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Abstract: Background: Although the risk for transplacental transmission of SARS-CoV-2 is rare,
placental infections with adverse functional consequences have been reported. This study aims to
analyse histological placental findings in pregnancies complicated by SARS-CoV-2 infection and
investigate its correlation with clinical symptoms and perinatal outcomes. We want to determine
which pregnancies are at-risk to prevent adverse pregnancy outcomes related to COVID-19 in the
future. Methods: A prospective, longitudinal, multicentre, cohort study. All pregnant women
presenting between April 2020 and March 2021 with a nasopharyngeal RT-PCR-confirmed SARSCoV-2 infection were included. Around delivery, maternal, foetal and placental PCR samples were
collected. Placental pathology was correlated with clinical maternal characteristics of COVID-19.
Results: Thirty-six patients were included, 33 singleton pregnancies (n = 33, 92%) and three twin
pregnancies (n = 3, 8%). Twenty-four (62%) placentas showed at least one abnormality. Four placentas
(4/39, 10%) showed placental staining positive for the presence of SARS-CoV-2 accompanied by
a unique combination of diffuse, severe inflammatory placental changes with massive perivillous
fibrin depositions, necrosis of syncytiotrophoblast, diffuse chronic intervillositis, and a specific,
unprecedented CD20+ B-cell infiltration. This SARS-CoV-2 placental signature seems to correlate
with foetal distress (75% vs. 15.6%, p = 0.007) but not with the severity of maternal COVID-19
disease. Conclusion: We describe a unique placental signature in pregnant patients with COVID-19,
which has not been reported in a historical cohort. We show that the foetal environment can be
seriously compromised by disruption of placental function due to local, devastating SARS-CoV-2
infection. Maternal clinical symptoms did not predict the severity of the SARS-CoV-2-related placental
signature, resulting in a lack of adequate identification of maternal criteria for pregnancies at risk.
Close foetal monitoring and pregnancy termination in case of foetal distress can prevent adverse
pregnancy outcomes due to COVID-19 related placental disease.
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1. Introduction
COVID-19 in pregnancy is associated with increased severe maternal morbidity and
mortality as well as adverse pregnancy outcome [1–3]. Some studies suggest, perinatal
risks and pregnancy outcomes appear to be related to the severity of the illness in women
with COVID-19 [1,4,5]. Despite a limited risk of vertical transmission (with probable cases
estimated to be around 3–4%), the prevalence of placental infection in women with COVID-19
reportedly is up to 7.7–21% [6,7] and its clinical consequences should be considered.
The physiological adaptations and dynamics of the maternal immune system during
pregnancy ensure the maintenance of defence mechanisms for maternal and foetal survival while simultaneously creating an essential immune-tolerant environment preventing
rejection of the semi-allogenic foetus. Successful initiation of pregnancy is characterized by a pro-inflammatory and antiviral profile, followed by the anti-inflammatory or
T helper 2 (Th2) stage allowing foetal growth, and a switch back to T helper 1 (Th1) or
pro-inflammatory state at the third trimester [8,9]. Due to the Th1/Th2 dynamics and
pregnancy-related physiological adaptations, such as an oedematous upper respiratory
tract and diaphragm elevation [10], pregnant women are generally considered to be more
susceptible to viral respiratory pathogens compared to non-pregnant women [11]. To
protect the developing foetus, the placenta functions both as a physical as well as an immunological barrier between the maternal and foetal compartment [12]. However, the local
immune tolerant environment, at the level of the placenta, allows for some susceptibility to
viral replication and transplacental transmission, as has been shown with TORCH infections (toxoplasmosis, “other”, rubella, CMV and herpes simplex) [13] and more recently
with the Zika virus [14,15]. Other general routes of placental infection include regions
where the integrity of the syncytiotrophoblast is damaged due to hemodynamic shear
stress, immune-mediated or hypoxic injury resulting in fibrin degradation compromising
the feto-maternal barrier [16].
After transmission, SARS-CoV-2 replicates in either the respiratory or gastrointestinal
tract resulting in a wide spectrum of diseases ranging from very mild to severe respiratory
symptoms [17,18]. The severity of COVID-19, in general, seems to be associated with
higher SARS-CoV-2 viral loads and plasma viremia [19]. Still, despite this finding maternal
viremia or placental infection was initially thought not to be a major issue as published
in a prospective cohort study in 2020 [20]. However, a recent study in symptomatic
pregnant women admitted at the hospital for COVID-19 related symptoms, showed that
maternal viremia was associated with SARS-CoV-2 presence in the foetal compartment [21],
hence indicative of transplacental transmission of SARS-CoV-2. Maternal viremia seems
imperative to allow placental infection by SARS-CoV-2. For the SARS-CoV-2 virus, its
primary receptor is the membrane-bound Angiotensin-Converting Enzyme 2 (ACE2),
which is expressed in the human placenta, throughout all trimesters [22]. The presence
of ACE2-receptor allows for a possible direct entrance for SARS-CoV-2 particles from the
maternal circulation into the placental tissue, which in combination with the placental
immunotolerance, could result in a high risk for placental infection.
The current study aims to determine if placental infection by SARS-CoV-2 can be
predicted based on the severity of maternal clinical presentation of COVID-19 and to identify pregnancy at-risk for adverse foetal outcomes. The reported SARS-CoV-2 associated
histological changes in the placenta are chronic intervillositis, chronic villitis, massive perivillous fibrin depositions and syncytiotrophoblast damage resulting in necrosis [7,20,23–29],
which can limit the essential gas- and nutrient exchange at the maternal-foetal interface,
necessary for foetal survival [24]. The remaining functional placental interface relative to
the amount of damaged or fibrin-occluded interface will determine the level of effect on
foetal growth and development. As a rule, the above-mentioned histological findings are
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associated with a high risk of adverse perinatal outcomes [30], but they are only diagnosed
in retrospect and thus cannot be used for clinical decision-making. However, if it is possible
to determine which pregnancies are at-risk for placental SARS-CoV-2 infection, it would
allow detection and prevention of adverse pregnancy outcomes related to COVID-19 in
the future.
Therefore, this study first describes the histological placental findings in pregnancies
complicated by either an active or resolved SARS-CoV-2 infection. Secondly, we examined
whether the severity of maternal presentation of COVID-19 is related to the degree of
histological placental changes and the perinatal outcome.
2. Materials and Methods
2.1. Study Design and Patients
The current study was designed as a prospective, longitudinal, multicentre (Erasmus
MC, University Medical Center, Rotterdam; Leiden University Medical Center, Leiden;
Ikazia, Rotterdam; Franciscus Gasthuis & Vlietland, Rotterdam, all in The Netherlands),
cohort study. All pregnant women presenting between April 2020 and March 2021 with
SARS-CoV-2 (confirmed by positive PCR for SARS-CoV-2 on nasopharyngeal samples)
were included. Patients were screened for COVID-19 in case they had clinical symptoms or
in case of a high-risk contact.
For each individual case, we aimed to collect the following samples for SARS-CoV-2
