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ARTICLE INFO ABSTRACT

Keywords: Introduction: Recent evidence supports the — rare — occurrence of vertical transplacental SARS-CoV-2 trans-

AngiOte‘fSi“'C‘m"efﬁ“g enzyme 2 mission. We previously determined that placental expression of angiotensin-converting enzyme 2 (ACE2), the

Eloronéwrus SARS-CoV-2 receptor, and associated viral cell entry regulators is upregulated by hypoxia. In the present study,
ypoxia

we utilized a clinically relevant model of SARS-CoV-2-associated chronic histiocytic intervillositis/massive
perivillous fibrin deposition (CHIV/MPFVD) to test the hypothesis that placental hypoxia may facilitate placental
SARS-CoV-2 infection.

Methods: We performed a comparative immunohistochemical and/or RNAscope in-situ hybridization analysis of
carbonic anhydrase IX (CAIX, hypoxia marker), ACE2 and SARS-CoV-2 expression in free-floating versus fibrin-
encased chorionic villi in a 20-weeks’ gestation placenta with SARS-CoV-2-associated CHIV/MPVFD.

Results: The levels of CAIX and ACE2 immunoreactivity were significantly higher in trophoblastic cells of fibrin-
encased villi than in those of free-floating villi, consistent with hypoxia-induced ACE2 upregulation. SARS-CoV-2
showed a similar preferential localization to trophoblastic cells of fibrin-encased villi.

Discussion: The localization of SARS-CoV-2 to hypoxic, fibrin-encased villi in this placenta with CHIV/MPVFD
suggests placental infection and, therefore, transplacental SARS-CoV-2 transmission may be promoted by hyp-
oxic conditions, mediated by ACE2 and similar hypoxia-sensitive viral cell entry mechanisms. Understanding of a
causative link between placental hypoxia and SARS-CoV-2 transmittability may potentially lead to the devel-
opment of alternative strategies for prevention of intrauterine COVID-19 transmission.

1. Introduction

The 2019 novel coronavirus, SARS-CoV-2, and the associated dis-
ease, COVID-19 [1-3], have affected more than 180 million persons
worldwide and resulted in more than four million deaths as of July 2021
[World Health Organization situation report] [Johns Hopkins COVID-19
Case Tracker, https://coronavirus.jhu.edu/], creating an unrelenting
public health threat. Like other coronaviruses linked to epidemics, such
as severe acute respiratory syndrome-related coronavirus (SARS-CoV)
[4] and Middle East respiratory syndrome coronavirus (MERS-CoV) [5],
SARS-CoV-2 primarily targets the respiratory tract [6].

However, a growing number of suspected or confirmed intrauterine
or intrapartum-acquired neonatal SARS-CoV-2 infections have been re-
ported, suggesting intrauterine vertical transmission of SARS-CoV-2
from pregnant mother to placenta and/or fetus may be possible, albeit
exceptional [7-15]. Among these, several recent reports have described
the occurrence of placental SARS-CoV-2 infection in association with
chronic histiocytic intervillositis (CHIV) with or without massive peri-
villous fibrin deposition (MPVFD) [10-13,16-20]. In the vast majority
of reported CHIV cases in maternal COVID-19 infection, the virus was
directly demonstrated within the syncytiotrophoblast by either immu-
nohistochemistry or in-situ hybridization [11,13,16-19,21], supporting
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Fig. 1. Gross and microscopic appearance of the placenta. A-B. Fetal (A) and maternal (B) surface of the placenta, the latter demonstrating an irregular network of
firm, tan to dark red fibrin plaques along the basal plate, characteristic of massive perivillous fibrin deposition. C-D. Representative micrographs demonstrating
chorionic villi encased in fibrin, associated with abundant intervillous cellular infiltrates and extensive cytotrophoblast necrosis. E-F. Representative analysis of
CD68-and CD3-immunoreactive mononuclear cells in the intervillous space. (C-D: hematoxylin-eosin stain; E-F: DAB-peroxidase system with hematoxylin coun-
terstain, original magnification x100 (C), X 200 (E-F), X 400 (D)). (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

the hypothesis that the placental inflammation may be related to the
viral infection and may, in fact, represent a characteristic form of
SARS-CoV-2 placentitis [16]. By analogy, CHIV has been linked to other
infectious etiologies, such as malaria [22] and cytomegalovirus infec-
tion [23].

