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Abstract

Coronavirus disease 2019 (COVID-19) poses an extremely serious global impact on
public healthcare for individuals of all ages, including children. Increasing evidence has
shown that liver abnormalities are commonly found in children with COVID-19, and
age-related features in innate and adaptive response have been demonstrated. However,
there are few reports and studies on COVID-19 related liver injury in children, and the
data are scattered. So that many contradictions have arose. This situation is not only
due to the serious ethical issues in studying pediatric patients with COVID-19, but also
because of the short duration and wide coverage of the COVID-19 epidemic, the
severity and complexity of clinical cases varied, as did the inclusion criteria for case
reporting and patient outcomes. Therefore, we totaled the incidences, characteristics
and pathomechanism of liver injury in children since the COVID-19 outbreak. The
etiology of COVID-19-related liver injury is divided into three categories: (1) the direct
mechanism involves severe acute respiratory syndrome coronavirus 2 binding to
angiotensin-converting enzyme 2 in the liver or bile duct to exert direct toxicity; (2) the
indirect mechanisms include an inflammatory immune response and hypoxia; and (3)

COVID-19-related treatments, such as mechanical ventilation and antiviral drugs, may




cause liver injury. In summary, this minireview provides fundamental insights into
COVID-19 and liver dysfunction in children.
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Core Tip: There are few cases of liver injury in children with Coronavirus disease 2019
(COVID-19) and clinical reports are scarce. We collected reports on COVID-19-related
liver injury (CRLI) in children over the last two years and divided the etiology of CRLI
into three categories: (1) the direct mechanism involves severe acute respiratory
syndrome coronavirus 2 binding to angiotensin-converting enzyme 2 in the liver or bile
duct to exert direct toxicity; (2) the indirect mechanisms include an inflammatory
immune response and hypoxia; and (3) COVID-19-related treatments, such as
mechanical ventilation and antiviral drugs, may cause liver injury. We also discuss the

current controversies regarding the pathophysiology of CRLI.

BITRODUCTION

Coronavirus disease 2019 (COVID-19) is an infectious respiratory disease caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). In response to this
global health crisis, governments and medical institutions have been actively working
to improve epidemic prevention measures, and diagnostic and treatment methods, all
of which have significantly reduced the transmission rate and mortality ratell3l.
However, this crisis is not yet over, and the physical damage caused by COVID-19 is
gradually expanding from respiratory to systemic diseases. In addition to inducing
acute respiratory distress syndrome (ARDS)i45, COVID-19 also causes damage to

organs such as the liver, gastrointestinal tract, kidney, heart and nervous system!®?l. The




liver is an important center for regulating physiological processes such as nutrient and
exogenous drug metabolism, immunity, endocrinology and blood volumell?l. Liver
injury due to any cause (e.g., viral infection, nutritional overload or tumor burden) is a
global health problem. COVID-19-related liver injury (CRLI) is defined as any liver
injury that occurs during the disease course and treatment in COVID-19 patients,
regardless of the presence of prior liver diseasel'!l. A study showed that approximately
2-11% of patients had underlying chronic liver disease and 14%-53% developed liver
injury during the course of COVID-191"2],

COVID-19 mainly occurs in the elderly and people with potential complications(!3].
The lethality of infection increases logarithmically and linearly with age in those over 30
years, but children have a lower prevalence and tend to be asymptomatic or have mild
to moderate diseasell4l. Therefore, currently published case reports mainly describe
adult patients, resulting in a lack of details in pediatric cases. However, most infections
in children originate from family contacts, they play an important role in disease
transmission and have become a key target population for epidemic prevention and
control measures!’®l, Meta-analyses have shown that liver injury is common in children,
but is often overlooked['®l. Therefore, we focused on pediatric patients with CRLI and
divided the pathogenesis of CRLI in children into three categories: direct, indirect and

treatment-related pathogenesis (Figure 1).

