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SUMMARY
Liver damage and an exacerbated inflammatory response are hallmarks of Ebola virus (EBOV) infection. Little is known about the

intrinsic response to infection in human hepatocytes and their contribution to inflammation. Here, we present an induced pluripotent

stem cell (iPSC)-derived hepatocyte-like cell (HLC) platform to define the hepato-intrinsic response to EBOV infection.We used this plat-

form to show robust EBOV infection, with characteristic ultrastructural changes and evidence for viral replication. Transcriptomics anal-

ysis revealed a delayed response with minimal early transcriptomic changes, followed by a general downregulation of hepatic function

and upregulation of interferon signaling, providing a potential mechanism by which hepatocytes participate in disease severity and liver

damage. Using RNA-fluorescence in situ hybridization (FISH), we showed that IFNB1 andCXCL10weremainly expressed in non-infected

bystander cells. We did not observe an inflammatory signature during infection. In conclusion, iPSC-HLCs are an immune competent

platform to study responses to EBOV infection.
INTRODUCTION

Ebola virus (EBOV) infection causes a severe disease in

humans with case fatality rates ranging from 40% to

90%. Severe liver damage, coagulopathy, and thrombo-

cytopenia are hallmark clinical manifestations of EBOV

disease (EVD) (Martines et al., 2015). Histopathological

changes in liver autopsies of fatal EBOV cases include he-

patocellular necrosis, Councilman bodies, Kupffer cell

hyperplasia, and the presence of EBOV inclusions in in-

fected cells (Martines et al., 2015; Zaki and Goldsmith,

1999). Liver damage in EVD patients and experimentally

infected non-human primates (NHPs) is indicated by

elevated serum levels of liver enzymes, including aspar-

tate aminotransferase (AST), alanine aminotransferase

(ALT), alkaline phosphatase, and g-glutamyltransferase,

and decreasing levels of albumin and calcium (de Wit

et al., 2016; Geisbert et al., 2003d; Lanini et al., 2018;

Rollin et al., 2007; Uyeki et al., 2016). Decreasing serum
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protein C levels and increasing fibrinogen levels indicate

dysregulation of clotting and coagulopathy (Geisbert

et al., 2003c; Liu et al., 2017; Smither et al., 2019).

In addition to organ damage, there is evidence that a dys-

regulated proinflammatory response is a hallmark of severe

EVD (Liu et al., 2017).Monocytes andmacrophages are acti-

vated upon EBOV infection (reviewed in McElroy et al.,

2018), and this proinflammatory environment may affect

liver damage during EBOV infection. While hepatocytes

constitute over 80% of the liver volume, their immune

response to EBOVhas yet to be characterized.Most previous

reports that have examined the intrinsic hepatic response to

EBOV infection utilized immortalized hepatocarcinoma cell

lines (Hartman et al., 2008; Holzer et al., 2016; Kash et al.,

2006; Kuzminet al., 2017),whichhave an impaired antiviral

response compared with primary human hepatocytes

(PHHs) (Li et al., 2005; Marozin et al., 2008). While PHHs

represent a more reliable platform, limited accessibility,

donor-to-donor variability, and complex in vitro conditions
he Authors.
ecommons.org/licenses/by-nc-nd/4.0/).
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required for long-termculturehave restricted theiruse (Gural

et al., 2018;Khetani andBhatia, 2008;Marchet al., 2015;Mi-

chailidis et al., 2020).

Here,wehaveemployedhuman inducedpluripotent stem

cell (iPSC)-derivedhepatocyte-like cells (HLCs) as amodel for

EBOV infection. These cells can be terminally differentiated

andmaintained in amonoculture for approximately 10days

and have previously been shown to effectively model viral

infections (Lang et al., 2016; Sakurai et al., 2017; Schwartz

et al., 2012; Shlomai et al., 2014; Tricot et al., 2018; Wilson

et al., 2015; Zhou et al., 2014). We demonstrate that iPSC-

HLCs recapitulateaspectsof the innatehumanhost response

to EBOV infection that cannot be modeled in immortalized

cell lines. Our data show that EBOV infection leads to a de-

layed type I interferon (IFN) response and the downregula-

tion of genes associated with liver function in iPSC-HLCs,

illuminating amechanismbywhichhepatocytes participate

in EVD severity and liver damage.
RESULTS

iPSC-derived HLCs are physiologically more similar to

primary hepatocytes than immortalized Huh7 cells

To generate human HLCs from iPSCs, we used a previ-

ously published stepwise directed differentiation proto-

col that follows normal hepatic development as a road-
Figure 1. iPSC-HLCs display molecular hepatic identity and retain
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map for iPSC lineage specification (Figure 1A) (Wilson

et al., 2015). At day 5 (D5), approximately 80%–90% of

the cells were CXCR4/cKit double positive, indicating

robust differentiation into definitive endoderm (Fig-

ure 1B). By D20 of differentiation, most cells in culture

adopted a cuboidal, highly vacuolated morphology,

typical of primary hepatocytes (Figure 1C). A molecular,

histological, and functional characterization of the iPSC-

HLCs in comparison with either immortalized hepato-

carcinoma Huh7 cells or fetal and adult liver tissue

showed that the iPSC-HLCs retained expression of the

fetal liver marker alpha feto protein (AFP), likely reflect-

ing the embryonic-like characteristics of the cells in

this culture system (Figure 1D). As expected, iPSC-HLCs

expressed many hepatic markers, including albumin,

AAT, and the transcription factors FOXA1, FOXA2, and

HNF4a. The mRNA levels of these hepatic markers were

generally higher in Huh7 cells compared with iPSC-

HLCs. However, immunofluorescence analysis revealed

striking differences in the protein levels and localization

of the hepatic transcription factors in both cell types

(Figure 1E). While FOXA1 and FOXA2 were translocated

into the nuclei of iPSC-HLCs, they were expressed at low

protein levels in Huh7 cells and homogenously distrib-

uted throughout the cytoplasm. Albumin expression

was observed in both cell types (Figure 1E). We also

compared the expression levels and localization of
hepatic functions
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HNF4a and transferrin in iPSC-HLCs, PHHs, and Huh7

