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In brief

Fahmi et al. use precision-cut slices of
human placental tissue to study SARS-
CoV-2 infection at the maternal-fetal
interface. They demonstrate that SARS-
CoV-2 infects several cellular
compartments and propagates in human
placenta. In addition, the authors find a
significant association between placental
ACE2 expression levels and the release of
infectious SARS-CoV-2.
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SUMMARY

The ongoing SARS-CoV-2 pandemic continues to lead to high morbidity and mortality. During pregnancy, se-
vere maternal and neonatal outcomes and placental pathological changes have been described. We evaluate
SARS-CoV-2 infection at the maternal-fetal interface using precision-cut slices (PCSs) of human placenta.
Remarkably, exposure of placenta PCSs to SARS-CoV-2 leads to a full replication cycle with infectious virus
release. Moreover, the susceptibility of placental tissue to SARS-CoV-2 replication relates to the expression
levels of ACE2. Viral proteins and/or viral RNA are detected in syncytiotrophoblasts, cytotrophoblasts, villous
stroma, and possibly Hofbauer cells. While SARS-CoV-2 infection of placenta PCSs does not cause a detect-
able cytotoxicity or a pro-inflammatory cytokine response, an upregulation of one order of magnitude of
interferon type lll transcripts is measured. In conclusion, our data demonstrate the capacity of SARS-
CoV-2 to infect and propagate in human placenta and constitute a basis for further investigation of SARS-

CoV-2 biology at the maternal-fetal interface.

INTRODUCTION

The ongoing coronavirus disease 2019 (COVID-19) pandemic is
caused by infection with severe acute respiratory syndrome-
coronavirus 2 (SARS-CoV-2), a betacoronavirus with major
similarities to SARS-CoV, the causative pathogen of SARS.
The cell surface receptor for both viruses, the angiotensin-con-
verting enzyme 2 (ACE?2), is highly expressed by epithelial cells
of the upper and lower respiratory tract." In addition, SARS-
CoV and SARS-CoV-2 both use the endogenous plasma mem-
brane serine protease transmembrane serine protease 2
(TMPRSS2) as a factor for priming and activation. Interestingly,
the expression of ACE2 and TMPRSS2 are not restricted to the
lung tissue but are also expressed in cardiomyocytes, entero-
cytes, endothelial cells, and placental trophoblasts, indicating
that SARS-CoV-2 may have a wide cellular tropism.?® Several
extrapulmonary complications are described, including acute
cardiac and kidney injury, neurological and gastrointestinal
manifestations, endothelial damage, and thrombosis in various
organs.”®

There is epidemiologic evidence that pregnant women have
an elevated risk of developing severe COVID-19 in compari-
son to age-matched non-pregnant women.®"'" Also, up to
40% of SARS-CoV-2 infections during pregnancy are associ-
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ated with adverse outcomes such as prematurity, miscarriage,
preeclampsia, and stillbirth.>'?~'* Large cohort studies have
shown that preterm birth, stillbirth, and preeclampsia were
significantly increased.'® Furthermore, there are indications
from several case reports that SARS-CoV-2 infection during
pregnancy is associated with placental pathological changes,
including placentitis, intervillositis, fibrin deposition, and
decidual vascular injury.'*'®"'® Moreover, placental infec-
tion was reported with the presence of the viral RNA in
the umbilical cord, the placental villi, fetal membranes,
and trophoblasts, raising concerns that SARS-CoV-2 could
affect fetal development.?®?! Severe neonatal COVID-19 is
described and sporadic cases of vertical transmission were
reported.”2¢

Assuming the critical nourishing and protecting functions of
the placenta, it is crucial to evaluate in further detail the impact
of SARS-CoV-2 infection during pregnancy. However, due to
the high degree of interspecies placenta diversity, animal
models of human placenta diseases are of limited relevance.”’
To recapitulate human biology at the maternal-fetal interface,
we used an ex vivo model based on organotypic cultures of
precision-cut slices (PCSs) of human placenta and evaluated
the permissiveness and tropism of third-trimester placenta to
SARS-CoV-2.
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Figure 1. SARS-CoV-2 is propagating in hu-
man placenta PCSs

(A) Placenta PCSs were prepared as slices of 500-
700 um and challenged with SARS-CoV-2 at a rate
of 5 x 10° PFU per slice and analyzed 24-120 h p.i.
(B) Representative stereomicroscopic image
showing a preserved villous microstructure of
placenta PCSs after 120 h of culture. Scale bar,
500 pm.

(C) Representative 3D rendering micrograph of the
syncytiotrophoblast (BLC-2, green) and tropho-
blast (TROP-2, red) layers in placenta PCS cul-
tures. DAPI (blue). Scale bar, 30 um.

(D) WD-NECs were infected apically with 5 x 10*
PFU per insert. The infectious virus release was
evaluated in apical washes 24 to 72 h p.i. Each
symbol represents an individual donor (n = 3). The
input indicates the virus titer adjusted to the
volume of inoculum and the horizontal dashed line
indicates the baseline measured in mock controls
and defined as the detection limit of the PFU
assay.

(E) Shedding of infectious virus over time by
placenta PCSs exposed to 5 x 10° PFU of SARS-
CoV-2. Each symbol represents an individual
donor (n = 7). The input indicates the virus titer
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adjusted to the volume of inoculum and the hori-
zontal dashed line indicates the baseline in mock
controls and defined as the detection limit of the
PFU assay.

