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SUMMARY

The effect of SARS-CoV-2 infection on placental function is not well understood.
Analysis of placentas from women who tested positive at delivery showed SARS-
CoV-2 genomic and subgenomic RNA in 22 out of 52 placentas. Placentas from
two mothers with symptomatic COVID-19 whose pregnancies resulted in adverse
outcomes for the fetuses contained high levels of viral Alpha variant RNA. TheRNA
was localized to the trophoblasts that cover the fetal chorionic villi in direct contact
withmaternal blood. The intervillous spaces and villi were infiltratedwithmaternal
macrophages and T cells. Transcriptome analysis showed an increased expression
of chemokines and pathways associated with viral infection and inflammation.
Infection of placental cultures with live SARS-CoV-2 and spike protein-pseudo-
typed lentivirus showed infection of syncytiotrophoblast and, in rare cases, endo-
thelial cells mediated by ACE2 and Neuropilin-1. Viruses with Alpha, Beta, and
Delta variant spikes infected the placental cultures at significantly greater levels.

INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has already taken a devas-

tating toll with the global virus caseload surpassing 490 million infections and more than 6.1 million deaths

worldwide. In severe cases, SARS-CoV-2 causes a respiratory illness, whose defining features are an imbal-

anced inflammatory host response, reduced innate antiviral defenses and an inflammatory ‘‘cytokine

storm,’’ endothelial damage, coagulopathies, and thrombosis in several tissues from infected patients

(Blanco-Melo et al., 2020).

The effect of SARS-CoV-2 infection during pregnancy on the health of the mother and baby is not fully

understood. In the largemajority of pregnancies, babies are delivered uninfected when tested by nasopha-

ryngeal swabs and without apparent effect. However, pregnant women with symptomatic SARS-CoV-2 in-

fections are more likely to be admitted to intensive care and thematernal death rates are statistically higher

when compared with non-pregnant infected women (Zambrano et al., 2020). Whereas preterm deliveries

occur more often in women with suspected or confirmed SARS-CoV-2 infection, no increase in stillbirths

or early neonatal deaths was found (Mullins et al., 2021). Prospective and retrospective studies showed

that pregnant women infected with SARS-CoV-2 are at an increased risk of adverse events, including higher

rates of cesarean section and increased postpartum complications (Marı́n Gabriel et al., 2020; Prabhu et al.,

2020; Woodworth et al., 2020). Vertical transmission from mother to fetus has been reported in a few cases

(Alamar et al., 2020; Hecht et al., 2020; Facchetti et al., 2020; Taglauer et al., 2020; Vivanti et al., 2020;Wood-

worth et al., 2020), although most studies have not detected viral transmission to the fetus (Baergen and

Heller, 2020; Cribiù et al., 2021; Della Gatta et al., 2020; Edlow et al., 2020; Kimberlin and Stagno, 2020;

Mourad et al., 2021; Penfield et al., 2020; Prabhu et al., 2020; Salvatore et al., 2020; Schwartz, 2020).

The effect of SARS-CoV-2 on placental function is not well understood. Several studies have detected infec-

tion of placentas in women who tested positive for the virus at or before delivery. In some cases, the

placenta displayed signs of inflammation with increased vascular malperfusion indicative of thrombi within

fetal vessels (Baergen and Heller, 2020; Prabhu et al., 2020; Shanes et al., 2020; Vivanti et al., 2020) and

1Department of Cell and
Developmental Biology,
Weill Cornell Medicine, 1300
York Avenue, New York, NY
10065, USA

2Department of Surgery,
Weill Cornell Medicine, New
York, NY 10065, USA

3Division of Gastroenterology
andHepatology, Department
of Medicine, Weill Cornell
Medicine, New York, NY
10065, USA

4Department of
Microbiology, NYU
Grossman School of
Medicine, New York, NY
10016, USA

5Department of
Microbiology, Icahn School of
Medicine at Mount Sinai,
New York, NY 10029, USA

6Institute for Computational
Biomedicine, Department of
Physiology and Biophysics,
Weill Cornell Medicine, New
York, NY 10065, USA

7Caryl and Israel Englander
Institute for Precision
Medicine, Weill Cornell
Medicine, New York, NY
10065, USA

8Genomics Resources
Facility, Weill Cornell
Medicine, New York, NY
10065, USA

9Department of Obstetrics
and Gynecology, Weill
Cornell Medicine, New York,
NY 10065, USA

10Division of Regenerative
Medicine, Ansary Stem Cell
Institute, Department of
Medicine, Weill Cornell
Medicine, New York, NY
10065, USA

11Department of Pediatrics,
Division of Pediatric
Infectious Diseases, Weill
Cornell Medicine, New York,
NY 10065, USA

Continued

iScience 25, 104223, May 20, 2022 ª 2022 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104223&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


infiltration of maternal immune cells (Debelenko et al., 2021; Facchetti et al., 2020; Garrido-Pontnou et al.,

2021; Hosier et al., 2020; Lu-Culligan et al., 2021; Morotti et al., 2021). Whether the inflammation resulted

from the infection of maternal tissue or the placenta itself is unclear andmay depend on the gestational age

of the fetus at the time of maternal infection. Several viruses are known to affect placental function and vi-

rus-associated inflammation during pregnancy, resulting in chronic cardiovascular disease, diabetes, and

obesity later in life (Burton et al., 2016).

SARS-CoV-2 uses ACE2 (Angiotensin-converting enzyme 2) as the primary receptor (Hoffmann et al., 2020)

and Neuropilin-1 (NRP1) as a co-receptor (Cantuti-Castelvetri et al., 2020; Daly et al., 2020) in concert with

the two proteinases TMPRSS2 (Transmembrane protease serine 2) (Hoffmann et al., 2020) and CTSL (Ou

et al., 2020) and the pro-protein convertase FURIN (Shang et al., 2020), amongst others (Daniloski et al.,

2021; Schneider et al., 2021; Wang et al., 2021; Wei et al., 2021) for cell entry. All of the entry receptors

are expressed at significant levels in the first and second trimester placentas. At term, the entry cofactors

are expressed at lower levels in the placenta and the chorioamniotic membranes at the maternal–fetal

interface (Baston-Buest et al., 2011; Li et al., 2020; Lu-Culligan et al., 2021; Pique-Regi et al., 2020; Singh

et al., 2020; Taglauer et al., 2020). Whether alternative mechanisms are exploited by SARS-CoV-2 to enter

the placenta is not known.

SARS-CoV-2 variants that have emerged over the past year are defined by the World Health Organization

(WHO) as variants of concern or interest. Four variants of concern have been identified (Alpha (B.1.1.7),

Beta (B1.351), Gamma (P.1), and Delta (B.1.617.2)) that contain mutations in the spike protein receptor

binding domain and result in increased rates of transmission and lethality (World Health Organization,

2021) (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/). Whether the variants pose an

increased risk of the infection of the placenta and adverse effects on placentation and pregnancies is

unknown.

In this study, we analyzed placentas from women who tested positive for SARS-CoV-2 at the time of delivery

to determine the extent of infection and impact on the inflammatory state of the placental tissues. Of the 22

analyzed placentas, 2 containing high levels of SARS-CoV-2 RNA were both infected with the Alpha

(B.1.1.7) variant. These contained the highest levels of viral RNA and both resulted in adverse outcomes

for the fetus. The placentas showed infiltration of maternal immune cells and an active immune response

at the maternal–fetal interface. Ex vivo infection of placental cultures showed an infection of syncytiotro-

phoblast. Viruses pseudotyped by the variants of concern spike protein infected placental cells with a

greater efficiency than the parental, non-variant spike protein. These results suggest that a direct infection

of placental cells can occur and the variants may have increased propensity to infect this critical tissue dur-

ing pregnancy.

RESULTS

Clinical presentations of SARS-CoV-2 positive mothers, fetal outcomes, and placental

pathologies

To understand the effects of SARS-CoV-2 infection during pregnancy, we assembled a panel of placental

tissues from 52 women who had been identified as positive for SARS-CoV-2 at the time of admission for

delivery at NY Presbyterian Hospital-Weill Cornell (H_1-H_2, P_1-P_20, N1-N30; Table 1). All placental sam-

ples were obtained from the Department of Pathology and most of them displayed placental pathologies

or were obtained from mothers with clinical presentations. The infection status was determined by qRT-

PCR from nasopharyngeal swabs. As controls, placental tissues were obtained from four womenwho tested

negative for SARS-CoV-2 (C_1-C_4), and four SARS-CoV-2 negative women with placental inflammatory

pathologies (I_1-I_4) that included acute chorioamnionitis (ACA) and chronic villitis of unknown etiology

(CVUE) (Table 1).

The pregnant women ranged in age from 16 to 51 years, with the majority in their 20s and 30s. Two preg-

nancies resulted in intra-uterine fetal demise (IUFD) (H_2, P_10). One fetus that was delivered preterm at

25 weeks of gestation was admitted to the neonatal intensive care unit (NICU) where the infant remained

for several months (H_1). All neonates tested negative for SARS-CoV-2 by nasopharyngeal swabs at 24-h

post-delivery. Among the placentas delivered from mothers who tested positive for SARS-CoV-2, 33%

(17 cases) presented with fetal vascular malperfusion (FVM), 23% (12 cases) displayed maternal vascular
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Table 1. Clinical presentations of SARS-CoV-2 positive mothers, fetal outcomes, and placental pathologies
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malperfusion (MVM), and 8% (4 cases) overlapped for both pathologies. None of the healthy control pla-

centas from SARS-CoV-2 negative mothers displayed FVM or MVM (Table 1).

SARS-CoV-2 viral RNA presence in the placenta

To determine the extent of SARS-CoV-2 infection in the placenta of infected mothers, we isolated RNA

from formalin-fixed paraffin embedded (FFPE) sections from all placental samples and measured genomic

and replicating viral RNA by qRT-PCR using primers against SARS-CoV-2-N. The presence of a PCR ampli-

con of the correct size on melting curves and agarose gels confirmed the positive and negative results (Fig-

ure 1A and data not shown). Genomic and subgenomic viral RNA was detected in 22 of the 52 placentas

from SARS-CoV-2 positive mothers (42%) (Table 1). The presence of SARS-CoV-2 RNA in the placenta

was not correlated with the observed FVM (10 displayed FVM out of 22 positive placentas; Table 1).

