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Abstract: A pandemic of acute respiratory infections, due to a new type of coronavirus, can cause
Severe Acute Respiratory Syndrome 2 (SARS-CoV-2) and has created the need for a better understand-
ing of the clinical, epidemiological, and pathological features of COVID-19, especially in high-risk
groups, such as pregnant women. Viral infections in pregnant women may have a much more
severe course, and result in an increase in the rate of complications, including spontaneous abortion,
stillbirth, and premature birth—which may cause long-term consequences in the offspring. In this
review, we focus on the mother-fetal-placenta interface and its role in the potential transmission of
SARS-CoV-2, including expression of viral receptors and proteases, placental pathology, and the
presence of the virus in neonatal tissues and fluids. This review summarizes the current knowledge
on the anti-viral activity of lactoferrin during viral infection in pregnant women, analyzes its role
in the pathogenicity of pandemic virus particles, and describes the potential evidence for placental
blocking/limiting of the transmission of the virus.
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1. Introduction SARS-CoV-2 Infection

Coronaviruses (CoV) are single-stranded RNA viruses belonging to the order Nidovi-
rales, family Coronaviridae and subfamily Coronaviridae [1]. In November 2019, a new
type of coronavirus was identified in the Chinese city of Wuhan. It was named SARS-CoV-2,
due to respiratory infections (COVID-19) it caused [2]. Several genetically different types
of SARS-CoV-2 have been distinguished so far [3]. Clinical manifestations of respiratory
infections vary from asymptomatic, mild upper and lower respiratory tract infection to
life-threatening pneumonia with acute respiratory distress syndrome (ARDS) [4,5].

Receptor Recognition Is the First Step of Viral Infection That Determines a Cell/Tissue Tropism

SARS-CoV-2 S-protein recognizes angiotensin-converting enzyme 2 (ACE2) [6,7], and
by attaching to it may bind to other proteins: dipeptidyl peptidase 4 (DPP4), glucose
regulated protein 78 (GRP78), carcinoembryonic antigen-related cell adhesion molecule
1 (CEACAM1), aminopeptidase N (APN), and recognize various sialosides and different
glycosaminoglycans (GAGs) as cellular targets via lectin-type interactions. The cell en-
try of SARS-CoV-2 is possible after protein S activation by cellular proteases, including
transmembrane serine protease 2 (TMPRSS2), cathepsin L, and furin [7–9]. TMPRSS2 and
ACE2 co-expression is observed in several tissues, such as nasal epithelial cells, lungs, and
bronchial branches [10,11].

SARS-CoV-2 infection begins in the nasal epithelial cells that initiate genetically innate
and adaptive immune responses [10]. After cell invasion, a virus is recognized by the
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host’s innate immune system through pattern recognition receptors (PRRs), including
C-type lectin-like receptors; toll-like receptor (TLR), NOD-like receptor (NLR), and RIG-
I-like receptor (RLR) [12–14]. PRRs recognize molecules frequently found in pathogens’
pathogen-associated molecular patterns (PAMPs), or molecules released by damaged cells
damage-associated molecular patterns (DAMPs), [15]. In addition, SARS-CoV-2 infection
can cause host cell pyroptosis and the release of DAMPs. TLRs activation by DAMPs further
enhances inflammation [15]. Consequently, the production of several anti-viral substances
is activated, such as: “Lactoferrin” (LF), type I and III interferons, nitric oxide, b-defensins,
and other chemokines and cytokines that recruit inflammatory cells, i.e., dendritic cells
(DC), macrophages and influence adaptive immunity [16]. During SARS-CoV-2 infection,
both Th1 and Th2 immunity pathways are activated almost at the same time during the
infection course [17].

The course of COVID-19 varies significantly through the patients, strongly depending
on immune responses. Elevated IL-6 levels are correlated with an increased risk of death in
COVID-19 patients [18]; whereas, early activation of adaptive immunity is predicted for less
disease development [19]. Moreover, patients with more severe disease (“cytokine-storm”)
have increased plasma concentrations of interleukin (IL)-2, IL-7, IL-10, tumor necrosis
factor α (TNFα), interferon-γ-inducible protein 10 (IP-10), granulocyte-colony stimulating
factor (G-CSF), chemoattractant protein 1 (MCP-1) and macrophage inflammatory protein
1 alpha (MIP-1 alpha) [17]. The number of T-cells, such as helper T-cells, and memory
helper T-cells, are decreased; whereas, naïve helper T-cells are increased in severe cases
of COVID-19 compared to the group with mild symptoms [20]. The clinical outcomes,
immune responses, and immunopathology are summarized in Table 1.

Table 1. Immune characteristics related to the clinical course of SARS-CoV-2 infection.

Clinical Course of
Infection

Asymptomatic/Mild COVID-19
(Appropriate Immune Response)

Severe COVID-19
(Defective Immune Response)

Immune response

• Immune cell activation: Monocytes,
neutrophils, B cells, CD4+ T, CD8+ T cells,
and NK cells;

• Physical activation of
Cytokines/Chemokines secretion: TNFα,
IL-2, IL-6, IL-7, IL-8, IL-17, G-CSF;

• Virus inactivation by neutralizing
antibodies;

• Lowering of immune cells number:
Monocytes, eosinophils, basophils, B cells,
CD4+ T, CD8+ T cells, and NK cells;

• Increased number of neutrophils;
• Elevated levels of IL-6, IL2R, IL-10, and

TNF-α;
• Increased level of SARS-CoV-2 specific IgG;

Immunopathology None/Mild

• Lymphopenia—infection susceptibility;
• Systemic cytokine storm;
• Lymphocyte dysfunction:

T cell depletion and exhaustion;
virus-specific T-cells central memory phenotype;

• Antibody-dependent enhancement (ADE)
of infection;

Clinical outcomes Infection resolution

• ARDS
• Respiratory failure
• Multi-organ dysfunction
• Sepsis

NK cell, natural killer cell; IL, interleukin; TNFα, tumor necrosis factor α; G-CSF, granulocyte-colony stimulating factor; ARDS, respiratory
distress syndrome.
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2. COVID-19 during Pregnancy—The Role of the Placenta

Pregnancy is a unique immunological state reflected by a combination of signals and
responses from the maternal and the fetal–placental immune system. The maternal immune
responses actively change throughout gestation from an anti-inflammatory state (first and
third trimester) to pro-inflammatory state (second trimester) [21]. The immunological
events show precise timing, named “immune clock” [22], and ensure the maintenance of
maternal tolerance to fetus and protection against infectious agents. Physiological changes
make pregnant women more susceptible to viral droplet-transmitted infections [23]; how-
ever, the virus infection appears to be milder compared to those caused by SARS-CoV and
MERS-CoV [24,25] or H1N1 influenza [26]. The most common symptom of COVID-19 in
pregnant women is fever (68%), then persistent dry cough (34%), malaise (13%), dyspnea
(12%), and diarrhea (6%) [27]. An important role as a natural physical and immunological
barrier that protects the fetus from various pathogens plays placenta [28–31]. In response
to maternal infection, hypoxia, or nutrition status, it releases anti-microbial peptides and
cytokines that activate and modulate maternal and placental immune response [32–34].
The effects of COVID-19 on the fetus are still largely unknown. The neonates’ outcomes
following maternal COVID 19 may be diverse and sequel from immune-mediated events
or direct cytopathic effect of the virus [35] (Figure 1).

Figure 1. Implications of SARS-CoV-2 virus infection at the maternal–fetal interface. The placental
function disruption (histomorphological alterations) as a consequence of maternal clinical implica-
tions of COVID-19 (e.g., hypoxia, cytokine storm) and/or placenta infection, as well as probable fetal
infection (vertical transmission) may result in pregnancy complications, compromise fetal health and
long term adverse neonatal outcomes.
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Pregnant women who were diagnosed with COVID-19 are 20 times more likely to die
than healthy pregnant women. These are the conclusions of a global study published in
the medical journal JAMA Pediatrics [36]. The study, led by doctors from the University of
Washington’s School of Medicine and the University of Oxford, analyzed data from 2100
pregnant women from 43 maternity hospitals in 18 countries between April and August
2020. Additionally, the risk of a severe infection was greatest in women with obesity, high
blood pressure, or diabetes. For each pregnant woman with COVID-19, the researchers
selected two pregnant women who were cared for in the same hospital and at the same
stage of pregnancy, but with no known viral infection for comparison. They then followed
both groups—706 women with COVID-19 infection and 1424 women without infection—
until delivery and after discharge from the hospital. Eleven women from the group with
COVID-19 died, and only one died in the group without COVID-19. In contrast, pregnant
women with asymptomatic or mild infections were not at increased risk of intensive care,
preterm labor, or pre-eclampsia. In the study, about 40 percent of pregnant women had
COVID-19. The study authors found that women with COVID-19 have between 60 to
97 percent higher risk of premature birth. In women with COVID-19 who have a fever and
respiratory failure, they found a five-fold increase in neonatal complications, including
lung immaturity, brain damage, and visual disturbances. Of the babies born to mothers
with COVID-19, eleven percent tested positive for the coronavirus. However, infections
passed on to babies do not appear to be related to breastfeeding. Rather, the examination
links them with delivery by cesarean section. These results highlighted the importance of
including pregnant women in priority groups for vaccination against SARS-CoV-2 [35,36].

2.1. Maternal Immune Changes during Pregnancy

The SARS-CoV-2 (COVID-19) pandemic is still in the early stages of research, and
preliminary case reports of infections in pregnant women are available. Changes in the
hormone levels during pregnancy can modulate immune responses against pathogens [37].
Innate immunity remains unchanged, while adaptive responses change during pregnancy
and vary with gestational age.

Innate immunity provides interaction with fetal tissues to promote successful placenta-
tion and pregnancy course, as well as is the first line of host defense against infections [38].
The maternal immune phenotype is characterized by an increase in peripheral blood neu-
trophils (up to 60–95%) monocytes, DCs (producing interferon (IFN) l), and suppression of
peripheral NK cells in number and function [39–41]. The neutrophils directly interact with
other immune cells, such as macrophages, DCs, NK cells, B, and T cells, therefore up- or
down-modulating both immunities—innate and adaptive [42].

In opposite, cytotoxic CD8+ adaptive immune responses are diminished, bypassed, or
even abrogated; whereas, regulatory immunity is enhanced in pregnant women. Moreover,
a Th2 (pro-inflammatory) to Th1 (anti-inflammatory) cytokine shift is observed. Promotion
of Th1 humoral responses can result in an altered clearance of infected cells [43].

2.2. Inflammatory Response to SARS-CoV-2 during Pregnancy—Infection Outcomes

Immune characteristics among pregnant and non-pregnant women with COVID-19
seem to be similar [17,44]. During virus infections, an increased Th2–associated cytokines
profile is observed [17,45]. It is feasible that elevated Th2 immunity during pregnancy
seems to be associated with a milder virus infection course [44]. Similarly, Th1 pro-
inflammatory pathway inhibition, probably decreases the “cytokine storm” and results in
COVID-19 severity being similar in pregnancy and non-pregnancy [46]. Pregnant women
compared with non-pregnant women showed milder or no symptoms [47]. Moreover, the
TLRs alteration during virus infection enhances immune response, however, it is not known
how pregnancy affects this aspect of the viral response [48]. Importantly, the immune
system activation influences clinical outcomes of the virus in mothers, as well as modulates
the scale of fetal complications [49]. However, the risk of adverse clinical outcomes in
pregnant women with the virus is still unclear. At present, there are insufficient data on
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the possible impact of the virus in early pregnancy, and only a few reports are available
showing conflicting information: Hydrops fetalis and fetal deaths in one case [50], and no
significantly increased risk of pregnancy loss in the second case [51]. Most studies concern
pregnant women in the third trimester, and the observations are divergent from a similar
clinical course of the disease [52] to an increased mortality rate among pregnant women
compared to the rest of the population [53–55]. The pregnancy raises the morbidity of the
virus, especially in the presence of risk factors, such as advanced maternal age, obesity, be-
ing Black or Hispanic, elevated D-dimer, and IL-6, as well as medical comorbidities [53–55].
The prevalence of cesarean sections in pregnant women with SARS-CoV-2 varied between
69.4% and 84.7% in different studies, the most common mentioned maternal complication
was preterm labor (33.3%) [56], and a maternal mortality rate (MMR) reached 1.6% in some
studies, while the others reported none or single deaths [46,54,55,57–60]. The COVID-19
related MMR in the UK was 1% (5/427 pregnant women) and in France was 0.2% (1/617
pregnant women) [61,62]. A significant increase in MMR has been documented in pregnant
women from Brazil (12.7% vs. 5% of the general population) [63]. That high mortality rate
may be a result of the low quality of prenatal care [63].

The maternal infection severity, including hypoxia or “cytokine storm”, may exagger-
ate the maternal immune system and participate in placental and fetal complications like
fetal growth restriction (FGR) (10%), miscarriage (2%), preterm labor (39%) [64] (Figure 1).
In addition, maternal inflammation during pregnancy can affect fetal brain development,
CNS dysfunction, and behavioral phenotypes that may be recognized later in the postnatal
life [65]. The fever, one of the most common symptoms of the virus, could be associated
with increased hyperactivity disorder/attention-deficit later in life [65]. An elevated level
of IL-6 observed in virus infection may be responsible for autism, psychosis, and neurosen-
sorial deficits development in the offspring [66]. Similarly, increased maternal IL-17a levels
correlate with autism spectrum-like phenotype in offspring [66]; whereas, an increased
level of TNFα in the maternal peripheral blood additionally may have a toxic effect on
early embryo development [67].

