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Abstract: Neonatal venous thrombosis is a rare condition that can be iatrogenic or occur due to viral
infections or genetic mutations. Thromboembolic complications are also commonly observed as a
result of SARS-CoV-2 infections. They can affect pediatric patients, especially the ones suffering from
multisystem inflammatory syndrome in children (MIS-C) or multisystem inflammatory syndrome
in neonates (MIS-N). The question remains whether the maternal SARS-CoV-2 infection during
pregnancy can lead to thromboembolic complications in fetuses and neonates. We report on a
patient born with an embolism in the arterial duct, left pulmonary artery, and pulmonary trunk,
who presented several characteristic features of MIS-N, suspecting that the cause might have been
the maternal SARS-CoV2 infection in late pregnancy. Multiple genetic and laboratory tests were
performed. The neonate presented only with a positive result of IgG antibodies against SARS-CoV-2.
He was treated with low molecular weight heparin. Subsequent echocardiographic tests showed that
the embolism dissolved. More research is necessary to evaluate the possible neonatal complications
of maternal SARS-CoV-2 infection.
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1. Introduction

Neonatal venous thrombosis is a rare condition that occurs most often in infants born
between the 22nd and 27th week of pregnancy [1]. Up to 90% of venous thromboembolisms
are iatrogenic and are associated with central venous catheters [2,3]. Other predisposing fac-
tors are mechanical ventilation, infections with cardiotropic viruses (e.g., parvovirus B19, in-
fluenza virus, human immunodeficiency virus, cytomegalovirus, herpes simplex virus) [4],
hospital stays equal or longer than five days [5], and genetic mutations (e.g., Factor V, Factor
II, methylenetetrahydrofolate reductase (MTHFR) genes, protein S or C deficiencies) [6].

While SARS-CoV-2 infection most often leads to respiratory disease, it must be
acknowledged that the virus might affect other systems and organs as well. The non-
respiratory complications of SARS-CoV-2 infection such as preeclampsia [7] or neurological
diseases [8] have been described in the literature. Thromboembolic complications are com-
monly observed due to SARS-CoV-2 infections, especially among adults [9]. They can also
affect pediatric patients, particularly those suffering from the multisystem inflammatory
syndrome in children (MIS-C) [10]. The hypothesis of maternal infection playing the patho-
physiological role in neonatal thrombosis development has already been described in the
literature [11]. As SARS-CoV-2 can be transmitted through the placenta [12], the neonate
can develop multisystem inflammatory syndrome in neonates (MIS-N) after birth due to
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maternal infection [13]. We present a case of a neonate born with a pulmonary embolism in
the arterial duct, left pulmonary artery, and pulmonary trunk and several characteristic
features of MIS-N potentially associated with the maternal SARS-CoV-2 infection.

2. Case Presentation

The mother, in the 40th week of pregnancy, was admitted to the hospital with no
uterine contractions for observation before labor. She reported having had an infection of
probable viral etiology in the 38th week of pregnancy with fever, headache, fatigue, and
intense cough. The disease happened during the COVID-19 pandemic, while the number of
daily new cases was reaching peak values. Despite the symptoms of SARS-CoV-2 infection,
the mother did not perform a test. She has not been vaccinated against SARS-CoV-2 either.
A fetal ultrasound on admission showed an enlarged heart, asymmetrical atria, and fluid
in the pericardium and abdomen cavity. Previous ultrasound scans did not show such
abnormalities. Due to the suspicion of circulatory failure, the patient was transferred to a
third-level referral hospital, and a cesarean section was performed.

The neonate was hypotrophic (<3rd percentile), with a birth weight of 2580 g. However,
there was no evidence of fetal growth restriction in ultrasound scans performed in the
3rd trimester. The Apgar score was 8 in the 1st and 10 in the 5th minute of life. For the first
five minutes of life, he required Continuous Positive Airway Pressure (CPAP) respiratory
support with a maximal FiO; of 25%. Blood samples from the umbilical cord were collected,
and pH values from umbilical vessels were within the normal range (pH 7.31 and 7.36, BE:
—0.65 and —1.81, respectively). During the first and second days of life, he had recurrent
desaturations and required constant passive oxygen therapy with FiO, between 25 and 30%.

Echocardiography was performed twice during the initial hospital stay—in the 1st and
12th hour of life. It revealed enlarged heart atria and a spherical structure with a diameter
of 4.5 mm at the connection point between the arterial duct and the left pulmonary artery.
Moreover, the right ventricle’s systolic dysfunction was observed. To confirm the presence
of the suspected pulmonary embolism, on the 3rd day of life, chest computed tomography
angiography (chest angio-CT) was performed (Figure 1), which demonstrated the presence
of an embolism located in the arterial duct, left pulmonary artery, and pulmonary trunk
(size 15 mm X 4.5 mm X 4.5 mm). In the cross-section image, the thrombus occupied more
than half of the lumen of the pulmonary trunk and narrowed the blood inflow to the left
pulmonary artery.

