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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection causing
coronavirus disease 2019 (COVID-19) has caused a global health crisis. The primary
site of infection is in the respiratory tract but the virus has been associated with a
variety of complications involving the gastrointestinal and cardiovascular systems.
Since the virus affects a variety of tissue types, there has been interest in
understanding SARS-CoV-2 infection in early development and the placenta. ACE2
and TMPRSS2, two genes that are critical for SARS-CoV-2 virus entry are
expressed in placenta-specific cell types including extravillous trophoblasts (EVTs)
and especially, syncytiotrophoblasts (STs). The potential of SARS-CoV-2 to infect
these placental cells and its effect on placental development and function is still
unclear. Furthermore, it is crucial to understand the possible mechanism of vertical
transmission of SARS-CoV-2 through the placenta. Here, we developed an in vitro
model of SARS-CoV-2 infection of placental cell types using induced trophoblast
stem cells (iTSCs). This model allowed us to show that STs but not EVTs are
infected. Importantly, infected STs lack the expression of key differentiation genes,
lack typically observed differentiated morphology and produce significantly lower
human chorionic gonadotropin (HCG) compared to non-infected controls. We also
show that an anti-ACE2 antibody prevents SARS-CoV-2 infection and restores
normal ST differentiation and function. We highlight the establishment of a platform
to study SARS-CoV-2 infection in early placental cell types, which will facilitate
investigation of antiviral therapy to protect the placenta during early pregnancy and

development.
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Introduction

In 2020, a novel coronavirus called severe acute respiratory syndrome coronavirus
(SARS-CoV-2) emerged and spread worldwide, infecting millions of people and
causing Coronavirus Infectious Disease 2019 (COVID-19). COVID-19 was declared
a public health emergency by the World Health Organization in February 2020 (Zhu
et al., 2020). The infection is asymptomatic or mild in the majority of cases, however,
patients can develop severe illness associated with acute respiratory distress
syndrome (ARDS) and organ failure (Aguiar et al., 2020, Brosnahan et al., 2020,
Long et al., 2020). This disease can lead to death in 26% of critically ill patients
(Grasselli et al., 2020) to as high as 61.5% in another report (Yang et al., 2020). This
has led to an imperative to understand the extent of cells that can be infected, the

mechanism of infection and develop adequate treatments.

The cellular receptor for SARS-CoV-2 is angiotensin-converting enzyme 2 (ACE2)
that is present in many cell types such as lung alveolar epithelial cells, enterocytes,
venous endothelial cells, and smooth muscle cells (Bhalla et al., 2020, Hamming et
al., 2004, Jing et al., 2020). Along with ACE2, transmembrane serine protease 2
(TMPRSS2) has been identified as an entry factor for SARS-CoV-2 infection. Cells
that express both receptors are susceptible to infection (Hoffmann et al., 2020).
Several reports have utilised in vitro derived systems to understand SARS-CoV-2
infection and screen for antiviral drugs or potential treatments. Conventionally, Vero
cells, which have been derived from kidney epithelial cells of the African green
monkey, have been used to study several viral infections in vitro (Govorkova et al.,

1996, Ksiazek et al., 2003), and more recently one of the in vitro cell models used to
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replicate and isolate SARS-CoV-2 (Mantlo et al., 2020, Takayama, 2020, Zhou et al.,
2020). However, these cells fail to recapitulate many aspects of infection in human
cells. Therefore, in order to facilitate a more accurate model relevant to human
infectivity, pluripotent stem cells (PSCs)-derived in vitro models of cardiac, kidney,
lung and intestinal cells have been used as platforms to study SARS-CoV-2 (Bailey
et al., 2021, Huang et al., 2020, Lamers et al., 2020, Monteil et al., 2020, Zhao et al.,
2020). These models are especially valuable as they not only better represent the

nuances of different human cell types but are scalable and tractable.

Despite advances in understanding SARS-CoV-2 infection in several somatic cell
types, little is known about the virus and its impact on early development of the
embryo or placenta. There have been clinical reports on the effects of SARS-CoV-2
in the early and late pregnancy that show increased risk of complications in infected
patients (Garrido-Pontnou et al., 2021, Jang et al., 2021). In the placenta,
SARS-CoV-2 infection was observed within the villi or intervillous space (Best Rocha
et al., 2020, Hecht et al., 2020, Morotti et al., 2021, Patane et al., 2020). These
reports observed that villous syncytiotrophoblasts were the primary target of infection
based on histopathological evidence (Hecht et al., 2020, Morotti et al., 2021, Patane
et al., 2020). In spite of the clinical evidence, the effect of SARS-CoV-2 infection on
placental health and fetal development is still unclear. An in vitro-derived model is

key to understanding the effects of SARS-CoV-2 infection in the placenta.

The derivation of trophoblast stem cells (TSCs) in vitro from first trimester placenta
or blastocysts capable of differentiating into both main placental cell types:

extravillous cytotrophoblasts (EVTs) and syncytiotrophoblasts (STs), facilitates the
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study of placenta biology and pathology in vitro (Okae et al., 2018). Furthermore, we
and others recently reported that fibroblasts can be reprogrammed into induced
trophoblast stem cells (iTSCs) which are molecularly and functionally similar to
TSCs (Castel et al., 2020, Liu et al., 2020). Therefore, TSCs and iTSCs constitute a
scalable and tractable model to study in vitro placental biology. Here we utilised
iTSCs to generate an in vitro model of placenta infection by SARS-CoV-2. We found
that STs were the only cell type that was productively infected, leading to phenotypic,
transcriptomic and metabolic changes, with functional consequences. Importantly,
we showed that infection and concomitant cellular changes in STs could be

prevented using ACE2 antibodies.

Results

STs are productively infected with SARS-CoV-2

We first verified the expression of ACE2 in the 1st trimester placenta by
immunohistochemistry. Trophoblast cells within the placental villi, especially STs
lining the villous surface (marked by HCG staining), were strongly positive for ACE2
(Fig 1A). In the maternal decidua, multiple cells were also faintly stained for ACE2,
including EVTs which were identified by HLA-G positivity on serial sections (Fig 1B).
This is consistent with previous reports that STs and EVTs express ACE2 (Pringle et
al., 2011, Valdes et al., 2006). We have previously reported the in vitro generation of
induced trophoblast stem cells (iTSCs) from fibroblasts, which could be used to

model placental cell differentiation into EVTs and STs (Liu et al., 2020). These EVTs
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and STs expressed typical cell-specific markers HLA-G and HCG respectively (Fig
1C). We examined the expression of ACE2 in iTSCs before and after differentiation
into EVTs and STs in two independent donor cell lines (32F and 55F) (Fig 1C, Fig
S1A-C), and detected ACE2 mRNA and protein in EVTs and STs but not in iTSCs
(Fig 1C-D). EVTs and STs also expressed higher levels of TMPRSS2 relative to
iTSCs (Fig 1D). The expression of these 2 important factors, particularly ACE2, in

EVTs and STs suggests a potential susceptibility to SARS-CoV-2 infection.

In order to test if these cells were susceptible to infection, we infected iTSCs, as well
as EVTs and STs towards their terminal differentiation at day 6 and day 5
respectively (Fig 1E). In iTSCs and EVTs, no significant increase in viral titres was
observed in the supernatant over time and intracellular dsRNA was not detected at
day 3 post infection, which would have been evidence of active viral replication
within the cells (Valdespino-Vazquez et al., 2021) (Fig 1F-I). In contrast, in STs viral
titres increased in the supernatant 3 days after infection (Fig 1J); infection was
confirmed by identification of dsRNA within ST cells (Fig 1K), which was similar to a

report on SARS-CoV-2 infection of placental tissue (Hosier et al., 2020).
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Figure 1. STs are susceptible to SARS-CoV-2 infection. A) Immunohistochemistry
images of 1 trimester placental villi for ACE2 and HCG. Scale bar = 200um. B)
Immunohistochemistry images of maternal decidua for ACE2 and HLA-G. Scale bar
= 200um. C) Immunofluorescence images of ACE2(Red) along with GATA3 (TSCs;
Green), HLA-G (EVTs; Green) or HCG (STs; Green). D) qPCR analysis of ACE2 and
TMPRSS2 expression in TSCs, EVTs and STs (fold-change relative to TSCs). E)
Schematic of differentiation and infection with SARS-CoV-2. Virus titre expressed in
log,, TCIDsy/ml, genome copy analysis, and Immunofluorescence images of dsRNA
in 55F TSCs (E, F), EVTs (G, H) and STs (I, J). Cells counterstained with DAPI. n=3
(A); n=3 (D); n=4 technical replicates of a representative experiment of 32F (n=2)

and 55F (n=2) lines (F, H, J).
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SARS-CoV-2 affects differentiation potential and metabolic activity

