates (Fig. 2A). However, in hf-NPCs, infectious virus persisted
up to 10 days postinfection (Fig. 2B) with consistently lower levels of cytopathicity as
measured by the adenylate kinase (AK) activity released in the supernatant of hf-NPCs
compared to hiPSC-NPCs (Fig. 2D and C, respectively). The contemporary Brazilian
2016-INMI-1 isolate was selected for the next NS infection experiment.
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FIG 1 Heparin prevents the formation of cytoplasmic vacuoles in ZIKV-infected hiPSC-derived NPCs. (A)
Electron microscopy specimens of hiPSC-NPCs treated, or not, with heparin (100 mg/mL) 1 h prior to
infection with the PRVABC59 isolate (MOI of 1). Infected hiPSC-NPCs were fixed at 4, 6, 9, and 16 h
postinfection. Increased accumulation of clusters of ZIKV particles was visible in untreated and treated
infected hiPSC-NPCs; bar = 2 mm. (B) Electron microscopy specimens of hiPSC-NPCs treated, or not, with
heparin (100 mg/mL) 3 days postinfection. Asterisks indicate vacuoles, and clusters of ZIKV particles are
indicated with red arrows; bar = 2 mm. (C) Quantification of vacuoles in hiPSC-NPCs treated, or not, with
heparin prior to infection with the PRVABC59 isolate. Bars represent vacuole-positive (red) and vacuole-
negative (blue) cells counted in more than 200 images taken from 3 independent experiments. P value was
calculated by Fisher’s exact test. (D) Levels of HMGB1 released in the culture supernatant after 6 days in
uninfected condition, ZIKV infection, and exposure to heat-inactivated ZIKV (iZIKV). Bars represent the
mean 6 standard deviation (SD) of 3 independent experiments. P values were calculated by one-way
ANOVA with the Bonferroni correction.
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hiPSC-NS spontaneously formed from hNPCs after 3 days of culture in rotation with-
out coating of extracellular matrix were incubated with heparin 1 h prior to infection
with the Brazilian 2016-INMI-1 isolate. The number and diameter of hiPSC-NS were
evaluated 3 days postinfection. ZIKV infection caused a marked reduction of hiPSC-NS
number and size, whereas heparin reversed this effect almost to the levels of unin-
fected NS (Fig. 3A). Indeed, the diameter of uninfected hiPSC-NS had an average length
of 513 6 188 mm, which was not statistically different from that of heparin-treated
uninfected NS, whereas ZIKV-infected NS had a significantly smaller average length
(241 6 80 mm). Interestingly, heparin preserved the diameter of the infected NS to the
levels of uninfected ones (449 6 130 mm) (Fig. 3B). To determine whether this size
reduction was caused by virus-induced cell death, the extent of ZIKV-induced cell ne-
crosis was determined. The reduction of number and size of infected NS was consistent
with the levels of cell necrosis measured by the AK activity released in culture superna-
tant, which significantly increased in infected cultures, whereas heparin decreased the
AK activity levels to those of the control cultures (Fig. 3C).

Similarly, ZIKV infection induced a reduction in number and size of hf-NS (Fig. 4A).
Uninfected culture cells had an average diameter of 485 6 86 mm, whereas that of
infected hf-NS was significantly reduced (185 6 56 mm). Heparin partially preserved
the diameter of the hf-NS to that of the uninfected treated control (393 6 71 mm) (Fig.
4B). As shown in Fig. 4C, the amount of AK activity released in the culture supernatant
significantly increased in infected cultures, whereas heparin decreased the AK activity
to that of control cultures.

Since heparin treatment protected NS from ZIKV-induced disruption, the architecture of

FIG 2 Kinetics of ZIKV replication and cytopathic effect in hiPSC-NPCs and hf-NPCs. hiPSC-NPCs (A) and hf-NPCs (B)
were infected at the MOI of 1 with 3 different ZIKV isolates as follows: the historical MR766 and two recent strains, i.e.,
2015-PRVABC59 and 2016-INMI-1 isolates. Supernatants were collected at 1, 3, 6, and 10 days postinfection. Infectious
titers were determined by PFA in Vero cells. The AK activity was measured in supernatants of infected hiPSC-NPCs (C)
and hf-NPCs (D). The results are expressed as relative luminescent units (RLU). Means 6 SD of one experiment in
triplicate is shown.
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hiPSC-NS was determined by immunofluorescence. As shown in Fig. 5A, staining of vimen-
tin, a type III intermediate filament of the cytoskeleton, formed a web inside uninfected
NS. Notably, basal levels of apoptosis were observed in the core of uninfected NS, as
described previously (43). Six days after infection, however, infected hiPSC-NS lost their in-
tegrity, and vimentin appeared dot-like resembling agglomeration. Conversely, when NS

FIG 3 Heparin inhibits disruption of ZIKV-infected hiPSC-derived NS. (A) hiPSC-NS were treated with heparin
(100 mg/mL) 1 h prior to infection with the Brazilian 2016-INMI-1 isolate (MOI of 1). After 4 h of ZIKV
adsorption, virus inoculum was removed and fresh medium was replenished. Bright field photomicrographs
of mock-treated versus heparin in both uninfected and infected conditions were taken 6 days postinfection.
Calibration bars, 150 mm. (B) ZIKV caused a significant reduction in the NS number and size that was
reverted by heparin to the levels of control cultures. Individual NS diameter values with the mean 6 SD are
shown. P values were calculated by one-way ANOVA with the Bonferroni correction. (C) Supernatants were
collected 6 days postinfection and tested for AK activity. The results are expressed as relative luminescent
units (RLU). Bars represent the mean 6 SD of 5 independent experiments. P values were calculated by one-
way ANOVA with the Bonferroni correction.
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were incubated with heparin prior to infection, the vimentin web was still maintained even
in infected cells.

