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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic
has a tremendous impact on the health of millions of people worldwide. Unfortu-
nately, those suffering from previous pathological conditions are more vulnerable
and tend to develop more severe disease upon infection with the new SARS-CoV-
2. This coronavirus interacts with the angiotensin-converting enzyme 2 receptor to
invade the cells. Recently, another receptor, neuropilin-1 (NRP-1), has been
reported to amplify the viral infection. Interestingly, NRP-1 is expressed in
nonparenchymal liver cells and is related to and upregulated in a wide variety of
liver-related pathologies. It has been observed that SARS-CoV-2 infection
promotes liver injury through several pathways that may be influenced by the
previous pathological status of the patient and liver expression of NRP-1.
Moreover, coronavirus disease 2019 causes an inflammatory cascade called
cytokine storm in patients with severe disease. This cytokine storm may influence
liver sinusoidal-cell phenotype, facilitating viral invasion. In this review, the
shreds of evidence linking NRP-1 with liver pathologies such as hepatocellular
carcinoma, liver fibrosis, nonalcoholic fatty liver disease and inflammatory
disorders are discussed in the context of SARS-CoV-2 infection. In addition, the
involvement of the infection-related cytokine storm in NRP-1 overexpression and
the subsequent increased risk of SARS-CoV-2 infection are also analyzed. This
review aims to shed some light on the involvement of liver NRP-1 during SARS-
CoV-2 infection and emphasizes the possible involvement this receptor with the
observed liver damage.

Key Words: Liver; Liver sinusoidal endothelial cells; Hepatic stellate cells; SARS-CoV-2;
COVID-19; Pathology
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Core Tip: Severe acute respiratory syndrome coronavirus 2 uses angiotensin-converting
enzyme 2 and neuropilin-1 (NRP-1) receptors to infect cells. NRP-1 expression is
upregulated in several liver pathologies, which may facilitate viral infection. Moreover,
the cytokine storm might increase liver permeability and NRP-1 expression, giving rise
to an increased severity of infection and a worse prognosis.
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INTRODUCTION

The identification of a new coronavirus from patients suffering from an outbreak of
pneumonia of unknown origin in the city of Wuhan, China, in December 2019[1],
alarmed the scientific and medical community. This coronavirus, named severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), spread all over the globe,
becoming a public health emergency and a pandemic that has paralyzed the world for
a year. Moreover, the high incidence of newly infected individuals has pushed health
systems worldwide to the limit, with a continuous influx of patients requiring hospit-
alization because of complications related to this new coronavirus. After the chaotic
initial months of the pandemic, an increasing number of studies have shown that the
severity of SARS-CoV-2 is directly related to the health status of the infected
individuals[2] and also with gender[3]. Severe complications and an increased risk of
mortality have been linked with various pathologies[2,4] including obesity, diabetes,
lung disease, and hypertension[2,4-7]. SARS-CoV-2 invades the mucosal cells of the
host, mainly through the nose and mouth. Once in the body, SARS-CoV-2 infects the
epithelial cells of the nasal cavity using a specific receptor present in those cells[8]. In
detail, angiotensin-converting enzyme 2 (ACE2) protein expressed in the membrane of
the epithelial cell surface serves as the entry for the spike protein of the coronavirus,
facilitating the infection[2,8]. Once in the cell, SARS-CoV-2 kidnaps the genetic
machinery of the host cell to increase its copy number, leading to virus amplification.

Interestingly, there is recent evidence of another SARS-CoV-2 receptor expressed on
the surface of host cells during infection, neuropilin-1 (NRP-1)[9,10]. NRP-1 is a non-
tyrosine kinase receptor isoform of the NRP protein family, which also includes NRP2.
These transmembrane glycoproteins consist of a common short cytoplasmic domain
and a large extracellular domain of 840 amino acid residues[11]. NRPs are present in
all vertebrates and initially found in neurons, where they function as adhesion
molecules[12]. NRPs lack catalytic activity, but they closely interact with the cytosolic
adaptor protein synectin or GIPC1[13] to participate in signaling events. NRPs play a
critical role during vasculogenesis[14,15] because of their ability to interact with
vascular endothelial growth factor (VEGF)[16]. NRP-1 also interacts with transforming
growth factor (TGF)-p and platelet-derived growth factor (PDGF)[17] to regulate a
broad spectrum of processes under both normal physiological conditions and
pathological responses. The findings led to an increasing number of studies of NRPs in
health and disease that have shown their involvement in diverse diseases, including
pathologic angiogenesis, fibrosis, cirrhosis, and cancer[18-22]. The expression of NRPs
is upregulated in those diseases, which suggests that they are potential therapeutic
targets.