The abdominal ultrasonography performed on the first day of life showed an enlarged
liver and free peritoneal fluid with no other abnormalities. The additional laboratory tests
in the neonate suggested an abnormal liver function (ALT: 172 IU/L, AST: 178 IU/L) and
normalized with time. The albumin level was initially low (2.51 g/dL) and increased later
(3.31 g/dL). The initial C-reactive protein level was 11.53 mg/L and decreased to 2.5 mg/L
on the 9th day of life. Cranial ultrasound was performed twice (on the 6th and 12th day of
life) and showed higher echogenicity of white matter along lateral ventricles. A follow-up
ultrasound was recommended on an outpatient basis.

Multiple genetic tests were performed to find the cause of embolism formation, such as
factor II, factor V, the MTHEFR gene, and PAI-1 gene. The patient only tested heterozygous
in the MTHEFR C677T and A1298C polymorphisms and positive in the PAI-1 5G/4G poly-
morphism. The results of the remaining tests were normal. The biological mother had not
had any medical history of thrombotic diseases, nor other members of the neonate’s family.

Moreover, laboratory tests were performed for infections with cardiotropic viruses, rul-
ing out cytomegalovirus, adenovirus, parvovirus-B19, enteroviruses, Coxsackie B viruses,
human herpes virus 6, and influenza A and B virus infections. Furthermore, a reverse
transcription polymerase chain reaction (RT-PCR) test and an antibodies test for SARS-
CoV-2 were performed. The neonate presented with a positive result of IgG antibodies
against SARS-CoV-2.
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Figure 1. Angio-CT scan of 4-day-old neonate presenting thrombus extending into the left pulmonary
artery, pulmonary trunk, and arterial duct. LPA: Left pulmonary artery; PT: Pulmonary trunk; DA:
Arterial duct; AAo: Ascending aorta; AD: Descending aorta.
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In coagulation tests, we observed increased D-Dimers levels (7.42 mg/L), standard
prothrombin times (15.8 s), and a reduced number of platelets (100 G/L). Protein C and
Protein S activity was normal (28% and 48%, respectively). Troponin I was 202.8 ng/L, and
the N-terminal prohormone of brain natriuretic peptide (NT-proBNP) was >35.000 pg/mL,
suggesting myocardial damage and heart failure.

The neonate received two treatment doses of 4.5 milligrams of a low molecular weight
heparin (LMWH) on the second day of life. Prolonged bleeding time from injection sites
was observed. Coagulation tests showed activated partial thromboplastin time (APTT)
above 400 s, decreased fibrinogen (1.61 G/L), and elevated anty-Xa activity (1.92 U/mL).
Fresh frozen plasma was transfused, and normalization of the coagulation parameters
was observed.

The neonate was transferred to the Cardiology Department on the 3rd day of life,
where he received a continuous infusion of unfractionated heparin. However, due to the
difficulties in maintaining appropriate APTT values and observed thrombocytopenia, the
treatment was changed to LMWH. The activity of anti-Xa was monitored regularly. More-
over, antithrombin III was supplemented as its activity was reduced to 35%. Subsequent
echocardiographic tests were performed to monitor the effects of the applied treatment. The
echocardiography performed on the 9th and 12th day of life did not show the embolism,
suggesting it had resorbed completely. The results of the follow-up abdominal ultrasound
did not show any abnormalities. On the 12th day of life, the patient was discharged home
in good condition.

3. Discussion

SARS-CoV-2 is a single-stranded ribonucleic acid (RNA) (3-coronavirus. Using a spe-
cific host protease, transmembrane serine protease 2 (TMPRSS2) [14], it binds to the host
cell receptor-angiotensin-converting enzyme 2 receptor (ACE2-R) with the major spike gly-
coprotein (S1) [15]. ACE2-R is expressed in various tissues and organs, e.g., the lungs, heart,
intestine, muscles, liver, pancreas, or kidneys and on the epithelial cells of oral mucosa
and the tongue [16,17]. Both arterial and vascular endothelium is characterized by high
levels of ACE2-R expression as well [18]. The binding of the virus causes a decrease in the
receptor activity, resulting in the accumulation of angiotensin II, which triggers intracellular
signaling pathways (caspase 3, p83 MAPK, ROS, cytochrome C) and, subsequently, leads to
vasoconstriction, increased oxidative stress, cellular damage, proinflammatory effect, and
fibrosis [19]. Moreover, the replication of the virus inside the host cells may promote the
immune response, releasing interferon-y and interleukins: IL-1f3 and IL-6, which facilitates
endothelial activation and inflammation [19,20].

Healthy endothelium is antithrombotic but might become prothrombotic when acti-
vated. COVID-19 infection determines endothelial activation by angiopoietin-2, a mediator
stored in the Weibel-Palade body, which shows elevated circulating levels in COVID-19
and an association with the induction of procoagulant and proinflammatory reactions [21].
Endothelial activation promotes platelet recruitment through the secretion of the von Wille-
brand factor and expression of fibrinogen and P-selectin on the surface. Platelet aggregation
might generate a deposition of platelet-rich clots in the lung microcirculation. This event is
the key mechanism leading to respiratory failure. Furthermore, endothelial cells upregulate
the expression of adhesion molecules: VCAM-1, ICAM-1, and E-selectin, which promote
leukocyte adhesion and activation. The interaction of platelets and leukocytes facilitates
the coagulation pathway and proinflammatory molecules secretion [20]. After the sys-
temic activation of the coagulation and the development of disseminated microthrombosis,
multiple organs will be affected.