cells. Similar to FOXA1 and FOXA2, the transcription

factor HNF4a was expressed at low levels and distributed

homogenously in the cytoplasm of Huh7 cells, whereas

it was localized in the nuclei of iPSC-HLCs and PHHs

(Figure 1F). Transferrin, a clotting factor and carrier pro-

tein produced exclusively by hepatocytes in the liver,

was robustly expressed in iPSC-HLCs and PHHs, but

not in Huh7 cells (Figure 1F), further emphasizing the

differences between the primary-like and immortalized

cell platforms. Functional analysis of iPSC-HLCs and

PHHs compared with Huh7 cells revealed major defi-

ciencies in the Huh7 cells. One major function of hepa-

tocytes in vivo is to store and metabolize lipoproteins,

and an inability to bind or retain lipoproteins indicates

a deficiency in hepatic function (Kwiterovich, 2000).

While the majority of iPSC-HLCs and PHHs were positive

in the low-density lipoprotein (LDL) uptake assay, LDL

uptake was impaired in Huh7 cells (Figure 1G). Similarly,

periodic acid-Schiff (PAS) staining, used to detect

glycogen storage, resulted in the typical magenta stain-

ing in PHHs, whereas the Huh7 cells showed weak and

diffuse staining (Figure 1H). PAS staining in iPSC-HLCs

revealed bright pink-magenta staining, also indicating

positive glycogen storage. Finally, we tested whether

the iPSC-HLCs have proper cytochrome P450 function.

Hepatocytes produce cytochrome P450 enzymes, which

are involved in the metabolism of over 80% of all pre-

scribed therapeutics (Ingelman-Sundberg et al., 2007).

Immortalized hepatocytes express low levels of these

enzymes unless specifically cultured in confluent condi-

tions (Donato et al., 2013). To measure the enzymatic ac-

tivity of the predominant cytochrome P450 enzyme,

CY3A4, in iPSC-HLCs and Huh7 cells, we used a lumines-

cent-based assay. In contrast to Huh7 cells that had no

CY3A4 activity, iPSC-HLCs showed a strong luminescent

signal indicative of CY3A4 enzymatic activity (Figure 1I).

It was previously reported that infection with vesicular

stomatitis virus (VSV), a strong inducer of the type I IFN

response, leads to type I IFN expression in PHHs but not

in Huh7 cells (Marozin et al., 2008). To examine if

the iPSC-HLCs were able to adequately respond to an

acute viral infection, iPSC-HLCs and Huh7 cells were in-

fected with VSV and IFNB1 expression was analyzed by

qRT-PCR. In contrast to Huh7 cells, IFNB1 expression

was strongly upregulated in infected iPSC-HLCs (Fig-

ure S1). This indicates that, similar to PHHs, iPSC-HLCs

are IFN competent and able to respond to viral stimuli.

It also confirms that Huh7 cells may not represent a suit-

able platform to analyze antiviral responses to viral

infections.

Overall, these results indicate that iPSC-HLCs recapitu-

late functional and molecular hepatocyte features more
faithfully than Huh7 cells do and therefore provide a better

model to study EBOV hepatic infection.

iPSC-HLCs and PHHs support robust EBOV infection

and replication

Next, we determined if iPSC-HLCs were permissive to EBOV

infection. As a comparison, we also infected PHHs using a

previously established platform based on cryopreserved

adult primary hepatocytes collected from donors, allowing

for the maintenance of primary hepatocytes in culture for

up to several weeks (Khetani and Bhatia, 2008; March

et al., 2015). We initially used micropatterned co-cultures

(MPCCs) that consist of PHH islands supported by J2-3T3

murine embryonic fibroblasts. The MPCC system was suc-

cessfully used to for hepatitis C and hepatitis B virus infec-

tion studies (March et al., 2015). However, despite robust

EBOV infection of the PHHs in this co-culture system

(Figures S2A and S2B), the MPCCs were less suitable for

EBOV studies because the mouse fibroblasts were infected

in addition to the PHHs, albeit at low infection rates

(Figures S2A and S2B). Since the goal of this study was to

dissect the host response of human hepatocytes to EBOV

infection, infected mouse fibroblasts could potentially

confound the results. Therefore, we took advantage of a

controlled apoptosis system to remove the 3T3-J2s fibro-

blasts from theMPCCsprior to infection (Chen et al., 2020).

iPSC-HLCs from three different donors (BU1–3), PHHs

from two donors in fibroblast-depleted MPCCs, and

Huh7 cells were infected with EBOV over a time course of

7 days and analyzed by immunofluorescence staining. At

1 day post infection (dpi), about 50% of iPSC-HLCs and

PHHs were infected and about 90% of the Huh7 cells (Fig-

ure 2A). Viral inclusion formation, a hallmark of EBOV

infection, was observed in all three cell types (Figure 2B).

In parallel, we collected supernatants from the infected

cells to determine viral titers over the course of infection.

Viral titers peaked at 3 dpi, with the highest titers produced

in Huh7 cells (5 3 105) followed by iPSC-HLCs (2 3 104)

(Figure 2C). The increase in viral titers correlated with an

increase in the percentage of infected cells in culture,

which consistently showed 80%–90% infection by 3 dpi

(Figure 2A). Infected PHHs showed a modest increase in

viral production and PHHs over time with overall lower ti-

ters (1 3 103) compared with the iPSC-HLCs. In summary,

these data show that iPSC-HLCs and PHHs are permissive

to EBOV infection and that iPSC-HLCs support EBOV repli-

cation more efficiently than PHHs do.