To investigate whether ZIKV infection of NS could trigger apoptotic cell death, NS were
stained with an anti-cl-CASP3 monoclonal antibody (MAb). Indeed, apoptosis was induced
spontaneously in the core of uninfected NS as described previously (43), whereas ZIKV

FIG 4 Heparin inhibits disruption of ZIKV-infected hf-NS. (A) hf-NS were treated with heparin (100 mg/mL)
1 h prior to infection with the Brazilian 2016-INMI-1 isolate (MOI of 1). After 4 h of ZIKV adsorption, virus
inoculum was removed and the medium was replenished. Bright field photomicrographs of mock-treated
versus heparin in both uninfected and infected conditions were taken 6 days postinfection. Calibration bars,
150 mm. (B) ZIKV caused a significant reduction in NS number and size that was reverted by heparin to the
levels of control cultures. Individual NS diameter values with the mean 6 SD are shown. P values were
calculated by one-way ANOVA with the Bonferroni correction. (C) Supernatant of infected hf-NS with the
Brazilian 2016-INMI-1 isolate was collected 6 days postinfection and tested for AK activity. The results are
expressed as relative luminescent unit (RLU). Bars represent the mean 6 SD of 3 independent experiments.
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infection caused a significant increase of cl-CASP-3-positive cells (Fig. 5B). As for other
forms of ZIKV-induced cell death, heparin also prevented apoptosis of NS (Fig. 5A and B).
We also tested whether the amount of infectious virus released into the culture superna-
tant was modified in heparin-treated NS. Indeed, the infectious titers were significantly
lowered by approximately 10-fold in heparin-treated NS compared to those in infected
untreated NS (Fig. 5C), suggesting that heparin might also inhibit viral entry and replication
as has been reported previously for other viral infections including severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (44, 45).

Thus, heparin protects from ZIKV-induced necrotic and apoptotic cytopathicity of
NS derived from different cellular origin and interferes with virus replication in these
3D models of NPC culture.

FIG 5 Heparin preserves hiPSC-NS structural integrity. (A) hiPSC-NS were treated with heparin 1 h
prior to infection with the 2016-INMI-1 isolate (MOI of 1). After 4 h of ZIKV adsorption, virus inoculum
was removed, and the medium was replenished. hiPSC-NS were fixed after 6 days postinfection.
Immunostaining for dsRNA (green), vimentin (white), and cl-CASP3 (red) counterstained with DAPI
(blue) in uninfected, ZIKV-infected, and heparin-treated NS. Scale bar, 50 mm. (B) hiPSC-NS were fixed
after 4 and 6 days postinfection and immunostained for cl-CASP3 antibody. Scale bar, 50 mm. Images
were obtained using an SP8 confocal microscope. Z-stack analyses were performed on 3 independent
images for each condition and time points. (C) Six days postinfection, infectious viral titers were
determined in the supernatant by PFA. Results are expressed as log10 of plaque forming unit/milliliter
(PFU/mL). Bars represent the mean 6 SD of 2 independent experiments in duplicate. P value was
calculated by the Student's paired t test.
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Heparin inhibits early steps of ZIKV replication at low MOI. To test whether hep-
arin could exert antiviral effects also in hNPCs grown in adherent conditions, hNPCs
were infected with ZIKV after incubation with a “high” and a “low” MOI of 1 and 0.001,
respectively. In agreement with our previous study, heparin did not inhibit ZIKV repli-
cation at the MOI of 1, although it inhibited ZIKV-induced cytopathic effects as meas-
ured by the levels of the AK activity in the culture supernatant (Fig. 6A). Conversely, a
decrease of ca. 2 log10 of infectious virus was observed in heparin-treated cultures at
the MOI of 0.001 (Fig. 6B).

As heparin has been previously reported to inhibit the early steps of viral infection,
including the attachment/binding to specific receptors on target cells (44, 45), hNPCs
were precooled and incubated with the virus at 4°C. Under these conditions, the virus
attaches to target cells and binds to specific receptors, but the temperature-dependent
step of viral entry is inhibited (46). Thus, to test whether heparin prevented ZIKV
attachment/binding to target cells, heparin was added 1 h prior to the viral inoculum
and maintained at 4°C together with the virus. Then, the cell cultures were incubated
at 37°C to allow viral entry. Conversely, heparin was added to ZIKV-exposed cells only
during their incubation at 37°C. hiPSC-NPCs were infected with MOIs of either 1 or
0.001, and virus replication was measured by immunofluorescence and plaque forming
assay (PFA) 3 days after infection. A reduction of ZIKV-positive cells was observed in
the presence of heparin when cells were infected with the low MOI, especially during
the attachment phase (4°C); conversely, with the MOI of 1, the number of positive cells
at 4°C was similar to that at 37°C, although the monolayer was less damaged in the
presence of heparin (Fig. 6C). At the MOI of 1, heparin did not reduce the titer of
released infectious virus when added at either 4°C or 37°C (Fig. 6D), whereas at the low
MOI, heparin inhibited the virus titers by 2 log10 when it was added at 4°C, and an in-
hibitory effect on virus replication was also observed when cells were incubated at
37°C (Fig. 6E).

Taken together, these results demonstrate that heparin has antiviral effects in
hNPCs grown in adherent conditions if the infectious titer of the inoculum is “low,”
whereas at high MOI, it was cytoprotective in the absence of antiviral effects as origi-
nally described (39).

Heparin preserves the capacity of hiPSC-NPCs to differentiate into neural cells
when added either prior to, or after, ZIKV infection. Next, we tested whether hepa-
rin preserved the capacity of infected hiPSC-NPC to differentiate into mature neuroglial
cells (47–49). To this end, differentiation of hiPSC-NPCs was induced following a two-
step approach modified from Muratore et al. (50) beginning 4 h after incubation with
ZIKV. The low MOI of 0.001 was selected to prolong cell viability in untreated condi-
tions to at least 21 days of culture. After removal of the virus inoculum, hiPSC-NPCs
were maintained in induction medium for 7 days, followed by a 14-day culture in dif-
ferentiation medium (50). Cells were incubated with heparin either 1 h prior to infec-
tion (pretreatment) or 4 h after removal of the virus inoculum (posttreatment). Indirect
immunofluorescence was performed to detect infected cells by staining with a human
MAb against ZIKV E (envelope) protein (51) in addition to anti-Pax6 and anti b-III-tubu-
lin (TUJ1) MAbs that stain neural progenitor cells and immature neurons, respectively.
As shown in Fig. 7A, productive ZIKV infection was observed in untreated cell cultures with
a peak of virus replication 8 days postinfection. Then, virus production started to decrease
progressively due to the strong virus-induced cytopathic effect as shown by indirect immu-
nofluorescence at days 12 and 14 postinfection (Fig. 7B). In contrast, when cells were incu-
bated with heparin prior to infection, significantly lower levels of infectious virions were
detected in the culture supernatant of treated cells than of controls as early as 1 day up to
day 7 postinfection, and the peak of virus replication was delayed to 12 days postinfection
(Fig. 7A). The incubation of cells with heparin after infection (posttreatment) was less effec-
tive than the pretreatment; no inhibition of viral replication was detected 24 h postinfection,
although the kinetics of viral replication were delayed, and significantly lower levels of viral
titers were obtained compared to control untreated cultures (Fig. 7A). The virus-positive cells
were lower in pre- and post-heparin-treated cells than in untreated cells at day 7