Since STs are the only cell type that was infected by SARS-CoV-2 in our model, we
focused on this cell type for further study and dissected dynamics of SARS-CoV-2
infection in-depth. Placental development is critically dependent on trophoblast cell
differentiation into EVTs and STs (Arnholdt et al., 1991); therefore, we wanted to
understand how early during differentiation STs could be infected. We first analysed
the expression of ACE2 during the differentiation of iTSCs into STs and found that
cells begin to express ACE2 as early as day 2 of differentiation (Fig 2A). We verified
this increase of expression by immunofluorescent staining for ACE2 in both cell lines
(Fig S1A and B). To test whether the expression of ACE2 was sufficient to confer
susceptibility to infection by SARS-CoV-2, we infected STs at days 2, 3, and 4 of
differentiation (Fig 2B) and found that cells could be infected as early as day 2 of
differentiation (Fig 2C). Positive/productive infection was identified by the presence
of dsRNA within the cells and presence of infectious virus in the cell supernatant in
both cell lines (Fig S2C). In addition, we observed that the differentiation potential of
STs was affected as infected (dsRNA+) cells appeared morphologically more
immature (please see methods) than non-infected (dsRNA-) cells and had lower
signal of HCG despite being multinucleated, suggesting that SARS-CoV-2 infection
severely affects cellular differentiation (Fig S2D). We further assessed levels of HCG
in cells and cellular morphology, to quantify proportions of differentiated and
undifferentiated cells. We then categorized differentiated and undifferentiated cells
as either dsRNA+ or dsRNA- to determine which cells were infected. We found that
the ST cells that were dsRNA+ within a virus-infected culture (cells exposed to the

virus and were indeed infected) were significantly less differentiated than dsRNA-
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cells (cells exposed to the virus but were not infected) within the same culture (Fig
2D). Importantly, dsRNA- cells within the virus-infected cultures had a similar
differentiation potential as mock-infected cells. Taken together with the result seen in
dsRNA+ cells, the data suggest that SARS-CoV-2 infection hinders the differentiation

of STs.

Since STs produce human chorionic gonadotropin (HCG), the hormone that is vital
for maintaining pregnancy, we analysed the metabolic activity in the cultures during
differentiation (Nwabuobi et al.,, 2017). We observed that HCG levels were
significantly lower in infected cells throughout differentiation (day 2, 3 and 4)
compared to mock controls (Fig 2E). We also analysed cell death using a lactate
dehydrogenase (LDH) assay and found that infected cells released higher levels of
LDH in the supernatant compared to mock controls, indicating significantly more cell
death in the SARS-CoV-2infected cultures (Fig 2F). Taken together, SARS-CoV-2
infection of STs leads to an impairment of differentiation potential, lack of HCG

production and increased cell death during differentiation.
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Figure 2. SARS-CoV-2 can infect STs during differentiation and affects
differentiation potential and metabolic activity. A) qPCR analysis of ACE2
expression of ST differentiation (d2-6) (fold-change relative to TSCs). B) Schematic
of infection of STs during differentiation. C) Immunofluorescence images of dsRNA
(Red) and HCG (Green) in 55F STs of mock and virus infected conditions (d2, 3, and
4). D) Quantification of cellular differentiation of dsSRNA+/dsRNA- cells in infected or
mock conditions. E) bHCG assay of 55F STs during differentiation. F) LDH assay of
55F STs during differentiation. Cells counterstained with DAPI. n=3 (A and D); n=3
technical replicates of a representative experiment (E and F). *p<0.05, **p<0.01,

***0<0.005, ****p<0.001
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Transcriptome-wide profiles of infected STs show an increase in viral

responses

To understand the effects of infection on the cells in greater depth, we analyzed the
transcriptome of ST cells infected at day 3 of differentiation and 3 days post-infection
to reach the theoretical fully differentiation time course (day 6), compared to
mock-infected cells. Correspondence analysis (CoA) indicated that SARS-CoV-2-
infected cells were transcriptionally divergent from mock-infected cells (Fig 3A).
Differential gene expression (DGE) analysis identified 155 genes upregulated and
140 genes downregulated in infected cells (Table S1). Importantly, we identified that
among the differentially expressed genes (DEGs), ST-specific genes such as CGA
and PSG3 were significantly down regulated in SARS-CoV-2 infected cells compared
to mock-infected cells, suggesting cultures were not differentiating into STs as
efficiently as were mock-infected controls. Upregulated genes were related to
interferon signaling (IFNL1, IFNB1, IFIH1) (Fig 3B). Other genes associated with
TNFa signaling via NFKB such as MAPK4, STAT1, RELB and NFKBIA were also
highly upregulated in infected cells compared to mock-infected cells, indicating that
there was a strong innate response to viral infection (Mantlo et al., 2020).
Furthermore, gene ontology analysis showed an enrichment of viral response, along
with antiviral mechanism (IFN-stimulation) and response to type | interferon in the
significantly upregulated genes in infected cells. In contrast, genes downregulated
upon infection were enriched in cellular and metabolic processes such as
Asparagine N-linked glycosylation, and response to endoplasmic reticulum stress
(Fig 3C). Although not strongly enriched, we did identify 14 significantly up-regualted

DEGs involved in positive regulation of cell death such as, EGR1, FOS, SNCA and
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PHLDA1. Moreover, expression levels of TSC, EVT and ST identity-specific genes,
showed that while mock-infected cells have robust expression of ST-related
differentiation genes, SARS-CoV-2 infected cultures failed to upregulate ST
associated genes, and infected cultures also had higher levels of expression of
TSC-related genes; suggesting that cells were less differentiated, consistent with our
observations that infected cultures have impaired differentiation potential (Fig 3D).
Taken together, we show that SARS-CoV-2 infection of ST cultures elicits an
NFKB-mediated inflammatory response and has a negative impact on the

differentiation pathway of cells.
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Figure 3. SARS-CoV-2 impacts the transcriptomic profile in STs and
upregulates innate inflammatory response to infection. A) Transcriptome-wide
CoA of virus and mock conditions of d3 infected STs. B) Volcano plot depicting DGE
analysis between virus and mock conditions. C) Functional enrichment analysis of
significantly upregulated or downregulated gene sets (FDR <0.05). D) Hierarchically
clustered heatmap of cell identity genes expressed in STs, under virus and mock

conditions.
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Inhibition of ACE2 prevents viral infection of STs

Finally, as the high expression of ACE2 seemed to correlate well with the
susceptibility of STs to SARS-CoV-2, we investigated whether ACE2 could be
targeted to inhibit SARS-CoV-2 entry into STs using an anti-ACE2 antibody. We
generated and characterised antibodies against recombinant human ACE2 from a
phage library (Fig S3A). We then validated the binding affinity of these clones and
utilized them in our antibody blocking experiments (Figure S3B-C). Among the
clones validated, we selected WCSL141 and WCSL148 for the blocking
experiments. We show that SARS-CoV-2 infection of STs was blocked by the
addition of two anti-ACE2 antibodies (Virus*°?) (Fig 4A). We did not detect
infectious virus or viral genome copies in culture supernatants while both were
detected in virus-treated control antibody conditions (Virus®") demonstrating that
ACE2 antibody inhibits virus entry (Fig 4B). We further analysed the transcriptomes
of cells from these separate conditions. Hierarchical clustering of samples showed
that cultures blocked with anti-ACE2 antibody (Virus®°E2) clustered closely with other
mock-infected samples and were separate from infected cells treated with a control
antibody (Virus®) (Fig 4C). CoA also showed a divergent transcriptome of cells from
the Virus® condition from the rest (Fig S4A). In addition, we also verified
SARS-CoV-2 expression in the samples. As expected, we observed high expression
in Virus®, and neither in uninfected cells, nor, surprisingly, in Virus®*°®2, (Fig S4B,
S4C). We further verified our results by performing unsupervised k-means clustering
of all genes across the samples, and identified unique clusters of genes that were
upregulated and downregulated in Virus® in contrast to the other samples (Fig 4D,

Table S1). Interestingly, we did not identify a specific signature in the treated and
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infected cells (Virus*°®?). We then performed functional enrichment analysis on
clusters 1 and 2, which contained strongly upregulated or downregulated in infected
samples (Virus®"). As before, we found an upregulation of host-defense response to
virus and IFN signalling pathways, as well as downregulation of cellular and
metabolic processes, such as transport of small molecules and nucleobase- small
molecule metabolic process (Fig S4D). We explored placental identity genes and
found that Virus®°E2 cultures exhibited an increase in expression of ST identity
genes, similar to mock-infected controls (Fig 4E). As the expression levels of
differentiation-specific genes was similar to mock controls , we showed that
anti-ACE2 antibody blocking rescued the differentiation potential of cells compared
to SARS-CoV-2 infected cells, resulting in a similar number of cells with
morphological features akin to mock-infected controls (Fig 4F). We went on to
assess whether the restoration of differentiation potential would also lead to a
restoration of metabolic processes in STs. We observed that Virus®°2 cultures
showed comparable production of HCG to mock-infected controls (Fig 4G) and lower
levels of LDH compared to Virus®" cells(Fig 4H). Taken together, we demonstrated
that SARS-CoV-2 infects ST cells and affects their differentiation and metabolic
activity. Cells could differentiate and were metabolically active when infection was

prevented by blocking ACE2.
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Figure 4. Inhibition of ACE2 via anti-ACE2 antibody restores normal
differentiation and function of STs. A) Immunofluorescence images of dsRNA
(Red) and HCG (Green) in STs of anti-ACE2 antibody and/or virus treated conditions
at d3 and d5. Cells counterstained with DAPI. B) Virus titre expressed in
log, TCIDs/ml and genome copy analysis of antibody and/or virus treated conditions
at day 3 and day 5. C) Transcriptome-wide hierarchical clustering analysis of d3
infected/mock/treated STs. D) Transcriptome-wide k-means clustering analysis of d3
infected/mock/treated STs; cluster 6 contained genes with no distinct pattern
between the samples and is not shown E) Hierarchically clustered heatmap of cell
identity genes expressed in STs, under virus, mock and treated conditions) .F)
Quantification of cellular differentiation of dsRNA+/dsRNA- STs in infected/mock
conditions. G) HCG assay in STs antibody/virus conditions. H) LDH assay of STs in
antibody/virus conditions. n=3 experimental replicates (B-H; except n=2 in d3
Mock® in B). n=3 technical replicates of a representative experiment (B, G, H;

except n=2 in d3 Mock®" in B). *p<0.05, **p<0.01, ***p<0.005, ****p<0.001
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Discussion