Since the iPSC-HLCs showed robust EBOV infection, we

focused on this cell type for amore phenotypical character-

ization. To visualize spatial and temporal viral RNA pro-

duction in infected cells at early and late time points, we

performed single-cell, single-molecule fluorescent RNA in

situ hybridization (RNA-FISH) using RNAscope technology.
Stem Cell Reports j Vol. 17 j 2286–2302 j October 11, 2022 2289



Figure 2. iPSC-HLCs and PHH are susceptible to EBOV infection
(A) Immunofluorescence analysis of EBOV-infected Huh7 cells, BU2 iPSC-HLCs, and donor A PHHs. Cells were mock infected or infected with
EBOV at an MOI of 10, fixed at the indicated time points, and stained with an antibody directed against EBOV nucleoprotein (red). Cell
nuclei were stained with DAPI. Images are representative of triplicate replicates (n = 3 technical replicates per cell type). Images of iPSC-
HLCs and Huh7 cells taken at 403 magnification. Images of PHHs taken at 203 magnification. Scale bar represents 20 mm.
(B) Higher magnification to visualize viral inclusions. Images taken at 633 magnification. Scale bar represents 20 mm.
(C) Viral titers of each EBOV-infected hepatocyte platform at the indicated time points. Bars represent the average of two technical
replicates (n = 2 technical replicates per cell type). iPSC-HLCs, BU2; PHH, donor A.
The used probes are directed against EBOV VP35 positive-

sense RNA, which includes VP35 mRNA and antigenomic

RNA. Robust viral mRNA production was observed at 8 h

post infection (hpi) with a punctate staining pattern

throughout the cytoplasm, each small dot likely represent-

ing a single mRNA molecule, whereas larger bright puncta

may represent RNA aggregates (Figure 3A). At 2 dpi, the

viral RNA was homogenously distributed throughout the

cytoplasm and aggregated in clusters that co-localize with

viral inclusions.

Electron microscopy (EM) analysis of EBOV-infected

iPSC-HLCs confirmed the formation of EBOV nucleocap-
2290 Stem Cell Reports j Vol. 17 j 2286–2302 j October 11, 2022
sids in the cytoplasm of the infected cells and the release

of viral particles (Figure 3B). Newly synthesized EBOV

nucleocapsids accumulated in viral inclusions and were

arranged in parallel tubes in a hexagonal pattern in

which each nucleocapsid is surrounded by six neigh-

boring nucleocapsids, in line with previously reported

observations (Figure 3C) (Kolesnikova et al., 2017). The

accumulation of viral inclusions and the release of viral

particles was observed at 1 and 2 dpi for all three donors

(Figures 3D–3F).

To follow the course of EBOV infection in iPSC-HLCs by

live cell imaging, we used a recombinant EBOV clone



Figure 3. Productive EBOV infection of iPSC-HLCs
(A) RNA-FISH analysis of BU2 EBOV-infected iPSC-HLCs at the indicated time points using probes directed against EBOV VP35mRNA. Scale
bar represents 20 mm. Images are representative of BU1, BU2, and BU3 samples (n = 1 technical replicate per iPSC donor per time point for a
total of three independent replicates per time point).
(B–F) Transmission electron microscopy of BU2 EBOV-infected iPSC-HLCs at 1 and 2 dpi. Cells were infected with an MOI of 3. Image is
representative of infections in BU1, BU2, and BU3 (n = 1 replicates per iPSC donor per time point for a total of three independent replicates
per time point). (B) Overview of BU2 EBOV-infected cell at 2 dpi. Circled area indicates the accumulation of filamentous viral nucleocapsids
into inclusions. (C) Higher magnification of cross-sectioned (left) and longitudinal sectioned (right) viral inclusions. Single nucleocapsids
are marked with yellow and red asterisks, respectively, to visualize the hexagonal pattern. (D and E) Release of viral particles at 1 dpi
(D) and 2 dpi (E). Circled area in (E) indicates viral inclusions. (F) Arrows indicate mature, budding Ebola virions. Cells were fixed at 2 dpi.
Images were taken from cells derived from different donors: (A–D) donor BU2, (E) donor BU1, (F) donor BU3.
expressing green fluorescence protein (GFP) from an addi-

tional transcription unit (Towner et al., 2005). Although

the cells were infected with a high MOI of 10, we observed

peak infection only at 3 dpi (Figure S3). At 7 dpi, the in-

fected cells showed a pronounced cytopathic effect (CPE),

leading to reducedGFP expression. Overall, these data indi-

cate that iPSC-HLCs can be productively infected with

EBOV and that the infection leads to cell damage at late

time points.
EBOV infection induces a delayed type I IFN response

in human hepatocytes

To analyze the transcriptional profile induced by EBOV

infection across the three infection platforms, iPSC-HLCs,

PHHs, and Huh7 cells were infected with purified Ebola vi-

rions, and the cellular RNA was harvested 24 hpi for bulk

RNA sequencing analysis. The chosen time point was based

on the transcriptional response to EBOV infection in hu-

man monocyte-derived macrophages, which display a
Stem Cell Reports j Vol. 17 j 2286–2302 j October 11, 2022 2291



strong transcriptional signature at 24 hpi (Olejnik et al.,

2017). We calculated the log fold change (logFC) in expres-

sion for each aligned transcript between the EBOV-infected

sample and mock control to determine which transcripts

were differentially expressed for each condition and ranked

these genes based on absolute logFC. However, our results

indicated that there was no significant differential gene

expression in infected compared with non-infected cells

in either cell type (Figure S4).

Since we observed peak infection of EBOV-infected iPSC-

HLCs as late as 3 dpi (Figure S3), this inspired us to explore

the transcriptional response to EBOV infection in liver cells

at later time points. iPSC-HLCs were infected with EBOV

and cellular RNA was isolated at 1, 2, 3, and 7 dpi for bulk

transcriptomics analysis. Principal component analysis

(PCA) of mock-infected compared with EBOV-infected

samples at all time points showed clear clustering of the

replicates, separating the non-infected from the infected

samples at each time point, particularly at 2, 3, and 7 dpi

(Figure 4A).We observedminimal gene expression changes

at 1 dpi, confirming our previous RNA sequencing data.