Schwartz et al. [24] recently reported the placental findings in 11
cases of confirmed intrauterine SARS-CoV-2 transmission, as defined by
strict criteria [25]. The placental findings in the 6 liveborns and 5
stillborns or terminated fetuses with documented transplacental trans-
mission arising from maternal SARS-CoV-2 infection were strikingly
similar: all  placentas displayed CHIV  associated  with
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syncytiotrophoblast necrosis and in all placentas the syncytiotropho-
blast was positive for SARS-CoV-2 by immunohistochemistry, RNA
in-situ hybridization, or both [24]. The common coexistence of
CHIV/MPVFD with syncytiotrophoblast necrosis in liveborn and still-
born infants with in utero SARS-CoV-2 infection suggests a strong link
between these placental findings and transplacental fetal SARS-CoV-2
infection and suggests the presence of CHIV/MPVFD may constitute
an increased risk for transplacental intrauterine SARS-CoV-2
transmission.

Transmission of SARS-CoV-2 into and across the placenta critically
depends on the availability and functionality of its viral entry
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Fig. 2. Analysis of SARS-CoV-2 virus localization in the placenta. Representative immunohistochemical (A-C) and in-situ hybridization analysis (D-F) of localization
of SARS-CoV-2 in the placenta demonstrating preferential localization of the virus to villi encased in fibrin with relative viral paucity in free-floating villi (A-B and D-
E). Virus is also present in maternal nucleated cells in the intervillous space (C and F). In-situ hybridization analysis of the housekeeping gene PPIB (internal control)
shows positive signal in decidual cells (G) and free-floating villi (H, right), but absence of signal in fibrin-encased villi (H, left). DapB (negative control) in-situ
hybridization was negative throughout the placenta (I). (A-C: DAB-peroxidase system with hematoxylin counterstain) (Original magnification x100 (A, D); X

2000 (B, E, G-I); X 400 (C, F)).

mechanisms in the placental syncytiotrophoblast layer. SARS-CoV-2
gains cellular entry by attachment of its surface-anchored spike pro-
tein (S) to the angiotensin-converting enzyme 2 (ACE2) receptor to
trigger the initial attachment [26-28]. Further cell entry steps include
activation of the virus internalization process by host cell proteases, in
particular the cell surface protease, TMPRSS2 (transmembrane protease,
serine 2), and lysosomal cathepsin proteases, fusion of viral and cellular
membranes, and endocytosis [28-32].

In a previous study, centered on the twin anemia-polycythemia
(TAPS) placenta as model of intertwin differential placental oxygena-
tion, we demonstrated that placental expression of ACE2, localized
mainly to (syncytio)trophoblastic cells, is upregulated in hypoxic con-
ditions, associated with increased expression of the main cell entry
regulators, TMPRSS2 and cathepsin B [33]. In the present study we
tested the hypothesis that trophoblast hypoxia may facilitate placental
SARS-CoV-2 transmission. To this end, we utilized a clinically relevant
case of SARS-CoV-2-associated CHIV/MPVFD to determine the spatial
correlation between placental tissue oxygenation, ACE2 expression and
SARS-CoV-2 distribution in vivo.

2. Case report
2.1. Clinical history

A 25-year-old G5P2 patient at 20 weeks gestation presented to our
institution for evaluation of cervical insufficiency. The patient reported
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decreased fetal movements over the preceding 24 h and intrauterine
fetal demise was diagnosed in the Emergency Department. There was a
history of prior fetal demise at 18 weeks gestation. Prenatal screening
studies of the current pregnancy revealed low-risk cfDNA, normal alpha-
fetoprotein (AFP) levels, and 46, XX karyotype. A COVID-19 test taken
two days prior to the current admission was found to be positive. The
patient was mildly symptomatic with sore throat and mild muscle aches,
in the absence of associated respiratory symptoms. A stillborn was
delivered vaginally following induction of labor.
The study was approved by the Institutional Review Board.