NRP-1 was initially found in the nervous system, but is expressed in many cell
types in tissues of the heart, lung, pancreas, skeletal muscle, and liver. This wides-
pread expression has put NRP-1 under the spotlight because of evidence that it
facilitates the entry of SARS-CoV-2 into host cells[9,10] and increases the extent of
infection.

The pathologies associated with NRP-1 are common to several organs, and many
involve the liver, including fibrosis, cirrhosis, malignancies (hepatocellular carcinoma,
liver metastasis, cholangiocarcinoma, and others), and angiogenesis. NRP-1 is
expressed in liver-resident cells, especially nonparenchymal cells, such as liver
sinusoidal endothelial cells (LSECs) and hepatic stellate cells (HSC). Some NRP-1
ligands are involved in liver pathologies. For example, VEGF mediates the angiogenic
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response of LSECs[23] and is associated with metastatic growth[24]. Another NRP-1
ligand, TGF-B, mediates the activation of HSCs during fibrogenesis[25,26], leading to
liver fibrosis and extracellular matrix (ECM) remodeling during liver metastasis and
the creation of a premetastatic niche[27]. Platelet-derived growth factor (PDGF) is also
involved in HSC activation, a required step in the pathogenesis of liver fibrosis,
cholangiocarcinoma, liver metastasis, and HCC[28-31]. It is tempting to hypothesize
that the increased expression of NRP-1 in the liver under both physiological conditions
and in patients with liver diseases modulates coronavirus disease 2019 (COVID-19)
infection. This review summarizes the potential implications of liver expression of
NRP-1 during SARS-CoV-2 infection and its possible role in COVID-19 disease progres
-sion and severity.

NRP-1 AND THE LIVER: FOCUS ON NONPARENCHYMAL CELLS

The liver is a functionally complex organ that not only maintains metabolic
homeostasis but also has immune functions, such as the elimination of pathogens.
Recently, NRP-1 has been identified as a facilitating receptor for SARS-CoV-2
infection. As it is expressed in some types of liver cells, it may affect the status of liver
disease in COVID-19 patients[10]. Liver functions are carried out by a number of
different cell populations, including hepatocytes, which make up about 92.5% of the
liver volume[32], and nonparenchymal cells that include LSECs, Kupffer cells (KCs)
[33], and HSCs[34]. Small, but important percentages of leukocytes, such as natural
killer (NK) cells, natural killer T (NKT) cells, myeloid-derived suppressor cells, and T
cells[35,36].

NRP-1 expression has been detected in LSECs[37] and HSCs[38] in the adult liver.
Although the expression of NRP-1 is weak in HSCs, it increases following activation
associated with diseases with various etiologies. NRP-1 expression in HSCs will be
discussed in later sections. Bergg et al[39] reported that NRP-1 was not expressed in the
hepatocytes of healthy adult livers[39]. Aung et al[40] reported weak expression in the
cytoplasm of adult hepatocytes but no expression in KCs[40]. There is no doubt of the
NRP-1 expression in fetal hepatic monocytes observed by Rantakari et al[41] and the
absence of NRP-1 in adult hepatic macrophages.

Hepatic sinusoidal endothelium is characterized by the presence of fenestrae and
the absence of a true basement membrane. This characteristic of LSECs allows direct
contact between blood components and other hepatic cell types[42]. In the fetal liver,
NRP-1 is expressed in LSECs in close association with plasmalemma vesicle associated
protein (also known as PV-1 and MECA32) during biogenesis of the fenestra, an
association that is lost in the adult liver[43]. In fetal LSECs, plasmalemma vesicle
associated protein forms additional associations with components of the VEGF
signaling pathway. Despite the unknown functional implication of this association,
mice deficient in this protein present with significant leukocyte infiltration and an
evident steatosis[44].