RT-PCR: vagina/posterior fornix (swab), urine and occasionally faeces. The onset, duration and severity of disease symptoms, hospital admission, or home confinement, was
documented for every patient. We defined three categories for the severity of the clinical
symptoms based upon outcome measure set of patient state: ambulatory mild disease,
asymptomatic and symptomatic), hospitalized: moderate (no respiratory failure), hospitalized: severe (respiratory failure and in need for therapy, e.g., oxygen or conventional
ventilation) [31]. Maternal, foetal and neonatal characteristics were retrospectively retrieved from the electronic patient records. Low dose aspirin was not routinely prescribed
for COVID-19 in our study population.
To study and allow an adequate evaluation of the risk for possible vertical transmission, additional swabs of the vagina, both the maternal and foetal side of the placenta, and
the neonatal oropharynx were collected directly after birth, when possible. Furthermore,
maternal blood and umbilical cord samples were analysed with RT-PCR for SARS-CoV-2
RNA-emia and SARS-CoV-2 specific antibodies (immunoglobulins G and M). All abovementioned sampling were standard of care according to the local SARS-CoV-2 during
pregnancy protocol.
The study population was divided into two subgroups at the time of delivery: pregnant women with an active SARS-CoV-2 and pregnant women who had recovered from
SARS-CoV-2 with a confirmed positive nasopharyngeal SARS-CoV-2 PCR at any moment
in pregnancy. To evaluate the possible association of placental histopathological findings
with maternal characteristics of COVID-19 based upon the three defined categories [32],
placentas with positive SARS-CoV-2 immunohistochemistry versus placenta with negative
SARS-CoV-2 immunohistochemistry were compared. In accordance with local protocol,
placentas of uncomplicated term pregnancies are not sent for pathological examination.
Therefore, findings of a historical cohort of placentas of uncomplicated, healthy term pregnancies of vaginal delivery (n = 477) and elective caesarean sections (n = 105), prior to the
first reported case of COVID-19 in China, were used as controls for comparison [30,33].
The study was reviewed and received approval from the local institutional Medical
Ethics Committee of the Erasmus MC University Medical Center, Rotterdam according to
the Dutch Medical Research with Human Subjects Law (MEC-2020-0323). Written informed
consent was obtained from each enrolled patient, including informed consent for neonatal
information collection. Patients were excluded from the current study if there was an
inability to give informed consent.
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2.2. Virology
Real-time quantitative PCR (RT-qPCR) was performed for the detection of SARS-CoV-2.
Swabs were collected in tubes containing 4 mL virus transport medium (Dulbecco’s modified eagle’s medium (DMEM, Lonza, Switzerland) supplemented with 40% FBS, 20 mM
4-(2-hydroxyethyl)-1-1piperazineethanesulfonic acid (HEPES), NaCO3 , 10 µg/mL amphotericin B, 1000 µg/mL streptomycin). Assays were performed directly on urine, faeces and
EDTA blood [34].
Wantai SARS-CoV-2 total Ig and IgM ELISAs (Beijing Wantai Biological Pharmacy
Enterprise Co., Ltd., Beijing, China) was performed according to the manufacturer’s
protocol. The ELISAs were coated with RBD antigen [35].
2.3. Placenta Histopathology
All placentas were examined independently by two experienced perinatal pathologists.
The macroscopic examination included the documentation of placental weight and the
presence of parenchymal abnormalities. Samples were taken from the umbilical cord,
membranes, parenchyma and macroscopic lesions. Formalin-fixed, paraffin-embedded
tissues were H&E stained according to standardized international protocol [36]. All cases
were reviewed according to the international guideline for placenta evaluation, Amsterdam
Placental Consensus Statement [36], which in short includes evaluation for pathological
findings resulting in placental dysfunction [37] and inflammatory changes in the maternal
and foetal compartments [32,38,39].
2.4. Immunohistochemical Stainings for Immune Subsets (CD3, CD20, CD68)
Local inflammatory responses were further evaluated by diagnostic immunohistochemical markers CD3 (mono-clonal anti-Rabbit, clone 3VG6, Roche, Basel, Switzerland),
CD20 (mono-clonal anti-Mouse, clone L2G, Roche, Basel, Switzerland) and CD68 (monoclonal anti-Mouse, clone KP1, Roche, Basel, Switzerland) to visualise the location of respective T-cells, B-cells and macrophages. Sequential 4 µm thick (FFPE) sections were
stained for CD3, CD20 and CD68 (all Ventana, Oro Valley, AZ, USA). In brief, following
deparaffinisation and heat-induced antigen retrieval the tissue samples were incubated
according to their optimized time and protocol with the antibody of interest according to
the manufactures instructions (Ventana, Oro Valley, AZ, USA).
2.5. Immunohistochemistry of SARS-CoV-2 NP and Spike
The presence of SARS-CoV-2 antigen in the syncytiotrophoblast was assessed by
immunohistochemistry polyclonal anti-rabbit SARS-CoV-2 NP (Sino-Biologicals, Beijing,
China) and anti-rabbit SARS-CoV-2 Spike (Sabbiotech, College Park, MD, USA). To determine the presence of SARS-CoV-2 by automated IHC using the Discovery ULTRA (Ventana
Medical Systems Inc., Oro Valley, AZ, USA). Tissue blocks were cut into 4 µm thick (FFPE)
sections and were stained for SARS-CoV-2 Nucleoprotein and Spike protein. In brief,
following deparaffinisation and heat-induced antigen retrieval with CC1 (#950-500, Ventana) for 32 min the tissue samples were incubated with the antibody for 32 min at 37 ◦ C.
Detection and incubation were done according to the manufactures instructions (Ventana,
Oro Valley, AZ, USA). Positive controls were used on every slide.
2.6. Statistics
SPSS Statistics (IBM SPSS Statistics for Windows, version 25.0, Armonk, NY, USA) was
used for statistical analysis. Categorical data were presented as numbers and percentages,
normally distributed continuous data as mean (±SD) and non-normally distributed as
median (IQR). Determination of differences between groups was calculated with independent sample t-tests for normally distributed continuous data, Mann–Whitney U test for
non-normally distributed continuous data and χ2 test and Fisher’s exact test for categorical
data. A p-value < 0.05 was considered statistically significant.
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3. Results
3.1. Maternal Characteristics, Obstetric and Neonatal Outcomes
During the study period, 36 patients were included. The majority had a singleton
pregnancy (n = 33, 92%), while the remaining patients had a twin pregnancy (n = 3, 8%).
Table 1 shows the general maternal characteristics and obstetric outcomes for the total
study population as well as the two subgroups: women with COVID-19 and women
who had recovered from COVID-19 at the time of giving birth. The majority of patients
(n = 28, 78%) reported only mild or no symptoms and 8 patients (22%) had either moderate
or severe disease and were admitted to a dedicated isolation unit at the maternity ward due
to COVID19-related complaints. All patients were managed by a multidisciplinary team of
obstetricians, internal medicine and intensive care medicine specialists and neonatologists.
Of the patients who needed hospitalisation the majority (n = 7, 88%) needed respiratory
support at some stage. Five patients (n = 5, 63%) developed severe disease and required
intensive care unit admission for intubation and mechanical ventilation. Four of these five
patients (80%) were admitted to the ICU during the third trimester and one (20%) during
the second trimester.
Table 1. General maternal characteristics and obstetric outcomes for the total study population and subgroups active
COVID-19 and resolved COVID-19 at time of giving birth.