Ackermann et al., in their study, presented results from autopsies performed on pa-
tients who died because of COVID-19. They examined their lungs and described that
endothelial cells in the specimens were swollen, the intercellular junctions were disrupted,
and there was a lack of contact with the basal membrane. The findings proved that infection
with SARS-CoV-2 caused injury to the endothelium and can promote thromboembolism
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formation [22]. It was predicted that the injury of pulmonary endothelial cells contributed
significantly to diffuse alveolar damage and the development of acute respiratory distress
syndrome (ARDS) [23]. In another study, a post-mortem autopsy of severe COVID-19
patients confirmed diffuse alveolar damage and inflammatory infiltrations with hyaline
membrane formation in the lung and, also, inflammation of the myocardium, focal pancre-
atitis, axon injury, glomerular microthrombosis, macrophage accumulation in the brain,
and lymphocyte infiltrations of the liver [24].

The possible complications of SARS-CoV-2 infections are currently the subject of
many studies. However, knowledge regarding the neonatal population is relatively scarce.
During the COVID-19 pandemic, the prevalence of prothrombotic and cardiovascular
complications increased. They occurred in about 9% of all adult patients [25], with up
to 50% of those with severe manifestations [26]. These patients were more susceptible
to developing deep vein thrombosis, arterial thrombosis, pulmonary embolisms, or in-
tracatheter thrombosis [20], which were usually related to poorer prognosis and higher
mortality rates [27]. However, among pediatric patients suffering from COVID-19, these
complications were rather rare [28]. The incidence of thromboembolisms was lower in this
group than in adults [29].

Schulze-Schiappacasse et al. published a case report of a 27-day-old neonate with
a severe SARS-CoV-2 infection. At first, he presented with watery diarrhea and food
refusal for 48 h, and, later, he developed pulmonary thrombosis. Despite the therapy with
LMWH, the thrombus continued to grow. Therefore, the neonate required two courses of
alteplase, which improved his clinical condition. Many factors could have contributed to
the development of the disease, but SARS-CoV-2 infection might be treated as a condition
promoting the thrombotic event [30]. However, to the best of our knowledge, no case report
has been published where pulmonary thrombosis occurred in utero and caused circulatory
failure in the fetus.

Multisystem inflammatory syndrome in neonates (MIS-N) is a syndrome similar to
MIS-C, which has been well-described in pediatric patients. The reasons for neonates
developing the syndrome are maternal infection and transplacental transfer of SARS-CoV2
antibodies or disease after birth [31]. Possible symptoms include increased CRP and cardiac
enzymes, abnormal coagulation tests, cardiomegaly, hepatomegaly and splenomegaly,
abnormal liver and kidney function tests, free peritoneal fluid, abnormalities in the brain,
and low albumin levels. Compared to MIS-C, fever is not always observed. The outcome
is favorable in most cases. However, the observed mortality rate can be up to 9.2% in
neonates with MIS-N. The neonate presented in this case report had several MIS-N features
such as elevated CRP, increased cardiac enzymes, cardiomegaly, free peritoneal fluid,
hepatomegaly, abnormal liver tests, and low albumin level. However, he did not present
with abnormalities in the brain, leukocytosis with lymphopenia, or hyponatremia, which
are also common.

The molecular mechanisms of MIS-C and MIS-N have been the subject of many
studies. SARS-CoV-2 infection preceding MIS-C is usually asymptomatic, but it appears to
activate several immunological pathways. SARS-CoV-2 infection is believed to stimulate
T-cells, which results in the stimulation of macrophages, monocytes, B-cells, and plasma
cells. All of the immune mechanisms, along with the cytokine release (cytokine storm),
lead to hyperinflammation and the development of MIS-C [32]. A reduced number of
NK cells and lower NK cell degranulation was also identified as a possible factor in the
immunopathogenesis of MIS-C [33].

Distinguishing MIS-C from other similar inflammatory syndromes remains challeng-
ing, given the lack of information about possible SARS-CoV-2 exposure in many cases. In
order to facilitate the differential diagnosis, signatures of MIS-C were compared with severe
COVID-19, Kawasaki disease, toxic shock syndrome, or hemophagocytic lymphohistiocy-
tosis (HLH) [32,34]. The comparison studies aimed to identify a profile of inflammatory
biomarkers that would be unique for MIS-C. The results indicated that MIS-C and Kawasaki
have partially overlapping cytokine profiles, with elevated inflammatory markers such as
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IL-6, IL-18, IL-17a, or IFN-y [35,36]. However, higher levels of IL-17a in Kawasaki disease
might suggest different immunopathology. It has been proven that cytokine and chemokine
profiles differed in severe COVID-19 and MIS-C. However, there is no consensus on MIS-C
distinctive biomarkers [35,37,38]. MIS-C patients were characterized by higher expression
of IL-6, higher levels of IFN-y-induced chemokines (CXCL9 and CXCL10), and higher
expression of IFN-y in T-cells [33,39].