When we ranked the differentially expressed genes based

on the false discovery rate (FDR)-corrected p value, there

were only 20 upregulated genes and 14 downregulated

genes with an adjusted p value % 0.01 at 1 dpi (Table S1).

We then applied the same analysis across all time points

in mock-infected and EBOV-infected iPSC-HLCs over

time and plotted the 250 most variable genes as a heatmap

(Figure 4B). Clear gene expression signatures related to

EBOV infection emerge at 2 and 3 dpi, converging into a

different signature by 7 dpi. Starting 2 dpi, we observed a

pronounced type I and III IFN signature, specifically upre-

gulation of IFNB1, IFNL1-3, and a set of IFN-stimulated

genes (ISGs). Therewas a strong overlap of the top 30 differ-

entially expressed genes (DEGs) at 2 and 3 dpi (20 out of

30), including 13 ISGs (Figures 4B, 4C, and S5A). To further

assess the induction of a type I/III IFN response in EBOV-in-

fected cells, we plotted the fold change of a panel of type

I/III IFNs and 50 ISGs for each time point, confirming the

upregulation of ISGs at 2 dpi and, even more pronounced,

3 dpi, including IFNL1-3, IFNB1, chemokine ligand 5

(CCL5), 20-50-oligoadenylate synthetase like (OASL), OAS1,

interferon-induced protein with tetratricopeptide repeats

1 (IFIT1), IFIT2, and the poorly characterized interferon-

induced protein 44 (IFI44), which was shown to have anti-

viral activity (Busse et al., 2020; Carlton-Smith and Elliott,

2012; Power et al., 2015) (Figure 4C). By 7 dpi, the IFN

response signature was no longer present (Figure 4C). To

confirm that we observe similar antiviral responses within

2–3 dpi across multiple donors, we assessed the expression

of CXCL10, CCL5, and ISG15 by qRT-PCR at each time

point in EBOV-infected HLCs from multiple donors (Fig-

ure S5C). While we observed variations in gene expression
2292 Stem Cell Reports j Vol. 17 j 2286–2302 j October 11, 2022
for each donor, the expression of each of these ISGs peaked

between 2 and 3 dpi for each donor, confirming that this

time point is critical for the initiation of antiviral responses

in EBOV-infected HLCs (Figure S5C).

A striking feature of the host response signature in the in-

fected iPSC-HLCs was a general downregulation of genes at

later time points, many of them associated with character-

istic liver functions. For instance, several of the downregu-

lated genes were associated with aminotransferases and ion

transport (9 of 30 genes) (Figure S5B). AGXT, cytochrome

P450 enzyme CYP3A7, the bile acid transporter nuclear re-

ceptor subfamily 1 group H member 4 (NRIH4), SERPINA7,

ITIH1, and ITIH3 were all significantly downregulated at 7

dpi (Figure S5B). Genes involved in plasma formation and

clotting, includingALB, insulin-like growth factor 2 (IGF2),

podocan (PODN), and n-acetyltransferase 16 (NAT16), were

also downregulated at this time point (4 of 30) (Figure S5B).

We further confirmed the significant downregulation of

liver-associated genes in EBOV-infected iPSC-HLCs 3 dpi

by using a curated list of liver-specific genes for comparison

(Wilson et al., 2015), including albumin (ALB), serpina

genes (SERPINA 1 and SERPINA 3), fibrinogen genes (FGA,

FGB, and FGG), apolipoprotein genes (APOA1, APOA2,

and APOC1), and angiopoietin (ANG) (Figure 4D). To deter-

mine if the downregulation of these genes at later time

points was due to EBOV-induced apoptosis, we analyzed

cells for caspase 3 activity using a luminescent assay (Fig-

ure S7). There was minimal CPE in EBOV-infected HLCs

and Huh7 cells and minimal caspase activity compared

with staurosporine-treated control cells (Figures S7A and

S7B), indicating that EBOV did not induce apoptosis in

the infected cells. Overall, our data suggest that EBOV

infection leads to severe liver cell damage associated with

loss of hepatic functions.

To identify pathways that were perturbed during EBOV

infection, we performed gene set enrichment analysis

(GSEA) on the DEGs in EBOV-infected cells compared

with mock-infected controls, using WebGestalt (Liao

et al., 2019). Gene ontology (GO) analysis showed moder-

ate upregulation of IFN response pathways in EBOV-in-

fected cells at 2 and 3 dpi (Figure 5). Hallmark pathway

analysis confirmed these results, highlighting that the

IFNa response pathway is upregulated at 2 and 3 dpi

(Table S2). Importantly, there was no upregulation of in-

flammatory response pathways, suggesting that EBOV

infection does not trigger a proinflammatory response in

primary-like hepatocytes. While there were only few

moderately upregulated pathways in EBOV-infected cells,

pathway downregulation was more pronounced over the

course of infection, which we observed in the DEG profile.

This includes pathways related to metabolic processing,

protein synthesis, protein transport, protein membrane

localization, and extracellular structure organization,
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indicating cellular shutdown (Figure 5). By hallmark

pathway analysis, there were no upregulated pathways at

7 dpi (Table S2). By GO analysis, responses to type I IFN

and response to virus were slightly upregulated at 7 dpi,

which we hypothesize is driven by the low expression of

IFNB1 and IFNL1-3 at this time point (Figures 4 and 5). Hall-

mark pathway analysis suggested a downregulation of

coagulation and xenobiotic metabolism pathways, indi-

cating that EBOV-infected hepatocytes respond with a

reduced capacity to produce clotting factors or metabolize

drugs, which are suggested implications of liver damage

during EBOV infection of NHPs (Table S2) (Geisbert et al.,

2003c, 2003d). This analysis highlights the changing dy-

namics in the host response of EBOV-infected iPSC-HLCs.
IFNB1 andCXCL10 expression in EBOV-infected iPSC-

