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SUMMARY
Physiological blood-tissue barriers play a critical role in separating the circulation from immune-privileged
sites and denying access to blood-borne viruses. The mechanism of virus restriction by these barriers is
poorly understood. We utilize induced pluripotent stem cell (iPSC)-derived human brain microvascular endo-
thelial cells (iBMECs) to study virus-blood-brain barrier (BBB) interactions. These iPSC-derived cells faithfully
recapitulate a striking difference in in vivo neuroinvasion by two alphavirus isolates and are selectively
permissive to neurotropic flaviviruses. A model of cocultured iBMECs and astrocytes exhibits high transen-
dothelial electrical resistance and blocks non-neurotropic flaviviruses fromgetting across the barrier.We find
that iBMECs constitutively express an interferon-induced gene, IFITM1, which preferentially restricts the
replication of non-neurotropic flaviviruses. Barrier cells from blood-testis and blood-retinal barriers also
constitutively express IFITMs that contribute to the viral resistance. Our application of a renewable human
iPSC-based model for studying virus-BBB interactions reveals that intrinsic immunity at the barriers contrib-
utes to virus exclusion.
INTRODUCTION

Physiological barriers are an integral part of host defense against

invading pathogens. In addition to external barriers such as skin

and mucosal secretions, internal blood-tissue barriers function

to separate circulation compartment from the immune-privi-

leged organs, such as brain, eye, and testis. Although these bar-

riers have their evolutionary roots in the protection of these vital

structures from unintended damage by inflammatory responses,

they also function to separate viremia from tissues and restrict

access by blood-borne pathogens. The blood-brain barrier

(BBB) consists of brain microvascular endothelial cells

(BMECs) supported by astrocytes and pericytes (Abbott et al.,

2006). The BMECs line the blood vessels that border brain pa-

renchyma and form tight junctions (TJ). The TJ proteins, along

with the efflux transporter P-glycoprotein on the surface of

BMECs, help to repel circulating molecules and pathogens,

whereas high expression of the glucose transporter protein

type 1 (GLUT1) allows transport of glucose into the brain to

meet energy needs (Daneman and Prat, 2015). Similarly, Sertoli
This is an open access article under the CC BY-N
cells (SerCs), retinal pigment epithelial (RPE) cells, and retinal

microvascular endothelial cells (RMECs or RvECs) function at

the blood-testis barrier (BTB), the inner blood-retinal barrier

(BRB), and the outer BRB, respectively to regulate material ex-

change and protect the testes and eyes (Campbell and Humph-

ries, 2012; Mruk and Cheng, 2015).

While the barriers are highly effective in denying entry by most

viruses, some have evolved the ability to breach them. For

example, neuroinvasive viruses can access the central nervous

system (CNS) and cause neurological diseases. Why certain vi-

ruses are neuroinvasive whereas others are not is poorly under-

stood. Although non-BBB routes of CNS invasion such as the

retrograde transport of herpes simplex virus infecting peripheral

neurons are well recognized, the majority of the neuroinvasion

mechanisms involve an interaction between the virus and the

BBB (Cain et al., 2019). These mechanisms include direct infec-

tion of the endothelial cells, disruption of the barrier, and trans-

port via surface absorption to transmigrating immune cells.

Both in vivo and in vitromodels have been developed to study vi-

rus-BBB interactions. Animal models can provide a definitive
Cell Reports 39, 110885, May 31, 2022 ª 2022 The Author(s). 1
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Figure 1. iBMECs exhibit barrier characteristics and respond to inflammation and IFN signaling

(A) Expression of cell-surface markers on iBMECs. Scale bars, 100 mm.

(B) Representative images of vascular tubes formed by the iBMECs. Scale bars, 100 mm.

(C) TEER of cell monolayers on transwells. Measurements were taken 48–72 h after cell seeding.

(D) Sodium fluorescein (Na-F) permeability of iBMECs. Measurements were taken 48–72 h after cell seeding.

(E) Barrier response to LPS (100 ng/mL) and IFN (100 ng/mL). For the LPS and IFN double treatment, LPSwas added 48 h after seeding (0 h time point) followed by

addition of IFN-l1 8 h later. TEER measurements were taken at the indicated times. A two-way ANOVA was performed.

(legend continued on next page)
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answer as to whether a virus is neuroinvasive in vivo, although

they are less amenable to the dissection of molecular mecha-

nisms. For example, neurovirulence determinants and related

pathways for neurotropic alphaviruses have been well studied

using the mouse model (Atkins and Sheahan, 2016; Hollidge

et al., 2021; Kendra et al., 2017). In vitro models include primary

BMECs, cell lines derived from BMECs, and differentiated cells

derived from pluripotent stem cells (PSCs). The BMECs induced

from PSCs (iBMECs) (Lippmann et al., 2012) are a particularly

promising model, as they overcome both the limited source of

primary human cells and the low transendothelial electrical resis-

tance (TEER) of the cell lines. The differentiation protocol gener-

ally utilizes codifferentiation with neural cells followed by specific

selection for endothelial cells (Lippmann et al., 2012). Additional

improvements such as addition of retinoic acid or overexpres-

sion of endothelial transcription factors enhanced endothelium

maturation (Lippmann et al., 2014; Lu et al., 2021; Qian et al.,

2017). The iBMEC model has been used to study the CNS

permeability of therapeutics and viral invasion (Alimonti et al.,

2018; Lippmann et al., 2020).

The genus Flavivirus includes many vector-borne RNA viruses

that are pathogenic in humans and present a significant threat to

global health. Despite similarities in genome structure and trans-

mission vectors, individual flaviviruses differ significantly in their

tissue tropism and disease outcomes. A salient feature of a sub-

group of these viruses, including Zika virus (ZIKV),West Nile virus

(WNV), and Japanese encephalitis virus (JEV), is their ability to

invade the brain and cause CNS diseases. In contrast, yellow fe-

ver virus-17D (YFV-17D) and dengue virus (DENV) are not known

to invade CNS in immune-competent hosts. Given these similar-

ities and differences, the flaviviruses are well suited for studying

the molecular mechanisms underlying viral neuroinvasiveness.

Induction of interferon (IFN) response following infection is an

integral part of the innate immunity. IFN activates IFN-stimulated

genes (ISGs), which are a large group of proteins normally only

expressed upon IFN signaling. However, certain ISGs can also

be expressed constitutively in an IFN-independent manner.

Indeed, constitutive expression of a subset of antiviral ISGs by

PSCs (Wu et al., 2012, 2018) protects these important cells

from viral infection (Wu et al., 2018). Individual antiviral ISGs

deploy distinct antiviral mechanisms, and, collectively, ISGs

can restrict infection by many viruses (Schoggins et al., 2011).

The number of viruses targeted by a particular ISG varies, but

even the ISGs with broad-spectrum activities, such as the IFN-

induced transmembrane protein (IFITM) family, are only effective

against a limited number of viruses (Brass et al., 2009). The

contribution of intrinsically expressed antiviral ISGs in barrier

cells to the blockage of a virus infecting the barrier has not

been explored.

Here we report the application of human iBMECs to a mech-

anistic study of virus-BBB interaction. We demonstrate that

the iBMECs effectively model the neuroinvasiveness of both
(F and G) Monocyte migration rate through (F) the cell monolayers and (G) iBMEC

transwell 48 h after seeding of iBMECs. In (G), MCP-1 was added to the basolater

reached the basolateral chamber was performed 18 h later.

Values shown asmean ± SD from aminimum of three biological replicates. A one-

asterisks indicate statistically significant differences (*p % 0.05; **p % 0.01; ***p
alphaviruses and flaviviruses. We further discover that the

antiviral ISG IFITM1 is constitutively expressed by iBMECs,

and its function toward different flaviviruses contributes to

the selective restriction of these viruses. In addition, SerCs

and RMECs also intrinsically express IFITM proteins that

exhibit antiviral function. Our study suggests that cell-autono-

mous antiviral immunity represents a broad mechanism

for controlling viral invasion of physiological blood-tissue

barriers.

RESULTS

Human PSC-derived iBMECs exhibit barrier
characteristics and respond to inflammation and IFN
signaling
We derived iBMECs from three human PSC lines including two

induced PSC (iPSC) lines, IMR90-4 (IMR) and DF19-9-11T

(DF19), and an embryonic stem cell line, H9, using a protocol

adapted from the literature (Lippmann et al., 2012, 2014; Neal

et al., 2019) (Figure S1A). The iBMECs expressed endothelial

markers CD31 and VE-cadherin, TJ proteins Claudin-5 and

ZO-1, and transporter proteins GLUT1 and P-glycoprotein

(Figures 1A and S1B–S1D). In addition, these cells formed

vascular tube-like structures upon treatment with vascular endo-

thelial growth factor (Figure 1B). To further evaluate the barrier

function of the iBMECs, we measured their TEER values and

permeability to sodium fluorescein (Na-F). The monolayers

formed by iBMECs exhibited higher TEER values and were

much less permeable compared with those formed by human

umbilical vein endothelial cells (HUVECs) or the BMEC cell line

hCMEC/D3 (Weksler et al., 2005) (Figures 1C and 1D). The

IMR-iBMEC monolayer consistently produced the highest

TEER values and the lowest Na-F permeability. In addition, we

observed that rhodamine 123 accumulated more efficiently in

the iBMECs in the presence of cyclosporin A treatment, indi-

cating the presence of a functional P-glycoprotein efflux trans-

porter (Figure S1E).