3. COVID 19—Placenta
3.1. The Maternal–Fetal Physical and Immunological Barrier

The placenta is essential organ with various physiological, immune, and endocrine
functions needed—to nourish and protect the fetus. It is composed of cells from two
different individuals—mother and fetus [68]. The fetal part of the placenta forms from
the chorionic sac—including the amnion, yolk sac, chorion, and allantois. The outer layer
of the placenta is called the trophoblast and consists of two layers: The cytotrophoblast
layer (inner) and the syncytiotrophoblast layer (outer). The maternal part comes from the
endometrium and is called the decidua with maternal vessels [69]. Between these two
regions is located the intervillous space filled with maternal blood [70]. The basic func-
tional units of the placenta are fetus-derived chorionic villi (CV) with fetoplacental vessels.
CV are formed and maintained by the fusion of: syncytiotrophoblast (STB), extravillous
trophoblasts (EVTs), and cytotrophoblasts (CTBs) [68]. The placenta’s unique structure
and function determine the protective properties against most pathogens [71]. Its role in
infections is multi-directional and involves: (1) Physical blockade of viral entry; (2) active
anti-viral function and in case of infection (3) immunomodulatory action (Figure 2). The
most important elements of the placenta as a physical barrier are: (i) A dense network of
branch microvilli and periodical regeneration of the most outer STB layer [72], the lack of
intracellular gap junctions between STB cells [73]; (ii) dense actin cytoskeletal network,
forming a brush border at the apical surface of the STB layer [74]; (iii) limited expression
of TLR or internalization receptors as E-Cadherin at the STB layer [75]; (iv) little to no
expression of caveolins at STB surface [76]; (v) the basement membrane beneath the villous
cytotrophoblast [77]. The immunological role of the placenta in infections depends on may
things, including its immunomodulatory property with trophoblast-immune crosstalk. It
has been suggested as a crucial component of the innate immune response. Immune cells
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from the fetal and maternal compartments interact to provide an intricate balance between
fetal tolerance (pregnancy maintenance) and anti-microbial defense in case of infection.
Moreover, the breakage or breach of the decidual or syncytial barrier continuity initiates
a strong innate immune reaction against pathogens. The maternal decidua is composed
of stromal cells and leukocytes (40% of decidua) [78]. 50–70% of decidual leukocytes are
NK cells, 20–30% are macrophages, 10–30% are T cells, including regulatory T cells (Treg),
and approximately 2% are DC’s [79–81]. The proportion of immune cells vary throughout
pregnancy, with an increase in the proportion of T cells at term [82]. During the first
trimester of pregnancy, macrophages and NK cells accumulate around the trophoblastic
cells [83,84]. The fetal part of the placenta—the chorionic villi contains, at the core part,
fetal macrophages (Hofbauer cells), fetal endothelial cells, fibroblasts, and mesenchymal
stem/stromal cells (MSCs) [85–87]. The trophoblast releases several immunomodulatory
molecules, such as a secretory leukocyte protease inhibitor (SLPI), β-defensins, and ex-
presses “maternal lactoferrin” [88]. During pregnancy, TLRs (TLR-3, TLR-7, TLR-8, and
TLR-9) are expressed on the surface of trophoblast, decidua, Hofbauer cells, endothelial
cells, and chorioamniotic membranes. Furthermore, a soluble form of TLR2 is also present
in amniotic fluid [88]. The expression of TLRs by trophoblast varies through the gestation
(first trimester: villous cytotrophoblasts (vCTBs) and EVTs; term: STB and EVTs) [89]. Its
immunoregulatory function includes caspase activation, cytokine production, and inflam-
matory response induction, as well as the release of anti-microbial peptides and proteins
into the amniotic fluid [90]. They also play an important role in bridging innate and
adaptive systems [91]. Acquired viral infections may disturb the immune regulation at the
border of the mother and the fetus, leading to fetal damage, even when the virus does not
reach it directly [92]. The TLR-3 receptor in the first trimester of pregnancy may mediate
a rapid anti-viral response [93,94], and induce the production of cytokines, type I and
III IFN [95]. Similarly, TLR7 induces the synthesis of anti-viral cytokines and play a role
in preventing intrauterine transmission of some viruses (e.g., HBV) [96]. Cytokines and
interferons are important mediators in healthy pregnancies, due to their role in regulating
cell function, proliferation, and gene expression. However, their deregulation may disrupt
the developmental paths of the fetus and placenta [97]. Lactoferrin may also play a similar
role to TLR and interferon receptors. Moreover, to ensure the maternal humoral protection
of fetus and neonates, the maternal antibodies are actively transported to the fetus via the
neonatal IgG receptor expressed on the STB surface [98].

3.2. The Role of the Placenta in COVID-19

The role of the placenta in SARS-CoV-2 infections remains poorly understood and
requires further research, including vertical transmission mechanisms, fetal infection, and
its consequences. The most important activated molecular signaling pathways against
viruses (including SARS-CoV-2) are: Type III IFN signaling, autophagy-regulating mi-
croRNAs, and the NF-κB pathway (summarized, in detail, by Kreis et al. [99]). At the
placenta level, the type III IFN provides a powerful anti-viral response. The IFN initiates a
signaling cascade that activates transcription of IFN-regulated genes. Given that SARS-
CoV-2 induces the release of type III IFN, this could be one of the possible mechanisms
protecting the fetus against SARS-CoV-2 infection. Trophoblastic micro RNAs may con-
stitute an important placental anti-viral defense mechanism on viral invasion restriction
and trophoblast integrity maintenance [99]. Therefore, using a miRNA construct as one
of the therapeutic targets or as a vaccine against SARS-CoV-2 was proposed [100]. On
the other hand, inhibition of the nuclear factor kappa-light-chain-enhancer of activated B
(NF-κB) pathway in COVID-19 mice led to a reduction of inflammation and lung pathology
in infected animals [101,102], showing the importance of NF-κB pathway regulation for a
controlled immune response [103]. The immunomodulatory action of placental immune
cells may cause immune response mitigation, cytokine storm reduction, damages of cells,
tissue limitation, and reduction of SARS-CoV-2 transmission (Figure 2).
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Figure 2. The defense mechanism of the placenta and potential infection sites of SARS-CoV-2. Placental properties that
prevent SARS-CoV-2 infection include: Physical blockade, release/synthesis of anti-viral molecules (miRNA, IFN III,
NF-κB), and stimulation of immune defense by decidual and fetal immune cells. The SARS-CoV-2 fetal infection may
occur due to placental barrier breakage or via ascending route. Abbreviations: ACE2, Angiotensin converting enzyme 2;
EVTs, extravillous trophoblasts; IFN, interferon; miRNA, microRNA; MSC, mesenchymal stromal cells; NF-κB, nuclear
factor kappa-light-chain-enhancer of activated B cells; NK cell, natural killer cell; STB, syncytiotrophoblast; T reg cell,
regulatory T cell.

Information on the effects of similar viruses on the embryo and fetus is very limited.
Very recently, humanity has faced two severe diseases caused by viruses from the same
viral family as SARS-CoV-2. In both cases, the route of spread of the infection and clinical
symptoms were very similar to COVID-19, but those diseases were associated with higher
mortality. In February 2003, SARS (Severe Acute Respiratory Syndrome), caused by the
SARS-CoV virus also began in China, and the virus has spread to nearly 30 countries.
More than 8000 people fell ill then, 770 of them died. Among the cases reported in the
literature, 17 cases concerned pregnant women, of which 12 were the largest group, while
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the remaining reports referred to single cases. The second disease was MERS (Middle East
Respiratory Syndrome), caused by the MERS-CoV virus. The disease first appeared in
Saudi Arabia in 2012, then in other countries of the Arabian Peninsula, including the USA,
and in 2015 in South Korea. So far, about 2500 people have fallen ill with MERS, more than
860 have died. MERS has been reported in 13 women at different stages of pregnancy. Both
in the case of SARS and MERS infection, spontaneous abortions, premature births, and
the birth of healthy children were observed in pregnant women. Because the observed
groups of women were sparse, the percentage data were not provided in the literature.
The effects of SARS-CoV-2 on the embryo and fetus are investigable in those countries
with congenital disability registers. Such defect register also operates in Poland under
the name of the Polish Register of Congenital Developmental Defects (PRWWR), which
was established in 1997 and covered the entire country, being the register subjected to the
Polish Ministry of Health. PRWWR is the largest register of defects in the EU and has
been in the EUROCAT register consortium since 2001. PRWWR is conducted jointly by
doctors of many specialties, especially neonatologists, clinical geneticists, and pediatricians.
One of the important goals of defect registers is the constant monitoring of possible
mutagenic and teratogenic threats in the population for the purpose of quick identification
and elimination of detected harmful agents. Keeping the Registry for over 20 years, it
makes it possible to identify well the frequency and structure of congenital malformations
in the Polish population. In the case of SARS-CoV-2 infection in pregnant women, the
question of whether it also poses a threat to the developing child could be answered. If
a pregnant woman becomes ill with COVID-19, it is important to avoid prolonged high
body temperature, especially during the first trimester of pregnancy. It should be noted
that increased stress in the mother adversely affects the developing child and even the
future children of that child. This is mediated through epigenetic mechanisms. The first
12 weeks of pregnancy are a special period—when all the organs of the baby start to
develop. Interfering factors, including teratogenic factors, can cause congenital disabilities
and sometimes also disorders that are detected later in life. Teratogens include physical,
chemical disruptors, certain drugs, biological agents, including some viruses, especially the
rubella virus. Viral diseases during pregnancy can directly affect the embryo and the fetus,
but also through the harmful effects of the increased body temperature of the sick mother.
It should also be remembered that under normal conditions, approx. 12–25 percent of
diagnosed pregnancies end in spontaneous miscarriage (normal population risk). In cases
of miscarriage, the common cause is a chromosomal aberration in the embryo/fetus, which
is a severe genetic disease of the developing baby, and is not associated with any infection.
Similarly, 2–3 percent of children are born with a developmental defect (population risk).
Thus, not every spontaneous miscarriage or neonate with defects born by a woman with
SARS-CoV-2 should be associated with the effects of the virus [104–108].

3.3. The Possible Mechanisms of SARS-CoV-2 Vertical Transmission

Based on the current knowledge on viral vertical transmission routes, some possible
mechanism used by the SARS-CoV-2 virus to cross the placenta [109] are proposed:

(1) direct infection of STB syncytiotrophoblasts and their rupture, virion transcytosis via
immune receptors ACE2 and Fc (FcR),

(2) passage through endothelial microcirculation into the intravascular extravascular
trophoblasts (EVT) or other placental cells, as well as

(3) passing through infected maternal immune cells and
(4) ascending vaginal infection (placental barrier) (Figure 2).

Placental tissue appears to be a potential site for SARS-CoV-2 infection, since the
expression of the receptor and priming proteases in various cell types of the maternal–fetal
interface was detected (1).

The presence of ACE2 was demonstrated in the female genital tract and the pla-
centa, including STBs, vCTBs, invasive and intravascular trophoblast, vascular smooth
muscle cells in primary villi, decidual cells, and vascular endothelial cells in umbilical
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vessels [99,110,111]. The expression of ACE2 dominates, especially in the early gestation
placenta [112]. However, co-expression of ACE2 and TMPRSS2, by the human placenta and
chorioamniotic membranes throughout pregnancy is rare [113]. The presence of alternative
receptors and proteases for SARS-CoV-2 entry into STB cells has been suggested [114].
Recently proposed alternative receptors are DPP4 (CD26) and CD147 [115,116]. Whereas,
furin and trypsin, both expressed on placental tissues through gestation, have been sug-
gested as SARS-CoV-2 entry proteases [113,117,118].

Moreover, several placental cell types can be used as replication and entry sites of
pathogens (2, 3): EVTs, vCTBs, Hofbauer cells, giant trophoblast cells, or maternal immune
cells of decidua [87]. It is possible that PBMCs can be infected by SARS-CoV-2 and transmit
the virus through the placenta, however, the viral replication does not seem to occur within
this compartment [119].

3.4. Placenta Pathology

Maternal–fetal interplay during COVID-19 includes histomorphological changes in
the infected placenta although, some research revealed SARS-CoV-2 presence in the pla-
centa without abnormalities in placental histopathology [120]. Currently, several reports
suggesting placental infection with SARS-CoV-2 and the viral presence were confirmed
by PCR (placental tissue/amniotic membrane), immunohistochemistry, and in-situ hy-
bridization assays (formalin-fixed paraffin-embedded tissue sections) [121–126]. The
available findings of placental pathology from COVID-19 patients came from the third
trimester [15,17,31,127,128], and the most common findings are vascular malperfusion
(FVM), fetal vascular thrombosis and maternal vascular malperfusion (MVM) (20–73%),
massive infection with generalized inflammation (presence of M2 macrophages, cyto-
toxic and helper T cells, and activated B-lymphocytes) (13–20%), fibrin deposition and
intervillous thrombosis [15,17,31,127,128]. These abnormalities result from direct infection
of cells, systemic inflammation (“cytokine storm”), hypercoagulable state, and maternal
hypoxia [129]. Consequently, adverse perinatal outcomes: MVW associated intrauterine
growth restriction (IUGR), increased incidences of preterm births, higher rates of peri-
natal death, miscarriage, pre-eclampsia, cesarean section deliveries are observed [130].
The placenta abnormalities seem to be independent of maternal clinical manifestation,
and even asymptomatic pregnant women with viral infection may develop obstetrical
complications [131]. Placental transmission of proinflammatory cytokines is likely to stim-
ulate hormone signaling dysregulation, enhancing poor neonatal outcomes, due to oxygen
deprivation [105,132].

3.5. The Vertical Transmission Rate

The virus present in the placenta does not determine the incidence of vertical trans-
mission.

In most studies [133], detection of SARS-CoV-2 is performed using RT-PCR analysis
on neonatal airway swabs, less common on placental tissue (30.0%), umbilical cord blood
(32.5%), and amniotic cavity (reported in 35.0% of publications). The maternal diagnostic
material includes additionally vaginal, cervical, or rectal swabs to detect genital tract viral
shedding during vaginal delivery (22.5% of cases) [134–141]. In few studies, IgG and IgM
serology in the mother and neonate was performed [135,137,142–144]. The neonatal SARS-
CoV-2 infection was reported by Mahyuddin et al. in 25% of papers [145]; whereas, the rate
of positive SARS-CoV-2 test for neonates born to mothers with COVID-19 was estimated
by Jafari et al. as 8% [146]. Kotlayard et al. determined that viral transmission from mother
to fetus may reach 3.2% based on the nasopharyngeal swab (NPS) RT-PCR testing. The
rate of SARS-CoV-2 RNA positive test may occur in approximately 7.7% of placental and
2.9% of cord blood samples. The IgM serology confirmed SARS-CoV-2 infection in 3.7% of
neonates [147]. The vertical transmission rate was estimated as 2.23–5.3% (1.3–16) [146].
Although the strong evidence that vertical transmission of the virus may occur; intrapartum
transmission (exposure to maternal blood, vaginal secretions, or feces) and early postnatal
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transmission cannot be excluded. To date, Vivanti et al. [133] showed the clearest evidence
for transplacental transmission of the virus, due to the detection of viral genetic material
and protein in the placenta, and viral RNA alone in the amniotic fluid and neonatal blood
sampled at birth.