HLCs is delayed and mainly observed in non-infected

bystander cells

Bulk RNA analysis only provides the average gene expres-

sion levels of a diverse cell population and does not allow

us to discriminate between the host response signatures

in infected and non-infected cells. Given the clear but

moderate type I/III IFN response in EBOV-infected iPSC-

HLCs, we hypothesized that there might be significant

heterogeneity regarding the IFN response in this cell popu-

lation. To assess the IFN and inflammatory response at

single-cell level, we performed RNA-FISH analysis with in-

fected iPSC-HLCs using probes targeting IFNB1, CXCL10,

and IL6 mRNA in combination with EBOV-specific probes

targetingVP35mRNA. The number of the cells with detect-

able VP35 expression increased from about 20% at 1 dpi to

60%–70% at 2 and 3 dpi (Figures 6A and 6B). Consistent

with the RNA sequencing data, less than 2% of the cells

expressed CXCL10 (1.6%) or IFNB1 (0.2%) at 1 dpi

(Figures 6A, 6C, and 6D). We observed an increase in

both CXCL10- and IFNB1-expressing cells at 2 and 3 dpi

with up to 2% of IFNB1 and 6% of CXCL10-expressing

cells. Luminex analysis confirmed the secretion of

CXCL10 in the supernatants of infected cells (Figure S6D).

Of note, CXCL10 and IFNB1 were mainly expressed in un-

infected bystander cells. The ratio of uninfected to infected

IFNB1-expressing cells increased from 50% at day 1 to 92%
Figure 4. Upregulation of ISGs and downregulation of genes invo
(A) Principal component analysis (PCA) of transcriptional responses o
technical replicates per infection condition per time point). PCA1 rep
differentiation. PCA2 represents the second largest contributor of va
(B) Heatmap displaying the 250 most variable genes at each time poin
3 dpi. Key for the value of the logFC to the right of the plot.
(C) Heatmap displaying the logFC for a list of ISGs (right of the plot) of
indicated time points. Key logFC change in expression shown to the
(D) Heatmap displaying the logFC for a list of genes involved in liver fu
dpi. Shown are the technical replicates for each condition. Key logFC
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at day 3 (Figure S6A). The signal intensity of EBOV mRNA

was weak in cells expressing IFNB1 or CXCL10, suggesting

that these cells represent early stages of infection with low

expression rates of VP35 and VP24, the known EBOV IFN

antagonists. There was no detectable IL6 expression in in-

fected iPSC-HLCs at any time point post infection, con-

firming the absence of an inflammatory response in these

cells (Figure S6B). In contrast to the iPSC-HLCs, we did

not observe IFNB1 or CXCL10 expression in Huh7 cells

(Figure S6C). This is in line with previous studies using

immortalized hepatocytes that did not observe a delayed

IFN response upon EBOV infection (Hartman et al., 2008;

Kuzmin et al., 2017). Overall, the RNA-FISH results corrob-

orate the findings from the transcriptomic analysis and

suggest that EBOV infection of iPSC-HLCs induces a de-

layed andmoderate type I IFN response that is not observed

in infected Huh7 cells.

EBOV can be transmitted from infected macrophages

to iPSC-HLCs

Since there is evidence that migrating monocytes or tissue-

resident macrophages are early target cells in the liver

(Geisbert et al., 2003b; Greenberg et al., 2020), we

explored whether EBOV can be transmitted from infected

macrophages to iPSC-HLCs in a co-culture model. Donor-

matched human primary monocyte-derived macrophages

(MDMs) were infected with recombinant EBOV expressing

GFP at anMOI of 10 to ensure that allMDMswere EBOV in-

fected. At 1 dpi, the infected MDMs were detached, rigor-

ously washed, and seeded onto iPSC-HLCs. Spread of infec-

tionwas visualized byGFP expression (Figure 7).While only

single green cells were observed at 2 dpi, likely representing

the infected MDMs, the infection spread throughout the

entire iPSC-HLC monolayer over the time course of

7 days, indicating that EBOV infection of hepatocytes can

be initiated by infected macrophages.
DISCUSSION

Although the liver plays a crucial role in EBOV disease, the

intrinsic response of human hepatocytes to EBOV infection

is not well defined. In vitro hepatocyte platforms are limited
lved in liver function in EBOV-infected iPSC-HLCs at 2 and 3 dpi
f EBOV- and mock-infected BU3 iPSC-HLCs at each time point (n = 2
resents the majority of variance and is associated with the day of
riance and is associated with infection status.
t. Highlighted are the top 30 upregulated and downregulated DEG at

EBOV-infected iPSC-HLCs compared with mock-infected cells at the
right.
nction (right of the plot) of mock- and EBOV-infected iPSC-HLCs at 3
change in expression shown to the right.



Figure 5. EBOV infection of iPSC-HLCs leads to a general downregulation of critical pathways with the exception of viral response
pathways
Gene Ontology (GO) analysis of the DEGs in EBOV- compared with mock-infected BU3 iPSC-HLCs for each time point (n = 2 technical
replicates per infection condition per time point). FDR%0.01. Time point labeled on the bottom of the plot, GO pathways labeled on the

(legend continued on next page)
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in their capacity to recapitulate human immune responses.

Immortalized hepatocytes like Huh7 cells have impaired

IRF3 signaling (Marozin et al., 2008), which our study high-

lights as an important signaling cascade in the EBOV-

induced hepatic host response. Additionally, immortalized

cell lines can vary significantly from lot to lot, preventing

an accurate comparison of results across studies, even

within the same cell line (Ben-David et al., 2018). PHHs

aredifficult to culture and require intricately engineered cul-

ture systems to support in vitro survival (Khetani andBhatia,

2008; March et al., 2015; Xiang et al., 2019). In the co-cul-

ture system presented in this study, PHHs destabilize 2 to

3days after the removalof thefibroblast stroma,whichchal-

lenges the use of this PHH culture system for longer infec-

tion times (Chen et al., 2020). There are recent studies that

utilize a combination of small molecules to maintain stable

PHHs in culture forup to4weeks,which could allow for lon-

gitudinal EBOV infections to be performed on a primary he-

patocyte (Xianget al., 2019).However, these culture systems

still require delicate engineering tomaintain their function.