(F) ACE2 and TMPRSS2 mRNA expression levels in
non-infected WD-NECs and placenta PCS cul-
tures. Boxplots indicate the median value (center-
line) and interquartile ranges (box edges), with
whiskers extending to the lowest and the highest
values. Each symbol represents an individual
donor (n =3 and n = 7, respectively).

(G and H) Correlation of SARS-CoV-2 titers 120 h
* p.i. of placenta PCSs and ACE2 (G) and TMPRSS2
(H) mRNA levels. Associations were tested using
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RESULTS

Following childbirth, placenta PCSs with a thickness of 500 to
700 um were prepared and exposed to SARS-CoV-2 or mock
treated and analyzed 24-120 h post-infection (p.i.) (Figure 1A).
The stereomicroscopic picture in Figure 1B indicates that villous
and microstructure in placenta PCSs were preserved following
culture over a prolonged period (Figure 1B). To further charac-
terize placenta PCS cultures, we used B cell lymphoma 2
(BCL-2) and trophoblast cell-surface antigen 2 (TROP-2), to visu-
alize syncytiotrophoblasts and cytotrophoblasts, respec-
tively.?®?° We detected a sharp BCL-2 signal at the surface of
the villi with partial overlap with TROP-2, the latter also being de-
tected in the stroma of the villi (Figure 1C). To study the biology of
SARS-CoV-2 in human placenta, we exposed PCS cultures to
the virus and collected cell culture media and tissue at selected
times p.i. As a positive control, we used a surrogate model of the
nasal epithelium, well-differentiated primary human nasal
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TMPRSS2 mRNA level

103 the Spearman rank correlation test. Each symbol

T al
4 5
19 e represents an individual donor (n = 7).

epithelial cells (WD-NECs) cultured at the air-liquid interface
(ALI). As expected, following infection of WD-NECs with SARS-
CoV-2, we observed an exponential increase in infectious virus
in apical washes as assessed with a plaque-forming unit (PFU)
assay (Figure 1D). Upon infection of placenta PCSs with
SARS-CoV-2, we detected an increase in infectious virus release
over time in six of seven donors tested, demonstrating that
SARS-CoV-2 is propagating in human placenta (Figure 1E).
Notably, 50% of susceptible donors led to high levels of infec-
tious virus release, while the others led to rather modest levels.
This observation prompted us to determine whether the high
variability observed between placenta PCSs donors could be
related to ACE2 and/or TMPRSS2 expression. Thus, we
measured their mRNA level in non-infected placenta PCSs in
comparison to WD-NECs. In line with the robust replication ki-
netics of SARS-CoV-2 in WD-NECs, we measured significantly
lower levels of both molecules in placenta PCSs in comparison
to WD-NECs (p < 0.05; Figure 1F). Furthermore, when placental



Cell Reports Medicine ¢ CelPress

A SARS-CoV-2
'S’:?Rr\‘l./;‘)bH:emaiox;li\h —
? 24hpi. 72hpi. 120 hp..

c Mock 72hpi.  120hpi E  Mock 24hpi.  72hpi.  120hp..

(legend on next page)

Cell Reports Medicine 2, 100456, December 21, 2021 3



¢ CellPress

OPEN ACCESS

>

Pro-inflammatory

D
o
-
(=)
©
J

1010

Cell Reports Medicine

Figure 3. Human placenta PCS responses
following SARS-CoV-2 infection
(A) LDH release in placenta PCSs exposed to 5 x
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ACE2 and TMPRSS2 mRNA levels were plotted as a function of
infectious virus release, a significant positive association was
found for ACE2, suggesting that the susceptibility of human
placenta to SARS-CoV-2 infection is related to the expression
level of ACE2 (p < 0.01; Figures 1G and 1H).

The infection of human placenta by SARS-CoV-2 is further
demonstrated by the detection of the Spike (S) glycoprotein
RNA using an in situ hybridization approach. The signal was de-
tected in the cell layer at the surface of the villi, indicating infec-
tion of syncytiotrophoblasts, but also sporadically underneath
the syncytiotrophoblast, suggesting infection of cytotropho-
blasts. Furthermore, we observed the presence of the viral S
protein RNA in the stroma of the villi, indicating the potential
infection of mesenchymal cells. Within the stroma, we also
observed S RNA™ cells with a morphology compatible with
Hofbauer cells (Figure 2A). To confirm further the SARS-CoV-2
replication in human placenta, we analyzed the subcellular local-
ization of the nucleocapsid (N) protein, a structural glycoprotein
of SARS-CoV-2, which is central to the packaging and protection
of viral genome and part of the coronavirus replication com-
plex.*® Notably, these mechanisms take place within the endo-
plasmic reticulum (ER) and the Golgi compartments.®’ We
selected calnexin (CANX), a molecular chaperone of the ER,
involved in the maturation of structural viral glycoproteins
of numerous viruses.’” The SARS-CoV-2 N protein signal
was localized in the outer layer of the villi corresponding to the
syncytiotrophoblast and occasionally in the core of the villi. Con-
trary to mock-infected control tissue, the two-dimensional (2D)

highest values. Each symbol represents an individual
donor (n =7). A2-sided unpaired t test was applied to
compare infected to mock control groups.

