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ARTICLE INFO ABSTRACT

Keywords: Introduction: While the COVID-19 pandemic continues to have a significant global health impact, rates of
COVID-19 maternal to infant vertical transmission remain low (<5%). Parenchymal changes of placentas from COVID-19
TMPRSS2 infected mothers have been reported by several groups, but the localization and relative abundance of SARS-
ls,ﬁlz;ct:gv_z CoV-2 viral proteins and cellular entry machinery has not been fully characterized within larger placental tis-
ACE2 sue cohorts.

Methods: An extended placental tissue cohort including samples from 15 COVID-19 positive maternal-fetal dyads
(with n = 5 cases with evidence of fetal transmission) in comparison with 10 contemporary COVID-19 negative
controls. Using comparative immunofluorescence, we examined the localization and relative tissue abundance of
SARS-CoV2 spike glycoprotein (CoV2 SP) along with the co-localization of two SARS-CoV2 viral entry proteins
angiotensin-converting enzyme 2 (ACE2) and transmembrane serine protease 2 (TMPRSS2).
Results/conclusions: CoV2 SP was present within the villous placenta in COVID-19 positive pregnancies with and
without evidence of fetal transmission. We further identified the predominance of ACE2 expression in com-
parison with TMPRSS2. Importantly, both CoV2 SP and ACE2 expression consistently localized primarily within
the outer syncytiotrophoblast layer placental villi, a key physiologic interface between mother and fetus. Overall
this study provides an important basis for the ongoing evaluation of SARS-CoV-2 physiology in pregnancy and
highlights the importance of the placenta as a key source of primary human tissue for ongoing diagnostic and
therapeutic research efforts to reduce the global burden of COVID-19.

Vertical transmission

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
novel infectious agent responsible for Coronavirus disease 2019
(COVID-19), has caused over ten million confirmed cases and has
accounted for over 500,000 deaths worldwide in the six months since
the first reported case in December 2019 [1]. Despite its severity in some
populations (particularly older adults), studies to date have shown that
COVID-19 does not cause increased morbidity or mortality in pregnant
women compared to non-pregnant women [2-4]. There is a low rate of

* Corresponding author. 670 Albany St. Room 2007, Boston, MA, 02119, USA.

positive SARS-CoV-2 tests in infants born to mothers with COVID-19,
with cohort studies reporting a range of 0-4.5% [5,6]. These rates
have remained low even as more obstetrical and neonatal settings are
implementing universal testing. Clinical manifestations in neonates
related to SARS-CoV-2 exposure are still being fully characterized, but
overall the majority of the literature has reported healthy neonates born
to mothers with COVID-19 [2,3,7-14]. However, Questions remain
about fetal transmission of SARS-CoV-2 [4,5,15-20] and the particular
interface(s) dictating its pathogenesis during pregnancy. Established
pregnancy transmission routes including placental, intrapartum (e.g.
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blood, vaginal secretions) or postpartum (e.g. breastfeeding) intervals
all require additional examination for COVID-19 [21,22].

Cases of SARS-CoV-2 maternal infection in the current literature
consistently report significant alterations of placental parenchyma,
particularly within the villous and subchorionic compartments [19,
23-26]. Histopathological studies of placentas from several different
cohorts have identified significant fibrosis, maternal vascular malper-
fusion, and intervillous thrombi among the most frequently reported
pathological diagnoses [13,25,27,28]. These findings highlight that the
placenta undergoes significant parenchymal changes secondary to
maternal COVID-19 infection, yet SARS-CoV-2 transmission to the fetus
is prevented in the majority of pregnancies, suggesting organ-specific
antiviral mechanisms at the maternal-fetal interface.

As the primary anatomical and physiological interface between the
mother and fetus during pregnancy, the placenta and its accompanying
immune cell repertoire dictate blockade versus transmission of viral
pathogens through highly interrelated pathways [22]. A unifying theme
among most studies examining viral infections in pregnancy is the
importance of the villous placenta and in particular the villous outer
syncytiotrophoblast layer (sTB). This syncytial cell layer fed by under-
lying cytotrophoblast (cTB) cells remains in direct contact with the
maternal blood space throughout pregnancy. sTB serve a variety of
functions including bi-directional maternal-fetal trafficking and impor-
tantly, are known to express multiple key viral receptors for pathogens
with varying rates of vertical transmission, such as HIV and Hepatitis C
[22,29-32].

