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SUMMARY
Neurological complications are common inCOVID-19. Although SARS-CoV-2 has been detected in patients’ brain tissues, its entry routes

and resulting consequences are not well understood. Here, we show a pronounced upregulation of interferon signaling pathways of the

neurovascular unit in fatal COVID-19. By investigating the susceptibility of human induced pluripotent stem cell (hiPSC)-derived brain

capillary endothelial-like cells (BCECs) to SARS-CoV-2 infection, we found that BCECs were infected and recapitulated transcriptional

changes detected in vivo. While BCECs were not compromised in their paracellular tightness, we found SARS-CoV-2 in the basolateral

compartment in transwell assays after apical infection, suggesting active replication and transcellular transport of virus across the

blood-brain barrier (BBB) in vitro. Moreover, entry of SARS-CoV-2 into BCECs could be reduced by anti-spike-, anti-angiotensin-convert-

ing enzyme 2 (ACE2)-, and anti-neuropilin-1 (NRP1)-specific antibodies or the transmembrane protease serine subtype 2 (TMPRSS2) in-

hibitor nafamostat. Together, our data provide strong support for SARS-CoV-2 brain entry across the BBB resulting in increased interferon

signaling.
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) had infected over 280 million people and contrib-

uted to over 5.4 million deaths worldwide by December

28, 2021 (World Health Organization, https://covid19.

who.int/). Although the disease primarily affects the respi-

ratory system, damage and dysfunction have also been

found in other organs, including the kidney, heart, liver,
Stem Cell Re
This is an open access article under the C
and brain (Puelles et al., 2020). Neurological and neuropsy-

chiatric complications, such as cerebrovascular injury, en-

cephalitis, encephalopathy, dizziness, headache, hypogeu-

sia, and hyposmia, but also psychosis, neurocognitive

syndrome, and affective disorders, have been reported in

a significant number of patients (Mao et al., 2020; Woo

et al., 2020). SARS-CoV-2 RNA and proteins have been de-

tected in the brain and cerebrospinal fluid (CSF) of

COVID-19 patients, but viral loads are comparatively low
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and findings remain controversial (Matschke et al., 2020;

Meinhardt et al., 2021; Puelles et al., 2020; Song et al.,

2021). Despite numerous reports of neurological symp-

toms in COVID-19, it remains unclear whether these are

a consequence of direct neural infection, parainfectious

or post-infection immune-mediated disease, or sequelae

of systemic disease (Ellul et al., 2020; Iadecola et al., 2020;

Mao et al., 2020). Studies on brain tissue from deceased

COVID-19 patients cannot address disease kinetics and un-

derlying mechanisms, thus emphasizing the need for

accessible and tractable experimental models to investigate

SARS-CoV-2 cellular tropism, its functional impact, and

therapeutic strategies.

Classic animal models are limited in their ability to reca-

pitulate human COVID-19 symptoms and require non-

physiological transgene-mediated overexpression of the

human SARS-CoV-2 receptor angiotensin-converting

enzyme 2 (ACE2) (Bao et al., 2020; Sun et al., 2020) or

mouse-adapted virus strains to exhibit symptoms (Dinnon

et al., 2020). Although cell lines have been used to study

SARS-CoV-2 infection and test drug efficacy (Ellinger

et al., 2021), they do not recapitulate human cell physi-

ology and may lack key proteins required for viral entry,

such as ACE2, transmembrane protease serine subtype 2

(TMPRSS2) (Hoffmann et al., 2020), or neuropilin-1

(NRP1) (Cantuti-Castelvetri et al., 2020; Daly et al., 2020).

These limitations call for the development of human

cellular models of SARS-CoV-2 infection that more faith-

fully recapitulate the function of individual tissues.

Human induced pluripotent stem cell (hiPSC)-based

models provide a versatile platform to investigate the sus-

ceptibility of various cell types to viral infection and the re-

sulting consequences. hiPSC-derived blood-brain barrier

models were instrumental in studying infection with

bacteria, viruses (including Zika virus), and fungal toxins

(Alimonti et al., 2018; Kim et al., 2017; Kim and Schu-

bert-Unkmeir, 2019; Martins Gomes et al., 2019; Patel

et al., 2018). hiPSC-derived organoids have been used to

model SARS-CoV-2 infection in many organs, including

the vasculature (Monteil et al., 2020) and brain (Ramani

et al., 2020). These experiments have shown that SARS-

CoV-2 may infect and replicate within cells of multiple

organs, leading to expression changes in genes linked to in-

flammatory responses and altered cellular functions.

Applying spatial transcriptomics, we show that transcrip-

tional changes, in particular upregulation of interferon

signaling pathways, are abundant in the neurovascular

unit in COVID-19 patients. The neurovascular unit main-

tains the physiological function of the blood-brain barrier

(BBB) and comprises brain capillary endothelial cells

(BCECs) and includes other cell types, such as pericytes, as-

trocytes, neurons, and microglia (Hawkins and Davis,

2005). Key BBB functions are the maintenance of CNS
308 Stem Cell Reports j Vol. 17 j 307–320 j February 8, 2022
homeostasis and the prevention of penetration of neuro-

toxic substances as well as pathogens, such as bacteria

and viruses. To investigate the susceptibility of the BBB

and specifically model SARS-CoV-2 infection in the endo-

thelial cell layer of the neurovascular unit, we used

hiPSC-derived brain capillary endothelial-like cells (hiPS-

BCECs) in a transwell setup tomimic the interface between

the two compartments: vessel (apical) and brain paren-

chyma (basolateral). After apical SARS-CoV-2 application,

we observed entry into hiPS-BCECs, active replication,

transcellular transport, and release of the virus at the baso-

lateral side. Moreover, we present functional consequences

at the cellular andmolecular levels. Elucidating suchmech-

anisms and assessing therapeutics in a readily accessible

compartment might ameliorate disease severity and

COVID-19-related CNS phenotypes.
RESULTS

The vascular niche is dysregulated in patients’ brains

in fatal COVID-19

Histopathological studies have demonstrated the presence

of SARS-CoV-2 in different cell types of the brain paren-

chyma (Matschke et al., 2020; Meinhardt et al., 2021;

