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Background.  SARS-CoV-2 infection in term placenta is rare. However, growing evidence suggests that susceptibility of the 
human placenta to infection may vary by gestational age and pathogen. For several viral infections, susceptibility appears to be 
greatest during early gestation. Peri-implantation placental infections that result in pre-clinical pregnancy loss would typically go 
undetected. Little is known about the effects of SARS-CoV-2 on the peri-implantation human placenta since this time in pregnancy 
can only be modeled in vitro.

Methods.  We used a human embryonic stem cell (hESC)-derived model of peri-implantation placental development to assess 
patterns of ACE2 and TMPRSS2 transcription and protein expression in primitive trophoblast. We then infected the same tropho-
blast cell model with a clinical isolate of SARS-CoV-2 and documented infection dynamics.

Results.  ACE2 and TMPRSS2 were transcribed and translated in hESC-derived trophoblast, with preferential expression in 
syncytialized cells. These same cells supported replicative and persistent infection by SARS-CoV-2, while non-syncytialized tropho-
blast cells in the same cultures did not.

Conclusions.  Co-expression of ACE2 and TMPRSS2 in hESC-derived trophoblast and the robust and replicative infection limited 
to syncytiotrophoblast equivalents support the hypothesis that increased viral susceptibility may be a defining characteristic of primitive 
trophoblast.

Keywords.   trophoblast; placenta; miscarriage; SARS-CoV-2; COVID-19; spontaneous abortion; stem cell; ACE2; TMPRSS2.

While severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infection in pregnancy is known to be asso-
ciated with severe maternal morbidity and mortality [1–4], 
fetal risk remains less well delineated. Studies have demon-
strated an increased risk of preterm birth [4, 5] and stillbirth 
[6–8] associated with maternal SARS-CoV-2 infection, but 
evidence of other adverse pregnancy outcomes is less robust. 
Similarly, vertical (in utero) transmission of SARS-CoV-2 ap-
pears to be rare [9–15], when studied in the setting of ma-
ternal infection at or near delivery. Perhaps this is due, in 
part, to rare maternal viremia and patterns of angiotensin-
converting enzyme 2 (ACE2) and transmembrane serine 
protease 2 (TMPRSS2) expression in term placenta, which 

likely protect against placental infection [12]. Despite the rel-
ative rarity of placental infection in SARS-CoV-2 compared 
to other viral illnesses such as cytomegalovirus [16, 17] and 
Zika virus (ZIKV) [18], there is evidence that trophoblast can 
be infected with SARS-CoV-2 [10, 12, 19–21].

Risk of placental infection in the peri-implantation period is 
unique because the anatomy of the placenta [22] and the immu-
nology at the maternal-fetal interface [22, 23] differ dramatically 
from that of term placenta, and because pre- and periclinical 
losses make up the vast majority of all early pregnancy losses 
[24]. More specifically, for only the first 2 weeks after blasto-
cyst implantation in humans, the leading edge of the placenta is 
composed of a unique placental cell layer, the primitive troph-
oblast, that secretes pregnancy hormones and is invasive [22]. 
The tree-like, fetally-derived villi that are bathed in maternal 
blood and characterize the maternal-fetal interface of the ma-
ture placenta begin to develop thereafter. Unlike the immune 
environment at the maternal-fetal interface for the vast majority 
of the remainder of pregnancy, that during the previllous stage 
of human placentation is highly proinflammatory [23], which 
may have implications for primitive trophoblast susceptibility 
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to infection. While case-control [25] and cohort studies of 
women infected in the first trimester [26, 27] have reported 
that SARS-CoV-2 infection does not increase miscarriage rates, 
these studies report on pregnancies occurring after the switch 
from previllous to villous placentation. Moreover, reports of 
unchanged miscarriage rates in SARS-CoV-2 infection are in 
contrast to the increased prevalence of early pregnancy loss as-
sociated with maternal infection by the related coronaviruses, 
severe acute respiratory virus syndrome (SARS-CoV-1) and 
Middle East respiratory syndrome (MERS) [28, 29]. It is pos-
sible that the previllous placenta may be more easily infected 
by maternal SARS-CoV-2 than the placenta later in pregnancy 
[30, 31] and that the effects of such infections are currently 
undetected.