Comparing patients with MIS-C and with HLH, T-cell activation and TH1 cytokines
were found in both groups but they differed in amplitude [34]. Hyperinflammation and
cytokine storms were described in severe COVID-19 patients as well. According to the stud-
ies on COVID-19 complications, the cytokine storm might contribute to thromboembolism
formation and multiorgan damage [20].

Thromboembolic complications have been described among the pediatric popula-
tion both in COVID-19 patients and MIS-C [10,40,41]. Thromboembolisms occur more
often among children suffering from MIS-C, with an incidence rate ranging from 1.4% to
6.5% [41]. There are several molecular mechanisms involved in thromboembolism forma-
tion. Hyperinflammation and cytokine storms contribute to endothelial dysfunction and
hyperactivation of platelets. Moreover, activation of the complement described in MIS-C
patients is suspected to increase the risk of thrombosis development.

Although MIS-C and COVID-19 are both unique risk factors, the pathogenesis of
thromboembolism formation remains very complex and many factors play a role, including
genetic mutations. There has been much research on various types of thrombophilia.
It is known that factor V Leiden or prothrombin mutations increase the risk of venous
thromboembolisms during SARS-CoV-2 infections [42,43]. PAI-1 gene mutation is a risk
factor for myocardial infarctions and venous thromboembolism formation [44]. It may
contribute to the severity of COVID-19 infection and lead to coagulopathy characterized by
thrombi formation [45]. However, the impact of PAI-1 5G/4G polymorphism on COVID-
19 severity has not been confirmed yet [27]. Moreover, the most frequent MTHEFR gene
polymorphisms C677T and A1298C had also been alleged to contribute to the more severe
course of COVID-19. The possible impact of these polymorphism:s is still being evaluated
in the research studies [27]. However, according to the guidelines established by the
American College of Medical Genetics in 2013 [46], the compound 677/1298 heterozygote
polymorphism is unlikely to be an independent risk factor for thrombosis occurrence [47].
Given all of these examples, the genetic mutations of the presented neonate do not seem to
be a leading factor contributing to pulmonary embolism formation. The possible causes of
pulmonary thrombosis appear to be maternal SARS-CoV-2 infection and MIS-N.

The treatment of neonates with pulmonary thrombosis remains a challenge, as there
is no consensus on the most favorable method. They include low molecular weight hep-
arin, unfractionated heparin, thrombolytic therapy with alteplase, and catheter-based
embolectomy [48]. Coagulation tests must be performed frequently to monitor the treat-
ment. Decisions should be made carefully based on the extent of the thrombosis and
modified as the patient is observed day by day to minimize the side effects of the treatment.
More research regarding thrombosis treatment strategies is necessary. The usage of novel
technologies such as artificial intelligence and machine learning has been described in the
literature and might contribute to further search for possible therapies [49,50].

4. Conclusions

Given the positive result of IgG antibodies against SARS-CoV-2 and the mother’s
infection in late pregnancy with symptoms suggesting COVID-19, we suspected that SARS-
CoV-2 was a major factor associated with the formation of the pulmonary embolism in the
presented newborn.

More research is necessary to evaluate the possible neonatal complications of maternal
SARS-CoV-2 infection. In the described case, the neonate’s heart failure was diagnosed
prenatally, which resulted in the admission to a 3rd reference-level hospital. A correct



Int. J. Mol. Sci. 2023, 24, 7629 7 0f9

diagnosis was made, allowing for effective treatment. It is essential that pregnant women
suffering from COVID-19 are monitored to detect possible abnormalities.

Author Contributions: G.A.-O., A.S. and ].B. described the case and drafted the manuscript. B.M.,
72K, TS, RI and E-W.-O. participated in the diagnostics and treatment of the neonate and provided
the medical records. G.S., KW.-S. and T.S. coordinated, edited, and revised the manuscript. All
authors contributed to the article. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study as
it is a case report and not an experimental study.

Informed Consent Statement: Written informed consent has been obtained from the patient’s mother
to publish this paper.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as potential conflict of interest.

References

1.  Makatsariya, A.; Bitsadze, V.; Khizroeva, J.; Vorobev, A.; Makatsariya, N.; Egorova, E.; Mischenko, A.; Mashkova, T.; Antonova, A.
Neonatal thrombosis. J. Matern.-Fetal Neonatal Med. 2020, 35, 1169-1177. [CrossRef] [PubMed]

2. Amankwah, EK,; Atchison, C.M.; Arlikar, S.; Ayala, I.; Barrett, L.; Branchford, B.R.; Streiff, M.; Takemoto, C.; Goldenberg, N.A.
Risk factors for hospital-sssociated venous thromboembolism in the neonatal intensive care unit. Thromb. Res. 2014, 134, 305-309.
[CrossRef] [PubMed]

3.  Easterlin, M.C,; Li, Y;; Yieh, L.; Gong, C.L.; Jaffray, J.; Hall, M.; Friedlich, P.S.; Lakshmanan, A. Predictors of venous thromboem-
bolism among infants in children’s hospitals in the United States: A retrospective Pediatric Health Information Study. J. Perinatol.
2022, 42,103-109. [CrossRef] [PubMed]