The vertical transmission of the virus in the third trimester is approximately 3.2%
(22/936) by infant NPS testing, with severe acute respiratory syndrome coronavirus 2 RNA
positivity in other test sites ranging from 0% (0/51) in amniotic fluid and (0/17) urine, 3.6%
(1/28) in the cord blood, 7.7% (2/26) by placental sample analysis, 9.7% (3/31) by rectal or
anal swab, and 3.7% (3/81) by serology [147].

The vertical transmission risk seems to be relatively low. However, the lack of a
precise and universal definition of the term “vertical” transmission prevents comparison of
described cases of neonatal viral infection. Standardized definitions, including diagnosis
time of neonates, method, and analyzed biological material clarified the rate of “vertical”
transmission and distinguishing it between intrapartum and postnatal transmission of the
virus. This may have implications for future research describing clinical courses and long-
lasting post-infection neonatal outcomes. Moreover, further research and observations of
pregnant women and their children with the virus are needed to assess further long-lasting
clinical implications which can appear in offspring. Furthermore, more assessment should
be made regarding the rates of vertical transmission in the early trimester of pregnancy and
the potential risk for consequent fetal morbidity and mortality [135–146,148–151]. To date,
research is underway to check whether the SARS-CoV-2 virus can be transmitted from
mother to fetus. Until now, only a few cases of COVID-19 infection through the placenta
have been documented, however, these occurred in the second and third trimesters of
pregnancy. There are no known reports of the first trimester of pregnancy and infection of
fetal tissues with the virus to date. Damage to the placenta and organs of the fetus from
early pregnancy miscarriage was analyzed, related to the multi-organ hyperinflammatory
process identified in histology and immunohistochemistry as a result of maternal COVID-19
infection. Analyzes were performed by immunohistochemical qPCR, immunofluorescence,
and electron microscopy. The SARS-CoV-2 nucleocapsid protein, viral RNA molecules in
the placenta and fetal tissues were found, accompanied by RNA replication revealed by
positive immunostaining against double-stranded RNA (dsRNA). In this study, the results
indicate that congenital SARS-CoV-2 infection is possible in the first trimester of pregnancy
and that fetal organs, such as the lungs and kidneys, are targeted by the coronavirus [152].

In addition, the processes leading to damage to the placenta include thrombosis or vas-
culopathy that have been found in the placenta of women with COVID-19 infection. This is
further evidence of the mechanisms of macrophage action by initiating anti-viral responses
associated with chronic granulomatous (ulcerative) enteritis, which has been identified as
a common feature of the virus-exposed placenta, supporting these hypotheses [153,154].

4. Maternal Lactoferrin (LF) in COVID-19—Pregnancy

Lactoferrin (LF, formerly known as lactotransferrin) is an iron-binding glycoprotein
and a member of the transferrin family, with a molecular weight of around 80 kDa. It
consists of a single complex polypeptide chain in two symmetrical spherical halves, and
each of them can bind one iron ion [108,155].

LF is secreted by the glandular epithelium. The highest levels of LF are found in human
colostrum, milk, and most exocrine secretions that wash mucosal surfaces. It is present
in saliva, tears, semen, vaginal secretions, bronchial and nasal secretions, bile, pancreas,
synovial fluid, urine, cerebrospinal fluid, and gastrointestinal fluids. It is also present in
significant amounts in the secondary granularity of neutrophils (15 µg in 106 neutrophils).

LF has an important biological role: The iron absorption and immune system action
modulation are reflected in anti-microbial, anti-viral, antioxidant, anti-cancer, and anti-
inflammatory functions. Because of numerous proven pro-health properties, LF has been
used as a dietary supplement in many countries for over 40 years. Due to the availability
of the raw material, bovine LF is used, which has a similar structure and properties to
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human LF [156]. Bovine LF (BLF) has been recognized by the US FDA, which gave it a
GRAS status and EFSA as safe to be used as a dietary supplement and functional food
additive [157].

4.1. LF Role in Host Defense—Anti-Viral Activity

Anti-viral effects of LF are widely studied in vitro and in several human clinical trials,
which shed light on possible mechanisms of action, therapeutic efficacy, and safety.

Previous studies suggest that LF has huge anti-viral properties against: HPV, HSV-1,
HSV-2, CMV, HIV, HBV, HCV, RSV, PIV, Hantavirus, coronavirus, rotavirus, polio, aden-
ovirus, and potentially SARS-CoV too [158]. An indirect conclusion can be made on the
role of LF in virus infection based on the study of gene expression in patients with the
virus. The analysis of leukocytes in the peripheral blood of 10 patients in various clinical
conditions showed a significant increase (150-fold) in the expression of genes encoding
factors involved in the inflammatory reaction and LF [159].

In one clinical trial, healthy women taking oral lactoferrin observed a much less severe
viral infection causing colds and inflammation of the stomach and intestines. In other
clinical trials, oral lactoferrin was effective in relieving symptoms of viral gastroenteritis,
including those caused by rotaviruses and noroviruses. Oral lactoferrin reduced the
incidence and severity of symptoms of these diseases. Viral gastroenteritis was about four
times more common in people taking 100 mg of lactoferrin once a week than those taking
it six or seven times a week. In a 2011 study, lactoferrin was effective in blocking SARS
coronavirus from invading host cells in in vitro model [160–167].

Due to the high genetic similarity (75%) of SARS-CoV and SARS-CoV-2, it can be
assumed that LF will also inhibit the infection with the virus. A clinical trial with the use of
BLF in people with SARS-CoV-2 showed a beneficial effect in most subjects and the reduc-
tion in the intensity of such symptoms of infection like: Headache (in all subjects), cough
(in 50% of people vs. 61.11% baseline), myalgia (44.44% vs. 66.67%), fatigue/weakness
(66.67% vs. 94.44%) [168].

LF role in host defense against viral infection results from inhibition of viral entry
into target host cells, inhibition of viral replication, and immune response regulation after
infection [160,162–167,169–171].

4.1.1. LF as Virus “Entry Blocker”

Depending on the virus type, LF prevents infection of the target cell by (1) interfering
with the attachment factor, or (2) binding to host cells into which the virus enters using
them as receptors or co-receptors (i.e., glycosaminoglycan heparan sulfate (HSPG), ACE2,
sialic acids, etc.), or (3) by binding directly to viral particles.

Until now, it is revealed that LF interacts with HIV-1 receptors CXCR4 and CCR5, and
influenza A haemagglutinin (HA), blocking the viral entry process [169,170]. Moreover, it
weakens the binding of Dengue virus (DENV)-2 to the host cell membrane by interacting
with HSPG, a dendritic 3 cell-specific intercellular adhesion molecule, non-integrin capture
(DC-SIGN), and low density lipoprotein receptors (LDLR) [163]. LF also can reduce
hepatitis B virus (HBV) infection and replication, as well as hepatitis C virus (HCV)
replication [171,172].

One of the LF possible anti-viral activity against SARS-CoV-2 is the inhibition of viral
binding to the target cell surface in the early phase of virus amplification in the salivary
glands, pharynx, and upper respiratory tract [162] (Figure 3).

At the N-terminus of the LF, there is an alkaline region that interacts with cell glycans
(glycosaminoglycans, sialosides), used by many CoVs either as receptor determinants or as
attachment factors, for docking to the mucus layer [162,173,174]. Two important classes
of binding glycans are sialosides (SIA), which contain sialic acid (SA), and glycosamino-
glycans, like heparan sulfate (HS). LF may inhibit/block attachment and accumulation of
SARS-CoV-2 on the host cell membrane by occupying HSPGs and/or SIAPGs [162,175]. It
also may bind to ACE2 receptor and blocks the initial interaction between virus and host
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cells [162]. Moreover, the interaction between LF and the three proteins present on the
SARS-CoV-2 membrane, i.e., the spike (S), membrane (M), and envelope (E) proteins, is
possible too [175].

Figure 3. Lactoferrin effects on SARS-CoV-2 docking to cell surface receptors (CSR): Sialoside glycan
(SIA) and heparan sulfate (HS). (A) SARS-CoV-2 attachment and entry to host cell. SIA and HS
chains present on membrane glycoproteins (PGs) facilitate the attachment of the virion to the cell
surface. Then the resulting complex binding to the cellular receptor (ACE2), initiating the process of
internalization. (B) Human lactoferrin was found to exhibit anti-viral activity against SARS-CoV-2
infection, likely mechanisms of action are: Interaction with one of the proteins in the virion envelope
S, M, or E, or competition for binding to glycan chains and/or probable the ACE2 receptor [162,175].

4.1.2. LF Role in Anti-Viral Immune Response Modulation

LF plays an important role in the host’s first line of defense in numerous virus-induced
infections. As a part of the innate immune defense, it regulates the activity of numerous
immune cells of innate and adaptive response: Monocytes, macrophages, DCs, neutrophils,
mast cells, NK cells, B, and T cells (Table 2) [158,176,177]. It has a broad immunoregulatory
and anti-inflammatory effect, which may indicate its potential in the anti-viral treatment
and prevention of SARS-CoV-2 infection [108,158].
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Table 2. Pro-inflammatory and anti-inflammatory action of LF.

Pro-Inflammatory Action of Lactoferrine (LF) Anti-Inflammatory Action of Lactoferrine (LF)

• increasing B cell maturation and activation;
• activation of NK cells;
• promoting maturation and activation of

antigen-presenting cells (APC) in T cell, i.e., monocytes,
macrophages, DCs, and B cell;

• activation of phagocytosis (granulocytes, monocytes,
macrophages, DC);

• stimulation of myelopoiesis;
• regulation of the balance between Th1 and Th2 immune

response;
• induction of pro-inflammatory cytokines synthesis (e.g.,

IL-1, IL-2, IL-4, IL-6, IL-8, TNF-α, IFN-α, IFN-γ);
• induction of expression of costimulatory and adhesion

molecules (e.g., ICAM-1, CD3, CD4, LFA-1, MHC class II)
on the cell surface;

• induction of ROS production (e.g., H2O2, NO) that are
toxic to microorganisms and regulate inflammation;

• promotion of immune cells adhesion to the vascular
endothelium and chemotaxis to the sites of infection;

• activation of the complement system;

• increasing of anti-inflammatory cytokines secretion (IL-4,
IL-10, IL-11);

• accelerating the processes of repairing damaged tissues
and wound healing (e.g., by activating angiogenesis).

• inhibition of pro-inflammatory cytokines production (IL-1,
IL-6, IL-8, TNF-α);

• inhibition of B cell activity;
• inhibition of inflammatory mediators production:

Prostaglandin E2 (PGE2) and cyclooxygenase-2 (COX-2);
• inhibition of adhesion and costimulatory molecules

expression (ICAM-1, CD86, E-selectin) on the immune
cells surface;

• inhibition of metalloproteinases production;
• inhibition of ROS formation;
• inhibition of mast cells and DCs activity;

LF modulates several APC pathways, including cell migration, activation, and antigen
presentation, influences the expression of soluble immune mediators, affects the regulation
of anti-inflammatory and immune responses (Figure 4) [158,176–178]. During inflamma-
tion, LF secretion increases dramatically, due to neutrophil degranulation [179]. Literature
data indicate that LF increases the phagocytic activity of macrophages via binding to the
specific receptors present on macrophages’ surface [180,181]. It increases the level of IL-12
in macrophagocytes, which attracts macrophages to inflammatory sites and activates CD4+

T cells [176]. On the other side, LF increases NK cell activity and stimulates neutrophils
aggregation and adhesion [182].

LF also induces a response in which both types of T and B cells participate, thus
increasing the response of specific antibodies against various specific antigens [183]. Oral
administration of LF can increase the secretion of IgA and IgG in the intestines [184], reduce
the number of leukocytes infiltrating the bronchoalveolar lavage fluid during viral infection
with H1N1 influenza. LF increases the transcription of important immune-related genes,
and their activation promotes the host’s systemic immunity [185]. These modulating effects
on APC suggest a potential role for exogenous LF in enhancing adaptive immunity against
COVID-19 infections. Th1 and Th2 cells lead to increased activity of macrophages in the
intracellular elimination of pathogenic microorganisms [186], which leads to a reduction in
the activity of T lymphocytes. This reduces the release of IL-5 and IL-17 cytokines, which
prevents an excessive inflammatory response [164].

Moreover, LF increases the expression of type I IFNs (IFN-α/β), anti-viral cytokines,
and immunomodulators that lead to the production of bioactive compounds and cytokines
inhibiting viral replication [178,187].
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Figure 4. The lactofferin-mediated immune response of anti-viral cells [175]. Main activities and cites of action of lactoferrin
(LF) in host defense against viral entry. The diagram illustrates the main effects of lactoferrin on T and B cells, macrophages,
and dendritic cells (DC). In the initial stage of a specific immune response, antigen-presenting cells activate naïve T cells,
presenting them with antigens and providing additional costimulatory signals. Activated T lymphocytes undergo intensive
division and form functionally differentiated subpopulations: Effector T lymphocytes and memory T lymphocytes. Effector
T lymphocytes migrate to the site of infection, where they inactivate the pathogens present there, and then die by apoptosis.
B-cells capture foreign antigens and presents them to T-cells. Activated B-cells (after antigen binding) transform into
antibody secreted plasma cells or memory B-cells. Lactoferrin modulates antigen-presenting cell action, including migration
and activation, inactivates cells infected with the virus, activates B cells that destroy infected cells with the participation
of T cells. Moreover, LF affects the expression of soluble immune mediators (cytokines, chemokines, and other effector
molecules) to regulate inflammatory and immune responses.