The tightness of the BBB is regulated by immune and inflam-

matory signaling molecules such as bacterial lipopolysaccha-

rides (LPSs) and type III IFN (Daniels et al., 2014, 2017; Eckman

et al., 1958; Kraus et al., 2004; Lazear et al., 2015; Salimi et al.,

2020). We determined whether the iBMEC monolayer can

respond to these signals. LPS treatment compromised the bar-

rier tightness, and this effect was reversed by type III IFN (Fig-

ure 1E). In a monocyte migration assay, the basal migration

rate of the monocytic THP-1 cells through the iBMECmonolayer

was lower when compared with that through the hCMEC/D3 or

the HUVEC monolayer (Figure 1F). Treating the cells with mono-

cyte chemoattractant protein-1 (MCP-1) and inflammatory

cytokine tumor necrosis factor a (TNF-a) resulted in increased

monocyte migration without compromising barrier integrity

(Figures 1G and S1F–S1G). Together, these results demonstrate
s in response to stimuli. THP-1 cells were added to the apical chamber of the

al chamber and TNF-a to the apical chamber. Quantification of THP-1 cells that

way ANOVAwas performed unless otherwise indicated. Throughout this study,

% 0.001; ****p % 0.0001; ns, no significance).
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Figure 2. The iBMECs recapitulate in vivo neuroinvasiveness of alphavirus

(A and B) Fluorescence-activated cell sorting (FACS) profiles and quantification of (A) iBMECs and (B) HUVECs after infection with alphaviruses. Cells were

collected for flow cytometry 24 h post infection (hpi). Multiplicity of infection (MOI) = 3.

(legend continued on next page)
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that the iBMEC barrier model recapitulates in vivo characteristics

of the BBB structure under physiological conditions.

The iBMECs recapitulate in vivo neuroinvasiveness of
alphavirus
To test the suitability of the iBMECs to model neuroinvasiveness

of viruses, we selected a pair of closely related Sindbis virus

(SINV) strains, SVN and SVNI, with distinct neuroinvasive char-

acteristics (Dubuisson et al., 1997) (Figure S2A). SVN is a neuro-

virulent but non-neuroinvasive strain that normally replicates in

the periphery without lethality in weanling mice while SVNI is a

neurovirulent and neuroinvasive strain that infects the CNS and

causes lethal encephalitis even when inoculated peripherally

(Lustig et al., 1992). A subsequent study mapped the neuroinva-

sion determinants to three mutations: a uracil to guanine change

at position 8 (U8G) in the viral 50 non-coding region and two

amino acid changes (K190M, E260K) in the E2 glycoprotein (Du-

buisson et al., 1997). We found that similar to what was observed

in mice, the SVN mutant carrying G8, M190, and K260, named

R47 (Figure S2A), is able to efficiently infect iBMECs while SVN

cannot (Figure 2A). On the contrary, both viruses can efficiently

infect HUVECs (Figure 2B) and a human glioblastoma cell line,

SNB-19 (Figure S2B). We then analyzed the single mutations

and a double mutant of E2. The two E2 mutations were sufficient

to rescue SVN replication and production in iBMECs to levels

similar to those of R47 and SVNI (Figures 2C and 2D). Interest-

ingly, K190M alone is able to significantly rescue viral replication

but not viral production while U8G or E260K alone has no effects

on viral replication and production. Taken together, these results

clearly establish the iBMECs as an excellent model for recapitu-

lating and characterizing in vivo virus-BBB interactions.

Differential infection of iBMECs by neurotropic versus
non-neurotropic flaviviruses
We next exposed the iBMECs to a panel of neuroinvasive and

non-neuroinvasive flaviviruses that included an Asian and an Af-

rican strain of ZIKV, four isolates of DENV representing each of

the serotypes, three strains of WNV, and one strain each of

YFV, JEV, and Usutu virus (USUV). While ZIKV could efficiently

infect iBMECs, DENV infection was below detection level

(Figures 3A and 3B). The iBMECs from three stem cell lines all ex-

hibited the differential infection phenotype (Figures 3A and S3A).

None of the four DENV isolates tested could productively infect

these cells (Figures S3A and S3B). Of the three strains of WNV

tested, the two neuroinvasive strains, NY99 and Eg101 (Beasley

et al., 2002; Kumar et al., 2016), were able to efficiently infect iB-

MECs and produce high titers of virus. The non-neuroinvasive

strain, MAD78 (Beasley et al., 2002), on the other hand, pro-

duced virus titers that were approximately 100-fold lower

(Figures 3C, 3F, and S3C). Additional neuroinvasive flaviviruses,

JEV and USUV (Cle et al., 2020; Hsieh et al., 2019), productively

infected the iBMECs (Figures 3F and S3C) while YFV-17D did not

efficiently infect these cells (Figures 3D, 3E, and S3D). DENV-2
(C) FACS profile and quantification of iBMECs after infection with SVN mutants.

(D) Virus titer of supernatants collected from iBMECs infected with alphaviruses.

units (PFU). MOI = 3.

Values are shown as mean ± SD from two independent infection experiments.
and YFV-17D were nevertheless capable of infecting Huh7.5

cells, a highly permissive cell line for flavivirus infection

(Figures 3D and 3E), suggesting a selective block of infection

of these non-neuroinvasive viruses by the iBMECs.

The iBMEC barrier blocks transendothelial infection of
CNS cells by non-neurotropic flaviviruses
BBB integrity is regulated by astrocytes and other CNS cells be-

sides the endothelial layer. While the effect of coculturing iB-

MECs with human neural progenitor cells (hNPCs) or forebrain

organoids were variable and limited in magnitude in terms of

TEER increase (Figures S4A–S4C), the coculture of IMR-

iBMECs with astrocytes resulted in a large increase of the

TEER value to approximately 5,000U.cm2 (Figure S4D). Interest-

ingly, the response to astrocytes was limited to progenies from

IMR (Figure S4D), suggesting that variations between the stem

cell lines can affect the ability of the iBMECs to respond to brain

cells. Given these results, we selected the IMR-iBMECs/astro-

cyte coculture model to test the ability of the barrier to block viral

infection of CNS cells. We inoculated the viruses into the upper

chamber of the transwell with or without an iBMEC monolayer

and then assessed infection of the astrocytes in the lower cham-

ber. The presence of the iBMEC monolayer effectively blocked

the infection of the astrocytes by DENV-2 and YFV-17D whereas

ZIKV efficiently infected the astrocytes with or without themono-

layer barrier (Figure 4A). The ability of a virus to be detected in the

lower chamber in this model was not correlated with barrier

disruption because neither ZIKV nor YFV-17D had any effect

on the TEER values (Figure 4B). Although DENV-2 induced a

reduction in TEER, this decrease was not sufficient to allow the

virus, even when added again at the time after the decrease, to

reach the lower chamber of the transwell (Figure 4C). JEV and

USUV efficiently accessed and infected the astrocytes in this

model (Figures 4D and S4E). Of the three WNV strains tested,

NY99 and Eg101 were able to infect the astrocytes while

MAD78 inefficiently accessed the lower chamber and infected

few astrocytes (Figures 4C and S4E). Overall, WNV did not affect

the TEER values (Figure 4E), consistent with results in primary

BMECs (Verma et al., 2009). JEV and USUV both compromised

the barrier and replicated efficiently in the astrocytes (Figures 4D,

4F, and S4E). Finally, when forebrain organoids were placed at

the lower chamber to represent the CNS cells, a similar differen-

tial infection by ZIKV, DENV-2, and YFV-17D was observed

(Figure 4F).

The iBMECs intrinsically express IFITM1 that restricts
DENV but not ZIKV infection
Our results so far indicate that the ability to infect iBMECs is a

major correlate of neuroinvasiveness of the viruses tested. We

first determined whether the restricting mechanism for DENV is

cell autonomous or conferred by signaling from secreted factors

such as type III IFN, which inhibits ZIKV infection of placental and

vaginal cells (Bayer et al., 2016; Caine et al., 2019). To address
Cells were collected at 24 hpi. MOI = 3.

Supernatants were collected 24 hpi for titration quantified as plaque-forming

Cell Reports 39, 110885, May 31, 2022 5



Figure 3. Differential infection of the iBMECs by neurotropic versus non-neurotropic flaviviruses

(A) Representative images of H9-iBMECs infected with DENV-2 (16681) and ZIKVPR at MOI = 1. Cells were fixed at 48 hpi for staining. Scale bars, 100 mm.

(B) Representative western blot images of H9-iBMECs infected with DENV-2 and ZIKVPR at MOI = 1. Cells were lysed at 48 hpi.

(C) Representative images of the H9-iBMECs infected with DENV-2, ZIKVPR, andWNV-NY99 at MOI = 1. Cells were fixed at 48 hpi for staining. Scale bars, 18 mm.

(D and E) Quantification of infection by (D) qRT-PCR and (E) virus titer in Huh7.5 and H9-iBMECs. Cells were infected at MOI = 1, and analysis of (D) intracellular

viral RNA and (E) virus production was conducted 48 hpi. Virus titers were quantified as focus-forming units (FFU). Values are mean ± SD from three independent

experiments. A two-way ANOVA was performed.

(F) Virus production in IMR-iBMECs infected with flaviviruses. Supernatants from the upper chamber of the transwell were collected at 48 hpi for PFU assay.