The potential for placental infection in early pregnancy re-
mains regrettably understudied, due to difficulties inherent in 
evaluating pregnancy loss that may occur prior to clinically 
recognized pregnancy. Very early placental infections that have 
devastating consequences could go undetected as preclinical 
pregnancy losses. Alternatively, should infection occur after 
documentation of pregnancy and the pregnancy continues to 
term, early placental infections might no longer be detected 
at the time of delivery. There are concerning reports, however, 
that placental infection may be more severe in early pregnancy 
[21, 32–35]. In addition, a series of studies at the RNA and pro-
tein levels have shown the major SARS-CoV-2 entry receptor, 
ACE2 [36], and the postbinding processing protein, TMPRSS2 
[36], are transcribed and translated in the outer trophectoderm 
layer of the human blastocyst, which will become the placenta 
[37–39]. ACE2 and TMPRSS2 are also expressed in the vil-
lous placenta across all 3 trimesters of pregnancy [12, 19–21, 
40, 41], although these molecules are very rarely coexpressed 
in the same cell types, at least in term placenta [12, 42], which 
would limit susceptibility of the term placenta to SARS-CoV-2 
infection. The infectability of trophoblast cell subtypes and pla-
cental tissues from the earliest stages of pregnancy has been 
understudied [35, 38, 39], because of ethical and logistical obs-
tacles to obtaining normal tissues in early human pregnancy, 
and in maintaining these tissues to allow in vitro exposure to 
SARS-CoV-2.

In very early pregnancy, the pregnancy remains clinically un-
detectable and therefore cannot be studied by using primary 
cell isolates, nor can it be easily modeled in animals. Several 
laboratories, including our own, have developed models that 
mimic early human placental development. These include, 
among others, extended human blastocyst culture [43, 44] and 
the use of human embryonic stem cells, induced pluripotent 
stem cells [45–48], and trophoblast stem cells [49]. We have 
used human embryonic stem cells to create a model of primitive 
trophoblast: the transient, invasive, and syncytialized leading 
edge of the newly implanted blastocyst present only during 
the first 2 weeks of human pregnancy [45–47]. We previously 

demonstrated that these cells are highly susceptible to infection 
by different ZIKV strains, in contrast to trophoblasts isolated 
from term placentas [30, 31]. Using this model of the earliest 
events in postimplantation placental development, we assessed 
coexpression of ACE2 and TMPRSS2 and SARS-CoV-2 infec-
tion rates, viral replication, and cytopathic effects in primitive 
and developing human placenta.

METHODS

Ethics Statement

All research was approved by Institutional Biosafety Committee 
and performed in the biosafety level 3 laboratory at the University 
of Missouri Laboratory for Infectious Disease Research.

Cells and Virus

The stem cell-derived primitive trophoblast cell model was 
created as follows. Human embryonic stem cells (ESC; H1, 
WA01, obtained from WiCell Research Institute, Madison, 
WI [50]) were cultured in 6-well tissue culture plates (Thermo 
Scientific) on Matrigel (BD Bioscience)-coated wells under an 
atmosphere of 5% (vol/vol) CO2/air at 37°C in mTeSR1 medium 
(STEMCELL Technologies). The culture medium was changed 
daily and the cells were passaged every 5–6 days. The method 
for trophoblast differentiation has been described previously 
[46] and is briefly reviewed in the Supplementary Methods. 
Throughout the remainder of the manuscript, differentiated, 
human ESC-derived trophoblasts will be referred to as ESCd 
and/or BAP-treated cells, to reflect the ingredients of the media 
used to create ESCd (BMP4, 10  ng/mL; A83-01, 1  μM; and 
PD173074, 0.1  μM). BAP-treated differentiated trophoblast 
cells were cultured for up to 8 days (Figure 1A). Control undif-
ferentiated H1 ESC (ESCu) were cultured for a similar amount 
of time in mouse embryonic fibroblast-conditioned medium 
containing only fibroblast growth factor 2 (FGF2) .