rendering micrographs show the dotted pattern of the SARS-
CoV-2 N protein detectable 72-120 h p.i. (Figure 2B). Next, we
investigated the potential interaction between SARS-CoV-2 N
protein and CANX. The magnified 3D rendering micrographs
presented in Figure 2C demonstrate the perinuclear localization
of SARS-CoV-2 N protein in syncytiotrophoblasts. By calculating
co-localization percentages, we found a tight relation between
CANX and SARS-CoV-2 N protein signals (co-localization index
0f95.8% and 96.4%, at 72 and 120 h p.i., respectively; Figure 2C,
lower panel). To validate the co-localization, we conducted addi-
tional experiments using the ER chaperone ERp57 (also known
as glucose-regulated protein, 58 kDa [GRP58]).>® Similar to
CANX, we observed co-localization of the N protein and
ERp57 at the level of syncytiotrophoblasts and occasionally in
the villi stroma (Figures 3D). We performed a complementary
approach with S protein and detected an increase in the signal
over time p.i., indicating the replication of SARS-CoV-2. Remark-
ably, we did not detect co-localization of S protein and ERp57 in
any of the donors tested, pointing to distinct maturation mecha-
nisms used by N and S proteins in the placenta secretory
pathway (Figure 2E).

Finally, we aimed to evaluate the virus-induced cytotoxicity,
inflammatory, and interferon (IFN) type | and Ill responses
following the infection of placenta PCSs. SARS-CoV-2
compared to mock controls did not lead to a significant in-
crease in lactate dehydrogenase (LDH), a common marker of
tissue injury,®* nor in pro-inflammatory cytokines correlating
with COVID-19 severity (Figures 3A and 3B).*° Increased levels

Figure 2. Subcellular localization of SARS-CoV-2 RNA and proteins in infected human placenta PCSs

(A) Representative in situ hybridization micrographs of the RNA of SARS-CoV-2 S protein (pink) in cross-sections of placenta PCSs infected with 5 x 10° PFU of
SARS-CoV-2. The green arrows indicate S protein RNA* cells compatible with Hofbauer cell morphology. The sections were counterstained with hematoxylin.
Scale bar, 200 pm.

(B) Representative illustrations of mock- and SARS-CoV-2 infected placenta PCSs analyzed 72 and 120 h p.i. DAPI (blue) SARS-CoV-2 N protein (green) and
CANX (red). Scale bar, 10 pm.

(C) High-resolution 3-dimensional (3D) stacks. Upper panels: bright-field images showing the microstructure of human placenta villi. The colored squares
represent the zoomed area depicted in the lower panels, which are representative illustrations of syncytiotrophoblasts, expressing CANX (red) and SARS-
CoV-2 N protein (green). In the lower panel, the white signal indicates SARS-CoV-2 N protein and CANX co-localization. The percentages of SARS-CoV-2 N
protein signal co-localizing with CANX signal are indicated (coloc.). Blue scale bar, 10 um; white scale bar, 2 um.

(D) Representative illustrations of mock- and SARS-CoV-2-infected placenta PCSs analyzed 24, 72, and 120 h p.i. DAPI (blue) SARS-CoV-2 N protein (green) and
ERp57 (red). Scale bar, 5 um.

(E) Representative illustrations of mock- and SARS-CoV-2-infected placenta PCSs analyzed 24, 72, and 120 h p.i. DAPI (blue) SARS-CoV-2 S protein (green) and
ERp57 (red). Scale bar, 20 pm.

4 Cell Reports Medicine 2, 100456, December 21, 2021



Cell Reports Medicine

of IFN-As were measured, while not reaching statistical signifi-
cance (p = 0.10; Figure 3C).

DISCUSSION

In this study, we evaluated the susceptibility of the human
placenta to SARS-CoV-2 replication using an advanced ex vivo
system modeling the human maternal-fetal interface. We
show that placenta PCSs preserve the microstructure of the
native tissue and can be cultivated up to 1 week following spec-
imen procurement. Furthermore, our data provide evidence that
SARS-CoV-2 infection results in a full replication cycle in the
placenta, causing infectious virus release, which indicates a
possible propagation of the infection to surrounding tissues.

The studies analyzing the expression of ACE2 and TMPRSS2
throughout pregnancy are conflicting. Some indicate a consis-
tent expression throughout gestational stages in humans, and
others mention more variable levels, in particular for the
TMPRSS?2 protease.®*°? In agreement with this, in uninfected
tissue, we observed a high donor variability in the expression of
both molecules, spanning throughout 3 orders of magnitude.
Remarkably, we found a significant association between ACE2
levels and placenta permissiveness to SARS-CoV-2 infection.
Concerning the cellular targets of the virus, our data point to
the broad cell tropism of SARS-CoV-2. We detected viral RNA
and/or viral proteins in several cellular compartments such as
syncytiotrophoblasts, trophoblasts, mesenchymal/stromal cells,
and possibly Hofbauer macrophages, as previously observed in
case reports.' 840743