Values are mean ± SD from three biological replicates. A Student’s t test was performed.
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this, we cocultured Vero cells with iBMECs in the same well, and

the confluent monolayer was then challenged with DENV-2. The

iBMECs remained refractory to DENV-2 infection even when

neighboring Vero cells were readily infected (Figure 5A), demon-

strating the intrinsic nature of the selective resistance to DENV

by the iBMECs. Constitutive expression of select antiviral ISGs

contributes to viral restriction in PSCs (Wu et al., 2018), which

led us to profile the expression of antiviral ISGs in the iBMECs

(Figure S5A). Huh7.5 and HUVECs were used as control cells

because they did not exhibit a differential infection phenotype

for DENV or ZIKV (Figure S5B). We found that the iBMECs ex-

press a high endogenous level of IFITM1 compared with

Huh7.5 and HUVECs (Figures 5B and S5A). Treatment of

HUVECs with IFN induced the expression of IFITM1 and sup-
6 Cell Reports 39, 110885, May 31, 2022
pressed DENV infection (Figure S5C). Primary human BMECs

(hBMECs) also constitutively expressed IFTIM1 (Figures S5D

and S5E). Knockout of IFITM1 restored efficient DENV infection

of the iBMECs (Figure 5C), demonstrating that the constitutive

expression of IFITM1 in iBMECs accounts for the selective inhi-

bition of DENV.We next expressed IFITM1 ectopically in SNB-19

cells, which exhibit an undetectable endogenous level of IFITM1

(Figure 5E). IFITM1 had no inhibitory effect on ZIKV infection but

significantly reduced DENV infection (Figures 5D, 5E, and S6A).

DENV infection was also strongly inhibited in HEK-293T cells

transfected with an IFITM1-expressing plasmid (Figures S6B

and S6C). To rule out the possibility that IFITM1 overexpression

triggered secretion of other antiviral factors, we cocultured the

IFITM1-expressing SNB-19 cells with the unmodified SNB-19



Figure 4. The iBMEC barrier blocks transendothelial infection of CNS cells by non-neurotropic flaviviruses

(A) Virus production by astrocytes exposed to flaviviruses with or without an iBMECbarrier. Astrocytes were cultured in the lower chamber with or without an IMR-

iBMECmonolayer for 24 h before virus inoculum (MOIs: ZIKVPR = 1; DENV-2 = 3; YFV = 3) was added to the upper chamber. Supernatants from the lower chamber

were collected 48 hpi. Virus titers were quantified as FFU. A Student’s t test was performed.

(B) TEER of IMR-iBMEC monolayers exposed to flaviviruses. TEER from iBMECs in (A) were measured immediately before virus addition (day 1) and every day

thereafter. Values were normalized to the day-1 values. A two-way ANOVA was performed.

(C) Effect of TEER reduction by DENV on its access to lower chamber. Left panel: TEER value 1 day after exposure to DENV at MOI = 1. Right panel: titer of DENV

produced from the day-1 mock- or DENV-infected cells (left panel, at the onset of TEER decrease) exposed to a second inoculum of DENV at MOI = 1. Finally, the

virus was collected 48 h after the second inoculation for titration.

(D) Virus production by astrocytes. Astrocytes were cultured in the lower chamber with the IMR-iBMEC monolayer for 24 h before virus inoculum (MOI = 1) was

added to the upper chamber. Supernatants from the lower chamber were collected 48 hpi. Virus titers were quantified as PFU, and values are shown as mean ±

SD from three biological replicates. A Student’s t test was performed.

(E) TEER of IMR-iBMEC monolayers exposed to flaviviruses. TEER from iBMECs in (C) were measured immediately before virus addition (day 1) and every day

thereafter. Values were normalized to the day-1 values. A two-way ANOVA was performed.

(F) Virus production by organoids with or without an iBMEC barrier. Day-55 organoids were added to the lower chamber with or without an IMR-iBMEC mono-

layer along with virus inoculum. Supernatants from the lower chamber were collected 48 hpi. Virus titers were quantified as FFU. A Student’s t test was per-

formed.
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cells before infection. A single cell clone (C1-3) that expressed a

level of IFITM1 comparable with that of primary hBMECs

(Figures S6D–S6F) was used in this experiment tominimize a po-

tential artifact due to high expression. While DENV and YFV-17D

infections were inhibited by the expression of IFITM1, no signif-

icant difference was observed between the IFITM1-expressing

and the unmodified SNB-19 cells regarding the infection effi-

ciency of ZIKV or WNV (Figures 5F, 5G, and S6G). These results

demonstrate that IFITM1 can selectively restrict DENV-2 and

YFV-17D when expressed in a non-BMEC cell line. IFITM1

expression also had no significant effect on the alphaviruses

tested in this study (Figure S5H). To determine the stage of

DENV life cycle that is restricted by IFITM1, we performed a

time-course experiment and found that IFITM1-expressing

SNB-19 cells showed a defect in DENV infection at an early stage

(Figure 5H).

Primary human SerCs and RMECs constitutively ex-
press IFITM proteins and are selectively resistant to
DENV-2 infection
ZIKV is unique among flaviviruses in that it can persist in themale

reproductive tract and be sexually transmitted; it can also cause

ocular abnormalities in microcephalic infants (Pierson and Dia-

mond, 2018). These properties point to ZIKV’s potential ability

to also penetrate the BTB and the BRB, a hypothesis that is sup-

ported by both in vivo and in vitro data (Govero et al., 2016; Ma

et al., 2017;Matusali et al., 2018; Roach andAlcendor, 2017; Sal-

inas et al., 2017; Siemann et al., 2017; Singh et al., 2017; Uraki

et al., 2017). To test whether IFITMs play a role in restricting virus

infection for these additional blood-tissue barriers, we examined

the expression of IFITM mRNA (Figure 6A) and protein

(Figures 6B and 6C) in these cells. SerCs expressed IFITM-1,

-2, and -3, while RMECs expressed IFITM-2 and -3 but not

IFITM1. The RPE cells expressed IFITM3 RNA at a low level

but had no expression of IFITM-1 or -2 at the RNA or protein

level. There is a discrepancy of the relative IFITM3 expression

between the mRNA and protein levels, the reason for which is

unclear at this time but may be due to post-translational regula-

tion in these different cell types. Of the three cell types, the SerCs

and RMECs showed minimal sensitivity to DENV-2 infection but

both were efficiently infected by ZIKV. Both viruses infected RPE

cells equally well, as previously reported (Salinas et al., 2017;

Siemann et al., 2017; Singh et al., 2018) (Figure 6D). We

observed more than a 100-fold reduction in DENV-2 titers pro-

duced by SerCs andRMECswhen comparedwith that produced
Figure 5. The iBMECs intrinsically express IFITM1, which restricts DEN
(A) Representative images of mixed culture of H9-iBMECs and Vero cells challeng

MOI = 1. Areas of either only Vero cells (top) or a mixed population (bottom) on t

(B) mRNA expression levels of IFITM1, IFITM2, and IFITM3. Values are shown as

(C) Western blot analysis of DENV-2 and ZIKV infection in H9-iBMECs with or w

(D and E) Analysis of DENV-2 and ZIKVPR infection in SNB-19 cells that ectopically

SNB-19 cells were stably transduced with a GFP-tagged lentiviral vector expres

(F and G) Flow cytometry analysis of flavivirus infection of SNB-19 cells with or wit

C1-3 cells were mixed and plated in the same well for infection at MOI = 1. Cell

(G) infection rate.

(H) DENV RNA level in SNB-19 cells with or without IFITM1. Cells were inoculated

were collected at indicated times. Values were normalized to GAPDH and then to

three biological replicates. A two-way ANOVA was performed.
by Huh7.5 cells, while the ZIKV titer was not reduced in the bar-

rier cells (Figures 6E and 6F). Coculture of the DENV-resistant

barrier cells (SerCs or RMECs) with Huh7.5 cells showed that

DENV infection is again intrinsically restricted in the barrier cells

in a cell-autonomous manner (Figures 6G, 6H, and S7). Because

the SerCs express all three IFITM proteins, we performed a

broad knockout (KO) of all three genes as well as a single

IFITM1 KO (Figure 6I). Both the single and triple KOs increased

DENV-2 infection, with the triple KO having a larger effect as

measured by protein expression (Figure 6J), infection rate (Fig-

ure 6K), and virus production (Figure 6L). Taken together, these

results suggest that the constitutive expression of cell-autono-

mous antiviral factors such as IFITMs can be a common mecha-

nism of viral restriction shared by barrier cells.

DISCUSSION

Herewe demonstrated that the iBMECs faithfully recapitulate the

neuroinvasiveness of viruses and with this model, we discovered

an antiviral mechanism utilized by blood-tissue barriers. Our

study highlights the power of stem cell-derived models for

advancing understanding of virus-host interactions relevant to

viral virulence, pathogenesis, and innate immunity. Stem cell-

derived models are attractive when isolation of primary cells

faces ethical and technical obstacles as in the case of human

CNS cells. PSC-derived hNPCs, glial cells, and brain organoids

have been widely adopted for ZIKV research and drug discovery

(Cugola et al., 2016; Dang et al., 2016; Garcez et al., 2016; Mesci

et al., 2018;Muffat et al., 2018; Qian et al., 2016; Sutarjono, 2019;

Tang et al., 2016). Similarly, PSC-derived CNS cells helped to

provide insights about the latency and reactivation of herpesvi-

ruses (Lafaille et al., 2012, 2019; Zimmer et al., 2018). The differ-

entiated cells have normal karyotypes and are maintained in an

environment of carefully curated developmental cues. As a

result, these cells are more physiologically relevant than immor-

talized cell lines, a feature that can be important for viruses that

are difficult to culture in vitro. The application of human intestinal

stem cell-derived enteroids, which combine differentiation with

three-dimensional cell organization (Sato et al., 2011), enabled

productive infection by the difficult-to-culture human norovirus

in enterocytes (Ettayebi et al., 2016). Of note, compared with iB-

MECs, hCMEC/D3 exhibited low barrier parameters and did not

differentiate neuroinvasive versus non-neuroinvasive viruses

(data not shown). The transitional nature of the differentiation

provides an excellent opportunity to investigate host factors for
V but not ZIKV infection
ed with DENV-2. Mixed cells were cultured in the same well and fixed at 48 hpi.

he same slide are shown. Scale bars, 100 mm.

mean ± SD from three biological replicates.

ithout IFITM1KO. Cell lysates were collected at 48 hpi. MOI = 1.

express IFITM1. Results shown are (D) infection rates and (E) NS1 expression.

sing IFITM1 before infection at MOI = 1. Cells were collected at 24 hpi.

hout IFITM1 expression. SNB-19 cells and IFITM1-expressing single-cell clone

s were stained at 24 hpi. Data shown as (F) representative FACS profiles and

with DENV on ice (�2 h) for 2 h before shifting to 37�C (0 h). MOI = 1. Cell pellets

the mean values of the �2 h time point. Values are shown as mean ± SD from
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Figure 6. Primary human SerCs and RMECs constitutively express IFITM proteins and are selectively resistant to DENV infection
(A) mRNA expression of IFITMs.