The use of in vitro models of different cell types to study SARS-CoV-2 infection
allows us to understand inherent mechanisms. It also enables us to perform and test
specific drug treatments for affected cell types (Han et al., 2020, Huang et al., 2020,
Pei et al., 2020). In our in vitro model, SARS-CoV-2 is able to infect STs but not
iTSCs or EVTs. While disparities between in vitro culture systems and clinical
specimens have been observed in the lung with SARS-CoV-2 infected alveolar type
1 (AT1) cells observed in organoids but not isolated lung tissue (Pei et al., 2020,
Bradley et al., 2020), our data are consistent with histopathological studies using
clinical specimens. These indicate that STs in the intervillous space are the typical
cells that harbor SARS-CoV-2 in infected placentas (Garrido-Pontnou et al., 2021,
Hecht et al., 2020, Jang et al.,, 2021, Morotti et al., 2021, Patane et al., 2020).
Although EVTs were not infected by SARS-CoV-2 in our model, others have reported
that these cells are susceptible to viruses like adenovirus(Koi et al., 2001) . The
reason for lack of SARS-CoV-2 infection in the in vitro generated EVTs despite
evidence of ACE2 and TMPRSS2 expression is unclear and will require further

investigations.

SARS-CoV-2 was able to infect STs during differentiation, which led to cell death and
impaired differentiation. Since iTSC derived STs are a model of early placentation,
these results support clinical evidence that the virus could affect the placenta in early
development (Valdespino-Vazquez et al., 2021). Furthermore, the sensitivity and
tractability of our in vitro ST model enabled the assessment of functional
impairments resulting in reduced levels of HCG production. Reduced HCG

production may be associated with complications in pregnancy, including early
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miscarriage (Jing et al.,, 2020). We were also able to determine the phenotypic
effects of the virus on STs, which corresponded transcriptionally to the lack of
expression of genes typical of ST differentiation and identity. Consistent with other
reports of SARS-CoV-2 infection in a variety of cell types, we identified an
upregulation of viral response and innate immunity genes. Importantly, SARS-CoV-2
infection elicited an IFN response in our model, similar to responses in other cell
types such as lung and cardiac cells (Huang et al., 2020, Li et al., 2021, Mulay et al.,
2021). Downregulation of genes involved in cellular processes and function were
also observed (Daniloski et al., 2021, Suryawanshi et al., 2021). Although, as
demonstrated by our results, this infection model can be of great utility, there are
limitations. For example, the decidua contains 10-20% of macrophages but we
cannot model their effects in this system (Kreis et al.,, 2020, Manaster and
Mandelboim, 2010). In the future, complex models that include immune cells could
be used to enhance current models, as has been done with brain slice cultures and
microglia from iPSC derived models (Grubman et al., 2021). Recent studies have
reported that host cell factors such as ACE2, TMPRSS2 or cathepsins are vital for
SARS-CoV-2 entry and could be utilized as potential therapeutic targets against
infection (Dong et al., 2020, Hoffmann et al., 2020). We also reported that blocking
viral infection through ACE2 blockade restores the functional phenotype in STs,
similar to the rescue of function in lung and cardiac cells through the inhibition of
ACE2 or TMPRSS2 activity (Huang et al., 2020, Hoffmann et al., 2021, Pei et al.,
2020, Bojkova et al., 2020, Perez-Bermejo et al., 2021). More importantly, this in
vitro derived placental model allowed us to generate a quick and effective system.
We envision that our model will facilitate a deeper understanding of COVID-19

pathogenesis and will provide a platform for drug discovery and potential treatments.
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Materials and Methods

Placental tissue preparation and Immunohistochemistry

Ethics approval for the use of first trimester human placental tissues for research
was obtained from the Human Ethics Committee at Monash Health
(RES-19-0000-399A, Melbourne, Australia), all patients provided informed written
consent. Tissues were collected after elective pregnancy termination, fixed in

buffered formalin and embedded in paraffin.

Tissues were sectioned (5um) onto SuperFrost® Plus slides (J3800AMNT,
ThermoFisher Scientific, MA, USA), dried overnight at 37°C, deparaffinized in
histolene, then rehydrated in graded solutions of ethanol to Milli-Q water. Following
antigen retrieval by microwaving for 10 min in 0.01M citrate buffer (pH 6.0),
endogenous peroxidase was quenched with 3% H,0O,, and tissues were next
incubated with a blocking buffer containing high salt TBS (0.3 M NaCl in 50 mM Tris,
pH 7.6), 0.1% Tween 20 (P2287, Sigma-Aldrich, USA), and 15% goat or horse
serum for 20 min at room temperature (RT). Sections were then incubated with
primary antibodies (ACE2, ab15438, Abcam, UK; HCG beta, ab9582, Abcam, UK;
HLA-G, 557577, BD Pharmingen) for 1 h at 37°C; rabbit or mouse IgG (X0936 and
X0931 respectively, Dako, USA) was used in negative controls. Sections were next
incubated first with a biotinylated goat anti-rabbit IgG or horse anti-mouse IgG

(BA-1000 and BA-2000 respectively, Vector Laboratories, USA), then with an
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avidin-biotin-complex conjugated to horseradish peroxidase (PK-6100, Vector
Laboratories), each for 30 min at RT. All antibodies were incubated in blocking buffer
containing TBS, 0.1% Tween 20 and 10% FCS. Color was developed with
peroxidase substrate 3,3’-diaminobenzidine (DAB) (K3466; Dako). Sections were
counterstained with Harris hematoxylin (HHS16, Sigma-Aldrich), mounted in DPX
new mounting medium (100579, Sigma-Aldrich), and imaged using an Olympus
microscope fitted with a Fujix HC-2000 high resolution digital camera (Fujix, Tokyo,

Japan).

Cell culture and differentiation

Induced trophoblast stem cells (iTSCs) were maintained as previously (Liu et al.,
2020, Okae et al., 2018). Briefly, iTSCs were cultured in TSC medium consisted of
DMEM/F-12, GlutaMAX (ThermoFisher) supplemented with 0.3% BSA (Sigma),
0.2% FBS (ThermoFisher), 1% ITS-X supplement (ThermoFisher), 0.1 mM
2-mercaptoethanol (ThermoFisher), 0.5% penicillin—streptomycin (ThermoFisher),
1.5 pg/ml l-ascorbic acid (Sigma), 5 yM Y27632 (ROCK inhibitor; Selleckchem), 2
MM CHIR99021 (Miltenyi Biotec), 0.5 uM A83-01 (Sigma), 1 uM SB431542, 50 ng/ml
EGF (Peprotech) and 0.8 mM VPA (Sigma) onto 5 pg/ml collagen [V
(Sigma-Aldrich)-coated plates. The iTSCs were routinely passaged every 4-5 days

with medium replacement performed every other day.

Differentiation of iTSCs into STs and EVTs was performed and modified as
previously described (Okae et al., 2018). For the differentiation of iTSCs into STs,

iTSCs were seeded at a density of 3.75 x 10* cells per well onto a 24-well plate
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pre-coated with 2.5 ug/ml collagen IV (Sigma) and cultured in 500 pl ST
differentiation medium (DMEM/F-12, GlutaMAX (ThermoFisher) supplemented with
0.3% BSA (Sigma), 4% KSR (ThermoFisher), 1% ITS-X supplement (ThermoFisher),
0.1 mM 2-mercaptoethanol (ThermoFisher), 0.5% penicillin—streptomycin
(ThermoFisher), 2.5 yM Y27632 (Selleckchem) and 2 uM forskolin (Selleckchem)).
Medium was replaced on day 3 of differentiation, and cells were analysed on day 6.
For the differentiation of iTSCs into EVTs, iTSCs were seeded at a density of 3.4 x
10* cells per well onto a 24-well plate pre-coated with 1 ug/ml collagen IV (Sigma)
and cultured in 500 ul EVT differentiation medium (DMEM/F-12, GlutaMAX
(ThermoFisher) supplemented with 0.3% BSA (Sigma), 4% KSR (ThermoFisher),
1% ITS-X supplement (ThermoFisher), 0.1 mM 2-mercaptoethanol (ThermoFisher),
0.5% penicillin—streptomycin (ThermoFisher), 2.5 uM Y27632 (Selleckchem), 100
ng/ml hNRG1 (Cell Signaling), 7.5 yM A83-01 (Sigma) and 2% Matrigel (Corning).
On day 3 of differentiation, the medium was replaced with EVT differentiation
medium without hNRG1, and Matrigel (Corning) was added to a final concentration
of 0.5%. On day 6 of differentiation, EVT differentiation medium was replaced without
hNRG1 (Cell Signaling) and KSR (ThermoFisher), and Matrigel (Corning) was added
to 0.5% final concentration. The cells were cultured for an additional 2 days

before analyses were performed.