NRP-1 is expressed in HSCs, but its expression is largely confined to LSECs and co-
distributed with that of VEGFR in normal liver tissue. NRP-1 regulates the expression
of VEGFR2 at both the transcriptional and post-translational levels by the activation of
focal adhesion kinase. The activation of NRP-1 in LSECs thus initiates multiple
intracellular signal transduction pathways that regulate cell proliferation, survival,
and migration, which are essential for angiogenesis[20].

During physiological aging, the expression of NRP-1 increases in LSECs and is
associated with factors present in the lumens of the sinusoids. NRP-1 interacts with
hypoxic inducing factor (HIF)-2a to suppress anti-thrombotic and anti-inflammatory
pathways that are correlated with profibrotic aggregation of macrophages and
platelets. The inhibition of NRP-1 or its association with HIF-2a normalizes the
profibrotic niche, with restores the regenerative ability of the liver[45]. It is interesting
to note that during aging, LSECs undergo a pseudo capillarization associated with a
decrease in endocytic capacity and an increase in leukocyte adhesion, with reduced
liver perfusion[46]. However, whether there is a direct relationship between increased
expression of NRP-1 in LSECs or pseudo capillarization with a decrease in endocytic
capacity is unknown at this time.

The presence of multiple ligands for NRP-1 underscores the importance of this
receptor in the liver environment[47]. During adulthood, liver vascularization is
stimulated by low blood flow associated with an increase in VEGF and the consequent
proliferation of LSECs[48]. Under physiological conditions, hepatic angiogenesis that
takes place during regeneration contributes to the formation of new functional
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sinusoids. As a VEGF coreceptor NRP-1 is the main mediator of angiogenesis[48],
although the role of this coreceptor in intrahepatic angiogenesis is currently unclear.
NRP-1 may regulate the action of VEGF on vascular permeability, the proliferation of
endothelial cells, and leukocyte adhesion. Some studies suggest that NRP-1 acts
independently of VEGFR2 or modulates its activity by stimulating cell migration and
adhesion, which are essential for the development of an angiogenic response. In
addition to its direct action on VEGFR phosphorylation, NRP-1 indirectly stimulates
the VEGFR-dependent angiogenic pathway by preventing the binding of VEGF and its
decoy receptor, placental growth factor[16,49].

The interaction of NRP-1 with VEGFR and VEGF is dependent on heparin, which
can alter VEGF signaling in endothelial cells to either stimulate or inhibit angiogenesis
[50]. Heparin is an anticoagulant that is synthesized in the body, eliminated by
receptor-mediated endocytosis in LSECs, and accumulates in the liver. The formation
of complexes consisting of heparin and other proteins has important clinical implic-
ations[51]. Heparin increases the binding of VEGF with the VEGFR/NRP-1[52]
complex and the binding of NRP-1 to placental growth factor-2[53,54] by increasing
the number of binding sites without affecting the affinity itself.

As mentioned previously, hepatic macrophages in the adult liver do not express
NRP-1. However, they do produce a wide range of angiogenic factors that interact
with NRP-1, including HIF-2a and VEGF in addition to TGFB[55], which requires
extracellular activation by NRP-1 to increase its affinity for its receptors. The effects of
TGFp on angiogenesis depend on the receptor with which it interacts. Both receptors
are expressed in LSECs, suggesting a balancing function in the angiogenic process. The
signaling pathways initiated after the interaction of TGF with its receptor are highly
dependent on the specific microenvironment in the liver at the time. Indeed, signaling
via TFGP receptor binding of anaplastic lymphoma kinase promotes angiogenesis;
while the interaction with activin receptor-like kinase 5 inhibits angiogenesis.
Although this factor has long been considered profibrogenic in cooperation with other
NRP-1 ligands such as PDGEF-B, its inhibition causes undesired effects. Expression of
both NRP-1 and TGF-f is low in quiescent HSCs in the normal liver and both increase
immediately upon liver damage[56]. That suggests a complex scenario for NRP-1 as a
coreceptor with angiogenic and profibrogenic receptors.