Heparin and ZIKV-Infected Neural Progenitor Cells Journal of Virology

October 2022 Volume 96 Issue 19 10.1128/jvi.01122-22 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
30

 O
ct

ob
er

 2
02

2 
by

 5
.1

71
.9

6.
21

2.

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01122-22


FIG 6 Heparin inhibits early steps of ZIKV entry. (A) hiPSC-derived NPCs were treated, or not, with heparin (100 mg/
mL) 1 h prior to infection with the PRVABC59 isolate at the MOI of 1. Supernatants were collected 3 days
postinfection and tested for both infectious viral titers and AK activity. Bars represent the mean 6 SD of 3
independent experiments. (B) hiPSC-NPCs were treated, or not, with heparin (100 mg/mL) 1 h prior to infection with
the PRVABC59 isolate at the MOI of 0.001. Kinetics of viral replication were determined by measuring the infectious
virus released in the culture supernatant by PFA. A paired t test was used to determine the relationship between Nil
and heparin treatment in each time point. ***, P value , 0.001; ****, P value , 0.0001. (C) To determine heparin
inhibition of viral entry, hiPSC-NPCs were infected with PRVABC59 isolate at either an MOI of 1 or 0.001 for 3 h. Cells
were treated with heparin (100 mg/mL) either before infection at 4°C (1 h; attachment step) or after infection at 37°C
(15 min; entry step). Immunofluorescence analysis was performed 3 days postinfection. (D) Supernatants of hiPSC-
NPCs infection at the MOI of 1 were collected at 3 days postinfection and tested by PFA. (E) Supernatants of hiPSC-
NPCs infection at the MOI of 0.001 were collected at 3 days postinfection and tested by PFA. Bars represent the mean
6 SD of 2 independent experiments in triplicate. P values were calculated by one-way ANOVA with the Bonferroni
correction.
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FIG 7 Kinetics of ZIKV replication in hiPSC-NPCs treated with a single dose of heparin. (A) hiPSC-
derived NPCs were treated with heparin (100 mg/mL) before and after infection (1 h) with the

(Continued on next page)
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postinfection, consistent with the inhibition of viral replication (Fig. 7B). At day 12
postinfection, the virus-induced cytopathic effect eliminated most of the cells in the
untreated
cultures, whereas heparin pre- or posttreatment prevented cell death. At the end of
the differentiation period, i.e., day 14, TUJI-positive cells (expressing a marker of neu-
ron differentiation) increased in the uninfected untreated cultures compared to those
on day 12 when Pax6 staining, a neural progenitor marker, was still abundant. In the
infected conditions, most of the cells were dead, irrespective of the heparin treat-
ment (Fig. 7B).

Thus, heparin treatment partially preserved differentiation of hiPSC-NPCs into neu-
rons regardless of whether it was added before or after infection. This effect lasted at
least up to day 12 postinfection by delaying the virus-induced cytopathic effects.

Repeated heparin additions to hiPSC-NPCs allowed their differentiation into
neuroglial cells in the presence of persistent ZIKV infection. As a single treatment of
hiPSC-NPCs with heparin delayed ZIKV cytopathic effect but did not reverse it, heparin
was added to the cultures twice a week up to 14 days to favor the establishment of a con-
dition of persistently productive infection in the absence of significant cytopathic effects.
As shown in Fig. 8A, significantly lower levels of infectious virus were detected in the cul-
ture supernatant of treated cells than of controls as early as 1 day up to day 7 postinfec-
tion, and the kinetics of virus replication in heparin-treated cultures were delayed com-
pared to those of untreated cultures; unlike what was observed with a single heparin
treatment (Fig. 7A), however, in heparin-treated cells, the presence of infectious virus
released in culture supernatants was extended at least up to 17 days postinfection when
the experiments were terminated. Furthermore, readdition of heparin improved cell sur-
vival as shown in Fig. 8B. Nevertheless, heparin allowed the differentiation of hiPSC-NPCs
into neurons by preventing virus-induced cell death despite productive ZIKV infection as
also shown by staining with a human MAb against envelope E protein (Fig. 8B).

Differentiation of infected hf-NPCs into neuroglial cells in the presence of hep-
arin. Unlike hiPSC-NPCs, hf-NPCs were induced to pan neuroglia differentiation on a
Matrigel-coated surface and in NeuroCult NS-A differentiation medium for at least
14 days. hf-NPCs were then incubated with heparin either 1 h prior to or 4 h postinfec-
tion; after removal of the viral inoculum, fresh differentiation medium was replaced
twice a week for the following 2 weeks.

The pretreatment with heparin inhibited the amount of infectious virus released in
the supernatant by ca. 1 log10 24 h postinfection and, unlike hiPSC-NPCs, the kinetics
of virus replication in cells incubated with heparin were like those of untreated cells.
However, a significant reduction of infectious virus released in the supernatant was
observed in heparin-pretreated cultures at day 1 and 3 postinfection (Fig. 9A), whereas
the antiviral effects of posttreatment administration of heparin were delayed com-
pared with those of pretreatment. Multiple additions of heparin did not change the
kinetics of virus replication in either pre- or posttreatment conditions (Fig. 9B). Cells
that were incubated only once with heparin were stained with vimentin, a marker
poorly expressed in embryonic stem cells and switched-on early during their differen-
tiation (52). As shown in Fig. 9C, vimentin expression in uninfected cells increased after
3 days of culture, whereas ZIKV infection did not alter its expression; heparin addition
after infection accelerated hf-NPC differentiation.

