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A B S T R A C T   

Introduction: Recent reports suggest SARS-CoV-2, the virus causing COVID-19, may be transmittable from 
pregnant mother to placenta and fetus, albeit rarely. The efficacy of vertical transmission of SARS-CoV-2 criti
cally depends on the availability of its receptor, ACE2, in the placenta. In the present study, we tested the hy
pothesis that placental ACE2 expression is oxygenation-dependent by studying the expression of ACE2 and 
associated cell entry regulators in the monochorionic twin anemia-polycythemia (TAPS) placenta, a model of 
discordant placental oxygenation. 
Methods: We performed a retrospective comparative immunohistochemical, immunofluorescence and Western 
blot analysis of ACE2, TMPRSS2 and Cathepsin B expression in anemic and polycythemic territories of TAPS 
placentas (N = 14). 
Results: ACE2 protein levels were significantly higher in the anemic twin territories than in the corresponding 
polycythemic territories, associated with upregulation of the key ACE2-related cell entry regulators, TMPRSS2 
and Cathepsin B, immunolocalized to villous trophoblastic and stromal cells. Cellular colocalization of ACE2 and 
TMPRSS2, suggestive of functionality of this cell entry axis, was demonstrated by double immunofluorescence 
studies. 
Discussion: Placental hypoxia is associated with upregulation of ACE2 expression, concomitant with increased 
expression of its key cell entry proteases. ACE2-regulated placental functions, both infection- and non-infection 
related, may be highly oxygenation-dependent.   

1. Introduction 

The rapid global spread of the 2019 novel coronavirus, SARS-CoV-2, 
and the resulting disease, COVID-19 [1–3], from its origins in Wuhan 
China has created an unrelenting public health threat, affecting more 
than 30 million persons worldwide and resulting in more than one 
million deaths as of September, 2020 [World Health Organization sit
uation report] [Johns Hopkins COVID-19 Case Tracker, https 
://coronavirus.jhu.edu/]. Similar to other coronaviruses linked to epi
demics, 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, 
while other routes of transmission (indirect, fecal-oral, ocular, sexual) 
are less common and/or still under consideration [6]. 

At present data on vertical transmission of SARS-CoV-2 from mother 
to fetus during pregnancy are limited. Early studies including large case 
series of COVID-19-positive pregnant women from Wuhan, China, sug
gested that transmission of SARS-CoV-2 in utero or intrapartum is un
likely, as amniotic fluid, cord blood and breast milk samples from the 
mothers were negative for SARS-CoV-2 [7]. Other studies similarly 
failed to find evidence of vertical transmission in neonates or placentas 
[8–13]. 

Conversely, the detection of anti-SARS-CoV-2 IgM antibodies in 
some neonates soon (<24 h) after birth to COVID-19-positive mothers 
[14–16] raised the strong possibility of intrauterine transmission of 
SARS-COV-2, since IgM antibodies cannot cross the placenta and typi
cally appear only 3–7 days after infection due to their complex molec
ular structure [15,16]. However, the reliability of SARS-CoV-2 IgM 
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assays as indicator of intrauterine transmission has been questioned 
[14] especially in the absence of additional reflex testing [17]. IgM as
says in general are prone to technical errors, leading to false negative 
and false positive results [14,18]. Further, transfer of maternal IgM 
across the placental barrier may occur in inflammatory conditions, such 
as maternal hypoxia, viral cytotoxic effects, or ascending infections of 
the lower genital tract [17,19]. Finally, the observed sharp postnatal 
decline of SARS-CoV-2 IgM levels differs from the general behavior of 
these antibodies in other congenital infections, such as rubella or Zika
virus infection [14].Whereas the significance of SARS-CoV-2 IgM anti
bodies in neonates thus remains unclear, a growing number of suspected 
or confirmed intrauterine or intrapartum-acquired neonatal 
SARS-CoV-2 infections have been reported, suggesting intrauterine 
vertical transmission of SARS-CoV-2 from pregnant mother to placenta 
and/or fetus may be possible, albeit exceptional [20–28]. In these re
ports, the assumption of vertical transmission was generally based on 
SARS-CoV-2 nucleic acid amplification of nasopharyngeal swab samples 
obtained from neonates of COVID-19-positive mothers proximate to 
delivery [20–24,26,27,29,30], or on documented evidence of placental 
or amniotic fluid SARS-CoV-2 infection [21,24–26,29,31–33]. Other 
studies have described the presence of SARS-CoV-2 virions in villous 
syncytiotrophoblastic cells by electron microscopy [24,25,32,34], 
providing complimentary histopathologic evidence of intrauterine 
transmission of SARS-CoV-2. It deserves mention that immunohisto
chemical studies of SARS-Cov-2 infected placentas thus far have failed to 
show definitive localization of the virus beyond the trophoblast into the 
fetal compartment. Furthermore, some of the ultrastructural studies [32, 
34] appear to demonstrate confusion between virions and coated 
vesicles. 