We must not forget the functions of the liver as an immune organ, in which NRP-1
participates. In addition to the liver lymphocyte population, which is selectively
enriched with NK and NKT cells, circulating lymphocytes interact closely with LSECs,
KCs, and dendritic cells present in liver sinusoids[57]. NRP-1 has been associated with
inhibition of immune responses[58], which may also occur in the liver, an organ that is
part of the innate immune system.

FEASIBLE INVOLVEMENT OF NRP-1 DURING LIVER PATHOLOGIES AND
COVID-19

COVID-19 affects mainly the upper airways. In some cases, involvement of the lower
airways, gives rise to pneumonia[59]. Along with the ability to infect other tissues in
addition to the airways, the impact of SARS-CoV-2 infection is detectable in various
organs even without local viral invasion[59]. Liver injury occurs in a large proportion
of COVID-19 patients and is characterized by elevated levels of gamma-glutamyl
transferase, alanine aminotransferase, and/ or aspartate aminotransferase enzymes;
and occasionally, moderate hyperbilirubinemia[60-63]. The persistence and degree of
liver damage caused by COVID-19 seem to vary. In most cases, liver function recovers
soon after viral infection, but patients with severe disease may develop irreversible
hepatic injury[64-66]. In line with that observation, increased severity of SARS-CoV-2
infection is related to reduced hepatic function[62,67]. A recent postmortem analysis
found microvesicular steatosis along with lobular and portal activity in a CODIV-19
patient[68].

To date, apart from immune-related inflammation and hypoxia generated by airway
malfunction, the mechanisms proposed to explain the reported liver damage were
drug toxicity, inflammation, and hypoxia resulting from lung malfunction[60,69]. The
expression of ACE2 in cholangiocytes has also been proposed as a possible mechanism
of liver injury. NRP-1 expression in LSECs and HSCs may thus act to amplify the liver
damage as a consequence of SARS-CoV-2 infection (Figure 1).
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Figure 1 Neuropilin-1 expression in healthy and injured liver. Neuropilin-1 (NRP-1) is expressed at low levels in liver sinusoidal endothelial cells (LSECs)
and hepatic stellate cells (HSCs) in healthy liver sinusoids. However, NRP-1 is upregulated in activated LSECs and HSCs present in several liver pathologies. The
increase in NRP-1 during liver disease may facilitate and amplify infection by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), driving to liver failure
and a worse prognosis because of the development of severe COVID-19 disease. SARS-CoV-2 image adapted from NIAID. aHSC: Activated hepatic stellate cell; KC:
Kupffer cell; gHSC: Quiescent hepatic stellate cell.

Jaishideng®

LIVER FIBROTIC RESPONSE

Hepatic fibrosis is a scarring response involving various types of cells affected by liver
diseases of different etiologies[70], including metabolic diseases, exacerbated immune
responses, and viral infections. Hepatitis C virus (HCV) infection has some similarities
to infections of the SARS-CoV-2 virus family[71]. In SARS, the defects observed in the
liver are more the result of viral infection than other factors, such as drug toxicity or
systemic inflammatory responses[71]. However, the cause of the liver disease observed
in a high percentage of COVID-19 patients following SARS-CoV-2 infection is not
clear, but steatosis and fibrosis are observed in liver biopsies.

Wang et al[72] pointed to direct infection of the liver by SARS-CoV-2 as the cause of
the steatosis, lobular inflammation, endothelitis, and fibrosis in patients with COVID-
19. Even though the ACE2 receptor has been identified as the main mediator of virus
entry[73], the probability that SARS-CoV-2 infects the liver by that route is low given
its low or null expression in hepatocytes, HSCs, and LSECs[74]. The development of
the fibrotic response in COVID-19 patients may then depend on other routes. It is
interesting to note that high levels of other molecules involved in the infectivity of
SARS-CoV-2 such as furin, TMPRSS11a, and NRP-1 were detected in infected cells[75]
with and without ACE2 receptors. Apart from its involvement in the entry of SARS-
CoV-2, the role of NRP-1 as a signaling platform has been established. Cao et al[38]
found that NRP-1 was a signaling element in HSCs during fibrotic processes caused by
viral infections. NRP-1 could thus be the link between infection with SARS-CoV-2 and
the development of hepatic steatosis with the presence of a fibrotic response.