Viral RNA was not detected in the placenta samples obtained from SARS-CoV-2 negative healthy mothers

and uninfected mothers with unrelated inflammatory pathologies (Table 1). This provided five distinct

cohorts for this study: high positive samples (H_1, H_2; ddCT value >9), positive samples (P_1, P_3-P_4,

P_9-P_15; ddCT >4.5, and P_2, P_5–P_8, P_16–P_20, borderline positive; presence of amplicon and

ddCT <4.5), negative samples (N1–N30; ddCT <4.5 and no amplicon), and negative controls (C_1-C_4)

and inflammatory controls (I_1-I_4) (Figure 1A and Table 1).

Strikingly, the three pregnancies from SARS-CoV-2 positive mothers that resulted in IUFD or admission of

the neonate to the NICU-delivered placentas that were highly positive (H_1 and H_2) or positive (P_10) for

SARS-CoV-2 (Table 1, grey shaded rows).

Placental syncytiotrophoblast are the primary target for SARS-CoV-2 infection of pregnant

females at term

We next investigated placental pathologies and identified the cells in the placental chorionic villi that were

infected by SARS-CoV-2. Adjacent placental sample sections (10 microns apart) were stained with hema-

toxylin and eosin (H&E) and examined for the presence of replicating viral RNA by in situ hybridization

and for the presence of SARS-CoV-2 nucleocapsid protein (SARS-CoV-2 N) by immunohistochemistry. Hof-

bauer cells (HBC) of the placenta and maternal monocytes/macrophages were visualized by immunohisto-

chemistry with an anti-CD163 antibody. Subgenomic viral RNA was readily detected by in situ hybridization

in the high positive samples H_1 and H_2 and sporadically in positive samples but not in negative controls

(Figures 1B and S1, and not shown). The presence of viral RNA was restricted to the Keratin-7 (KRT7)-pos-

itive trophoblast layers that anatomically cover the chorionic villi structures. These consist of an outer layer

of syncytiotrophoblast that faces the maternal blood (MB) space and a cytotrophoblast layer underneath

(Figures 1B and S1). Similarly, the expression of the SARS-CoV-2 N protein was detected in adjacent sec-

tions within the same villi. The N protein was localized to the syncytiotrophoblast layers in the high positive

placental samples (Figures 1B and S1).

Histological examination of the H&E-stained sections showed massive chronic intervillositis (MCI) in

placenta H_1, and chronic histiocytic intervillositis (CHI) in placenta H_2, consistent with the pathology re-

ported in Table 1. The intervillous spaces showed extensive infiltration of maternal immune cells, perivillous

fibrin deposition, and clots with erythrocytes, mononuclear cells, and fibrin deposition (Figures 1B and S1);

chorionic villi were collapsed along with evidence of ischemia. The syncytial trophoblast layer of the high

positive samples had significantly fewer nuclei and displayed evidence of trophoblast necrosis suggesting

a loss of structural integrity within the fetal compartment of the infected placenta. In contrast, none of the

Mat Age: maternal age (years), Gest Age: gestational age (weeks), Mother COVID +/�: mother tested RT-PCR positive (+) or negative (�) at birth, COVID-19

Symptoms +/�: patient noted to have mild symptoms unless otherwise noted as ‘‘severe’’ (+) or was noted to be asymptomatic (�); NA if notes had no docu-

mentation of COVID-19 symptoms, DFM: decreased fetal movement, NICU: neonate intensive care unit, MCI: massive chronic intervillositis, IUFD: intra-uterine

fetal demise, MFI: maternal floor infarction, PPH: postpartum hemorrhage, CHI: chronic histiocytic intervillositis, ACA: acute chorioamnionitis, T2D: type 2 dia-

betes, Mec: meconium, IVT: intervillous thrombi, VUE: villitis of unknown etiology, BMI: bodymass index, TAB: therapeutic abortion, D&C: dilation and curettage,

IDA: iron deficiency anemia, ITP: immune thrombocytic purpura, HTN: hypertension, CIN1: Cervical Intra-epithelial Neoplasia Grade 1, PCS: Pelvic Congestion

Syndrome, PEC: preeclampsia SF: severe features, GBS: Group B Streptococcus+, Di/Di: dichorionic/diamniotic, GDM: Gestational Diabetes Mellitus, PTL: pre-

term labor, PAPP-A: pregnancy-associated Plasma Protein A, UCTD: undifferentiated connective tissue disorder, PROM: premature rupture ofmembranes, OUD:

opoid use disorder, HCV: Hepatitis C Virus+, PIH: pregnancy-induced/gestational hypertension. Gray shaded rows show the fetal demise/NICU admission.

Table 1. Continued
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Figure 1. SARS-CoV-2 virus is present in placentas from infected mothers and results in inflammatory responses

(A) Graph showing DDCT values of RNA samples isolated from FFPE patient placenta slides from the different patient

cohorts included in this study. Positive control lung samples (n = 5), high positive samples (n = 2), and positive samples

(n = 20) are significantly higher than negative samples (n = 30). Negative (n = 4) and inflammatory controls (n = 4). Sta-

tistical analysis was performed using a one-way ANOVA and adjusted for by multiple comparisons test using the

Benjamini–Hochberg FDR method ****p value < 0.0001. Data are presented as mean G SEM.

(B) Brightfield microscopy images of a representative COVID high positive placental sample H_2 and a representative

negative control placental sample C_4. Slides were stained by H&E, in situ hybridization for SARS-CoV-2-RNA and

counterstained for syncytial trophoblast marker cytokeratin (KRT7, red), and by immunohistochemistry for SARS-CoV-2-N

protein (brown) as well as for CD163-positive Hofbauer cells (HBC). Scale bars = 100 mm.

See also Figure S1.
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negative samples or negative controls displayed massive chronic intervillositis (MCI), chronic histiocytic in-

tervillositis (CHI), or infiltration of maternal immune cells.

Immune cell infiltration into intervillous spaces and invasion of chorionic villi

To determine the localization of maternal immune cell populations in SARS-CoV-2-infected placentas,

monocytes/macrophages, T cells, and natural killer cells (NK) in the FFPE tissue slides from high positive

and negative control samples were stained for CD163, CD3, CD4, and CD56, respectively. Intravilllous

HBC and intervillous maternal macrophages were not infected with SARS-CoV-2 as evidenced by the

absence of SARS-CoV-2 RNA and N protein in adjacent placental tissue sections (Figure 1B). In the high

positive placental samples H_1 and H_2, immunostaining for CD163 showed massive infiltration of

CD163-positive monocytes/macrophages into the intervillous space as well as increased numbers of

HBC within the chorionic fetal villi compared with the uninfected negative controls (Figures 2D, 2H, and

2I). In addition, a significantly higher number of CD163-positive HBC was detected in the chorionic plate

(CP) and a slight increase in the number of macrophages in the maternal decidua (Figure 2I).

Significantly increased levels of CD3-positive T cells were detected within the MB space, within the fetal

chorionic villi (FV), and in the CP of the high positive samples. In contrast, most of the CD3-positive

T cells in the negative control sample were restricted to the maternal decidua (MD) (Figures 2A, 2E, 2I,

S2A, and S2B). The localization of infiltrating CD4-positive T helper cells followed the same trend

(Figures 2B, 2F, and 2I). CD56-positive NK cells were mainly localized to the maternal decidua in both of

the high positive samples and negative control samples (Figures 2C, 2G, and 2I). Whereas few NK cells

were detected in regions other than the maternal decidua by CD56 staining, there was a reduction in

the presence of NK cells in both the MB space and the fetal villi of the infected samples relative to the un-

infected controls. In contrast, increased numbers of CD56-positive NK cells were observed in the maternal

decidua in the high positive placental samples compared with the negative control (Figures 2C, 2G, and 2I).

The increase in infiltrating macrophages and T cells into the fetal regions of the placenta may be an indi-

cator for the observed adverse outcome of pregnancy (Table 1).

Taken together, our results show that the syncytiotrophoblast is the primary target for SARS-CoV-2 infec-

tion of the placenta. In response to infection in the high positive placentas, there was amassivemigration of

maternal monocyte/macrophages and T cells and a retention of CD56-positive NK cells within the maternal

decidua, caused either by SARS-CoV-2 infection of the mother, the placenta, or both.

Placental explants and cell clusters are permissive for pseudotype virus

The susceptibility of placental cells to support SARS-CoV-2 replication is not clear. Virus entry requires cell

surface ACE2 on the target cell and TMPRSS2 and cathepsins that serve to process the spike protein (Hoff-

mann et al., 2020). In addition, NRP1 is thought to play a role as a co-receptor for virus entry in some cell-

types (Cantuti-Castelvetri et al., 2020; Daly et al., 2020). Spike protein pseudotyped lentiviruses provide

an accurate and sensitive means to determine the susceptibility of cells to SARS-CoV-2 entry (Tada et al.,

2020). We used this approach to determine the susceptibility of the placental cells to support SARS-

CoV-2 entry. Fresh placental isolates from SARS-CoV-2 negative mothers were obtained shortly following

delivery. The fetal CP and maternal decidua were then removed and samples containing terminal, interme-

diate and stem chorionic villi were used to establish placental villi explant cultures (Figure 3C). To allow the

passage of small cell clusters, additional placental cell clusters were prepared by enzymatic digestion of the

chorionic villi followed by filtration (Figure 3D). The cultures were then infected with a dual green fluorescent

protein/nanoluciferase (GFP.Nluc) reporter lentiviral vector pseudotyped by the D614G SARS-CoV-2 spike

(S) (Tada et al., 2020). Vesicular stomatitis virus G protein (VSV-G) pseudotyped lentivirus, which infects cells

with high infectivity using a ubiquitous cell surface receptor, was used as a control. The results showed that

the placental cultures were susceptible to infection by the D614G pseudotype. The infectivity was 2.7-fold

lower on average than of the VSV-G pseudotype, indicative of a relatively efficient entry mediated by the

spike protein (Figures 3A, 3B, and 3E). The explant cultures were approximately five-fold less infectable as

compared with the clusters and single cells, likely owing to the reduced surface accessibility in the explants.