FEATURES OF CRLI IN CHILDREN

COVID-19 can cause varying severity of liver injury, as evidenced by abnormal
elevations in alanine aminotransferase (ALT) and aspartate aminotransferase (AST),
accompanied by mild elevations in alkaline phosphatase (ALP), gamma-glutamyl
transferase (GGT), tﬁal bilirubin (TBIL) and a reduction in albumin('7l. The abnormal
liver enzyme levels in serum include: ALT > 40 U/L, AST > 40 U/L, GGT > 49 U/L,
ALP >135U/L, TBIL > 17.1 pmol/L and albumin < 3 g/dLISl. Recently, several studies
have provided the results of abnormal liver tests in pediatric COVID-19. Alkan ef all*°]
found that 130 (44.2%) of 294 patients (age range: 14 d-18 years) with COVID-19 had




abnormal liver function and most patients (33.3%) were characterized by elevated ALT,
and other patients had elevated ALT (5.1%), ALP (6.6%), GGT (8.9%) and TBIL (3.8%).
In addition, decreased albumin was also observed by Esmaeili ef al2%and Liu et all2'. In
their studies, the proportion of decreased albumin in pediatric patients was 16.7%[20]
and 18.2%[2], respectively.

In general, the main manifestations of CRLI in children were mildly elevated
ALT/AST and most research has confirmed this, for instance, Parri et all?2l reported on
130 children (age range: 0-17 years) with COVID-19 in Italy, and 8/68 (11.8%) children
had elevated ALT and 11/60 (18.3%) had elevated AST. The analysis by Du et all®l
showed that ALT and AST increased in 9 (5.0%) and 24 (13.3%) of 180 subjects (age
range: 0-15 years), respectively, and 11 (6.3%) of 174 subjects showed increased ALP
levels. Thus, the elevation of liver enzymes in pediatric patients is not significant, which
may be due to the fact that COVID-19 is mainly mild in children.

In addition, Sun et all2!l conducted a single center observational study of 8 children
(age range: 2 mo-15 years) with severe COVID-19 and the results showed that ALT was
increased in 4 (50.0%) cases but increased AST was not observed. It is possible that
sometimes abnormally elevated ALT/AST is not a sufficient indicator of liver injury.

The related studies on the features of CRLI in children are summarized in Table 1.

DIRECT PATHOPHYSIOLOGICAL MECHANISMS

Toxicity of SARS-CoV-2 to hepatocytes and cholangiocytes

enome sequencing, and phylogenetic and structural analyses have confirmed that
SARS-CoV-2 can bind to angiotensin-converting enzyme 2 (ACE2) of host cells
depending on its spike protein, and this binding can mediate membrane fusion and
viral invasion®. ACE2 is not only highly expressed in alveolar cells, but also
distributed in various organs throughout the body, including the liver(2¢l. Thus, the
direct pathological basis of CRLI is the viral virulence of SARS-CoV-2, and it can bind to
ACE2 on liver endothelial cells and exert toxicity causing hepatocyte damagel27.25l.

Unlike adults, children have milder symptoms of CRLI, possibly due to lower ACE2




expression, lower maturity, and weaker function (e.g., binding to SARS-CoV-2).
However, in contrast, ACE2 expression decreases with age; thus, ACE2 Levels are
higher in children than in adults?’L. Moreover, one of the functions of ACE2 is to
convert angiotensin (Ang) II to Ang(1-7), which has anti-inflammatory and anti-liver
fibrosis effectsl®31. Therefore, besides the ability to mediate viral infections, the
distribution of ACE2 in different age groups and the “dual action” of it on organ
damage require further investigation.

Interestingly, Chai et al®2 indicated that ACE2 is highly expressed on cholangiocytes
compared to hepﬁacytes and that SARS-CoV-2 may prefer to bind directly to ACE2 on
cholangiocytes. Cholangiocytes are epithelial cells that line the intrahepatic and
extrahepatic bile ducts and play an important role in liver regeneration and immune
responsel®l. This suggests that the liver abnormalities in COVID-19 patients may not be
directly caused by hepatocyte injury and that the potential damage to cholangiocytes by
SARS-CoV-2 may have a profound effect on the liver.