SARS-CoV-2 infection

Placental cells (TSCs, terminally differentiated EVTs/STs and differentiating STs) in
24 well plates were infected in duplicate or triplicate with 10* tissue-culture infectious
dose 50 (TCIDsy) of SARS-CoV-2 (Australia/VIC01/2020) for 1h. Virus was removed

and cells cultured in cell type-specific medium for 3 days. Supernatants were
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collected and medium replaced daily. Median TCIDs, in supernatants were
determined by 10-fold serial dilution in Vero cells and calculated using the Reed and
Muench method. RNA was extracted from supernatants using the QlAamp Viral RNA
mini kit (Qiagen) and E-gene expression assessed using the SensiFAST Probe
No-Rox One Step Kit (Bioline) and the following primers/probes: Fwd:
5-ACAGGTACGTTAATAGTTAATAGCGT -3, Rev: ATATTGCAGCAGTACGCACACA
and Probe: FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBAQ. Viral genomes were
interpolated using a standard curve generated by a plasmid containing the E-gene.

Each experiment was repeated independently at least twice.

Phage Library Isolation of anti-ACE2 mAbs

Biopanning for anti-ACE2 human antibodies using the CSL human antibody phage
library was performed as previously described (Panousis et al., 2016). Phages
displaying human Fabs were enriched after three rounds of biopanning on
biotinylated recombinant human ACE2 immobilised to streptavidin Dynabeads
(Dynal M-280, Invitrogen, cat # 112.06D). After the third round of panning, individual
clones were selected for further analyses by ELISA for the presence of human ACE2
binding phage. Positive clones were sequenced and annotated using the
International ImMunoGeneTics database (IMGT) and aligned in Geneious Prime.
Fabs from positive phage were reformatted into IgG1 expression plasmids and used
for transient expression in Expi293 cells. Human IgG1 antibodies were purified using

Protein-A affinity chromatography.
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Assessment of human antibody binding specificity by ELISA

96-well flat-bottomed MaxiSorp plates were coated with 50 pl of 125 nM recombinant
human or mouse ACE2 protein in PBS at room temperature for one hour. All washes
were done three times using PBS and 0.1% Tween (DPBS-T) and all incubations
were performed for one hour at room temperature. Coated plates were washed and
blocked by incubation with 4% skim milk solution. Plates were washed and then
incubated with 50 ul of 125 nM of anti-ACE2 mAbs. The plates were washed and
incubated with horseradish peroxidase (HRP)-conjugated Goat anti-Human IgG
secondary  antibody  (1:5000). After a final wash, 50 ppL of
azino-bis-3-ethylbenthiazoline-6-sulfonic acid (ABTS liquid substrate; Sigma) was
added and incubated in the dark at room temperature for 20 minutes and 50 uL of
1% SDS was used to stop the reaction. Absorbance was read at 405 nm and all

samples were done in duplicate.

Affinity measurements using bio-layer interferometry

Affinity determination measurements were performed on the Octet RED96e
(FortéBio). Assays were performed at 25 °C in solid black 96-well plates agitated at
1000 rpm. Kinetic buffer was composed of PBS pH 7.4 supplemented with 0.1%
(w/v) BSA and 0.05% (v/v) TWEEN-20. All assays were performed using anti-human
IgG Fc capture sensor tips (AHC) sensors (FortéBio). A 60 s biosensor baseline step
was applied before anti-ACE2 mAbs (5 mg/mL) were loaded onto AHC sensors. For
affinity measurements against human ACE2, antibodies were loaded by submerging
sensor tips for 200 s and then washed in kinetics buffer for 60 s. Association

measurements were performed by dipping into a two-fold dilution series of human
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ACE2 from 6 - 200 nM for 180 s and dissociation was measured in kinetics buffer for
180 s. Sensor tips were regenerated using a cycle of 5 s in 10 mM glycine pH 1.5
and 5 s in kinetic buffer repeated five times. Baseline drift was corrected by
subtracting the average shift of an antibody loaded sensor not incubated with protein
and an unloaded sensor incubated with protein. Curve fitting analysis was performed
with Octet Data Analysis 10.0 software using a global fit 1:1 model to determine K,
values and kinetic parameters. Curves that could not be fitted were excluded from
the analyses. Mean kinetic constants and standard error of the mean reported are

the result of three independent experiments.

ACE2 Blockade

For ACE2 blockade, placental cells were treated with either 20 pg/ml of both
WCSL141 and WCSL148 or 40 ug/ml of human IgG1 isotype control for 30 mins
prior to SARS-CoV-2 infection as above. Following virus removal, cells were cultured
in media containing 20 pg/ml of both ACE2-blocking antibodies or 40 ug/ml of
isotype control until the end of the experiment. Infectious virus titres and genome
copies were determined as above. Each experiment was repeated independently

twice.

bHCG and LDH detection

Supernatants collected on day 3 post infection were analysed for HCG and
LDH levels. bHCG was measured using the Abnova HCG ELISA Kit (Cat no.

KA4005) as per manufacturer's instructions. All supernatants were diluted
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1/2000 prior to analysis. LDH was measured using the Abcam LDH
cytotoxicity kit Il (Cat no. ab65393) as per manufacturer's instructions in undiluted

supernatants using a LDH standard curve.

Immunofluorescence

Cultured cells were fixed in 4% PFA (Sigma Aldrich) in PBS for 10 min and then
permeabilized in PBS containing 0.3% Triton X-100 (Sigma Aldrich). Cultures were
then incubated with primary antibodies followed by secondary antibodies (see
dilutions below). 4’,6-diamidino-2-phenylindole (DAPI) (1:1000) (Invitrogen, Thermo
Fisher Scientific) was added to visualize cell nuclei. Images were taken with a DMi8
inverted microscope (Leica). Primary antibodies used in the study were: anti-HCG
(ab9582, abcam, 1:200), anti-dsRNA (MABE1134, Merck, 1:200), anti-ACE2
(ab15348, abcam, 1:200), anti-GATA3 (MA1-028, Invitrogen, 1:100), and anti-HLA G
(ab7759, abcam, 1:50). Secondary antibodies used in the study (all 1:400) were
Alexa Fluor 488 goat anti-mouse IgG1 (A21121, Invitrogen, Thermo Fisher
Scientific), Alexa Fluor 555 goat anti-Rabbit IgG (A21428, Invitrogen, Thermo Fisher
Scientific), Alexa Fluor 555 goat anti-mouse 1gG2a (A21137, Invitrogen, Thermo
Fisher Scientific), Alexa Fluor 647 donkey anti-rabbit IgG (A31573, Invitrogen,

Thermo Fisher Scientific).

Image Analysis/Cell Quantification

Cell quantification was performed using the particle analysis option of the ImageJ

software (http://rsb.info.nih.gov/ij/). Four fields of view taken at 10x magnification


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

were scored first for DAPI-positive nuclei, followed by quantification of HCG and
dsRNA positive cell bodies. All data were analyzed by one-way analysis of variance
followed by Bonferroni's post-hoc-test to calculate p values. Data were quantified

from a total of three independent experiments.

RNA extraction and gPCR

RNA was extracted from cells using RNeasy micro kit (74004, Qiagen) and QIAcube
(Qiagen); or miRNeasy micro kit (217084, Qiagen) according to the manufacturer’s
instructions. Reverse transcription was then performed using QuantiTect reverse
transcription kit (Qiagen, catalogue no. 205311). Real-time PCR reactions were set
up in triplicates using QuantiFast SYBR Green PCR Kit (Qiagen) and then carried
out on the 7500 Real-Time PCR system (ThermoFisher) using LightCycler 480

software.