The addition of the HIV reverse transcriptase inhibitor nevirapine (NVP) confirmed that the luciferase activity

was primarily owing to virus entry and not carry-over from residual virions (Figure 3A).

ACE2 and TMPRSS2 are expressed in the placenta at low levels in the third trimester (Ouyang et al., 2021;

Pique-Regi et al., 2020; Singh et al., 2020); however, syncytiotrophoblast expresses the alternative receptor,
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Figure 2. Immune cell infiltration of CD3+ and CD4+ T cells, CD56+ NK, and CD163+ Hofbauer cells in a high

positive placenta from a COVID-infected mother versus a normal healthy control placenta

(A–D) Representative brightfield images of IHC stained FFPE placental tissue sections showing infiltration within maternal

blood space (MB), fetal intravillous space (FV), chorionic plate (CP), and maternal decidua (MD) from high positive

sample H_2.

(E–H) Representative images of the same regions within the placenta from a non-infected negative control, C_3. Sections

were stained for CD3 (A and E), CD4 (B and F), CD56 (C and G), CD163 (D and F). Scale bars = 100 mm.

(I) Quantification of CD3+ T cells, CD4+ helper T cells, CD56+ NK cells, and CD163 + macrophages/HBC detectable by

DAB staining across the indicated regions of placental tissue listed along the top X axis. The number of images analyzed

for each antibody are listed in Table S1. Values represent the percentage of DAB positive nuclei out of total number of

cells based on nuclear detection by a hematoxylin signal. The grey bar in the boxplots represents the median, and the

inner, colored boxes represent the interquartile range (25th and 75th percentiles). Statistical analysis was performed

using a two-tailed Mann–Whitney U-test and adjusted for multiple testing with the Benjamini–Hochberg FDR method.

*p < 0.05, **p < 0.01.

See also Table S1 and Figure S2.
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NRP1 (Arad et al., 2017; Baston-Buest et al., 2011; Cantuti-Castelvetri et al., 2020; Daly et al., 2020). To deter-

mine the relative roles of ACE2 and NRP1 in SARS-CoV-2 entry in the placenta, placental cell clusters were

treated with anti-ACE2 or anti-NRP1 blocking antibodies before infection with the pseudotyped virus. Both

antibodies decreased the infectivity of the D614G spike protein pseudotyped lentivirus (anti-ACE2, 3.5-fold;

anti-NRP1, 3.1-fold). The combination of the two antibodies further decreased infectivity by two-fold, resulting

in a 7.3-fold reduction compared with untreated controls (Figure 3B, left panel; Figure S3A). For comparison,

we tested the lung cell-line A549-ACE2.Whereas the overall infectability of the cells was much higher than the

primary placental cells, the antibodies decreased the infection to a similar extent (anti-ACE2, 2.6-fold; anti-

NRP1: 2.9-fold) consistent with an earlier report (Tada et al., 2020), and the combination resulted in no further

decrease (Figure 3B, right panel). The antibodies did not block the infection by the VSV-Gpseudotype demon-

strating specificity of the antibodies (Figure 3B, left and right panels; Figure S3A). The results suggest that

SARS-CoV-2 viral entry of the placental tissue is dependent on both ACE2 and NRP1, and that infectivity is

increased in the presence of both receptors simultaneously.

To determine the cell types targeted for infection, placental explant cultures were infected with the spike

protein pseudotypes and then visualized by fluorescence microscopy for the GFP reporter. Live GFP fluo-

rescence could be visualized in the infected explant cultures and was more robust for the VSV-G pseudo-

type-infected cultures (Figure 3C). To determine the identity of the infected cells, the explant cultures were

processed for immunofluorescence by staining with an antibody against the trophoblast marker KRT7/

Cytokeratin and the endothelial marker CD31. The results showed GFP-positive cells in small patches of

the syncytiotrophoblast on the outer perimeter of the chorionic villi but not in endothelial cells (Figure 3D).

The VSV-G pseudotype showed a similar pattern, typically with larger clusters of GFP-positive cells by live

cell fluorescence microscopy of the infected explant cultures. No GFP-positive cells were found in mock-

infected explant cultures (Figure 3D).

Increased infection of placental cell clusters by viruses with variant spike proteins

SARS-CoV-2 variants containing mutated spike proteins have been shown to spread with increased trans-

missibility and replicate at higher virus loads in vivo. This raises the possibility that the variants might pose a

greater risk to the pregnant mother and the developing fetus. To test the ability of the variants to infect

placental cells, we infected placental cultures with lentiviruses pseudotyped by Alpha (B1.1.7), Beta

(B1.351), and Delta (B.1.617.2) variants of concern spike proteins (Tada et al., 2020, 2021a, 2021b, 2022).

The results showed that the variant pseudotypes infected the placental clusters with increased infectivity

relative to the earlier D614G pseudotype. Infection by the Alpha pseudotype was increased 2.7-fold, on

average, whereas Beta and Delta were increased 2.2-fold and 2.1-fold, respectively (Figure 3E, left panel;

Figure S3B). The variants did not show the same increase upon infection of A549-ACE2 cells demonstrating

that the increases were specific to placental cells and not caused by a general increased infectivity of the

variants (Figure 3E, right panel).

Figure 3. Placental explants and cell clusters infected by SARS-CoV-2 S protein pseudotyped lentiviruses

(A) Graph showing relative luminescence units (RLU) from placental explant cultures 72 hpi after infection with lentivirus

pseudotyped with SARS-CoV-2 spike or VSV-G protein with or without the addition of reverse transcriptase inhibitor

Nevirapine (NVP). Statistical significance was determined by the two-tailed unpaired t-test (*p% 0.05, **p% 0.005). Data

are presented as mean G SEM.

(B) Graphs showing RLU from infected isolated primary placental cell clusters (left) and infected A549-ACE2 cells (right)

72 hpi with the addition of blocking antibodies against ACE2 and NRP1. Statistical significance was determined by the

two-tailed unpaired t-test (**p % 0.005, ***p % 0.001). Data are presented as mean G SEM.

(C) Brightfield and live fluorescencemicroscopy images of cultured placental explants, mock-infected (Mock, left column),

72 hpi with either SARS-CoV-2-S pseudotyped lentivirus (SARS-CoV-2-S, center column) or VSV-G pseudotyped lentivirus

(VSV-G, right column).

(D) Fluorescence microscopy images on sections from mock-infected (Mock, top row), SARS-CoV-2-S pseudotyped

lentivirus-infected (SARS-CoV-2-S, center row), or VSV-G pseudotyped lentivirus-infected (VSV-G, bottom row) explants,

stained for the GFP reporter (green) syncytial trophoblast marker, cytokeratin (KRT7, grey), endothelial marker CD31 (red),

and DAPI nuclear stain (blue). Scale bars = 500 mm.

(E) Graphs showing RLU from placental cell clusters (left) and A549-ACE2 cells (right) infected with lentivirus pseudotyped by

VSV-G (control), wild-type SARS-CoV-2 spike (D614G), Alpha variant (B.1.1.7), Beta variant (B.1.351), and Delta variant

(B.1.617.2) spike. Lentivirus without a pseudotyped enveloped protein was included as a control (No Env). Statistical analysis

was performed using one-way ANOVA (*p value < 0.05, **p value < 0.005, ***p value < 0.001). Statistical significance was

determined by the two-tailed unpaired t-test (**p % 0.005, ***p % 0.001). Data are presented as mean G SEM.

See also Figure S3.
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Figure 4. Primary human placenta cells can be infected with SARS-CoV-2 ex vivo

(A) qRT-PCR analysis of relative viral N subgenomic RNA expression in primary placental cell clusters infected with SARS-

CoV-2 ex vivo (MOI = 1) at 24 hpi and normalized to ACTB levels (meanG SD; n = 12 from four independent experiments;

Student’s t test, ****p < 0.0001).

(B) Three-dimensional reconstruction of confocal imaging of primary placental cell clusters infected with SARS-CoV-2

ex vivo (MOI = 1) at 24 hpi, stained for trophoblast marker KRT7 (green), SARS-N (red), endothelial marker CD31 (grey),

and DAPI (blue). Scale bar = 30 mm.
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Primary placental cell clusters are permissive to live SARS-CoV-2

To further determine the susceptibility of placental cells to SARS-CoV-2, we infected primary human

placental cell clusters ex vivo. Placentas isolated from healthy term deliveries were digested into cell clus-

ters of approximately 50–100 cells, plated on Matrigel-coated plates, and infected with live SARS-CoV-2

(MOI = 1). The cells were collected 24-h post-infection (hpi) and analyzed by qRT-PCR and immunofluores-

cence staining.

qRT-PCR quantification using primers targeting subgenomic N transcripts showed the presence of SARS-

CoV-2 viral RNA in the placental clusters, demonstrating the presence of active virus infection (Figure 4A).

To determine the infected cell types in the placental cell clusters, we performed immunostaining for the

SARS-CoV-2 N protein and confocal imaging. This analysis showed infected KRT7-positive trophoblast

cells (Figures 4B and 4C; Video S1) and, in addition, the presence of a small number of infected CD31+

endothelial cells (Figure 4C).

To determine the transcriptional changes induced by SARS-CoV-2 infection, we analyzed the transcrip-

tome of ex vivo infected placental cell clusters at 24 hpi by RNA-seq. Alignment to the viral genome de-

tected SARS-CoV-2 viral RNA levels in SARS-CoV-2-infected samples (Figure 5A). Principal component

analysis (PCA) demonstrated that the infected samples occupy a distinct transcriptional space compared

with mock-infected control samples (Figure 5B). Strong similarity among SARS-CoV-2-infected samples

with distinct separation from mock-infected samples was observed in the heatmap of sample-to-sample

distances (Figure 5C).

To determine the effects of SARS-CoV-2 infection on the expression of placental cell-type specific markers

genes, differential expression analysis was performed on the RNA-seq data. The analysis showed

decreased expression of trophoblast cell markers KRT7, GATA3, CDKN1C and endothelial cell markers

VWF, CD36, CD44, and increased the expression of the Hofbauer cell markerCD14 (Figure 5D). In addition,

a strong inflammatory response was seen in infected samples with dramatic increases in the expression of

chemokine, proinflammatory cytokines (Figure 5E) and other inflammation-related genes (Figure 5F), a

finding consistent with inflammatory responses to SARS-CoV-2 infection in other tissues (Han et al.,

2021; Tang et al., 2021; Yang et al., 2020, 2021). In addition, a trend for increased expression of cell

death-related genes is observed in SARS-CoV-2-infected placental cell clusters, suggesting an acute

apoptotic response to infection (Figure 5G).