In addition, CRLI can be classified into three categories according to the degree of
liver enzymes exceeding the upper limit of normal (ULN) (Table 2). Patients were
classified as hepatocyte injury type when they had raised ALT and/or AST more than
3xULN; patients were classified as cholangiocyte injury type when they had raised ALP
and/or GGT more than 2xULN; when the first two requirements were met
simultaneously, patients were considered to have mixed injury typell834. There are
obvious differences in CRLI types between adults and children. Cai et all'® found that
the number of liver injuries in 318 adult COVID-19 patients with abnormal liver test
results was as follows: mixed type (43.4%) > cholestatic type (29.2%) > hepatocellular
type (20.8%). Furthermore, elevation of ALP, a marker of bile duct injury, is less
common than abnormal liver enzymes in adults®l. With regard to children, Alkan et
al¥l found that the number of liver injuries in 130 pediatric patients was as follows:
cholestatic type (71.5%) > hepatocellular type (18.5%) > mixed type (10.0%). The rate of
ALP elevation in pediatric patients was slightly more than ALT (Table 1). Cholestatic

liver injury is especially common in children under 5 years of age, and this may be




related to ACE2 being less distributed in hepatocytes and more distributed in
cholangiocytes in younger children(!”l. Therefore, we should be more concerned about

cholestatic liver injury in pediatric patients with COVID-19.

INDIRECT PATHOPHYSIOLOGICAL MECHANISMS

Inflammatory immune response-mediated liver injury

Inflammatory response and immune response are inseparable systemic responses at the
organ, tissue, cellular and molegular levels. A moderate inflammatory immune
response (IIR) plays a crucial part in protecting the body from pathological damage in
the internal and external environment. However, an excessive IIR is the pathological
basis for the development of multiple systemic diseases. An increasing number of
studies have shown that the systemic IIR induced by SARS-CoV-2 has an intricate
pathophysiological link to liver injury.

Dysfunction of innate and adaptive immune responses

Natural killer (NK) cells and natural antibodies are key components of the innate
immune system and can be the first to respond to éew virusesl®27l, The adaptive
immune response then comes into play and produces highly specific memory T and B
cells to clear the virus and prevent reinfection®8l. However, dysfunctional innate and
adaptive immune responses mediate the host damage caused by SARS-CoV-2591.

The innate immune system detects SARS-CoV-2 mainly by two strategies: first, the
presence of SARS-CoV-2 can be detected using various pattern recognition receptors,
such as plasmacytoid dendritic cells detecting incoming viral genomic RNA in the
intranuclear body via toll-like receptor (TLR); second, during viral replication, double-
stranded RNA intermediates can be recognized by the RIG-I like receptor (RLR), a
cytoplasmic RNA sensor. Following the engagement of the TLR and RLR, downstream
signaling activates the transcription of interferons (IFNs) and pro-inflammatory
cytokines and chemokines*l. SARS-CoV-2 can block innate immune recognition and

signal transduction using the expression of viral proteinsi#l. Uncontrolled innate




immune signaling may produce excess cytokines, which can trigger inflammation and
worsen the condition.

With regard to the adaptive immune system, its three basic components are cells,
CD4+ T cells and CD8+ T cells. B cells can rapidly produce neutralizing antibodies after
infection with SARS-CoV-2, and the antibody target is the spike protein of the virus/42.
T-cell responses were detected in almost all SARS-CoV-2 infections, and virus-specific
CD4+ T cells can differentiate into Th1l cells and T follicular helper cells, which have
antiviral activity through the production of IFN-y and related cytokines!*?l. The CD8+ T
cells are essential for clearing virus by killing infected cells. In milder symptoms, SARS-
CoV-2 specific CD4+ and CD8+ T cells can respond rapidly in the acute phase of
COVID-19 and thus exert antiviral effectsl*.