As in other organ systems, the capacity for transmission of SARS- 
CoV-2 across the maternal-fetal interface barrier critically depends on 
the permissibility of the placenta as barrier, and in particular: on the 
availability and functionality of its viral entry mechanisms in the syn
cytiotrophoblast layer. SARS-CoV-2 gains cellular entry by attachment 
of its spike protein (S) to the angiotensin-converting enzyme 2 (ACE2) 
receptor [35–37], followed by 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 [37–41]. Whereas the regulation of ACE2 expression in other 
organs has been well documented, the regulatory mechanisms under
lying placental ACE2 expression are less well known, which is surprising 
in view of its critical role as member of the placental renin-angiotensin 
system (RAS). 

In animal models, placental ACE2 expression has been determined to 
be modulated by maternal nutrient restriction [42], maternal gluco
corticoid administration [43], and placental insufficiency [44]. Previous 
studies have also demonstrated, with seemingly conflicting results, that 
the placental RAS system and ACE2 expression are dysregulated by 
maternal hypoxia. In a mouse model of maternal hypoxia, Cuffe et al. 
[45] described decreased placental Ace2 mRNA and protein expression. 
In a similar murine model, Goyal et al. [46] reported decreased Ace2 
mRNA levels, but increased protein levels, suggestive of 
post-transcriptional regulatory mechanisms involved with hypoxic 
stress. In a rat model of placental insufficiency, which is presumably 
characterized, at least in part, by placental hypoxia, Goyal et al. [44] 
demonstrated increased, rather than decreased, placental Ace2 mRNA 
expression. 

In the current study, we utilized the twin anemia-polycythemia 
(TAPS) human placenta as model of intertwin differential placental 
oxygenation to study the effects of hypoxia on placental expression of 
ACE2 and its cell entry regulators, TMPRSS2 and cathepsin B, in vivo. 
Twin anemia-polycythemia sequence is a unique complication of mon
ochorionic twinning, characterized by chronic and slow intertwin blood 
transfusion that results in large intertwin hemoglobin differences 
without associated (severe) twin oligohydramnios-polyhydramnios 
sequence [47]. We previously demonstrated that TAPS placentas 

display significant intertwin discordant tissue oxygenation, character
ized by significant tissue hypoxia in the anemic territories compared 
with their polycythemic counterparts [48]. Importantly, selection of the 
monochorionic TAPS twin placenta as model system for this study 
allowed elimination of most maternal, pregnancy-related and genetic 
confounding factors, as twins are exposed to the same maternal and 
uterine milieu, and as monochorionic (ie monozygotic) twins (and their 
placentas) have a near-identical genetic makeup. The aim of this study 
was to test the hypothesis that TAPS placentas, characterized by striking 
intertwin hemoglobin and oxygenation discordance, show correspond
ing intertwin differences in placental expression of ACE2 and associated 
cellular entry regulators. 