We detected co-localization of the ER-associated molecules
CANX and ERp57 with SARS-CoV-2 N protein. Given that CANX
was shown, in the HEK293T cell line, to chaperone coronavirus
replication through the maturation of surface glycoproteins, the
high co-localization index of CANX and N protein suggests that
SARS-CoV-2 may use a similar mechanism in human placenta.**
Contrary to N protein, we did not detect the S protein in conjunc-
tion with the ER marker tested, indicating possibly distinct locali-
zation of N and S proteins within the secretory pathway of
placenta cells. In agreement with this, the structural proteins S,
M, and E are found in different subcellular compartments during
the replication of SARS-CoV.*° Our observations are compatible
with the coronavirus life cycle, characterized by a profound rear-
rangement of ER membranes into a complex replication network
of double-vesicle membranes.*®*” In line with this, a recent study
suggests an alteration of the endocytic pathway at the maternal-
fetal interface during COVID-19.%%

The infection of PCSs did not lead to the induction of pro-in-
flammatory cytokines related to COVID-19 severity,*® conflicting
with a report on pregnant women with COVID-19.%° Assuming
exuberant immune reaction is central to the pathogenesis of
COVID-19,°%*" this discrepancy could be related to the absence
of a functional endothelium and immune system in our ex vivo
system. We detected a trend toward IFN-As induction in infected
placental tissue. Notably, IFN-As are expressed by trophoblast
cells to support placenta function and antiviral defense.®® In
addition, our data are compatible with a paper from Mourad
et al.,°® suggesting that the placental IFN responses to SARS-
CoV-2 are related to disease severity.

¢ CellP’ress

In summary, we used an advanced ex vivo model to study the
interaction of SARS-CoV-2 at the human maternal-fetal inter-
face. This system could be used as a translational platform for
the screening of antivirals against SARS-CoV-2 and other path-
ogens potentially targeting the placenta. We demonstrated with
independent methods the susceptibility of the human placenta
toward SARS-CoV-2 infection with the release of replication-
competent virions. These results stress the requirement to
perform further work to better evaluate the risks and define the
appropriated measures to protect women from adverse preg-
nancy outcomes related to COVID-19.

Limitations of the study

Considering the lack of a model of COVID-19 during gestation,
our experimental approach allows the study of the biology of
SARS-CoV-2 in human placenta. However, some limitations
should be mentioned. While placenta PCSs are helpful in under-
standing the initial phases of SARS-CoV-2 infection, it does not
constitute an appropriate system for the assessment of the
placental barrier and long-term outcomes influenced by immune
components. Also, since we used third-trimester placenta, we
cannot draw conclusions regarding the replication of SARS-
CoV-2 during early pregnancy. However, SARS-CoV-2 RNA
has been detected in the placenta during the initial trimesters
of pregnancy, indicating that SARS-CoV-2 may also propagate
in this tissue during that period.>**° It remains unclear how the
virus may reach the placental tissue. The RNA of SARS-CoV-2
is commonly detected in the serum or plasma of COVID-19 pa-
tients, but there is no information regarding the presence of
infectious virus in peripheral blood.” In a recent study, it was hy-
pothesized that infected circulating immune cells may deliver
SARS-CoV-2 to the highly vascularized placental tissue.®

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:
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O Virus infection
Virus titration
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

TROP2 Goat anti-Human, polyclonal

SARS/SARS-CoV-2 Nucleocapsid monoclonal
antibody

SARS/SARS-CoV-2 Spike S1 monoclonal antibody
ERp57, Goat anti-Human, polyclonal

Bcl-2, Mouse anti-Human, monoclonal antibody
Calnexin Rabbit anti-human, polyclonal

Goat anti-lgG Rabbit, AF546, polyclonal

Goat anti-mouse IgG2a-AF488

Fisher Scientific
Fisher Scientific

Fisher Scientific
Abcam

Bio-Rad

Enzo Life Sciences
Fisher Scientific
Fisher Scientific

Cat#PA547030; RRID: AB_2609571
E16C, Cat#MA17403; RRID: AB_1018420

GT263, Cat#MA536245; RRID: AB_2890584
Cat#Ab13507; RRID: AB_300410
Cat#MCA1550; RRID: AB_2064303
Cat#ADI-SPA-860-F; RRID: AB_11178981
Cat#A11035; RRID: AB_2534093
Cat#A21131; RRID: AB_2535771

Bacterial and virus strains

SARS-CoV-2

Kindly provided by
Dr. Daniela Niemeyer,
PD Dr. Marcel Miiller
and Prof. Dr. Christian
Drosten

SARS-CoV-2/Miinchen1.1/2020/929

Biological samples

Human term placenta Materno-Fetal and N/A

Obstetrics Research

Unit, Department

University Hospital,

Lausanne, Switzerland
Primary human nasal epithelial cells Epithelix Sarl Cat#EP40AB
Chemicals, peptides, and recombinant proteins
PBS GIBCO Cat#14200067
Agarose, Low melting point Promega Cat#Vv2111
Penicillin/Streptomycin GIBCO Cat#15140-122
DMEM GlutaMax GIBCO Cat#32430-027
Fetal bovine serum GIBCO Cat#10270
HEPES GIBCO Cat#15630-056
Glutamine GIBCO Cat#35050-038
MEM-NEAA GIBCO Cat#11140-035
Avicel RC-581NF IMCD N/A
Formalin 4% Formafix 2011130
Ethanol Merck Cat#1.00588.2511
Xylene Sigma-Aldrich Cat#102398932
Ammonium chloride Merck Cat#1.01145.1000
Citrate Merck Cat#441246344
Saponin Applichem Cat#A4518
Collagen solution from calf skin Sigma Cat#C8919
PneumaCult — Ex Plus Basal Medium Stem Cell Technologies Cat#05041
PneumaCult — Ex Plus 50X Supplement Stem Cell Technologies Cat#05042
A-83-01 Tocris Cat#2939
Isoproterenol Abcam Cat#ab146724
Hydrocortisone Stem Cell Technologies Cat#07925

