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Abstract: Celiac disease (CD) comprises over 1% of the world’s population and is a chronic multisys-
tem immune-mediated condition manifested by digestive and/or extradigestive symptoms caused
by food intake of gluten. This review looked at the risk of children diagnosed with CD developing
SARS-CoV-2 infection and possible severe forms of COVID-19. A better understanding of the inter-
action and effects of SARS-CoV-2 infection in CD is very important, as is the role of environmental
and genetic factors, but especially the molecular mechanisms involved in modulating intestinal
permeability with impact on autoimmunity. CD inspired the testing of a zonulin antagonist for the
fulminant form of multisystem inflammatory syndrome in children (MIS-C) and paved the way for
the discovery of new molecules to regulate the small intestine barrier function and immune responses.
Original published works on COVID-19 and CD, new data and points of view have been analyzed
because this dangerous virus SARS-CoV-2 is still here and yet influencing our lives. Medical science
continues to focus on all uncertainties triggered by SARS-CoV-2 infection and its consequences,
including in CD. Although the COVID-19 pandemic seems to be gradually extinguishing, there is a
wealth of information and knowledge gained over the last two years and important life lessons to
analyze, as well as relevant conclusions to be drawn to deal with future pandemics. Zonulin is being
studied extensively in immunoengineering as an adjuvant to improving the absorption of new drugs
and oral vaccines.

Keywords: children; intestinal permeability; gluten; larazotide acetate; MIS-C; SARS-CoV-2; tight
junctions; zonulin

1. Introduction

A new coronavirus was first detected in Wuhan, China, in late 2019 and afterwards was
termed severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). After the disorder,
it became known as Coronavirus Disease-2019 (COVID-19) and led to the current pandemic
and the global health crisis still present with major implications worldwide. World Health
Organization (WHO) declared COVID-19 a pandemic in March 2020. Globally, as of 12 May
2022, over 516 million confirmed cases of COVID-19 and over six million deaths were
reported; meanwhile, over 11 billion doses of vaccine have been administered [1–5].

Although the COVID-19 pandemic seems to be gradually extinguishing, there is a
wealth of information and knowledge gained over the last two years and important life
lessons to be analyzed, as well as relevant conclusions to be drawn for the future in all
areas, but especially in molecular medicine and drug discovery, virology, epidemiology,
genetics, immunology, vaccinology and clinical disciplines such as gastroenterology.
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A recently published paper by Fasano [6] reaffirms the extraordinary perception of
Hippocrates (460-377 Before Common Era, BCE), the father of modern medicine, who thou-
sands of years ago postulated that “all disease begins in the gut” [7], which has only recently
been recognized by the newest introspections in molecular and cellular pathophysiologi-
cal mechanisms of myriad persistent inflammatory disorders that cause serious medical
problems and burdens worldwide. Up until a few decades ago, until the elucidation of the
human genome [6,8], the explanatory concepts were based on only two factors—genetic sus-
ceptibility and stochastic events triggered by surrounding circumstances—which formed
the basis for modeling almost all conditions and even neoplasms, the current epidemi-
ology has invalidated this model. Complete human genome decryption gave us limited
knowledge, and the twenty-three thousand genes and the postulate of “one gene, one
protein, one disease” cannot explain the intrinsic puzzle of health and diseases, and by no
means the real explosion of persistent illnesses caused by inflammatory processes. This
complex mutual interaction is controlled by many adjacent surfaces or interfaces between
our organism and the ambient, from which the longest [about 6.7 to 7.6 metres (22 to 25 feet)
long] [9], and the largest (the absorptive surface area is actually about 250 square meters,
i.e., almost 2700 square feet—the size of a tennis court!) [10], is the human small intestine.
The intestinal mucosa is responsible for the final interplay with the surroundings, i.e., the
minute organisms producing disease (bacteria, viruses etc.), nutritive substances, waste
materials that may contaminate, and so on. This third important player is intestinal per-
meability, which finely modulates the molecular transit between the tubular cavity of the
small intestine and the layer of areolar connective tissue under the mucous membrane,
balancing forbearance or immune reaction to foreign antigens, i.e., the autoimmunity [6].