Age, years, mean (±SD)

Total (n = 36)

Active COVID-19 (n = 17)

Resolved COVID-19 (n = 19)

p-Value

33.5 (±5.1)

34.4 (±4.5)

32.8 (±5.7)

0.38

Primigravida, n = 35 (%)

9 (25.0)

6 (35.5)

3 (15.8)

0.21

Pre-pregnancy BMI, kg/m2 , n = 32, median (IQR)

28.8 (10.4)

31.6 (12.5)

26.4 (9.5)

0.12

Geographic origin, n (%)
Caucasian
North African
Turkish
Other African
Hispanic
Asian
Other
Unknown

10 (27.8)
5 (13.9)
4 (11.1)
3 (8.3)
2 (5.6)
2 (5.6
6 (16.7)
4 (11.1)

4 (23.5)
2 (11.8)
2 (11.8)
1 (5.9)
1 (5.9)
1 (5.9)
4 (23.5)
2 (11.8)

6 (31.6)
3 (15.8)
2 (10.5)
2 (10.5)
1 (5.3)
1 (5.3)
2 (10.5)
2 (10.5)

0.59
0.73
0.91
0.62
0.94
0.94
0.3
0.91

Comorbidities, n = 34 (%)
Autoimmune disease
Pulmonary disease
(Gestational) Diabetes
Hypertensive disorders

3 (8.3)
0 (0.0)
6 (16.7)
2 (5.6)

1 (5.9)
5 (29.4)
0 (0.0)

2 (10.5)
1 (5.3)
2 (10.5)

0.88
0.15
0.39

Periconceptional smoking, n = 25 (%)

3 (8.3)

2 (11.8)

1 (5.3)

0.68

Singleton pregnancy, n (%)

33 (91.7)

16 (94.1)

17 (89.5)

0.62

GA (in days) at diagnosis, median (IQR)

237.5 (58)

234 (50)

241 (53)

0.05

Trimester at diagnosis, n (%)
First trimester
Second trimester
Third trimester

1 (2.8)
4 (11.1)
31 (86.1)

0 (0)
1 (5.9)
16 (94.1)

1 (5.3)
3 (15.8)
15 (78.9)

0.34
0.35
0.19

Admission during pregnancy, n (%)
COVID-19 related
Respiratory failure
Vomiting
Non-COVID-19 related

14 (38.9)
8 (22.2)
7 (19.4)
1 (2.8)
6 (16.7)

9 (52.3)
5 (29.4)
5 (29.4)
0 (0)
4 (23.5)

5 (26.3)
3 (15.8))
2 (10.5)
1 (5.3)
2 (10.5)

0.1
0.33

GA at delivery (days) median (IQR)
Confirmed diagnosis to delivery (days) median (IQR)

269.5 (39)
19.5 (33)

243 (48)
4 (7)

271 (9)
35 (52)

0.04
0.00

Preterm delivery, n (%)
Spontaneous labour
Labour by induction

11 (30.6)
1 (2.8)
10 (27.8)

9 (52.9)
0 (0)
9 (52.9)

2 (10.5)
1 (5.3)
1 (5.3)

0.01
0.03
0.03

Mode of delivery, n (%)
Vaginal spontaneous
Vaginal instrumental
Caesarean Section

13 (36.1)
1 (2.8)
22 (61.2)

4 (23.5)
0 (0)
13 (76.5)

9 (47.4)
1 (5.3)
9 (47.4)

0.14
0.34
0.07

0.3
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Table 1. Cont.

Type of caesarean section, n (%)
Elective
Emergency
Indication for caesarean section, n (%)
Elective
Breech position
Repeat caesarean section
Other
Unknown
Emergency
Foetal distress
Maternal condition

Total (n = 36)

Active COVID-19 (n = 17)

Resolved COVID-19 (n = 19)

p-Value

10 (27.8)
12 (32.3)

3 (17.6)
10 (58.8)

8 (42.1)
2 (10.5)

0.19
0.002

3 (8.3)
4 (11.1)
2 (5.6)
1 (2.8)

1 (5.9)
2 (11.8)
0 (0)
0 (0)

2 (10.5)
2 (10.5)
2 (10.5)
1 (5.3)

0.33
0.68
0.08
0.22

7 (19.4)
5 (13.9)

5 (29.4)
5 (29.4)

2 (10.5)
0 (0)

0.42
0.03

Data are presented as mean and standard deviation (SD), median and interquartile range (IQR) or number (n) and percentage (%). BMI,
body mass index in kilograms/square meter; GA, gestational age; n, number; %, percentage.

Of the 36 patients, 11 pregnancies (30.6%) resulted in preterm delivery. Pregnant
women with active SARS-CoV-2 as compared to a previous SARS-CoV-2 were more likely
to have preterm birth (respectively 52.9% vs. 10.5%, p = 0.01). Almost all preterm births
(n = 10, 90.9%) were due to an emergency caesarean section. Causes for the emergency
caesarean section were increasing maternal respiratory insufficiency (n = 4 (40%) and foetal
distress (n = 6, 60%). All neonates (n = 39 were born alive. Of the neonates, 5 (12.8%) had an
Apgar score <7 after 5 min; 3 of these 5 were after a preterm emergency caesarean section
because of foetal distress. All 5 were born from mothers with active SARS-CoV-2 at the
time of giving birth. Besides the higher incidence of an Apgar score <7 in patients with
active COVID-19, the birthweight percentile and pH also appear to be lower in this group,
yet the number of cases is too small to draw firm conclusions. Tables 1 and 2 show an
overview of the obstetric outcomes and neonatal characteristics in our study population,
divided into two subgroups.
Table 2. Neonatal outcomes for the total study population and subgroups active COVID-19 and resolved COVID-19 at the
time of giving birth.