FIG 7 Legend (Continued)
PRVABC59 isolate (MOI, 0.001). Cell cultures were maintained in induction medium for 1 week and
then in differentiation medium for at least 14 days. Kinetics of viral replication were determined by
titering the infectious virus released in culture supernatants by PFA. The graph represents the mean
6 SD of 3 independent experiments. One-way ANOVA was used with Bonferroni correction. *,
Statistical comparison among groups (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001). (B)
Differentiated hiPSC-NPCs were fixed at days 7, 12, and 14 postinfection and stained for ZIKV with
envelope protein (ZIKA-green); neurons with beta tubulin III (TUJ1-white) and PAX6 (red). Blue
channel is DAPI staining for all cell types. Scale bar, 75 mm and 25 mm. Images were obtained using
SP8 confocal microscope.
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The differentiation status of the cells was examined after 7 days of differentiation
(14 days postinfection) by staining the cell culture with TUJI and glial fibrillary acidic pro-
tein (GFAP), markers of differentiated neurons and astrocytes, respectively. Uninfected
cells were positive for GFAP and TUJI after 7 days postdifferentiation, albeit the proportion
of GFAP-positive cells was higher than that of TUJI-positive cells that became more visible
14 days postdifferentiation. At day 7, the GFAP signal was weak, and neurons were almost
absent in infected untreated cells, whereas infected hf-NPCs treated with heparin prior to
infection differentiated into neurons (TUJI-positive cells) and astrocytes (GFAP-positive
cells) unlike untreated cells (Fig. 9C). At 14 days postinfection, neurons were well-repre-
sented in uninfected conditions, and a brilliant GFAP signal was detected, a phenotype
previously correlated with cell activation status during inflammatory insults (53). Heparin-
treated hNPC-derived astrocytes showed an intermediate phenotype, suggesting that
heparin might protect from inflammation insult. The hf-NPC-derived astrocytes that sur-
vived showed a different morphology compared to those in uninfected conditions. As
shown in Fig. 10A, a significant impairment in neuronal maturation was observed upon
infection (;3% versus;27% of neurons in infected and uninfected cultures, respectively),
whereas the percentage of mature neural cells in infected cultures incubated with heparin
was significantly higher (;19% with the pretreatment and;10% with the posttreatment)

FIG 8 Kinetics of ZIKV replication in hiPSC-NPCs treated with multiple doses of heparin. (A) hiPSC-NPCs were differentiated for
2 weeks. Cells were treated with heparin either before (pre) PRVABC59 infection (MOI, 0.001) or after (post) infection. Heparin was
added every 3 days (black arrows). Virion release in the supernatant was quantified at different time points by PFA. The graph
represents the mean 6 SD of 3 independent experiments. One-way ANOVA with Bonferroni correction was used in each time
point. *, Statistical comparison among groups (*, P , 0.05; **, P , 0.01; ****, P , 0.0001). (B) Cells were fixed after 14 days
postinfection and stained for ZIKV with the anti-E antibody (ZIKA-green), neurons with beta tubulin III (TUJ1-white), and PAX6
(red). Blue channel is DAPI staining for all cell types. Scale bar, 75 mm. Images were obtained using SP8 confocal microscope.
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and slightly differed in terms of cell number in comparison to uninfected cell culture
(Fig. 10A). Differentiation of NPCs into astrocytes was observed in all conditions,
although a moderate decrease from ;40% to ;20% of GFAP-positive cells in unin-
fected versus infected cultures, respectively, was detected. Heparin partially restored

FIG 9 Kinetics of ZIKV replication in hf-NPCs treated with a single and multiple doses of heparin. (A) Infectious virus
released in supernatant was measured by PFA. Cells were treated with heparin (100 mg/mL) either before (pre, 1 h)
PRVABC59 infection (MOI, 5) or after (post, for 4 h) infection. Cells were then differentiated for 2 weeks in a
differentiation medium. The graph represents the mean 6 SD of 3 independent experiments. One-way ANOVA with
Bonferroni correction was used. *, Statistical comparison among groups (**, P , 0.01; ***, P , 0.001; ****,
P , 0.0001). (B) Cells were treated with heparin (100 mg/mL) prior to and after infection (1 h) with the PRVABC59
isolate at an MOI of 5. The differentiation medium was added, starting 4 h postinfection. Heparin was added every
3 days up to 14 days postinfection. Infectious titers were measured in the culture supernatants by PFA. Nil refers to
untreated infected cultures, pre represents the treatment 1 h prior to infection, and post is the treatment 4 h
postinfection. (C) Differentiated hf-NPCs were fixed at different time points; earlier time points (day 1 and 3
postinfection) were stained for ZIKV with the anti-E antibody (ZIKA-green), vimentin (VIM-white), and Pax6 (PAX6-
red), whereas later time points (day 7 and 14 postinfection) were stained for ZIKV with the anti-E antibody (ZIKA-
green), beta tubulin III (TUJ1-white), and GFAP (GFAP-red). The blue channel is DAPI staining for all cell types. Scale
bar, 75 mm. Images were obtained using SP8 confocal microscope.
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glial maturation in infected cell with an increase of ;30% of GFAP-positive cells in
the pretreatment condition and ;25% in posttreatment condition (Fig. 10B).

Thus, heparin can prevent ZIKV-induced cytopathicity in hf-NPC and allow their dif-
ferentiation into neural cells and astrocytes while exerting antiviral effects.