(B and C) Western blot analysis of protein expression of IFITMs in (B) BTB and (C) BRB cells.

(D) Infection of the three types of barrier cells by DENV-2 and ZIKVPR. Cells were infected at MOI = 1 and collected 48 hpi for staining. Scale bars, 100 mm.

(E and F) Viral production by (E) SerCs and (F) RMECs in comparisonwith Huh7.5 cells. Supernatants were collected 48 hpi.MOI = 1. Virus titers were quantified as

FFUs. A two-way ANOVA was performed.

(G and H) Flow cytometry analysis of DENV-2 infection of (G) SerCs and (H) RMECs cocultured with Huh7.5-GFP cells. SerCs or RMECs were mixed with GFP-

tagged Huh7.5 cells and plated in the same well for infection with DENV-2 at MOI = 1. Cells were stained at 48 hpi.

(legend continued on next page)
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viruses with narrow tropisms. For example, experiments with

differentiated human hepatocyte-like cells revealed a defined

transition to hepatitis C virus permissiveness and led to the dis-

covery that IFN-independent expression of ISGs protects stem

cells from viral infection (Wu et al., 2012, 2018).

We also demonstrated that the iBMECmonolayer responds to

signals that regulate BBB tightness in vivo. Treating the mono-

layer at the basolateral side with MCP-1 and TNF-a increased

transendothelial migration of monocytes. The iBMECs also

respond to LPS and IFN-l, two known regulators of BBB perme-

ability (Daniels et al., 2014; Eckman et al., 1958; Kraus et al.,

2004; Lazear et al., 2015), congruent with results from in vivo ex-

periments (Daniels et al., 2014; Lazear et al., 2015). In addition to

immune and inflammatory signaling, the interaction between

BMEC and brain parenchyma is important in BBB regulation.

With the combination of IMR90 as the stem cell source and pri-

mary human astrocytes as a coculture, the iBMEC monolayer

exhibited a TEER as high as 5,175U.cm2, approaching the in vivo

values measured in rats (Butt et al., 1990) or estimated for hu-

mans (Lauschke et al., 2017). In contrast, the hCMEC/D3 mono-

layer exhibits TEER values in the range of 60–350 U.cm2 under

various conditions (Boyer-Di Ponio et al., 2014; Bramley et al.,

2017; Daniels et al., 2013; Lippmann et al., 2012), similar to

that of the human primary BMECs (Daniels et al., 2013; Lipp-

mann et al., 2012; Paradis et al., 2016). The iBMECs, with or

without primary astrocytes, typically exhibit TEER values in the

range of 600–2,000 U.cm2 (Lippmann et al., 2012, 2014; Oh-

shima et al., 2019) but complex cocultures that include additional

components, such as pericytes and neurons, can produce

values over 5,000 U.cm2 (Hollmann et al., 2017; Lippmann

et al., 2014; Neal et al., 2019).

The coculture model enabled us to investigate both direct vi-

rus infection of ECs followed by basolateral release and the

disruption of BBB integrity as distinct but not mutually exclusive

mechanisms of CNS access. DENV and YFV-17D were ineffi-

cient in infecting the iBMECs to access the astrocytes for infec-

tion; ZIKV infects the iBMECs and reaches the lower chamber

but does not significantly alter the monolayer TEER; JEV and

USUV infect the iBMECs and readily disrupt the barrier. There

are also clear differences between the three strains of WNV

tested. NY99 is neuroinvasive and neurovirulent (Beasley et al.,

2002) while Eg101 is neuroinvasive but replicates to a low level

in the brain and is avirulent (Beasley et al., 2002; Kumar et al.,

2016). Both strains behaved similarly to JEV and USUV in the iB-

MECs model. In contrast, WNV-MAD78, an avirulent and non-

neuroinvasive strain (Beasley et al., 2002), is much less efficient

in getting across the iBMEC barrier and infecting astrocytes. A

defect in infecting astrocytes was also reported using primary

human BMECs (Hussmann et al., 2013). In that study, the

MAD78 strain was nevertheless able to get across themonolayer

of the primary BMECs in the absence of astrocytes. It is not clear

whether the difference in monolayer tightness contributed to this
(I) Western blot analysis of IFITM protein expression in IFITM KO SerCs. SerCs w

either IFITM1 only (IFITM1KO) or all three members of antiviral IFITMs (IFITM123K

(J–L) Analysis of DENV-2 infection in SerCs with IFITM KO by (J) western blotting

cells were infected with DENV-2 at MOI = 1 and collected 48 hpi. A one-way AN

Values are mean ± SD from three independent experiments.
result, as the TEER values of the primary BMEC monolayer were

only in the range of 250–300 U.cm2 (Hussmann et al., 2013).

Many neurotropic viruses, including the ones studied here, can

potentially use multiple mechanisms for gaining access to the

CNS (Diamond and Klein, 2004; Hsieh and St John, 2020; Jurado

et al., 2018; Mladinich et al., 2017; Tamhankar and Patterson,

2019), but a non-neuroinvasive virus should be deficient in de-

ploying any of these and other possible mechanisms. With a

large dynamic range of TEER values, permissiveness to mono-

cyte migration, and differential susceptibility to neuroinvasive

and non-neuroinvasive viruses, the iBMEC-BBB represents a

valuable model for studying the broad mechanisms of CNS inva-

sion through this barrier.

We were able to mimic the in vivo neuroinvasive phenotype of

alphaviruses in the iBMEC-BBB model. We found that both

M190 and K260 in the E2 glycoprotein are required for efficient

SINV replication and production in iBMECs. These residues

may allow the neuroinvasive SVNI strain to engage with a

BMEC-specific cell-surface receptor, resulting in efficient infec-

tion of BMECs. Structural studies (Li et al., 2010; Voss et al.,

2010) indicate that M190 is located in domain B of E2, which is

essential for cell recognition and attachment, while K260 is

located in the b-ribbon area between domains B and C. Our

result suggests that the K190M mutation in the non-neuroinva-

sive SVN strain may affect E2 binding to cell-surface molecules,

leading to the change in viral tropism. The E260K mutation alone

does not confer neuroinvasive capability on SVN but helped to

fully restore infection of the iBMECs by the K190M mutant. It

will be interesting to determine whether K260 synergizes with

the cell-surface binding mediated by domain B. In addition,

even though the replication of the SVN strain with both E2 muta-

tions (E2M2) is comparable with that of R47, E2M2 viral produc-

tion is lower than that of SVNI, suggesting that the U8Gmutation

might play a role in viral release. iBMECs represent an excellent

in vitro model for conducting further studies to pursue this

intriguing possibility.

DENV can cause neurological manifestations in some severe

cases (Carod-Artal et al., 2013). Whether this relatively uncom-

mon outcome is due to a direct infection of the BBB cells is

not clear. Conceivably even a subtle difference in entry routes

can influence the extent of inhibition conferred by the IFITMs

(Li et al., 2013; Spence et al., 2019; Suddala et al., 2019). The iso-

lates from all four serotypes of DENV that we used in this study

failed to productively infect the iBMECs in vitro. However, the

fact that only two amino acid changes in the envelope protein

of an alphavirus can completely change the infection outcome

suggests that it should be possible for certain isolates of non-

neuroinvasive viruses to gain the ability to infect BMECs. Clini-

cally, a high level of viremia in severe dengue cases may also

lead to a high level of NS1 in blood, which can compromise

endothelial integrity (Beatty et al., 2015; Biering et al., 2021;

Pan et al., 2021; Puerta-Guardo et al., 2019; Wessel et al., 2021).
ere stably transduced with a lentiviral vector expressing guide RNAs targeting
O).

, (K) flow-cytometry-based quantification, and (L) FFU assay. Wild-type or KO

OVA was performed.
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Of the five human IFITM family members, IFITM1, IFITM2, and

IFITM3 have broad antiviral activities both in vitro and in vivo

(Liao et al., 2019; Perreira et al., 2013; Zhao et al., 2018).