Recently, studies have revealed changes in the immune responses of COVID-19
pediatric patients (Table 3). Diao et al*l retrospectively reviewed 522 patients (age
range: 5 d-97 years) and demonstrated that more than 70% of the patients had a
significant reduction in total T cells, CD4+ and CD8+ T cells, but the reduction was age-
dependent as the younger patients had the least reduction in T cells. In addition, unlike
in adults, CD4+ T cells were even increased in moderate pediatric casesl‘l. Also,
compared with mild cases, moderate cases had higher levels of IL-10, complement (C) 4
and NK cells, while neutrophils were significantly lowerl. These findings suggested
that the innate cells such as NK cells and neutrophils play a crucial role in the initial
phase and the CD4+ T cells perform a function in the later phase of COVID-19. Studies
have shown that CD4+ T cells and IL-10 Levels are positively correlated with CRLI
biomarkers in pediatric patients/*], and although the IL-10 derived from CD4+ T cells
plays an important anti-inflammatory role in mild patients, excess IL-10 may cause liver
injury with COVID-19 progression.

Furthermore, Li et all*’l showed that in children with severe COVID-19, CD3+,
CD3£CD4+ (helper T cells), and CD3+CD8+ (memory T cells) counts were decreased,
and the pro-inflammatory cytokine IL-6 and immune regulatory cytokine IL-10 were

increased. Other inflammatory cytokines such as IL-2, IL-4, IL-10, TNF-a and IFN-y




were also detected!¥’]. However, the inflammatory cytokines IL-2, IL-4, IL-6, TNF-a and

IFN-y were rarely increased in mild and moderate pediatric patientsl4l These results
suggested that although the adaptive immunity of children is relatively weak, their
innate immunity is less likely to be disordered after SARS-CoV-2 infection and the
cytokine storm associated with inflammation is not severe in most pediatric patients.
Therefore, the direct liver injury caused by cytokine storms in children may not be as
severe as in adults. However, recent research found that CRLI is most common in
children under the age of five years!"l. This illustrated that SARS-CoV-2 infection can
still trigger a series of damages once it exceeds the threshold due to the weak adaptive
immunity of younger children.

Chemokines are small molecule proteins that have the ability to induce targeted
chemotaxis of immune cells during inflammation and they also play an important role
in dealing with viral infectionsl*l. Several studies have shown that the main pro-
inflammatory chemokines such as CXCL [chemokine (C-X-C motif) ligand] 8, CXCLS9,
CXCL10, CCL (CC chemokine ligand) 2, CCL3 and CCL5 were increased in patients
with aggravation of SARS-CoV-2 infectionl*sl. However, the levels of CXCL8, CXCL10,
and CCL2 were unchanged in pediatric COVID-19 according to Warner ef all*’l. These
findings also suggested that the IIR in pediatric patients with COVID-19 is less severe
than in adults.

B cells play a key role in immune regulation and antibody secretion. Previous studies
have indicated that total B cells in COVID-19 patients were induced?348l. Du et all®!
conducted an analysis of 182 pediatric COVID-19 patients with different severity and
showed that the levels of immunoglobulin (Ig) E, IgG and IgA were generally in the
normal range or were elevated in isolated cases among mild or moderate patients.
However, IgG and IgM counts were induced in severe COVID-19 patients(3l. Wu et all4]
noted that Igs including IgG, IgA and IgM were negatively correlated with biomarkers
in the liver of pediatric patients. This may be the reason why CRLI is more common in

severe patients and AST is only slightly elevated in mild patients.




Multisystem inflammatory syndrome in children-mediated liver injury

Recently, clinical reports have shown that children infected with SARS-CoV-2 for
several weeks may develop a characteristic complication: multisystem inflammatory
syndrome in children (MIS-C). A national study initiated in 2020 at Boston Children’s
Hospital, Boston, MA, United States, with real-time monitoring of approximately 35
United States children’s hospitals, reported that of 186 MIS-C cases, 131 were positive
for SARS-CoV-250. MIS-C presents with persistent acute fever, abdominal pain,
diarrhea, rash, lymphadenopathy, and in severe cases appendicitis and peritonitis,
which may progress to multiorgan dysfunctionl®"2. Different types of liver injury
mediated by MIS-C are being reported successively. Giannattasio et all*! reviewed 55
pediatric patients (mean age 6.5 + 3.7 years) with MIS-C and showed that 16 patients
had acute liver injury (ALI) at admission and 10 more patients developed ALI during
observation, ALI was defined by the presence of ALT elevation > 40 U/L. Furthermore,
a 14-year-old boy developed MIS-C after SARS-COV-2 infection which was followed by
hepatic steatosis, and the researchers also found elevated levels of ALT, AST and
indices of cholestasis/®l. Another 10-month-old boy developed fulminant acute liver
failure due to MIS-CI55l. The pathophysiology of MIS-C-mediated liver injury may also
be related to the IIR as described previously.