HSCs play a central role during liver fibrosis. Following activation, HSCs undergo a
change from a quiescent phenotype to a myofibroblastic phenotype characterized by
increased proliferation, motility, and accumulation of extracellular matrix. They also
contribute to angiogenesis and vascular remodeling processes[70]. HSC activation is
initiated by the binding of PDGEF-B to its receptor along with a temporal increase in
NRP-1. NRP-1 also promotes signaling via other key growth factors involved the
development of liver fibrosis, such as TGF-p and VEGF[38]. The overexpression of
NRP-1 in patients with cirrhosis caused by HCV infection contributes to the
progression of liver fibrosis either by influencing the angiogenic response or effects on
the PDGF and TGF-p signaling pathways. NRP-1 regulates not only the motility of
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HSCs but also collagen deposition, and the severity of fibrosis associated with steato-
hepatitis and HCV infection are related to the expression of NRP-1. To date, no studies
have linked NRP-1 expression with liver involvement in COVID-19 patients. However,
it is tempting to hypothesize that the fibrotic response is related to the expression of
NRP-1 as an extracellular coreceptor. In other scenarios, such as acute lung SARS or
Middle East respiratory syndrome (MERS) infection, cell entry is mediated by TGF-§
[76], a mechanism possibly relevant to SARS-CoV-2 and its coreceptor, NRP-1. In the
acute phase of COVID-19, the levels of TGF-f are directly related to the development
of pulmonary fibrosis[77] and liver fibrosis in pathologies derived from different
etiologies[78]. Currently, no studies have found a similar relationship of TGF-p to the
fibrotic processes observed in the livers in patients with COVID-109.

Additionally, the mechanical ventilation required by many COVID-19 patients
alters hepatic hemodynamics, with reduced portal flow that can result in acute liver
damage and activation of HSCs[79]. Although it has not been possible to relate the
presence of metabolic fatty liver diseases with the increased risk of hospitalization, nor
to the outcomes of hospitalized patients with both diseases, Campos-Murguia et al[80]
observed an increased risk of the need for mechanical ventilation with the
development of liver fibrosis, among other symptoms. However, other studies
observed an increase in the severity of the disease in the presence of a fibrotic
development. Even today, it is not clear whether SARS-CoV-2 is solely responsible for
the development of liver damage or if the damage is a consequence of systemic inflam-
mation caused by the virus or its treatment[81]. Regardless of the cause of liver
damage, conditions such as hypoxia, inflammation, and fibrotic responses that
develop as a result of the viral infection are related to elevated levels of NRP-1 in both
HSCs and LSECs. Indeed, in hypoxic states, such as those observed during COVID-19
progression, HSCs respond through an increase in VEGF. As a result, there is a
concomitant increase in the expression of NRP-1 in LSECs, HSC motility, and TGF-p-
dependent collagen production[47]. In the presence of TGF-P the glycome of activated
HSCs favors the binding of galectins to NRP-1, which promotes migration and further
activation[19,82]. It is interesting to note that the levels of both galectin-1 and -3 are
increased in COVID-19 patients and have been significantly associated with the
severity of the disease[83].

In addition to all the above, the activation of HSCs, which drives liver fibrosis, is
induced by profibrotic and proinflammatory cytokines. The resulting inflammatory
environment during the development and progression of COVID-19 may be one of the
causes of the reported liver damage and a cause of HSC activation, with the
consequent induction of the fibrotic response. In fact, during the development of liver
fibrosis, infiltration of a subgroup of macrophages enriched in genes associated with
tissue repair has been observed[84,85]. The genes encode coreceptors of NRP-1 and the
inflammatory cytokines that regulate its expression[86]. One of those cytokines is IL-6,
which results from activation of the immune system by SARS-CoV-2 in COVID-19
patients and is associated with altered levels of liver enzymes[87]. In various viral
infections, IL-6 is associated with the development of liver fibrosis[88] and with an
increase in the expression of NRP-1[89]. In addition, the level of galectin-3, which
binds to NRP-1 and has a structure similar to a part of the SARS-CoV-2 spike protein
[90], leads to dysregulated expression of proinflammatory cytokines[83,91]. Its
expression is increased secondary to diverse types of injury mediated by viral diseases
including hepatitis B, hepatitis C, and, SARS-CoV-2[92]. The findings suggest a nexus
between systemic inflammation and subsequent liver fibrosis in patients with COVID-
19 through NRP-1.