SARS-CoV-2 and its viral entry machinery have been examined in
previous case studies and historical data sets from healthy placental
tissues. Case reports reporting histology from limited tissue cohorts (n =
1-4) contain conflicting reports correlating the presence of placental
COVID-19 viral RNA and protein with evidence of fetal transmission
[23,25]. Angiotensin-converting enzyme 2 (ACE2) and transmembrane
serine protease 2 (TMPRSS2) are two key enzymes of the SARS CoV-2
viral entry machinery [33,34]. The bulk of literature published on
ACE2 and TMPRSS2 in the placenta has come from healthy tissues ob-
tained prior to the current pandemic [35,36]. Historical single cell
RNAseq data sets from healthy placental tissue have identified the
expression of both ACE2 and TMPRSS2 mRNA in villous sTB and cTB
and in some studies, a comparatively higher ACE2 mRNA signal as
comparted to TMPRSS2 [37-39]. However, no study to date has sur-
veyed the localization of these important viral entry proteins in primary
placental tissues from pregnancies maternal COVID-19 infection.

We hypothesized that SARS-CoV-2 invades the villous placental
compartment irrespective of fetal transmission and that ACE2 and
TMPRSS2 are localized within key anatomical areas of the placenta. To
address this hypothesis, we examined an extended cohort of placental
tissues from 15 mother-infant dyads with maternal COVID-19 infection
(5 with evidence of fetal transmission) along with 10 contemporary
controls. Utilizing quantitative immunofluorescence, we surveyed the
placental localization and comparative expression of the SARS-CoV-2
spike glycoprotein (CoV2 SP), ACE2 and TMPRSS2 in these tissues.

2. Materials and methods

Sample Collection: This study was conducted at an urban safety net
hospital in Boston, MA between April and May 2020 during a period of
peak admissions. Universal testing for SARS- CoV-2 by PCR of naso-
pharyngeal swabs was instituted at our hospital in mid-April 2020 for all
women admitted in labor. We collected placental samples from women
who tested positive at the time of delivery, and contemporary controls
who tested negative. Selected patient demographic data and institu-
tional pathology reports were collected for all cases and controls.
Approval was obtained from the Boston University Medical Campus
Institutional Review Board, with an informed consent waiver obtained
for this study.

Tissue Processing: Tissues were placed in 4% buffered formalin at
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time of delivery followed by formal grossing, staging and histological
evaluation by board-certified pathologists. Full thickness placental bi-
opsies (including decidua, villous tissue and chorionic plate) were then
dissected from the remaining formalin fixed placental tissues, soaked in
18% sucrose for 1 week followed by embedding in Tissue-Tek O-C.T.
solution (ThermoFisher, Waltham, MA) and frozen at —80 °C. Tissue
blocks were then cryo-sectioned at 10 pm thickness for subsequent
immunostaining.