Ingenuity pathway analysis (IPA) of the genes enriched in SARS-CoV-2-infected samples compared with

mock-infected controls highlighted canonical biological pathways associated with viral infection and im-

mune response, including the Th1 and Th2 activation pathways, Coronavirus pathogenesis pathway, and

IL-10 and IL-6 signaling (Figure 5H). The pathway with the most prominent alteration in the infected

placental cell clusters was EIF2 signaling, a pathway previously identified as the top pathway changed in

SARS-CoV-2-infected human pancreatic islets (Tang et al., 2021).

Placentas infected by SARS-CoV-2 at term show induction of inflammation genes

SARS-CoV-2 infection has been shown to induce major transcriptional alterations in infected cells. To

determine the host response of the human placenta to SARS-CoV-2 infection, we analyzed the transcrip-

tome of placentas fromCOVID-19 positive andCOVID-19 negativemothers shown in Table 1 and Figure 1A

by RNA-seq. Of the COVID-19 positive mothers, two placentas were high positive (high positive samples,

H_1, H_2) and 15 were positive (positive samples, P_1-P_15) for SARS-CoV-2 RNA by qRT-PCR (Figure 1A,

Table S2). Of the COVID-19 negative mothers, four were healthy controls (control samples, C_1-C_4) and

four were placentas with non-COVID related inflammatory pathologies (inflammatory samples, I_1-I_4)

(Figure 1A, Table S2). Alignment to the viral genome detected SARS-CoV-2 viral RNA levels in the two

high positive samples analyzed (11.1%; H_1 and H_2), and both samples were identified as the Alpha

(B.1.1.7) variant (Figure 6A). Furthermore, in both high positive samples, SARS-CoV-2 viral RNA reads

Figure 4. Continued

(C) Confocal imaging of primary placental cell clusters infected with MOCK (top rows) or SARS-CoV-2 (MOI = 1, bottom

rows) ex vivo at 24 hpi, stained for trophoblast marker KRT7 (green), SARS-N (red), endothelial marker CD31 (grey), and

DAPI (blue). Arrows indicate the presence of SARS-N nucleocapsid protein in trophoblast and endothelial cells. Scale

bar = 20 mm.

See also Video S1.
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can be detected across the whole genome (Figure S4A). PCA demonstrated that the high positive samples

H_1 and H_2 occupy a distinct transcriptional space compared with the negative controls (C) and the

inflammatory samples (I), as well from the positive samples (P) (Figure 6B). Clustering of an expression heat-

map of sample-to-sample distances demonstrated a high degree of similarity between the two high pos-

itive samples (H_1 and H_2) and a broad separation from all other samples, whereas two of the inflamma-

tory samples (I_1 and I-4) and two positive samples (P_5 and P_10) displayed a moderate degree of

similarity (Figure 6C).

To determine the transcriptional changes in the placenta in response to virus infection, differential expres-

sion analysis was performed on the four groups based on their category and number of viral reads detected

by RNA-seq (Table S2), using three comparisons: (1) high positive versus control samples, to determine the

Figure 5. SARS-CoV-2 infection of ex vivo placental explants demonstrates a robust inflammatory response

(A) SARS-CoV-2 viral RNA FPKM levels in mock and SARS-CoV-2-infected placental cell clusters. Data are presented as mean G SD. n = 3 biological

replicates, Student’s t test (**p = 0.0012).

(B) PCA analysis of gene expression profiles in mock infected samples (n = 3) and SARS-CoV-2-infected samples (n = 3 biological replicates).

(C) Expression heatmap of sample-to-sample distances for the overall gene expression.

(D–G) Heatmap from RNA-seq data of showing placental cell marker gene expression (D), chemokine and cytokine gene expression (E), inflammatory

associated gene expression (F), and cell death marker gene expression (G).

(H) IPA depicting the top canonical biological pathways affected when comparing SARS-CoV-2-infected placenta cell clusters with mock infected controls.

TC, trophoblast cells; EC, endothelial cells; HB, Hofbauer cells.
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Figure 6. Transcriptional analysis of term placentas of COVID-19 patients

(A) SARS-CoV-2 viral RNA FPKM levels in placentas from healthy control pregnancies (n = 4), COVID+ mothers (n = 17), and placentas with non-COVID

related inflammatory pathologies (n = 4). B.1.1.07 Alpha variant (red) was detected in the two high positive placentas (H_1, H_2).

(B) PCA analysis of gene expression profiles in control samples (C, n = 4), high positive samples (H, n = 2), positive samples (P, n = 15), and inflammatory

samples (I, n = 4).

(C) Expression heatmap of sample-to-sample distances for the overall gene expression.

(D–F) Heatmap from RNA-seq data of placentas from control samples (C, n = 4), high positive samples (H, n = 2), positive samples (P, n = 15), and

inflammatory samples (I, n = 4) showing placental cell marker gene expression (D), chemokine and cytokine gene expression (E), and inflammatory associated

gene expression (F).

(G) Ingenuity pathway analysis (IPA) depicting the top canonical biological pathways affected when comparing high positive SARS-CoV-2 placentas with

control placentas. TC, trophoblast cells; EC, endothelial cells; HB, Hofbauer cells.

(H) Heatmap of cellular deconvolution estimating the relative abundance of cell types at the maternal–fetal interface. Mean values per group were the

Z-score transformed per row. The original mean relative proportion of each cell type is displayed on the right.

See also Table S2; Figures S4 and S5.
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effects of maternal COVID infection coupled with high viral reads in the placenta; (2) positive versus control

samples to analyze the effects of maternal COVID infection without viral reads detected by RNA-seq in the

placenta; and (3) inflammatory versus control samples, to determine the effects of other non-COVID inflam-

matory pathologies on the placenta.

Expression and cluster analysis of placental cell type specific markers showed an increase in the expression

of HBC macrophage marker genes CD68, CD163, CD14 and a decrease in the expression of trophoblast

markers KRT7, TFAP2C, HLA-G, PHLDA2 and endothelial specific markers CDH5, VWF, CD36, CD44 in

the high positive samples compared with all other samples (Figure 6D), similar to what was found in

ex vivo infected human placenta cell clusters (Figure 5D). No major differences were observed in expres-

sion levels of apoptosis- or necrosis-related genes (Figure S4B), suggesting that the downregulation of

placenta cell specific markers is owing to the loss of cell identity rather than cell death. The loss of cellular

identity has also been observed in several SARS-CoV-2-infected tissues (Omer et al., 2021; Tang et al.,

2021). High positive placental samples show a strong upregulation of chemokines and cytokines that is

more robust than that found in inflammatory control samples (Figure 6E) and is consistent with lung autopsy

samples from COVID-19 patients (Han et al., 2021). Similar to ex vivo infected placental cell clusters, the

high positive placental samples also show an increased expression of inflammatory-related genes

(Figures 5F and 6F). Significantly decreased expression of several placental trophoblast and endothelial

cell markers (TFAP2C, VWF), increased the expression of Hofbauer cell markers (CD68, CD163), and of che-

mokine and cytokine genes (CXCL10, CCL20, IL15) and inflammation markers (NURP1, TNFRSF1B) was vali-

dated by qRT-PCR of the high positive samples (Figure S5).

IPA of the genes enriched in the high positive placental samples compared with controls from uninfected

mothers highlighted canonical biological pathways associated with viral infection and immune response,

including antigen presentation, Th1 and Th2 immune cell activation, and natural killer cell signaling

(Figure 6G).

The top canonical pathways altered in the inflammatory samples as compared with healthy controls

included EIF2 signaling and mitochondrial dysfunction (Figure S4C). Interferon signaling and hypercytoki-

nemia/hyperchemokinemia that are known to play a critical role in the pathogenesis of influenza were the

major pathways enriched in the positive samples compared with controls (Figure S4D). Importantly, the IPA

analysis of ex vivo infected placental cell clusters (Figure 5H) and of the high positive placental samples

(Figure 6G) showed significant changes in Th1 and Th2 signaling pathways as well as pathways involving

natural killer cells, consistent with the quantitative analysis of T cells and NK cells by immunohistochemistry

(Figure 2I). These changes were specific to the infected placentas as they were not detected in placentas

with other inflammatory pathologies (Figures 6G and S4C).

To estimate the abundances of inflammatory cell types within the placental samples, we performed cellular

deconvolution by CIBERSORTx (Newman et al., 2019) using a cell-type reference specific to term placentas

(Pique-Regi et al., 2020). The analysis showed that control and positive samples displayed a similar pattern

of inferred relative cell proportions, whereas the inflammatory and high positive samples were more dis-

similar (Figure 6H). Specifically, the high positive samples showed an increase in the relative abundance

of T cells, monocytes and macrophages, B cells, and fibroblasts in comparison with control samples. Inter-

estingly, there was also a decrease in the pattern of signatures related to specialized placental cell types

such as cytotrophoblasts (CTB), extravillous trophoblast (EVT), endothelial cells, and decidual cells. These

data are consistent with the immune cell infiltration we found in the placenta (Figure 2). Furthermore, the

data suggest that SARS-CoV-2 infection of placental tissue may have a profound effect on the cellular

identity and tissue integrity of the placental tissue. Taken together, our findings identify an inflammatory

phenotype in SARS-CoV-2 positive placentas, most pronounced in the high positive samples, that is com-

plemented by a loss of chorionic villi cell identity.

DISCUSSION

The placenta is a vital organ that provides the gestational interface between mother and fetus. Viral infec-

tions can result in placental dysfunction, leading to pregnancy complications with increased morbidity and

mortality for the mother and fetus (John and Hemberger, 2012; Maltepe et al., 2010; Rossant and Cross,

2001) and can developmentally program the fetus for a chronic disease later in life (Burton et al., 2016).
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Such effects are notable for Zika virus infection where trophoblasts serve as a route of mother-to-fetus

infection (Tan et al., 2019).