Song et al., 2021). Entry routes into the brain may include

the olfactorymucosa (deMelo et al., 2021;Meinhardt et al.,

2021), the vasculature (Meinhardt et al., 2021), the brain

stem or vagal nerve (Matschke et al., 2020), or neuronal

transport (Song et al., 2021), but molecular mechanisms

underlying neuroinvasion of SARS-CoV-2 remain ill

defined. To identify specific molecular alterations in the

neurovascular unit in COVID-19, we performed spatial

transcriptomics of selected neurovascular units of cortex

gray matter tissue in COVID-19 patients and controls (Ta-

ble S1) by using the Nanostring Digital Spacial Profiler

(DSP) platform (Figure 1A). Here, specific regions of interest

(ROIs) in a tissue section can be selected by cell-type-spe-

cific immunofluorescence staining (Figure 1A). A set of

labeled probes is hybridized to the RNA on the entire tissue

section. Hybridized probes are collected by UV-light cleav-

age specifically at the chosen ROI and then further

analyzed by Illumina sequencing to determine differential

expression of respective genes, enabling spatial transcrip-

tomic analysis of human post mortem brain tissue (Fig-

ure 1A). In our approach, we specifically selected ROIs

surrounding cortical vessels for sequencing (Figure 1B).

This allowed us to specifically characterize SARS-CoV-2-

induced transcriptional changes at the neurovascular

unit. By immunofluorescent staining of the astrocyte-spe-

cific marker glial fibrillary acidic protein (GFAP), the endo-

thelial marker CD31, and the leukocyte marker CD45, we

chose brain regions with comparable glial activation and



Figure 1. Transcriptional profiling of the
neurovascular unit of COVID-19 and con-
trol brains
(A) Schematic representation of the spatial
transcriptomic analysis of the neurovascular
unit in human brain tissue with the Nano-
string DSP platform. Brain tissue sections
were stained for abundant cell populations
(here: CD31, CD45, GFAP, and nuclei) and
hybridized with a library of photocleavable
probes for a specific gene panel. Regions of
interest are chosen and illuminated, and the
hybridized probes are collected only there.
Downstream analyses of the collected probes
provide a representative picture of RNA
expression of genes of interest in this specific
location, here, the neurovascular unit.
(B) Representative images of cortical regions
of control (top) and COVID-19 brains (bot-
tom), stained for GFAP (green), CD31 (yel-
low), CD45 (red), and DNA (blue). Two
representative ROIs that were used for tran-
scriptional analyses are shown. Scale bar,
250 mm; close up, 75 mm.
(C) Heatmap summarizing all differentially
regulated genes. Gene-dependent h-clus-
tering was performed. Color shows row Z
score.
(D) Volcano plot showing differentially up-
(red) and downregulated (blue) genes. Top
differentially regulated genes are labeled.
(E) Normalized expression of IFITM1 (top)
and IFITM2 (bottom). Shapiro-Wilk tests
followed by Mann-Whitney U tests were per-
formed. *p = 0.03 for IFITM1, *p = 0.01 for
IFITM2.
(F) Gene set enrichment analysis of all de-
tected genes. Color shows log2 fold change.
(G) Representative images for IFITM2 stain-
ing in brain tissue of control and COVID-19
patients. Images of age-matched pairs are
displayed, demonstrating expression of
IFITM2 in the neurovascular unit and its up-
regulation in fatal COVID-19. Scale bar,
50 mm.
immune cell infiltration of control and COVID-19 patients

(Figure 1B). We selected ROIs in five control and seven

COVID-19 specimens, with three to five vessels per individ-

ual cortex tissue, in total 48 vessels. ROIs contained an

average of 27 cells as measured by nucleus count (ranging

from n = 8 to n = 67) surrounding CD31+ vessels, including

mainly endothelial cells but also astrocyte endfeet and

other cells (close up in Figure 1B). By using a conservative
normalization and filtering approach and applying strin-

gent cutoff criteria, we identified 30 differentially regulated

genes (Figures 1C and 1D) in brain vessels of COVID-19 pa-

tients compared with controls. Of note, IFITM1 and

IFITM2, which are necessary for SARS-CoV-2 infection in

human lung cells (Shi et al., 2021), were significantly upre-

gulated (*p = 0.03 for IFITM1, *p = 0.01 for IFITM2) in

COVID-19 patients (Figures 1D and 1E). Subsequent gene
Stem Cell Reports j Vol. 17 j 307–320 j February 8, 2022 309



set enrichment analysis (GSEA) revealed an upregulation of

mRNAs related to antigen processing and major histocom-

patibility complex (MHC) class I-dependent antigen pre-

sentation (Figure 1F), supporting the notion that SARS-

CoV-2 directly affects brain endothelial cells. In addition,

we found that interferon-g signaling was enhanced in

COVID-19 (Figure 1F). To validate our findings, we per-

formed immunohistochemical staining of IFITM2 in

COVID-19 and control brains. Here, we could show that

IFITM2 expression is restricted to the neurovascular unit

and upregulated in COVID-19 patients (Figure 1G). In

contrast to these highly specific transcriptional changes,

the brain endothelial marker CD31 revealed no significant

differences between COVID-19 and control brains (Figures

S1A and S1B). Assessment of the abundance of the SARS-

CoV-2 entry factors ACE2 andNRP1 in human cortex brain

vessels revealed that NRP1 was more abundant than ACE2

(Figure S1C).