Although IFITMs have an antiviral effect against DNA viruses

and non-enveloped RNA viruses (Anafu et al., 2013; Li et al.,

2018; Munoz-Moreno et al., 2016; Xu et al., 2014; Zhu et al.,

2013), the main targets of these IFITMs are enveloped RNA vi-

ruses (Perreira et al., 2013) such as flaviviruses (Brass et al.,

2009; Chen et al., 2017; Gorman et al., 2016; Jiang et al.,

2010; Savidis et al., 2016). The relative effectiveness of virus in-

hibition by the IFITMs varies, but IFITM3 typically exhibits the

strongest and broadest inhibition (Bailey et al., 2012; Everitt

et al., 2012, 2013; Gorman et al., 2016; Poddar et al., 2016). In

contrast, IFITM1 and IFITM2 are less characterized in their in vivo

function and potency against different viruses. Here we show

that IFITM1 constitutively expressed in iBMECs can selectively

inhibit non-neuroinvasive flaviviruses, a result further supported

by ectopic expression experiments in a cell line that normally

lacks IFITM1 constitutive expression. In a previous study on

the anti-ZIKV function of IFITMs (Savidis et al., 2016), IFITM1

overexpressed in A549 cells had a modest inhibitory effect on

ZIKV infection, but the inhibition was much lower than that of

IFITM3 and more comparable with an IFITM3 mutant without

the proper subcellular localization (Chesarino et al., 2014; Jia

et al., 2014). In another study, an inhibitory effect of IFITM1

expression on WNV virus-like particles (VLPs) was observed in

Vero E6 cells but its effect on infectious wild-type WNV was

not tested, whereas expression of IFITM3 inhibited both VLPs

and infectious WNV in the same study (Brass et al., 2009). Mul-

tiple factors can influence the degree of virus suppression by

IFITMs or other ISGs in cell-culture systems. These include

ISG expression levels, alone or relative to the amount of virus

input (Spence et al., 2019), or other cell-type-specific differ-

ences. We observed that ectopic expression of IFITM1 in

Huh7.5 cells was unable to inhibit even DENV-2 or YFV-17D un-

der the same conditions as the SNB-19 experiments. Determina-

tion of whether this is due to the defects in the IFN activation

pathway in the Huh7.5 cells (Binder et al., 2007; Blight et al.,

2002; Sumpter et al., 2005) or a difference in subcellular localiza-

tion of the IFITM1 protein in these cells (data not shown) requires

additional experimentation.

The mechanism of the IFITM antiviral function has been stud-

ied extensively, and the majority of the studies point to inhibi-

tion at the membrane fusion step (Li et al., 2013; Spence

et al., 2019; Suddala et al., 2019). Our data are consistent

with this mechanism and prior studies on Flaviviridae (Brass

et al., 2009; Narayana et al., 2015; Wilkins et al., 2013), sug-

gesting that the mechanism by which ZIKV and other neuroin-

vasive flaviviruses escape IFITM1-mediated restriction likely

involves an alternative route/location of virus envelope fusion.

Interestingly, JEV has been shown to use distinct endocytic

routes for entry in neuronal versus non-neuronal cells (Kalia

et al., 2013). Such a mechanism, if applicable to related neuro-

tropic flaviviruses, may account for their resistance to IFITM1. It

is also possible that the non-sensitive viruses have developed

active countermeasures to neutralize IFITMs given the frequent

use of these antiviral factors as the intrinsic immune mediators

protecting vital cells and tissues from virus infection (Bailey
12 Cell Reports 39, 110885, May 31, 2022
et al., 2012; Bedford et al., 2019; Popson et al., 2014; Wakim

et al., 2013; Wu et al., 2018).

How ISGs are expressed in an IFN-independent manner in

specific cell types is unknown. We found that freshly purified hu-

man primary BMECs constitutively express a high level of IFITM1

but its expression decreases significantly upon in vitro passage

(data not shown). Data in PSCs suggest that epigenetic regula-

tions may be involved (Wu et al., 2018), but because the iBMECs

are highly differentiated, the mechanism for the intrinsic expres-

sion of IFITM1 may be distinct. A recent study reported a global

gene profile change in iBMECs upon an additional step of endo-

thelial maturation, but there is no significant change in IFITM1 (Lu

et al., 2021), suggesting its expression mechanism is conserved

in iBMECs with or without this step. SerCs are also highly differ-

entiated but constitutively express the three IFITMs (this study)

and several other ISGs (Dejucq et al., 1998). It is plausible that

the specialized barrier cells such as BMECs, SerCs, and

RMECs share common mechanisms for the IFN-independent

expression of ISGs for the purpose of limiting virus access to im-

mune-privileged sites.

Limitations of the study
The technical limitations of the study include the inability of the

model to capture complex multicellular interactions and the

lack of high-resolution vascular structure for the in situ detection

of IFITM1 expression. Although the model accurately recapitu-

lates the in vivo viral CNS invasion phenotypes of the alphavirus

mutants, the molecular mechanism by which these mutations

enhance iBMEC infection remains unclear. In addition, unequiv-

ocal evidence for productive infection of brain endothelial cells

in vivo by many of these viruses is yet to be demonstrated.
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Antibodies

Mouse monoclonal anti-IFITM1 1:10000 Proteintech Cat#60074-1-Ig; RRID:AB_530619

Mouse monoclonal anti-IFITM2 1:2000 Proteintech Cat#66137-1-lg; RRID:AB_2881536

Rabbit monoclonal anti-IFITM3 1:5000 Cell Signaling Technology Cat#D8E8G; RRID:AB_2799561

Rabbit polyclonal anti-GAPDH 1:50000 GeneTex Cat#GTX100118; RRID:AB_1080976

Mouse monoclonal anti-Ku80 1:3000 Abcam Cat#ab119935; RRID:AB_10899161

Mouse monoclonal anti-Zika Envelope NS1 2000 BioFront Technologies Cat#BF-1176-46-1mg

Mouse monoclonal anti-dsRNA antibody, clone J2 Sigma-Aldrich Cat#MABE1134; RRID:AB_2819101

Rabbit polyclonal anti-ZO-1 ThermoFisher Cat#40-2200; RRID:AB_2533456

Rabbit polyclonal anti-S100B ThermoFisher Cat#PA5-87474; RRID:AB_2804180

Rabbit polyclonal anti-GLUT1 Abcam Cat#ab15309; RRID:AB_301844

Goat polyclonal anti-ZO-1 Novus Cat#NBP1-46111; RRID:AB_10009353

Mouse monoclonal anti-P-glycoprotein ThermoFisher Cat#MA5-13854; RRID:AB_10979045

Rabbit polyclonal anti-Claudin 5 ThermoFisher Cat#34-1600; RRID:AB_86930

Rabbit polyclonal anti-CD31 Abcam Cat#ab28364; RRID:AB_726362

Goat Anti-Rabbit IgG (H+L) secondary antibody,

HRP conjugate

Abcam Cat#Ab6721; RRID:AB_955447

Goat Anti-Mouse IgG (H+L) secondary antibody,

HRP conjugate

Abcam Cat#Ab6789; RRID:AB_955439

Goat Anti-Rabbit IgG (H+L) secondary antibody,

Cy3 conjugate

Invitrogen Cat#A10521; RRID:AB_1500665

Goat Anti-Mouse IgG (H+L) secondary antibody,

Cy3 conjugate

Invitrogen Cat#A10520; RRID:AB_2534029

Goat Anti-Rabbit IgG (whole molecule)-FITC Sigma-Aldrich Cat#F0382; RRID:AB_259384

Goat Anti-Mouse IgG (whole molecule)-FITC Sigma-Aldrich Cat#F0257; RRID:AB_259378

Bacterial and virus strains

Dengue Virus (Type 1, strain Hawaii) BEI resources Cat#NR-82

Dengue Virus (Type 3, strain MK-594-87) BEI resources Cat#NR-3799

Dengue Virus Type 4, H241 BEI resources Cat#NR-86

Dengue Virus Type 2, 16681 Laboratory of Qianjun Li N/A

Zika Virus (strain PRVABC59) ATCC Cat#VR-1843

Zika Virus (strain MR766) ZeptoMetrix Cat#0810521CF

Yellow Fever Virus (strain YFV-17D) Laboratory of Qianjun Li N/A

West Nile Virus, WNV Eg101 Hilary Koprowski, Wistar Institute N/A

West Nile Virus, WNV NY99 Robert Tesh, UTMB, Galveston TX N/A

West Nile Virus, WNV MAD78 Robert Tesh, UTMB, Galveston TX N/A

Powassan Virus, POWV LB strain BEI resources Cat#NR-51181

Usutu Virus, USUV BEI resources Cat#NR-51184

Japanese Encephalitis Virus, JEV Nakayama strain BEI resources Cat#NR-90

SVN-GFP Laboratory of Charles M. Rice Dubuisson et al., 1997

R47-GFP Laboratory of Charles M. Rice Dubuisson et al., 1997

SVN Laboratory of Charles M. Rice Dubuisson et al., 1997; Lustig

et al., 1992

SVNI Laboratory of Charles M. Rice Dubuisson et al., 1997; Lustig

et al., 1992
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Chemicals, peptides, and recombinant proteins

Vascular cell basal medium ATCC Cat#PCS-100-030

Sertoli cell medium complete ScienCell Cat#4521

Microvascular endothelial cell growth kit-VEGF ATCC Cat#PCS-110-041

Complete classic medium with serum and

CultureBoost

Cell systems Cat#4Z0-500

Attachment Factor Cell systems Cat#4Z0-210

Dulbecco’s Modified Eagle Medium/Nutrient Mixture

F-12. DMEM: F12

Invitrogen Cat#11330032

Corning� Matrigel� Growth Factor Reduced (GFR)