2.2. General placental and postmortem findings

Postmortem examination revealed a mildly macerated 327 g female
stillborn whose postmortem foot and femur length measurements were
consistent with the stated gestational age of 20 weeks. No dysmorphic
features or congenital anomalies were identified. Postmortem bacterial
cultures were negative. Whole genome chromosome SNP microarray
analysis had a normal female result.

The placenta was small for gestational age (95 g; <10th %ile for 20
weeks gestation) [34] and showed an irregular pattern of fibrin depo-
sition involving parenchyma and basal plate (Fig. 1A-B). Microscopic
analysis of the placenta revealed diffuse intervillous fibrin deposition,
associated with intervillous mononuclear cell infiltrates, composed of
CD68-and CD3-immunoreactive histiocytes and T-lymphocytes,
respectively (Fig. 1C-F). The massive perivillous fibrin deposition
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Fig. 3. Immunohistochemical analysis of CAIX and ACE2 protein expression in the placenta. Representative immunohistochemical analysis of expression of
carbonic anhydrase IX (CAIX) (A-B) and angiotensin converting enzyme 2 (ACE2) (C-E) in the placenta. CAIX immunoreactivity, localized to villous trophoblastic
and stromal cells, is more intense in fibrin-encased villi than in free-floating villi (A-B), consistent with relative tissue hypoxia. Similarly, protein expression of the
SARS-CoV-2 receptor, ACE2, is more intense in fibrin-trapped villi than in free villi (C-E). (A-E: DAB-peroxidase system with hematoxylin counterstain, original

magnification x100 (A,C) and X 400 (B, D-E)).

(MPVFD) and chronic histiocytic intervillositis (CHIV) involved esti-
mated 80% of the placental parenchyma, and were associated with
extensive trophoblast necrosis (Fig. 1 D). The placenta further showed
scattered subchorionic and intervillous hemorrhages, adherent blood
clot, and focal plasma cell deciduitis. No viral cytopathic changes were
detected. There was no evidence of CHIV or MPVFD in the placenta of
the prior second-trimester pregnancy loss.

2.3. Analysis of SARS-CoV-2 distribution by immunohistochemistry
(IHC) and in-situ hybridization (ISH)

SARS-CoV-2 protein and RNA were localized by immunohisto-
chemical and RNAscope in-situ hybridization (ISH) analyses, respec-
tively. For immunohistochemical staining, sections of placenta were
routinely processed using a rabbit polyclonal antibody against SARS
Nucleocapsid Protein (SARS-NP) (1:200, Novus biologicals, Littleton,
CO). Controls for specificity consisted of omission of the primary anti-
body, which abolished all immunoreactivity. As shown in Fig. 2 A-B,
SARS-CoV-2 protein distribution showed high regional variability, with
a strong tendency to more intense SARS-CoV-2 immunoreactivity in villi
encased in fibrin, compared to villi free-floating in the intervillous space.
Within chorionic villi, SARS-NP was primarily expressed in the syncy-
tiotrophoblast layer with scattered localization in cytotrophoblastic
cells. Consistent with the known COVID-19-positive status of the patient,
maternal cells in the intervillous space expressed strong SARS-NP
immunoreactivity (Fig. 2 C). No expression was observed within chori-
onic plate or decidual tissues.

RNA in-situ hybridization was performed manually according to the
manufacturer’s instructions using RNAScope probes (Advanced Cell
Diagnostics, (ACD), Newark, CA) directed against SARS-CoV2, targeting
21631-23303 base pairs (ACD #848561) [35,36]. The regional
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variability of SARS-CoV-2 viral distribution was even more pronounced
in sections subjected to SARS-CoV-2 RNAscope in-situ hybridization
where positive signal was virtually exclusively seen in villi contained by
perivillous fibrin deposition, and conspicuously absent in free villi
(Fig. 2D-E). SARS-CoV-2 infected maternal inflammatory cells in the
intervillous space again served as internal positive staining controls
(Fig. 2 F).