SARS-CoV-2 infects hiPS-BCECs

Since we detected a specific interferon signature in the neu-

rovascular unit in COVID-19 patients, we wondered

whether this could be due to direct infection and contact

with SARS-CoV-2 or a more general immune phenotype.

Thus, to determine whether the brain vasculature could

be a potential entry point for SARS-CoV-2 into the brain,

we aimed to investigate the susceptibility of human BCECs

to SARS-CoV-2 infection. hiPSCs provide an effective cell

source to generate functional BCECs, thereby enabling

mechanistic studies. We applied existing protocols to

generate hiPS-BCECs in transwell monolayer cultures (Ap-

pelt-Menzel et al., 2017; Lippmann et al., 2012, 2014) and

could confirm expected morphology (Figure S2A), tran-

scriptional profiles (Figure S2B), BCEC-specific marker

expression (Figure S2C), an intact tight-junction (TJ)

network (Figure S2D), transendothelial electrical resistance

(TEER) values >1,000 U$cm2 (Figure S2E), and permeability

coefficients for paracellular tracer molecules like fluores-

cein (Figure S2F). Of note, we performed correlation

analyses of transcripts derived from freshly prepared brain

vessels of human brain biopsies and hiPS-BCECs and found

a strong and significant correlation between the 100 high-

est and the 100 lowest expressing genes (Figures S3A and

S3B).

We infected hiPS-BCECs from the apical side of the trans-

well model, mimicking an infection from the endovascular

compartment. One day post-infection, we detected SARS-

CoV-2 N and spike proteins in infected hiPS-BCECs (Fig-

ure 2A). Infection with different MOIs (MOI 0.1, 1, and

10) using two independent SARS-CoV-2 isolates (Pfefferle

et al., 2020a; Zimniak et al., 2021) resulted in a dose-depen-

dent increase in the number of infected cells (Figure 2B). Of

note, a human brain endothelial cell line, hCMEC/D3,
310 Stem Cell Reports j Vol. 17 j 307–320 j February 8, 2022
could not be infected with SARS-CoV-2 (Figure S4), expli-

cable by the ectopic ACE2 expression required to infect

that model (Wenzel et al., 2021). In hiPS-BCECs, we could

stain for double-stranded RNA (dsRNA) in a subset of N-

protein-positive infected cells, indicating active virus repli-

cation (Figure 2C). Already after 16 h post-infection we de-

tected a significant increase (*p = 0.027) of SARS-CoV-2

RNA by qRT-PCR in the basolateral compartment

compared with a transwell setting without the BCEC layer

(Figure 2D), without compromising the integrity of the BBB

with regard to paracellular permeability to fluorescein (Fig-

ure 2E). We therefore speculate that the basolateral abun-

dance of viral particles could be a consequence of active vi-

rus production, transcellular transport, and release from

the hiPS-BCECs. The SARS-CoV-2 entry receptor ACE2

and co-factor/alternative receptor TMPRSS2 and NRP1 are

all expressed in hiPS-BCECs as detected by qRT-PCR, with

NRP1 being the most abundant (Figure 2F), similar to the

situation in human brain tissue (Figure S1C). A non-signif-

icant decrease of mRNA expression was observed for all

three genes after SARS-CoV-2 exposure, a hallmark of infec-

tion (Glowacka et al., 2010). Importantly, the increase of

IFITM1 and IFITM2 expression observed in tissue infected

with SARS-CoV-2 could be recapitulated in our model by

both mRNA sequencing (*p = 0.031 for IFITM1, p = 0.403

for IFITM2) and qRT-PCR (Figure 2G). In transmission elec-

tron microscopy (TEM) cross sections of SARS-CoV-2-

treated hiPS-BCECs, we could confirm attachment and api-

cal uptake as well as basolateral shedding of the virus (Fig-

ures 2H–2J). After infection, neighboring hiPS-BCECs re-

mained connected by complex TJs constricting the

paracellular space (Figure 2K). Furthermore, adhesion

points anchored within the actin filament network were

detected, indicating the integrity of cell-cell contacts (Fig-

ure 2K). As reference, TEM images of uninfected hiPS-

BCECs are shown in Figure S2D. The overall integrity of

the hiPS-BCECs was further demonstrated by intact locali-

zation and unaltered expression of TJP1/ZO-1, a TJ marker,

after infection (Figure 2L).