Birthweight percentile for GA, median (IQR)
SGA (BW < 10th percentile)
Apgar <7 at 5 min, n (%)
pH < 7.10, n (%)
PCR nasopharynx SARS-CoV-2 positive (23/39)
PCR umbilical cord blood SARS-CoV-2 positive (12/39)
Ig neonatal SARS-CoV-2 positive (1/39)
Ig umbilical cord blood SARS-CoV-2 positive (14/39)

Total (n = 39)

Active COVID-19 (n = 18)

Resolved COVID-19 (n = 21)

p-Value

48.0 (48)
9 (23.1)
5 (12.8)
2 (5.1)
0
0
1 (2.6)
6 (15.4)

21.5 (69)
6 (33.3)
5 (29.4)
2 (11.8)
0 (0.0)
0 (0.0)

51 (38)
3 (14.2)
0 (0)
0 (0)
1 (5.3)
6 (28.6)

0.22
0.26
0.03
0.17
0.001

Data are presented as the median and interquartile range (IQR) or number (n) and percentage (%). GA, gestational age; n, number; %, percentage.

3.2. Placental Histopathological Examination
In all cases, the placenta was histologically examined (n = 39), only 15 (39%) placentas
showed no placental abnormalities. Twenty-four (62%) placentas showed at least one
abnormality, either sign of foetal vascular malperfusion (4/39), multifocal low-grade
villitis of unknown aetiology (4/39), chorioamnionitis (6/39) and/or maternal vascular
malperfusion (5/39). In six cases (15%) we observed signs of a resolved inflammation with
a sporadic CD3+ lymphocyte in the villi without an active chronic villitis or intervillositis.
In six cases (15%) nucleated red blood cells were present in the foetal circulation as a sign
of foetal hypoxia.
Four placentas (10%) showed diffuse macroscopic visible white lesions that correlated with histological abnormalities of the placenta parenchyma. Histology showed a
chronic intervillositis with diffuse CD68+ macrophages and CD3+ T-lymphocytes in the
maternal compartment in combination with massive perivillous fibrin depositions and
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necrotic syncytiotrophoblast accompanied with multifocal low-grade or high-grade chronic
villitis (Figure 1A). Remarkably, these four SARS-CoV-2 positive cases showed a distinctive
CD20+ B-cell infiltrate in the maternal compartment which has never been described before
(Figure 1B). Immunohistochemistry for SARS-CoV-2 showed positivity in the vital syncytiotrophoblast (Figure 1C,D), while villi with necrotic syncytiotrophoblast showed weak to
no staining for SARS-CoV-2. A fifth placenta with inconclusive immunohistochemistry for
SARS-CoV-2 showed similar histologic observations, including the specific CD20+ B-cell
infiltration and diffuse necrotic changes with sporadically vital trophoblast tissue. Table 3
shows the placental outcomes, divided into two subgroups. There were no differences in
presence of chorioamnionitis, chronic villitis and chronic intervillositis between the women
who had active COVID-19 and recovered from SARS-CoV-2 at the time of giving birth.
A comparison of maternal clinical characteristics was made between patients with and
without positive SARS-CoV-2 immunohistochemistry (Table 4). Besides, a significantly higher
percentage of (gestational) diabetes in the group with a placental presence of SARS-CoV-2
(50% versus 12.5%, p = 0.02), no significant differences in maternal factors were observed
that contributed to the severe inflammatory placental changes. Table 5 shows the placental
Viruses 2021, 13, x FOR PEER REVIEW
11 of 14
characteristics, divided into two subgroups of patients with and without positive SARSCoV-2 immunohistochemistry.

FigureFigure
1. (A)1.histopathology
of the
placenta
perivillousfibrin,
fibrin,
necrotic
syncytiotrophoblast
(A) histopathology
of the
placenta(HE
(HEstaining)
staining) diffuse
diffuse perivillous
necrotic
syncytiotrophoblast
and aand a
chronic
intervillositis
(100×);
(B)
intervillous
infiltrate
of
CD20+
B-cell
lymphocytes
(100×);
(C)
immunohistochemical
chronic intervillositis (100×); (B) intervillous infiltrate of CD20+ B-cell lymphocytes (100×); (C) immunohistochemical
staining
for SARS-CoV-2
protein-specific
inthe
thesyncytiotrophoblast
syncytiotrophoblast
(100×);
(D) immunohistochemical
staining
for SARS-CoV-2
protein-specificantibody
antibody in
(100×
); (D) immunohistochemical
staining staining
for
for SARS-CoV-2
antibody
localizing
to the
cytoplasm
SARS-CoV-2spike
spike protein-specific
protein-specific antibody
localizing
to the
cytoplasm
(400×(400×).
).

5. Conclusions
We described a unique placental signature with a specific presence of CD20+ B-cells
clustering around the necrotic syncytiotrophoblast combined with chronic intervillositis
and perivillous fibrin depositions, in pregnant patients with COVID-19 not seen in historic
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Table 3. Placenta outcomes for the total study population and subgroups active COVID-19 and resolved COVID-19 at the
time of giving birth.

Normal maturation (%)
Delayed maturation (%)
Chorioamnionitis, n (%)
Chronic membranitis, n (%)
Chronic deciduitis, n (%)
Chronic villitis, n (%)
Resolved villitis, n (%)
Chronic intervillositis, n (%)
Positive SARS IHC, n (%)
Perivillous fibrin
Fibrinoid Necrosis
Maternal CD20+ B-cell infiltrate
PCR maternal side positive
PCR foetal side positive

Total
(n = 39)

Active COVID-19
(n = 18)

Resolved COVID-19
(n = 21)

29 (74.4)
10 (26.6)
10 (25.6)
1 (2.6)
6 (15.4)
10 (25.6)
6 (15.4)
6 (15.4)
4 (10.3)
9 (23.1)
4 (10.3)
5 (12.8)
2 (5.1)
2 (5.1)

9 (50.0)
9 (50.0)
3 (16.7)
1 (5.6)
3 (16.7)
5 (27.8)
2 (11.1)
3 (16.7)
3 (16.7)
6 (33.3)
3 (16.7)
3 (16.7)
2 (11.1)
2 (11.1)

20 (95.2)
1 (4.5)
7 (33.3)
0 (0)
3 (14.3)
5 (23.8)
4 (19.0)
3 (14.3)
1 (4.8)
3 (14.3)
1 (4.8)
2 (9.5)
0 (0)
0 (0)

p-Value

Historical Healthy Term
Controls, n = 583 [30,33]

0.001

15–20%

0.24
0.27
0.84
0.78
0.49
0.84
0.22
0.16
0.22
0.74
0.12
0.12

5–25%
8–19% (term)
2–13% (term)
2–25%
5–15%
0.4%
Not present
0.028% to 0.5%
Not present
Not present
-

Data are presented as number (n) and percentage (%). IHC, immunohistochemistry; PCR, polymerase chain reaction test.

Table 4. Maternal characteristics for the total study population and subgroups positive and negative SARS-CoV-2 immunohistochemical placentas.