Although the large majority of infants born to SARS-CoV-2-infected mothers do not become infected, our

results show that SARS-CoV-2 RNA can frequently be detected in the placenta. In placental tissues that

were highly infected, the virus was primarily localized to the syncytiotrophoblast and the placenta was in-

filtrated with maternal immune cells with the transcriptional hallmarks of inflammation. Our findings do not

directly show the presence of live virus in the placenta although virus is detected at least in some pregnan-

cies. In support of this, the two highly infected placentas showed high levels of viral RNA; placental cells

were infected by the pseudotyped and live SARS-CoV-2; placental samples stained for nucleocapsid pro-

tein; and RNA-seq showed high copy numbers of viral RNA across the entire virus genome.

Within a cohort of placental samples frommothers who tested positive for SARS-CoV-2 RNA at delivery, 22

of 52 (42%) had detectable genomic and replicating viral RNA, a frequency higher than that found in pre-

vious studies (Debelenko et al., 2021; Hecht et al., 2020; Facchetti et al., 2020; Lu-Culligan et al., 2021). The

increased frequency may be because most of the placental samples we studied were from deliveries in

which the mother was infected late in pregnancy and the mothers or newborns presented with clinical

pathologies.

The two placental samples that we identified with high levels of viral RNAwere both infected with the SARS-

CoV-2 Alpha variant, one of which resulted in fetal demise and the other was a preterm delivery that

required extended care in the NICU. Both mothers presented with symptomatic COVID-19, and tested

positive for SARS-CoV-2 RNA and antiviral IgM and IgG antibody, indicating a recent infection (Kubiak

et al., 2021; Prabhu et al., 2021). In contrast, only one out of 20 pregnancies of SARS-CoV-2 positive mothers

with medium virus content in the placenta (P_10) and one out of 30 pregnancies of SARS-CoV-2 positive

mothers with no virus detected in the placenta (N15) resulted in IUFD. This may have been triggered by

poorly controlled maternal type 2 diabetes (P_10) or by anencephaly of the fetus (N15). Infants born

from COVID-19 positive mothers with placentas high positive or positive for the virus tested negative for

SARS-CoV-2 by PCR on nasal swabs, demonstrating the protective role of the placenta in preventing ver-

tical transmission (Cribiù et al., 2021). Despite the protection of the newborn from infection, it remains

possible that infection of the placenta could have long-term effects on the infant, suggesting the impor-

tance of continued monitoring of the child for developmental defects.

In placentas with high virus content, viral RNA and antigen were detected in a large fraction of the syn-

cytiotrophoblast, the outer cell layer covering the fetal chorionic villi situated at the interphase to MB. In

those placentas, virus was not detected in the fetal HBC or stromal and endothelial cells within the cho-

rionic villi or outside the villi. Other studies have also provided evidence for SARS-CoV-2 infection in the

placental syncytiotrophoblast (Alamar et al., 2020; Facchetti et al., 2020; Hecht et al., 2020; Hosier et al.,

2020; Mulvey et al., 2020; Penfield et al., 2020; Taglauer et al., 2020; Vivanti et al., 2020). However, two

reports on a preterm placenta and a placenta from a newborn with vertically transmitted SARS-CoV-2

detected SARS-CoV-2 RNA in HBC and stromal cells inside the villi and in maternal macrophages and

epithelial cells at the maternal–fetal interface (Facchetti et al., 2020; Verma et al., 2021). In those cases,

it is possible that infection occurred at an earlier gestational stage that allowed for viral spread beyond

the syncytiotrophoblast layer.

Infection of the placenta was followed by extensive infiltration of maternal immune cells. In placentas with a

high virus load, the maternal space and fetal chorionic villi contained large numbers of macrophages, T

lymphocytes, increased numbers of CD3-positive and CD4-positive T cells in the fetal CP, as well as higher

numbers of CD56-positive NK cells restricted to the maternal decidua. The source of the NK cells was not

clear. They could have resulted from the proliferation of uterine NK cells residing at the maternal–fetal

interface or infiltration of NK cells from the maternal circulation. No viral RNA or protein was detected in

immune cells after careful and rigorous analysis, suggesting immune cells are not a viral source in the

placenta. Other studies have reported on infiltration of maternal immune cells into the placenta in the

case of live-borne and stillborn neonates that tested positive for SARS-CoV-2 (Facchetti et al., 2020; Gar-

rido-Pontnou et al., 2021; Kirtsman et al., 2020; Vivanti et al., 2020). Our study, for the first time, reports on

extensive immune cell infiltration in placentas with high levels of the Alpha variant virus without vertical

transmission of the virus. Consistent with other reports, the two high positive samples showed intervillous
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infiltration by inflammatory immune cells, chronic histiocytic intervillositis with trophoblast necrosis, inter-

villous space collapse, and increased perivillous fibrin deposition (Debelenko et al., 2021; Facchetti et al.,

2020; Garrido-Pontnou et al., 2021; Linehan et al., 2021; Lu-Culligan et al., 2021; Marton et al., 2021; Verma

et al., 2021). The two heavily infected placentas H_1 and H_2 in our study were both infected with the Alpha

variant. These placentas were delivered in the early Spring 2021, whereas the other infected placentas were

delivered before December 2020, before the widespread presence of the Alpha variant in the US (Alpert

et al., 2021).

Transcriptome analysis of placental tissue and of acutely infected placental cell clusters revealed the

increased expression chemokines, cytokines, and inflammatory-related genes. Overall loss of placental

cell lineages identities was detected in the high positive samples, similar to what has been reported for

several SARS-CoV-2-infected tissues (Omer et al., 2021; Tang et al., 2021). Moreover, a previous study re-

ported an increase in immunopathology gene expression in one severe SARS-CoV-2 positive placenta but

not in placental tissue with a low virus load (Cribiù et al., 2021). In our study, placental samples with low virus

content displayed altered interferon signaling pathways as detected by IPA; however, they showed only

minor differences in their gene expression patterns compared with negative control samples. A recent sin-

gle-cell RNA-seq study by Lu-Culligan et al. on two virus-negative placentas from women with severe

COVID-19 revealed robust immune activation in the placenta, including the upregulation of interferon-

stimulated genes and of genes indicative of mediating innate-to-adaptive immune cell communication

in response to maternal COVID-19 (Lu-Culligan et al., 2021). In contrast, the high virus levels detected in

our study of two placentas infected with the Alpha variant, in combination with the observed up-regulation

of immune response genes and infiltration of immune cells into maternal and fetal placental compartments

support the hypothesis that these are in response to the infection of the mother and the presence of SARS-

COV-2 in the placenta.

To determine the ability of placental cells to support SARS-CoV-2 infection, we tested the infectability of

ex vivo placental explant and cell cluster culture models both with live SARS-CoV-2 virus and with spike pro-

tein pseudotyped lentiviruses. Term placentas express low levels of ACE2 and TMPRSS2 (Ouyang et al.,

2021; Pique-Regi et al., 2020; Singh et al., 2020;), as well as the entry cofactor NRP1 (Cantuti-Castelvetri

et al., 2020; Daly et al., 2020). NRP1 is expressed at the maternal–fetal interface in decidual cells and syn-

cytiotrophoblast where it acts as a co-receptor for vascular endothelial growth factor (VEGF) on endothelial

cells and plays an important role both in pregnancy and the immune system (Arad et al., 2017; Baston-Buest

et al., 2011). In addition, SARS-CoV-2 infection has been reported to increase (Lu-Culligan et al., 2021) or

decrease placental ACE2 expression, causing dysregulation of the renin-angiotensin system (Verma et al.,

2021). We found that live and pseudotyped virus targeted the syncytiotrophoblast and, in rare cases, endo-

thelial cells. The infection was partially blocked by anti-ACE2 and anti-NRP1 antibodies, suggesting the

role of both proteins in virus entry into placental cells. The antibody treatment did not completely prevent

infection of the placental cells suggesting the possibility of a yet unidentified entry cofactor, although we

could not rule-out the possibility that the antibodies were not completely efficient at blocking virus entry.

Alpha, Beta, and Delta variant pseudotypes infected the placental cell clusters with increased efficiency,

raising concern that the variants may present an increased risk to the developing fetus. Such a concern

was further supported by our finding that the two placentas that contained high levels of virus were

both infected by the Alpha variant and were associated with a strong inflammatory response and adverse

outcome of pregnancy.

This study focused on the effect of maternal infection late in pregnancy on the placenta. It will be important,

in addition, to study the effect of infections during the earlier stages of pregnancy where the impact on

placental health could be greater. Such a possibility is of particular importance with the high prevalence

of the Delta variant that replicates with increased virus loads in vivo (Lopez Bernal et al., 2021; Luo et al.,

2021) and has an increased ability to infect placental cells. The increased frequency with which variants

of concern appear to infect the placenta should be considered by clinicians advising their patients on vacci-

nation during pregnancy. In addition, the increased expression of SARS-CoV-2 entry cofactors in the first

and second trimester may increase the susceptibility of the placenta to infection. An infection at these

earlier stages could affect placental development and morphogenesis resulting in an increased risk of

placental pathologies and clinical outcomes for mother and fetus. Our study highlights the importance

of monitoring the health of COVID-19 mothers and their infants in order to identify possible long-term clin-

ical impacts of SARS-CoV-2 infection during pregnancy.
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Limitations of the study

The present study used a limited cohort of women who tested positive for SARS-CoV-2 at delivery, and all

placental samples were obtained from Pathology. It will be important to investigate the impact of SARS-

CoV-2 maternal infection during the first and second trimester on placental development and on the health

of the newborns. With the exception of two placentas from mothers infected with the Alpha variant, whose

pregnancies resulted in adverse outcomes for the fetuses and contained high virus levels, all placentas in

this study were from mothers infected with the original SARS-CoV-2. Given that viruses with variant spike

proteins infected placental cultures at significantly greater levels, it will be important to study the effect of

the recent SARS-CoV-2 variants Delta and Omicron on the placenta and its long-term effects on the health

of mothers and their newborns.
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D.K., Simón-Gracia, L., Bauer, M., Hollandi, R.,
et al. (2020). Neuropilin-1 is a host factor for SARS-
CoV-2 infection. Science 370, 861–865.