LIVER CANCER

Hepatocellular carcinoma

Viral infection of the liver is the leading cause of hepatocellular carcinoma (HCC)
worldwide[93]. Changes in signaling pathways during viral infection promote inflam-
mation that contributes to the development and progression of chronic liver disease
beginning with hepatic cirrhosis and finally, HCC[94]. Interestingly, HCV elimination
improves the overall survival of HCC patients, indicating that viral infections
complicate the outcome[95]. Similarly, SARS-CoV-2 viral infection may facilitate HCC
or complicate the outcome of the disease. In the context of the SARS-CoV-2 pandemic,
several reports have linked the presence of cancer with an increase of a worse outcome
in COVID-19 patients[96,97]. Furthermore, a prospective nationwide cohort study
carried out in China revealed that 1% of COVID-19 patients had a history of cancer.
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Those patients had an increased risk of complications, ICU admission, and a fatal
outcome compared with patients without cancer. Interestingly, cancer survivors had
more likely to suffer disease complications than healthy people but less likely than
cancer patients[98]. Recent studies describe a possible link between SARS-CoV-2
receptor ACE2 in cancer tissues and increased risk of infection[99]. In liver cancer, Dai
et al[100] found that upregulated expression of ACE2, the primary SARS-CoV-2 ligand
in infected cells, was related to improved survival in HCC patients. However, an
increase in ACE2 expression might make such patients more vulnerable to SARS-CoV-
2 infection. The link between NRP-1 and liver cancer was discovered some years ago,
with increased NRP-1 expression in hepatocellular carcinoma[39]. NRP-1 expression
was higher in LSECs from HCC biopsies than from healthy liver biopsies. Hepatocyte
expression of NRP-1 correlated with primary HCC and increased with tumor
progression. Blocking NRP-1 protein led to impaired tumor growth and vascular
remodeling[39]. Interestingly, NRP-1 expression stimulated the activation of HSCs
[101], liver-resident myofibroblast-like cells that contribute to the malignant growth of
liver metastasis[23,24,102]. The NRP-1-dependent activation boosted tumor prolif-
eration, cell migration, and invasiveness[101]. Therefore, it is tempting to hypothesize
that HCC patients with increased NRP-1 expression in LSECs, tumor cells, and HSCs
may have an increased risk of SARS-CoV-2 infection.

Cholangiocarcinoma

Cholangiocarcinoma (CCA) is a relatively uncommon liver malignancy, accounting for
about 10% of liver cancers[103]. The risk of CCA appears to be increased by both HCV
and hepatitis B virus (HBV) infection[104], which may also account for increased
SARS-CoV-2 risk. Little is known about the involvement of NRP-1 in CCA. There is
evidence that NRP-1 expression is elevated in intrahepatic CCA tissue compared with
normal biliary tissue. Moreover, the association of NRP-1 and CCA development has
been confirmed by NRP-1 knockdown leading to impaired cancer cell proliferation,
blocked cell cycle, reduced cell migration, and reduced focal adhesion kinase
expression[105]. In line with that finding, NRP-1 overexpression in intrahepatic CCA
cells that was associated with miR-320a downregulation boosted cell proliferation and
epithelial to mesenchymal transition and stimulated tumor angiogenesis[106].
Recently, high NRP-1 expression was correlated with poor prognosis and reduced
overall survival of intrahepatic CCA patients[107]. Intrahepatic CCA may favor
development of an inflammatory milieu driving to vascular permeabilization and
increased expression of NRP-1 upon activation of liver-resident cells. The inflam-
mation may be mediated by IL-13, which significantly increased in CCA patients and
is known to promote the expression of adhesion molecules in endothelial cells[108,
109]. Therefore, CCA could indirectly promote NRP-1 expression in both LSECs and
HSCs and facilitate liver damage by immune infiltration. Based on the data, SARS-
CoV-2 infection may be facilitated by CCA through NRP-1 overexpression. HCV,
HBV, or SARS-CoV-2 infection could drive to liver inflammation and LSEC and HSC
activation. The process would lead to increased recruitment of inflammatory cells,
NRP-1 overexpression, and assisted viral infection accompanied by liver injury.