Tight junctions (TJs) between cells are important controllers of antigen transit [11],
being molecularly coordinated by zonulin, the only known modulator of intestinal perme-
ability [6]. The activation of the zonulin pathway could be initiated even by short-term
contact with the abundance of bacteria, viruses, gluten (for celiac disease) and others. The
zonulin pathway is important for multiple molecular and cellular physiological mecha-
nisms for keeping up mucosal homeostasis. The disruption of this pathway and epithelial
and endothelial barrier functions, as well as the transformation of the constituents or ac-
tivity of the intestinal microbiome, leads to many (but not all) chronic inflammatory or
autoimmune diseases, such as celiac disease (CD), type 1 diabetes mellitus (T1DM), obesity,
etc. [6].

The main goal of this review was to examine the risk of children diagnosed with
CD contracting the SARS-CoV-2 infection and developing severe forms of COVID-19.
The second aim was to provide a better understanding of the interactions and effects of
SARS-CoV-2 infection in children and adolescents diagnosed with CD. The third purpose
was to highlight the molecular mechanisms underlying CD and to analyze zonulin as a
regulator of intestinal permeability in relation to a formidable pathology called multisystem
inflammatory syndrome in children (MIS-C), which is triggered within a few weeks of viral
contagion from contact or infection with SARS-CoV-2. This review reveals how CD in the
COVID pandemic inspired the testing of an adjuvant drug for the fulminant form of MIS-C
and paved the way for the discovery of new molecules.

Original published works on COVID-19 and CD and new data and points of view
have been analyzed because SARS-CoV-2 remains and continues to influence our lives. The
efforts of the scientific world continue to address the medical uncertainties triggered by the
SARS-CoV-2 infection and its consequences, including in CD.

Tasks to face future pandemics are to develop new ways for quick and precision diag-
nosis and quantified management of infectious diseases by understanding the molecular
mechanisms and how genes, proteins and other molecules interact within our cells.

2. Celiac Disease in Children—General Aspects

Celiac disease is a chronic inflammatory disease that primarily affects the small in-
testine following the ingestion of gluten and the related prolamins found in wheat, rye,
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oats, and barley. It has a prevalence in the general population worldwide of approximately
1% [12]. Within the last three decades, its prevalence raised due to more accurate diagnostic
tests, and the age of diagnosis also increased from under 2 years to 6–9 years [13]. The
Middle East, North Africa and India, once with low CD rates, have a higher prevalence [14]
nowadays. CD is often underdiagnosed due to the heterogeneity of the clinical mani-
festations [15]. Most pediatric subjects experience “classic symptoms”: chronic diarrhea,
steatorrhea, bloating, abdominal pain, irritability, and other signs of malabsorption, but
few patients lack symptoms and are accidentally diagnosed [16]. Women are 1.5 times
more affected, and gastrointestinal (GI) infections, use of antibiotics or proton pump in-
hibitors, and age when gluten was introduced into the diet represent environmental risk
factors [17–21].

Genetic factors are recognized in the pathogenesis of CD; the human leukocyte antigen
(HLA) class II (HLA)-DQ2 (allele DQA1 * 0501 and haplotypes DQB1 * 0201) and HLA-DQ8
(DQA1 * 0301 and DQB1 * 0302) or other variants are highlighted, but not sufficient to
confirm or predict the onset of the disease [13,22,23]. Over 99% of CD patients have the
HLA-DQ2 or HLA-DQ8 molecule, compared to only 40% of the general population [24].