Vero E6 cells were maintained in the growth medium in-
cluding 1  × Dulbecco’s Modified Eagle’s Medium (DMEM) 
with 10% fetal bovine serum and 1% antibiotics (Invitrogen). 
The SARS-CoV-2 USA-WA1/2020 strain was acquired from 
BEI Resources (Manassas, VA) and passaged 3 times in Vero E6 
cells using the infecting medium including 1 × DMEM with 2% 
fetal bovine serum and 1% antibiotics (Invitrogen) to establish 
a stock virus for experiments.

Growth Curves

To determine growth dynamics of SARS-CoV-2, ESCu and 
ESCd at day 4 were mock infected (negative control) or infected 
with SARS-CoV-2 at a multiplicity of infection (MOI, ratio of 
the number of virus particles to the number of host cells) of 
0.5. Vero E6 cells in 6-well plates were mock infected and in-
fected with the SARS-CoV-2 at an MOI of 0.1 for 48 hours as 
negative and positive controls, respectively. After a 1-hour in-
cubation, the virus inoculum was removed and replaced with 
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the infection medium. The infected cells were incubated at 37°C 
with 5% CO2 and media samples collected at 24, 48, 72, and 96 
hours postinoculation (hpi). Virus titers of the collected super-
natants were determined by inoculating confluent monolayers 
of Vero E6 cells in 96-well plates, and the 50% tissue culture in-
fective dose per mL (TCID50/mL) was calculated by the method 
of Reed and Muench [51] based on the presence of cytopathic 
effects.

Other Methods

RNAseq analyses, RNA extraction and quantitative real-time 
polymerase chain reaction (qRT-PCR), western blotting, and 
immunocytochemistry and the immunofluorescence assay are 
described in detail in Supplementary Methods.

RESULTS

Expression of ACE2 and TMPRSS2 in ESC-Derived Trophoblast

To determine the expression of ACE2 and TMPRSS2 in 
human ESC-derived trophoblasts, bulk RNAseq data from 
H1 ESCd in vitro to primitive trophoblast by an 8-day ex-
posure to BMP4 (10 ng/mL), A83-01 (1 μM), and PD173074 
(0.1  μM), that is BAP treated, was compared to that from 
H1 ESC maintained in culture media plus FGF2 (undif-
ferentiated control, ESCu) (Figure 1A). ACE2 transcripts 
were expressed in all populations of ESCd, including: 
(1) the population that passed through a 40-µm screen 

(mononucleated cytotrophoblasts); and (2) the population of 
larger syncytialized cells that failed to pass through a wider-
mesh 70-µm screen (syncytiotrophoblast) [47], but were un-
detectable in ESCu (Figure 1B). ACE2 transcript levels were 
higher in the larger multinucleated cells (ESCd >70  µm, 
syncytiotrophoblast) than in the largely mononucleated 
ESCd <40 µm (cytotrophoblast) fraction (P = .034, adjusted 
P = .071). TMPRSS2 was robustly expressed in ESCu and 
cytotrophoblast (ESCd <40 µm) fractions but highly enriched 
in the syncytiotrophoblast (ESCd >70  µm) fraction when 
compared to the other 2 cell types.