Complement dysfunction-mediated liver injury
A new pathological mechanism of CRLI is dysfunction of the complement system.
Complement is also part of the immune system which provides innate defense against
pathogens and mediates inflammatory reactions. However, during SARS-CoV-2
infection, an overactive complement response leads to systemic inflammation, and a
negative complement response promotes viral replication and infection, thereby
exacerbating disease and inducing damage to other organsll. Du et all23] published a
report on 183 pediatric patients with COVID-19, C3 was elevated and decreased in

12.4% and 18.6% of severe patients, respectively, and C4 was elevated and decreased in

3.7% and 4.3% of severe patients, respectively (Table 3). In addition, it has been shown




that complement correlates with the coagulation cascade and dysregulated complement
activation may also contribute to the hypercoagulable state in severe COVID-19
patients®’l. For example, a report by Antala et all>8 showed that of four children with
CRLI two had complement dysfunction and resulted in microangiopathy, one of which
showed rapid improvement in liver function after treatment with eculizumab. All of
these findings demonstrate that severe CRLI may be associated with complement

dysfunction and microangiopathy features.

Hypoxia-mediated liver injury

The liver normally consumes 20% of whole body oxygen due to its dual blood flow
system in the hepatic artery and portal system. In addition, the liver is able to extract
95% of blood-oxygen in order to maintain oxygen uptakel>. It is well-known that
ARDS is the most significant complication of COVID-19, which usually presents with
respiratory distress, hypoxemia and acute respiratory failurel*l. All of these are
important risk factors contributing to hypoxic hepatitis (HH). HH is characterized by a
large and rapid increase in serum transaminases due to a decrease in oxygen delivery to
the liver(®l. Furthermore, inflammatory cytokines may reduce the ability of hepatocytes
to extract oxygen from the blood leading to hepatocyte deathl¢ll. Thus, IIR caused by
SARS-CoV-2 infection may promote the development of HH. Current studies suggest
that HH is uncommon in patients with COVID-19, but has a very high mortality rate.
For instance,_Wu et all®?l identified 8 adult cases with HH among 3041 COVID-19
patients, and only 1 (12.5%) patient was discharged, and 7 (87.5%) died. Despite the lack
of related reports on HH in pediatric patients, it is also a warning signal that we should

be more concerned about the possibility of HH in children.

COVID-19-RELATED TREATMENT CAUSES LIVER INJURY

Mechanical ventilation-mediated liver injury
Approximately 23% ofd:-atients with SARS-CoV-2 infection developed pulmonary

embolism!%]; therefore, some form of ventilation support, such as a high-flow nasal




cannula, non-invasive and invasive mechanical ventilation, is required to prevent
hemodynamic instabilityl®]. Woodruff et allé] investigated COVID-19 -associated
hospitalization surveillance network of 14 states in United States, they found that 691
(30.1%) patients required ICU admission and 122 (5.3%) patients needed invasive
mechanical ventilation among 2293 hospitalized children (aged < 18 years). Moreover,
other several researches also have showed 6% to 18% pediatric patients of COVID-19
required mechanical ventilation and 3% have died(®71]l. Current pediatric ventilation
strategies are usually based on adult reports, which may lead to increased pulmonary
vascular resistance and thus reduced right yentricular (RV) activity[72l. RV dysfunction
is a good predictor of heart failurel”l. As the liver is the largest visceral organ in the
human body and receives up to 25% of the entire cardiac output, RV failure can not
only aggravate liver injury by liver congestion attributed to elevated central venous
pressure, but also ischemic hepatitisi®l. Additionally, a multivariate regression analysis
showed a significant increase in the severity of COVID-19 among pediatric patients
receiving mechanical ventilation74. Therefore, physicians should pay attention to the
changes in cardiac function and the possibility of subsequent liver injury when

mechanical ventilation is given to pediatric patients.