FIG 9 (Continued)

FIG 10 Quantification of neuroglial cells. (A) Quantification of neurons (TUJ11 cells). hf-NPCs were treated with heparin either prior to or after infection
with the PRVABC59-2015 isolate at an MOI of 5. After infection, cells were differentiated for 1 week. Cells were fixed after 7 days postinfection. (B)
Quantification of astrocytes (GFAP1 cells). Three different images from 3 independent experiments were counted. Bars represent the percentage of neurons
and astrocytes in the different conditions. P values were calculated by one-way ANOVA with the Bonferroni correction.
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DISCUSSION

Heparin protects hiPSC-NPCs from ZIKV-induced cell death regardless of whether
they were grown in an adherent monolayer or as neurospheres (NS). In contrast to the
lack of virus inhibition when cells were infected at high MOI, heparin inhibited the
early steps of viral entry when cells were infected at low MOI. Furthermore, a single
addition of heparin delayed ZIKV replication in hiPSC-NPCs that were committed to dif-
ferentiate into neuroglial cells. Multiple additions of heparin, conversely, while preserv-
ing neuroglial differentiation and inhibiting virus-induced cell death prolonged ZIKV
replication. Surprisingly, unlike what was observed with hiPSC-NPCs, when differentiat-
ing hf-NPCs were infected at high MOI in the presence of heparin, virus replication was
significantly inhibited. In untreated cultures, virus persisted during their differentiation,
while in heparin-treated cultures, ZIKV replication decreased and, significantly, hf-NPCs
differentiated into neurons and glial cells. These results demonstrate the neuroprotec-
tive activity of heparin against the cytopathicity of ZIKV in different models of hNPC
differentiation with variable effects in terms of interference with virus replication.

Similar to other members of the Flaviviridae family, ZIKV causes cytopathic infection
of fetal neural progenitor cells that leads to defective neurogenesis (16, 54, 55). Several
studies have reported apoptosis as a mechanism of cell death in ZIKV-infected hNPCs
(27, 56); however, caspase 3-dependent apoptosis was also observed in adjacent cells
without evidence of infection, as bystander cells are susceptible to the cytotoxic factors
released during the cell death of productively infected cells (15). In addition, caspase 3-
independent cytopathicity has also been reported in cells such as epithelial cells, pri-
mary skin fibroblasts and astrocytes (32). This mode of cell death was explained by
massive vacuolization of the ER, which is the major intracellular site of ZIKV replication
(32). The accumulation of ZIKV vacuoles triggers a cellular collapse termed paraptosis
(32). Heparin-treated hNPCs were protected by ZIKV-induced apoptosis but also by vi-
rus-induced ER vacuolization in both hiPSC-NPCs and hf-NPCs grown either in adher-
ence or as NS.

The protective mechanism of heparin probably relies on molecular interactions at
the cell membrane level. In this regard, heparin is known to be a potent modulator of
cellular receptors of growth factors (GFs), such as fibroblast growth factor (FGF), epi-
dermal growth factor (EGF), and vascular endothelial growth factor (VEGF) (57). Among
the GFs involved in neurogenesis, FGF-2, together with EGF, is essential for neuronal
cell survival and maturation and plays a crucial role in central nervous system (CNS) de-
velopment (58). The endogenous polysaccharide component, heparan sulfate (HS) of
heparan sulfate proteoglycans (HSPGs), is the obligatory cofactor required to form
functional, dimeric FGF/FGF receptor signaling complexes. Its activity is mimicked by
heparin, which shares basic structural similarity, or by other polysaccharide compo-
nents of other PGs, such as chondroitin sulfate (59, 60). Like HS, heparin can influence
FGF-2 activity by interacting with its receptor or stabilizing it and preventing its degra-
dation; this interaction is specific to Heparin/HS and is not general to other polysaccha-
ride components of proteoglycans (61).

In the present study, we demonstrate the protective effect of heparin on virus-induced
cell death of NS, a 3D system formed from spontaneous aggregations of hNPCs, a model
suitable to investigate the consequences of infection under nonadherent conditions (17).
Although brain organoids are the best 3D model for studying neurodevelopment (62),
their preparation from hNPCs is complex and costly. Thus, NS that are permissive to ZIKV
infection, which disrupts their spherical structure by virus-induced cytopathic effects (17),
have become established as an alternative 3D model. We, therefore, tested whether hepa-
rin was effective in preventing cell death of ZIKV-infected NS derived from either hiPSC- or
hf-NPCs. In this regard, hf-NPCs more closely mimic ZIKV tropism for the fetal developing
brain in utero (40). ZIKV persistently replicated in hf-NPCs that were less susceptible to ZIKV
cytopathic effects than hiPSC-NPCs, which is in agreement with a previous report (22). As
expected, heparin strongly protected NS from ZIKV-induced cytopathic effects with both
hiPSC-NPCs and hf-NPCs by preventing NS disruption and inhibited both apoptosis and
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necrosis. Unexpectedly, an antiviral activity of heparin was clearly demonstrated in NS
obtained from hiPSC-NPCs that was not detected when hNPCs were maintained in the ad-
herent condition of tissue culture. These discrepancies are likely explained by the lower
MOI used to infect NS than that of adherent hNPCs. In addition, the MOI used to infect the
NS was calculated taking into consideration the number of cells seeded prior to the forma-
tion of NS while the virus inoculum was added to the fully formed NS that were kept under
nonadherent proliferating conditions for 3 days. Furthermore, virions could only encounter
cells present on the more external layer of the sphere. While cell-to-cell spread of infection
is more efficient than cell-free infection (63), the number of infectious particles that
reached the center of the NS is likely to be lower than that of a simple monolayer in which
all cells are exposed to the virus.

To characterize the antiviral heparin activity during ZIKV infection, we tested its ac-
tivity during ZIKV entry using either a “high” MOI of 1 or a “low” MOI of 0.001 in the
infection of adherent hiPSC-NPCs. Indeed, at low MOI, heparin exerted an antiviral ac-
tivity against ZIKV infection in hiPSC-NPCs by interfering with viral attachment. In this
regard, ZIKV as well as other members of the flavivirus family use negatively charged
glycosaminoglycans (GAGs) to concentrate and gain access to surface receptors (64).
Therefore, numerous polyanionic compounds, including heparin, compete with GAGs
and inhibit enveloped-virus infection and replication in vitro (65–69). Using surface
plasmon resonance, heparin has been shown to strongly bind to the ZIKV E protein
with a dissociation constant (KD) of 443 nM, suggesting that ZIKV E-GAG interaction is
likely to be driven by electrostatic interactions. Indeed, Kim and collaborators have
recently reported that heparin could promote ZIKV infection in Vero cells at the MOI of
0.1 (70), albeit this viral-enhancing effect was observed with heparin concentrations of
.100 mg/mL. In agreement with our results, heparin did not inhibit viral infection at
high MOI, although it maintained protective activity by inhibiting ZIKV-induced cell
death (70).