4.2. LF Role during Pregnancy

The multi-directional action and safety of use mean that LF can be successfully used
by pregnant women as part of the prophylaxis and/or treatment of many ailments related
to pregnancy: LF has been known as a particle with proven efficacy and safety in the
prevention and treatment of anemia. It can interact with both maternal and fetal micro-
environments, creating physical and immunological barriers to avoid pathogenic microbes.
LF supports the immune system in multiple ways: By inhibiting the growth or killing
of pathogen cells, by regulating the activity of the immune system, and by manifesting
prebiotic effects.
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The greatest amounts of LF can be found in the milk of a nursing mother. The
highest concentration of this valuable protein can be found in colostrum, i.e., the first food
after childbirth, in which may reach the amount of approx. 6–8 g/L. However, mature
milk contains smaller amounts of it, about 2–4 g/L. Considering the high concentration
of LF in human milk, it can be concluded that it is extremely important for the proper
development and protection of the newborn. It can significantly reduce the risk of infection
because of pathogens when the baby’s body is not yet sufficiently protected by its immune
system [188].

The results of some studies confirmed the importance of LF as a regulative factor of
the immune response. It has been shown that even a small dose of LF (10–20 mg) stimulates
the immune system [189]. Too strong inflammation, resulting from the imbalance of pro-
inflammatory and anti-inflammatory cytokines, is a serious threat to pregnancy and may
result in fetal growth restriction and premature delivery. Therefore, it can be assumed
the balance restoration between pro- and anti-inflammatory stages will be protective. LF
has such activity. This protein is physiologically present in the reproductive organs, also
during pregnancy. It protects the mother and the fetus against infection and inflammation.
The anti-inflammatory effect of LF is based on the reduction of the level of IL-6 in the blood
plasma and cervicovaginal secretions. A high level of IL-6 causes shortening of the cervix
and premature rupture of fetal membranes by stimulating the synthesis of prostaglandin
F2α. A few studies showed that also, due to its anti-inflammatory effect, LF has a beneficial
effect on reducing the risk of preterm labor [190].

The results of studies indicate that LF is a regulator of systemic iron metabolism in
pregnant women [191]. Maternal lactoferrin activates signaling pathways that scavenge
free radicals, regulate oxidative stress and pro-inflammatory cytokines in the Fenton
reaction [192]. Iron sequestration by LF reduces oxidative stress [193]. Therefore, the role
of LF in redox reactions during pregnancy and postpartum in women with the virus is
justified. A study with anemic pregnant women using a preparation with iron-enriched
with LF showed a greatest increase in ferritin levels and hemoglobin in comparison to
the group using preparation only containing a high dose of iron. The same study also
showed that using an iron supplement with LF increased the duration of pregnancy by
an average of 1.5 weeks compared to the group taking iron alone [194,195]. In women
taking BLF, pregnancy lasted longer [196]. Moreover, LF normalized the composition of
the vaginal microbiota, cervical tension, extinguished local inflammation, regulated the
level of pro-and anti-inflammatory factors (including cytokines, metalloproteinases, and
prostaglandins), and protected against oxidative stress, which translated into the overall
improvement of the clinical condition of patients and prolonged pregnancy that resulted in
delivery on time [197–199]. Maternal LF, as a regulator of redox homeostasis, may play a
pivotal role in the clinical management of COVID-19 during pregnancy.

LF forms a barrier between mother and fetus as a multi-functional regulator of the
immune response with a broad spectrum of activity [197–199]. Regulation of the effects
of LF on inflammatory mediators plays a key role in developing clinical therapies for the
consequent cytokine storm and severe infection effects on pregnancy during COVID-19.

Detectable levels of LF appear in the amniotic fluid as early as 20 weeks of pregnancy.
LF levels are elevated around week 30 and remain high until delivery. Neutrophil granu-
larity also contributes to its elevation [200]. LF activates human growth hormone (hGH),
and compared with epidermal growth factor (EGF), the action of LF is more pronounced
in its effect on epithelial cells of the small intestine and endometrial proliferation [201].
LF levels increase during SARS-CoV-2 infection. STB also stimulates the release of LF
and amniotic factors [202] by interacting with the mother’s and fetal microenvironment
in the amniotic fluid and cervical mucus, which protects pregnant women against viral
infections. Inflammatory cytokines, in particular IL-6, increase during amniotic membranes
(CAM) infection, while LF levels are effective in inhibiting it [203]. High LF levels during
pregnancy play an important protective role in reducing arterial hypertension by regulating
access to the ACE2 membrane receptor, while inhibiting SARS-CoV-2 entry into cells [108].
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4.3. Course of COVID-19 in Pregnant Women

Data on the course of COVID-19 in pregnant Polish women are very limited. During
the SARS and MERS epidemics, pregnant women were more exposed to severe infections.
However, no such relationship was found for the virus. Each of the newborns born to sick
patients tested negative for the presence of coronavirus (data as of 17 March 2020). It is also
unclear whether a pregnant mother would endanger the health and life of the child when
she was pregnant. The Polish Society of Gynecologists and Obstetricians recommends that
patients, before visiting the maternity hospital, undergo an epidemiological examination
to determine the risk of exposure to the virus, which is to prevent the spread of infection
to other pregnant women and medical staff [204]. Therefore, it is recommended that
family deliveries in hospitals be suspended until further notice. Additionally, in every
hospital with a maternity ward, there should be a separate so-called epidemiological
emergency room, modeled on rapid prenatal diagnosis departments. This will enable
basic examinations of the patient to be performed in compliance with the epidemiological
regime. It is recommended that obstetricians limit the number of pregnant women’s visits
to a minimum, preferably only to acute cases, and increase the possibility of contact by
phone or e-mail. If a pregnant woman shows symptoms of infection, she should go to
an epidemiological center to rule out virus infection in the first place. If the suspicion is
high, the patient is treated as potentially infectious and should be referred to the so-called
dedicated maternity hospital. The same should be done in an emergency to minimize
the risk of virus transmission. In the absence of detailed studies on the course of viral
infection in pregnant women, the management method does not have the level of EBM.
The physician in each case should determine the benefit-risk ratio of the medical procedure,
which is significantly increased during the pandemic [205].

The SARS-CoV-2 (COVID-19) pandemic is still in the early stages of research, and pre-
liminary case series of infections in pregnant women are available. Recent press reports and
scientific publications describe the negative effects of the virus on the placenta of women in
the third trimester of pregnancy, describing the various degrees of fibrin deposition, which
resulted in need of ending a pregnancy by emergency cesarean section. Three cases were
described in which fibrin deposits occurred both inside and around the villi with local
growth of syncytial nodules in the first case, multiple villous infarctions in the placenta (in
the second case), and angioma (in the third case). Nucleic acid samples for the virus were
collected from all three placentas and found to be negative [120]. In another study, where 16
placentae from women with the virus were analyzed, an increase in the frequency of MVM
features, especially decimal arteriopathy, including severe development of atherosclerosis,
extensive fibrinous necrosis, and excessive hyperplasia of the membranous artery, was
observed [206]. Disorders of maternal hypertension, including gestational hypertension
and over-developed pre-eclampsia, are the major risk factors for developing MVM [207],
although only one patient was diagnosed with hypertension in this study. It is important to
note that neither acute inflammatory pathology nor chronic inflammatory disease increase
patients with the virus were compared to the control group [206].

At present, there are insufficient data on miscarriages in women with the virus, except
in one case of a pregnant woman who had a second-trimester miscarriage. A fetal autopsy
was negative for the virus and bacterial infection. SARS-CoV-2 was also absent in the fetal
organs, such as lungs, liver, and thymus. Only inflammation, consisting of neutrophils and
monocytes in the subcutaneous space, and excessive fibrin deposition in the intercellular
space, was observed [208].

During the global SARS-CoV-1 epidemic, a significant increase in mortality and
morbidity in pregnant women has been documented [209]. It has been found that the risk
of viral pneumonia is significantly higher among pregnant women compared to the rest of
the population [210].

Placental cells, trophoblasts, express TLRs, and their expression level varies depending
on the age of the pregnant woman, trimester, and the stage of cell differentiation. Acquired
viral infections may disturb the immune regulation at the border of the mother and the fetus
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tissues, leading to fetal damage, even when the virus does not reach it directly [92]. The TLR-
3 receptor in the first trimester of pregnancy may mediate a rapid anti-viral response [93,94],
and induce the production of cytokines, type I, and III interferon [93]. Also, TLR7 expressed
in trophoblasts may induce the synthesis of anti-viral cytokines and preventing against
HBV [95]. Cytokines and interferon also are important mediators in healthy pregnancies,
due to their role in cell function regulation. However, their deregulation may disrupt the
developmental paths of the fetus and placenta [97]. Lactoferrin may also play a similar role
to TLR and interferon receptors.

At present, vaccines from many well-known concerns are already available, and
guidelines for the treatment and control of the disease are being developed. Lung infections
induced by this virus in pregnant women may increase the risk of maternal and fetal
mortality [211], leading to numerous complications, such as premature delivery and a low
gestational age [212]. Blood tests in pregnant women have revealed regular markers of
the virus, such as lymphopenia, neutrophilia, and elevated levels of C-reactive protein
in pregnant women [211–213]. Some reports also confirmed increases in ALT, AST, and
D-dimers [214–216]. An important report confirmed that three mothers developed anemia
and dyspnea, a low platelet count that could potentially be a risk factor during cesarean
delivery [214–216].

5. Conclusions

Pharmacotherapy during pregnancy is often unavoidable. The number of pregnant
women requiring medication are steadily increasing, partly because of advanced diag-
nostics, partly because of the rising rate of cases of SARS-CoV-2 infections in this group.
Understanding the functions of drug transporters in the placenta in the context of patholog-
ical conditions and civilization diseases accompanying pregnancy that require long-term
treatment of the mother and/or fetus, and the role of lactoferrin itself as a substance with
potential anti-viral activity will enable a more accurate characterization of the penetration
and design of drugs (also other xenobiotics) through the placental barrier, thus enabling
safer pharmacotherapy not requiring the use of glucocorticosteroids to avoid the trans-
mission of SARS-CoV-2 from mother to fetus, which is believed to be the main cause of
maternal vascular insufficiency. The occurrence of lactoferrin in two forms: holo-Lf and
apo-Lf—which provides the maximum potential for binding Fe3+ ions, leading to the
activation of macrophages by binding to surface receptors and modulating the activity
of T lymphocytes in cells (CD4+), which significantly strengthens the immune system.
Lactoferrin reduces the formation of inflammation in the mother and fetus by modulating
the production of cytokines and ROS, which in turn reduces iron overload. Lactoferrin also
inhibits the binding of proteoglycans, such as heparan sulfate, preventing the virus from
effectively penetrating the body. Lactoferrin is a naturally occurring iron chelator can bind
to several receptors used by coronaviruses, thus blocking their entry into the host cells. In
this way, it may have immunomodulatory and anti-inflammatory effects, which means
that it has a very high therapeutic value during the current COVID-19 pandemic.

Taking all the above into consideration, more research is still needed in the case of
lactoferrin utility and influence on the infection course in pregnant women.

COVID-19 causes 6.9 million deaths worldwide, more than double the number re-
ported in official reports, according to a new study by the Institute for Health Metrics and
Evaluation (IHME). According to the institute’s calculations, nearly 150,000 have already
died in Poland, due to COVID-19. The Institute for Health Metrics and Evaluation (IHME)
is an independent institute for global health research at the Washington University School
of Medicine. According to IHME, the adopted estimates are based on the methodology
for measuring the global burden of disease, which the institute has been using for many
years. The IHME estimated the total number of COVID-19-related deaths by comparing
the projected number of deaths from all causes based on pre-pandemic trends with the
actual number of deaths from all causes recorded during the pandemic. The IHME analysis
found that in almost every country, the number of deaths from COVID-19 is significantly
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underestimated. The updated analysis shows that to date, more people in the United States
have died from COVID-19 than in any other country, and that the total number of deaths
exceeds 905,000. The institute points out that many deaths from COVID-19 are not reported,
as country reports only include deaths occurring in the hospital or among patients with
confirmed infection. In many places, this problem is exacerbated by ineffective health
reporting systems and poor access to healthcare. When broken down by region, Latin
America and the Caribbean, Central and Eastern Europe, and Central Asia were affected
by the highest number of deaths. The modeling algorithm proposed by IHME is updated
weekly and can be found at (covid19.healthdata.org (accessed on 21 May 2021)).
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21. Wilczyński, J.R. Th1/Th2 cytokines balance–Yin and yang of reproductive immunology. Eur. J. Obstet. Gynecol. Reprod. Biol. 2005,
122, 136–143. [CrossRef]

22. Aghaeepour, N.; Ganio, E.A.; McIlwain, D.; Tsai, A.S.; Tingle, M.; Van Gassen, S.; Gaudilliere, D.K.; Baca, Q.; McNeil, L.; Okada,
R.; et al. An immune clock of human pregnancy. Sci. Immunol. 2017, 2, eaan2946. [CrossRef]

23. Chen, M.; Zeng, J.; Liu, X.; Sun, G.; Gao, Y.; Liao, J.; Yu, J.; Luo, X.; Qi, H. Changes in physiology and immune system during
pregnancy and coronavirus infection: A review. Eur. J. Obstet. Gynecol. Reprod. Biol. 2020, 255, 124–128. [CrossRef]

24. Rasmussen, S.A.; Smulian, J.C.; Lednicky, J.A.; Wen, T.S.; Jamieson, D.J. Coronavirus disease 2019 (COVID-19) and pregnancy:
What obstetricians need to know. Am. J. Obstet. Gynecol. 2020, 222, 415–426. [CrossRef] [PubMed]

25. De Souza Silva, G.A.; da Silva, S.P.; da Costa, M.A.S.; da Silva, A.R.; de Vasconcelos Alves, R.R.; Tenorio, F.d.C.A.M.; da Silva Melo,
A.R.; de Freitas, A.C.; de Melo, C.M.L. SARS-CoV, MERS-CoV and SARS-CoV-2 infections in pregnancy and fetal development. J.
Gynecol. Obstet. Hum. Reprod. 2020, 49, 101846. [CrossRef] [PubMed]

26. Rasmussen, S.A.; Jamieson, D.J.; Uyeki, T.M. Effects of influenza on pregnant women and infants. Am. J. Obstet. Gynecol. 2012,
207, S3–S8. [CrossRef] [PubMed]