Daniloski, Z., Jordan, T.X., Wessels, H.H.,
Hoagland, D.A., Kasela, S., Legut, M., Maniatis,
S., Mimitou, E.P., Lu, L., Geller, E., et al. (2021).
Identification of required host factors for SARS-
CoV-2 infection in human cells. Cell 184, 92–
105.e16.

Debelenko, L., Katsyv, I., Chong, A.M., Peruyero,
L., Szabolcs, M., and Uhlemann, A.C. (2021).
Trophoblast damage with acute and chronic
intervillositis: disruption of the placental barrier
by severe acute respiratory syndrome coronavirus
2. Hum. Pathol. 109, 69–79.

Della Gatta, A.N., Rizzo, R., Pilu, G., and
Simonazzi, G. (2020). Coronavirus disease 2019
during pregnancy: a systematic review of
reported cases. Am. J. Obstet. Gynecol. 223,
36–41.

Dobin, A., Davis, C.A., Schlesinger, F., Drenkow,
J., Zaleski, C., Jha, S., Batut, P., Chaisson, M., and
Gingeras, T.R. (2013). STAR: ultrafast universal
RNA-seq aligner. Bioinformatics 29, 15–21.

Edlow, A.G., Li, J.Z., Collier, A.Y., Atyeo, C.,
James, K.E., Boatin, A.A., Gray, K.J., Bordt, E.A.,
Shook, L.L., Yonker, L.M., et al. (2020).
Assessment of maternal and neonatal SARS-CoV-
2 viral load, transplacental antibody transfer, and
placental pathology in pregnancies during the
COVID-19 pandemic. JAMA Netw. Open 3,
e2030455.

Facchetti, F., Bugatti, M., Drera, E., Tripodo, C.,
Sartori, E., Cancila, V., Papaccio, M., Castellani,

R., Casola, S., Boniotti, M.B., et al. (2020). SARS-
CoV2 vertical transmissionwith adverse effects on
the newborn revealed through integrated
immunohistochemical, electron microscopy and
molecular analyses of Placenta. EBioMedicine 59,
102951.

Garrido-Pontnou, M., Navarro, A., Camacho, J.,
Crispi, F., Alguacil-Guillén, M., Moreno-Baró, A.,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Cytokeratin Agilent Dako Agilent Cat# Z0622; RRID:AB_2650434

anti-rabbit alkaline phosphatase Jackson ImmunoResearch Jackson ImmunoResearch Labs

Cat# 111-055-003; RRID:AB_2337947

Sheep anti-human Neuropilin-1 R&D Systems R and D Systems Cat# AF3870;

RRID:AB_884367

anti-ACE2 Agilent AdipoGen Cat# AG-20A-0032;

RRID:AB_2490114

Rabbit anti-SARS-CoV-2 nucleocapsid

(N) antibody

GeneTex GeneTex Cat# GTX635679;

RRID:AB_2888553

Rabbit anti-CD163 Novus Biologicals Novus Cat# NBP1-49776-1ml;

RRID:AB_10011892

Anti-CD3 Leica Biosystems Leica Biosystems Cat# PA0554;

RRID:AB_10554454

Anti-CD4 Leica Biosystems Leica Biosystems Cat# PA0371;

RRID:AB_10554438

Anti-CD56 Leica Biosystems Leica Biosystems Cat# PA0192;

RRID:AB_10554753

Sheep anti-human CD31/PECAM1 R&D Systems R and D Systems Cat# AF806;

RRID:AB_355617

Chicken anti-GFP Abcam Abcam Cat# ab13970; RRID:AB_300798

Anti-KRT7 Agilent Dako Agilent Cat# M701829-2;

RRID:AB 2134589

AlexaFluor488-donkey anti-chicken,

AlexaFluor594-donkey anti-sheep,

AlexaFluor647-donkey anti-rabbit

Jackson ImmunoResearch Jackson ImmunoResearch Labs

Cat# 703-545-155; RRID:AB_2340375,

Jackson ImmunoResearch Labs

Cat# 713-585-003; RRID:AB_2340747,

Jackson ImmunoResearch Labs

Cat# 711-585-152; RRID:AB_2340621

AlexaFluor488-donkey-anti-mouse,

AlexaFluor568-donkey-anti-rabbit,

AlexaFluor647-donkey-anti-sheep

ThermoFisher Thermo Fisher Scientific

Cat# A32766; RRID:AB_2762823,

Thermo Fisher Scientific

Cat# A10042; RRID:AB_2534017,

Thermo Fisher Scientific

Cat# A21448; RRID:AB_10374882

Bacterial and virus strains

SARS-CoV-2 isolate USA-WA1/2020 Center for Disease Control

and Prevention, obtained through

BEI Resources NIAID, NIH

NR-52281

SARS-CoV-2 S D614G pseudotyped reporter

virus SARS-CoV-2 S B1.1.7 pseudotyped

reporter virus SARS-CoV-2 S B1.351

pseudotyped reporter virus SARS-CoV-2 S

B.1.617.2 pseudotyped reporter virus

VSV-G pseudotyped reporter virus

(Tada et al., 2020, 2021b, 2022) N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Heidi Stuhlmann (hes2011@med.cornell.edu)

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

FFPE blocks of placental samples Department of Pathology and

Laboratory Medicine, WCM

N/A

Fresh placental samples WCM under IRB exempt approval

IRB #20-07022453

N/A

Critical commercial assays

RNeasy FFPE kit Qiagen Cat# 73604

LunaScript� RT SuperMix Kit New England Biolabs Cat# E3010L

Luna� Universal qPCR Master Mix New England Biolabs Cat# #M3003

EnzMet kit Nanoprobes, Yaphank NY Cat# 111-055-003

RBC Lysis Buffer Biolegend Cat# 420301

Human umbilical cord dissociation kit Millitenyi Biotec Cat# 130-105-737

Nano-Glo� Luciferase Assay System Promega Cat# N1120

SuperScript III Platinum SYBR Green One-Step

qRT–PCR Kit

Invitrogen Cat# 11736059

ImmPRESS Reagent kit Vector Laboratories Cat# MPX-2402

TruSeq Stranded Total RNA Library Prep Kit Illumina Cat# RS-122-2103

Quick-RNA FFPE Miniprep Zymo Research Cat# R1008

Experimental models: Cell lines

Vero E6 ATCC #CRL-1586

A549-ACE2 (Tada et al., 2021b) N/A

Software and algorithms

GraphPad Prism software Graphpad.com N/A

IDT OligoAnalyzer Integrated DNA Technologies N/A

Stardist version 0.7.1 (Schmidt et al., 2018) N/A

Labelme version 4.5.9 https://github.com/

wkentaro/labelme

N/A

Imaris software Bitplane N/A

cutadapt v1.18 (Kechin et al., 2017) N/A

STAR v2.5.2b (Dobin et al., 2013) N/A

HTSeq-count v 0.11.2 (Anders et al., 2015) N/A

DESeq2 v1.26.0 (Love et al., 2014) N/A

Heatmapper (Babicki et al., 2016) N/A

Source code for analysis of IHC data This paper N/A

Deposited data

RNA-seq data of patient placentas and ex vivo

placental clusters have been deposited in the

GEO repository database.

This paper GEO: GSE181238

IHC data have been deposited in the zenodo

repository database.

This paper https://doi.org/10.5281/zenodo.5182825
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Materials availability

This study did not generate new unique reagents.

Data and code availability

d RNA-seq data of patient placentas and ex vivo placental clusters were deposited in the GEO repository

database and will be available as of the date of publication. The accession number is listed in the key

resources table.

d Immunohistochemistry (IHC) analysis data were deposited in the zenodo repository database and will be

available as of the date of publication. The accession number is listed in the key resources table.

d The source code for the analysis of IHC data will be available as of the date of publication. The link is

listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human placental samples

Placental samples from SARS-CoV-2 positive women and controls were obtained at delivery by the Depart-

ment of Pathology and Laboratory Medicine at Weill Cornell Medicine (WCM)/NY Presbyterian Hospital.

Maternal and gestational age of the patients are provided in Table 1.

Placental explant and cell cluster cultures

Fresh, de-identified placentas from SARS-CoV-2-negative mothers were collected within 0.5–2 h post-de-

livery from Labor & Delivery at WCM/NYP under an approved IRB exempt protocol (#20-07022453, WCM).

Tissue samples were dissected by removing the fetal chorionic plate and any remaining maternal decidual

tissue. Primary explant cultures and cell clusters were cultured in DMEM/F12 medium supplemented with

10% FBS and 100 U/mL penicillin, 100 mg/mL streptomycin and 0.25 mg/mL amphotericin B (Massimiani

et al., 2019).

Cell lines

Vero E6 (African greenmonkey [Chlorocebus aethiops] kidney) and A549 (adenocarcinomic human alveolar

basal epithelial cell line)-ACE2 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supple-

mented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin and 100 mg/mL streptomycin, and main-

tained at 37�C with 5% CO2.

METHODS DETAILS

Placental samples

All placental samples from SARS-CoV-2 positive women and controls were obtained at delivery by the

Department of Pathology and Laboratory Medicine at Weill Cornell Medicine. All women admitted for de-

livery were tested by nasal swabs for acute SARS-CoV-2 infection by qRT-PCR, and serologically for previ-

ous infection at Weill Cornell Medicine Department of Pathology and Laboratory Medicine. Infants were

tested for SARS-CoV-2 at birth and 1 week of age by nasal swabs and RT-PCR. Placental samples were fixed

for 48 h in formalin and then processed and embedded into formalin fixed paraffin embedded (FFPE)

blocks by the pathology department. FFPE placental samples from 4 healthy women who tested negative

for SARS-CoV-2 as controls and an additional 4 samples with inflammation pathologies obtained from

SARS-CoV-2 negative patients were also included in the study. Unstained sections and H&E sections of

the FFPE blocks were performed at the Weill Cornell Clinical & Translational Science Center (CTSC)

core facility. Additional H&E staining was performed by the Weill Cornell Histology core facility.