Age, years, mean (±SD)
Pre-pregnancy BMI, kg/m2 , median (IQR)
Missing (n = 4)
Geographic origin, n (%)
Caucasian
Other
Comorbidities (%)
Missing (n = 2)
Auto immune disease
Pulmonary disease
(Gestational) Diabetes
Hypertensive disorders
GA (in days) at diagnosis, median (IQR)
Confirmed diagnosis to delivery (days) median (IQR)
Admission during pregnancy, n (%)
COVID-19 related
Non-COVID-19 related
Maternal PCR blood (n = 15)
Maternal PCR fornix (n = 25)
Signs of foetal distress, n (%)

Total (n = 36)

SARS-CoV-2
Immunohistochemical
Positive Placenta (n = 4)

SARS-CoV2
Immunohistochemical
Negative Placenta (n = 32)

p-Value

33.5 (±5.1)

31.5 (6.2)

33.8 (5.0)

0.40

28.8 (10.4)

30.1

28.2 (10.1)

1.00

10 (27.8)
26 (72.2)

0 (0.0)
4 (100.0)

10 (31.2)
22 (68.8)

0.19
0.19

3 (8.3)
0 (0.0)
6 (16.7)
2 (5.6)
237.5 (58)
19.5 (33)
14 (38.9)
8 (22.2)
6 (16.7)
1 positive (2.8)
2 positive (5.6)
8 (22.2)

0 (0.0)
2 (50.0)
0 (0.0)
226.5 (34)
2.5 (18)
2 (50.0)
0 (0.0)
2 (50.0)
1 (25.0)
2 (50.0)
3 (75.0)

3 (9.8)
4 (12.5)
2 (6.3)
243 (58)
21 (51)
12 (37.5)
8 (25.0)
4 (12.5)
0 (0.0)
0 (0.0)
5 (15.6)

0.17
0.02
0.18
0.98
0.06
0.63
0.26
0.06
0.000
0.000
0.007

Data are presented as mean and standard deviation (SD), median and interquartile range (IQR) or number (n) and percentage (%). GA,
gestational age; n, number; %, percentage.

Table 5. Placental characteristics for the total study population and subgroups positive and negative SARS-CoV-2 immunohistochemical placentas.
Total (n = 39)
Perivillous fibrin, n (%)
Fibrinoid Necrosis, n (%)
Maternal CD20+ B-cell infiltrate, n (%)
PCR maternal side positive (n = 30)
PCR foetal side positive (n = 29)

9 (23.1)
4 (10.3)
5 (12.8)
2 positive
(5.1)
2 positive (5.1)

SARS-CoV-2
Immunohistochemical
Positive Placenta (n = 4)

SARS-CoV2
Immunohistochemical
Negative Placenta (n = 35)

4 (100.0)
4 (100.0)
4 (100.0)

5 (14.3)
0 (0.0)
1 (2.9)

0.000
0.000
0.000

2 (50.0)

0 (0.0)

0.000

2 (50.0)

0 (0.0)

0.000

Data are presented in number (n) and percentage (%). n, number; %, percentage.

Historical Healthy
Term Controls,
n = 583 [30,33]
0.028–0.5%
Not present
Not present
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3.3. Clinical Presentation of COVID-19 in Cases of Confirmed Placental SARS-CoV-2
Of the four cases with a confirmed placental SARS-CoV-2, three patients had ambulatory
symptomatic mild disease, while one patient was asymptomatic. The maternal infection of
the four confirmed placental SARS-CoV-2 cases were all closer to the day of delivery than the
mothers with a resolved COVID-19 infection (median 2.5 days vs. 21 days). For a comprehensive
overview of the clinical presentation and neonatal outcome, see Supplementary Data S1.
The SARS-CoV-2 placental signature seems to correlate with foetal distress (75% vs.
15.6%, p = 0.007) but not with severity of maternal COVID-19 disease, resulting in a lack of
adequate identification criteria for pregnancies at-risk. However, despite a lack of maternal
severe disease, 50% (n = 2) of the women showed signs of systemic SARS-CoV-2 presence
based on maternal viremia and vaginal fornix SARS-CoV-2 positivity (Table 4). All cases
hospitalized for severe disease and an associated increased risk for maternal viremia [19,21],
had negative SARS-CoV-2 PCRs in maternal blood or fornix posterior, showed negative
immunohistochemical staining for SARS-CoV-2 of the placenta and did not have severe
inflammatory abnormalities in the placenta.
4. Discussion
In our cohort, placental SARS-CoV-2 positivity was characterised by an unprecedented
combination of chronic intervillositis, massive perivillous fibrin depositions, necrotic
syncytiotrophoblast, chronic villitis and the presence of a unique, distinctive CD20+ B-cell
infiltrate (Figure 1). Although some articles have mentioned sporadic B-cells, primarily in
foetal vessels or in the stroma of villous stromal cells [40–43], a chronic intervillositis or
chronic villitis with a CD20+ B-cell infiltrate has not been described in association with any
other placental infection and the presence of B-cells is highly unusual in the placenta.
We compared our findings to a previously published Dutch cohort of placentas of uncomplicated healthy term pregnancies (n = 583) and the above-mentioned combination was
not observed in these cohorts (Tables 3–5) [30,33]. Histological examination of these healthy
control placentas did show the presence of a wide variety of histological abnormalities
(even in absence of disease) ranging from signs of ischemia, delayed maturation to chronic
villitis (Tables 3–5) [33]. In line with these findings, these non-specific histological placental
abnormalities were also observed in two-thirds of cases (24/36) in our cohort (Table 3).
However, additional placental abnormalities found in the uncomplicated pregnancies
cohort due to other (maternal) factors in cases of placental SARS-CoV-2 infection might
worsen placenta function. In the group with multiple placental lesions and immunohistochemical SARS-CoV-2 positive placentas, a significantly higher percentage of women had
(gestational) diabetes, although the total number of patients is low. In general, diabetic
women have a higher risk of placental dysfunction, which could predispose them to severe
histopathological changes in case of placental SARS-CoV-2 infection [33,44]. As such, one
can consider close monitoring of foetal well-being in women with gestational diabetes and
COVID-19 during pregnancy. More studies on this subject are needed to define clinical
care parameters for this combination.
The combination of severe placental abnormalities of chronic intervillositis, massive perivillous fibrin depositions, necrotic syncytiotrophoblast and the presence of a
unique, distinctive CD20+ B-cell infiltrate seems not to be associated with maternal severity
of COVID-19.
All four SARS-CoV-2 positive placentas show the same placental signature, with
the specific presence of CD20+ B-cells in the maternal compartment, indicating a pathognomonic feature for placental SARS-CoV-2 infection. Observation of this placental signature
has recently led to the identification of several women with a previously undiagnosed
COVID-19 in their history (personal communication).
Our series provides evidence that placental SARS-CoV-2 infection can result in placental damage, thereby triggering subsequent local inflammation processes that can cause
severe disruption of the placental structure and maternal-foetal interface. This translates
into a reduced capacity of the fetoplacental unit to adapt to episodes of reduced placental