Virus-related transcriptional dysregulation in hiPS-

BCECs mirrors in vivo findings

To compare the transcriptional response of the neurovascu-

lar unit in COVID-19 patients with that of SARS-CoV-2-in-

fected hiPS-BCECs, we mock infected hiPS-BCECs or

applied SARS-CoV-2 virus for 24 h and performed mRNA

sequencing (Figures 3A and S3C). In line with our findings

from spatial transcriptomics of brain vessels and their

microenvironment in fatal COVID-19 (Figure 1), we de-

tected that genes responsible for the innate immune

response and type I interferon response were significantly

upregulated. Moreover, genes that regulate phosphorus-

dependent metabolic and ATP-generating pathways were



Figure 2. SARS-CoV-2 infects and replicates in hiPS-BCECs
(A) Representative overview images that were used for subsequent quantification and respective close ups of N and spike protein double
staining after infection with SARS-CoV-2 for 24 h (MOI 10) are shown. In the overview images, N protein is oversaturated to enable easy
counting of infected cells; the close ups display the subcellular localization of N and spike protein in infected cells. Uninfected cells served
as control and did not show any staining with SARS-CoV-2-specific antibodies. SARS-CoV-2 N protein (red), SARS-CoV-2 spike protein
(green), counterstained by DAPI (blue). Scale bar, 200 mm; close up, 7.5 mm.
(B) Infected hiPS-BCECs (MOI 0.1, 1, and 10 each for Hamburg and Würzburg isolates) stained for N protein, indicating a dose-dependent
rate of infection; n = 2 independent experiments, three or four technical replicates per condition.

(legend continued on next page)
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significantly downregulated (Figures 3B–3D), which is in

accord with studies in SARS-CoV-2-infected lung organoids

(Pei et al., 2020). To analyze the translatability to humans

and further support the validity of ourmodel, we compared

the biological themes of SARS-CoV-2-infected hiPS-BCECs

with our spatial transcriptomics data fromCOVID-19 brain

vasculature. Intriguingly, SARS-CoV-2 infection of endo-

thelial cells consistently resulted in downregulation of

metabolic pathways and upregulation of a cellular inter-

feron response (Figure 3E). Of note, upregulated biological

themes in COVID-19 brain vasculatures were significantly

enriched (normalized enrichment score [NES] = 2.3, **p =

0.007), whereas downregulated biological themes were

significantly de-enriched (NES = �1.7, *p = 0.01), in our

SARS-CoV-2-infected hiPS-BCECs (Figure 3F). We thus

show that brain endothelial cells show intrinsic inflamma-

tory profiles upon contact with SARS-CoV-2, independent

of immune cells. In summary, this highlights the useful-

ness of our in vitro model to study the BBB alterations in

COVID-19, which is key to prospective mechanistic and

pharmacological studies.
SARS-CoV-2 infection of hiPS-BCECs can be

pharmacologically inhibited

To investigate whether our hiPS-BCEC transwell system

provides a suitable model to probe therapeutic interven-

tion strategies, we went on to investigate the ability of

blocking antibodies to prevent hiPS-BCEC infection by

SARS-CoV-2. We infected the hiPS-BCEC transwell model

from the apical (lumen-facing) side in either the presence
(C) Representative immunofluorescence of SARS-CoV-2-infected hiPS-
green) (MOI 10), counterstained by DAPI (white). Uninfected hiPS-B
(D) In transwell assays, SARS-CoV-2 is applied from the apical side
experiments, three technical replicates per condition. A significant in
qRT-PCR. Two-way ANOVA with post hoc Sidak’s multiple comparison
(E) Fluorescein transport study. The permeability coefficient is compar
samples. Mean ± SEM from n = 3 independent experiments. Unpaired
(F) Host factors required for SARS-CoV-2 uptake are expressed in hiPS
with uninfected cells. Normalized to ACE2 in uninfected cells. Mean ± S
Sidak’s multiple comparison test, p > 0.05.
(G) Normalized expression of IFITM1 and IFITM2. Left: differential ex
(FDR) correction for multiple comparisons. *p = 0.031 for IFITM1, p
experiments (uninfected) and n = 4 independent experiments (infec
data. Mean ± SEM of n = 2 experiments with independent virus isolat
(H–K) TEM micrographs of SARS-CoV-2-infected hiPS-BCECs. (H) Overv
(MOI 10) from the apical side (top black arrow), virus is taken up, is e
from the cells on the basolateral side (bottom black arrow). (I and J)
intracellular vesicles (black arrows). (J) Virus is released from the cel
monocultures are connected by complex TJs constricting the paracel
adherens, black asterisk in K) anchored within the actin filament net
Scale bars as indicated.
(L) Representative immunofluorescence of SARS-CoV-2-infected hiPS
show intact cell connectivity 24 h post-infection (MOI 10), counters
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or the absence of anti-spike antibodies targeting the recep-

tor-binding domain (RBD) required for viral entry into the

cell. After 24 h, SARS-CoV-2 RNA was quantified in the

apical and basolateral compartments by qRT-PCR. SARS-

CoV-2 RNA was significantly increased (*p = 0.0132) in

the basolateral compartment in untreated cells, an effect

that could be mitigated by anti-spike-specific antibodies

(Figure 4A). In addition, we tested reagents targeting viral

uptake, including anti-spike, anti-ACE2, and anti-NRP1 an-

tibodies and the protease inhibitor nafamostat, which

inhibits TMPRSS2 with nanomolar potency in cell-based

assays (Ellinger et al., 2021). Here, we infected the apical

side with SARS-CoV-2 in the absence or presence of respec-

tive inhibitorymolecules. Immunofluorescence staining of

N-protein-positive cells compared with all cells was used to

quantify SARS-CoV-2 infection (Figure 4B). Of note, all an-

tibodies and nafamostat could significantly (****p <

0.0001) diminish virus uptake by hiPS-BCECs (Figure 4C).
DISCUSSION

A substantial number of COVID-19 patients exhibit

neurological symptoms, which may be further influenced

by different host factors such as age, sex, comorbidities,

disease progression, and others (Helms et al., 2020; Puelles

et al., 2020; Solomon et al., 2020). The exact mechanism

of how SARS-CoV-2 may enter the brain is currently un-

known. The main hypotheses are neuron-to-neuron

spread via bipolar cells located in the olfactory epithelium

(de Melo et al., 2021; Meinhardt et al., 2021), a
BCECs stained for N protein (red) and double-stranded RNA (dsRNA,
CECs served as control. Scale bar, 25 mm; close up, 10 mm.
to infect hiPS-BCECs (MOI 10). Mean ± SEM of n = 3 independent
crease in viral RNA was detected in the basolateral compartment by
test, **p = 0.001.
able 24 h post-infection for SARS-CoV-2 (MOI 10) or control-treated
Student’s t test, p > 0.05.
-BCECs and are diminished 24 h post-infection (MOI 10) compared
EM from n = 3 individual experiments. Two-way ANOVA with post hoc