Basement Membrane Matrix

Corning Cat#354230

Astrocyte medium complete ScienCell Cat#1801

Neurobasal medium GIBCO Cat#21103049

Poly-L-Lysine ScienCell Cat#0403

Poly-D-lysine hydrobromide Sigma-Aldrich Cat#P6407

Trypsin/EDTA Solution Gibco Cat#R001100

mTESR1 STEMCELL Technologies Cat#85857

Knockout Serum Replacer Gibco Cat#10828028

MEM nonessential amino acids Gibco Cat#11140050

L-glutamine Gibco Cat#25030149

b-mercaptoethanol Gibco Cat#31350010

human basic fibroblast growth factor (bFGF) STEMCELL Technologies Cat#78003

Retinoic Acid (RA) Sigma-Aldrich Cat#R2625

human Endothelial Serum-Free Media Gibco Cat#11111044

Antibiotic-Antimycotic: Streptomycin,

Amphotericin B and Penicillin

Gibco Cat#15240062

Normal Goat Serum ThermoFisher Scientific Cat#10000C

Fibronectin from human plasma Sigma-Aldrich Cat#F1056

Collagen type I, Rat tail Sigma-Aldrich Cat#08-115

N2 Supplement GIBCO Cat#17502048

B27 Supplements GIBCO Cat#17504044

Recombinant Human VEGF R&D system Cat#293-VE-010/CF

Recombinant Human CCL2/MCP-1 Protein Novus Cat#279-MC-010

Recombinant Human TNF-alpha Protein Novus Cat#NBP2-35076-10ug

Ascorbic Acid Sigma Cat#1043003

StemProTM AccutaseTM Cell Dissociation Reagent Gibco Cat#A1110501

ROCK Inhibitor Y-27632 STEMCELL Technologies Cat#72304

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich Cat#D8418

Paraformaldehyde Sigma-Aldrich Cat#158127

Methyl cellulose Sigma-Aldrich Cat#M0512

Triton-X-100 Sigma-Aldrich Cat#T8787

Bovine serum albumin (BSA) Sigma-Aldrich Cat#A7906

Tween-20 Fisher BioReagents Cat#BP337500

Agarose, molecular biology grade Fisher BioReagents Cat#BP16525

Lipofectamine 2000 ThermoFisher Cat#11668019

Polybrene Santa Cruz animal health Cat#sc-134220

VECTASHIELD mounting medium for fluorescence Vector Laboratories Cat#H-1200; RRID:AB_2336790

ProLong Gold antifade mountant ThermoFisher Cat# P10144

Hoechst 33258, Pentahydrate ThermoFisher Cat# H1398

DAB substrate kit Vector Laboratories Cat#SK-4100; RRID:AB_2336382

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Immobilon Western chemiluminescent

HRP substrate

Millipore Cat#WBKLS0500

Sp6 RNA polymerase NEB Cat#M0207S

SacI-HF NEB Cat#R3156S

ClaI NEB Cat#R0197S

AatII NEB Cat#R0117S

BsHII NEB Cat#R0199S

Human brain microvascular endothelial cell lysate ScienCell Cat#1006

Sodium Citrate Dihydrate Fisher Scientific Cat#BP327-500

Brain Cerebral Cortex Tissue Slides (Adult Normal) Novus Biologicals Cat#NBP2-77755

Rhodamine 123 Sigma Cat#R8004

Cyclosporin A Sigma Cat#SML1018

Critical commercial assays

Human cytokine array/chemokine array 65-plex panel Eve Technologies Cat#HD65

QuikChange lightning site-directed mutagenesis kit Agilent Cat#210519

Zero Blunt PCR Cloning Kit ThermoFisher Cat# 450245

Superscript III First-Strand Synthesis

System

Life Technologies Cat#18080051

RNeasy plus mini kit QIAGEN Cat#74134

Experimental models: Cell lines

hESCs (H9) WiCell – University Wisconsin-

Madison

WA09; RRID:CVCL_9773

iPS(IMR90) clone #4 WiCell – University Wisconsin-

Madison

iPS(IMR90)-4; RRID:CVCL_C437

iPSC DF19-9-11T.H WiCell – University Wisconsin-

Madison

iPS DF19-9-11T.H; RRID:CVCL_K054

Forebrain organoids Laboratory of Guo-Li Ming Qian et al., 2016, 2018

Human neural progenitor cells (hNPCs) Laboratory of Zhexing Wen Wen et al., 2014

THP-1 ATCC Cat#TIB-202; RRID:CVCL_0006

HEK293 ATCC Cat#CRL-1573; RRID:CVCL_0045

Vero ATCC Cat#CCL-81; RRID:CVCL_0059

SNB-19 Laboratory of David Meckes NCI-60 Human Cancer Cell Line Screen

Huh7.5 Laboratory of Charles M. Rice Blight et al., 2002

C6/36 ATCC Cat# CRL-1660

hCMEC/D3 Laboratory of Ren Sun Weksler et al., 2005

Primary Umbilical Vein Endothelial Cells (HUVEC),

passage 2 - 6

ATCC Cat#PCS-100-013

Primary human Sertoli cells, passage 2 - 6 ScienCell Cat#4520

Primary human retinal microvascular endothelial

cells (RMEC), passage 4 - 6

Cell systems Cat#ACBRI 181

Primary human retinal epithelial (RPE) cells, passage 2 - 4 Lonza Cat#00194987

Human Astrocytes-midbrain ScienCell Cat#1850

Human Primary Astrocytes ScienCell Cat#1800

Oligonucleotides

Forward primer for cloning IFITM1 (50-30): TATGGATCCA

TGCACAAGGAGGAACATGA

This paper N/A

Reverse primer for cloning IFITM1 (50-30): AAGGAATTCCT

AGTAACCCCGTTTTTCCT

This paper N/A

gRNA-IFITM1: TGATCACGGTGGACCTTGGA This paper N/A

gRNA-IFITM123: TCTAGGGACAGGAAGATGGT This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primers for Alphaviruses mutagenesis, see Table S1 This paper N/A

Primers for RT-qPCR, see Table S2 This paper N/A

Recombinant DNA

pUltra Lou et al., 2012 Addgene plasmid #24129

lentiCRISPR v2 Sanjana et al., 2014 Addgene plasmid #52961

Software and algorithms

ImageJ (Fiji) NIH ImageJ, RRID:SCR_003070

Adobe Photoshop (CC) Adobe Adobe Photoshop, RRID:

SCR_014199

GraphPad Prism GraphPad GraphPad Prism, RRID:

SCR_002798

Flowjo https://flowjo.com Tre Star; FlowJo RRID:

SCR_008520

Other

4-chip disposable hemocytometer Bulldog Bio Cat#DHC-N404

Corning� Transwell� polycarbonate membrane

cell culture inserts

Corning Cat#CLS3401

Corning� Transwell� polyester membrane cell

culture inserts

Corning Cat#CLS3460

Epithelial Volt/Ohm (TEER) Meter (EVOM2) World Precision Instruments Cat#EVOM2

SpinU 12-well Spinning Bioreactor Qian et al., 2016, 2018 N/A

Cuvettes PlusTM Electroporation Cuvettes,

BTXTM, 2mm gap, 400 ul

BTX Cat#58017-895
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RESOURCE AVAILABILITY

Lead contact
Requests for resources and reagents should be directed to the lead contact, Hengli Tang (tang@bio.fsu.edu).

Materials availability
All unique reagents generated in this study are available from the lead contact with completed Material Transfer Agreements.

Data and code availability
The datasets supporting the current study are available from the lead contact on request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper in available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Human ESC and iPSC lines

Human embryonic stem cell line H9 (WA09; sex: female), human induced pluripotent stem cell lines iPS (IMR90)-4 (sex: female) and

iPS DF19-9-11T.H (sex: male) were thawed on MatrigelTM coated flasks and cultured in stem cell media (mTESR1). For all the exper-

iments in this study, hES or iPSCs were used between passages 38 and 42.

Human primary cells

Primary human umbilical vein endothelial cell (HUVECs) were cultured in vascular cell basal medium supplemented with endothelial

cell growth kit-VEGF at 37�C and 5% CO2. hCMEC/D3 were cultured in Collagen type I (5 mg/cm2) coated culture vessels using

EndoGROTM-MV complete media kit supplemented with 1 ng/mL basic fibroblast growth factor (bFGF). Primary human Sertoli cells

were cultured in Poly-L-Lysine (2 mg/cm2) coated culture vessels using supplemented Sertoli cell medium according to the provider’s

instruction at 37�C and 5% CO2. Primary human retinal microvascular endothelial cells (RMECs) were cultured in Attachment Fac-

torTM-coated culture vessels and incubated with complete classic medium supplemented with serum and CultureBoostTM at 37�C
and 5% CO2. Primary human retinal epithelial cells (RPEs) were maintained with RtEGMTM retinal pigment epithelial cell growth me-

dium BulletkitTM according to the manufacturer’s protocol and cultured at 37�C and 5% CO2. Primary human astrocytes were
Cell Reports 39, 110885, May 31, 2022 e4
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cultured in Poly-D-lysine (2 mg/cm2) coated culture vessels using supplemented astrocyte media according to the provider’s instruc-

tions at 37�C and 5% CO2.

Other cell lines

Aedes albopictus C6/36 cells, used for propagation of the viruses, were cultured in Eagle’s minimum essential medium (EMEM) sup-

plemented with 10% FBS and incubated at 28�C in 5% CO2. The human glioblastoma SNB-19 cells were grown in RPMI 1640 me-

dium supplemented with 10% fetal bovine serum (FBS) at 37�C and 5% CO2. Huh7.5, Vero and HEK-293T cells were maintained in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and 1% non-essential amino acids (NEEA) at 37�C and

5% CO2.

Organoids
Forebrain organoids were derived from human iPSC colonies as described in previous publications (Qian et al., 2016, 2018). Organo-

ids were cultured using maturation medium and grown in SpinU until their addition to the transwell basolateral chamber in coculture

with iBMECs. The medium was changed every other day. During culture in SpinU, organoids were kept as 5 to 10 per well and after

addition to transwell basolateral chamber, 3 to 5 organoids per well were used.

METHOD DETAILS

Differentiation of iBMECs from human pluripotent stem cells
Stem cells were thawed on MatrigelTM coated flasks and passaged once before starting the differentiation. The stem cell media

(mTESR1) was changed to growth media containing knockout serum replacer to initiate differentiation as indicated in previous pub-

lications (Lippmann et al., 2012, 2014; Neal et al., 2019). After day 5, the growth media was switched to ECmedia supplemented with

1X B27 supplement, 20 ng/mL bFGF and 10 mM of retinoic acid (RA). After 48 h incubation at 37�C, the cell monolayer was disso-

ciated with Accutase. Cells were seeded on Collagen IV (400 mg/mL) and Fibronectin (100 mg/mL) coated plates using supplemented

EC media without RA.