27. Zaigham, M.; Andersson, O. Maternal and perinatal outcomes with COVID-19: A systematic review of 108 pregnancies. Acta
Obstet. Gynecol. Scand. 2020, 99, 823–829. [CrossRef] [PubMed]

28. Patanè, L.; Morotti, D.; Giunta, M.R.; Sigismondi, C.; Piccoli, M.G.; Frigerio, L.; Mangili, G.; Arosio, M.; Cornolti, G. Vertical
transmission of coronavirus disease 2019: Severe acute respiratory syndrome coronavirus 2 RNA on the fetal side of the placenta
in pregnancies with coronavirus disease 2019–positive mothers and neonates at birth. Am. J. Obstet. Gynecol. MFM 2020, 2, 100145.
[CrossRef]

29. 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-19. Viruses 2020, 12, 1308.
[CrossRef]

30. Facchetti, F.; Bugatti, M.; Drera, E.; Tripodo, C.; Sartori, E.; Cancila, V.; Papaccio, M.; Castellani, R.; Casola, S.; Boniotti, M.B.;
et al. SARS-CoV2 vertical transmission with adverse effects on the newborn revealed through integrated im-munohistochemical,
electron microscopy and molecular analyses of Placenta. EBioMedicine 2020, 59, 102951. [CrossRef]

31. Hosier, H.; Farhadian, S.F.; Morotti, R.A.; Deshmukh, U.; Lu-Culligan, A.; Campbell, K.H.; Yasumoto, Y.; Vogels, C.B.; Casanovas-
Massana, A.; Vijayakumar, P.; et al. SARS-CoV-2 infection of the placenta. J. Clin. Investig. 2020, 130, 4947–4953. [CrossRef]

32. Gilbert, J.S.; Ryan, M.J.; LaMarca, B.B.; Sedeek, M.; Murphy, S.R.; Granger, J.P. Pathophysiology of hypertension during
preeclampsia: Linking placental ischemia with endothelial dysfunction. Am. J. Physiol. Heart Circ. Physiol. 2008, 294, H541–H550.
[CrossRef]

33. Koga, K.; Cardenas, I.; Aldo, P.; Abrahams, V.M.; Peng, B.; Fill, S.; Romero, R.; Mor, G. ORIGINAL ARTICLE: Activation of TLR3
in the trophoblast is associated with preterm delivery. Am. J. Reprod. Immunol. 2009, 61, 196–212. [CrossRef]

34. Wong, S.F.; Chow, K.M.; Leung, T.N.; Ng, W.F.; Ng, T.K.; Shek, C.C.; Ng, P.C.; Lam, P.W.; Ho, L.C.; To, W.W.; et al. Pregnancy and
perinatal outcomes of women with severe acute respiratory syndrome. Am. J. Obstet. Gynecol. 2004, 191, 292–297. [CrossRef]

35. Wong, Y.P.; Khong, T.Y.; Tan, G.C. The effects of COVID-19 on placenta and pregnancy: What do we know so far? Diagnostics
2021, 11, 94. [CrossRef]

36. 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. [CrossRef]

37. Littauer, E.Q.; Esser, E.S.; Antao, O.Q.; Vassilieva, E.V.; Compans, R.W.; Skountzou, I. H1N1 influenza virus infection results in
adverse pregnancy outcomes by disrupting tissue-specific hormonal regulation. PLOS Pathog. 2017, 13, e1006757. [CrossRef]

38. Naidu, S.A.G.; Clemens, R.A.; Pressman, P.; Zaigham, M.; Kadkhoda, K.; Davies, K.J.A.; Naidu, A.S. COVID-19 during Pregnancy
and Postpartum: I) Pathobiology of Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) at Maternal-Fetal Interface.
J. Diet Suppl. 2020, 1–28. [CrossRef]

39. Lurie, S.; Rahamim, E.; Piper, I.; Golan, A.; Sadan, O. Total and differential leukocyte counts percentiles in normal pregnancy. Eur.
J. Obstet. Gynecol. Reprod. Biol. 2008, 136, 16–19. [CrossRef]

http://doi.org/10.1038/s41577-020-0311-8
http://doi.org/10.1128/CMR.00014-10
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1007/s00134-020-05991-x
http://doi.org/10.1038/s41591-020-0819-2
http://doi.org/10.1093/cid/ciaa248
http://doi.org/10.1016/j.ejogrb.2005.03.008
http://doi.org/10.1126/sciimmunol.aan2946
http://doi.org/10.1016/j.ejogrb.2020.10.035
http://doi.org/10.1016/j.ajog.2020.02.017
http://www.ncbi.nlm.nih.gov/pubmed/32105680
http://doi.org/10.1016/j.jogoh.2020.101846
http://www.ncbi.nlm.nih.gov/pubmed/32599304
http://doi.org/10.1016/j.ajog.2012.06.068
http://www.ncbi.nlm.nih.gov/pubmed/22920056
http://doi.org/10.1111/aogs.13867
http://www.ncbi.nlm.nih.gov/pubmed/32259279
http://doi.org/10.1016/j.ajogmf.2020.100145
http://doi.org/10.3390/v12111308
http://doi.org/10.1016/j.ebiom.2020.102951
http://doi.org/10.1172/JCI139569
http://doi.org/10.1152/ajpheart.01113.2007
http://doi.org/10.1111/j.1600-0897.2008.00682.x
http://doi.org/10.1016/j.ajog.2003.11.019
http://doi.org/10.3390/diagnostics11010094
http://doi.org/10.1001/jamapediatrics.2021.1050
http://doi.org/10.1371/journal.ppat.1006757
http://doi.org/10.1080/19390211.2020.1834049
http://doi.org/10.1016/j.ejogrb.2006.12.013


Int. J. Mol. Sci. 2021, 22, 5799 20 of 26

40. Mandala, W.L.; Gondwe, E.N.; Molyneux, M.E.; MacLennan, J.M.; MacLennan, C.A. Leukocyte counts and lymphocyte subsets in
relation to pregnancy and HIV infection in Malawian women. Am. J. Reprod. Immunol. 2017, 78. [CrossRef]

41. Kraus, T.A.; Engel, S.M.; Sperling, R.S.; Kellerman, L.; Lo, Y.; Wallenstein, S.; Escribese, M.M.; Garrido, J.L.; Singh, T.; Loubeau,
M.; et al. Characterizing the pregnancy immune phenotype: Results of the viral immunity and pregnancy (VIP) study. J. Clin.
Immunol. 2012, 32, 300–311. [CrossRef]

42. Yang, F.; Feng, C.; Zhang, X.; Lu, J.; Zhao, Y. The diverse biological functions of neutrophils, beyond the defense against infections.
Inflammation 2016, 40, 311–323. [CrossRef]

43. Piccinni, M.-P.; Romagnani, S. Regulation of fetal allograft survival by hormone-controlled Th1- and Th2-type cytokines. Immunol.
Res. 1996, 15, 141–150. [CrossRef]

44. Chen, H.; Guo, J.; Wang, C.; Luo, F.; Yu, X.; Zhang, W.; Li, J.; Zhao, D.; Xu, D.; Gong, Q.; et al. Clinical characteristics and
intrauterine vertical transmission potential of COVID-19 infection in nine pregnant women: A retrospective review of medical
records. Lancet 2020, 395, 809–815. [CrossRef]

45. Ye, Q.; Wang, B.; Mao, J. The pathogenesis and treatment of the ‘Cytokine Storm’ in COVID-19. J. Infect. 2020, 80, 607–613.
[CrossRef]

46. Elshafeey, F.; Magdi, R.; Hindi, N.; Elshebiny, M.; Farrag, N.; Mahdy, S.; Sabbour, M.; Gebril, S.; Nasser, M.; Kamel, M.; et al. A
systematic scoping review of COVID-19 during pregnancy and childbirth. Int. J. Gynecol. Obstet. 2020, 150, 47–52. [CrossRef]

47. Li, N.; Han, L.; Peng, M.; Lv, Y.; Ouyang, Y.; Liu, K.; Yue, L.; Li, Q.; Sun, G.; Chen, L.; et al. Maternal and neonatal outcomes
of pregnant women with Coronavirus disease 2019 (COVID-19) pneumonia: A case-control study. Clin. Infect. Dis. 2020, 71,
2035–2041. [CrossRef]

48. Amirchaghmaghi, E.; Taghavi, S.A.; Shapouri, F.; Saeidi, S.; Rezaei, A.; Aflatoonian, R. The role of toll like receptors in pregnancy.
Int. J. Fertil. Steril. 2013, 7, 147–154.

49. Alberca, R.W.; Pereira, N.Z.; Oliveira, L.; Gozzi-Silva, S.C.; Sato, M.N. Pregnancy, viral infection, and COVID-19. Front. Immunol.
2020, 11, 1672. [CrossRef]

50. Shende, P.; Gaikwad, P.; Gandhewar, M.; Ukey, P.; Bhide, A.; Patel, V.; Bhagat, S.; Bhor, V.; Mahale, S.; Gajbhiye, R.; et al.
Persistence of SARS-CoV-2 in the first trimester placenta leading to transplacental transmission and fetal demise from an
asymptomatic mother. Hum. Reprod. 2021, 36, 899–906. [CrossRef]

51. La Cour Freiesleben, N.; Egerup, P.; Hviid, K.V.R.; Severinsen, E.R.; Kolte, A.M.; Westergaard, D.; Olsen, L.F.; Praetorius, L.;
Zedeler, A.; Christiansen, A.M.H.; et al. SARS-CoV-2 in first trimester pregnancy: A cohort study. Hum. Reprod. 2021, 36, 40–47.
[CrossRef] [PubMed]

52. De Sousa, A.F.L.; de Carvalho, H.E.F.; de Oliveira, L.B.; Schneider, G.; Camargo, E.L.S.; Watanabe, E.; de Andrade, D.; Fernandes,
A.F.C.; Mendes, I.A.C.; Fronteira, I. Effects of COVID-19 Infection during Pregnancy and Neonatal Prognosis: What Is the
Evidence? Int. J. Environ. Res. Public Health 2020, 17, 4176. [CrossRef] [PubMed]

53. Brandt, J.S.; Hill, J.; Reddy, A.; Schuster, M.; Patrick, H.S.; Rosen, T.; Sauer, M.V.; Boyle, C.; Ananth, C.V. Epidemiology of
coronavirus disease 2019 in pregnancy: Risk factors and associations with adverse maternal and neonatal outcomes. Am. J. Obstet.
Gynecol. 2021, 224, 389.e1–389.e9. [CrossRef] [PubMed]

54. Turan, O.; Hakim, A.; Dashraath, P.; Jeslyn, W.J.L.; Wright, A.; Abdul-Kadir, R. Clinical characteristics, prognostic factors, and
maternal and neonatal outcomes of SARS-CoV-2 infection among hospitalized pregnant women: A systematic review. Int. J.
Gynaecol. Obstet. 2020, 151, 7–16. [CrossRef]

55. Juan, J.; Gil, M.M.; Rong, Z.; Zhang, Y.; Yang, H.; Poon, L.C. Effect of coronavirus disease 2019 (COVID-19) on maternal, perinatal
and neonatal outcome: Systematic review. Ultrasound Obstet. Gynecol. 2020, 56, 15–27. [CrossRef]

56. Makvandi, S.; Mahdavian, M.; Kazemi-Nia, G.; Vahedian-Azimi, A.; Guest, P.C.; Karimi, L.; Sahebkar, A. The 2019 novel
Coronavirus disease in pregnancy: A systematic review. Adv. Exp. Med. Biol. 2021, 1321, 299–307.

57. Della Gatta, A.N.; Rizzo, R.; Pilu, G.; Simonazzi, G. Coronavirus disease 2019 during pregnancy: A systematic review of reported
cases. Am. J. Obstet. Gynecol. 2020, 223, 36–41. [CrossRef]

58. Smith, V.; Seo, D.; Warty, R.; Payne, O.; Salih, M.; Chin, K.L.; Ofori-Asenso, R.; Krishnan, S.; Costa, F.D.S.; Vollenhoven, B.;
et al. Maternal and neonatal outcomes associated with COVID-19 infection: A systematic review. PLoS ONE 2020, 15, e0234187.
[CrossRef]

59. Matar, R.; Alrahmani, L.; Monzer, N.; Debiane, L.G.; Berbari, E.; Fares, J.; Fitzpatrick, F.; Murad, M.H. Clinical presentation and
outcomes of pregnant women with coronavirus disease 2019: A systematic review and meta-analysis. Clin. Infect. Dis. 2021, 72,
521–533. [CrossRef]

60. Huntley, B.; Huntley, E.; Di Mascio, D.; Chen, T.; Berghella, V.; Chauhan, S. Rates of maternal and perinatal mortality and
vertical transmission in pregnancies complicated by severe acute respiratory syndrome Coronavirus 2 (SARS-Co-V-2) infection: A
systematic review. Obstet. Anesth. Dig. 2021, 41, 58. [CrossRef]

61. Kayem, G.; Lecarpentier, E.; Deruelle, P.; Bretelle, F.; Azria, E.; Blanc, J.; Bohec, C.; Bornes, M.; Ceccaldi, P.-F.; Chalet, Y.; et al.
A snapshot of the Covid-19 pandemic among pregnant women in France. J. Gynecol. Obstet. Hum. Reprod. 2020, 49, 101826.
[CrossRef]

62. Knight, M.; Bunch, K.; Vousden, N.; Morris, E.; Simpson, N.; Gale, C.; O’Brien, P.; Quigley, M.; Brocklehurst, P.; Kurinczuk,
J.J.; et al. Characteristics and outcomes of pregnant women admitted to hospital with confirmed SARS-CoV-2 infection in UK:
National population based cohort study. BMJ 2020, 369, m2107. [CrossRef]

http://doi.org/10.1111/aji.12678
http://doi.org/10.1007/s10875-011-9627-2
http://doi.org/10.1007/s10753-016-0458-4
http://doi.org/10.1007/BF02918503
http://doi.org/10.1016/S0140-6736(20)30360-3
http://doi.org/10.1016/j.jinf.2020.03.037
http://doi.org/10.1002/ijgo.13182
http://doi.org/10.1093/cid/ciaa352
http://doi.org/10.3389/fimmu.2020.01672
http://doi.org/10.1093/humrep/deaa367
http://doi.org/10.1093/humrep/deaa311
http://www.ncbi.nlm.nih.gov/pubmed/33145598
http://doi.org/10.3390/ijerph17114176
http://www.ncbi.nlm.nih.gov/pubmed/32545378
http://doi.org/10.1016/j.ajog.2020.09.043
http://www.ncbi.nlm.nih.gov/pubmed/32986989
http://doi.org/10.1002/ijgo.13329
http://doi.org/10.1002/uog.22088
http://doi.org/10.1016/j.ajog.2020.04.013
http://doi.org/10.1371/journal.pone.0234187
http://doi.org/10.1093/cid/ciaa828
http://doi.org/10.1097/01.aoa.0000744016.60709.ec
http://doi.org/10.1016/j.jogoh.2020.101826
http://doi.org/10.1136/bmj.m2107