Additionally, all PHH systems are dependent on donor cell

availability, which can limit the genetic backgrounds or di-

versity of samples used in immune response studies. For

these reasons, we used iPSC-HLCs as an alternative to tradi-

tional immortalized and primary culture models. We have

demonstrated that iPSC-HLCs are terminally differentiated

hepatocytes and primary-like in their functional capacity.

iPSC-HLCs are also differentiated as a monoculture that

can be sustained in a functional state for 10 days, allowing

for longer infection studies than PHH culture systems.

iPSC-based platforms also offer additional advantages,

such as the ability to differentiate into multiple cell types

from one donor to create organ-specific co-culture systems

within one genetic background. This advantage is appli-

cable to EBOV pathogenesis studies since EBOV infects

many different cell types and organs, whichmay contribute

to disease progression.

Using the iPSC-based platform, we began to define the

intrinsic hepatic response to EBOV infection. The most

prominent transcriptional changes are defined by the

downregulation of pathways involved in critical cellular

processes later in infection, such as protein production

and transport, and extracellular structure organization.

This general shutdown of cell function is contrasted by a

moderate upregulation of type I and type III IFN responses

dominated by the expression of IFNB1, IFNL1, and select

ISGs beginning 2 dpi and increasing at 3 dpi. At single-cell

level, IFNB1 and CXCL10 expression was observed in unin-

fected bystander cells and cells with low expression levels of
left of the plot, key located on the right of the plot. Red bubbles mark
denote pathways that are downregulated at each time point. The GO
that the p value is <0.001 for each pathway.
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EBOVmRNA. This is in linewith RNA-FISH analysis on liver

samples obtained from EBOV-infected NHPs, showing

ISG15 expression predominantly in uninfected bystander

cells (Greenberg et al., 2020). In addition, single-cell analysis

of blood fromEBOV-infectedNHPs and infected human pe-

ripheral blood mononuclear cells revealed that ISG expres-

sion is mainly elicited in uninfected bystander monocytes

ormonocyteswith lowamounts of viral RNA, corroborating

our results. Although EBOV generally suppresses type I IFN

induction in the infected cells (Kotliar et al., 2020; McElroy

et al., 2018), there is a strong proinflammatory response in

EVD patients and infected animals associated with special-

ized immune cells, including macrophages and monocytes

(Caballero et al., 2016; Greenberg et al., 2020; Kotliar et al.,

2020; Liu et al., 2017; McElroy et al., 2016). In contrast to

monocytes and macrophages, there was no induction of a

proinflammatory response in EBOV-infected human iPSC-

HLCs, indicating that, indeed, immune cells are the main

drivers of EBOV-induced inflammation. Of note, iPSC-

HLCs have been shown to be able to respond to exogenous

stimuli bymounting an inflammatory signature, indicating

that the lack of an inflammatory response in EBOV-infected

cells is not due to the inability of the cells to induce inflam-

matory cytokines (Fischer et al., 2020).

A crucial question that still needs to be addressed fromour

observations is thathepatocytes are consistently silent 1 dpi,

despite significant infection at this time point. This delayed

antiviral responsemightprovideanenvironment that favors

undisturbed viral propagation and open a window for early

therapeutic intervention through stimulating an antiviral

response by inducing IFN production in uninfected

bystander cells. Indeed, US Food and Drug Administration

(FDA)-approved therapeutics that stimulate antiviral re-

sponses have been shown to inhibit EBOV infection in

immortalized cell culture systems and could be tested using

the primary-like platform described in this study (Jasenosky

et al., 2019).

Another critical component of the hepatic response to

EBOV infection is the downregulation of coagulation and

acute-phase reactant pathways beginning 2 dpi. Coagulop-

athy is a well-established clinical indicator of severe EBOV

infection, although the exact impact of consumptive coa-

gulopathy on the pathogenesis of EVD is poorly understood

(Feldmann and Geisbert, 2011). In our study, iPSC-HLCs

downregulated the coagulation cascade 2–7 dpi. We did

not observe an increase in acute-phase reactants that has

beenobserved inNHPs (Ward et al., 2019).Ourdata indicate

downregulation of critical clotting factors and plasma pro-

teins, including ALB; fibrinogen chains alpha, beta, and
pathways that are upregulated at each time point, and blue bubbles
analysis by WebGestalt determined that all p values = 0, indicating



Figure 6. RNA-FISH analysis reveals expression of IFNB1 and CXCL10 in uninfected bystander cells and cells with weak EBOVmRNA
signal intensity
(A) EBOV-infected BU1 and BU2 iPSC-HLCs were fixed at the indicated times and analyzed by RNA-FISH using a combination of probes
against EBOV VP35mRNA (green) and CXCL10 (magenta, top row), or IFNB1 (IFNb, magenta, bottom row) mRNA. Shown are representative
images from both donors at each time point at 203magnification, and right column shows inset region of merged images (n = 2 technical
replicates per iPSC donor per time point for a total of four replicates per time point; two technical replicates of two different donors). Scale
bars represent 100 mm.
(B–D) Quantification of gene expression from images using at least 1,200 cells and eight fields of view per time point and probe com-
bination. (B) Percentage of total cells positive for EBOV VP35mRNA at each time point. Error bars represent SD. (C) Percentage of infected