pression analysis of RNA-sequencing data with false discovery rate
= 0.403 for IFITM2. Violin plots and mean of n = 6 independent
ted) are shown. Right: differential expression analysis of qRT-PCR
es, three technical replicates per condition.
iew of a TEM cross section of a hiPS-BCEC monolayer. After infection
vident in intracellular vesicles (middle black arrow), and is released
Detailed areas in higher resolution from (H). (I) Virus is evident in
ls on the basolateral side (black arrow). (K) Neighboring hiPS-BCEC
lular space (black arrows). Furthermore, adhesion points (punctum
work were detected, indicating the integrity of cell-cell contacts.

-BCECs stained for SARS-CoV-2 N (red) and TJP1 (green) proteins
tained by DAPI (blue). Scale bar, 50 mm.



Figure 3. Transcriptional profiling of SARS-CoV-2-infected hiPS-BCECs
(A) Volcano plot depicting differentially up- (red) and downregulated (blue) genes. Horizontal line shows �log10 of 0.01; vertical lines
show log2 fold change of �1 and 1.
(B) Heatmap depicting top 20 upregulated genes in SARS-CoV-2-infected hiPS-BCECs (MOI 10). Color shows row Z score.
(C) Heatmap depicting top 20 downregulated genes in SARS-CoV-2-infected hiPS-BCECs. Color shows row Z score.
(D) GSEA of top 200 upregulated and top 200 downregulated genes. Color shows results of Wald statistics; size shows number of identified
genes for each gene ontology (GO) term.
(E) Overlap of downregulated (top) and upregulated (bottom) biological themes of SARS-CoV-2-infected hiPS-BCECs (MOI 10) and blood
vessels from COVID-19 brains.
(F) Enrichment analysis of upregulated (NES = 2.3, **p = 0.007) and downregulated (NES = �1.7, *p = 0.01) biological themes of blood
vessels from COVID-19 brains in SARS-CoV-2-infected blood hiPS-BCECs. NES, normalized enrichment score. Data from n = 3 independent
differentiation experiments, one or two replicates each.
hematogenous route across the blood-CSF barrier (Des-

forges et al., 2014; Song et al., 2021), or transport via

the vagal nerve to the brain stem (Matschke et al.,

2020). Other routes of migration across the BBB, for

example, transmigration of SARS-CoV-2-carrying leuko-

cytes, cannot be excluded. Shortcomings of these studies

relate to their non-mechanistic approaches or non-physi-

ological animal models, which have been summarized

recently (Butowt et al., 2021). In the work presented

here, we systematically studied the brain vasculature as

a potential entry site for SARS-CoV-2: initially, we per-

formed spatial transcriptomics on post mortem COVID-19
and control brain tissue, focusing on the transcriptional

changes in the neurovascular unit. We identified a signif-

icant upregulation of interferon-g-mediated signaling

pathways, including those coding for IFITM1 and IFITM2,

which have been reported to potentially restrict SARS-

CoV-2 infections (Shi et al., 2021). Second, we applied a

transwell model of hiPS-BCECs that resembles human

BCECs in their morphology, transcriptome, marker

expression, and functional properties. In this model, we

could observe entry and replication of SARS-CoV-2.

Detailed analysis of these cells by electron microscopy

showed virus uptake on the apical, lumen-facing side of
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Figure 4. SARS-CoV-2 infection of hiPS-
BCECs can be diminished by blocking anti-
bodies and small-molecule protease
inhibitors
(A) In transwell assays, SARS-CoV-2 was used
to infect hiPS-BCECs from the apical side
(MOI 10). An increase in viral RNA was de-
tected in the basolateral compartment by
qRT-PCR. This effect could be significantly
diminished by administration of anti-spike
antibodies. Mean ± SEM of n = 3 independent
experiments, one or two technical replicates
each. Unpaired Student’s t test, *p = 0.0132.
(B) Image-based assessment of hiPS-BCECs
after SARS-CoV-2 infection (MOI 10). Anti-
spike, anti-ACE2, and anti-NRP1 antibodies
and nafamostat (50 and 500 nM) were applied
to counteract infection. Cell counting was
performed using ImageJ software after
staining SARS-CoV-2 N-protein-positive cells
(red), counterstained by DAPI (blue). Scale
bar, 100 mm.
(C) Quantification of (B). Mean ± SEM of n = 3
independent experiments, one or two tech-
nical replicates each. One-way ANOVA fol-
lowed by Dunnett’s multiple comparisons
test, ****p < 0.0001.
the transwell model, active replication within the cells,

transcellular transport, and shedding of viral particles on

the basolateral, brain-mimicking side. This is in line

with previous reports of BBB crossing of isolated spike

protein in mice (Rhea et al., 2021) and in BBB in vitro

models (Buzhdygan et al., 2020). Of note, the transcrip-

tional changes observed in the neurovascular unit in

COVID-19 patients, in particular an upregulation of inter-

feron-g-mediated signaling pathways and a downregula-

tion of metabolic processes, could be recapitulated in

this model. Thus, our study on one hand defines the mo-

lecular consequences of SARS-CoV-2 infection for the neu-

rovascular unit but on the other hand also provides a

means to investigate the cellular susceptibility, patho-

physiology, and treatment strategies for SARS-CoV-2

infection of BCECs and subsequent brain infection and

inflammation.