Viruses 2021, 13, 1670

10 of 13

blood flow, for instance during uterine contractions. This supports the hypothesis that
the increased risk of foetal compromise is not related to vertical transmission but due to
functional impairment of the placenta caused by severe placental infection as was recently
described [45]. Lower birthweight, Apgar score and pH in active COVID-19 cases add
further evidence that COVID-19 increases the risk of foetal compromise.
To our knowledge, this is the first study to describe a unique placental signature in
multiple patients with COVID-19 without a severe maternal clinical presentation. The main
strength is that we were able to correlate placental findings with maternal systemic SARSCoV-2 presence, including maternal viremia and neonatal clinical outcomes. Currently,
there are no treatment options directed against active SARS-CoV-2 virus particles. Based on
these findings, it will be possible to determine pregnancies at-risk for placental SARS-CoV-2
infection and closely monitor these pregnancies to prevent adverse pregnancy outcomes
related to COVID-19. In addition, we used a standardised sampling protocol and placenta
evaluation. The limitations of the study are the small sample size of our confirmed placental
SARS-CoV-2 infection-cohort, the risk of selection bias and the lack of gestational age- and
time period matched healthy placental control group. The selection of the study population
was affected by whether patients signal SARS-CoV-2 symptoms and presented themselves
for testing. Due to the national midwifery system in the Netherlands, where women can
choose their location of delivery, either at home, a birth centre or a hospital, we cannot
exclude an underrepresentation of mild cases.
5. Conclusions
We described a unique placental signature with a specific presence of CD20+ B-cells
clustering around the necrotic syncytiotrophoblast combined with chronic intervillositis
and perivillous fibrin depositions, in pregnant patients with COVID-19 not seen in historic
controls. This signature did not correlate with the severity of disease but may be associated
with maternal systemic SARS-CoV-2 presence (2/4 cases). We assume foetal well-being can
potentially be threatened by an increased risk of histopathologic placental abnormalities
resulting from a localised immunological response triggered by the presence of SARSCoV-2 in the placenta. Therefore, in the case of COVID-19 in pregnancy, we recommend
SARS-CoV-2 PCR of maternal blood and vaginal fornix, to identify women at risk of
placental infection with SARS-CoV-2 and to prevent negative pregnancy outcomes due
to COVID-19, both for the mother as for her offspring. We also advocate, besides, the
SARS-CoV-2 PCRs of blood and vagina, for histological examination of the placenta with a
specific request for SARS-CoV-2 and CD20+ staining when confronted with an unexpected,
adverse pregnancy outcome during the current COVID-19 pandemic. Revealing the cause
of an adverse pregnancy outcome will impact obstetrical counselling and management of
future pregnancies to prevent future foetal problems due to COVID-19 in pregnancy.
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.3390/v13081670/s1, Supplementary Data S1: description of the clinical characteristics of cases.
Author Contributions: M.F.H., L.E.v.d.M., R.M.V., P.L.A.F., M.P.G.K., P.L.J.D. and S.S. contributed to
the clinical management, study design, data collection, analyses and interpretation, literature search
and writing of the manuscript. A.A.v.d.E., L.F., H.B., M.D.T. and I.K.M.R. contributed to data collection,
clinical management. All authors have read and agreed to the published version of the manuscript.
Funding: This work was supported by Strong Babies. This funding source had no involvement in data
collection, analysis, interpretation, patient recruitment, or writing or submission of this manuscript.
Institutional Review Board Statement: The study was reviewed and received an exemption for
approval from the local institutional Medical Ethics Committee of the Erasmus MC University
Medical Center, Rotterdam according to the Dutch Medical Research with Human Subjects Law
(MEC-2020-0323).
Informed Consent Statement: Written informed consent was obtained from each enrolled patient.
Patients were excluded from the current study if there was an inability to give informed consent.

Viruses 2021, 13, 1670

11 of 13

Acknowledgments: The authors wish to thank Natasha, N.T. Goemaere (Dept of Pathology, Maasstad
Hospital, Rotterdam, The Netherlands) and Renata H.J.A. Sinke (Department of Pathology, Franciscus
Gasthuis & Vlietland, Rotterdam, The Netherlands) for their support investigating the pathological
specimens. The authors wish to acknowledge T.T.P. van den Bosch for the development of the
SARS-CoV-2 specific immunohistochemical stainings.
Conflicts of Interest: P.L.A. Fraaij and M.P.G. Koopmans are funded through the EU COVID-19
grant RECOVER 101003589. “The funders had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the
results”. The other authors have declared that no conflict of interest exists.

References
1.

2.

3.

4.

5.

6.
7.

8.
9.
10.
11.
12.
13.
14.
15.

16.
17.
18.
19.
20.