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Primocin InvivoGen Cat#ant-pm-2
Y-27632 Stem Cell Technologies Cat#72304
CryoStor CS10 Stem Cell Technologies Cat#07930
HBSS GIBCO Cat#14175-053
PneumacCult - ALI Basal Medium Stem Cell Technologies Cat#05002
PneumaCult- ALI 10X Supplement Stem Cell Technologies Cat#05003
PneumaCult- ALI Maintenance Supplement 100X Stem Cell Technologies Cat#05006
Heparin Solution 0,2% Stem Cell Technologies Cat#07980
Crystal violet powder Sigma Cat#61135
Hematoxylin Roth Cat#89471
VectaMount Bio-Techne Cat#321584
Mowiol Merck Cat#475904-100
DAPI Sigma Cat#D9542
Critical commercial assays
Nucleospin RNA Plus Kit Macherey-Nagel Cat#740984
Omniscript RT Kit QIAGEN Cat#52906
CytoTox 96 Non-Radioactive Cytotoxicity Assay Promega Cat#G1781
RNAscope technology Kit Bio-Techne Cat#300110
TagMan Fast Universal PCR Master Mix (2x), Fisher Scientific Cat#4352042
no AmpErase UNG
Experimental models: Cell lines
Vero E6 Kindly provided by N/A

Dr. Doreen Muth,

Dr. Marcel Muiller,

Dr. Christian Drosten
MDCK Kindly provided by

Dr. Gert Zimmer
Oligonucleotides
Hs01085333_m1 (ACE2): FAM-MGB Fisher Scientific Cat#4331182
Hs01122322_m1 (TMPRSS2): FAM-MGB Fisher Scientific Cat#4331182

18S rRNA (M10098) Forward Primer
18S rRNA (M10098) Reverse Primer

18S rRNA (M10098) Probe: FAM-TAMRA
E Sarbeco Forward Primer

E Sarbeco Reverse Primer

E Sarbeco P1 Probe: FAM-BBQ

IL-6 Forward Primer

IL-6 Reverse Primer

IL-6 Probe: FAM-TAMRA

TNF (NM_000594) Forward Primer

TNF (NM_000594) Reverse Primer

TNF (NM_000594) Probe: FAM-BHQ1
IP-10 (NM_001565) Forward Primer
IP-10 (NM_001565) Reverse Primer
IP-10 (NM_001565) Probe: FAM-TAMRA
IFN-B Forward Primer

IFN-B Reverse Primer

IFN-B Probe: FAM-BHQ1

Microsyth®”

Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
Microsynth AG
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5'- CGCCGCTAGAGGTGAAATTCT-3
5'-CATTCTTGGCAAATGCTTTCG-3
5'-ACCGGCGCAAGACGGACCAGA-3'
5'-ACAGGTACGTTAATAGTTAATAGCGT-3'
5'-ATATTGCAGCAGTACGCACACA-3
5'-ACACTAGCCATCCTTACTGCGCTTCG-3'
5'-CCAGGAGCCCAGCTATGAAC-3
5'-CCCAGGGAGAAGGCAACTG-3
5'-CCTTCTCCACAAGCGCCTTCGGT-3'
5'-CGAACATCCAACCTTCCCAAAC-3
5'-TGGTGGTCTTGTTGCTTAAAGTTC-3'
5'-CCAATCCCTTTATTACCC-3'
5'-CCATTCTGATTTGCTGCCTTATC-3'
5'-GCAGGTACAGCGTACAGTTCT-3'
5'-CTGACTCTAAGTGGCATTCAAGGAGTACCTCTCTC-3
5'-CGCCGCATTGACCATCTA-3'
5'-TTAGCCAGGAGGTTCTCAACAATAGTGTCA-3'
5'-TCAGACAAGATTCATCTAGCACTGGCTGGA-3’

(Continued on next page)
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IFN-A1 Forward Primer Microsynth AG 5'-GGACGCCTTGGAAGAGTCACT-3'
IFN-A1 Reverse Primer Microsynth AG 5'-AGAAGCCTCAGGTCCCAATTC-3'
IFN-A1 Probe: FAM-BHQ1 Microsynth AG 5-AGTTGCAGCTCTCCTGTCTTCCCCG-3'
IFN- 22/3 Forward Primer Microsynth AG 5'-CTGCCACATAGCCCAGTTCA-3
IFN- 22/3 Reverse Primer Microsynth AG 5'-AGAAGCGACTCTTCTAAGGCATCTT-3'
IFN- 22/3 Probe: FAM-BHQ1 Microsynth AG 5-TCTCCACAGGAGCTGCAGGCCTTTA-3'
Random hexamer primers Fisher Scientific Cat#58875
SARS-CoV2 target probes ACD Bio-Techne Cat#V-nCoV20 19-S
Software and algorithms
IMARIS 9.2.0 software Bitplane AG N/A
Prism 9 software GraphPad N/A
SDS software v1.4 Applied Biosystems N/A
Other
VT1200/S vibrating-blade microtome Leica Microsystems N/A
Volt/Ohm Meter, EVOM?/STX2 World Precision EVOM?
Instruments
ABI Fast 7500 Sequence Detection System Applied Biosystems N/A
Leica RM2135 microtome Leica Biosystems N/A
HybEZTM Oven ACD Bio-Techne Cat#PN 321710/321720
Nikon Eclipse Ci-L microscope Nikon Instruments N/A
Europe BV
DS-FI3 camera Nikon Instruments N/A
Europe BV
Nikon Eclipse Ti Nikon Instruments N/A
Europe BV
Carl Zeiss LSM 710 Carl Zeiss AG, Feldbach, N/A
Switzerland
Biotek 800 TS absorbance reader Agilent technologies N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Marco P.
Alves (marco.alves@vetsuisse.unibe.ch).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
This study does not report original computer codes or algorithms. The data generated and analyzed during the current study are
available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human placenta precision-cut slice cultures