Differentiation of cortical neural progenitor cells from hiPSCs
In brief, iPSC lines (C1-2 and C3-2) (Wen et al., 2014) were differentiated into forebrain-specific hNPCs using embryonic body me-

dium and neural induction medium (NPC medium) as described previously (Tang et al., 2016; Wen et al., 2014). The hNPCs were

maintained with NPC medium containing B27 supplement in MatrigelTM coated plates.

Tube formation assay
For the tube formation assay, plates were coatedwith 2mg/mL ofMatrigelTM using 500 mL of solution per well in a 24well plate. Plates

were incubated for 60 min at 37�C. After iBMECs differentiation, cells were detached from the culture vessel using incubation with

trypsin at 37�C. After cells were in suspension, they were washed and collected in fresh ECmedia, then centrifuged for 5min at 200 g.

Cell pellets were resuspended in EC media containing 40 ng/mL of VEGF, 1 3 105 cells per well were plated and incubated at 37�C
and 5% CO2. Using a phase-contrast microscope, tube formation was assessed 12 h post seeding.

Measurement of transepithelial/endothelial electrical resistance (TEER)
STX2 electrodes attached to an EVOM Volt/Ohm meter (World Precision Instruments) were used to measure the resistance of the

endothelial cell cultures in a transwell plate setup. The STX2 electrodes were placed in the transwell plate making contact between

the media on the upper and the lower compartment of the plate. The resistance (U) values were measured 5 times in each transwell,

including a cell-free control to account for themembrane’s resistance. TheU values were adjusted with the surface growth area (cm2)

of the membrane to obtain the TEER (U.cm2) values of the barrier formed by the iBMECs.

Monocyte migration assay
THP-1monocytes were used for the transmigration assays. In a transwell set up, 63 105 iBMECs were seeded on the apical side of a

transwell with an 8 mm membrane pore size, no cells were seeded on the basolateral side. At 48 h post iBMECs seeding, 5 3 104

THP-1 cells were added to the apical side and incubated for 24 h at 37�C and 5% CO2. After 18 h, the medium on the basolateral

chamber was collected and the cells transmigrated were counted using a hemocytometer. In assays measuring the effect of chemo-

attractant (MCP-1 50 ng/mL), it was added tomedia on the basolateral chamber and TNFa (10 ng/mL) was added to the apical cham-

ber where the iBMECs were seeded.

Sodium fluorescein assay
Media in the upper compartment of the transwell was replaced with 100 ng/mL sodium fluorescein (Na-F) solution diluted in fresh EC

media. Every 30 min during the following 2-h window, 500 mL were removed from the lower compartment of each transwell while

immediately replacing the taken volume with 500 mL of fresh media. 100 mL of the taken volume was aliquoted in a 96-well plate

to measure the concentration of Na-F flowing through the membrane with a spectrophotometer using Ex (l) 485 ± 10 nm and Em
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(l) 530 ± 12.5 nm. The assay was performed with technical triplicates for the fluorescence reading. The permeability coefficient value

was calculated as described (Dehouck et al., 1992; Dohgu et al., 2005).

Efflux transporter assay
P-glycoprotein functionality was assessed using its preferred substrate, rhodamine 123 (Sigma). iBMEC monolayers were preincu-

bated for 1 h at 37�Cwith or without 5 mMof p-glycoprotein inhibitor, cyclosporin A (Sigma). iBMECswere then incubated with rhoda-

mine 123 (10 mM) for 1 h at 37�Cwith or without the inhibitor. Cells were thenwashed three timeswith ice-cold PBS and lysedwith 5%

Triton X-100 (TX-100; Fisher). Fluorescence (485-nm excitation and 530-nm emission) was measured using a plate reader and

normalized to cell counts obtained using a hemacytometer.

SINV full-length cDNA plasmids and SVN cDNA mutant construction
SP6 transcription plasmids of SVN, SVNI, and GFP-expressing SVN mutant R47 (R47-GFP) were kind gifts from Dr. Charles M. Rice

(Dubuisson et al., 1997; Frolova et al., 2002; Rice et al., 1987). All these GFP viruses included a subgenomic GFP reporter. The SVN

mutants bearing nonsynonymous mutations in E2 (K190M, E260K, K190M + E260K) or 50 UTR (U8G) were constructed on SVN or

R47-GFP. Briefly, we first amplified specific E2 or 50 UTR region with unique restriction sites flanking the mutation site from SVN.

We then inserted these amplified fragments into TOPO vector to obtain E2 and 50 UTR fragment-containing TOPO plasmids.

Thenwe conductedmutagenesis on the TOPOplasmids with correspondingmutation primers (Table S1) by usingQuikChange Light-

ning site-directed mutagenesis kit. The mutated E2 and 50 UTR fragments were then digested with enzymes targeting the flanking

restriction sites and ligated into SVN or SVN-GFP.

Alphavirus propagation, titration, and infection
All the SINV cDNA plasmids were first linearized with XhoI and transcribed into 50-capped RNA transcripts with SP6 polymerase. The

synthesized viral RNAs were then electroporated into BHK-21 cells (Bick et al., 2003). 400 mL of 83 106 cells were pulsed with 3 mg

viral RNA in a 2mm cuvette for 5 times (1 s between pulse interval, 99ms, 960 volts). The machine model for electroporation is BTX

ECM 830. The virus-containing supernatants were collected and stored at �80�C freezer 48 h post electroporation.

Virus titrations were carried out by plaque assays on BHK-21 cells. Virus stocks were sequentially 10-fold diluted in 1% FBS-con-

taining PBS and further incubated with BHK-21monolayers in 6-well plates for 1 h at 37�C. Virus diffusion was then confined by add-

ing 2.25%Avicel-containing culturemedium and incubated at 37�C for 24 h. Cells were fixed by 7% formaldehyde for 1 h and stained

with crystal violet for 3 h.

For infection, alphaviruseswere diluted in PBSwith 1%FBS inminimal inoculum (200 mL per well in a 6-well plate) on top of the cells

for absorption to take place. The cells were incubated at 37�C for one hour with gentle shaking every 15min before freshmediumwas

added to the cells.

Flavivirus propagation and infection
To prepare the viral stocks of ZIKV, DENV and YFV, C6/36 cells were seeded in culture flasks and infected with desired viruses at

multiplicity of infection (MOI) between 0.1 and 0.5. The cells were then incubated with the viral inoculum for 1 h at room temperature

with gentle shaking every 15min. Next, freshmediumwas added to the culture flask and cells were incubated at 28�Cand 5%CO2 for

5–10 days. Supernatant was then collected at desired time and filtered through 0.2mmfilter before aliquoting and storing at�80�C. To
prepare the viral stocks of WNV, confluent monolayers of BHK-21 cells were infected at a multiplicity of infection (MOI) of 0.1 and

culture fluids were harvested at 32 h post infection. Clarified culture supernatant was aliquoted and stored at �80�C. USUV and

JEV were amplified once in Vero cells grown in M199 medium containing 2% FBS. Cells were infected with MOI of 0.01 and super-

natants were collected at 72 h.

For infection, cells were seeded in culture vessels one day before the experiment. Desired amount of virus stock was added to the

cells at the indicatedMOI. The cells were incubated for 2 h at 37�Cwith gentle shaking every 15min before the inoculumwas removed

and fresh medium was added.

Titration of flaviviruses
Focus forming assay

Titers of ZIKV, DENV or YFV samples were quantified as focus-forming units (FFUs) using Vero cells. Briefly, Vero cells were

seeded on 96-well plates (2 3 104 cells/well) and cultured in DMEM with 10% FBS overnight at 37�C. For each viral sample,

10-fold serial dilution was performed and 100 mL of diluted sample were added to each well in triplicates after removing the culture

media. Plates were incubated at 37�C for 2 h to ensure complete infection before diluted viral solution was aspirated out and re-

placed with 150 mL of DMEM containing 2% FBS and 1% of methyl cellulose. After 48 h (ZIKV) or 72 h (DENV and YFV) of incu-

bation, the cells were fixed using 4% paraformaldehyde followed by 3 washes of PBS. Fixed cells were then blocked with PBTG

(PBS with 0.2% Triton X-100, 1% bovine serum albumin (BSA) and 10% normal goat serum) for 1 h at room temperature and

incubated with anti-flavivirus envelope 4G2 antibody (1:500 diluted in PBTG) overnight at 4�C followed by 3 washes of PBS.

The cells were next incubated with goat-anti-mouse IgG horseradish peroxidase (HRP) secondary antibody for 1 h at room
Cell Reports 39, 110885, May 31, 2022 e6
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temperature. After 3 washes with PBS, 50 mL of DAB substrate was added to each well and incubated for 5-10 min to allow the

visualization of the foci. The foci were then counted manually and the FFU were calculated based on the results.

Plaque forming assay

Titers of the WNV samples were determined as plaque-forming units (PFU) on BHK-21 cells. Titers of USUV and JEV samples were

determined as PFUs on Vero cells that cultured in M199 medium containing 2% FBS. Virus samples were serially diluted 10-fold and

100 mL of each dilution was added to duplicate wells of 6 well plates containing confluent cell monolayers. After incubation of the

plates for 1 h at 37�C, the virus inoculumwas removed and 2mL of agarose overlaymediumwas added. The overlaymedia consisted

of a 1:1 (vol/vol) mixture of 1%molecular biology grade agarose in water and 2XMEM that contained 2.5%FCS, 2.88%NaHCO3, 2%

L-glutamine, and 20 mg/mL of gentamicin. At 72 h post infection, the agarose was removed and the plaques were visualized by stain-

ing the cells with 0.05% crystal violet in 10% ethanol.