4. Boulet, S.L.; Grosse, S.D.; Thornburg, C.D.; Yusuf, H.; Tsai, ].; Hooper, W.C. Trends in Venous Thromboembolism-Related
Hospitalizations, 1994-2009. Pediatrics 2012, 130, e812-e820. [CrossRef] [PubMed]

5. Branchford, B.R.; Mourani, P.; Bajaj, L.; Manco-Johnson, M.; Wang, M.; Goldenberg, N.A. Risk factors for in-hospital venous
thromboembolism in children: A case-control study employing diagnostic validation. Haematologica 2012, 97, 509-515. [CrossRef]

6. Nowak-Gottl, U.; Diibbers, A.; Kececioglu, D.; Koch, H.G.; Kotthoff, S.; Runde, J.; Vielhaber, H. Factor V Leiden, protein C, and
lipoprotein (a) in catheter-related thrombosis in childhood: A prospective study. J. Pediatr. 1997, 131, 608-612. [CrossRef]

7. Tossetta, G.; Fantone, S.; Delli Muti, N.; Balercia, G.; Ciavattini, A.; Giannubilo, S.R.; Marzioni, D. Preeclampsia and severe acute
respiratory syndrome coronavirus 2 infection: A systematic review. J. Hypertens. 2022, 40, 1629-1638. [CrossRef]

8.  Dale, L. Neurological Complications of COVID-19: A Review of the Literature. Cureus 2022, 14, e27633. [CrossRef]

9. Helms, J.; Tacquard, C.; Severac, F; Leonard-Lorant, I.; Ohana, M.; Delabranche, X.; Merdji, H.; Clere-Jehl, R.; Schenck, M.;
Fagot Gandet, F; et al. High risk of thrombosis in patients with severe SARS-CoV-2 infection: A multicenter prospective cohort
study. Intensive Care Med. 2020, 46, 1089-1098. [CrossRef]

10. Whitworth, H.; Sartain, S.E.; Kumar, R.; Armstrong, K.; Ballester, L.; Betensky, M.; Cohen, C.T.; Diaz, R.; Diorio, C;
Goldenberg, N.A.; et al. Rate of thrombosis in children and adolescents hospitalized with COVID-19 or MIS-C. Blood 2021,
138, 190-198. [CrossRef]

11.  Campi, F; Longo, D.; Bersani, I.; Savarese, I.; Lucignani, G.; Haass, C.; Paolino, M.C.; Vadala, S.; De Liso, P.; Di Capua, M.; et al.
Neonatal Cerebral Venous Thrombosis following Maternal SARS-CoV-2 Infection in Pregnancy. Neonatology 2022, 119, 268-272.
[CrossRef] [PubMed]

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

13. Lima, A.R.O.; Cardoso, C.C.; Bentim, PR.B.; Voloch, C.M.; Rossi, A.D.; da Costa, RM.M.S.C.; da Paz, J.AS.; Agostinho, R.F,;
Figueiredo, VR.ES,; Junior, J.S.S.; et al. Maternal SARS-CoV-2 Infection Associated to Systemic Inflammatory Response and
Pericardial Effusion in the Newborn: A Case Report. J. Pediatr. Infect. Dis. Soc. 2020, 10, 536-539. [CrossRef]

14. Jin, Y; Ji, W, Yang, H.; Chen, S.; Zhang, W.; Duan, G. Endothelial activation and dysfunction in COVID-19: From basic
mechanisms to potential therapeutic approaches. Signal Transduct. Target. Ther. 2020, 5, 293. [CrossRef]

15. Batah, S.S.; Fabro, A.T. Pulmonary pathology of ARDS in COVID-19: A pathological review for clinicians. Respir. Med. 2021,
176,106239. [CrossRef]

16. Gheblawi, M.; Wang, K.; Viveiros, A.; Nguyen, Q.; Zhong, ].C.; Turner, A.].; Raizada, M.K.; Grant, M.B.; Oudit, G.Y. Angiotensin-
Converting Enzyme 2: SARS-CoV-2 Receptor and Regulator of the Renin-Angiotensin System: Celebrating the 20th Anniversary
of the Discovery of ACE2. Circ. Res. 2020, 126, 1456-1474. [CrossRef]

17. Xu, H.; Zhong, L.; Deng, J.; Peng, J.; Dan, H.; Zeng, X.; Li, T.; Chen, Q. High expression of ACE2 receptor of 2019-nCoV on the

epithelial cells of oral mucosa. Int. ]. Oral Sci. 2020, 12, 8. [CrossRef] [PubMed]


https://doi.org/10.1080/14767058.2020.1743668
https://www.ncbi.nlm.nih.gov/pubmed/32204642
https://doi.org/10.1016/j.thromres.2014.05.036
https://www.ncbi.nlm.nih.gov/pubmed/24953982
https://doi.org/10.1038/s41372-021-01232-1
https://www.ncbi.nlm.nih.gov/pubmed/34657144
https://doi.org/10.1542/peds.2012-0267
https://www.ncbi.nlm.nih.gov/pubmed/22987875
https://doi.org/10.3324/haematol.2011.054775
https://doi.org/10.1016/S0022-3476(97)70071-4
https://doi.org/10.1097/HJH.0000000000003213
https://doi.org/10.7759/cureus.27633
https://doi.org/10.1007/s00134-020-06062-x
https://doi.org/10.1182/blood.2020010218
https://doi.org/10.1159/000520537
https://www.ncbi.nlm.nih.gov/pubmed/35220305
https://doi.org/10.1038/s41467-020-17436-6
https://doi.org/10.1093/jpids/piaa133
https://doi.org/10.1038/s41392-020-00454-7
https://doi.org/10.1016/j.rmed.2020.106239
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1038/s41368-020-0074-x
https://www.ncbi.nlm.nih.gov/pubmed/32094336