Building upon previous findings (Lippmann et al.,

2012, 2014), we utilized an hiPS-BCEC model that is sim-

ple, robust, and reproducible with the initial goal to study

the impact of SARS-CoV-2 infection and its molecular

consequences on the BBB. The hiPS-BCECs exhibit a tran-

scriptome that is highly comparable to that of freshly iso-
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lated brain vessels from human brain biopsies. Upon

infection, the hiPS-BCEC model develops SARS-CoV-2-

induced pathophysiological hallmarks at cellular and mo-

lecular levels, in particular a significant upregulation of

genes involved in interferon signaling pathways. Of

note, our findings indicate that endothelial cells might

show an upregulation of interferon signaling after contact

with SARS-CoV-2 that is independent of an immune cell

contribution.

ACE2 has been identified as a key cell entry receptor for

SARS-CoV-2 (Hoffmann et al., 2020). Low to moderate

ACE2 expression has been detected in various brain re-

gions, including the choroid plexus in humans and mice

(Chen et al., 2020). Recent studies suggest that other pro-

teins, such as NRP1, facilitate SARS-CoV-2 entry (Cantuti-

Castelvetri et al., 2020; Daly et al., 2020). We here report

expression of ACE2, confirming previous data (Matschke

et al., 2020), but a higher relative abundance of NRP1

mRNA and protein in BCECs and hiPS-BCECs. Further-

more, our pharmacological blocking experiments confirm

that both TMPRSS2 and NRP1 are involved in the entry

of SARS-CoV-2 and may serve as promising intervention

targets. Interestingly, although ACE2 expression was



comparatively low in our BCECmodel, incubation with an

anti-ACE2 antibody almost completely blocked infection,

highlighting the importance of ACE2 as a SARS-CoV-2 en-

try factor.

Limitations of the study

Our study demonstrates the susceptibility of hiPS-BCECs to

SARS-CoV-2 infection in vitro. Moreover, we provide a thor-

ough analysis of brain samples from individuals with

COVID-19 suggesting that SARS-CoV-2 contact or viral en-

try via the BBB results in significant changes that might at

least partially explain neurological symptoms in COVID-

19. Direct evidence of SARS-CoV-2-infected brain endothe-

lial cells in vivo by staining of viral antigens, however, is not

presented here and is still under debate, although respec-

tive data have been published (Schwabenland et al.,

2021). Our methodology has a number of constraints

thatmay limit overall result interpretation. Direct exposure

of hiPS-BCEC cultures to SARS-CoV-2 in the culture me-

diummay not accurately recapitulate the physiological en-

try process in humans. Exposure of cells to large amounts

of virus might possibly result in forced uptake with an en-

try via alternative routes. Our pharmacological experi-

ments provide evidence of receptor-mediated entry in our

model, since it could be efficiently and specifically blocked

by specific antibodies despite high virus titers. Moreover,

we showed that low MOI (as low as MOI 0.1) still leads to

virus entry in hiPS-BCECs.

Also, given the comparatively low viral load (<1,000

SARS-CoV-2 RNA copies/mL) in the basolateral compart-

ment, assessment of infectivity (e.g., via plaque assays)

has not been possible in our model and experimental

setting. For this, we would have to (1) significantly upscale

our model or (2) incubate it for a much longer period of

time, which is impossible due to a reported breakdown of

barrier integrity at day 11 of the protocol (independent

of virus) (Hollmann et al., 2017) and resulting leakage of vi-

rus to the basolateral compartment.

Regarding cellular identity, a recent study (Lu et al., 2021)

challenges the hiPS-BCEC model applied here (Lippmann

et al., 2012), which was further refined, evaluated, and

widely applied over the last decade, including for the study

of the biology of infection. Lu et al. claim that this differen-

tiation protocol does not generate cells of endothelial but

of epithelial origin. Opposed to the findings by Lu et al.,

we here report an increase in endothelial transcripts during

the course of differentiation (e.g., VWF, CDH5, ABCG2,

ABCB1) for two independent hiPSC lines (WISCi004-B

and ZIPi013-B) and specific staining of key BCEC marker

proteins (including CLDN5) after completion of the differ-

entiation protocol, in line with other publications in the

field (Appelt-Menzel et al., 2017; Lim et al., 2017; Lipp-

mann et al., 2020). It is well appreciated that hiPSC-based
models can show a lack of maturity in expression signa-

tures and function. Therefore, epithelial expression signa-

tures frompluripotent stem cellsmight bemaintained after

differentiation, as shown here for CLDN3, CLDN6, and

CLDN7, which Lu et al. describe as epithelial markers. Hav-

ing said this, several studies using human primary BCECs

and hiPS-BCECs have been published over the past few

years reporting the expression of almost all claudins in hu-

man BBB in vitro models (Delsing et al., 2018; Lim et al.,

2017; Vatine et al., 2017). Of note, the alternative protocol

suggested by Lu et al. cannot achieve a high paracellular

tightness comparable to that of the physiological situation

in vivo, which is of importance for our SARS-CoV-2 model

to reliably test the molecular and functional consequences

of infection and pharmacological treatment strategies. All

our data were generated with hiPS-BCEC transwell inserts

of TEER values >1,000 U$cm2 on day 10 of differentiation;

inserts with lower values were not used for subsequent

analysis.