Gene expression analyses:

Pre-processing RNA-seq

Raw next generation RNA sequencing (RNA-seq) reads were obtained in FASTQ
format, and prior to demultiplexing the forward read FASTQ was trimmed with
trimmomatic to 18 nucleotides (nt) (the targeted read length as described above)
with the following parameters: SE -phred33 CROP:18 MINLEN:18 (Bolger et al.,
2014). FASTQ files were then demultiplexed with sabre (Joshi, 2011) with the

parameters pe -c -u -m 1 -1 10 -n for the barcode indexes as stated above. Following
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this, demultiplexed sample reads were filter-trimmed with trimmomatic to the
targeted read length of 101 nt, with the parameters SE -phred33 CROP:101
MINLEN:10 (Bolger et al.,, 2014). Sequencing reads were then mapped to a
customised genome, composed of both GENCODE’s GRCh38.p13 and human
SARS-CoV2 (RefSeq - NC_045512.2; see “Custom genome for mapping” below for
further details), with STAR v2.5.2b (Dobin et al., 2013) and the parameters:
--outSAMattributes All --alignintronMax 1000000 --alignEndsType Local. Aligned
BAM files were then sorted and indexed with sambamba (Tarasov et al., 2015) using
default parameters; followed by deduplication by unique molecular identifiers (UMIs)
using Je’s (v1.2) je markdupes function, with parameters: MM=0
REMOVE_DUPLICATES=true ASSUME_SORTED=true (Girardot et al., 2016).
Read counts were then generated with Subread’s (v1.5.2) featureCount function

(Liao et al., 2013), using default parameters.

Gene expression analyses of the human genome

For each set of analyses (STs infected with virus, STs infected with virus and treated
aACE2), genes mapped to the hSARS-CoV2 were first removed, and following this
genes with low counts were filtered out. Specifically, genes with less than 5 raw read
counts across all samples were removed, and genes with at least 1 count per million
(CPM) in a minimum of 2 samples were kept. Prior to library size normalisation,
normalisation factors were calculated with EdgeR’s (v3.32.1) calcNormFactors
function (Robinson et al., 2010). For differential gene expression analysis,
normalization and transformation were performed with Limma’s (v3.46.0) voom

function (Ritchie et al.,, 2015, Law et al., 2014). Differential gene testing was
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performed with Limma’s ImFit, makeContrasts, contrasts.fit, and eBayes functions.
For visualization purposes, this data was log2 CPM transformed using EdgeR’s cpm
function and parameters: prior = 1, log = TRUE, normalized.lib.sizes = TRUE.
Correspondence analyses were performed with MADE4 v1.64.0 (Culhane et al.,
2005). For all heatmap visualisations and where required, sample standardization
was performed by normalization to the mean expression of each gene. K-means
clustering was performed with R’s (v4.0.2) base function kmeans with parameters:
centers = 6, nstart = 25. K-means clustering was performed on the standardized
log2CPM data (which was averaged between replicates prior to standardization).
Hierarchical clustering was performed utilizing base R’s package stats (functions:
dist and hclust), with the distance measure canberra and linkage method Ward.D. A
set seed of 123 was used. Dendrogram visualization was performed with dendexted
v1.15.1 (parameter: k = 3) (Galili, 2015); 3D visualizations were performed with plotly
v4.9.4.1 (Sievert, 2020); heatmap Vvisualizations were performed with
ComplexHeatmap v2.6.2 (Gu et al., 2016); all other visualizations were performed
with ggplot2 v3.3.5 (Villanueva and Chen, 2019) and where required ggrepel v0.9.1
(Slowikowski et al., 2018). Gene ontology and pathway analyses were performed

with Metascape (http://metascape.org) (Zhou et al., 2019).

Gene expression analysis of the human SARS-CoV2 genome

To quantify the amount of expression of hSARS-CoV2 across all samples, the raw
counts data was utilized which included genes from both the human and
hSARS-CoV2 genes. The raw counts data was processed and visualised by the

same procedures as stated above (Gene expression analyses of the human
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genome). Specifically, it filtered, normalization factors were calculated, log2 CPM
counts and CPM (parameter: log = FALSE) counts were generated, as well as
standardized expressions. For visualization purposes, the expression of
hSARS-CoV2 genes across the respective genome were ordered by the genomic

feature’s starting base pair position.

Custom genome for mapping

As the libraries were generated with p(A) enrichment, to avoid multimapping of other
genes with ACE2, we generated a custom GENCODE’'s GRCh38.p13 genomic
reference files, where we removed the gene BMX. Additionally, we generated a
custom hSARS-CoV2 (NC_045512v2) genomic reference files based on SwissProt
precursor sequences (before cleavage) and Uniprot protein products (after cleavage)
annotations. A custom genome combining these human and hSARS-CoV2 genomes

was generated.

The protein products for annotation included: nsp1, nsp2, nsp3, nsp4, 3CL-PRO,
nsp6, nsp7, nsp8, nsp9, nsp10, Pol, Hel, ExoN, nsp15, nsp16, Spike protein S1,

Spike protein S2, ORF3a, E, M, ORF6. ORF7a, ORF7b, ORF8, N, and ORF10.
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Supplemental Figures
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Figure S1. Immunofluorescence images of dsRNA (Red) along with GATA3 (A,

TSCs; Green), HLA-G (B, EVTs; Green) or HCG (C, STs; Green) (32F cell lines).

Cells were counterstained with DAPI.
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Figure S2. Immunofluorescence images of ACE2 (Red) along with , HLA-G (EVTs;
Green) or HCG (STs; Green) on d1 to d6 (EVTs) and d1 to d5 (STs) in 32F cell lines
(A) and 55F cell line (B). C) Virus titre expressed in log,,TCIDs,/ml of 32F and 55F
STs on d2 to d5. D) Scoring of morphology of STs. i, iv, vii) Merged images of DAPI

(Blue), HCG (Green), dsRNA (Red), ACE2 (Magenta). ii, v, vii) Cell nucleus (DAPI)
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and outline of cells (ACE2) to mark multinucleated STs. iii) Merged HCG and dsRNA
images for differentiated dsRNA- (green arrows) and undifferentiated dsRNA- (blue
arrow, white outlined cell) cells. vi) Merged HCG and dsRNA images for
differentiated dsRNA+ (brown arrow) and undifferentiated dsRNA+ (purple arrow,
white outlined cell) cells. ix) Merged HCG and dsRNA images for differentiated
dsRNA- (green arrow) and undifferentiated dsRNA+ (purple arrow, white outlined
cell) cells. Scale bar=25um. n=3 technical replicates of a representative experiment

(C).
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Figure S3. Recognition specificity of recombinant ACE2 and binding kinetics of

anti-ACE2 monoclonal antibodies. (A) ELISA OD 45 .m Signal of anti-ACE2 mAbs

binding to human and mouse ACE2 (black and white bars respectively). Error bars

represent mean * standard deviation of technical duplicates. (B) Measured kinetic

rate constants and affinity data for human ACE2 binding to immobilised anti-ACE2

mADs.

(C) Representative binding curves of five different human ACE2

concentrations from 6 - 100 nM binding to immobilised anti-ACE2 mAb. Responses
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measured from the experiment are represented by the solid line, and curves globally
fit with a 1:1 binding model are represented by the dotted line. The isotype I1gG1

control does not recognise ACE2.
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Figure

S4. Transcriptome wide differences between STs under virus, mock and

treated conditions, as well as hSARS-CoV-2 expression in the ST samples. A)

Transcriptome-wide CoA of virus, mock and treated conditions of d3 infected STs. B)

RNA expression levels of hSARS-CoV-2 genomic elements in d3 STs under virus,

mock, and treated conditions. C) Hierarchically clustered heatmap of expression


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

levels across the SARS-CoV2 genomic elements for d3 STs under virus, mock and
treated conditions (dendrograms of clustering not shown). D) Functional enrichment
analysis for genes upregulated (k-means cluster 1) and downregulated (k-means

cluster 2) in STs infected with virus.
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Supplemental table legends

Table S1. RNA-seq analysis outputs. DGE analysis output of virus vs mock

samples related to Fig 3 (sheet 1). K-means clustering analysis output of

infected and mock samples, related to Fig 4 (sheet 2).


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

References

AGUIAR, D., LOBRINUS, J. A., SCHIBLER, M., FRACASSO, T. & LARDI, C. 2020.

Inside the lungs of COVID-19 disease. Int J Legal Med, 134, 1271-1274.

ARNHOLDT, H., MEISEL, F., FANDREY, K. & LOHRS, U. 1991. Proliferation of
villous trophoblast of the human placenta in normal and abnormal pregnancies.

Virchows Arch B Cell Pathol Incl Mol Pathol, 60, 365-72.

BAILEY, A. L., DMYTRENKO, O., GREENBERG, L., BREDEMEYER, A. L., MA, P,,
LIU, J., PENNA, V., WINKLER, E. S., SVIBEN, S., BROOKS, E., NAIR, A. P., HECK,
K. A, RALI, A. S., SIMPSON, L., SARIRIAN, M., HOBOHM, D., STUMP, W. T,
FITZPATRICK, J. A., XIE, X., ZHANG, X., SHI, P. Y,, HINSON, J. T., GI, W. T,
SCHMIDT, C., LEUSCHNER, F,, LIN, C. Y., DIAMOND, M. S., GREENBERG, M. J. &
LAVINE, K. J. 2021. SARS-CoV-2 Infects Human Engineered Heart Tissues and

Models COVID-19 Myocarditis. JACC Basic Transl Sci, 6, 331-345.