Int. J. Mol. Sci. 2023, 24, 7629 80of9

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hamming, I.; Timens, W.; Bulthuis, M.L.; Lely, A.T.; Navis, G.; van Goor, H. Tissue distribution of ACE2 protein, the functional
receptor for SARS coronavirus. A first step in understanding SARS pathogenesis. J. Pathol. 2004, 203, 631-637. [CrossRef]
[PubMed]

Silva Andrade, B.; Siqueira, S.; de Assis Soares, W.R.; de Souza Rangel, F.; Santos, N.O.; Dos Santos Freitas, A.; Ribeiro da Silveira,
P,; Tiwari, S.; Alzahrani, K.J.; Goes-Neto, A.; et al. Long-COVID and Post-COVID Health Complications: An Up-to-Date Review
on Clinical Conditions and Their Possible Molecular Mechanisms. Viruses 2021, 13, 700. [CrossRef]

Ribes, A.; Vardon-Bounes, F.; Mémier, V.; Poette, M.; Au-Duong, J.; Garcia, C.; Minville, V.; Sié, P.; Bura-Riviére, A.; Voisin, S.; et al.
Thromboembolic events and COVID-19. Adv. Biol. Regul. 2020, 77, 100735. [CrossRef]

Smadja, D.M.; Guerin, C.L.; Chocron, R.; Yatim, N.; Boussier, ].; Gendron, N.; Khider, L.; Hadjadj, J.; Goudot, G.; DeBuc, B.; et al.
Angiopoietin-2 as a marker of endothelial activation is a good predictor factor for intensive care unit admission of COVID-19
patients. Angiogenesis 2020, 23, 611-620.

Ackermann, M.; Verleden, S.E.; Kuehnel, M.; Haverich, A.; Welte, T.; Laenger, F.; Vanstapel, A.; Werlein, C.; Stark, H.;
Tzankov, A.; et al. Pulmonary Vascular Endothelialitis, Thrombosis, and Angiogenesis in Covid-19. N. Engl. ]. Med. 2020,
383, 120-128. [CrossRef]

Teuwen, L.A.; Geldhof, V,; Pasut, A.; Carmeliet, P. COVID-19: The vasculature unleashed. Nature reviews. Immunology 2020,
20, 389-391. [CrossRef]

Eketunde, A.O.; Mellacheruvu, S.P.; Oreoluwa, P. A review of postmortem findings in patients with COVID-19. Cureus 2020,
12, €9438.

Blondon, M.; Cereghetti, S.; Pugin, J.; Marti, C.; Darbellay Farhoumand, P.; Reny, J.; Calmy, A.; Combescure, C.; Mazzolai, L.;
Pantet, O.; et al. Therapeutic anticoagulation to prevent thrombosis, coagulopathy, and mortality in severe COVID-19: The Swiss
COVID-HEP randomized clinical trial. Res. Pract. Thromb. Haemost. 2022, 6, €12712. [CrossRef]

Zhou, F; Yu, T.; Du, R;; Fan, G,; Liu, Y,; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X,; et al. Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 1054-1062.
[CrossRef] [PubMed]

Lapi¢, I; Radi¢ Antolic, M.; Horvat, I.; PremuZi¢, V.; Pali¢, J.; Rogi¢, D.; Zadro, R. Association of polymorphisms in genes encoding
prothrombotic and cardiovascular risk factors with disease severity in COVID-19 patients: A pilot study. |. Med. Virol. 2022,
94, 3669-3675. [CrossRef] [PubMed]

Aguilera-Alonso, D.; Murias, S.; Martinez-de-Azagra Garde, A.; Soriano-Arandes, A.; Pareja, M.; Otheo, E.; Moraleda, C,;
Tagarro, A.; Calvo, C. Prevalence of thrombotic complications in children with SARS-CoV-2. Arch. Dis. Child. 2021, 106, 1129-1132.
[CrossRef] [PubMed]

Chalmers, E.A. Epidemiology of venous thromboembolism in neonates and children. Thromb. Res. 2006, 118, 3—12. [CrossRef]
[PubMed]

Schulze-Schiappacasse, C.; Alarcon-Andrade, G.; Valenzuela, G.; Ferreiro, M.; Cavagnaro, A.; Garcia-Salum, T.; Gutiérrez, M.;
Medina, R.A. Pulmonary Artery Thrombosis in a Newborn With Severe Coronavirus Disease 2019. Pediatr. Infect. Dis. |. 2021,
40, e252—e254. [CrossRef]