Generation of IFITM1-expressing cell lines
IFITM1 was cloned by PCR amplification using primers that contain either BamHI or EcoRI restriction site. The amplified fragments

were then digested with the desired restriction enzymes and inserted into the pUltra lentiviral vector (Lou et al., 2012). For production

of lentiviral particles, 293T cells were plated one day before co-transfection with IFITM1 lentiviral vector and packaging plasmids us-

ing Lipofectamine 2000 according to the manufacturer’s directions. Medium was changed into fresh supplemented DMEMmedium

12 h after transfection before supernatants containing lentiviral particles was collected 72 h post transfection. The supernatants were

then filtered through 0.2mmfilter and stored at�80�C. For transduction of SNB-19 cells to generate IFITM-expressing cell lines, SNB-

19 cells were seeded at a confluency of 40%–50%before transduction with desired lentiviral particles with polybrene (5 mg/mL). 72 h

post transduction, cells were used either for generating single-cell clones or subjected to flow cytometry for analysis of transduction

efficiency.

CRISPR knockout of IFITM proteins
To knockout IFITM proteins in iBMECs and SerCs, the gRNAs targeting IFITM1 or IFITM123 (IFITM1 target sequence TGAT

CACGGTGGACCTTGGA; IFITM123 target sequence TCTAGGGACAGGAAGATGGT) were cloned into LentiCRISPRv2 backbone

(Sanjana et al., 2014) and co-transfected with packaging plasmids into 293T cells for lentiviral particles production. Supernatants

containing lentiviruses were harvested 72 h post transfection and filtered through 0.2mm filters prior to storage at �80�C. For trans-
duction of iBMECs and SerCs to generate IFITM-knockout cells, cells were seeded at a confluency of 30%–40%before transduction

with the desired lentiviral particles with polybrene (5 mg/mL). Puromycin (2 mg/mL) was used for selection at 72 h post transduction.

Time-course experiment of DENV infection in IFITM1-expressing cells
SNB-19 cell lines that are expressing either empty vector or IFITM1 protein were seeded onto 6-well plates to grow overnight. The

following day, the cells were incubated on ice for 10 min before inoculation with DENV at MOI of 1. The cells were left on ice for 2 h to

allow virus binding before washing with PBS and shifting to 37�C to allow viral entry. Cell pallets were collected at 0 and 2 h post

infection on ice and 4, 8, 12, 18 and 24 h after shifting to 37�C incubation for qRT-PCR analysis.

Cell coculture experiments
Coculture of iBMECs with CNS cells in transwells

iBMECswere seeded on collagen IV (400 mg/mL) and fibronectin (100 mg/mL) coatedmembranes of transwells in a seeding density of

5.3 3 105 cells/cm2. Fresh EC medium supplemented with 1X B27 was added to the transwell as 0.5 mL in the apical chamber and

1 mL in the basolateral chamber. In astrocyte or organoid coculture experiments, the medium type on the basolateral chamber

changed according to the CNS cell culture added. Seeding density for astrocytes in the basolateral chamber was 1 3 105 cells

and for organoids was from 3 to 5 organoids per well in 12-well plates.

Coculture of barrier cells and cell lines

iBMECs, SerCs or RMECs were seeded under confluency on pre-coated culture plates overnight before same number of Vero or

GFP-tagged Huh7.5 cells were seeded into the same well for 24 h to allowmonolayer formation. After that, the cell mixture was chal-

lenged with desired viruses at desired MOIs for 48 h followed by collection for indicated analysis.

Coculture of SNB-19 cells

SNB-19 cells and IFITM1-expressing single cell clone C1-3 cells were mixed at 1:1 ratio and plated in the same well in a seeding

density at 2 3 104 cells/cm2. After the monolayer formation, the cells were exposed to the desired viruses at MOI of 1. The cells

were then collected at 24 h post infection for further analysis.

Cytokine multiplex analysis
Cell supernatants from untreated astrocytes or DF19 and IMR-exposed astrocytes were collected at day 2 after transwell coculture

was established. Cell supernatants were cleared of cell debris by centrifugation at low speed (200 g) for 5 min and transferred to

compatible centrifuge tubes for analysis with Eve Technologies’ human discovery assay: Human cytokine array/chemokine array

65-plex panel (HD65).
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Immunofluorescence assay
Cells were seeded on coverslips and fixed at indicated time with 4% paraformaldehyde in PBS at room temperature for 10 min. The

slides were next washed 3 times with PBS, permeabilized with PBT (PBS with 0.2% Triton X-100) for 15 min and blocked with PBTG

for 1–2 h at room temperature. After that, slides were incubated with primary antibodies (diluted in PBTG) at 4�C overnight or 2 h at

room temperature followed by 3 washes of PBS. The slides were next stained with desired secondary antibodies for 1 h at room tem-

perature prior to another 3 washes of PBS. Finally, the coverslips were mounted on slides using Vectashield mounting medium with

DAPI for microscopy examination.

Immunofluorescence assay for astrocytes in transwell setups
At 48 h post infection, astrocytes on coverslips from the basolateral wells of the BBBmodel were fixed with 4% paraformaldehyde in

PBS for 10 min at room temperature, permeabilized with cold 0.1% Triton X-100 in PBS, washed with PBS, and then incubated in

blocking buffer (5%horse serum in PBS) for 1 h at room temperature. Cells were incubatedwith primary antibodies diluted in blocking

buffer at 4�C, washed 3 times with PBS at room temperature and incubated with Alexa Fluor 488, or Alexa Fluor 594/555, or Alexa

Fluor 647 conjugated secondary antibody and 0.5 mg/mL of Hoechst 33,258 dye for 1.5 h. After washingwith PBS to remove unbound

secondary antibody, the coverslips were mounted on slides with ProLong Gold antifade mounting media. The primary antibodies

used were mouse anti-dsRNA antibody and rabbit anti-S100B. Images were obtained with an Axio Observer Z1 microscope (Zeiss)

using a 403 oil immersion objective.

Immunofluorescence staining of brain cerebral cortex tissue sections
Brain cerebral cortex tissue sections were first deparaffinized and rehydrated by immersing the slides through the following re-

agents: xylene (5 min for 3 times), 100% ethanol (10 min for twice), 95% ethanol (10 min for twice), 70% ethanol (10 min for

twice), 50% ethanol (10 min for twice) and distilled water (5 min for twice). The slides were next brought to a boil in 10mM so-

dium citrate buffer (pH 6.0) in the microwave for antigen retrieval and kept at a sub-boiling temperature for 10 min before cooling

on the bench-top for 30 min. After that, the slides were washed twice in distilled water, permeabilized with 1% normal goat

serum (NGS) in PBS-T (PBS with 0.4% Triton X-100) for 10 min and blocked with 5% NGS in PBS-T for 30 min. Tissue sections

were incubated with primary antibodies (diluted in 1% NGS in PBS-T) and incubated at 4�C overnight followed by 2 washes prior

to incubation with secondary antibodies for 1 h at room temperature. After washing twice with 1% NGS in PBS-T, the

slides were dehydrated by immersing slides through 95% ethanol, 100% ethanol and Xylene twice for 2 min each. Finally, Vec-

tashield mounting medium with DAPI was added to the sections and the slides were topped with coverslips for microscopy

examination.

Flow cytometry
Cells were washed twice with ice-cold PBS and trypsinized for collection at indicated times. Collected cell pellets were then washed

once with wash buffer (1% BSA diluted in PBS) and pelleted again at 500 g for 5 min before fixing with 2% paraformaldehyde for

15 min at room temperature. After that, the samples were permeabilized with permeabilization buffer (0.2% Tween 20 in wash buffer)

and incubated with anti-flavivirus envelope (4G2) antibody (1:500 diluted in permeabilization buffer) for 1 h at room temperature. After

washing with wash buffer, samples were stained with secondary antibody anti-mouse Cy3 (1:500 diluted in permeabilization buffer)

for 30 min at room temperature. The samples were then washed with wash buffer and resuspended in PBS for analysis by flow

cytometry.

Western blotting
Samples were harvested and lysed in laemelli buffer immediately before boiling at 100�C for 15 min. Primary human BMEC

lysate in a modified RIPA buffer was purchased from ScienCell Research Laboratories. Proteins in each cell lysate were sepa-

rated by 12%–15% sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 0.2 mm PVDF

membranes. The membranes were next blocked in 5% milk diluted in PBST (PBS containing 0.1% Tween 20) and incubated

either for 1 h at room temperature or overnight at 4�C. After that, primary antibodies were diluted in block solution and incubated

with the membrane for 2 h at room temperature or overnight at 4�C. The membranes were next washed 3 times with PBST and

incubated with the HRP-conjugated secondary antibodies at room temperature for 1 h before 3 washes with PBST. Finally, a

chemiluminescent HRP substrate was applied to the membrane for detection of proteins.

Quantitative real-time RT-PCR
Total RNAs were extracted from harvested cell pellets using RNAeasy Plus Kit according to the manufacturer’s instructions. 1mg

of purified RNA were used to synthesize cDNA using Superscript III First-Strand Synthesis System with random hexamer

primers. Quantitative PCR assays were performed using SYBR Green qPCR Master Mix on an ABI 7500 Fast machine with

gene- or virus-specific primers. All primers are listed in Table S2. For analysis of the fold changes of mRNA expression of

the desired genes, all the results were normalized to GAPDH mRNA in the control samples and calculated using the DDCt

method.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Image analyses and quantification are performed by ImageJ. Graphpad 9.0 is used for all statistical analysis. Results are shown

as means ± standard deviation (SD) unless stated otherwise. Statistical significance was indicated as: ns (no significance),

* (p < 0.05), ** (p < 0.01), *** (p < 0.001) and ****p % 0.0001 in the figures and figures legends.
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