Since heparin exerted antiviral activity and protects against multiple forms of ZIKV-
induced cell death, we considered the possibility that the cells maintained the ability
to differentiate into neuroglial cells. To this end, ZIKV-infected hNPCs were differenti-
ated into mature neuroglial cells. During differentiation in hiPSC-NPCs, heparin delayed
the kinetics of viral replication, protected hNPCs from ZIKV-induced cell death, and
allowed their differentiation into neurons and astrocytes. Interestingly, repeated addi-
tions of heparin sustained prolonged viral replication perhaps by blocking cell-to-cell
spread while suppressing ZIKV-induced cytopathicity.

After the initial inhibition of virus replication, virus spreading was similar in both
heparin-treated and control cultures, whereas a fraction of cells survived and contin-
ued to produce virus. It is unknown whether the initial reduction in the number of
infected cells limited virus spreading to daughter cells during cell division and differen-
tiation. Nevertheless, heparin is clearly endowed with beneficial effects by allowing
ZIKV-infected hNPCs to differentiate into neuroglial cells.

In addition to the hiPSC-NPC model, we also exploited the hf-NPCs because they re-
capitulate the heterogeneity of neural precursor cells of the embryonic human brain
(40). By inhibiting ZIKV replication and preventing virus-induced cell death, heparin-
treated cultures showed a proportion of neurons and astrocytes, which was compara-
ble to that of uninfected cultures. The absence of neurons in infected cultures could
be caused by inflammatory mediators induced by ZIKV infection (71) influencing cell
maturation that was nevertheless restored and maintained following incubation with
heparin. These results demonstrate the neuroprotective activity of heparin against
ZIKV cytopathicity in hNPCs infection.

The distinct behavior of hf-NPCs and hiPSC-NPCs could be explained by their diverse
composition. Indeed, hiPSC-NPCs are homogeneous, whereas hf-NPCs consist of a highly
heterogeneous mixture of stem cells and neuronal precursors at distinct early stages of dif-
ferentiation (72). These features of hf-NPCs might resemble in vivo neurodevelopment
more closely than that observed with hiPSC-derived NPCs, even though their limited
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availability and high heterogeneity represent a major drawback. Apart from differences
between these two cell culture systems, the protective activity of heparin against ZIKV-
induced cell death was strongly preserved in both models, although further investigation
will be required to determine the mechanism(s) of protection.

Collectively, these results highlight the potential of heparin protective activity against
neurotropic viruses. The unfractionated heparin (UFH) used in the present study is a highly
sulfated polysaccharide endowed with anticoagulant activity. Given its high molecular
weight (typically 12 to 15 kD), the proportion of UFH that can reach the fetus and protect
the fetal brain from virus damage is likely to be low. Nevertheless, heparin is routinely
chemically and enzymatically modified to obtain derivatives or fractions with low molecu-
lar weight (typically around 5 kDa), exhibiting increased bioavailability and more predict-
able anticoagulant activity and safety profile (73). It is highly likely that active fractions with
low or no anticoagulant activity also reside in crude heparin, the precursor material to
pharmaceutical UFH, a compound awaiting further exploitation (74). In addition to its anti-
coagulant activity, heparin can prevent tissue injuries at the fetal-maternal interface (75).
For instance, heparin improves successful embryo implantation by suppressing natural
killer cell cytotoxicity (76), prevents leukocyte adhesion/influx (77), antagonizes interferon-g
(IFN-g) signaling (78), and modulates chemokine activity (79). Mouse models of ZIKV infec-
tion, particularly pregnant mice, will be instrumental in determining heparin beneficial
effects on the fetal brain.

In conclusion, heparin, its derivatives (devoid of anticoagulant activity), or their ana-
logues could be used as antiviral agents, especially in providing rapid countermeasures
against present and future emerging viral diseases, such as the current SARS-CoV-2
infection (45).

MATERIALS ANDMETHODS
Ethics statement. The study protocol was approved by the Ethical Committee of the IRCCS San

Raffaele Hospital (Milan, Italy). Subjects participating in the study provided informed consent (Banca
INSpe). This study conformed to the standards of the Declaration of Helsinki.

Human iPSC-derived NPCs. Fibroblasts were isolated from a skin biopsy of one healthy subject as
described (80). Fibroblasts were reprogrammed into iPSCs by using the episomal Sendai virus approach
(CytoTune-iPS 1.0 Sendai Kit; Life Technologies) to obtain hiPSCs. Cells were maintained in feeder-free
conditions in mTeSR1 culture medium (Stem Cell Technologies) on Matrigel ES (MaES)-coated (Corning)
plates and passaged using 0.5 mM EDTA. hNPCs were generated with some modifications of the proto-
col described in Reinhardt et al. (81). Briefly, colonies of hiPSCs grown on MaES were detached using dis-
pase (Stemcell Technologies), maintained in human embryonic stem cell (hESC) medium without basic
fibroblast growth factor (bFGF), and supplemented with 1 mM dorsomorphin (Stemgent), 3 mM
CHIR99021 (Tocris), 10 mM SB-431542 (Miltenyi), and 0.5 mM purmorphamine (Alexis). Embryoid bodies
(EBs) were formed by culturing cells in nontissue culture petri dishes (Greiner). On day 2, the medium
was changed to N2B27 medium containing equal parts of Neurobasal (Invitrogen) and Dulbecco modi-
fied Eagle medium (DMEM)-F12 (Invitrogen) with 1:100 B27 supplement lacking vitamin A (Invitrogen),
1:200 N2 supplement (Invitrogen), 1% penicillin/streptomycin/glutamine (PSG) (Gibco), and the same
small molecules as used above. On day 4, dorsomorphin and SB-431542 were withdrawn, while 150 mM
ascorbic acid (AA) was added to the medium. On day 6, EBs were mechanically dissociated into smaller
aggregates and seeded onto Matrigel growth factor reduced high concentration (Ma GFRH, Corning)
coated 12-well plates (Corning). When hNPCs reached confluence, cells were detached with Accumax
(Sigma) and replated (at least 1:5) in the presence of ROCK inhibitor (Calbiochem). After 3 passages, pur-
morphamine was replaced by 1 mM SAG (Calbiochem). hNPCs were expanded until passage 10 before
infection and oligodendroglial differentiation. NS were obtained by maintaining single cells in nontissue
culture petri dishes where they were grown as cell aggregates.