Immunohistochemistry: Placental tissue sections were subjected to
antigen retrieval with 10 mM Sodium citrate, 0.05% Tween 20, pH 6,
boiling for 20 min. Following a series of washes with PBS 0.05% Tween
20 (PBS-T), slides were then incubated for 1 h at room temperature in
PBS with blocking/permeabilization solution 0.2% Triton X-100 along
with serum of host species for all correlate secondary antibodies (Sigma-
Aldrich, St. Louis, MO). Slides were then incubated at 4 °C overnight
using the following primary antibodies at 1:100 diluted in PBS-T: single
labeling: SARS CoV-2 spike glycoprotein (rabbit anti-human, ab272504
Abcam, Cambridge, MA), double labeling: ACE-2 (goat anti-human,
AF933 R&D systems, Minneapolis, MD) and TMPRSS2 (rabbit anti-
human, ab109131 Abcam). SARS-CoV-2 spike glycoprotein was visual-
ized in a subset of slides first with anti-rabbit AEC development kit
(Histostain-Plus, ThermoFisher) and then with the full tissue cohort via
immunofluorescence with Alexa 647 goat anti-rabbit secondary
(Abcam) at 1:500 for 1 h at room temperature. Double immunofluo-
rescence for ACE-2 and TMPRSS2 was performed with secondary anti-
bodies donkey anti goat Alexa 647 and donkey anti rabbit Alexa 594
(Abcam) at 1:500 for 1 h at room temperature. For control staining of
placental tissues, slides were incubated with only secondary antibodies
(without primary antibodies). Following a final series of washes, slides
were cover slipped with either aqueous mounting medium for AEC
staining (Abcam) or Prolong Gold with DAPI (ThermoFisher) and cured
overnight prior to imaging. To ensure consistency for comparative
analysis, all cohort slides were stained in bulk for each of the single and
double immunohistochemistry protocols and all slides were imaged
within 24-48 h of staining.

Microscopy: Images for brightfield microscopy were acquired on a
Nikon TE2000 (Nikon, Melville, NY). Images for immunofluorescent
microscopy were acquired on a Nikon deconvolution wide-field epi-
fluorescence microscope using NIS-Elements Software (Nikon). For
quantitative immunofluorescence decidua, villous tissue and chorionic
plate areas were manually surveyed at 100x followed by automated
acquisition at 200x of 4 tiled images from 5 randomized areas per slide.
Exposure times were standardized for each target and remained constant
throughout image acquisition to ensure accurate comparative quantifi-
cation. Post-acquisition image processing was performed via ImageJ Fiji
software package (imagej.net).

Quantitative Image Analysis: Image area and integrated density
were measured via ImageJ software for each immunofluorescent 200 x
image (n = 20/slide) along with mean fluorescence values from 5
randomly selected background readings per image cohort. Images were
measured by a total of three blinded reviewers (authors EST, YB, and
KR). These values were then used to calculate a corrected total cell
fluorescence (CTCF) per published protocols using the following calcu-
lation: CTCF = Integrated density — (Area of selected image x average
mean background fluorescence) [40-42]. An average CTCF was also
calculated from secondary only negative control slides (n = 3 per
staining assay) and used to calculate a final Fluorescence Ratio: target
antigen CTCF/secondary only control CTCF.

Statistical analysis: Demographics of the COVID-19 and control
mother-infant dyads, and pathology diagnoses were compared using
independent sample t-tests (normally distributed continuous data),
Wilcoxon rank sum test (non-normally distributed continuous data), or
the Fisher exact test (categorial data). CTCF values for immunofluores-
cence were compared using independent sample t-tests (normally
distributed continuous data). Differences were considered significant at
o = 0.05. All statistical analysis was performed using Prism 7 software
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Table 1
Demographics of COVID vs control samples.
Demographic COVID (N = Control (N = P-
15) 10) Value
Maternal age (years) — Mean (SD) 31.8 (5.5) 30.1 (5.5) 0.46
Gestational age at birth (weeks) — 38.1(1.7) 39.3(1.6) 0.10
Mean (SD)
Infant sex — N (%)
Male 6 (40%) 5 (50%) 0.70
Female 9 (60%) 5 (50%)
Birth weight (grams) — Mean (SD) 3319.9 3182.7 (556.8) 0.46
(366.8)
Placental weight (grams) — Median 484 430 (370-570)  0.35
(Range) (323-794)
Infant COVID-19 nasal swab 5 (33.3%) N/A N/A
positive results
24-h swab 2 (13.3%)
48-h swab 2 (13.3%)
5-day swab 3 (20.0%)
Table 2
Pathology Diagnoses COVID vs control placentas.
PATHOLOGY DIAGNOSIS COVID (N = CONTROL (N = P-
15) 10) Value
Meconium Histiocytosis 8 (53.3%) 8 (80.0%) 0.23
Infarcts 5 (33.3%) 1 (10.0%) 0.34
Vasculopathy 1 (6.7%) 0 -
Chorioamnionitis 2 (13.3%) 1 (10.0%) 1.00
Chronic villitis 1 (6.7%) 0 -
Fibrin deposition 7 (46.7%) 1 (10.0%) 0.09
Fetal chorionic vessel 1 (6.7%) 1 (10.0%) 1.00
vasculitis
Funisitis 0 1 (10.0%) -
Hypoplastic villi 1 (6.7%) 0 -
Acute subchorionitis 5 (33.3%) 2 (20.0%) 0.66
Decidual vasculopathy 0 1 (10.0%) -

(GraphPad, San Diego, CA).