We next investigated the time course of ACE2 and 
TMPRSS2 transcript and protein expression in ESCu and BAP-
differentiated trophoblast (ESCd) using qPCR, western blot-
ting, and immunocytochemistry. ACE2 transcription began on 
day 3 of BAP exposure and increased through completion of 
the experiment on day 8 in ESCd; mRNA expression of ACE2 
was barely detectable in ESCu (Figure 2A). On the other hand, 
the transcript concentrations of TMPRSS2 were similar be-
tween ESCu and ESCd and remained unchanged throughout 
culture, indicating that ESC have a constitutive expression of 
TMPRSS2 that is not unique to trophoblast. Consistent with 
gene expression, ACE2 protein was detectable by western im-
munoblotting on day 6 of BAP treatment and increased by 
day 8 in ESCd. However, ACE2 remained undetectable in 
ESCu (Figure 2B). Consistent with the positive detection of its 
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Figure 1.  Expression of ACE2 and TMPRSS2 in ESCd trophoblasts. A, H1 ESC were maintained on mTeSR. On the day following passaging, the medium was replaced 
by mouse embryonic fibroblast-conditioned medium supplemented with 4  ng/mL FGF2. After an additional day, the medium was changed to one containing 10  ng/mL 
BMP4, 1 μM A83-01, and 0.1 μM PD173074 for 8 days. B, RNAseq data are from Yabe et al [47]. Expression levels (in FPKM) for ACE2 and TMPRSS2 in ESCu, ESCd <40 µm 
cytotrophoblast cells (ESCd <40), and >70 µm syncytiotrophoblast (ESCd >70) fractions. The bar graphs indicate mean ± SD. The asterisks represent a statistically significant 
differential expression between groups (*P < .01, Benjamini-Hochberg P value adjustment method). Abbreviations: ACE2, angiotensin-converting enzyme 2; BAP, BMP4, 
A83-01, and PD173074; ESCd, embryonic stem cell derived; ESCu, embryonic stem cell undifferentiated; FGF2, fibroblast growth factor 2; FPKM, fragments per kilobase of 
transcript per million mapped reads; TMPRSS2, transmembrane serine protease 2.
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transcript, TMPRSS2 protein levels were similar in ESCu and 
ESCd throughout culture.

Immunocytochemistry of BAP-derived trophoblast/ESCd 
allowed assessment of cellular colocalization of ACE2 and 
TMPRSS2, which was noted on day 8 of differentiation (Figure 
2C). E-cadherin and chorionic gonadotropin-α (CGA) were 
used as markers for the identification of cytotrophoblast 
cells (Figure 2C, upper panel) and syncytiotrophoblast 

(Figure 2C, lower panels), respectively. Staining for ACE2 
and TMPRSS2 was colocalized and strongly overlapped with 
CGA-positive and E-cadherin–negative areas of the colonies, 
which represent syncytiotrophoblast in BAP-differentiated 
colonies (ESCd). As expected, ACE2 was present in both 
the cytoplasm and on the cell surface and TMPRSS2 was 
largely expressed in the cytoplasm and nucleoplasm of 
syncytiotrophoblast.
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Figure 2.  The identification of ACE2 and TMPRSS2 expression in ESCd trophoblasts. A, qPCR analysis of mRNA levels of ACE2 and TMPRSS2 in ESCu and ESCd at day 3, 
4, 5, 6, 7, and 8. The bar graphs indicate mean ± SD (n = 3). The asterisks represent a statistically significant difference versus ESCu (ANOVA, P = 5.79 × 10–13 for ACE2 ex-
pression, P = 6.53 × 10–5 for TMPRSS2 expression; Tukey post-hoc test, *P < .05, ***P < .0001). B, Western blotting analysis with the indicated antibodies in ESCu and ESCd 
at day 6 and 8. C, Immunocytochemistry with the indicated antibodies in ESCd at day 8. Scale bars, 100 μm. Abbreviations: ACE2, angiotensin-converting enzyme 2; CGA, 
chorionic gonadotropin α; DAPI, 4′,6-diamidino-2-phenylindole; ESCd, embryonic stem cell derived; ESCu, embryonic stem cell undifferentiated; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; TMPRSS2, transmembrane serine protease 2.
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Human ESC-Derived Trophoblast Supports SARS-CoV-2 Replication