Int. J. Mol. Sci. 2021, 22, 5799 21 of 26

63. Takemoto, M.L.S.; Menezes, M.D.O.; Andreucci, C.B.; Nakamura-Pereira, M.; Amorim, M.M.; Katz, L.; Knobel, R. The tragedy of
COVID-19 in Brazil: 124 maternal deaths and counting. Int. J. Gynecol. Obstet. 2020, 151, 154–156. [CrossRef]

64. Wu, A.; Peng, Y.; Huang, B.; Ding, X.; Wang, X.; Niu, P.; Meng, J.; Zhu, Z.; Zhang, Z.; Wang, J.; et al. Genome Composition and
Divergence of the Novel Coronavirus (2019-nCoV) Originating in China. Cell Host Microbe 2020, 27, 325–328. [CrossRef]

65. Werenberg Dreier, J.; Andersen, A.M.N.; Hvolby, A.; Garne, E.; Andersen, P.K.; Berg-Beckhoff, G. Fever and infections in
pregnancy and risk of attention deficit/hyperactivity disorder in the off-spring. J. Child Psychol. Psychiatry 2015, 57, 540–548.
[CrossRef]

66. Panisi, C.; Guerini, F.R.; Abruzzo, P.M.; Balzola, F.; Biava, P.M.; Bolotta, A.; Brunero, M.; Burgio, E.; Chiara, A.; Clerici, M.; et al.
Autism spectrum disorder from the womb to adulthood: Suggestions for a paradigm shift. J. Pers. Med. 2021, 11, 70. [CrossRef]

67. Azizieh, F.Y.; Raghupathy, R.G. Tumor necrosis factor-a and pregnancy complications: A prospective study. Med. Princ. Pr. 2014,
24, 165–170. [CrossRef]

68. Knöfler, M.; Haider, S.; Saleh, L.; Pollheimer, J.; Gamage, T.K.J.B.; James, J. Human placenta and trophoblast development: Key
molecular mechanisms and model systems. Cell. Mol. Life Sci. 2019, 76, 3479–3496. [CrossRef]

69. Herrick, E.J.; Bordoni, B. Embryology, Placenta; StatPearls: Treasure Island, FL, USA, 2021.
70. Thaler, C.J.; Labarrere, C.A.; Hunt, J.S.; McIntyre, J.A.; Faulk, W. Immunological studies of lactoferrin in human placentae. J.

Reprod. Immunol. 1993, 23, 21–39. [CrossRef]
71. Thorley, J.A.; McKeating, J.A.; Rappoport, J.Z. Mechanisms of viral entry: Sneaking in the front door. Protoplasma 2010, 244, 15–24.

[CrossRef]
72. Burton, G.J.; Fowden, A.L. The placenta: A multifaceted, transient organ. Philos. Trans. R. Soc. B: Biol. Sci. 2015, 370, 20140066.

[CrossRef]
73. Robbins, J.R.; Skrzypczynska, K.M.; Zeldovich, V.B.; Kapidzic, M.; Bakardjiev, A.I. Placental syncytiotrophoblast constitutes a

major barrier to vertical transmission of listeria monocytogenes. PLoS Pathog. 2010, 6, e1000732. [CrossRef]
74. Ockleford, C.; Wakely, J.; Badley, R.A. Morphogenesis of human placental chorionic villi: Cytoskeletal, syncytioskeletal and

extracellular matrix proteins. Proc. R. Soc. London. Ser. B Boil. Sci. 1981, 212, 305–316.
75. Robbins, J.R.; Bakardjiev, A.I. Pathogens and the placental fortress. Curr. Opin. Microbiol. 2012, 15, 36–43. [CrossRef]
76. Mohanty, S.; Anderson, C.; Robinson, J. The expression of caveolin-1 and the distribution of caveolae in the murine placenta and

yolk sac: Parallels to the human placenta. Placenta 2010, 31, 144–150. [CrossRef]
77. Aplin, J.D.; Jones, C.J.; Harris, L.K. Adhesion molecules in human trophoblast–A review. I. Villous trophoblast. Placenta 2009, 30,

293–298. [CrossRef]
78. Trundley, A.; Moffett, A. Human uterine leukocytes and pregnancy. Tissue Antigens 2003, 63, 1–12. [CrossRef]
79. Moffett-King, A. Natural killer cells and pregnancy. Nat. Rev. Immunol. 2002, 2, 656–663. [CrossRef]
80. Nancy, P.; Erlebacher, A. T cell behavior at the maternal-fetal interface. Int. J. Dev. Biol. 2014, 58, 189–198. [CrossRef]
81. Gardner, L. Dendritic cells in the human decidua. Biol. Reprod. 2003, 69, 1438–1446. [CrossRef]
82. Pique-Regi, R.; Romero, R.; Tarca, A.L.; Sendler, E.D.; Xu, Y.; Garcia-Flores, V.; Leng, Y.; Luca, F.; Hassan, S.S.; Gomez-Lopez, N.

Single cell transcriptional signatures of the human placenta in term and preterm parturition. eLife 2019, 8, e52004. [CrossRef]
[PubMed]

83. Mor, G.; Cardenas, I. The immune system in pregnancy: A unique complexity. Am. J. Reprod. Immunol. 2010, 63, 425–433.
[CrossRef] [PubMed]

84. Ander, S.E.; Diamond, M.S.; Coyne, C.B. Immune responses at the maternal-fetal interface. Sci. Immunol. 2019, 4, eaat6114.
[CrossRef]

85. Manaster, I.; Mandelboim, O. The unique properties of uterine NK cells. Am. J. Reprod. Immunol. 2010, 63, 434–444. [CrossRef]
[PubMed]

86. Ventura Ferreira, M.S.; Bienert, M.; Muller, K.; Rath, B.; Goecke, T.; Oplander, C.; Braunschweig, T.; Mela, P.; Brummendorf, T.H.;
Beier, F.; et al. Comprehensive characterization of chorionic villi-derived mesenchymal stromal cells from human placenta. Stem
Cell Res. Ther. 2018, 9, 28. [CrossRef] [PubMed]

87. León-Juárez, M.; Martínez–Castillo, M.; González-García, L.D.; Helguera-Repetto, A.C.; Zaga-Clavellina, V.; García-Cordero, J.;
Pliego, A.F.; Herrera-Salazar, A.; Vázquez-Martínez, E.R.; Reyes-Muñoz, E. Cellular and molecular mechanisms of viral infection
in the human placenta. Pathog. Dis. 2017, 75. [CrossRef] [PubMed]

88. Naidu, S.A.G.; Clemens, R.A.; Pressman, P.; Zaigham, M.; Davies, K.J.A.; Naidu, A.S. COVID-19 during Pregnancy and
Postpartum: II) Antiviral Spectrum of Maternal Lactoferrin in Fetal and Neonatal Defense. J. Diet. Suppl. 2020, 1–37. [CrossRef]

89. Koga, K.; Izumi, G.; Mor, G.; Fujii, T.; Osuga, Y. Toll-like receptors at the maternal-fetal interface in normal pregnancy and
pregnancy complications. Am. J. Reprod. Immunol. 2014, 72, 192–205. [CrossRef]

90. Levy, O. Innate immunity of the newborn: Basic mechanisms and clinical correlates. Nat. Rev. Immunol. 2007, 7, 379–390.
[CrossRef]

91. Banchereau, J.; Steinman, R.M. Dendritic cells and the control of immunity. Nature 1998, 392, 245–252. [CrossRef]
92. Koga, K.; Aldo, P.B.; Mor, G. Toll-like receptors and pregnancy: Trophoblast as modulators of the immune response. J. Obstet.

Gynaecol. Res. 2009, 35, 191–202. [CrossRef]
93. Abrahams, V.M.; Visintin, I.; Aldo, P.B.; Guller, S.; Romero, R.; Mor, G. A Role for TLRs in the regulation of immune cell migration

by first trimester trophoblast cells. J. Immunol. 2005, 175, 8096–8104. [CrossRef]

http://doi.org/10.1002/ijgo.13300
http://doi.org/10.1016/j.chom.2020.02.001
http://doi.org/10.1111/jcpp.12480
http://doi.org/10.3390/jpm11020070
http://doi.org/10.1159/000369363
http://doi.org/10.1007/s00018-019-03104-6
http://doi.org/10.1016/0165-0378(93)90024-C
http://doi.org/10.1007/s00709-010-0152-6
http://doi.org/10.1098/rstb.2014.0066
http://doi.org/10.1371/journal.ppat.1000732
http://doi.org/10.1016/j.mib.2011.11.006
http://doi.org/10.1016/j.placenta.2009.11.007
http://doi.org/10.1016/j.placenta.2008.12.001
http://doi.org/10.1111/j.1399-0039.2004.00170.x
http://doi.org/10.1038/nri886
http://doi.org/10.1387/ijdb.140054ae
http://doi.org/10.1095/biolreprod.103.017574
http://doi.org/10.7554/eLife.52004
http://www.ncbi.nlm.nih.gov/pubmed/31829938
http://doi.org/10.1111/j.1600-0897.2010.00836.x
http://www.ncbi.nlm.nih.gov/pubmed/20367629
http://doi.org/10.1126/sciimmunol.aat6114
http://doi.org/10.1111/j.1600-0897.2009.00794.x
http://www.ncbi.nlm.nih.gov/pubmed/20055791
http://doi.org/10.1186/s13287-017-0757-1
http://www.ncbi.nlm.nih.gov/pubmed/29402304
http://doi.org/10.1093/femspd/ftx093
http://www.ncbi.nlm.nih.gov/pubmed/28903546
http://doi.org/10.1080/19390211.2020.1834047
http://doi.org/10.1111/aji.12258
http://doi.org/10.1038/nri2075
http://doi.org/10.1038/32588
http://doi.org/10.1111/j.1447-0756.2008.00963.x
http://doi.org/10.4049/jimmunol.175.12.8096


Int. J. Mol. Sci. 2021, 22, 5799 22 of 26

94. Alexopoulou, L.; Holt, A.C.; Medzhitov, R.; Flavell, R.A. Recognition of double-stranded RNA and activation of NF-κB by
Toll-like receptor 3. Nature 2001, 413, 732–738. [CrossRef]

95. Bayer, A.; Lennemann, N.J.; Ouyang, Y.; Bramley, J.C.; Morosky, S.; Marques, E.T.D.A.; Cherry, S.; Sadovsky, Y.; Coyne, C.B. Type
III interferons produced by human placental trophoblasts confer protection against Zika virus infection. Cell Host Microbe 2016,
19, 705–712. [CrossRef]

96. Tian, Y.; Kuo, C.F.; Akbari, O.; Ou, J.H.J. Maternal-derived hepatitis B virus e antigen alters macrophage function in offspring to
drive viral persis-tence after vertical transmission. Immunity 2016, 44, 1204–1214. [CrossRef]

97. Yockey, L.J.; Iwasaki, A. Interferons and proinflammatory cytokines in pregnancy and fetal development. Immunity 2018, 49,
397–412. [CrossRef]

98. Roopenian, D.C.; Akilesh, S. FcRn: The neonatal Fc receptor comes of age. Nat. Rev. Immunol. 2007, 7, 715–725. [CrossRef]
99. Kreis, N.N.; Ritter, A.; Louwen, F.; Yuan, J. A message from the human placenta: Structural and immunomodulatory defense

against SARS-CoV-19. Cells 2020, 9, 1777. [CrossRef]
100. Abdel-Ghany, S.E.; Pilon, M. MicroRNA-mediated systemic down-regulation of copper protein expression in response to low

copper availability in Arabidopsis. J. Biol. Chem. 2008, 283, 15932–15945. [CrossRef]
101. DeDiego, M.L.; Nieto-Torres, J.L.; Regla-Nava, J.A.; Jimenez-Guardeno, J.M.; Fernandez-Delgado, R.; Fett, C.; Castano-Rodriguez,

C.; Perlman, S.; Enjuanes, L. Inhibition of NF-κB-mediated inflammation in severe acute respiratory syndrome corona-virus-
infected mice increases survival. J. Virol. 2014, 88, 913–924. [CrossRef]

102. Dosch, S.F.; Mahajan, S.D.; Collins, A.R. SARS Coronavirus spike protein-induced innate immune response occurs via activation
of the NF-κB pathway in human monocyte macrophages in vitro. Virus Res. 2009, 142, 19–27. [CrossRef] [PubMed]

103. Mor, G.; Cardenas, I.; Abrahams, V.; Guller, S. Inflammation and pregnancy: The role of the immune system at the implantation
site. Ann. N. Y. Acad. Sci. 2011, 1221, 80–87. [CrossRef] [PubMed]

104. Schwartz, D.A. An analysis of 38 pregnant women with COVID-19, their newborn infants, and maternal-fetal transmission of
SARS-CoV-2: Maternal Coronavirus infections and pregnancy outcomes. Arch. Pathol. Lab. Med. 2020, 144, 799–805. [CrossRef]
[PubMed]

105. Liu, H.; Wang, L.-L.; Zhao, S.-J.; Kwak-Kim, J.; Mor, G.; Liao, A.-H. Why are pregnant women susceptible to COVID-19? An
immunological viewpoint. J. Reprod. Immunol. 2020, 139, 103122. [CrossRef] [PubMed]

106. Wastnedge, E.A.N.; Reynolds, R.M.; Van Boeckel, S.R.; Stock, S.J.; Denison, F.C.; Maybin, J.A.; Critchley, H.O.D. Pregnancy and
COVID-19. Physiol. Rev. 2021, 101, 303–318. [CrossRef] [PubMed]