Interestingly, the established hCMEC/D3 model could

not be infected in our hands, pointing toward the suit-

ability of the hiPS-BCEC model to study SARS-CoV-2-

related phenomena.

The hiPS-BCEC transwell model applied here lacks addi-

tional cell types of the neurovascular unit, such as peri-

cytes, astrocytes, and microglia, which may contribute to

disease pathogenesis in vivo. Moreover, the model lacks im-

mune cells, such as T cells and monocytes, which have

been shown to mediate host responses to SARS-CoV-2

infection, including tissue-specific inflammation (Tay

et al., 2020). Of note, our BCEC model displayed an

intrinsic inflammatory profile after contact with SARS-

CoV-2. Since endothelial cells are major targets of SARS-

CoV-2, they may be the primary cause of SARS-CoV-2-

related effects in the brain, with neurological symptoms

being secondary to vascular changes and hypoxia (Ellul

et al., 2020).

We here report that interferon signaling was increased in

brain vessels in fatal COVID-19 when assessed by Nano-

string DSP analysis. To enable expression analyses in post

mortem tissue, we specifically sampled COVID-19 brain tis-

sue with short post mortem and formalin fixation time.

However, control tissue of the same quality was not avail-

able for Nanostring DSP analysis in required quantities;

thus, we also included brain biopsies with short fixation

times. Those tissues might not be an optimal control; how-

ever, over-fixed control tissues would likewise have been

suboptimal. To overcome these limitations, we performed

IFITM2 staining in our full panel of COVID-19 and control

tissues, including biopsies and autopsies. With this

approach, we could show that changes in IFITM2 are

restricted to the neurovascular unit and specifically upregu-

lated in COVID-19.
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It is currently unclear whether neurological symptoms in

COVID-19 are a direct result of neural infection or second-

ary to endothelial cell infection, hypoxia, or circulating

pro-inflammatory cytokines. Future studies of SARS-CoV-

2 susceptibility can extend to a more complex in vitro

model of the neurovascular unit. Our in vitro studies pro-

vide useful information about specific cell types of focus

for future human studies and offer a simple, accessible,

and tractable human cell platform to investigate cellular

susceptibility, disease mechanisms, and treatment strate-

gies for SARS-CoV-2 infection of the human brain.
EXPERIMENTAL PROCEDURES

Human samples
Autopsies were performed at the Institute of Legal Medicine of the

University Medical Center, Hamburg-Eppendorf, Germany. Use of

post mortemhuman tissue and use of surgically removed brain spec-

imens after conclusion of diagnostic procedures were reviewed and

approved by the institutional review board of the independent

ethics committee of the Hamburg Chamber of Physicians (proto-

col nos. PV7311, 2020-10353-BO-ff, and PV5034). Frontal/tempo-

ral cortex brain tissues were used for this study. For COVID-19, post

mortem tissue samples were used; for non-COVID-19 controls, we

added biopsy samples from patients undergoing neurosurgery for

epilepsy. qPCR analysis of SARS-CoV-2 expressionwas already pub-

lished elsewhere (Matschke et al., 2020) but is included in Table S1

(epidemiological and clinical information of COVID-19 patients

and controls). For Nanostring DSP expression analysis, only sam-

ples with short formalin fixation times (24–96 h) were selected,

to ensure high RNA quality. Cortical regions selected for Nano-

string DSP were free of apparent inflammatory changes and dis-

played normal and non-activated morphology.

The use of human cells for the generation of hiPSCs was

approved by the ethics committee of the Universitätsklinikum

Schleswig-Holstein, Campus Kiel, Germany (A145/11) and is

further described at https://www.sciencellonline.com/technical-

support/ethical-statement.html.

Nanostring digital spatial profiling
Individuals selected forNanostringDSP are labeled by # in Table S1.

Mean age for Nanostring DSP expression analysis was 72 years for

COVID-19 patients (29–89 years) and 57 years for controls (46–66

years). Regions of gray matter were selected from existing paraffin

blocks of formalin-fixed cortex brain tissues from COVID-19 pa-

tients or controls; 5 mm tissue punches were prepared, and two

new paraffin blocks were poured, each containing six different tis-

sue punches. Tissue sections (5 mm)weremounted on slides, depar-

affinized, and processed according to published protocols (Merritt

et al., 2020). RNA-preserving antigen retrieval was performed, fol-

lowed by RNA target exposure with proteinase K. In situ hybridiza-

tion of the probe panel (GeoMx Cancer Transcriptome Atlas [CTA]

panel [1,825 targets] + COVID-19 targets spike-in) on the tissue sec-

tions was performed overnight at 37�C, followed by stringent

washes to remove off-target probes. Subsequently, themorphology

markers CD31 (vessel endothelium, 1:50; #ab212712, Abcam),
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GFAP (astrocytes, 1:400; #53-9892-82, Invitrogen), CD45 (leuko-

cytes, 1:100; #13917BF, CST), and DNA (SYTO83, 1:25; Thermo

Fisher Scientific) were used to visualize target regions. Three to

five vessels per individual cortex tissue were selected with the

custom polygon ROI tool. These selected areas were illuminated

individually via UV light on a GeoMx digital spatial profiler, result-

ing in photocleavage of oligonucleotides present within each ROI.

The oligonucleotides were collected in a 96-well microwell plate.