(legend continued on next page)
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gamma (FGA, FGB, and FGG); protein c (PROC); and F3 as

early as 2 dpi. This discrepancy could be evidence of a

compensatory feedback loop designed to prevent coagula-

tion dysfunction or consumptive coagulopathy. Fibrinogen

levels are lower in EBOV patients than healthy controls and

increase in patients who survive, and low levels of serum

ALB is a hallmark indicator of EBOV-induced liver damage

in NHPs (Geisbert et al., 2003a; Smither et al., 2019). This

is emphasized by the network analysis of the 7 dpi DEG

that highlighted HNF1A as a critical regulator of the gene

expression profile. In EBOV-infectedNHPs, another hepatic

nuclear factor homeobox gene (HNF4A) was significantly

downregulated in the liver, and the authors attributed the

downregulation of this transcription factor with the associ-

ated downregulation of genes involved in cholesterol syn-

thesis, coagulation, and hepatic metabolism (Jankeel et al.,

2020). HNF1A is known to regulate the expression of

HNF4A, whichmay highlight overlap in the transcriptional

signatures between our EBOV-infected iPSC-HLCs and bulk

NHP liver tissue (Boj et al., 2001; Jankeel et al., 2020). Of the

HNF4A targets listed in this study as downregulated tran-

scripts in the liver, we observed significant downregulation

in 11 of 17 genes (PCK2, PDK4,APOB,CYP3A7,CYP2A6, F7,

TF,F3,TTR, andSERPINC1) (Jankeel et al., 2020).Clearly, the

expression of coagulation factors in hepatocytes is affected

during EBOV infection, but the role that this may play in

pathogenesis, organ failure, orpatientoutcome ispoorlyun-

derstood. This platform allows for further investigation of

thehepatic responses to EBOV infection that canhelp eluci-

date the complexmechanisms that underlie liver pathology

infection.

The use of co-culture systems, such as the one highlighted

in this study, canhelpdeterminewhich cell types in the liver

are responsible for specific host responses, helping to define

a cell-intrinsic disease signature that is difficult to discern in

the whole-organ environment. The data presented here

corroborate that genes associatedwith liver function are per-

turbed in EBOV-infected hepatocytes. Future studies using

thisplatformcanhelp identifyhowEBOVimpairs liver func-

tionduringdiseaseprogressionand informthedevelopment

of therapeutic interventions that may universally prevent

EBOV fatality.
EXPERIMENTAL PROCEDURES

iPSC culture and directed differentiation into

hepatocytes
iPSC lines used in this study were BU1, BU2, and BU3. iPSCs were

generated and characterized as previously described (Park et al.,
cells expressing CXCL10mRNA, left axis, and percentage of uninfected c
Percentage of infected cells expressing IFNB1mRNA, left axis, and per
bars represent SD. (A) Upper, BU2; lower, BU2. (B) Upper, BU1; lowe
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2017). Briefly, reprogramming of peripheral blood was done with

the STEMCCA reprogramming vector (Somers et al., 2010) and,

upon reprogramming, the reprogramming cassette was excised.

iPSCs were maintained onMatrigel-coated six-well tissue culture

plates in 2 mL of mTeSR 1 feeder-free medium (STEMCELL Tech-

nologies) with 200 ng/mL Primocin (Invitrogen). The directed

differentiation from iPSCs into hepatocytes was performed as

previously described (Wilson et al., 2015). iPSCs were seeded

onto Matrigel-coated six-well tissue culture plates with 2 mL of

mTeSR feeder-free medium. For D1–D5 of the differentiation pro-

tocol, the STEMdiff Definitive Endoderm kit (STEMCELL Technol-

ogies) was used according to manufacturer’s instructions. At D5,

iPSC-derived endoderm cells were split at a 1:4 or 1:5 ratio, depend-

ing on the iPSC line, and differentiated into HLCs following the

schedule and cytokine concentrations outlined in Table S4. The

culture medium was changed on D5 and D6. From D7 until the

start of each experiment, the culture medium was changed every

other day. At D19, the cells were terminally differentiated, and cells

were used for experiments between D19 and D26. From D0 until

the day of infection, the cells were incubated in a hypoxic incu-

bator at 37�C. During infection, cells were incubated in normoxic

conditions.

Primary hepatocyte cell culture
The PHH co-culture with murine embryonic fibroblasts 3T3-J2s

were generated by seeding cryopreserved primary human hepato-

cytes purchased from BioIVT on collagen-patterned 96-well plates

as described previously (Khetani and Bhatia, 2008; March et al.,

2015). 3T3-J2swere a kind gift provided byHowardGreen,Harvard

Medical School. Fibroblast-depleted micropatterned PHH cultures

were obtained by incorporation of 3T3-J2s expressing an inducible

apoptosis switch (inducible caspase-9 [Casp9]). 3T3-J2s were lenti-

virally transduced with the pMSCV-F-del Casp9.IRES.GFP plasmid

(15567, Addgene) followed by FACS purification (top 15%,

FACSAria II, BD Biosciences) (Chen et al., 2020). On the day of

infection, PHH co-cultures were dosed with a chemical inducer

of dimerization (0.5 mM AP20187, Takarabio) to trigger fibroblast

removal via apoptosis. PHH co-cultures were maintained in Dul-

becco’smodified Eagle’s medium (DMEM, Corning) supplemented

with 10% fetal bovine serum (Gibco), 1% insulin/transferrin/sele-

nous acid and linoleic acid (ITS; BD Biosciences), 7 ng/mL

glucagon (Sigma-Aldrich), 40 ng/mL dexamethasone (Sigma-

Aldrich), 15mMHEPES (Gibco), and 100 mg/mL penicillin-strepto-

mycin (Corning). Cells were kept at 37Cwith 5%CO2. Donors uti-

lized in this study are labeled as donor A and donor B.