Villar, J.; Ariff, S.; Gunier, R.B.; Thiruvengadam, R.; Rauch, S.; Kholin, A.; Roggero, P.; Prefumo, F.; Do Vale, M.S.; Cardona-Perez, J.A.;
et al. Maternal and Neonatal Morbidity and Mortality Among Pregnant Women With and Without COVID-19 Infection: The
INTERCOVID Multinational Cohort Study. JAMA Pediatr. 2021, 175, 817–826. [CrossRef]
Zambrano, L.D.; Ellington, S.; Strid, P.; Galang, R.R.; Oduyebo, T.; Tong, V.T.; Woodworth, K.R.; Nahabedian, J.F., III;
Azziz-Baumgartner, E.; Gilboa, S.M.; et al. Update: Characteristics of Symptomatic Women of Reproductive Age with LaboratoryConfirmed SARS-CoV-2 Infection by Pregnancy Status—United States, 22 January–3 October 2020. Morb. Mortal. Wkly. Rep. 2020,
69, 1641. [CrossRef]
Allotey, J.; Stallings, E.; Bonet, M.; Yap, M.; Chatterjee, S.; Kew, T.; Debenham, L.; Llavall, A.C.; Dixit, A.; Zhou, D.; et al. Clinical
manifestations, risk factors, and maternal and perinatal outcomes of coronavirus disease 2019 in pregnancy: Living systematic
review and meta-analysis. BMJ 2020, 370, m3320. [CrossRef]
Adhikari, E.H.; Moreno, W.; Zofkie, A.C.; MacDonald, L.; McIntire, D.D.; Collins, R.R.; Spong, C.Y. Pregnancy Outcomes Among
Women with and Without Severe Acute Respiratory Syndrome Corona-virus 2 Infection. JAMA Netw. Open 2020, 3, e2029256.
[CrossRef]
Chmielewska, B.; Barratt, I.; Townsend, R.; Kalafat, E.; van der Meulen, J.; Gurol-Urganci, I.; O’Brien, P.; Morris, E.; Draycott, T.;
Thangaratinam, S.; et al. Effects of the COVID-19 pandemic on maternal and perinatal outcomes: A systematic review and
meta-analysis. Lancet Glob. Health 2021, 9, e759–e772. [CrossRef]
Kotlyar, A.M.; Grechukhina, O.; Chen, A.; Popkhadze, S.; Grimshaw, A.; Tal, O.; Taylor, H.S.; Tal, R. Vertical transmission of
coronavirus disease 2019: A systematic review and meta-analysis. Am. J. Obstet. Gynecol. 2021, 224, 35–53.e3. [CrossRef]
Sharps, M.C.; Hayes, D.J.; Lee, S.; Zou, Z.; Brady, C.A.; Almoghrabi, Y.; Kerby, A.; Tamber, K.K.; Jones, C.J.; Waldorf, K.M.A.; et al.
A structured review of placental morphology and histopathological lesions associated with SARS-CoV-2 infection. Placenta 2020,
101, 13–29. [CrossRef]
Mor, G.; Aldo, P.; Alvero, A.B. The unique immunological and microbial aspects of pregnancy. Nat. Rev. Immunol. 2017, 17,
469–482. [CrossRef]
Sykes, L.; MacIntyre, D.A.; Yap, X.J.; Teoh, T.G.; Bennett, P.R. The Th1:Th2 Dichotomy of Pregnancy and Preterm Labour. Mediat. Inflamm.
2012, 2012, 967629. [CrossRef]
LoMauro, A.; Aliverti, A. Respiratory physiology of pregnancy: Physiology masterclass. Breathe 2015, 11, 297–301. [CrossRef]
Alzamora, M.C.; Paredes, T.; Caceres, D.; Webb, C.; Valdez, L.M.; La Rosa, M. Severe COVID-19 during Pregnancy and Possible
Vertical Transmission. Am. J. Perinatol. 2020, 37, 861–865. [CrossRef]
Hoo, R.; Nakimuli, A.; Vento-Tormo, R. Innate Immune Mechanisms to Protect Against Infection at the Human Decidual-Placental
Interface. Front. Immunol. 2020, 11, 2070. [CrossRef]
Silasi, M.; Cardenas, I.; Kwon, J.-Y.; Racicot, K.; Aldo, P.; Mor, G. Viral Infections During Pregnancy. Am. J. Reprod. Immunol. 2015,
73, 199–213. [CrossRef]
Pereira, L. Congenital Viral Infection: Traversing the Uterine-Placental Interface. Annu. Rev. Virol. 2018, 5, 273–299. [CrossRef]
Van der Eijk, A.A.; van Genderen, P.J.; Verdijk, R.M.; Reusken, C.B.; Mögling, R.; van Kampen, J.J.; Widagdo, W.; Aron, G.I.;
GeurtsvanKessel, C.H.; Pas, S.D.; et al. Miscarriage Associated with Zika Virus Infection. N. Engl. J. Med. 2016, 375, 1002–1004.
[CrossRef]
Heerema-McKenney, A. Defense and infection of the human placenta. APMIS 2018, 126, 570–588. [CrossRef]
Neerukonda, S.N.; Katneni, U. A review on SARS-CoV-2 virology, pathophysiology, animal models, and anti-viral. Pathogens
2020, 9, 426. [CrossRef]
Park, S.E. Epidemiology, virology, and clinical features of severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2;
Coronavirus Disease-19). Clin. Exp. Pediatrics 2020, 63, 119. [CrossRef]
Fajnzylber, J.; Regan, J.; Coxen, K.; Corry, H.; Wong, C.; Rosenthal, A.; Worrall, D.; Giguel, F.; Piechocka-Trocha, A.; Atyeo, C.;
et al. SARS-CoV-2 viral load is associated with increased disease severity and mortality. Nat. Commun. 2020, 11, 5493. [CrossRef]
Edlow, A.G.; Li, J.Z.; Collier, A.-R.Y.; Atyeo, C.; James, K.E.; Boatin, A.A.; Gray, K.J.; Bordt, E.A.; Shook, L.L.; Yonker, L.M.; et al.
Assessment of Maternal and Neonatal SARS-CoV-2 Viral Load, Transplacental Antibody Transfer, and Placental Pathology in
Pregnancies During the COVID-19 Pandemic. JAMA Netw. Open 2020, 3, e2030455. [CrossRef]

Viruses 2021, 13, 1670

21.

22.

23.

24.

25.
26.
27.

28.

29.
30.
31.
32.

33.
34.
35.
36.

37.
38.

39.
40.
41.

42.