The housekeeping gene peptidylprolyl isomerase B (PPIB) was used
as positive control probe to assess RNA integrity. Detection of PPIB RNA
by RNAscope ISH was limited to decidual cells and to stromal and
trophoblastic cells of free-floating villi (Fig. 2G-H). PPIB RNA signals
were absent in villi encased in perivillous fibrin deposition suggestive of
hypoxia/ischemia-induced RNA degradation of this housekeeping gene
in these areas. The abundance of SARS-CoV-2 RNA in fibrin-encased
villi, in sharp contrast to the lack of identifiable RNA levels of the
PPIB housekeeping gene in these same areas, further underscores the
likely presence of copious amounts of viral load in the — relatively
degenerated - villi in areas of perivillous fibrin deposition. RNAscope
analysis of expression of the bacterial gene diaminopimelate B (DapB),
utilized as a negative control probe to assess non-specific background
signals, was negative throughout the placenta (Fig. 2 I).

SARS-CoV-2 RNAscope in-situ hybridization of fetal lung, liver and
gastrointestinal tract failed to produce positive signals (not shown).
However, the PPIB positive control was similarly negative in these tis-
sues, suggesting RNA degradation may have rendered the RNA scope
technique unreliable for detection of viral presence in the autolyzed
tissues of this stillborn, and false negative ISH results cannot be
excluded.
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SARS-COV-2 + ACE2

Fig. 4. Combined immunofluorescence analysis of placental colocalization of SARS-CoV-2 and ACE2. Confocal fluorescence microscopy of the placenta subjected to
combined anti-ACE2 (green) and anti-SARS-CoV-2 (red) immunofluorescence, captured at the same settings. Yellow dots represent regions of colocalization of ACE2
and SARS-CoV-2 in trophoblastic cells. In selected fields, colocalization was confirmed quantitatively using Pearson’s correlation coefficient analysis whereby a cutoff
of r* > 0.5 was used to indicate positive colocalization. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

2.4. Analysis of tissue oxygenation

To determine whether the regional variation of SARS-CoV-2 locali-
zation (i.e. higher viral load in regions of perivillous fibrin deposition)
correlated with similar regional variation in tissue oxygenation,
placental oxygenation was estimated by analysis of expression of the
endogenous hypoxia marker, carbonic anhydrase IX (CAIX), as
described elsewhere [37,38]. The promoter region of the CA9 gene
contains a hypoxia-response element that is a transcriptional target of
the hypoxia inducible factor-1 (HIF1) transcription factor. CAIX
expression thus represents an indirect indicator of activation of the
HIF-1 complex and can serve as endogenous cellular biomarker of
chronic hypoxia in archival tissues [39,40]. Protein levels of CAIX,
immunolocalized to villous cytotrophoblastic cells, villous stromal cells,
and extravillous trophoblast, were consistently higher in villi trapped in
perivillous fibrin compared with non-encased, free-floating villi,
consistent with relative tissue hypoxia in areas of fibrin deposition
(Fig. 3A-B).

2.5. Analysis of expression of ACE2, the SARS-CoV-2 receptor

To determine whether the observed regional variability of tissue
oxygenation correlated with similar variability in availability of the
SARS-CoV-2 cell entry axis, we studied protein expression of ACE2, the
cellular receptor of SARS-CoV-2, by immunohistochemistry. As shown in
Fig. 3 C-E, levels of ACE2 protein, immunolocalized to villous tropho-
blastic cells, were higher in hypoxic, fibrin-encased villi than in free villi.