Human fetal brain-isolated NPCs. hf-NPCs are nonimmortalized human fetal neural precursor cells
(named the BI-0194-008 cell line) obtained from a single human fetus at 10 to 12 weeks postconception
(wpc) as reported previously (80). Human tissue was provided by “Banca Italiana - Fondazione IRCCS CA'
GRANDA Ospedale Maggiore Policlinico di Milano.” Permission to use human fetal CNS tissue was
granted by the ethical committee of the San Raffaele Hospital (approved on 13/06/2013) in agreement
with the declaration of Helsinki and with the ethical guidelines of the European Network for
Transplantation (NECTAR). The BI-0194-008 cell line is currently in use for the clinical trial EudraCT 2016-
002020-86 (ClinicalTrials registration no. NCT03269071). Briefly, primary, growth factor-expanded hNPCs
were obtained as heterogeneous culture of spherical cell aggregates, derived from the diencephalic and
telencephalic regions. Cells were grown in suspension as spheres in flask in NeuroCult-XF proliferation
medium human (Stemcell Technologies) with EGF and bFGF (10 ng/mL each; R&D Systems). Every 10 to
15 days, enzymatic dissociation of neurospheres (NS) with Accumax and reseeding (25,000 cells/cm2)
were performed.
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Differentiation of hNPCs. hiPSC-NPC-derived mature neuroglial cells were generated by an induc-
tion phase followed by a differentiation step with modification of a described protocol (50). Cells were
seeded on Matrigel growth factor reduced (Ma GFR)-coated (Corning) 12-mm-diameter coverslips, and
induction was allowed to occur in the presence of DMEM-F12 supplemented with N2 (1:50), B27 (1:50),
minimal essential medium with nonessential amino acids (MEM-NEAA) (Gibco), PSG (Gibco), heparin
(2 mg/mL), cAMP 1 mM (Sigma), and 10 ng/mL insulin growth factor-1 (IGF-1). Half of the medium was
changed twice a week. After 7 days, the medium was replaced with Neurobasal medium, N2 (1:50), B27
(1:50), MEM-NEAA (Gibco), and PSG and supplemented with cAMP (1 mM), AA (150 mM), brain-derived
neurotrophic factor (BDNF) (10 ng/mL), IGF-1 (10 ng/mL), and glial cell-derived neurotrophic factor
(GDNF) (10 ng/mL).

To obtain hf-NPC pan-differentiation, spheres (passages 10 to 12) were dissociated in single cells
and seeded on 12-mm (diameter) glass coverslips (7 � 104/cells each) coated with Ma GFR (0.2 mg/mL).
Cells were maintained in NeuroCult NS-A differentiation medium human (Stemcell Technologies) for up
to 14 days.

Viruses. The following three virus isolates were used: the historical ZIKV strain (MR766) (European
Virus Archive global [EVAg]), the Puerto Rico 2015-PRVABC59 obtained from the CDC (GenBank acces-
sion number KU501215), and the Brazilian 2016-INMI-1 (GenBank accession number KU991811) obtained
from an Italian individual who travelled to Brazil in January 2016. Viral isolates were expanded in Vero
cells and titrated by a plaque forming assay (PFA) as detailed further.

As an internal control, to obtain inactivated ZIKV (iZIKV), viral stocks were heat-inactivated at 65°C
for 1 h. PFA was used to confirm complete inactivation.

ZIKV early step infection assay. hiPSC-NPCs were seeded at 2.5 � 105 cells/well in 24-well flat-bot-
tom plastic plates in 500mL of complete medium. After 24 h, hNPCs were precooled at 4°C and then ino-
culated with the PRVABC59 isolate at an MOI of either 1 or 0.001 for 3 h. The unbound virus was
removed by washing the cell cultures with cold medium (on ice), and the cell cultures were then
warmed up to 37°C for 15 min to allow virus entry. The cell monolayers were then exposed to citrate
buffer (pH 3.0) for 1 min to inactivate any virus that did not penetrate the target cells. Next, the cells
were washed and overlaid with medium. Heparin was added either 1 h prior to ZIKV infection at 4°C or
during the 15-min incubation at 37°C to determine whether heparin acted at the level of attachment or
the level of entry, respectively (46). Three days after infection, supernatants were collected and stored at
280°C until determination of the infectious titer by PFA.

Ultrastructural analysis. Adherent hiPSC-NPCs were infected at the MOI of 1 with the PRVABC59
isolate. Three days after infection, cells were fixed in 4% formaldehyde and 2.5% glutaraldehyde in caco-
dylate buffer and incubated for 5 min at room temperature. The samples were then fixed with 2% os-
mium tetroxide in 2.5% glutaraldehyde in cacodylate buffer for 60 min. Monolayers were dehydrated in
graded ethanol, washed in propylene oxide, and infiltrated for 12 h in a 1:1 mixture of propylene oxide
and epoxide resin (Epon). Cells were then embedded in Epon and polymerized for 24 h at 60°C. Slices
were cut with an ultramicrotome (Ultracut Uct; Leica), stained with uranyl acetate and lead citrate, and
metaled. The ultrathin sections of infected hiPSC-NPCs were observed through transmission electron mi-
croscopy (Hitachi H7000).

ZIKV infection of NS. Both hiPSC- and hf-NPCs were grown spontaneously under rotation as NS af-
ter seeding for 3 days before infection. Porcine intestine mucosal heparin (Celsus Laboratories Inc.) was
added 1 h prior to infection at a final concentration of 100 mg/mL. NS were infected with the Brazilian
2016-INMI-1 isolate at an MOI of 1. Viral supernatants were collected 3 and 6 days postinfection. Cell
death was determined by measuring the levels of adenylate kinase activity in the culture supernatant
(ToxiLight Bioassay, Lonza). The viral titers were determined by a PFA. Brightfield images were captured
at 3 and 6 days postinfection to measure NS diameter by using ImageJ software (https://imagej.nih.gov/
ij/). NS were transferred onto slides precoated with Ma GFR and fixed at 3 and 6 days postinfection for
the evaluation of the efficiency of infection by immunofluorescence with specific antibodies.