More, K.; Aiyer, S.; Goti, A.; Parikh, M.; Sheikh, S.; Patel, G.; Kallem, V.; Soni, R.; Kumar, P. Multisystem inflammatory syndrome
in neonates (MIS-N) associated with SARS-CoV2 infection: A case series. Eur. . Pediatr. 2022, 181, 1883-1898. [CrossRef]
Nakra, N.A.; Blumberg, D.A.; Herrera-Guerra, A.; Lakshminrusimha, S. Multi-System Inflammatory Syndrome in Children (MIS-
C) Following SARS-CoV-2 Infection: Review of Clinical Presentation, Hypothetical Pathogenesis, and Proposed Management.
Children 2020, 7, 69. [CrossRef]

Rey-Jurado, E.; Espinosa, Y.; Astudillo, C.; Jimena Cortés, L.; Hormazabal, J.; Noguera, L.P.; Cofré, F,; Pifiera, C.; Gonzalez, R.;
Bataszew, A.; et al. Deep immunophenotyping reveals biomarkers of multisystemic inflammatory syndrome in children in a
Latin American cohort. J. Allergy Clin. Immunol. 2022, 150, 1074-1085.e11. [CrossRef] [PubMed]

Kumar, D.; Rostad, C.A.; Jaggi, P.; Villacis Nunez, D.S.; Prince, C.; Lu, A.; Hussaini, L.; Nguyen, T.H.; Malik, S.; Ponder, L.A_; et al.
Distinguishing immune activation and inflammatory signatures of multisystem inflammatory syndrome in children (MIS-C)
versus hemophagocytic lymphohistiocytosis (HLH). J. Allergy Clin. Immunol. 2022, 149, 1592-1606.e16. [CrossRef]

Consiglio, C.R.; Cotugno, N.; Sardh, E; Pou, C.; Amodio, D.; Rodriguez, L.; Tan, Z.; Zicari, S.; Ruggiero, A.; Pascucci, G.R.; et al.
The Immunology of Multisystem Inflammatory Syndrome in Children with COVID-19. Cell 2020, 183, 968-981.e7. [CrossRef]
Esteve-Sole, A.; Anton, J.; Pino-Ramirez, R.M.; Sanchez-Manubens, J.; Fumado6, V.; Fortuny, C.; Rios-Barnes, M.; Sanchez-
de-Toledo, J.; Girona-Alarcon, M.; Mosquera, ].M.; et al. Similarities and differences between the immunopathogenesis of
COVID-19-related pediatric multisystem inflammatory syndrome and Kawasaki disease. J. Clin. Investig. 2021, 131, e144554.
[CrossRef]

Gurlevik, S.L.; Ozsurekdi, Y.; Sag, E.; Derin Oygar, P.; Kesici, S.; Akca, UK; Cuceoglu, M.K,; Basaran, O.; Gonctl, S.; Karakaya, J.; et al.
The difference of the inflammatory milieu in MIS-C and severe COVID-19. Pediatr. Res. 2022, 92, 1805-1814. [CrossRef] [PubMed]
Sacco, K.; Castagnoli, R.; Vakkilainen, S.; Liu, C.; Delmonte, O.M.; Oguz, C.; Kaplan, ILM.; Alehashemi, S.; Burbelo, P.D;
Bhuyan, F; et al. Inmunopathological signatures in multisystem inflammatory syndrome in children and pediatric COVID-19.
Nat. Med. 2022, 28, 1050-1062. [CrossRef]


https://doi.org/10.1002/path.1570
https://www.ncbi.nlm.nih.gov/pubmed/15141377
https://doi.org/10.3390/v13040700
https://doi.org/10.1016/j.jbior.2020.100735
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1038/s41577-020-0343-0
https://doi.org/10.1002/rth2.12712
https://doi.org/10.1016/S0140-6736(20)30566-3
https://www.ncbi.nlm.nih.gov/pubmed/32171076
https://doi.org/10.1002/jmv.27774
https://www.ncbi.nlm.nih.gov/pubmed/35415903
https://doi.org/10.1136/archdischild-2020-321351
https://www.ncbi.nlm.nih.gov/pubmed/33931403
https://doi.org/10.1016/j.thromres.2005.01.010
https://www.ncbi.nlm.nih.gov/pubmed/16709473
https://doi.org/10.1097/INF.0000000000003131
https://doi.org/10.1007/s00431-022-04377-z
https://doi.org/10.3390/children7070069
https://doi.org/10.1016/j.jaci.2022.09.006
https://www.ncbi.nlm.nih.gov/pubmed/36116582
https://doi.org/10.1016/j.jaci.2022.02.028
https://doi.org/10.1016/j.cell.2020.09.016
https://doi.org/10.1172/JCI144554
https://doi.org/10.1038/s41390-022-02029-4
https://www.ncbi.nlm.nih.gov/pubmed/35352005
https://doi.org/10.1038/s41591-022-01724-3

Int. ]. Mol. Sci. 2023, 24, 7629 90f9

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Caldarale, E; Giacomelli, M.; Garrafa, E.; Tamassia, N.; Morreale, A.; Poli, P.; Timpano, S.; Baresi, G.; Zunica, F,; Cattalini, M.; et al.
Plasmacytoid Dendritic Cells Depletion and Elevation of IFN-y Dependent Chemokines CXCL9 and CXCL10 in Children with
Multisystem Inflammatory Syndrome. Front. Immunol. 2021, 12, 654587. [CrossRef]