Both ESCu and ESC-derived trophoblast (ESCd) could be in-
fected with SARS-CoV-2 in vitro, although significantly higher 
virus titers (at least 2 log-fold) were detected in infected dif-
ferentiated trophoblast at all tested time points. Furthermore, 
SARS-CoV-2 viral titers in infected ESCd increased markedly 
between 24 and 48 hpi but plateaued at later time points (72 and 
96 hpi) (Figure 3), indicating that the virus successfully repli-
cated in differentiated trophoblast. In contrast, viral titers did 
not change in infected ESCu controls with increasing incuba-
tion time (Figure 3). Moreover, SARS-CoV-2 nucleocapsid (N) 
protein was detected in infected ESCd at all tested time points 
(Figure 4 and Supplementary Figure 1), further demonstrating 
that ESC-derived trophoblast supports both entry and replica-
tion of SARS-CoV-2. Noticeably, SARS-CoV-2 N protein was 
only detected in infected ESCu at the earliest time point (24 
hpi) but not at later time points (48 and 96 hpi) (Figure 4 and 
Supplementary Figure 1). Interestingly, cytopathic effects were 
not observed in BAP-differentiated trophoblast nor in undiffer-
entiated ECS controls infected with SARS-CoV-2, in stark con-
trast to Vero 6 cells infected with SARS-CoV-2 (Supplementary 
Figure 1).

DISCUSSION

Reports of associations between maternal SARS-CoV-2 infec-
tion and adverse fetal outcomes have been inconsistent [12, 
14, 25]. Data supporting the rarity of vertical transmission of 
SARS-CoV-2 after infection in late pregnancy are strong [12], 
although the hypothesized reasons for this do not necessarily 
apply in early pregnancy, when receptor expression patterns 
and trophoblast response to infection can vary dramatically 
[9, 10, 12–15, 30, 31, 35, 42]. Whether SARS-CoV-2 infects 

early pregnancy tissue remains largely unknown, due to diffi-
culties inherent in studying the earliest pregnancies, including 
miscarriages that might go clinically undetected. We were spe-
cifically interested in the effects of SARS-CoV-2 infection on 
early (previllous) pregnancy and early placental development, 
because while several papers have suggested that placental in-
fection can occur in all trimesters of pregnancy [20, 21, 33], 
infection risk may be higher in earlier stages of gestation [20, 
21, 35]. Key anatomic and gene/protein expression differences 
between the early postimplantation previllous placenta and the 
full-term villous placenta may elucidate any increased early 
pregnancy susceptibility to SARS-CoV-2 infection [22, 30, 31, 
35].

The previllous placenta (from the time of implantation on or 
about day 7 postfertilization to the third week of pregnancy when 
it degenerates) is composed of an inner layer of cytotrophoblast 
cells and an invasive, leading edge syncytiotrophoblast that 
interacts directly with the maternal decidua and its resident 
specialized immune cells, as well as with decidual glandular se-
cretions and the maternal arteriolar and venous blood of the 
canalized structures that it invades [22, 23]. Pregnancy in hu-
mans at the immediate postimplantation stage is preclinical and 
can only be studied by in vitro modeling. In one such human 
model, extended blastocyst culture, coexpression of ACE2 and 
TMPRSS2, the proteins necessary for SARS-CoV-2 entry and 
infection [13], was demonstrated in the trophectoderm and 
early trophoblast cells, including syncytiotrophoblast [44].

The evolution of the mature villous structure begins at approx-
imately 3 weeks postfertilization. The mature placental villi will 
be composed of a core containing fetal vessels that are separated 
from maternal blood by several layers of protection, including 
maternally derived stromal cells, proliferative cytotrophoblast 
cells, and a single, multinucleated, nonproliferative layer of 
syncytiotrophoblast. Single-cell RNAseq [42], RNA in situ hy-
bridization [12, 19] and immunohistochemical analyses [12, 
19] of term placenta suggest that this villous structure helps 
to protect the fetus from vertical transmission of SARS-CoV-2 
in pregnancy. While ACE2 and TMPRSS2 are expressed in the 
placenta, anatomic separation in the third trimester placenta 
makes transmission from mother to fetus through these pro-
teins unlikely [12]. Furthermore, while SARS-CoV-2 viremia 
occurs at the low rate of 10%–27% of infected nonpregnant pa-
tients with severe/critical illness [52–54], viremia may be ex-
ceedingly rare in pregnant women at term [12].