12 of 13

De Fátima Yukie Maeda, M.; de Lourdes Brizot, M.; Gibelli, M.A.B.; Ibidi, S.M.; Brunow de Carvalho, W.; Hoshida, M.S.; Machado,
C.M.; Sabino, E.C.; Campos de Oliveira da Silva, L.; Jaenisch, T.; et al. Vertical transmission of SARS-CoV2 during pregnancy: A
high-risk cohort. Prenat. Diagn. 2021, 41, 998–1008. [CrossRef] [PubMed]
Ashary, N.; Bhide, A.; Chakraborty, P.; Colaco, S.; Mishra, A.; Chhabria, K.; Jolly, M.K.; Modi, D. Single-Cell RNA-seq Identifies
Cell Subsets in Human Placenta That Highly Expresses Factors Driving Path-ogenesis of SARS-CoV-2. Front. Cell Dev. Biol. 2020,
8, 783. [CrossRef]
Patberg, E.T.; Adams, T.; Rekawek, P.; Vahanian, S.A.; Akerman, M.; Hernandez, A.; Rapkiewicz, A.V.; Ragolia, L.; Sicuranza, G.;
Chavez, M.R.; et al. Coronavirus disease 2019 infection and placental histopathology in women delivering at term. Am. J. Obstet. Gynecol.
2021, 224, 382.e1–382.e18. [CrossRef]
Schoenmakers, S.; Snijder, P.; Verdijk, R.M.; Kuiken, T.; Kamphuis, S.S.M.; Koopman, L.P.; Krasemann, T.B.; Rousian, M.;
Broekhuizen, M.; Steegers, E.A.P.; et al. Severe Acute Respiratory Syndrome Coronavirus 2 Placental Infection and Inflammation
Leading to Fetal Distress and Neonatal Multi-Organ Failure in an Asymptomatic Woman. J. Pediatr. Infect. Dis. Soc. 2020, 10,
556–561. [CrossRef] [PubMed]
Vivanti, A.J.; Vauloup-Fellous, C.; Prevot, S.; Zupan, V.; Suffee, C.; Do Cao, J.; Benachi, A.; De Luca, D. Transplacental transmission
of SARS-CoV-2 infection. Nat. Commun. 2020, 11, 3572. [CrossRef] [PubMed]
Shanes, E.D.; Mithal, L.B.; Otero, S.; Azad, H.A.; Miller, E.S.; Goldstein, J.A. Placental Pathology in COVID-19. Am. J. Clin. Pathol.
2020, 154, 23–32. [CrossRef] [PubMed]
Schwartz, D.A.; Morotti, D. Placental Pathology of COVID-19 with and without Fetal and Neonatal Infection: Trophoblast Necrosis
and Chronic Histiocytic Intervillositis as Risk Factors for Transplacental Transmission of SARS-CoV-2. Viruses 2020, 12, 1308. [CrossRef]
[PubMed]
Schwartz, D.A.; Baldewijns, M.; Benachi, A.; Bugatti, M.; Collins, R.R.; De Luca, D.; Facchetti, F.; Linn, R.L.; Marcelis, L.;
Morotti, D.; et al. Chronic Histiocytic Intervillositis with Trophoblast Necrosis are Risk Factors Associated with Placental Infection
from Coronavirus Disease 2019 (COVID-19) and Intrauterine Maternal-Fetal Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) Transmission in Liveborn and Stillborn Infants. Arch. Pathol. Lab. Med. 2020, 145, 517–528.
Linehan, L.; O’Donoghue, K.; Dineen, S.; White, J.; Higgins, J.R.; Fitzgerald, B. SARS-CoV-2 placentitis: An uncommon
complication of maternal COVID-19. Placenta 2021, 104, 261–266. [CrossRef]
Nikkels, P.G.; Evers, A.C.; Schuit, E.; Brouwers, H.A.; Bruinse, H.W.; Bont, L.; Houben, M.L.; Kwee, A. Placenta Pathology from
Term Born Neonates with Normal or Adverse Outcome. Pediatr. Dev. Pathol. 2021, 24, 121–130. [CrossRef] [PubMed]
Marshall, J.C.; Murthy, S.; Diaz, J.; Adhikari, N.K.; Angus, D.C.; Arabi, Y.M.; Baillie, K.; Bauer, M.; Berry, S.; Blackwood, B. A
minimal common outcome measure set for COVID-19 clinical re-search. Lancet Infect. Dis. 2020, 20, e192–e197. [CrossRef]
Sauvestre, F.; Mattuizzi, A.; Sentilhes, L.; Poingt, M.; Blanco, P.; Houssin, C.; Carles, D.; Pelluard, F.; Andre, G.; Lazaro, E. Chronic
Intervillositis of Unknown Etiology: Development of a Grading and Scoring System That Is Strongly Associated with Poor
Perinatal Outcomes. Am. J. Surg. Pathol. 2020, 44, 1367–1373. [CrossRef] [PubMed]
Evers, I.M. Placental Pathology in Women with Type 1 Diabetes and in a Control Group with Normal and Large-for-GestationalAge Infants. Placenta 2003, 24, 819–825. [CrossRef]
Corman, V.M.; Landt, O.; Kaiser, M.; Molenkamp, R.; Meijer, A.; Chu, D.K.; Bleicker, T.; Brünink, S.; Schneider, J.; Schmidt, M.L.;
et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Eurosurveillance 2020, 25, 2000045. [CrossRef]
GeurtsvanKessel, C.H.; Okba, N.M.A. An Evaluation of COVID-19 Serological Assays Informs Future Diagnostics and Exposure
Assessment. Nat. Commun. 2020, 11, 3436. [CrossRef]
Khong, T.Y.; Mooney, E.E.; Ariel, I.; Balmus, N.C.; Boyd, T.K.; Brundler, M.A.; Derricott, H.; Evans, M.J.; Faye-Petersen, O.M.;
Gillan, J.E.; et al. Sampling and Definitions of Placental Lesions: Amsterdam Placental Workshop Group Consensus Statement.
Arch. Pathol. Lab. Med. 2016, 140, 698–713. [CrossRef]
Redline, R.W.; Ariel, I.; Baergen, R.N.; Desa, D.J.; Kraus, F.T.; Roberts, D.J.; Sander, C.M. Fetal Vascular Obstructive Lesions:
Nosology and Reproducibility of Placental Reaction Patterns. Pediatr. Dev. Pathol. 2004, 7, 443–452. [CrossRef] [PubMed]
Bos, M.; Nikkels, P.; Cohen, D.; Schoones, J.; Bloemenkamp, K.; Bruijn, J.; Baelde, H.; van der Hoorn, M.; Turner, R. Towards
standardized criteria for diagnosing chronic intervillositis of unknown etiology: A systematic review. Placenta 2018, 61, 80–88.
[CrossRef]
Redline, R.W.; Faye-Petersen, O.; Heller, D.; Qureshi, F.; Savell, V.; Vogler, C. Amniotic Infection Syndrome: Nosology and
Reproducibility of Placental Reaction Patterns. Pediatr. Dev. Pathol. 2003, 6, 435–448. [CrossRef] [PubMed]
Bebell, L.M.; Siedner, M.J.; Ngonzi, J.; Le, M.H.; Adong, J.; Boatin, A.A.; Bassett, I.V.; Roberts, D.J. Brief Report: Chronic Placental
Inflammation Among Women Living with HIV in Uganda. JAIDS J. Acquir. Immune Defic. Syndr. 2020, 85, 320–324. [CrossRef]
Myerson, D.; Parkin, R.K.; Benirschke, K.; Tschetter, C.N.; Hyde, S.R. The Pathogenesis of Villitis of Unknown Etiology: Analysis
with a New Conjoint Immunohistochemistry-in Situ Hybridization Procedure to Identify Specific Maternal and Fetal Cells.
Pediatr. Dev. Pathol. 2006, 9, 257–265. [CrossRef]
Tamiolakis, D.; Venizelos, I.; Lambropoulou, M.; Kotini, A.; Barbagadaki, S.; Nikolaidou, S.; Boglou, P.; Papadopoulos, N.
Human Decidual Cells Activity in Women with Spontaneous Abortions of Probable CMV Aetiology During the First Trimester
of Gestation. An Immunohistochemical Study with CMV-Associated Antigen. Acta Med. (Hradec Kralove) 2004, 47, 195–199.
[CrossRef]

Viruses 2021, 13, 1670

43.
44.
45.

13 of 13

Kapur, P.; Rakheja, D.; Gomez, A.M.; Sheffield, J.; Sanchez, P.; Rogers, B.B. Characterization of Inflammation in Syphilitic Villitis
and in Villitis of Unknown Etiology. Pediatr. Dev. Pathol. 2004, 7, 453–458. [CrossRef]
Huynh, J.; Dawson, D.; Roberts, D.; Bentley-Lewis, R. A systematic review of placental pathology in maternal diabetes mellitus.
Placenta 2015, 36, 101–114. [CrossRef] [PubMed]
Cribiù, F.M.; Erra, R.; Pugni, L.; Rubio-Perez, C.; Alonso, L.; Simonetti, S.; Croci, G.A.; Serna, G.; Ronchi, A.; Pietrasanta, C.; et al.
Severe SARS-CoV-2 placenta infection can impact neonatal outcome in the absence of vertical transmission. J. Clin. Investig. 2021,
131, e145427. [CrossRef] [PubMed]