107. Karimi-Zarchi, M.; Neamatzadeh, H.; Dastgheib, S.A.; Abbasi, H.; Mirjalili, S.R.; Behforouz, A.; Ferdosian, F.; Bahrami, R. Vertical
transmission of Coronavirus Disease 19 (COVID-19) from infected pregnant mothers to neonates: A review. Fetal Pediatr. Pathol.
2020, 39, 246–250. [CrossRef] [PubMed]

108. Wenling, Y.; Junchao, Q.; Xiao, Z.; Ouyang, S. Pregnancy and COVID-19: Management and challenges. Rev. Inst. Med. Trop. São
Paulo 2020, 62, e62. [CrossRef]

109. Delorme-Axford, E.; Sadovsky, Y.; Coyne, C.B. The placenta as a barrier to viral infections. Annu. Rev. Virol. 2014, 1, 133–146.
[CrossRef]

110. Jing, Y.; Run-Qian, L.; Hao-Ran, W.; Hao-Ran, C.; Ya-Bin, L.; Yang, G.; Fei, C. Potential influence of COVID-19/ACE2 on the
female reproductive system. Mol. Hum. Reprod. 2020, 26, 367–373. [CrossRef]

111. Valdés, G.; Neves, L.; Anton, L.; Corthorn, J.; Chacón, C.; Germain, A.; Merrill, D.; Ferrario, C.; Sarao, R.; Penninger, J.; et al.
Distribution of Angiotensin-(1–7) and ACE2 in human placentas of normal and pathological pregnancies. Placenta 2006, 27,
200–207. [CrossRef]

112. Li, M.; Chen, L.; Zhang, J.; Xiong, C.; Li, X. The SARS-CoV-2 receptor ACE2 expression of maternal-fetal interface and fetal organs
by single-cell transcriptome study. PLoS ONE 2020, 15. [CrossRef]

113. Pique-Regi, R.; Romero, R.; Tarca, A.L.; Luca, F.; Xu, Y.; Alazizi, A.; Leng, Y.; Hsu, C.D.; Gomez-Lopez, N. Does the human
placenta express the canonical cell entry mediators for SARS-CoV-2? Elife 2020, 9, e58716. [CrossRef]

114. Gordon, D.E.; Jang, G.M.; Bouhaddou, M.; Xu, J.; Obernier, K.; White, K.M.; O’Meara, M.J.; Rezelj, V.V.; Guo, J.Z.; Swaney, D.L.;
et al. A SARS-CoV-2-human protein-protein interaction map reveals drug targets and potential drug-repurposing. bioRxiv 2020,
583, 459–568.

115. Portela, L.M.; Santos, S.A.; Constantino, F.B.; Camargo, A.C.; Colombelli, K.T.; Fioretto, M.N.; Barquilha, C.N.; Périco, L.L.;
Hiruma-Lima, C.A.; Scarano, W.R.; et al. Increased oxidative stress and cancer biomarkers in the ventral prostate of older rats
submitted to maternal malnutrition. Mol. Cell. Endocrinol. 2021, 523, 111148. [CrossRef]

116. Li, Y.; Zhang, Z.; Yang, L.; Lian, X.; Xie, Y.; Li, S.; Xin, S.; Cao, P.; Lu, J. The MERS-CoV receptor DPP4 as a candidate binding
target of the SARS-CoV-2 spike. iScience 2020, 23. [CrossRef]

117. Chen, C.-P.; Chen, L.F.; Yang, S.R.; Chen, C.Y.; Ko, C.C.; Chang, G.D.; Chen, H. Functional characterization of the human placental
fusogenic membrane protein syncytin 2. Biol. Reprod. 2008, 79, 815–823. [CrossRef]

118. Zhou, Z.; Wang, R.; Yang, X.; Lu, X.Y.; Zhang, Q.; Wang, Y.L.; Wang, H.; Zhu, C.; Lin, H.Y.; Wang, H. The cAMP-responsive
element binding protein (CREB) transcription factor regulates furin expression during human trophoblast syncytialization.
Placenta 2014, 35, 907–918. [CrossRef]

http://doi.org/10.1038/35099560
http://doi.org/10.1016/j.chom.2016.03.008
http://doi.org/10.1016/j.immuni.2016.04.008
http://doi.org/10.1016/j.immuni.2018.07.017
http://doi.org/10.1038/nri2155
http://doi.org/10.3390/cells9081777
http://doi.org/10.1074/jbc.M801406200
http://doi.org/10.1128/JVI.02576-13
http://doi.org/10.1016/j.virusres.2009.01.005
http://www.ncbi.nlm.nih.gov/pubmed/19185596
http://doi.org/10.1111/j.1749-6632.2010.05938.x
http://www.ncbi.nlm.nih.gov/pubmed/21401634
http://doi.org/10.5858/arpa.2020-0901-SA
http://www.ncbi.nlm.nih.gov/pubmed/32180426
http://doi.org/10.1016/j.jri.2020.103122
http://www.ncbi.nlm.nih.gov/pubmed/32244166
http://doi.org/10.1152/physrev.00024.2020
http://www.ncbi.nlm.nih.gov/pubmed/32969772
http://doi.org/10.1080/15513815.2020.1747120
http://www.ncbi.nlm.nih.gov/pubmed/32238084
http://doi.org/10.1590/s1678-9946202062062
http://doi.org/10.1146/annurev-virology-031413-085524
http://doi.org/10.1093/molehr/gaaa030
http://doi.org/10.1016/j.placenta.2005.02.015
http://doi.org/10.1371/journal.pone.0230295
http://doi.org/10.7554/eLife.58716
http://doi.org/10.1016/j.mce.2020.111148
http://doi.org/10.1016/j.isci.2020.101400
http://doi.org/10.1095/biolreprod.108.069765
http://doi.org/10.1016/j.placenta.2014.07.017


Int. J. Mol. Sci. 2021, 22, 5799 23 of 26

119. Xiong, Y.; Liu, Y.; Cao, L.; Wang, D.; Guo, M.; Jiang, A.; Guo, D.; Hu, W.; Yang, J.; Tang, Z.; et al. Transcriptomic characteristics
of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in COVID-19 patients. Emerg. Microbes Infect. 2020, 9,
761–770. [CrossRef]

120. Chen, S.; Huang, B.; Luo, D.J.; Yang, F.; Li, X.; Zhao, Y.; Nie, X.; Huang, B.X. Pregnancy with new coronavirus infection: Clinical
characteristics and placental pathological analysis of three cases. Zhonghua Bing Li Xue Za Zhi 2020, 49, 418–423.

121. Ysrafil, A.I. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2): An overview of viral structure and host response.
Diabetes Metab. Syndr. 2020, 14, 407–412. [CrossRef]

122. Mulvey, J.J.; Magro, C.M.; Ma, L.X.; Nuovo, G.J.; Baergen, R.N. Analysis of complement deposition and viral RNA in placentas of
COVID-19 patients. Ann. Diagn. Pathol. 2020, 46, 151530. [CrossRef] [PubMed]

123. Algarroba, G.N.; Rekawek, P.; Vahanian, S.A.; Khullar, P.; Palaia, T.; Peltier, M.R.; Chavez, M.R.; Vintzileos, A.M. Visualization of
severe acute respiratory syndrome coronavirus 2 invading the human placenta using electron microscopy. Am. J. Obstet. Gynecol.
2020, 223, 275–278. [CrossRef] [PubMed]

124. Penfield, C.A.; Brubaker, S.G.; Limaye, M.A.; Lighter, J.; Ratner, A.J.; Thomas, K.M.; Meyer, J.A.; Roman, A. Detection of severe
acute respiratory syndrome coronavirus 2 in placental and fetal membrane samples. Am. J. Obstet. Gynecol. MFM 2020, 2, 100133.
[CrossRef]

125. Best Rocha, A.; Stroberg, E.; Barton, L.M.; Duval, E.J.; Mukhophadhyay, S.; Yarid, N.; Caza, T.; Wilson, J.D.; Kenan, D.J.; Kuperman,
M.; et al. Detection of SARS-CoV-2 in formalin-fixed paraffin-embedded tissue sections using commercially available reagents.
Lab. Investig. 2020, 100, 1485–1489. [CrossRef] [PubMed]

126. Nunes, V.; Cross, J.; Speich, J.E.; Morgan, D.R.; Strauss, J.F., 3rd; Ramus, R.M. Fetal membrane imaging and the prediction of
preterm birth: A systematic review, current issues, and future directions. BMC Pregnancy Childbirth 2016, 16, 387. [CrossRef]
[PubMed]

127. Baergen, R.N.; Heller, D.S. Placental pathology in Covid-19 positive mothers: Preliminary findings. Pediatr. Dev. Pathol. 2020, 23,
177–180. [CrossRef] [PubMed]

128. Shanes, E.D.; Mithal, L.B.; Otero, S.; Azad, A.H.; Miller, E.S.; Goldstein, A.J. Placental pathology in COVID-19. Am. J. Clin. Pathol.
2020, 154, 23–32. [CrossRef] [PubMed]

129. Connors, J.M.; Levy, J.H. COVID-19 and its implications for thrombosis and anticoagulation. Blood 2020, 135, 2033–2040.
[CrossRef]

130. Di Mascio, D.; Khalil, A.; Saccone, G.; Rizzo, G.; Buca, D.; Liberati, M.; Vecchiet, J.; Nappi, L.; Scambia, G.; Berghella, V.; et al.
Outcome of coronavirus spectrum infections (SARS, MERS, COVID-19) during pregnancy: A systematic review and meta-analysis.
Am. J. Obstet. Gynecol. MFM 2020, 2, 100107. [CrossRef]

131. Smithgall, M.C.; Liu-Jarin, X.; Hamele-Bena, D.; Cimic, A.; Mourad, M.; Debelenko, L.; Chen, X. Third-trimester placentas of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-positive women: Histomorphology, including viral immunohis-
tochemistry and in-situ hybridization. Histopathology 2020, 77, 994–999. [CrossRef]

132. Littauer, E.Q.; Skountzou, I. Hormonal regulation of physiology, innate immunity and antibody response to H1N1 influenza
virus infection during pregnancy. Front. Immunol. 2018, 9, 2455. [CrossRef]

133. Vivanti, A.J.; Vauloup-Fellous, C.; Prevot, S.; Zupan, V.; Suffee, C.; Cao, J.D.; Benachi, A.; de Luca, D. Transplacental transmission
of SARS-CoV-2 infection. Nat. Commun. 2020, 11, 3572. [CrossRef]

134. Baud, D.; Greub, G.; Favre, G.; Gengler, C.; Jaton, K.; Dubruc, E.; Pomar, L. Second-trimester miscarriage in a pregnant woman
with SARS-CoV-2 infection. JAMA 2020, 323, 2198–2200. [CrossRef]

135. Dong, L.; Tian, J.; He, S.; Zhu, C.; Wang, J.; Liu, C.; Yang, J. Possible vertical transmission of SARS-CoV-2 from an infected mother
to her newborn. JAMA 2020, 323, 1846–1848. [CrossRef]

136. Jin, Y.; Wang, M.; Zuo, Z.; Fan, C.; Ye, F.; Cai, Z.; Wang, Y.; Cui, H.; Pan, K.; Xu, A. Diagnostic value and dynamic variance of
serum antibody in coronavirus disease 2019. Int. J. Infect. Dis. 2020, 94, 49–52. [CrossRef]

137. Xiong, X.; Wei, H.; Zhang, Z.; Chang, J.; Ma, X.; Gao, X.; Chen, Q.; Pang, Q. Vaginal delivery report of a healthy neonate born to a
convalescent mother with COVID-19. J. Med. Virol. 2020, 92, 1657–1659. [CrossRef]

138. Peng, Z.; Wang, J.; Mo, Y.; Duan, W.; Xiang, G.; Yi, M.; Bao, L.; Shi, Y. Unlikely SARS-CoV-2 vertical transmission from mother to
child: A case report. J. Infect. Public Health 2020, 13, 818–820. [CrossRef]

139. Li, Y.; Zhao, R.; Zheng, S.; Chen, X.; Wang, J.; Sheng, X.; Zhou, J.; Cai, H.; Fang, Q.; Yu, F.; et al. Lack of Vertical Transmission of
Severe Acute Respiratory Syndrome Coronavirus 2, China. Emerg. Infect. Dis. 2020, 26, 1335–1336. [CrossRef]

140. Gidlöf, S.; Savchenko, J.; Brune, T.; Josefsson, H. COVID-19 in pregnancy with comorbidities: More liberal testing strategy is
needed. Acta Obstet. Gynecol. Scand. 2020, 99, 948–949. [CrossRef]

141. Zamaniyan, M.; Ebadi, A.; Mir, S.A.; Rahmani, Z.; Haghshenas, M.; Azizi, S. Preterm delivery, maternal death, and vertical
transmission in a pregnant woman with COVID-19 infection. Prenat. Diagn. 2020, 40, 1759–1761. [CrossRef]

142. Zeng, H.; Xu, C.; Fan, J.; Tang, Y.; Deng, Q.; Zhang, W.; Long, X. Antibodies in infants born to mothers With COVID-19 pneumonia.
JAMA 2020, 323, 1848–1849. [CrossRef] [PubMed]