The placenta specimens were obtained from patients tested negative for SARS-CoV-2 by PCR 24 h before undergoing elective
C-section (donors 1-3, 5, and 7) or vaginal delivery (donors 4 and 6) at term pregnancy (> 37 weeks of gestation). C-sections
were performed for breech position of the babies, maternal request or previous C-section. Furthermore, the patients selected had
all uneventful pregnancies and babies had all normal weight and adapted well after birth. Written informed consent was obtained
from all the patients and the study protocol agrees with the local Ethics Committee of the Canton of Vaud, Switzerland. The placenta
biopsies were about 1-2 cm? pieces of placenta taken between the umbilical cord implantation and the margin of the placenta. Each
piece included the full thickness of the placenta with both maternal and fetal sides (i.e., membranes). Next, the biopsies were stored in
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phosphate buffer solution (PBS, GIBCO) containing 100 units/ml of penicillin and 100 pg/ml streptomycin (all from GIBCO) on ice and
transported to the laboratory within 2-3 h. Prior slicing, the biopsies were carefully rinsed with cold PBS and cut at a size of about one
cm®. Human placenta pieces were embedded into 1% of low melting point agarose (Promega) in Peel-A-Way molds S-22 (Sigma)
and kept on ice. Sections of 500-700 um were obtained using a VT1200/S vibrating-blade microtome (Leica Microsystems) with
the following settings: speed 0.12-0.26 mm/s, amplitude 3 mm, angle 18°. The human placenta slices were transferred to 6 well plates
(TPP) containing 3 mL per well of DMEM GlutaMax (GIBCO), 10% fetal bovine serum (FBS, GIBCO), 10 mM HEPES (GIBCO), 1%
Glutamine, 1% MEM-NEAA, 100 units/ml of penicillin and 100 ng/ml streptomycin. To limit the effect of injury caused by the tissue
slicing, cultures were maintained at 37°C, 5% CO, and medium was changed every 24 h for two days prior infection.®’

Well-differentiated primary nasal epithelial cells

Primary human NECs were obtained commercially (Epithelix Sarl). The generation of WD-NECs was done as described previously
with some adjustments.®® First, NECs were expanded in collagen-coated (Sigma) cell culture flasks (Costar) in PneumaCult Ex
Plus medium, supplemented with 1 uM hydrocortisone, 5 uM Y-27632 (Stem Cell Technologies), 1 uM A-83-01 (Tocris), 3 uM isopro-
terenol (abcam), and 100 pg/ml primocin (Invivogen), maintained in a humidified incubator at 37°C, 5% CO,, and cryopreserved at
—150°C (CryoStor, Stem Cell Technologies). Next, the cryopreserved cells were washed and seeded at a density of 50’000 cells per
insert onto collagen-coated (Sigma) onto 24-well plate inserts with a pore size of 0.4 um (Greiner Bio-One). Cells were grown on the
insert membranes under submerged conditions by adding 200 pl complemented PneumaCult ExPlus medium apically and 500 pl in
the basolateral chamber until they reached confluence as assessed by measuring the trans-epithelial electrical resistance (TEER)
using a Volt/Ohm Meter (EVOM?/STX2, World Precision Instruments) or microscopical evaluation. Then, apical medium was
removed, cells were washed with warm Hank’s balanced salt solution (HBSS, GIBCO) prior to exposure to air, and completed
PneumaCult ALI medium, supplemented with 4 ng/ml heparin (Stem Cell Technologies), 5 tM hydrocortisone, and 100 pg/ml primo-
cin was added to the basolateral medium to induce differentiation of the cells. The basal medium was changed every 2-3 days and
cultures were maintained at 37°C, 5% CO, until the appearance of ciliated cells and mucus production. To get rid of mucus, the cell
layer was washed once a week with pre-warmed 250 uL of pre-warmed HBSS during 20 min at 37°C.

Cell lines
Vero EG6 cells were kindly provided by Doreen Muth, Marcel Mlller, and Christian Drosten (Charité, Berlin, Germany) and maintained in
DMEM GilutaMax supplemented with 10% FBS and 1% HEPES at 37°C, 5% CO2.