BEST ROCHA, A., STROBERG, E., BARTON, L. M., DUVAL, E. J,
MUKHOPADHYAY, S., YARID, N., CAZA, T, WILSON, J. D., KENAN, D. J.,
KUPERMAN, M., SHARMA, S. G. & LARSEN, C. P. 2020. Detection of SARS-CoV-2
in formalin-fixed paraffin-embedded tissue sections using commercially available

reagents. Lab Invest, 100, 1485-1489.

BHALLA, V., BLISH, C. A. & SOUTH, A. M. 2020. A historical perspective on ACE2

in the COVID-19 era. J Hum Hypertens.


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

BOJKOVA, D., WAGNER, J. U. G., SHUMLIAKIVSKA, M., ASLAN, G. S., SALEEM,
U., HANSEN, A., LUXAN, G., GUNTHER, S., PHAM, M. D., KRISHNAN, J.,
HARTER, P. N., ERMEL, U. H., FRANGAKIS, A. S., MILTING, H., ZEIHER, A. M.,
KLINGEL, K., CINATL, J., DENDORFER, A., ESCHENHAGEN, T., TSCHOPE, C,,
CIESEK, S. & DIMMELER, S. 2020. SARS-CoV-2 infects and induces cytotoxic

effects in human cardiomyocytes. Cardiovasc Res, 116, 2207-2215.

BOLGER, A. M., LOHSE, M. & USADEL, B. 2014. Trimmomatic: a flexible trimmer

for lllumina sequence data. Bioinformatics, 30, 2114-20.

BRADLEY, B. T., MAIOLI, H., JOHNSTON, R., CHAUDHRY, I, FINK, S. L., XU, H.,
NAJAFIAN, B., DEUTSCH, G., LACY, J. M., WILLIAMS, T., YARID, N. &
MARSHALL, D. A. 2020. Histopathology and ultrastructural findings of fatal

COVID-19 infections in Washington State: a case series. Lancet, 396, 320-332.

BROSNAHAN, S. B., JONKMAN, A. H., KUGLER, M. C., MUNGER, J. S. &
KAUFMAN, D. A. 2020. COVID-19 and Respiratory System Disorders: Current
Knowledge, Future Clinical and Translational Research Questions. Arterioscler

Thromb Vasc Biol, 40, 2586-2597.

CASTEL, G., MEISTERMANN, D., BRETIN, B., FIRMIN, J., BLIN, J., LOUBERSAC,
S., BRUNEAU, A., CHEVOLLEAU, S, KILENS, S., CHARIAU, C., GAIGNERIE, A,
FRANCHETEAU, Q. KAGAWA, H., CHARPENTIER, E., FLIPPE, L,

FRANCOIS-CAMPION, V., HAIDER, S., DIETRICH, B., KNOFLER, M., ARIMA, T.,


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

BOURDON, J., RIVRON, N., MASSON, D., FOURNIER, T., OKAE, H., FREOUR, T.
& DAVID, L. 2020. Induction of Human Trophoblast Stem Cells from Somatic Cells

and Pluripotent Stem Cells. Cell Rep, 33, 108419.

CULHANE, A. C., THIOULOUSE, J., PERRIERE, G. & HIGGINS, D. G. 2005.
MADE4: an R package for multivariate analysis of gene expression data.

Bioinformatics, 21, 2789-90.

DANILOSKI, Z., JORDAN, T. X., WESSELS, H. H., HOAGLAND, D. A., KASELA, S.,
LEGUT, M., MANIATIS, S., MIMITOU, E. P, LU, L., GELLER, E., DANZIGER, O.,
ROSENBERG, B. R., PHATNANI, H., SMIBERT, P., LAPPALAINEN, T., TENOEVER,
B. R. & SANJANA, N. E. 2021. Identification of Required Host Factors for

SARS-CoV-2 Infection in Human Cells. Cell, 184, 92-105 e16.

DOBIN, A., DAVIS, C. A., SCHLESINGER, F., DRENKOW, J., ZALESKI, C., JHA, S,
BATUT, P., CHAISSON, M. & GINGERAS, T. R. 2013. STAR: ultrafast universal

RNA-seq aligner. Bioinformatics, 29, 15-21.

DONG, J., HUANG, B., JIA, Z., WANG, B., GALLOLU KANKANAMALAGE, S.,
TITONG, A. & LIU, Y. 2020. Development of multi-specific humanized llama
antibodies blocking SARS-CoV-2/ACE2 interaction with high affinity and avidity.

Emerg Microbes Infect, 9, 1034-1036.

GALILI, T. 2015. dendextend: an R package for visualizing, adjusting and comparing

trees of hierarchical clustering. Bioinformatics, 31, 3718-20.


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

GARRIDO-PONTNOU, M., NAVARRO, A., CAMACHO, J.,, CRISPI, F,
ALGUACIL-GUILLEN, M., MORENO-BARO, A., HERNANDEZ-LOSA, J., SESE, M.,
RAMON, Y. C. S., GARCIA RUIZ, I., SERRANO, B., GARCIA-AGUILAR, P., SUY, A.,
FERRERES, J. C. & NADAL, A. 2021. Diffuse trophoblast damage is the hallmark of

SARS-CoV-2-associated fetal demise. Mod Pathol.

GIRARDOT, C., SCHOLTALBERS, J., SAUER, S., SU, S. Y. & FURLONG, E. E.
2016. Je, a versatile suite to handle multiplexed NGS libraries with unique molecular

identifiers. BMC Bioinformatics, 17, 419.

GOVORKOVA, E. A., MURTI, G., MEIGNIER, B., DE TAISNE, C. & WEBSTER, R.
G. 1996. African green monkey kidney (Vero) cells provide an alternative host cell

system for influenza A and B viruses. J Virol, 70, 5519-24.

GRASSELLI, G., TONETTI, T., PROTTI, A., LANGER, T., GIRARDIS, M., BELLANI,
G., LAFFEY, J., CARRAFIELLO, G., CARSANA, L., RIZZUTO, C., ZANELLA, A,
SCARAVILLI, V., PIZZILLI, G., GRIECO, D. L., DI MEGLIO, L., DE PASCALE, G.,
LANZA, E., MONTEDURO, F., ZOMPATORI, M., FILIPPINI, C., LOCATELLI, F.,
CECCONI, M., FUMAGALLI, R., NAVA, S., VINCENT, J. L., ANTONELLI, M.,
SLUTSKY, A. S., PESENTI, A., RANIERI, V. M. & COLLABORATORS 2020.
Pathophysiology of COVID-19-associated acute respiratory distress syndrome: a

multicentre prospective observational study. Lancet Respir Med, 8, 1201-1208.

GRUBMAN, A., CHOOQO, X. Y., CHEW, G., OUYANG, J. F,, SUN, G., CROFT, N. P,

ROSSELLO, F. J., SIMMONS, R., BUCKBERRY, S., LANDIN, D. V., PFLUEGER, J.,


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

VANDEKOLK, T. H., ABAY, Z., ZHOU, Y., LIU, X., CHEN, J., LARCOMBE, M.,
HAYNES, J. M., MCLEAN, C., WILLIAMS, S., CHAI, S. Y., WILSON, T, LISTER, R,
POUTON, C. W., PURCELL, A. W., RACKHAM, O. J. L., PETRETTO, E. & POLO, J.
M. 2021. Transcriptional signature in microglia associated with Abeta plaque

phagocytosis. Nat Commun, 12, 3015.

GU, Z., EILS, R. & SCHLESNER, M. 2016. Complex heatmaps reveal patterns and

correlations in multidimensional genomic data. Bioinformatics, 32, 2847-9.

HAMMING, I., TIMENS, W., BULTHUIS, M. L., LELY, A. T., NAVIS, G. & VAN GOOR,
H. 2004. Tissue distribution of ACE2 protein, the functional receptor for SARS

coronavirus. A first step in understanding SARS pathogenesis. J Pathol, 203, 631-7.

HAN, Y., DUAN, X., YANG, L., NILSSON-PAYANT, B. E., WANG, P., DUAN, F,,
TANG, X., YARON, T. M., ZHANG, T. & UHL, S. 2021. Identification of SARS-CoV-2

inhibitors using lung and colonic organoids. Nature, 589, 270-275.

HECHT, J. L., QUADE, B., DESHPANDE, V., MINO-KENUDSON, M., TING, D. T,
DESAI, N., DYGULSKA, B., HEYMAN, T., SALAFIA, C., SHEN, D., BATES, S. V. &
ROBERTS, D. J. 2020. SARS-CoV-2 can infect the placenta and is not associated
with specific placental histopathology: a series of 19 placentas from

COVID-19-positive mothers. Mod Pathol, 33, 2092-2103.

HOFFMANN, M., HOFMANN-WINKLER, H., SMITH, J. C., KRUGER, N., ARORA,

P., SORENSEN, L. K., SOGAARD, O. S., HASSELSTROM, J. B., WINKLER, M.,


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

HEMPEL, T., RAICH, L., OLSSON, S., DANOV, O., JONIGK, D., YAMAZOCE, T,
YAMATSUTA, K., MIZUNO, H., LUDWIG, S., NOE, F., KIOLBY, M., BRAUN, A,
SHELTZER, J. M. & POHLMANN, S. 2021. Camostat mesylate inhibits SARS-CoV-2
activation by TMPRSS2-related proteases and its metabolite GBPA exerts antiviral

activity. EBioMedicine, 65, 103255.