Each GeoMx DSP aspirate in the plate contained photocleaved

DNA oligos comprising an analyte identifier, a unique molecular

identifier (UMI) barcode, and a primer binding site. When PCR

was performed on the aspirates, Illumina adapter sequences and

unique dual-sample indices were added. The final library was

used for sequencing on an Illumina NGS platform using a dual-in-

dex workflow after a pooling and quality control process. Signal-

based normalization was performed by normalizing the signal of

each probe against the 75th percentile of the cumulative signal of

the respective ROI. For subsequent analysis, we calculated the

average normalized expression value for each gene of all ROIs of

each individual. We compared control and COVID-19 by a mixed

linear model using the limma package within the R environment

(Ritchie et al., 2015). GSEA (Merico et al., 2010) was performed us-

ing the clusterprofiler package (Yu et al., 2012).
SARS-CoV-2 molecular diagnostics and qRT-PCR of

host gene expression
Detection and quantification of SARS-CoV-2 RNA were performed

as described previously (Norz et al., 2020; Pfefferle et al., 2020b).

For verification of mRNA expression of the SARS-CoV-2 receptor

genes, cellular RNA was extracted using TRIzol reagent (Thermo

Fisher Scientific) as recommended by the manufacturer. Commer-

cially available TaqMan assays were performed (ACE2 [assay

Hs01085333_m1], TMPRSS2 [assay Hs01122322_m1], NRP1 [assay

Hs00826128_m1], IFITM1 [Hs01652522_g1], IFITM2 [Hs041942

97_g1], all Thermo Fisher Scientific) using the RNA process control

kit (Roche) on a Light Cycler 480 II instrument (Roche). We calcu-

lated gene expression as 2�DCt relative to GAPDH (human, assay

Hs02786624_g1, Thermo Fisher Scientific) as the endogenous

control.
Vero cell culture and SARS-CoV-2 isolates
Vero cells (ATCCCRL-1006) were cultivated andmaintained under

standard conditions (Pfefferle et al., 2020a). The MOI was

determined by plaque assays. In all infection experiments, SARS-

CoV-2 isolate HH-1 (Pfefferle et al., 2020a) was used at an MOI of

10 unless stated otherwise. In addition, SARS-CoV-2 isolate Würz-

burg (Zimniak et al., 2021) was used for experiments in Figure 2B.

Furthermore, theMOIs for individual experiments are indicated in

the respective figure legends.
hiPS-BCEC differentiation and establishment of the

in vitro BBB model
The differentiation protocol was adapted from previously pub-

lished protocols (Appelt-Menzel et al., 2017; Lippmann et al.,

2012, 2014). A graphical overview of the procedure is provided

in Figure S2A. See supplemental information for details.

https://www.sciencellonline.com/technical-support/ethical-statement.html
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SARS-CoV-2 infection of hiPS-BCEC and

pharmacological treatment
hiPS-BCECs were cultivated as described above. At day 10 of differ-

entiation, cells were prepared for SARS-CoV-2 infection. For this,

virus was mixed in EC medium with the respective antibody or

small-molecule inhibitor. Anti-spike antibody (NI-607.531_C8,

Neurimmune) was used at 1 nM, anti-ACE2 antibody at 2 mg/mL

(AF933; R&D Systems [Hoffmann et al., 2020]), and anti-NRP1 at

2.5 mg/mL (MSB178289, MyBioSource) combined with anti-NRP1

at 10 mg/mL (HPAB-0514-CN; Creative Biolabs) or the serine prote-

ase (TMPRSS2) inhibitor nafamostat at 50 or 500 nM. Themixtures

were added to the apical transwell compartment. Experiments

were stopped after 24 h by fixation of cells with 4% formalin,

and medium was harvested for qRT-PCR. The number of infected

cells was quantified by fluorescence staining of SARS-CoV-2 N pro-

tein and ImageJ.

mRNA sequencing
RNA sequencing libraries were prepared using the TruSeq stranded

mRNA Library Prep Kit (Illumina) according to the manufacturer’s

manual (document 1000000040498 v00) with a minimum total

RNA input of 150 ng per sample. Libraries were pooled and

sequenced on a NovaSeq 6000 sequencer (Illumina) generating

50 bp paired-end reads. The reads were aligned to the Ensembl hu-

man reference genome (GRCh38) using STAR v.2.4 (Dobin et al.,

2013) with default parameters. The overlap with annotated gene

loci was counted with featureCounts v.1.5.1 (Liao et al., 2014).

Differential expression analysis was performed with DESeq2

(v.3.12) (Love et al., 2014) calling genes with a minimal 2-fold

change and false discovery rate (FDR)-adjusted p < 0.05 differen-

tially expressed. Gene lists were annotated using biomaRt (v.4.0)

(Durinck et al., 2009). GSEAwas performed using the clusterprofiler

package (Yu et al., 2012).

Statistical analysis
The statistical analyses were carried out using GraphPad Prism

(v.9.0.2, Windows 10 Enterprise). Images were analyzed using

the PerkinElmer Columbus Image Data Storage and Analysis Sys-

tem (PerkinElmer) or ImageJ (NIH). Transcriptional data were

analyzed within the R environment (v.1.2.5001) on a Mac OS X.

All data were checked for normality before further analysis and

means ± SEM were plotted. Depending on the data analyzed, dif-

ferences between experimental groups were determined as indi-

cated in the respective sections. Significant results are indicated

by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Data and code availability
The code generated to analyze spatial transcriptomics is available

from the corresponding author upon request. The accession num-

ber for the mRNA-sequencing data reported in this paper is

GEO: GSE179923 (https://www.ncbi.nlm.nih.gov/geo/query/acc.

cgi?acc=GSE179923).
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