Using a stem cell-derived model of early trophoblast develop-
ment, we demonstrated coexpression of ACE2 and TMPRSS2 
in vitro in modeled multinucleated syncytiotrophoblast. In 
vivo, these cells interact directly with the maternal decidua 
in the previllous placenta, and therefore may be susceptible 
to maternal infection. We demonstrated that viral infection 
with SARS-CoV-2 was followed by viral replication, but we did 
not detect cytopathic effects during the 96-hour postexposure 
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culture period. Infection and virus production in this model was 
limited to the syncytialized areas that express both ACE2 and 
TMPRSS2. One other group demonstrated SARS-CoV-2 infec-
tion in tissues from very early, preimplantation stage, human 
pregnancy, although these findings have not yet undergone peer 

review [38]. In that study, human blastocyst trophectoderm bi-
opsies were used for RNAseq analyses, and human blastocysts 
were used for immunohistochemistry to show transcription 
and protein coexpression of ACE2 and TMPRSS2. The authors 
then used SARS-CoV-2 spike protein-pseudotyped viruses to 
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demonstrate viral entry in trophectoderm cells of discarded 
human blastocysts. Viral replication and cytopathic effects 
were not assessed.

Here, we report that in stem cell-derived trophoblast, ACE2 
and TMPRSS2 transcripts and proteins were preferentially ex-
pressed or solely expressed in multinucleated, syncytialized 
cells and viral infection was similarly restricted. This pat-
tern of viral infection mimics that seen in our ZIKV [30, 31] 
and Dengue virus (Sheridan et al, unpublished observation) 
models, suggesting susceptibility of early syncytiotrophoblast 
to viral infection. It also is consistent with the limited avail-
able reports on in vitro infection of human blastocysts [38, 
39] and in vivo patterns of placental infection. In situ hy-
bridization and immunohistochemistry of infected placentas 
shows infection of extravillous cytotrophoblast cells (which 
were not specifically evaluated in our model) and of villous 
trophoblast [10, 12, 19–21]. Among the villous trophoblast 
subpopulations, cytotrophoblast cell infection was seen at a 
much lower level than infection of syncytiotrophoblast [10, 
12, 19–21].

The reason for such preferential infection of 
syncytiotrophoblast in vitro and in vivo remains unclear. For 
in vivo infections, it is possible that the syncytiotrophoblast, 
as the first trophoblast subtype to encounter virus in a viremic 
mother, is the most likely to become infected. If such infection 
were not lytic, infection might remain mostly localized to the 
syncytiotrophoblast layer. While ACE2/TMPRSS2 expression 
patterns and anatomic separation of cells in the placental villi 
may help prevent robust spread of viral infection in term pla-
centa, these mechanisms cannot explain infection specificity 
for syncytiotrophoblast in our model of primitive trophoblast 
because BAP exposure generates a mixture of trophoblast cell 
types in the colonies and allows for equal virus access to all 
trophoblast types. Rather, in our model of primitive tropho-
blast, a combined expression of ACE2 and TMPRSS2 likely ex-
plains the viral tropism. It is also possible that in vitro and in 
vivo, the complex process of syncytialization, which involves 
endogenous retroviral envelope proteins and their association 
with their binding partners, may also make syncytializing and 
syncytialized cells more susceptible to SARS-CoV-2 and to 
other viral infections.

In contrast to Vero cells, ESC-derived trophoblast cells did 
not exhibit SARS-CoV-2–related cytopathic effects over 96 
hours, despite robust viral replication and maintenance in these 
cells. The reasons for a lack of lytic effects are unclear but may 
be specific to early placenta and deserve further investigation. 
We hypothesize that this phenomenon may be partly respon-
sible for the rarity of vertical transmission of SARS-CoV-2 even 
in the presence of detectable placental infection. In addition, 
persistence of SARS-CoV-2 in the placenta could have effects 
far removed from the time of maternal infection. A report of 
a pregnant woman with known exposure and asymptomatic 

infection in the first trimester of pregnancy who suffered an 
early second trimester loss of a karyotypically normal fetus [21] 
is consistent with this possibility. At the time of this loss, the 
patient was negative for SARS-CoV-2 in the nasopharynx but 
had virus detectable by RT-PCR and immunohistochemistry in 
the placenta. Infection was found in both cytotrophoblast and 
syncytiotrophoblast of this placenta but was much more robust 
in the latter [21].