Trapani, S.; Rubino, C.; Lasagni, D.; Pegoraro, E,; Resti, M.; Simonini, G.; Indolfi, G. Thromboembolic complications in children
with COVID-19 and MIS-C: A narrative review. Front. Pediatr. 2022, 10, 944743. [CrossRef] [PubMed]

Amonkar, PS.; Gavhane, J.B.; Kharche, S.N.; Kadam, S.S.; Bhusare, D.B. Aortic thrombosis in a neonate with COVID-19-related
fetal inflammatory response syndrome requiring amputation of the leg: A case report. Paediatr. Int. Child Health 2021, 41, 211-216.
[CrossRef] [PubMed]

Matsuyama, T.; Kubli, S.P.; Yoshinaga, S.K.; Pfeffer, K.; Mak, T.W. An aberrant STAT pathway is central to COVID-19. Cell Death
Differ. 2020, 27, 3209-3225. [CrossRef]

Stevens, H.; Canovas, R.; Tran, H.; Peter, K.; McFadyen, ].D. Inherited Thrombophilias Are Associated With a Higher Risk of
COVID-19-Associated Venous Thromboembolism: A Prospective Population-Based Cohort Study. Circulation 2022, 145, 940-942.
[CrossRef] [PubMed]

Sillen, M.; Declerck, PJ. Targeting PAI-1 in Cardiovascular Disease: Structural Insights into PAI-1 Functionality and Inhibition.
Front. Cardiovasc. Med. 2020, 7, 622473. [CrossRef] [PubMed]

Hickey, S.E.; Curry, C.J.; Toriello, H.V. ACMG Practice Guideline: Lack of evidence for MTHEFR polymorphism testing. Genet.
Med. 2013, 15, 153-156. [CrossRef] [PubMed]

Graydon, ].S.; Claudio, K.; Baker, S.; Kocherla, M.; Ferreira, M.; Roche-Lima, A.; Rodriguez-Maldonado, J.; Duconge, J.;
Ruafio, G. Ethnogeographic prevalence and implications of the 677C>T and 1298A>C MTHER polymorphisms in US primary
care populations. Biomark. Med. 2019, 13, 649-661. [CrossRef] [PubMed]

ElHassan, N.O.; Sproles, C.; Sachdeva, R.; Bhutta, S.T.; Szabo, ].S. A neonate with left pulmonary artery thrombosis and left lung
hypoplasia: A case report. |. Med. Case Rep. 2010, 4, 284. [CrossRef] [PubMed]

Sawyer, T.; Antle, A ; Studer, M.; Thompson, M.; Perry, S.; Mahnke, C.B. Neonatal Pulmonary Artery Thrombosis Presenting as
Persistent Pulmonary Hypertension of the Newborn. Pediatr. Cardiol. 2008, 30, 520-522. [CrossRef] [PubMed]

Datta, A.; Flynn, N.R.; Barnette, D.A.; Woeltje, K.F,; Miller, G.P.; Swamidass, S.J. Machine learning liver-injuring drug interactions
with non-steroidal anti-inflammatory drugs (NSAIDs) from a retrospective electronic health record (EHR) cohort. PLoS Comput.
Biol. 2021, 17, e1009053. [CrossRef]

Datta, A.; Matlock, M.K.; Le Dang, N.; Moulin, T.; Woeltje, K.E; Yanik, E.L.; Joshua Swamidass, S. ‘Black Box” to “Conversational’
Machine Learning: Ondansetron Reduces Risk of Hospital-Acquired Venous Thromboembolism. IEEE ]. Biomed. Health Inform.
2021, 25, 2204-2214. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fimmu.2021.654587
https://doi.org/10.3389/fped.2022.944743
https://www.ncbi.nlm.nih.gov/pubmed/36034557
https://doi.org/10.1080/20469047.2021.1968596
https://www.ncbi.nlm.nih.gov/pubmed/34488566
https://doi.org/10.1038/s41418-020-00633-7
https://doi.org/10.1161/CIRCULATIONAHA.121.057394
https://www.ncbi.nlm.nih.gov/pubmed/35312380
https://doi.org/10.3389/fcvm.2020.622473
https://www.ncbi.nlm.nih.gov/pubmed/33415130
https://doi.org/10.1038/gim.2012.165
https://www.ncbi.nlm.nih.gov/pubmed/23288205
https://doi.org/10.2217/bmm-2018-0392
https://www.ncbi.nlm.nih.gov/pubmed/31157538
https://doi.org/10.1186/1752-1947-4-284
https://www.ncbi.nlm.nih.gov/pubmed/20731840
https://doi.org/10.1007/s00246-008-9349-2
https://www.ncbi.nlm.nih.gov/pubmed/19052800
https://doi.org/10.1371/journal.pcbi.1009053
https://doi.org/10.1109/JBHI.2020.3033405

	Introduction 
	Case Presentation 
	Discussion 
	Conclusions 
	References