Virus infection and purification
Work with infectious EBOV was performed at Boston University’s

National Emerging Infectious Diseases Laboratories, Boston, MA

and at the NIH/NIAID Integrated Research Facility, Fort Detrick,

MD. EBOV isolate Mayinga (GenBank: AF086833.2; kindly pro-

vided by H. Feldmann, NIHNIAID RockyMountain Laboratories,

Hamilton, MT) and recombinant EBOV-GFP (Mayinga isolate;
ells expressing CXCL10mRNA, right axis. Error bars represent SD. (D)
centage of uninfected cells expressing IFNB1mRNA, right axis. Error
r, BU1. (C) Upper, BU1; lower, BU1.



Figure 7. Transmission of EBOV-GFP from
monocyte-derived macrophages (MDMs)
to iPSC-HLCs
Top, infection scheme and workflow. Bot-
tom, live fluorescent imaging of BU2 MDM
and BU2 iPSC-HLC co-cultures; 103
magnification. Images taken from one well
over the period of 1–7 dpi. Scale bar repre-
sents 20 mm. Images are representative of
two independent experiments performed
with BU1, BU2, and BU3 (n = 1 per iPSC
donor at each time point for a total of three
independent replicates per time point for
each infection. This infection time course
was performed twice for a total of six inde-
pendent replicates per time point).
kindly provided by the World Reference Center for Emerging Vi-

ruses and Arboviruses, University of Texas Medical Branch, Gal-

veston, TX) expressing GFP from an additional transcription

unit (Towner et al., 2005) were propagated in Vero E6 cells as

described before (Olejnik et al., 2017). Cell supernatants were

centrifuged at 1,000 3 g for 10 min at 4 �C to remove cellular

debris. Clarified supernatants were purified over a 20% sucrose

cushion by centrifugation at 25,000 rpm for 2 h at 4 �C and viral

pellets were resuspended in PBS. Viral titers were determined by

tissue culture infectious dose 50 (TCID50) assays and focus form-

ing unit (FFU) assays as previously described (Olejnik et al.,

2017). All EBOV infection studieswere performedwith purified vi-

rions. If not stated otherwise, cells were infected at an MOI of 10.

After addition of the inoculum, virions were allowed to adsorb for

20 min to 1 h at 37�C before cells were washed and fresh cell cul-

ture medium was added.
qRT-PCR and RNA sequencing
Cells were harvested for RNA analysis by using either the RNeasy

Kit (Qiagen) or TRIzol Reagent (Thermo Fisher) according to man-

ufacturer’s instructions. Detailed descriptions of qRT-PCR analysis,

Illumina sequencing, and SmartSeq2 sequencing, including data

analysis, are provided in the supplemental methods.
Immunofluorescence analysis
Cells were fixed with either 4% PFA or 10% formalin and permea-

bilized with acetone-methanol. Primary antibody names and dilu-

tions are listed in Table S3. A detailed description of the procedures

is provided in the supplemental methods.
Fluorescence in situ hybridization assay
Fluorescence in situhybridization (RNA-FISH)was performed using

the Advanced Cell Diagnostics RNAscope v2 kit according to man-

ufacturer’s instructions (ACD Bio) and as previously described

(Hume et al., 2022). A detailed protocol is provided in the supple-

mental methods. The following probes (all from ACD Bio) were
used: ebolavirus Zaire VP35-C1, human IL6-C2, human IFNb-C3,

and human CXCL10-C3.

EM
For conventional thin-section microscopic evaluation, 4 3 105

EBOV-infected BU1, BU2, and BU3 iPSC-HLCs were inactivated

and preserved in 2.5% glutaraldehyde (E.M. Sciences, Warring-

ton, PA), in Millonig’s sodium phosphate buffer (Tousimis

Research, Rockville, MD), for 24 h (n = 1 for each donor at each

time point for a total of three samples per time point). After fixa-

tion was complete, the cells were washed in Millonig’s buffer,

and incubated for 2 h in 1.0% osmium tetroxide, in the same

buffer. Following rinsing steps in ultrapurewater and en bloc stain-

ingwith 2.0%uranyl acetate, the sampleswere dehydrated in a se-

ries of graded ethanol washes and infiltrated and embedded in

Spurr’s plastic resin (E.M. Sciences). Embedded blocks were

sectioned using a Leica UC7 Ultramicrotome, and 70- to 80-nm

sections were collected on 200 mesh copper grids, and post-

stained with Reynold’s lead citrate. Samples were examined in

an FEI Tecnai Spirit Twin transmission electronmicroscope, oper-

ating at 80 kV.

Co-culture of iPSC-HLCs and macrophages
On the day prior to infection, MDMs from BU1, BU2, and BU3

seeded in a T75 flask were split by incubating cells with 0.1%

Trypsin-EDTA solution for 15 min at 37�C and 5% CO2 (n = 1 flask

per donor). Cells were centrifuged at 300 3 g for 5 min at 4�C and

resuspended in 1 mL of MDM medium. Cells were counted and

1 3 106 cells were seeded into six-well low-attachment plates

(Corning). On the day of infection, macrophages were infected

with EBOV-GFP at an MOI of 10. At 1 dpi, MDMs were incubated

with 1 mL of Gentle Cell Dissociation buffer (GCD; Gibco) for

2 min at 37�C and 5%CO2. Cells were centrifuged at 300 3 g for

5min at 4�C.GCDwas removed, and cell pellets werewashed three

times in 1 mL of PBS. After the third wash, cells were resuspended

in 1 mL of the appropriate medium and seeded in six- or 12-well

tissue culture plates alone or onto D20 iPSC-HLCs at a 1:1 ratio
Stem Cell Reports j Vol. 17 j 2286–2302 j October 11, 2022 2299



(n = 1 per donor per time point for a total of three samples per time

point).

Data and code availability
All data needed to evaluate the conclusions in the paper are present

in the paper and/or the supplemental information. RNA

sequencing data have been deposited to Gene Expression

Omnibus (GEO: GSE184640). Pluripotent stem cell lines used in

this study, along withmaintenance standard operating procedures

and directed differentiation protocols, are available from theCReM

iPSC Repository at Boston University and Boston Medical Center

and can be found at http://crem.bu.edu.
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Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.08.003.
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