Drug-induced liver injury

Drugs are mainly metabolized by the liver. Drug-related liver injury (DRLI) remains an
important focus in the monitoring of new drugs and drug repurposing. At present, the
use of anti-SARS-CoV-2 drugs in pediatric patients is dependent on the evidence from
adult clinical cases due to the emergency OH:OVID-W. The Italian Society of Infectious
Pediatric Diseases recommends the use of remdesivir in pediatric patients with severe
COVID-19 in whom renal and liver functions are normal, lopinavir/ritonavir should
only be considered if remdesivir is incompatible or unavailable, dexamethasone and
tocilizumab can be administered in patients ﬁith ARDS or MIS-CIl. A medication
guidance from a North American institution suggested using hydroxychloroquine as

first-line treatment in children under 12 years and as second-line treatment in children




above 12 years!7®l. DRLI in pediatric cases is predominantly characterized by elevated
liver enzymes as described by Goldman et all77l in 77 children with severe COVID-19
treated with remdesivir, where 3 patients discontinued remdesivir due to elevated liver
enzyme levels. The evaluation of other antiviral drugs in the pediatric population is
uncommon. Although there are fewer pediatric patients with severe COVID-19, the use
of antiviral drugs still deserves a separate discussion to develop a more appropriate

therapy for children.

POINTS OF CONTENTION ON CRLI

The above conclusions are drawn from a limited number of pediatric cases and there
are serious ethical questions about research on children with COVID-19. Therefore,
many conflicting views remain to be further explored, for example: (1) “SARS-CoV-2
binds to ACE2 and exerts direct liver injury” vs “Ang(1-7) produced by ACE2
hydrolysis of Ang II has anti-inflammatory and anti-fibrotic effects on the liver”; (2)
“The expression and function of ACE2 are weaker in children” vs “The expression of
ACE2 decreases with age”; (3) “Cholestatic liver injury is more common in children” vs
“The elevation of biliary injury marker ALP was not significant”; (4) “Cytokine storm
can lead to inflammation and liver injury” vs “Cytokine storm is mild in pediatric
patients”; and (5) “Inhibition of the complement system may aggravate viral infection
and cause liver injury” vs “Excessive activation of the complement system may induce
inflammation and cause liver injury”.

It is normal for these contradictions to emerge. As the short duration and wide
coverage of the COVID-19 epidemic, the severity and complexity of clinical cases vary,
and the criteria for inclusion and the outcome of patients are also different among case
reports. For the longer term future, we should continue to focus on CRLI to address

these issues.

CONCLUSION




With the continuous progress of COVID-19, liver injury is becoming a research focus.
We have divided the etiology of CRLI in children into three categories, and the possible
pathophysiological mechanisms are discussed separately. Of these, the direct
mechanism involves SARS-CoV-2 binding to ACE2 in the liver or bile duct to exert
direct toxicity, the indirect mechanism includes IIR and hypoxia, and COVID-19-related
treatments may also cause liver injury under some circumstances, such as the use of
mechanical ventilation and antiviral drugs. In summary, children are characterized by
strong innate immunity but weak adaptive immunity, and the IIR resulting from SARS-
CoV-2 is still the main cause of liver injury. The evaluation of liver injury in pediatric
patients with severe COVID-19, especially those with MIS-C, should be a focus.
Another focus is the toxicity of SARS-CoV-2 to cholangiocytes, as children more
commonly have cholestatic liver injury. In addition, hypoxia may promote liver injury
due to the high incidence of ARDS complications. Finally, liver injury induced during
COVID-19 treatment is often overlooked. Mechanical ventilation in children with
respiratory distress can lead to the risk of RV dysfunction and subsequent liver injury,
and the use of antiviral drugs in children may also lead to DRLI. In order to reach a
consensus on the etiology of CRLI, more pediatric case reports, more detailed

classifications and more in-depth studies are pending.
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