HOFFMANN, M., KLEINE-WEBER, H., SCHROEDER, S., KRUGER, N., HERRLER,
T., ERICHSEN, S., SCHIERGENS, T. S., HERRLER, G., WU, N. H., NITSCHE, A.,
MULLER, M. A, DROSTEN, C. & POHLMANN, S. 2020. SARS-CoV-2 Cell Entry
Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease

Inhibitor. Cell, 181, 271-280 e8.

HOSIER, H., FARHADIAN, S. F., MOROTTI, R. A., DESHMUKH, U., LU-CULLIGAN,
A., CAMPBELL, K. H., YASUMOTO, Y., VOGELS, C. B., CASANOVAS-MASSANA,
A., VIUAYAKUMAR, P., GENG, B., ODIO, C. D., FOURNIER, J., BRITO, A. F.,
FAUVER, J. R, LIU, F., ALPERT, T., TAL, R., SZIGETI-BUCK, K., PERINCHERI, S.,
LARSEN, C., GARIEPY, A. M., AGUILAR, G., FARDELMANN, K. L., HARIGOPAL,
M., TAYLOR, H. S., PETTKER, C. M., WYLLIE, A. L., CRUZ, C. D., RING, A. M.,
GRUBAUGH, N. D., KO, A. I., HORVATH, T. L., IWASAKI, A., REDDY, U. M. &
LIPKIND, H. S. 2020. SARS-CoV-2 infection of the placenta. J Clin Invest, 130,

4947-4953.

HUANG, J., HUME, A. J., ABO, K. M., WERDER, R. B., VILLACORTA-MARTIN, C.,
ALYSANDRATOS, K. D., BEERMANN, M. L. SIMONE-ROACH, C,

LINDSTROM-VAUTRIN, J., OLEJNIK, J., SUDER, E. L., BULLITT, E., HINDS, A,


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

SHARMA, A., BOSMANN, M., WANG, R., HAWKINS, F., BURKS, E. J., SAEED, M.,
WILSON, A. A.,, MUHLBERGER, E. & KOTTON, D. N. 2020. SARS-CoV-2 Infection
of Pluripotent Stem Cell-Derived Human Lung Alveolar Type 2 Cells Elicits a Rapid

Epithelial-Intrinsic Inflammatory Response. Cell Stem Cell, 27, 962-973 e7.

JANG, W. K., LEE, S. Y., PARK, S., RYOO, N. H.,, HWANG, |, PARK, J. M. & BAE,
J. G. 2021. Pregnancy Outcome, Antibodies, and Placental Pathology in
SARS-CoV-2 Infection during Early Pregnancy. Int J Environ Res Public Health, 18.

JING, Y., RUN-QIAN, L., HAO-RAN, W., HAO-RAN, C., YA-BIN, L., YANG, G. & FEl,
C. 2020. Potential influence of COVID-19/ACE2 on the female reproductive system.

Mol Hum Reprod, 26, 367-373.

JOSHI, N. 2011. Sabre: a barcode demultiplexing and trimming tool for FastQ files.

GitHub: San Francisco, CA, USA.

KOI, H., ZHANG, J. & PARRY, S. 2001. The mechanisms of placental viral infection.

Ann N 'Y Acad Sci, 943, 148-56.

KREIS, N. N., RITTER, A., LOUWEN, F. & YUAN, J. 2020. A Message from the
Human Placenta: Structural and Immunomodulatory Defense against SARS-CoV-2.

Cells, 9.

KSIAZEK, T. G., ERDMAN, D., GOLDSMITH, C. S., ZAKI, S. R., PERET, T., EMERY,
S., TONG, S., URBANI, C., COMER, J. A,, LIM, W,, ROLLIN, P. E., DOWELL, S. F,,

LING, A. E.,, HUMPHREY, C. D., SHIEH, W. J., GUARNER, J., PADDOCK, C. D.,


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

ROTA, P, FIELDS, B., DERISI, J., YANG, J. Y., COX, N., HUGHES, J. M., LEDUC,
J. W., BELLINI, W. J., ANDERSON, L. J. & GROUP, S. W. 2003. A novel coronavirus

associated with severe acute respiratory syndrome. N Engl J Med, 348, 1953-66.

LAMERS, M. M., BEUMER, J., VAN DER VAART, J., KNOOPS, K., PUSCHHOF, J.,
BREUGEM, T. I, RAVELLI, R. B. G., PAUL VAN SCHAYCK, J., MYKYTYN, A. Z,,
DUIMEL, H. Q., VAN DONSELAAR, E., RIESEBOSCH, S., KUIJPERS, H. J. H,,
SCHIPPER, D., VAN DE WETERING, W. J., DE GRAAF, M., KOOPMANS, M.,
CUPPEN, E., PETERS, P. J., HAAGMANS, B. L. & CLEVERS, H. 2020.

SARS-CoV-2 productively infects human gut enterocytes. Science, 369, 50-54.

LAW, C. W., CHEN, Y., SHI, W. & SMYTH, G. K. 2014. voom: Precision weights

unlock linear model analysis tools for RNA-seq read counts. Genome Biol, 15, R29.

LI, Y., RENNER, D. M., COMAR, C. E., WHELAN, J. N., REYES, H. M,
CARDENAS-DIAZ, F. L., TRUITT, R., TAN, L. H., DONG, B., ALYSANDRATOS, K.
D., HUANG, J., PALMER, J. N., ADAPPA, N. D., KOHANSKI, M. A., KOTTON, D. N.,
SILVERMAN, R. H., YANG, W., MORRISEY, E. E., COHEN, N. A. & WEISS, S. R.
2021. SARS-CoV-2 induces double-stranded RNA-mediated innate immune
responses in respiratory epithelial-derived cells and cardiomyocytes. Proc Natl Acad

Sci U S A, 118.

LIAO, Y., SMYTH, G. K. & SHI, W. 2013. The Subread aligner: fast, accurate and

scalable read mapping by seed-and-vote. Nucleic Acids Res, 41, e108.


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

LIU, X., OUYANG, J. F.,, ROSSELLO, F. J., TAN, J. P, DAVIDSON, K. C., VALDES,
D. S., SCHRODER, J., SUN, Y. B. Y., CHEN, J., KNAUPP, A. S., SUN, G., CHY, H.
S., HUANG, Z., PFLUEGER, J., FIRAS, J., TANO, V., BUCKBERRY, S., PAYNTER,
J. M., LARCOMBE, M. R., POPPE, D., CHOOQO, X. Y., O'BRIEN, C. M., PASTOR, W.
A., CHEN, D., LEICHTER, A. L., NAEEM, H., TRIPATHI, P., DAS, P. P., GRUBMAN,
A., POWELL, D. R., LASLETT, A. L., DAVID, L., NILSSON, S. K., CLARK, A. T,,
LISTER, R., NEFZGER, C. M., MARTELOTTO, L. G., RACKHAM, O. J. L. & POLO,
J. M. 2020. Reprogramming roadmap reveals route to human induced trophoblast

stem cells. Nature, 586, 101-107.

LONG, B., BRADY, W. J., KOYFMAN, A. & GOTTLIEB, M. 2020. Cardiovascular

complications in COVID-19. Am J Emerg Med, 38, 1504-1507.

MANASTER, |. & MANDELBOIM, O. 2010. The unique properties of uterine NK

cells. Am J Reprod Immunol, 63, 434-44.

MANTLO, E., BUKREYEVA, N., MARUYAMA, J., PAESSLER, S. & HUANG, C.
2020. Antiviral activities of type | interferons to SARS-CoV-2 infection. Antiviral Res,

179, 104811.

MONTEIL, V., KWON, H., PRADO, P, HAGELKRUYS, A., WIMMER, R. A., STAHL,
M., LEOPOLDI, A., GARRETA, E., HURTADO DEL POZO, C., PROSPER, F,
ROMERO, J. P, WIRNSBERGER, G., ZHANG, H., SLUTSKY, A. S., CONDER, R,

MONTSERRAT, N., MIRAZIMI, A. & PENNINGER, J. M. 2020. Inhibition of


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

SARS-CoV-2 Infections in Engineered Human Tissues Using Clinical-Grade Soluble

Human ACE2. Cell, 181, 905-913 e7.

MOROTTI, D., CADAMURO, M., RIGOLI, E., SONZOGNI, A., GIANATTI, A,
PAROLIN, C., PATANE, L. & SCHWARTZ, D. A. 2021. Molecular Pathology Analysis
of SARS-CoV-2 in Syncytiotrophoblast and Hofbauer Cells in Placenta from a

Pregnant Woman and Fetus with COVID-19. Pathogens, 10.