143. Alzamora, M.C.; Paredes, T.; Caceres, D.; Webb, C.M.; Valdez, L.M.; La Rosa, M. Severe COVID-19 during pregnancy and possible
vertical transmission. Am. J. Perinatol. 2020, 37, 861–865. [CrossRef] [PubMed]

http://doi.org/10.1080/22221751.2020.1747363
http://doi.org/10.1016/j.dsx.2020.04.020
http://doi.org/10.1016/j.anndiagpath.2020.151530
http://www.ncbi.nlm.nih.gov/pubmed/32387855
http://doi.org/10.1016/j.ajog.2020.05.023
http://www.ncbi.nlm.nih.gov/pubmed/32405074
http://doi.org/10.1016/j.ajogmf.2020.100133
http://doi.org/10.1038/s41374-020-0464-x
http://www.ncbi.nlm.nih.gov/pubmed/32647285
http://doi.org/10.1186/s12884-016-1176-5
http://www.ncbi.nlm.nih.gov/pubmed/27938341
http://doi.org/10.1177/1093526620925569
http://www.ncbi.nlm.nih.gov/pubmed/32397896
http://doi.org/10.1093/ajcp/aqaa089
http://www.ncbi.nlm.nih.gov/pubmed/32441303
http://doi.org/10.1182/blood.2020006000
http://doi.org/10.1016/j.ajogmf.2020.100107
http://doi.org/10.1111/his.14215
http://doi.org/10.3389/fimmu.2018.02455
http://doi.org/10.1038/s41467-020-17436-6
http://doi.org/10.1001/jama.2020.7233
http://doi.org/10.1001/jama.2020.4621
http://doi.org/10.1016/j.ijid.2020.03.065
http://doi.org/10.1002/jmv.25857
http://doi.org/10.1016/j.jiph.2020.04.004
http://doi.org/10.3201/eid2606.200287
http://doi.org/10.1111/aogs.13862
http://doi.org/10.1002/pd.5713
http://doi.org/10.1001/jama.2020.4861
http://www.ncbi.nlm.nih.gov/pubmed/32215589
http://doi.org/10.1055/s-0040-1710050
http://www.ncbi.nlm.nih.gov/pubmed/32305046


Int. J. Mol. Sci. 2021, 22, 5799 24 of 26

144. Costa, S.; Buonsenso, D.; Sanguinetti, M.; Cattani, P.; Posteraro, B.; Marchetti, S.; Carducci, B.; Lanzone, A.; Tamburrini, E.; Vento,
G.; et al. Neonatal late onset infection with severe acute respiratory syndrome Coronavirus. Am. J. Perinatol. 2020, 37, 869–872.
[CrossRef] [PubMed]

145. Mahyuddin, A.P.; Kanneganti, A.; Wong, J.J.L.; Dimri, P.S.; Su, L.L.; Biswas, A.; Illanes, S.E.; Mattar, C.N.Z.; Huang, R.Y.J.;
Choolani, M. Mechanisms and evidence of vertical transmission of infections in pregnancy including SARS-CoV-2s. Prenat. Diagn.
2020, 40, 1655–1670. [CrossRef] [PubMed]

146. Jafari, M.; Pormohammed, A.; Neshin, S.A.S.; Ghorbani, S.; Bose, D.; Alimohammadi, S.; Basirjafari, S.; Mohammedi, M.;
Rasmussen-Ivey, C.; Razizadeh, M.H.; et al. Clinical characteristics and outcomes of pregnant women with COVID-19 and
comparison with control patients: A systematic review and meta-analysis. Rev. Med. Virol. 2021, e2208. [CrossRef]

147. 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. [CrossRef]

148. Chi, J.; Gong, W.; Gao, Q. Clinical characteristics and outcomes of pregnant women with COVID-19 and the risk of vertical
transmission: A systematic review. Arch. Gynecol. Obstet. 2021, 303, 337–345. [CrossRef]

149. Lamouroux, A.; Attie-Bitach, T.; Martinovic, J.; Leruez-Ville, M.; Ville, Y. Evidence for and against vertical transmission for severe
acute respiratory syndrome coronavirus. Am. J. Obstet. Gynecol. 2020, 223, 91.e1–91.e4. [CrossRef]

150. Sukhikh, G.; Petrova, U.; Prikhodko, A.; Straodubtseva, N.; Chingin, K.; Chen, H.; Bugrova, A.; Kononikhin, A.; Bourmenskaya,
O.; Brzhozovskiy, A.; et al. Vertical transmission of SARS-CoV-2 in second trimester associated with severe neonatal pathology.
Viruses 2021, 13, 447. [CrossRef]

151. WHO. Definition and Categorization of the Timing of Mother-to-Child Transmission of SARS-Cov-2; WHO: Geneva, Switzerland, 2021.
152. Valdespino-Vazquez, M.Y.; Helguera-Repetto, C.A.; Leon-Juarez, M.; Villavicencio-Carrisoza, O.; Flores-Pliego, A.; Moreno-

Verduzco, E.R.; Diaz-Perez, D.L.; Villegas-Mota, I.; Carrasco-Ramirez, E.; Lopez-Martinez, I.E.; et al. Fetal and placental infection
with SARS-CoV-2 in early pregnancy. J. Med. Virol. 2021, 93, 4480–5587. [CrossRef]

153. Gulersen, M.; Prasannan, L.; Tam, H.T.; Metz, C.N.; Rochelson, B.; Meirowitz, N.; Shan, W.; Edelman, M.; Millington, K.A.
Histopathologic evaluation of placentas after diagnosis of maternal severe acute respiratory syndrome coronavirus 2 infection.
Am. J. Obstet. Gynecol. MFM 2020, 2, 100211. [CrossRef]

154. Menter, T.; Mertz, K.D.; Jiang, S.; Chen, H.; Monod, C.; Tzankov, A.; Waldvogel, S.; Schulzke, S.M.; Hosli, I.; Bruder, E. Placental
pathology findings during and after SARS-CoV-2 infection: Features of villitis and malperfusion. Pathobiology 2021, 88, 69–77.
[CrossRef]

155. Habib, H.M.; Ibrahim, S.; Zaim, A.; Ibrahim, W.H. The role of iron in the pathogenesis of COVID-19 and possible treatment with
lactoferrin and other iron chelators. Biomed. Pharmacother. 2021, 136, 111228. [CrossRef]

156. Wakabayashi, H.; Yamauchi, K.; Abe, F. Quality control of commercial bovine lactoferrin. BioMetals 2018, 31, 313–319. [CrossRef]
157. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific Opinion on bovine lactoferrin. EFSA J. 2012, 10, 2701.
158. Berlutti, F.; Pantanella, F.; Natalizi, T.; Frioni, A.; Paesano, R.; Polimeni, A.; Valenti, P. Antiviral properties of lactoferrin–A natural

immunity molecule. Molecules 2011, 16, 6992–7018. [CrossRef]
159. Reghunathan, R.; Jayapal, M.; Hsu, L.-Y.; Chng, H.-H.; Tai, D.; Leung, B.P.; Melendez, A.J. Expression profile of immune response

genes in patients with severe acute respiratory syndrome. BMC Immunol. 2005, 6, 2. [CrossRef]
160. Wakabayashi, H.; Oda, H.; Yamauchi, K.; Abe, F. Lactoferrin for prevention of common viral infections. J. Infect. Chemother. 2014,

20, 666–671. [CrossRef]
161. Zhang, Y.; Lima, C.F.; Rodrigues, L.R. Anticancer effects of lactoferrin: Underlying mechanisms and future trends in cancer

therapy. Nutr. Rev. 2014, 72, 763–773. [CrossRef]
162. Lang, J.; Yang, N.; Deng, J.; Liu, K.; Yang, P.; Zhang, G.; Jiang, C. Inhibition of SARS pseudovirus cell entry by lactoferrin binding

to heparan sulfate proteoglycans. PLoS ONE 2011, 6, e23710. [CrossRef] [PubMed]
163. Chen, J.-M.; Fan, Y.-C.; Lin, J.-W.; Chen, Y.-Y.; Hsu, W.-L.; Chiou, S.-S. Bovine lactoferrin inhibits dengue virus infectivity by

interacting with heparan sulfate, low-density lipoprotein receptor, and DC-SIGN. Int. J. Mol. Sci. 2017, 18, 1957. [CrossRef]
[PubMed]

164. Kuhara, T.; Yamauchi, K.; Tamura, Y.; Okamura, H. Oral Administration of Lactoferrin Increases NK Cell Activity in Mice via
Increased Production of IL-18 and Type I IFN in the Small Intestine. J. Interf. Cytokine Res. 2006, 26, 489–499. [CrossRef] [PubMed]

165. Pietrantoni, A.; Di Biase, A.M.; Tinari, A.; Marchetti, M.; Valenti, P.; Seganti, L.; Superti, F. Bovine lactoferrin inhibits adenovirus
infection by interacting with viral structural polypeptides. Antimicrob. Agents Chemother. 2003, 47, 2688–2691. [CrossRef]
[PubMed]

166. Scala, M.C.; Sala, M.; Petrantoni, A.; Spensiero, A.; di Micco, S.; Agamennone, M.; Bertamino, A.; Novellino, E.; Bifulco, G.;
Gomez-Monterrey, I.M.; et al. Lactoferrin-derived peptides active towards influenza: Identification of three potent tetrapeptide
inhibitors. Sci. Rep. 2017, 7, 10593. [CrossRef] [PubMed]

167. Zheng, Y.; Zhang, W.; Ye, Q.; Zhou, Y.; Xiong, W.; He, W.; Deng, M.; Zhou, M.; Guo, X.; Chen, P.; et al. Inhibition of Epstein-Barr
Virus Infection by Lactoferrin. J. Innate Immun. 2012, 4, 387–398. [CrossRef] [PubMed]

168. Serrano, G.; Kochergina, I.; Albors, A.; Diaz, E.; Oroval, M.; Hueso, G.; Serrano, J.M. Liposomal lactoferrin as potential
preventative and cure for COVID-19. Int. J. Res. Health Sci. 2020, 8, 8–15.

169. Berkhout, B.; Van Wamel, J.L.; Beljaars, L.; Meijer, D.K.; Visser, S.; Floris, R. Characterization of the anti-HIV effects of native
lactoferrin and other milk proteins and protein-derived peptides. Antivir. Res. 2002, 55, 341–355. [CrossRef]

http://doi.org/10.1055/s-0040-1710541
http://www.ncbi.nlm.nih.gov/pubmed/32359227
http://doi.org/10.1002/pd.5765
http://www.ncbi.nlm.nih.gov/pubmed/32529643
http://doi.org/10.1002/rmv.2208
http://doi.org/10.1016/j.ajog.2020.07.049
http://doi.org/10.1007/s00404-020-05889-5
http://doi.org/10.1016/j.ajog.2020.04.039
http://doi.org/10.3390/v13030447
http://doi.org/10.1002/jmv.26965
http://doi.org/10.1016/j.ajogmf.2020.100211
http://doi.org/10.1159/000511324
http://doi.org/10.1016/j.biopha.2021.111228
http://doi.org/10.1007/s10534-018-0098-2
http://doi.org/10.3390/molecules16086992
http://doi.org/10.1186/1471-2172-6-2
http://doi.org/10.1016/j.jiac.2014.08.003
http://doi.org/10.1111/nure.12155
http://doi.org/10.1371/journal.pone.0023710
http://www.ncbi.nlm.nih.gov/pubmed/21887302
http://doi.org/10.3390/ijms18091957
http://www.ncbi.nlm.nih.gov/pubmed/28895925
http://doi.org/10.1089/jir.2006.26.489
http://www.ncbi.nlm.nih.gov/pubmed/16800788
http://doi.org/10.1128/AAC.47.8.2688-2691.2003
http://www.ncbi.nlm.nih.gov/pubmed/12878543
http://doi.org/10.1038/s41598-017-10492-x
http://www.ncbi.nlm.nih.gov/pubmed/28878220
http://doi.org/10.1159/000336178
http://www.ncbi.nlm.nih.gov/pubmed/22433582
http://doi.org/10.1016/S0166-3542(02)00069-4


Int. J. Mol. Sci. 2021, 22, 5799 25 of 26

170. Superti, F.; Agamennone, M.; Pietrantoni, A.; Ammendolia, M.G. Bovine lactoferrin prevents influenza a virus infection by
interfering with the fusogenic function of viral hemagglutinin. Viruses 2019, 11, 51. [CrossRef]

171. Yi, M.; Kaneko, S.; Yu, D.Y.; Murakami, S. Hepatitis C virus envelope proteins bind lactoferrin. J. Virol. 1997, 71, 5997–6002.
[CrossRef]

172. Florian, P.E.; Macovei, A.; Lazar, C.; Milac, A.-L.; Sokolowska, I.; Darie, C.C.; Evans, R.W.; Roseanu, A.; Branza-Nichita, N.
Characterization of the anti-HBV activity of HLP1–23, a human lactoferrin-derived peptide. J. Med. Virol. 2013, 85, 780–788.
[CrossRef]

173. Baker, E.N.; Baker, H.M. Molecular structure, binding properties and dynamics of lactoferrin. Cell. Mol. Life Sci. 2005, 62,
2531–2539. [CrossRef]

174. Kamhi, E.; Joo, E.J.; Dordick, J.S.; Linhardt, R.J. Glycosaminoglycans in infectious disease. Biol. Rev. 2013, 88, 928–943. [CrossRef]
[PubMed]

175. Miotto, M.; di Rienzo, L.; Bo, L.; Boffi, A.; Ruocco, G.; Milanetti, E. Molecular mechanisms behind anti SARS-CoV-2 action of
lactoferrin. Front. Mol. Biosci. 2021, 8, 607443. [CrossRef]

176. Puddu, P.; Valenti, P.; Gessani, S. Immunomodulatory effects of lactoferrin on antigen presenting cells. Biochimie 2009, 91, 11–18.
[CrossRef]

177. Van der Strate, B.; Beljaars, L.; Molema, G.; Harmsen, M.; Meijer, D. Antiviral activities of lactoferrin. Antivir. Res. 2001, 52,
225–239. [CrossRef]

178. Puddu, P.; Carollo, M.G.; Belardelli, F.; Valenti, P.; Gessani, S. Role of endogenous interferon and LPS in the immunomodulatory
effects of bovine lactoferrin in murine peritoneal macrophages. J. Leukoc. Biol. 2007, 82, 347–353. [CrossRef]

179. Fillebeen, C.; Descamps, L.; Dehouck, M.-P.; Fenart, L.; Benaıssa, M.; Spik, G.; Cecchelli, R.; Pierce, A. Receptor-mediated
transcytosis of lactoferrin through the blood-brain barrier. J. Biol. Chem. 1999, 274, 7011–7017. [CrossRef]

180. Birgens, H.S.; Hansen, N.E.; Karle, H.; Kristensen, L.O. Receptor binding of lactoferrin by human monocytes. Br. J. Haematol.
1983, 54, 383–391. [CrossRef]

181. Wilk, K.M.; Hwang, S.-A.; Actor, J.K. Lactoferrin modulation of antigen-presenting-cell response to BCG infection. Postępy Hig.
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