Anatomic colocalization of SARS-CoV-2 and ACE2 was assessed
further by double immunofluorescence studies. Tissue sections were
incubated sequentially with polyclonal rabbit anti-SARS-CoV-2
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antibody, Alexa Fluor 594-conjugated anti-rabbit IgG (Jackson Immu-
noResearch Laboratories, Inc., West Grove, PA), mouse monoclonal anti-
ACE2 antibody (ThermoFisher Scientific (Invitrogen), Waltham, MA),
biotinylated anti-mouse IgG (Vector Laboratories, Inc., Burlingame, CA)
and Alexa Fluor 488-conjugated streptavidin (Jackson ImmunoResearch
Laboratories, Inc.). Confocal images were acquired with a Nikon Ti-E
spinning disk confocal microscope (Nikon Inc., Melville, NY) using
diode lasers 405, 488, and 561, and processed as previously described
[37]. Foci of colocalization (yellow fluorescence) of ACE2 (green fluo-
rescence) and SARS-CoV-2 (red fluorescence) were readily observed in
villous syncytiotrophoblastic cells (Fig. 4).

3. Discussion

In a prior study, we utilized the TAPS model to determine the effect
of differential tissue oxygenation on the expression of ACE2 and
ACE2-related SARS-CoV-2 cell entry regulators in the placenta [33]. In
the present study we investigated whether hypoxia-induced ACE2
upregulation in trophoblastic cells effectively promotes SARS-CoV-2
infection of these cells. To this end, we took advantage of the regional
variation in placental tissue oxygenation in SARS-CoV-2-associated
chronic histiocytic intervillositis/massive perivillous fibrin deposition
(CHIV/MPVFD) to determine the spatial correlation between placental
tissue oxygenation and SARS-CoV-2 distribution. Using a combination of
immunohistochemical/-fluorescence and RNA in-situ hybridization
methods, we established that SARS-CoV-2 preferentially localizes to
fibrin-encased, hypoxic trophoblastic cells.

The predilection of SARS-CoV-2 for hypoxic placental regions is
likely mediated, at least in part, by hypoxia-induced upregulation of the
viral receptor, ACE2, in trophoblastic cells. In line with the reported
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effects of hypoxia on ACE2 expression in a wide range of tissues and
organ systems [41-45], including our prior study in TAPS placentas
[33], we determined that ACE2 expression was significantly upregulated
in the hypoxic fibrin-trapped villi of CHIV/MPVFD placentas. In accor-
dance with studies by others in SARS-CoV-2-positive placentas [46],
both SARS-CoV-2 spike glycoprotein and ACE2 expression consistently
localized primarily within the outer syncytiotrophoblast layer of the
chorionic villi, a key physiologic interface between mother and fetus.

The striking spatial distribution pattern of SARS-CoV-2 in CHIV/
PVFD placentas, with preferential localization of the virus in the syn-
cytiotrophoblast of hypoxic, ACE2-overexpressing, fibrin-encased villi,
suggests placental SARS-CoV-2 transmission may be facilitated by in-
trauterine hypoxia. Conversely, it is possible that SARS-CoV-2 infection
itself may cause regional placental hypoxia by direct villous injury,
leading to accumulation of perivillous fibrin and inflammation of the
intervillous space.

Detection of the virus in placental villous tissue, as in the current
case, indicates intrauterine transplacental transmission. This should be
distinguished from intrauterine vertical transmission, defined by posi-
tive RT-PCR testing of neonates for the virus at or shortly after birth,
early onset of symptoms in neonates, and elevated levels of specific IgM
antibodies after delivery [25]. By these criteria our case represents an
intrauterine transplacental transmission with undetermined intrauter-
ine vertical transmission as autolysis rendered IHC and ISH studies in the
fetal tissues unreliable.

In summary, this study in a SARS-CoV-2 associated case of CHIV/
MPVFD offers further support for a causative relationship between
SARS-CoV-2 intrauterine transmittability and hypoxia. Increased un-
derstanding of the biology of SARS-CoV-2 may contribute to further
development of intervention strategies targeting viral cell entry
mechanisms.
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