3. Results

There were no significant demographic differences between cases
with positive maternal SARS-CoV-2 testing (COVID-19Maternaly 554
control mother-infant dyads (Table 1). Placental pathology diagnoses,
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listed in Table 2, were notable for the presence of fibrin deposition and
signs of inflammation in COVID-19Ma®™al placentas, however this did
not meet statistical significance. These diagnoses corresponded with
gross pathology assessment of tissue biopsies obtained for the study,
with notable intervillous and subchorionic fibrosis in the majority of
COVID-19Matmal gamples (Fig. 1).

We next surveyed tissues for the presence and localization of SARS-
Co-V-2 spike glycoprotein (CoV2 SP). This viral protein was present in
the villous compartment of all COVID-19Ma®™al placentas and absent
from control tissues, as visualized by non-fluorescent and fluorescent
immunohistochemical techniques (Fig. 2A and B). No expression was
observed within chorionic plate or decidual tissues (data not shown).
Within placental villi, CoV2 SP was consistently expressed within the
sTB layer with intermittent localization to ¢cTB among certain villi
(Fig. 2B). Using quantitative microscopy, we then surveyed the presence
of CoV2 SP among all tissues. COVID-19Ma% M4l caseg with evidence of
fetal transmission did not have significant alterations of CoV2 SP in
comparison to pregnancies with negative infant COVID-19 testing
(Fig. 2C).

Comparative expression and localization of ACE2 and TMPRSS2 re-
ceptors was then evaluated using double immunofluorescence to
simultaneously evaluate both proteins within the same tissue section.
While ACE2 was consistently found in the sTB layer of all tissues sur-
veyed (COVID-19Matmal 5 d controls), TMPRSS2 expression was absent
in both groups of placentas (Fig. 3A and B). We also found a statistically
significant reduction in ACE2 expression levels in COVID-19Maternal
placental tissues as compared to controls, (Fig. 3B), but this finding
should be interpreted with caution as the values from the ACE2 fluo-
rescence within the COVID-19M2€™Mal placental cohort had a wide
distribution.

4. Discussion

We identified that CoV2 SP is present in the villous compartment of
placental tissues in pregnancies with and without evidence of fetal
transmission in an extended cohort of maternal-fetal dyads affected by
COVID-19 infection. We also identified the predominance of the ACE2
viral entry protein in comparison with TMPRSS2. Importantly, in these
tissues both CoV2 SP and ACE2 expression consistently localized within
the outer sTB layer of placental villi juxtaposed with the maternal blood
space.

Despite the rapid publication of multiple studies addressing SARS

Fig. 1. Gross subchorionic and inter-
villous fibrosis in placental tissues from
pregnancies affected by COVID-19.
Representative gross images of full thickness
term placental biopsies. COVID: Placental
tissues from pregnant women who were
SARS-CoV-2 positive upon admission
screening (full cohort, n = 15). Control:
Placental tissues from pregnant women who
were SARS-CoV-2 negative upon admission
screening (full cohort, n = 10). D: Decidua,
V: Villous tissue, C: Chorionic plate.
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Fig. 2. Consistent SARS-CoV-2 spike glycoprotein expression in placental
tissues with and without evidence of fetal transmission. A. Representative
200x brightfield images of AEC immunohistochemistry for SARS-CoV-2. B.
Representative images (200x) of SARS-CoV-2 immunofluorescence. C. Graph-
ical analysis of comparative fluorescence quantitation. COVID and Control:
tissue cohorts as described in Fig. 1. Fluorescence Ratio: ratio of corrected total
cell fluorescence of target antigen/secondary only control. COVID FT®*%
COVID-19 affected pregnancies with evidence of fetal transmission, COVID
FTN®&: COVID-19 affected pregnancies without evidence of fetal transmission.
***p < 0.001. Scale bars: 50 pm.