Viruses

SARS-CoV-2 (SARS-CoV-2/Minchen1.1/2020/929) isolate passaged once in Vero E6 was kindly provided by Daniela Niemeyer,
Marcel Muller, and Christian Drosten from Charité, Berlin, Germany. Next, SARS-CoV-2 was propagated once in Vero E6 cells at
a MOl of 0.01 PFU per cell to produce the working stock. Therefore, original isolate was added to the cells in DMEM GlutaMax sup-
plemented with 10% FBS. Supernatant was harvested after 36 h of incubation at 37°C, 5% CO,, centrifuged in order to get rid of cell
debris, and then stored in aliquots at —70°C. All the work involving manipulation of SARS-CoV-2 was performed under biosafety level
3 (BSL3) conditions at the Institute of Virology and Immunology, Bern, Switzerland and was authorized by the Federal authorities
(authorization no. A202819). Entry into the BSL3 laboratory is only possible following an advanced training and with appropriate per-
sonal protective equipment, including a Tyvek overall and hood (both 3M), and a Jupiter air respirator equipped with an HEPA filter
system (3M).

METHOD DETAILS

Virus infection

The infection of placenta PCSs with SARS-CoV-2 was performed by applying the inoculum at a rate of 5x10° PFU per PCS during
4-6 hat37°C and 5% CO,, followed by two times wash with pre-warmed PBS. As control, the culture supernatant of mock-infected
Vero E6 cells was used. Over the course of infection, supernatants and tissue samples were harvested at selected time points and
stored at —80°C until further analysis. Placenta PCSs were fixed in 4% formalin (Formafix) for 24 h for subsequent analysis. For infec-
tion of WD-NECs, the virus inoculum was applied apically at a rate of 5x10* PFU per insert (representing a MOl of ca. 0.1 PFU per cell)
during 2-3 h at 37°C and 5% CO,, followed by three times wash with pre-warmed PBS. As control, the culture supernatant of mock-
infected Vero E6 cells was used. For quantification of infectious viral particle release 2, 24, 48, and 72 h p.i., 250 uL of PBS were
applied to the apical surface and incubated for 20 min at 37°C, harvested, and stored at —70°C until further analysis.

Virus titration

For virus titration, serial dilutions of supernatants, starting at a 1:2 dilution, were added to Vero E6 cells in a 6-well format. Briefly,
3 x 10° cells per plate were seeded 24 h prior the addition of the inoculum. Following 1 h of incubation, cells were overlaid with
2.4% Avicel RC-581NF (IMCD) mixed at 1:1 with DMEM supplemented with 20% FBS, 2x HEPES, 200 units/ml penicillin, and
200 pg/ml streptomycin and kept at 37°C, 5% CO,. After 48 h, the overlay was aspirated, cells were fixed in 4% formalin for
15 min and stained with crystal violet for 10 min. Virus titers were calculated as PFU per ml.
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RNA isolation and quantitative PCR

Total RNA of placenta PCSs was extracted using the Nucleospin RNA Plus Kit (Macherey-Nagel) according to the manufacturer’s
protocol. Next, the Omniscript RT Kit (QIAGEN) using random hexamers (Invitrogen) was applied for reverse transcription and syn-
thesis of complementary DNA (cDNA). On an ABI Fast 7500 Sequence Detection System (Applied Biosystems) gPCR was performed
with target-specific primers using the TagMan Gene Expression Assay (Applied Biosystems). Resulting data were analyzed using the
SDS software (Applied Biosystems). Relative expression was calculated with the AACT method as described.®® For the analysis of
the genes of interest, expression levels were normalized to the housekeeping 18S rRNA. The sequences of the primers and probes
used are listed in the key resources table.®%:617%4

Cytotoxicity assay

Levels of lactate dehydrogenase (LDH) release were assessed in the supernatants of SARS-CoV-2- and mock-infected placenta
PCSs using the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega) following manufacturer’s instructions. Absorbance of
four technical replicates per sample was measured at 490 nm with the Biotek 800 TS absorbance reader (Agilent technologies).
The percentage of cytotoxicity was calculated by subtracting the culture medium background. Next, the resulting values were
divided by the maximum LDH release, which was obtained by incubating adherent Madin-Darby Canine Kidney (MDCK) cells (Kindly
provided by Dr. Gert Zimmer, Institute of Virology and Immunology, Switzerland) with 1X lysis solution (provided by the manufacturer)
for 30 min.