2. Materials and methods 

2.1. Patient population 

We performed a clinicoplacental analysis of a consecutive series of 
diamniotic-monochorionic twin placentas from pregnancies compli
cated by TAPS, examined at the Department of Pathology at Women and 
Infants Hospital of Rhode Island between 2010 and 2019. The diagnosis 
of twin anemia-polycythemia sequence was based on the following 
proposed criteria for postnatal diagnosis of TAPS: intertwin Hb differ
ence > 8 g/dL and very small intertwin anastomoses [49,50]. Placentas 
with fetal demise and placentas from pregnancies complicated by 
twin-to-twin transfusion syndrome (TTTS, twin 
oligohydramnios-polyhydramnios sequence) were excluded from this 
study. The accompanying charts were reviewed for relevant maternal 
and fetal/neonatal information. Relevant neonatal information included 
birth weight, Apgar scores, gender, and first hematologic blood count 
values (hemoglobin and hematocrit, reticulocyte count, obtained 
immediately after delivery). Findings in the anemic twin territory were 
compared with those of the adjacent polycythemic twin territory. The 
study was approved by the Institutional Review Board. 

2.2. Processing of the placenta 

Immediately upon receipt in the Department of Pathology, placental 
parenchyma from four randomly selected quadrants of each twin terri
tory was sampled for subsequent molecular (Western blot) analyses. To 
avoid inclusion of shared cotyledons, these samples were obtained from 
villous parenchyma lateral to the respective cord insertions, at a distance 
from the vascular equator. Areas of placental parenchyma with calcifi
cation, infarction, fibrin deposition or hemorrhage were avoided. 
Placental samples were placed in RNAlater (Amnion Inc., Austin, TX) 
and stored at − 20 ◦C. Further examination of the placenta, including 
injection and categorization of the chorionic vasculature, was performed 
as previously described in detail [51–53]. For histological, immuno
histochemical and immunofluorescence studies, tissues were obtained 
from at least 5 randomly selected areas per twin territory. These tissues 
were formalin-fixed and paraffin-embedded according to standard 
methods. 

2.3. Immunohistochemical and immunofluorescence analysis 

Immunohistochemical staining was performed using a Dako Autos
tainer (Dako, Carpenteria, CA), as previously described in detail [54]. 
For this peroxidase-based staining, we used rabbit monoclonal 
anti-ACE2 antibody (concentration: 1:100) and anti-TMPRSS2 anti
bodies (concentration: 1:1000) (both: Abcam, Cambridge, MA). 
Placental sections from corresponding twin territories were prepared 
and immunostained in one single session. Controls for specificity con
sisted of incubation with isotype IgG instead of the respective primary 
antibodies, which abolished all immunoreactivity. 

Anatomic colocalization of ACE2 and its canonical protease, 
TMPRSS2, was assessed by combining anti-ACE2 with anti-TMPRSS2 
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immunofluorescence staining. For these double immunofluorescence 
studies, tissue sections were incubated sequentially with monoclonal 
rabbit anti-TMPRSS2 antibody, Alexa Fluor 594-conjugated anti-rabbit 
IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA), 
mouse monoclonal anti-ACE2 antibody (ThermoFisher Scientific (Invi
trogen), Waltham, MA), biotinylated anti-mouse IgG (Vector Labora
tories, Inc., Burlingame, CA) and Alexa Fluor 488-conjugated 
streptavidin (Jackson ImmunoResearch Laboratories, Inc.). Sections 
were covered with aqueous mounting medium containing 4′,6-dia
midine-2′-phenylindole dihydrochloride (DAPI, Vector Laboratories, 
Inc.). Controls consisted of omission of one or both primary antibodies, 
which abolished the respective immunoreactivities. 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 [48]. 

2.4. Western blot analysis 

ACE2 and SARS-CoV-2 cellular entry-related protein levels were 
evaluated by Western blot analysis of placental lysates, according to 
methods described in detail elsewhere [55], using the following anti
bodies: anti-ACE2 rabbit monoclonal antibody (abcam), anti-TMPRSS2 
rabbit monoclonal antibody (abcam), and anti-Cathepsin B (D1C7Y) 
rabbit monoclonal antibody (Cell Signaling Technology, Danvers, MA). 
A housekeeping gene, GAPDH (glyceraldehyde 3-phosphate dehydro
genase, Santa Cruz Biotechnology, Dallas, Texas) served as internal 
loading control. Band intensity was expressed as the integrated optical 
density (IOD) normalized to the IOD of GAPDH. 