CoV2 in pregnancy, several key points regarding COVID-19 infection at
the maternal-fetal interface still remain unclear. First is whether the
prominent parenchymal alterations observed within placentas from
COVID-19 infected women are a consequence of systemic maternal
inflammation or localized placental invasion of SARS-CoV-2. We iden-
tified extensive fibrosis and subchorionic thickening consistent with
previous reports [13,25,27,28] along with consistent localization of
CoV2 SP in all COVID-19Ma*mal placental tissues. However, more
detailed analyses on the alterations of the molecular pathways in COVID
infected tissues are required to determine the ultimate source of these
parenchymal changes. Second is the question of variation in SARS CoV2
placental infection in relation to fetal transmission [4,5,15-20]. We
identified the presence of SARS CoV-2 viral proteins within the villous
placental compartment regardless of fetal transmission, helping clarify
this key point.

A final key gap in the literature has been characterization of SARS
CoV-2 viral entry machinery in placental tissues from primary COVID-19
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Fig. 3. ACE2 over TMPRSS2 predominance in villous placental compart-
ment. A. Representative images (200x) of ACE2 and TMPRSS2 co-
immunofluorescence. B. Graphical analysis of comparative fluorescence quan-
titation. COVID and Control: tissue cohorts as described in Fig. 1. Fluorescence
Ratio: ratio of corrected total cell fluorescence of target antigen/secondary only
control. ***p < 0.001, *p < 0.05. Scale bars: 50 pm.

affected pregnancies, rather than historical data sets. Our localization of
ACE2 within placental villous sTB is consistent with prior work [35,36],
and through comparative analysis we noted that ACE2 expression levels
had a small but significant decrease in COVID-19M2™a! placental tissues
as compared to non-infected controls. While it is possible that the
placenta could be downregulating ACE2 in COVID infection, the find-
ings from this limited descriptive analysis are not sufficient to make any
true conclusion on this point. Further, our data illustrating ACE2 over
TMPRSS2 predominance in this cohort is consistent with prior reports on
single cell RNA seq data sets in healthy placental tissues [37-39]. While
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this finding requires further validation in subsequent studies, it does
suggest that SARS-CoV-2 may be using alternative cellular entry path-
ways molecules for viral entry in the placenta, as has been identified for
intestinal enterocytes [43].

The current study has several limitations. First, this is a descriptive
analysis with quantification based on a single experimental technique in
tissue biopsies that encompass <10% of the tissue surface of the
placental organ. Additional analysis with larger cohorts with additional
quantitative techniques such as western blotting and qPCR/RNAseq
analysis will be required to more fully characterize the expression of
CoV-SP, ACE2 and TMPRSS2 and other potential viral entry machinery
in these tissues. Finally, our cohort only encompassed pregnancies
affected by third trimester COVID-19 infections. As pandemic continues,
comparative analysis on the effects of COVID-19 infection in all tri-
mesters will be key in understanding the pathophysiology and conse-
quences for mother and fetus throughout gestation.

Overall this study provides an important basis for ongoing study of
SARS-CoV-2 infection at the maternal-fetal interface. Analysis of
placental tissues also allows a critical viewpoint of SARS CoV-2 physi-
ology in primary human tissue, which may be informative for other
organ systems. The placenta shares many developmental and physio-
logical similarities with the lung [44] and as mucosal immune interface,
placental leukocyte populations have many well-recognized parallels
with the immune repertoire of the small and large intestine [45]. Thus
ongoing study of COVID-19 physiology within the placenta can signifi-
cantly inform management and surveillance of pregnant women and
infants during this pandemic, while providing a key source of primary
tissue for development of ongoing diagnostic and therapeutic targets
critical in the effort to reduce the global burden of SARS-CoV-2.
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