SARS-CoV-2 detection in RNA from FFPE placental sections by qRT-PCR

Total RNA samples were prepared from FFPE placental tissue sections, followed by DNaseI treatment

using a RNeasy FFPE kit (Qiagen). To quantify for replicating virus, subgenomic viral nucleocapsid RNA

copy numbers were determined by qRT-PCR. cDNA was generated by using a RT SuperMix Kit

(LunaScript�) and SARS-CoV-2 N and cellular glyceraldehyde phosphate dehydrogenase (GAPDH)
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transcripts were quantified by qRT-PCR with a Luna�Universal qPCRMaster Mix (NEB) on a CFX384 Touch

Real-Time PCR Detection System (BioRad).

qRT-PCR graphs were generated using GraphPad Prism software.

RNA in situ hybridization to detect SARS-CoV-2 RNA on FFPE placental sections

Probe design

Oligonucleotide probes were synthesized with a 20–25 nucleotides complementarity to SARS-CoV-2

genomic RNA. Sequences were chosen to minimize off-target hybridization to cellular transcripts using

NCBI BLAST. IDT OligoAnalyzer (Integrated DNA Technologies) was used to identify probe pairs with

similar thermodynamic properties, melting temperature of 45–60�C, GC content of 40%–55%, and low

self-complementary. The 30 end of probes used for proximity ligation signal amplification was designed

with a sequence partially complementary to the 61 bp long backbone and partially complementary to

the 21 bp insert as described previously (Yang et al., 2020).

Tissue viral RNA staining pretreatment

Sections of FFPE placental samples were deparaffinized by 23 5 min treatments with 100% xylene at room

temperature. The slides were rinsed twice for 1 min each in 100% ethanol at room temperature and then air

dried. Endogenous peroxidase activity was quenched by treating for 10 min with 0.3% hydrogen peroxide

at room temperature followed by washing with DEPC treated water. The samples were incubated 15 min at

95–100 �C in antigen retrieval solution (ACDBio), rinsed in DEPC-treated water, dehydrated for 3 min in

100% ethanol at room temperature and air dried. Tissue sections were permeabilized for 30 min at 40�C
using RNAscope protease plus solution (ACDBio) and rinsed in DEPC-treated water.

SARS-CoV-2 RNA detection by probes using proximity ligation

Hybridization was performed overnight at 40�C in hybridization buffer [23 SSC, 20% formamide (Thermo

Fischer Scientific, Waltham, MA, USA), 2.5% (vol/vol) polyvinylsulfonic acid, 20 mM ribonucleoside vanadyl

complex (New England Biolabs, Ipswich, MA, USA), 40 U/mL RNasin (Promega, Madison, WI, USA), 0.1%

(vol/vol) Tween 20 (Sigma Aldrich), 100 mg/mL salmon sperm DNA (Thermo Fisher Scientific), 100 mg/mL

yeast RNA (Thermo Fisher Scientific)]. DNA probes were dissolved in DEPC-treated water and added at

a final concentration of 100 nM (Integrated DNA Technologies, Coralville, IA, ISA). Samples were washed

briefly and incubated in 23 SSC, 20% formamide, 40 U/mL RNasin at 40 �C and then washed four times

(5 min each) in PBS, 0.1% (vol/vol) Tween 20, and 4 U/mL RNasin (Promega, Madison, WI, USA). The slides

were then incubated at 37�C with 100 nM insert/backbone oligonucleotides in PBS containing 13 SSC,

0.1% (vol/vol) Tween 20, 100 mg/mL salmon sperm DNA (Thermo Fisher Scientific), 100 mg/mL yeast RNA

(Thermo Fisher Scientific), 40 U/mL RNasin. After four washes, tissues were incubated at 37 �C with

0.1 U/mL T4 DNA ligase (New England Biolabs, Ipswich, MA, USA) in 50 mM Tris-HCl, 10 mM MgCl2,

1 mM ATP, 1 mM DTT, 250 mg/mL BSA, 0.05% Tween 20, 40 U/mL RNasin, followed by incubation with

0.1 U/mL phi29 DNA polymerase in 50 mM Tris-HCl, 10 mM MgCl2, 10 mM (NH4)2SO4, 250uM dNTPs,

1 mM DTT, 0.05% Tween 20, 40 U/mL RNasin pH 7.5 at 30 �C. The slides were washed and endogenous

biotin was blocked for 1 h using Avidin/Biotin blocking kit (Vector laboratories, Burlingame, CA, USA). Roll-

ing cycle amplicons were identified using a biotin labeled DNA probe at a concentration of 5 nM at 37 �C in

PBS containing 13 SSC, 0.1% Tween 20, 100 mg/mL salmon sperm DNA, 100 mg/mL yeast RNA. After

washing, samples were incubated for 60 min with 1:100 diluted streptavidin-HRP (Thermo Fisher Scientific)

in PBS at room temperature followed by washing. Labeling was accomplished using EnzMet kit (Nanop-

robes). The slides were further labeled overnight with rabbit anti-cytokeratin 1:250 (Dako Z0622) at 4�C. Af-
ter washing, the samples were incubated with anti-rabbit alkaline phosphatase antibody (1:1000, Jackson

Immunoresearch, Baltimore, PA, USA) and stained using Fast Red substrate kit (Abcam, Cambridge, MA,

USA). The samples were counterstained with Hematoxylin (Vector laboratories, Burlingame, CA, USA) and

mounted in Permount (Fischer Scientific).

Placental explant and cell cluster cultures

Fresh, de-identified placentas from SARS-CoV-2-negative mothers were collected within 0.5–2 h post-de-

livery from Labor & Delivery at WCM/NYP under an approved IRB exempt protocol (#20-07022453, Weill

Cornell Medicine.) Tissue samples were dissected by removing the fetal chorionic plate and any remaining

maternal decidual tissue. Primary explant cultures (1 cm 3 1 cm 3 2 cm) containing terminal, intermediate
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and stem chorionic villi were further dissected, washed in ice-cold 13 PBS to remove maternal blood, and

plated into 48-well plastic dishes in DMEM/F12 medium supplemented with 10% FBS and 100 U/mL peni-

cillin, 100 mg/mL streptomycin and 0.25 mg/mL amphotericin B, as previously described (Massimiani et al.,

2019).

Placental cell clusters were prepared from fresh chorionic villi tissue samples by mincing with scissors and

10 blade scalpels and then digested with 0.2 mg/mL collagenase/0.8U/mL dispase (Roche) and recombi-

nant DNAse I (Sigma) in MACS buffer (PBS/2mM EDTA, 0.5% bovine serum albumin (BSA)) at 42�C with

agitation by pipetting with a 5 mL stripette. The digested tissue was filtered through 100 mm filters (Corn-

ing), and red blood cells (RBC) were removed using RBC Lysis Buffer (Biolegend). The clusters were washed

in MACS buffer and viability was determined by Trypan Blue (GIBCO) exclusion. The cultures were plated

onto Matrigel-coated 96-well dishes and m-slide 8-well chamber slides (ibidi GmbH, Germany) at confluent

density in DMEM/F12 supplemented with 10% FBS and penicillin/streptomycin/fungizone and then incu-

bated for 24 h at 37 �C in 5% CO2 prior to infection with pseudotyped virus.

For infection with live SARS-CoV-2, sections of fresh chorionic villi were minced with sterile scalpels, di-

gested for 7 min in Accutase (Innovative Cell Technologies) or isolated using a human umbilical cord disso-

ciation kit (Millitenyi Biotec) and then filtrated through a 100 mm cell strainer (Falcon) to obtain cell clusters

of �50–100 cells. Red blood cells were lysed using RBC Lysis Buffer (Biolegend), washed with PBS-0.5%

BSA, and resuspended in culture medium (DMEM, 10%FBS, 1% Pen-Strep-Glutamax). Cell viability was

determined with Trypan blue exclusion (Gibco). The cell clusters were plated on Matrigel-coated plates

(Corning, hESC-qualified) at 4 3 105 per well in 24-well plates or 3 3 104 per well in glass-like polymer bot-

tom 96-well plates (CellVis).

SARS-CoV-2 propagation and titration

SARS-CoV-2 isolate USA-WA1/2020 (NR-52281) was provided by the Center for Disease Control and Pre-

vention (CDC) and obtained through BEI Resources, NIAID, NIH and propagated on Vero E6 cells in DMEM

supplemented with 2% FBS, 4.5 g/L D-glucose, 4 mM L-glutamine, 10 mM non-essential amino acids, 1 mM

sodium pyruvate and 10 mMHEPES using a passage-2 stock of virus. Three days post-infection, the culture

supernatant was harvested and the virus was concentrated by filtering for 20 min through a 100 k-Da Ami-

con Ultra 15 centrifugal filter (Millipore Sigma) at �4000 rpm. The virus was resuspended and infectious ti-

ters were determined by plaque assay in Vero E6 cells in Minimum Essential Media supplemented with 2%

FBS, 4 mM L-glutamine, 0.2% BSA, 10 mM HEPES and 0.12% NaHCO3 and 0.7% agar. All MOI values were

based on titer determined from plaque assays on Vero E6 cells. Work with live SARS-CoV-2 was performed

in the CDC/USDA-approved biosafety level-3 (BSL-3) facility of the Icahn School of Medicine at Mount Sinai

in accordance with institutional biosafety requirements.

Infection of ex vivo placental cultures

Infection of explants and placental clusters with pseudotyped lentivirus

Lentiviruses encoding dual GFP/nanoluciferase reporter genes and pseudotyped by SARS-CoV-2 spike

(S) protein D614G, B1.1.7 (Alpha variant), B1.351 (Beta variant), B.1.617.2 (Delta variant), or by VSV-G

were prepared as previously described (Tada et al., 2020, 2021b, 2022). The viruses were concentrated

10-fold by ultracentrifugation and titers were quantified by reverse transcriptase assay. Placental explant

cultures and cell clusters were infected with 10 mL SARS-CoV-2 S or VSV-G pseudotyped lentivirus (Tada

et al., 2020) and lysed at 72 h post infection (hpi). Luciferase activity was measured using a Nano-Glo Assay

Kit (Promega) and read on an Envision microplate luminometer (Perkin Elmer). For antibody blocking ex-

periments, placental cell clusters were pretreated for 30 min with anti-NRP1 mAb (R&D Systems) or anti-

ACE2 mAb (Agilent) prior to infection.