2.5. Data analysis 

Values are expressed as mean ± standard deviation (SD) or standard 
error of mean (SEM), or median (range). The significance of differences 
between groups was determined by Student t-test, Mann-Whitney U test, 
ANOVA with post-hoc Scheffe test, Fisher’s exact test, or Wilcoxon 
matched-pairs signed rank test, where applicable. Data were analyzed 
and graphically represented using GraphPad Prism 5 software (Graph
Pad Prism; GraphPad Software, Inc., San Diego, CA). Data depicted in 
modified (Tukey) box plots reflect group median, upper and lower 
quartiles (box), maximum and minimum values excluding outliers 
(whiskers), and outliers (more than 3/2 times upper quartile). The sig
nificance level was set at P < 0.05. 

3. Results 

3.1. General clinical and placental data 

ACE2 and ACE2-related expression was studied in a consecutive 
cohort of 14 placentas from pregnancies complicated by spontaneous 
TAPS (i.e. not iatrogenic following laser treatment for twin-to-twin 
transfusion syndrome). Relevant clinical and placental data are sum
marized in Table 1. The intertwin Hb difference was >8 g/dL in all cases, 
fulfilling the proposed hematologic criteria for TAPS, and ranged from 
8.9 g/dL to 20.3 g/dL (median: 12.8 g/dL). Reticulocyte counts obtained 
immediately after birth (prior to transfusion) were only available in 
three cases (reticulocyte count ratios: 4.0, 4.5 and 5.2). 

All placental weights were appropriate for gestational age. Anemic 
twins tended to have peripheral (marginal or velamentous) cord inser
tion more frequently than polycythemic twins (11/14 versus 6/14) but 
this trend was not significant. In agreement with the proposed placental 
criteria for TAPS diagnosis, all TAPS placentas displayed few, relatively 
small intertwin choriovascular anastomoses (Fig. 1A). In 11/14 cases, 
the maternal surface showed marked color (redness) discordance with 
clear demarcation of anemic and polycythemic territories (Fig. 1B). 
Histologic examination of the TAPS placentas revealed varying degrees 
of congestion of the villous capillaries in the polycythemic twin share 

(Fig. 1C), and small, collapsed capillaries with increased numbers of 
circulating nucleated erythroid precursors (erythroblastosis) in the 
anemic twin share (Fig. 1D). 

3.2. ACE2 and ACE2-associated protease expression in TAPS placentas 

Placental protein levels of ACE2 were assayed by Western blot 
analysis of whole placental lysates. As shown in Fig. 2A, immunoreac
tive ACE2 protein levels, appropriately sized at 120 kDa [56], were 
consistently higher in anemic placental shares than in the corresponding 
polycythemic placental shares. As functionality of the ACE2 receptor 
depends on its colocalization and coexpression with TMPRSS2 and other 
ACE2-associated host cellular proteases [37,57], we assessed the 
expression of these critical cell entry regulators. As shown in Fig. 2A, 
appropriately sized immunoreactive bands for TMPRSS2 and Cathepsin 
B were readily detected in all polycythemic and anemic placental shares. 
In all twin sets studied, levels of these proteins were significantly higher 
in the anemic twin territories than in the corresponding polycythemic 
territories. Results of densitometric quantitation of band intensities, 
normalized to GAPDH, are shown in Fig. 2B. 

Concordant with the immunoblot data, immunohistochemical anal
ysis demonstrated significantly stronger ACE2 and TMPRSS2 immuno
reactivity in anemic than in polycythemic twin shares (Fig. 3). Both 
proteins were immunolocalized to villous syncytiotrophoblastic, cyto
trophoblastic, endothelial and stromal cells (Fig. 3). Colocalization of 
ACE2 and its canonical associated cellular protease, TMPRSS2, was 
studied by double immunofluorescence studies in the anemic twin ter
ritories. Foci of apparent colocalization (yellow fluorescence) of ACE2 
(green fluorescence) and TMPRSS2 (red fluorescence) were readily 
observed (Fig. 4). 