ZIKV infection of hiPSC-NPCs induced to differentiate into neuroglial cells. hiPSC-NPCs were
seeded into 24-well plates at a final concentration of 1 � 105 cells/well. Twenty-four h postseeding, cells
were infected with the PRVABC59 isolate at an MOI of 0.001 and incubated with heparin (100 mg/mL).
Two distinct protocols were adopted to test heparin effects on differentiation of hNPCs into neuroglial
cells. In the pretreatment protocol, cells were incubated with heparin 1 h prior to infection. After 4 h, the
virus inoculum was removed and induction medium supplemented with cAMP, and IGF-1 was added for
1 week, followed by replacement with differentiation medium for the following 3 weeks. In the post-
treatment protocol, cells were infected for 4 h and then the virus inoculum was removed and heparin
was added for 1 h. Culture medium was replaced with the induction medium supplemented with cAMP
and IGF-1 and changed every 3 days. After 1 week, the induction medium was replaced with the differ-
entiation medium for the following 3 weeks. The differentiation medium was replaced with fresh me-
dium every 3 days. Supernatants were harvested at different time points to determine the infectious
titers, cells were fixed side-by-side, and cell differentiation was determined during infection with specific
antibody staining.

ZIKV infection of hf-NPCs induced to differentiate into neuroglial cells. hf-NPCs were placed in a
15-mL Falcon tube at a final concentration of 7 � 104 cells/well. The PRVABC59 isolate was added at an
MOI of 5, and heparin was used at 100 mg/mL. As described above, in the pretreatment protocol, cells
were incubated with heparin 1 h prior to infection. After 4 h, cells were centrifuged, resuspended in
NeuroCult NS-A differentiation medium (Stemcell), and seeded into 24-well plates. Cultures were main-
tained for 14 days. In the posttreatment protocol, cells were infected for 4 h and then centrifuged, resus-
pended in NeuroCult NS-A differentiation medium (Stemcell), and incubated with heparin for 1 h. The
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differentiation medium was replaced with fresh medium every 3 days up to 14 days. Supernatants were
harvested at different time points to determine the infectious titers, cells were fixed side-by-side, and
cell differentiation was determined during infection with specific antibody staining.

Immunofluorescence and image capture. NS were fixed using 4% paraformaldehyde (PFA) for
10 min, washed three times with phosphate-buffered saline (PBS) and incubated for 1 h with blocking
solution PBS-0.5% Triton X-100, 5% donkey serum solution. NS were stained with mouse monoclonal Ab
(MAb) anti-double-stranded RNA (dsRNA) (Jena Bioscience), rabbit anti-cl-CASP3 (Cell Signaling), and
goat anti-vimentin (Sigma) polyclonal antibodies overnight in blocking solution. After three washings
with PBS-0.1% Triton X-100, Alexa Fluor-conjugated secondary antibodies were incubated for 2 h in
blocking solution at room temperature and then cells were washed three times with PBS-0.1% Triton X-
100. DAPI (49,6-diamidino-2-phenylindole) was used to stain the nuclei. NS and cells were visualized and
acquired using a Leica SP8 confocal microscope (Alembic Facilities; https://research.hsr.it/en/core
-facilities/alembic.html). Merged images were then generated using ImageJ software.

Differentiated hNPCs were fixed using 4% PFA for 10 min, washed 3 times with PBS, and incubated
for 1 h with blocking solution containing 0.5% Triton X-100 and 5% donkey serum in PBS. Cells were
then stained with specific primary antibodies, in particular, the human monoclonal antibody ZKA190-
rIgG1 against the flavivirus E protein (51), the chicken anti-neuron-specific class III beta-tubulin (TUJ1;
BioLegend), rabbit anti-glial fibrillary acidic protein (GFAP) (Dako), and the rabbit anti-PAX6 (BioLegend)
polyclonal antibodies overnight in blocking solution. After 3 washings with PBS-0.1% Triton X-100, Alexa
Fluor-conjugated secondary antibodies were incubated for 2 h in blocking solution at room temperature
and washed 3 times with PBS-0.1% Triton X-100 solution. DAPI was used to stain the nuclei.

Plaque forming assay. Vero cells (1.2 � 106) were seeded in 6-well culture plates; 24 h later, 10-fold
dilutions of virus-containing supernatants were prepared in culture medium supplemented with 1%
heat-inactivated fetal bovine serum (FBS), and 1 mL of each dilution was added to the cells. The plates
were incubated for 4 h at 37°C. Unabsorbed virus was removed, and 2 mL of culture medium supple-
mented with 1% methylcellulose (Sigma) was added to each well, followed by an incubation at 37°C for
6 days. The methylcellulose overlay was removed, and the cells were stained with 1% crystal violet in
70% methanol. Plaques were counted and expressed as plaque-forming units per milliliter (PFU/mL) as
published (31).

Necrotic cell death detection assay. ToxiLight bioassay (Lonza) was used to measure the adenylate ki-
nase (AK) activity in culture supernatants as a marker of cell death. Briefly, 10-mL samples of culture superna-
tant were transferred on black 96-well half-area plates (Costar). Fifty microliters of detection reagent was
added to each well, and the plate was incubated for 10 min at room temperature. Luminescence was meas-
ured in a Mithras LB940 microplate reader (Berthold Technologies), and the results were expressed as relative
luminescent units (RLU).

HMGB1 ELISA. The HMGB1 levels were determined in sample supernatants by a commercially avail-
able enzyme-linked immunosorbent assay (ELISA) kit (HMGB1 ELISA kit II; Shino-Test Corporation)
according to the manufacturer’s protocol. Briefly, the wells of the microtiter strips were coated with puri-
fied anti-HMGB1 MAb. HMGB1 in the sample binds specifically to the immobilized antibody and is recog-
nized by a second enzyme-marked antibody. After substrate reaction, the HMGB1 concentration was
determined by the color intensity.

Statistical analysis. Prism GraphPad software v. 8.0 (https://www.graphpad.com/) was used for all
statistical analyses. Fisher’s exact test was used to compare the distribution of cells with and without
vacuoles. Comparison between two groups was determined with a Student's t test. Comparison among
groups was performed using one-way analysis of variance (ANOVA) and Bonferroni’s multiple compari-
son test.
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