Infection of placental clusters with live SARS-CoV-2

Placental cell clusters were infected with SARS-CoV-2 at day-1 at a MOI = 1, or mock-infected as described

(Yang et al., 2020). At 24 hpi, cells were washed with PBS and lysed in in TRIzol (Invitrogen) for RNA analysis

or fixed for 60 min at room temperature in 4% formaldehyde for immunofluorescence staining. All work

involving live SARS-CoV-2 was performed in the CDC/USDA-approved BSL-3 facility of the Icahn School

of Medicine at Mount Sinai in accordance with institutional biosafety requirements.
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qRT-PCR for viral load of SARS-CoV-2 infected placental clusters

Total RNA was extracted using Trizol followed by ezDNAse treatment (Thermo Fisher Scientific) per man-

ufacturer’s instructions. To quantify viral replication, measured by the accumulation of subgenomic N tran-

scripts, one-step quantitative real-time PCR was performed using a Super-Script III Platinum SYBR Green

One-Step qRT–PCR Kit (Invitrogen) with primers specific for TRS and beta-actin (ACTB) as an internal refer-

ence, as previously described (Yang et al., 2020). Reactions were analyzed on a QuantStudio 6 Flex Real

Time PCR Instrument (Applied Biosystems). The delta-delta-cycle threshold (DDCT) was determined rela-

tive to ACTB and mock-infected samples. Graphs were generated using GraphPad Prism software.

Immunohistochemistry of FFPE placental sections

Immunohistochemistry (IHC) of FFPE slides was done using an ImmPRESS Reagent kit (Vector Labora-

tories). The slides were dewaxed for 45 min at 55�C and then rehydrated using xylenes followed by a stan-

dard ethanol gradient. For antigen retrieval, the slides were treated in a steamer for 35 min at pH 6.1 in

sodium citrate buffer, blocked for 1 h at room temperature in 2.5% horse serum (Vector laboratories)

and then incubated overnight at 4�C in a humid chamber with primary antibodies (SARS-CoV-2-N,

GeneTex, 1:100; CD163, Novus Biologicals, 1:250) diluted in 1% BSA/0.1% Triton X- PBS (PBST). The slides

were treated with 3% hydrogen peroxide (Sigma H1009) at room temperature, washed 3 times with 0.1%

PBST and then incubated for 1 h at room temperature with ImmPRESS anti-rabbit peroxidase conjugated

antibody (Vector Laboratories). Unbound antibody was removed by rinsing with 0.1% PBST with final wash

in PBS. The signals were developed using freshly prepared DAB substrate (Vector Labs) and counterstained

with Hematoxylin (RICCA Chemical Company). The stained slides were dehydrated using an increasing

ethanol gradient, treated with xylenes, and mounted with Permount solution (Thermo Fisher Scientific).

For cell quantification analysis, additional IHC staining was performed by the Weill Cornell Medicine Cen-

ter for Translational Pathology using primary antibodies against CD3 (Leica), CD4 (Leica), CD56 (Leica), and

CD163 (Leica). Brightfield images were acquired using a Zeiss microscope (Carl Zeiss, Germany).

Analysis of IHC data

IHC images were decomposed into a hematoxylin and a diaminobenzidine intensity channel using a preset

color space for the stains from the scikit-image (Van Der Walt et al., 2014) (version 0.18.2). The hematoxylin

channel was normalized to the unit space after capping the intensity to the 3rd and 98th percentiles and

used for segmentation with Stardist version 0.7.1 (Schmidt et al., 2018) with the 2D_versatile_fluo pre-

trained model. The intensity of each nucleus in both hematoxylin and diaminobenzidine channels was

calculated by a mean reduction for each nucleus. As the IHC signal does not linearly reflect the stoichiom-

etry of the chemical reaction, the signal was discretized into positive and negative fractions per image. Spe-

cifically, intensity values across images were normalized by subtracting the location and dividing by the

standard deviation of each whole image (Z-score), and nuclei were declared positive for diaminobenzidine

signal if values for the markers CD3, CD4, CD56 and CD163 were above zero (Figures S2C–S2F). For CD163

staining in maternal blood space, analysis of the blood space around fetal villi was restricted by creating

polygonal masks using the labelme program (https://github.com/wkentaro/labelme, version 4.5.9). Statis-

tical testing was performed between control and COVID-19 placenta donors with a two-sided Mann-Whit-

ney U test, and adjusted for multiple comparisons with the Benjamini–Hochberg FDR method using

pingouin, version 0.3.12 (Vallat, 2018).

Immunofluorescence staining for infected placental explants and cell clusters

Pseudovirus infected explant cultures at 72 hpi were drop-fixed overnight at 4�C in 4% paraformaldehyde in

PBS containing Ca2+Mg2+. The fixed explants were dehydrated in 30% sucrose in PBS overnight at 4�C and

then embedded in optimal cutting temperature compound (OCT) on dry ice and the frozen blocks were

sectioned on a cryomicrotome at 10-mm thickness. The sections were blocked for 1 h in 10% donkey serum

(Jackson ImmunoResearch labs) in 0.1% PBST. Primary antibodies ((rabbit anti-Cytokeratin, Dako, 1:1000;

sheep anti-human CD31, R&D Systems, 1:500); chicken anti-GFP, Abcam, 1:1000) were diluted in 10%

donkey serum-0.1% PBST and incubated overnight at 4�C followed by incubation with secondary anti-

bodies (AlexaFlour647-donkey anti-rabbit, AlexaFlour594-donkey anti-sheep, and AlexaFlour488-donkey

anti-chicken, Jackson ImmunoResearch labs, 1:500). The clusters were then stained using 40,6-diamidino-

2-phenylindole (DAPI). Slides were mounted with coverslips using ProLong Gold Antifade Mountant with

DAPI (Thermo Fisher Scientific). Slides were imaged on a Zeiss fluorescence microscope and analyzed us-

ing ImageJ software.
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SARS-CoV-2 infected cells were fixed in paraformaldehyde and blocked in 5% normal donkey serum in

PBS-0.05% Triton X-0.01% Saponin (PBS-TSP). Primary antibodies (SARS-CoV-2-N, GeneTex, 1:200;

KRT7, Agilent Dako, 1:400; CD31/PECAM1, R&D Systems, 1:1000) were incubated overnight at 4�C in

blocking buffer, followed by incubation with secondary antibodies (AlexaFluor488-donkey-anti-mouse,

AlexaFluor594-donkey-anti-rabbit, AlexaFluor647-donkey-anti-sheep, ThermoFisher, 1:500) in PBS-TSP,

and counterstaining with DAPI (Thermo Fisher Scientific). Images were acquired using a Zeiss LSM 800

Confocal microscope and processed using Imaris software (Bitplane).

RNA-sequencing and RNA-seq data analysis

Total RNA extracted from placental cell clusters and FFPE sections was used for RNA-seq analysis. RNA

from ex vivo infected placental cell clusters was further purified using RNAClean XP beads (Beckman Cou-

tler). RNA was used to prepare libraries for RNA-seq with the TruSeq Stranded Total RNA Library Prep Kit

(Illumina). The libraries were sequenced with pair-end 51 bps on an Illumina NovaSeq6000 sequencer.

Sequencing reads were cleaned by trimming adapter sequences and low-quality bases using cutadapt

v1.18 (Kechin et al., 2017). Sequences were aligned to the human reference genome (GRCh37) combined

with the SARS-CoV-2 genome (NC_045512.2) using STAR v2.5.2b (Dobin et al., 2013). Raw read counts per

gene were extracted using HTSeq-count v 0.11.2 (Anders et al., 2015).

A large fraction of viral reads in the ex vivo placental cell clusters infected with SARS-CoV-2 resulted in hu-

man gene counts that were much lower than those of the mock samples. For comparison of human genes

expression in the ex vivo samples, the raw gene counts in the mock and SARS-CoV-2 infected ex vivo sam-

ples were down-sampled such that the human gene counts are comparable amongst these samples.

Differential expression analysis was performed using DESeq2 v1.26.0 (Love et al., 2014). Regularized loga-

rithm transformation to the counts data was applied using the rlog function. Principle component analysis

(PCA) was performed with the transformed human gene counts using the plotPCA function. Sample-to-

sample distances were determined by applying the R dist function to the transpose of the transformed

human gene counts, and hierarchical clustering was done based on the distance using the R hc function.

Heatmap plots were performed based on the transformed counts data, and average linkage clustering

analysis with Euclidean distance measurement method were generated using Heatmapper (Babicki

et al., 2016).

103 Single-cell RNA sequencing fastq files were downloaded from DBGAP (accession PRJNA560990) and

aligned using CellRanger software. The aligned counts-data were then processed using Seurat (Butler

et al., 2018) and cells were annotated by cell type specified by the markers in the published data source

(Pique-Regi et al., 2020). Deconvolution software Bisque (Jew et al., 2020) was used with the reference sin-

gle cell data sampled to 100 single cell transcriptomes per cell type and the bulk RNAseq of the different

cohorts was then deconvoluted using the single cell data as reference. Cell type proportions were inferred

and these proportions clustered and plotted as heatmaps.

qRT-PCR analysis was performed on total RNA samples using Quick-RNA FFPE Miniprep (ZYMO Research)

according to the manufacturer instructions. cDNA was prepared using LunaScript RT SuperMix Kit (NEB)

and quantitative real-time PCR was performed using Luna Universal qPCR Master Mix (NEB) on a cfx384

qPCR instrument (BioRad) with gene specific primers. Delta-delta-cycle threshold (DDCT) was determined

relative to the GAPDH RNA internal reference and non-infected placenta samples. Every sample was

analyzed in n = 3 technical replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were in technical triplicates unless otherwise indicated. Statistical analysis was performed

using a one-way ANOVA and adjusted for bymultiple comparisons test using the Benjamini-Hochberg FDR

method (Figure 1), a two-tailed Mann-Whitney U-test and adjusted for multiple testing with the Benjamini-

Hochberg FDR method (Figure 2), and a one-way ANOVA and Student’s t test (Figures 3, 4, and 5). * = p

value < 0.05, ** = p value < 0.005, *** = p value < 0.001, **** = p value < 0.0001. Data are represented as

mean G SEM.
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