4. Discussion 

With mounting infections, fatalities and economic losses caused by 
COVID-19, there is an urgent need to better understand the basic 
mechanisms underlying SARS-CoV-2 infection, and, in particular, its cell 
entry mechanisms. In line with the reported effects of hypoxia on ACE2 
expression in a wide range of tissues and organ systems [58–62], we 
determined that ACE2 expression was significantly upregulated in the 
hypoxic anemic territories of TAPS placentas. As in previous studies [63, 
64], ACE2 was immunolocalized to villous trophoblastic and stromal 
cells. 

Several recent studies have described robust ACE2 expression in 
placentas [38,65,66]. In these studies, placental ACE2 expression was 
associated with low or absent TMPRSS2 expression [17,38,66,67]. This 
absence or paucity of ACE2/TMPRSS2 co-expression was implicated in 

Table 1 
Patient and placental data of TAPS pregnancies.   

Polycythemic twin/ 
placental side (14) 

Anemic twin/ 
placental side (14) 

P 

Gestational age 
(wks) 

34 (26–37)  

Birth weight (g) 1715 ± 635 1456 ± 618 <0.05 
Median Apgar 1 

min 
7 (3–8) 7 (1–9) NS 

Apgar <7 at 1 
min 

4/14 6/14 NS 

Median Apgar 5 
min 

8.5 (6–9) 8 (6–9) NS 

Hgb (g/dL) 23.4 ± 1.5 9.1 ± 2.7 <0.01 
Hct (%) 65.4 ± 4.9 26.9 ± 5.9 <0.01 
Placenta weight 

(g) 
683 ± 129  

Placental share 
(%) 

47 (39–61) 53 (45–61) NS 

Peripheral cord 
(M/V) 

6/14 11/14 NS  
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Fig. 1. Representative gross and microscopic appearance of TAPS placenta. 
A. Fetal surface following removal of the intertwin membrane and injection of the chorionic vasculature. Vascular injection highlights the near-complete separation 
of the choriovascular beds. A single minuscule artery-to-artery anastomosis is shown by arrow. Color code: Left twin: artery: red, vein: green; right twin: artery: red, 
vein: yellow (venous bed only partially filled due to vascular disruption). 
B. Maternal surface demonstrating marked color (redness) discordance with sharp demarcation of polycythemic (left) and anemic (right) territories. C-D. Repre
sentative micrographs of plethoric and pale placental parenchyma, respectively. Insert: ×600 magnification of Fig. 1D showing circulating erythroid precursors 
(hematoxylin-eosin staining, original magnification ×200. Scale bar = 20 μm) 

Fig. 2. ACE2 and ACE2-associated expression in 
TAPS placentas. 
A Western blot analysis of ACE2, TMPRSS2 and CTSB 
expression in lysates of polycythemic (P) and anemic 
(A) territories of representative TAPS placentas. 
GAPDH served as loading control. B. Densitometric 
analysis of Western blot. IOD: integrated optical 
density; *: P < 0.05; **: P < 0.01; ***: P < 0.001 
(Wilcoxon matched-pairs signed rank test). ACE2: 
angiotensin converting enzyme 2; TMPRSS2: trans
membrane serine protease 2; CTSB: cathepsin B.   
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the relative insensitivity to transplacental SARS-CoV-2 infection [17, 
66], as co-expression of these proteins is crucial for cytoplasmic entry of 
SARS-CoV-2. In sharp contrast to these prior studies, we determined that 
ACE2 expression in hypoxic placental territories was increased in tandem 
with increased expression of TMPRSS2 and Cathepsin B, suggesting the 
placental ACE2-protease axis may have potential functionality, at least 
in hypoxic conditions. 