In our experiments, control, undifferentiated ESC could be 
infected in vitro, despite the absence of ACE2 (Supplementary 
Figure 1; conditioned medium plus FGF2 24-hour data). On 
the other hand, infection levels were several log-fold lower than 
those in ESC-derived trophoblast that coexpressed ACE2 and 
TMPRSS2. There was no evidence of replication or persistence 
of the virus in control, undifferentiated ESCu cells. This suggests 
that SARS-CoV-2 is able to enter the undifferentiated control 
cells, likely through endocytosis, as demonstrated previously 
[30, 31, 55]. However, the lack of viral replication in undifferen-
tiated ESC contrasts with reports from ACE2-negative human 
airway cells, where replication followed passive infection [55]. 
The underlying mechanisms allowing undifferentiated ESC to 
permit SARS-CoV-2 entry but preventing replication require 
further investigation.

Finally, detectable maternal viremia in SARS-CoV-2–in-
fected pregnant women [12] is seldom reported. This raises 
the question of how the primitive trophoblast could become 
infected by SARS-CoV-2, an event we speculate might occur 
but typically go undetected. Possibly, the immunomodulatory 
milieu of placental hormones may protect from infection, 
with protection increasing with gestational age. Many of the 
immunomodulatory pregnancy-related hormones found in high 
levels in maternal serum, and higher levels at the maternal-fetal 
interface at the end of pregnancy, are present locally and sys-
temically at the time of implantation, but at much lower levels. 
This may allow viremic events (and placental infection) in early 
gestation at levels resembling those in the nonpregnant popula-
tion [52–54]. Levels of viremia in early pregnancy, particularly 
during preclinical pregnancy, have never been studied. The cells 
of the maternal endometrium in pregnancy (decidua) coexpress 
ACE2 and TMPRSS2 [56], and SARS-CoV-2 can be detected 
in semen of infected men [57, 58]. Infection of decidual cells 
could allow for transmission from decidua to trophoblast at 
the time of implantation, and semen could mediate infection at 
the time of fertilization. ACE2 and TMPRSS2 coexpression has 
been demonstrated in single-cell RNAseq analysis in human 
zygotes, and 2- and 4-cell embryos; after that, ACE2 expres-
sion moves to the trophectoderm and primitive endoderm [37], 
demonstrating that early embryos are theoretically susceptible 
to infection by SARS-CoV-2. This outcome has been verified in 
extended human blastocyst cultures in vitro [44] and may have 
important implications for transmission during assisted repro-
duction, particularly via artificial insemination.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiab309#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiab309#supplementary-data
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In summary, we hypothesize that the unique characteristics of 
the placenta and local maternal-fetal immune microenvironment 
during and soon after human blastocyst implantation may result 
in preclinical and early clinical pregnancy loss in maternal SARS-
CoV-2 infection. The immune microenvironment at the maternal-
fetal interface at the time of implantation is proinflammatory and 
differs from the protolerogenic environment otherwise character-
istic of pregnancy [23]. This proinflammatory microenvironment 
may control viral infection locally and could exacerbate the in-
tense inflammation seen in other SARS-CoV-2–infected tissues 
[59], thereby promoting pregnancy loss. Our in vitro studies 
have shown that a model of peri-implantation placenta supports 
SARS-CoV-2 infection and replication. There are no reports on 
the effects of SARS-CoV-2 infection on very early pregnancy loss, 
even in early clinical pregnancy. These could be undertaken in 
assisted reproduction clinics, in which pregnancies are followed 
very closely with repeated and early testing. In light of the known 
risk of early pregnancy loss associated with other coronaviruses, 
including those that also use ACE2 for entry [28, 29], and the 
widespread prevalence of SARS-CoV-2 infection that continues, 
such studies are urgently needed.
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