CYTOKINE STORM MAY INCREASE LIVER DAMAGE AND NRP-1 EXPRES
-SION

Cytokine storm is a potentially fatal consequence of SARS-CoV-2 infection. The release
of inflammatory cytokines into the blood of infected individuals is a major turning
point in the prognosis and survival of patients with severe disease[110]. The liver
filters and detoxifies the blood supply coming from the portal vein and hepatic artery.
During COVID-19, both amplifying viruses and cytokines released during the cytokine
storm enter the liver and flow through the liver sinusoids and small diameter
capillaries in contact with nonparenchymal liver cells, LSECs, KCs, and HSCs[51].
These small vessels have specific properties adapted for their function, such as
fenestrations in the endothelial layer, tightly controlled immune tolerance, close
contact with nonparenchymal-cell subsets and hepatocytes, and a wide array of cell
adhesion molecules and receptors[111,112].

As mentioned previously, the cytokine storm is induced by the release of inflam-
matory mediators such as IL-6, IL-1§3, IL-10, TNF-q, interferon-y, macrophage inflam-
matory protein (MIP) 1a and 1§, and VEGF[67,113] and complicates the course of the
disease, driving to multiorgan failure and coagulation. The role of these inflammatory
mediators in the recruitment of immune and nonimmune cells into the infectious foci,
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mainly the lungs, is widely recognized and well characterized. However, these soluble
proteins have the intrinsic ability to switch on a wide spectrum of cellular responses in
both immune cells and nonimmune cells in epithelial, endothelial, and other tissues
[114]. Some of the soluble mediators released during the cytokine storm may increase
liver permeability. The effects of TNF-a, IL-6, and IL-1f increase the expression of
intercellular adhesion molecule 1 (ICAM-1) in endothelial cells[115-117], which may
take place during SARS-CoV-2 infection. LSEC ICAM-1 mediates the adhesion and
infiltration of immune cells in the liver[118], which may further increase the number of
inflammatory cells and increase the extent of liver damage.

VEGF mediates the recruitment of several immune populations[119] and is
considered the main stimulus for the proliferation and migration of endothelial cells
[120]. It is also a ligand of NRP-1[53]. Interestingly, VEGF acts on endothelial cells not
only as a proliferative and promigratory signal, but it can stimulate the expression of
NRP-1[121,122], creating a feedback loop. Consequently, VEGF may facilitate SARS-
CoV-2 infection in the liver through the upregulation of the local expression of NRP-1,
the recently discovered SARS-CoV-2 receptor. It is tempting to hypothesize that this
process may take place in other tissues such as the lung epithelium and that the
involvement of IL-6 in promoting increased NRP-1 expression might be underes-
timated. Previous reports have described NRP-1 upregulation in pancreatic cancer[89,
123], which was stimulated by IL-6 and mediated by STAT3 transcription activity[89].
Interestingly, the IL-6/STAT3 pathway plays a significant role during HSC activation
[124] and might boost the expression of NRP-1 in these liver-specific cells.

CONCLUSION

The severity of SARS-CoV-2 infection is increased in patients with previous
pathologies. A high proportion of COVID-19 patients experience liver damage. NRP-1
is a recently discovered coreceptor for SARS-CoV-2 virus, and is overexpressed in the
injured and pathologic liver. Patients with SARS-CoV-2 infection and liver diseases
should be followed to monitor the liver response and overall health status. The
increased expression in NRP-1 in the pathologic liver of patients suffering from
COVID-19 may represent an amplifying pathway to further complicate the infection
and worsen the prognosis and severity of the disease. There is evidence of a link
between liver NRP-1 and SARS-CoV-2 infection, but further study is needed to
determine whether previous liver disease and NRP-1 influence COVID-19 progression,
severity and mortality. Even though the presence of liver disease can promote the
increased severity of COVID-19 disease, direct infection and liver injury by SARS-
COV-2 virus cannot be ruled out. Liver diseases, such as fibrosis and different types of
liver cancers, share active mediators that are directly linked to NRP-1, indicating a
feasible and direct relationship of NRP-1, liver disease with COVID-19.
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