In situ hybridization

Human placenta PCSs with or without SARS-CoV-2 infection were fixed in 4% formalin (Formafix) overnight and were embedded
with paraffin using standard protocol done by the COMparative PATHology platform (COMPATH), Institute of Pathology and Institute
of Animal Pathology, University of Bern, Switzerland. In brief, human placenta PCSs were transferred into embedding cassettes and
properly labeled. The embedding cassettes were dehydrated using a series of increasing concentration of Ethanol (70%, 96% to
100%; Grogg). As a final step of dehydration, embedding cassettes were transferred to Xylol (Sigma-Aldrich). Next, embedding cas-
settes were transferred to the beaker containing melted paraffin for 45 min. Paraffin blocks were obtained using a tissue embedding
machine. Then, 5 pum thick sections were cut using a Leica RM2135 microtome (Leica Biosystems). Next, the formalin-fixed paraffin-
embedded (FFPE) sections were mounted on glass slides (Fisherbrand Superfrost Plus; Fisher Scientific). FFPE sections were dew-
axed at 60°C for 1 h followed by standard procedure for rehydration with Xylol and a series of decreasing concentration of Ethanol
(100%, 95%, 80% to 70%). In situ hybridization of SARS-CoV-2 RNA was done using the RNAscope technology according to man-
ufacturers’ instructions (ACD Bio-Techne). The dewaxed sections were treated with RNAscope hydrogene peroxide for 10 min at
room temperature. After washing steps in distilled water, the slides were heated with RNAscope Target Retrieval Reagent at 99°C
for 15 min. After rinsing with distilled water, slides were put in 100% ethanol for 3 min. After dry out, drops of RNAscope Protease
Plus Reagent were added until full coverage of the section. During the whole assay, slides were put on the HybEZTM Slide Rack
(ACD Bio-Techne), and incubation steps occurred in the HybEZTM Oven (ACD Bio-Techne). Finally, hybridization was performed us-
ing SARS-CoV-2 target probes (V-nCoV20 19-S, ACD Bio-Techne) at 40°C for 2 h. Then, slides went through amplification cycles,
following manufacturer’s instructions using RNAscope 2.5 HD Detection Reagent-RED Kit. After each amplification step, slides were
washed in RNAscope Wash buffer Reagent. Hybridization signals were detected with Fast RED (Advanced Cell Diagnostics), fol-
lowed by counterstaining with hematoxylin (Roth). Finally, slides were mounted with VectaMount (Advanced Cell Diagnostics).
Stained slides were visualized using the upright Nikon Eclipse Ci-L microscope (Nikon Instruments Europe BV). Images were taken
using a DS-FI3 camera (Nikon Instruments Europe BV).

Immunofluorescence

Human placenta PCSs were fixed in 4% formalin (Formafix) overnight and were embedded in paraffin using the standard protocol
described in the previous section. Then, 5 um thick sections were cut with a Leica RM2135 microtome (Leica Biosystems). Briefly,
sections went through dewaxing with Xylol and rehydration with a series of decreased Ethanol concentrations (100%, 95%, 80% and
70%). After performance of epitope unmasking with 10 mM citrate buffer (Merck), we treated the sections with staining buffer (50 mM
ammonium chloride (Merck), 1% FBS (GIBCO), 0.1% saponin (Applichem) in PBS) for 1 h at room temperature. For labeling we used
antibodies against SARS-CoV-2 N protein (clone E16C, dilution 1:25, Fisher Scientific), SARS-CoV-2 S protein (clone GT263, dilution
1:25, Fisher Scientific), TROP-2 (polyclonal, dilution 1:50, Fisher Scientific), BCL-2 (clone 100, dilution 1:100, BioRad), Erp57 (poly-
clonal, dilution 1:50, Abcam), and CANX (polyclonal, dilution 1:200, Enzo Life Sciences). Primary antibodies were incubated at 4°C
overnight in a humidified chamber. After a washing step with staining buffer, sections were incubated with secondary antibodies for
1 hat room temperature including anti-mouse IgG-AF488 and anti-rabbit IgG-AF546 (both from Fisher Scientific) and during this step,
nuclei were stained with DAPI (Sigma). Slides were mounted with Mowiol (Merck/Calbiochem) and analyzed by confocal microscopy
(Nikon Eclipse Ti or Carl Zeiss LSM 710) at the microscopy imaging center (MIC) of the University of Bern, Switzerland. Optical sec-
tions were taken with a Zeiss LSM710 (Carl Zeiss AG, Feldbach, Switzerland) confocal microscope. 2D images were acquired using a
40X objective with settings for high-resolution images acquired at optimum voxel size and automatic threshold. 3D images were ac-
quired using a 60X oil-immersion objective. For co-localization analysis, high-resolution images acquired at optimum voxel size were
used, automatic threshold applied, and percentage material co-localized were calculated. The images were analyzed using IMARIS
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9.2.0 software (Bitplane AG). To eliminate any false-positive emission, all microscopy analyses employed threshold subtraction and
gamma-correction, relating to the mock controls.

QUANTIFICATION AND STATISTICAL ANALYSIS

Colocalization analysis

For co-localization analysis, high-resolution stacks acquired at optimum voxel size were used and automatic threshold applied.
We selected regions of interest (ROIs), namely CANX-positive regions of placenta PCSs where the presence of SARS-CoV-2-positive
structures were noticed. To calculate the percentage of co-localized voxels in the channels under investigation (SARS-CoV-2 N
protein signal co-localizing with CANX), the co-localization algorithm of IMARIS 9.2.0 software (Bitplane AG) was applied.

Statistical analysis

The Prism 9 software (GraphPad) was used for statistical analysis. To determine differences between two groups, two-sided t test
was used. Associations were tested using the Spearman rank correlation test. A p < 0.05 was considered statistically significant.

e6 Cell Reports Medicine 2, 100456, December 21, 2021



	SARS-CoV-2 can infect and propagate in human placenta explants
	Introduction
	Results
	Discussion
	Limitations of the study

	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Human placenta precision-cut slice cultures
	Well-differentiated primary nasal epithelial cells
	Cell lines
	Viruses

	Method details
	Virus infection
	Virus titration
	RNA isolation and quantitative PCR
	Cytotoxicity assay
	In situ hybridization
	Immunofluorescence

	Quantification and statistical analysis
	Colocalization analysis
	Statistical analysis