The clinical implications of the observed relatively high placental 
expression of ACE2 and associated cellular proteases in hypoxic condi
tions remain unclear. Intuitively, upregulation of ACE2 expression 
might be interpreted as predisposing to increased cellular infectivity. By 
analogy, it has been suggested that the use of drugs such as ACE in
hibitors, Ang II-receptor blockers (ARBs) or ibuprofen, may increase the 
risk of COVID-19 infection by upregulating the cellular expression of 
ACE2 [68–70]. However, there is at present no convincing clinical evi
dence linking ACE inhibitors and/or ARBs to COVID-19 severity and 

mortality [71,72]. Similarly, it remains to be determined whether 
placental hypoxia-related ACE2 upregulation predisposes to increased 
cellular infectivity of trophoblastic cells and increased vertical viral 
transmission. Increased understanding of the biology of ACE2 may 
contribute to further development of intervention strategies targeting 
viral cell entry mechanisms. Currently proposed approaches focused on 
ACE2 as a putative target for host immune surveillance and therapeutic 
strategies include competitive inhibition using recombinant ACE2 [73], 
an excess of soluble ACE2 [74] or decoy ACE2-expressing extracellular 
vesicles [75]. 

In addition to its function as cognate receptor for SARS-CoV-2 (and 
SARS-CoV), ACE2 has multiple other enzymatic and non-enzymatic 
functions. As ACE homologue and member of the RAS system, ACE2 
has a wide range of substrates, including kinins, apelin, neurotensin, 
dynorphin, ghrelin, amyloid and angiotensins [71], and an equally wide 
range of functions. ACE2 is further involved in placentation, including 
trophoblast migration, vascular remodeling and vasodilation of the 
maternal vasculature [64,76]. Dysregulated ACE2 expression has been 
implicated in pregnancy complications, such as miscarriage, ectopic 
pregnancy and preeclampsia [63]. In the present study, the birth weight 
of the anemic TAPS twins was significantly lower than that of the cor
responding polycythemic twins, as is characteristic of TAPS pregnancies 
in general [47]. Whether enhanced ACE2 expression may have 
contributed to the growth restriction of anemic TAPS twins is unclear. 

In summary, this study demonstrates that TAPS placentas display 
intertwin discordance in expression of ACE2, the SARS-CoV-2 receptor, 
as well as its associated cellular proteases, TMPRSS2 and cathepsin-B. In 
view of the known effects of hypoxia on ACE2 expression in tropho
blastic cells in vitro and in animal models, and our previous demon
stration of decreased tissue oxygen levels in the anemic twin territory, 
we speculate that the discordance in ACE2/TMPSSR2 expression in 
TAPS placentas may be attributable, in large part, to differential tissue 
oxygenation. The concordant upregulation of ACE2 and TMPRSS2/ 
Cathepsin B expression in the anemic twin shares suggests hypoxic 
conditions may enhance functionality of this axis, potentially predis
posing to viral cell entry and vertical transmission. TAPS twin placentas 
provide an in vivo model for study of the role and regulation of ACE2 
expression as adaptive stress response to intrauterine hypoxia, and 

Fig. 3. Representative immunohistochemical analysis of ACE2 and TMPRSS2 
protein expression in TAPS placenta. 
Representative immunohistochemical analysis of expression of ACE2 (C-D), and 
TMPRSS2 (E-F) in polycythemic (left) and corresponding anemic (right) terri
tories of TAPS placentas. (A-B: hematoxylin-eosin stain; C–F: DAB-peroxidase 
system with hematoxylin counterstain, original magnification ×200. Scale 
bar = 20 μm). 

Fig. 4. Combined immunofluorescence analysis of placental colocalization of ACE and TMPRSS2. 
Confocal fluorescence microscopy of the anemic territory of a TAPS placenta subjected to combined anti-ACE2 (green) and anti-TMPRSS2 (red) immunofluorescence, 
captured at the same settings. Yellow dots represent regions of colocalization of ACE2 and TMPRSS2, suggestive of membrane fusion. In selected fields, colocalization 
was confirmed quantitatively using Pearson’s correlation coefficient analysis whereby a cutoff of r2 > 0.5 was used to indicate positive colocalization. 
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ultimately may contribute to deeper insight into the role of ACE2 
expression and its modulation in reproductive health, both in general 
and in the context of coronavirus infections. 
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