MULAY, A., KONDA, B., GARCIA, G., JR,, YAO, C., BEIL, S., VILLALBA, J. M.,
KOZzZIOL, C., SEN, C., PURKAYASTHA, A., KOLLS, J. K., POCIASK, D. A,
PESSINA, P., DE AJA, J. S., GARCIA-DE-ALBA, C., KIM, C. F., GOMPERTS, B.,
ARUMUGASWAMI, V. & STRIPP, B. R. 2021. SARS-CoV-2 infection of primary
human lung epithelium for COVID-19 modeling and drug discovery. Cell Rep, 35,

109055.

NWABUORBI, C., ARLIER, S., SCHATZ, F., GUZELOGLU-KAYISLI, O., LOCKWOOD,
C. J. & KAYISLI, U. A. 2017. hCG: Biological Functions and Clinical Applications. Int

J Mol Sci, 18.

OKAE, H., TOH, H., SATO, T., HIURA, H., TAKAHASHI, S., SHIRANE, K,
KABAYAMA, Y., SUYAMA, M., SASAKI, H. & ARIMA, T. 2018. Derivation of Human

Trophoblast Stem Cells. Cell Stem Cell, 22, 50-63 €6.

PANOUSIS, C., DHAGAT, U.,, EDWARDS, K. M., RAYZMAN, V., HARDY, M. P,

BRALEY, H., GAUVREAU, G. M., HERCUS, T. R.,, SMITH, S., SEHMI, R,


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

MCMILLAN, L., DOTTORE, M., MCCLURE, B. J., FABRI, L. J., VAIRO, G., LOPEZ,
A. F., PARKER, M. W., NASH, A. D., WILSON, N. J., WILSON, M. J. & OWCZAREK,
C. M. 2016. CSL311, a novel, potent, therapeutic monoclonal antibody for the
treatment of diseases mediated by the common beta chain of the IL-3, GM-CSF and

IL-5 receptors. MAbs, 8, 436-53.

PATANE, L., MOROTTI, D., GIUNTA, M. R., SIGISMONDI, C., PICCOLI, M. G.,
FRIGERIO, L., MANGILI, G., AROSIO, M. & CORNOLTI, G. 2020. Vertical
transmission of coronavirus disease 2019: severe acute respiratory syndrome
coronavirus 2 RNA on the fetal side of the placenta in pregnancies with coronavirus
disease 2019-positive mothers and neonates at birth. Am J Obstet Gynecol MFM, 2,

100145.

PEI, R., FENG, J., ZHANG, Y., SUN, H., LI, L., YANG, X., HE, J., XIAO, S., XIONG,
J., LIN, Y., WEN, K., ZHOU, H., CHEN, J., RONG, Z. & CHEN, X. 2020. Host
metabolism dysregulation and cell tropism identification in human airway and

alveolar organoids upon SARS-CoV-2 infection. Protein Cell.

PEREZ-BERMEJO, J. A., KANG, S., ROCKWOOD, S. J., SIMONEAU, C. R., JOY,
D. A, SILVA, A. C., RAMADOSS, G. N., FLANIGAN, W. R., FOZOUNI, P,, LI, H.,
CHEN, P. Y., NAKAMURA, K., WHITMAN, J. D., HANSON, P. J., MCMANUS, B. M.,
OTT, M., CONKLIN, B. R. & MCDEVITT, T. C. 2021. SARS-CoV-2 infection of human
iPSC-derived cardiac cells reflects cytopathic features in hearts of patients with

COVID-19. Sci Transl Med, 13.


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

PRINGLE, K. G., TADROS, M. A, CALLISTER, R. J. & LUMBERS, E. R. 2011. The
expression and localization of the human placental prorenin/renin-angiotensin
system throughout pregnancy: roles in trophoblast invasion and angiogenesis?

Placenta, 32, 956-62.

RITCHIE, M. E., PHIPSON, B., WU, D., HU, Y., LAW, C. W., SHI, W. & SMYTH, G.
K. 2015. limma powers differential expression analyses for RNA-sequencing and

microarray studies. Nucleic Acids Res, 43, e47.

ROBINSON, M. D., MCCARTHY, D. J. & SMYTH, G. K. 2010. edgeR: a
Bioconductor package for differential expression analysis of digital gene expression

data. Bioinformatics, 26, 139-40.

SIEVERT, C. 2020. Interactive web-based data visualization with R, plotly, and shiny,

CRC Press.

SLOWIKOWSKI, K., SCHEP, A., HUGHES, S., LUKAUSKAS, S., IRISSON, J.-O.,
KAMVAR, Z. N., RYAN, T., CHRISTOPHE, D., HIROAKI, Y. & GRAMME, P. 2018.

Package ggrepel. Automatically position non-overlapping text labels with ‘ggplot2.

SURYAWANSHI, R. K., KOGANTI, R., AGELIDIS, A., PATIL, C. D. & SHUKLA, D.
2021. Dysregulation of Cell Signaling by SARS-CoV-2. Trends Microbiol, 29,

224-237.


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

TAKAYAMA, K. 2020. In Vitro and Animal Models for SARS-CoV-2 research. Trends

Pharmacol Sci, 41, 513-517.

TARASOV, A., VILELLA, A. J., CUPPEN, E., NIUMAN, I. J. & PRINS, P. 2015.

Sambamba: fast processing of NGS alignment formats. Bioinformatics, 31, 2032-4.

VALDES, G., NEVES, L. A., ANTON, L., CORTHORN, J., CHACON, C., GERMAIN,
A. M., MERRILL, D. C., FERRARIO, C. M., SARAO, R., PENNINGER, J. &
BROSNIHAN, K. B. 2006. Distribution of angiotensin-(1-7) and ACE2 in human

placentas of normal and pathological pregnancies. Placenta, 27, 200-7.

VALDESPINO-VAZQUEZ, M. Y., HELGUERA-REPETTO, C. A., LEON-JUAREZ, M.,
VILLAVICENCIO-CARRISOZA, O., FLORES-PLIEGO, A., MORENO-VERDUZCO,
E. R, DIAZ-PEREZ, D. L., VILLEGAS-MOTA, |, CARRASCO-RAMIREZ, E.,
LOPEZ-MARTINEZ, |I. E., GIRALDO-GOMEZ, D. M., LIRA, R,
YOCUPICIO-MONROY, M., RODRIGUEZ-BOSCH, M., SEVILLA-REYES, E. E.,
CORTES-BONILLA, M., ACEVEDO-GALLEGOS, S., MERCHANT-LARIOS, H.,
CARDONA-PEREZ, J. A. & IRLES, C. 2021. Fetal and placental infection with

SARS-CoV-2 in early pregnancy. J Med Virol, 93, 4480-4487.

VILLANUEVA, R. A. M. & CHEN, Z. J. 2019. ggplot2: elegant graphics for data

analysis. Taylor & Francis.

YANG, X, YU, Y., XU, J., SHU, H., XIA, J,, LIU, H., WU, Y., ZHANG, L., YU, Z,

FANG, M., YU, T.,, WANG, Y., PAN, S., ZOU, X., YUAN, S. & SHANG, Y. 2020.


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Clinical course and outcomes of critically ill patients with SARS-CoV-2 pneumonia in
Wuhan, China: a single-centered, retrospective, observational study. Lancet Respir

Med, 8, 475-481.

ZHAO, B., NI, C., GAO, R., WANG, Y., YANG, L., WEI, J., LV, T., LIANG, J., ZHANG,
Q., XU, W,, XIE, Y., WANG, X., YUAN, Z., LIANG, J., ZHANG, R. & LIN, X. 2020.
Recapitulation of SARS-CoV-2 infection and cholangiocyte damage with human liver

ductal organoids. Protein Cell, 11, 771-775.

ZHOU, P., YANG, X. L., WANG, X. G., HU, B., ZHANG, L., ZHANG, W, SI, H. R,,
ZHU, Y., LI, B., HUANG, C. L., CHEN, H. D., CHEN, J., LUO, Y., GUO, H., JIANG, R.
D, LIU, M. Q., CHEN, Y,, SHEN, X. R., WANG, X., ZHENG, X. S., ZHAO, K., CHEN,
Q. J., DENG, F, LIU, L. L., YAN, B., ZHAN, F. X.,, WANG, Y. Y, XIAO, G. F. & SHI, Z.
L. 2020. A pneumonia outbreak associated with a new coronavirus of probable bat

origin. Nature, 579, 270-273.

ZHOU, Y., ZHOU, B., PACHE, L., CHANG, M., KHODABAKHSHI, A. H.,
TANASEICHUK, O., BENNER, C. & CHANDA, S. K. 2019. Metascape provides a

biologist-oriented resource for the analysis of systems-level datasets. Nat Commun,

10, 1523.

ZHU, N., ZHANG, D., WANG, W., LI, X., YANG, B., SONG, J., ZHAO, X., HUANG,
B., SHI, W., LU, R., NIU, P,, ZHAN, F., MA, X., WANG, D., XU, W., WU, G., GAO, G.

F., TAN, W., CHINA NOVEL CORONAVIRUS, I. & RESEARCH, T. 2020. A Novel


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.27.465224; this version posted October 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Coronavirus from Patients with Pneumonia in China, 2019. N Engl J Med, 382,

727-733.


https://doi.org/10.1101/2021.10.27.465224
http://creativecommons.org/licenses/by-nc-nd/4.0/