In addition to genetic predisposition, contact with gluten, prolamins, the gluten-
induced innate proinflammatory immune response, the tissue transglutaminase autoanti-
gen (tTG), and other causes such as loss of intestinal barrier function, inadequate adaptive
immune response and abnormal intestinal microbiome, may be involved in triggering the
autoimmune process of CD. Anti-tissue transglutaminase (anti-tTG), formerly known as
anti-tissue transglutaminase 2 (anti-tTG2), are autoantibodies of class IgA and IgG pro-
duced by tTG-specific/or tTG2 (old terminology)-specific B cells. In the past, the detection
of anti-tissue transglutaminase 2 (anti-tTG2) antibodies in serum as important markers
of CD, as well as the presence of other autoimmune phenomena, have included CD in
the category of autoimmune diseases. Anti-tTG2 autoantibodies or newer, with the latest
terminology—anti-tTG antibodies—are produced in the gut, where they are deposited
much earlier before entering the general circulation [25–27].

Lack of breastfeeding and gluten intake before the age of six months and GI tract
infections may increase the risk of CD [28,29]. Rotavirus vaccination can reduce the
prevalence of CD in children and adolescents [30–32] since viral intestinal infections can
alter the host’s local immune response for a very long time [33–35]. The role of bacteria,
such as Clostridium difficile, Helicobacter pylori and Streptococcus pneumoniae, is not fully
clarified in the pathophysiology of CD [36–39].

In 1950, Willem Dicke discovered that gluten from wheat is the key determinant of CD
symptoms [26,40]. Over the decades, various theories have suggested that gluten would
cause direct toxic damage to the lining of the small intestine [41–43], and because of its
high resistance to the degradation by intestinal enzymes, it may increase the permeability
of the intestinal mucosa [44–47]. Following this process, immunogenic gluten peptides
cross the intestinal barrier and reach the general circulation, prolonging the inflammatory
processes [48–51]. The penetration of undigested fragments of gluten peptides into intesti-
nal lamina propria leads to their deamidation by the tissue enzyme transglutaminase 2
(TG2). This process of deamidation by TG2 is the cornerstone of CD pathophysiology, and
anti-TG2 antibodies are used as biomarkers for positive diagnosis [43,52].

Deamidated native and gliadin peptides are taken up and presented to HLA-DQ2
and DQ8 molecules by dendritic cells (DC) and, via T-helper cells, will initiate an adaptive
immune response. At the same time, α-amylase/trypsin inhibitors (ATI) and wheat lectins
trigger the body’s innate immune response by stimulating the Toll-like receptor (TLR) 4 on
myeloid cells and antigen-presenting cells (dendritic cells, monocytes, macrophages) in
the intestinal mucosa, with the release of interleukins 8 (IL-8), 15 (IL-15), tumor necrosis
factor-alpha (TNF-α) and monocyte chemoattractant protein-1 (MCP-1) [45,52–55].

Stimulated T-helper 1 (Th1) lymphocytes release IL-15, IL-21 and interferon-gamma
(IFN-γ), which activate and promote cytotoxic intraepithelial CD8+ lymphocytes (IEL),
facilitating the damage of the mucosa and intestinal wall. Activated T-helper type 2 (Th2)
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lymphocytes participate in the differentiation and activation of B lymphocytes, which
stimulate the production of IgM, IgG and IgA, anti-TG2, anti-gliadin and anti-endomysium
antibodies [56–58]. Some studies suggest that some gliadin peptides bind to TLR2 recep-
tors and will influence the increase in IL-1 production through myeloid differentiation
primary response 88 (MYD88), a key protein involved in the release of zonulin after gluten
ingestion [59,60].

Although CD8+ cytotoxic cells and CD4+ Th1 cells are gluten-specific, and they are
central exponents by releasing proinflammatory cytokines (IL-1β and IL-18), inflammatory
pathways induced by cell death may also be involved in keeping the disease active by
delivering proinflammatory molecules, such as the alarmins high-mobility group box-1
(HMGB1), IL-33 and IL-1α [61–63]. Helper T-cells produce proinflammatory cytokines
(IFN-γ and TNF-α), which will further increase intestinal permeability and, in association
with killer T-cells, trigger gluten enteropathy, which allows for intestinal retrotranscytosis
of secretory IgA (SIgA)-gliadin complexes to act [64,65]. In the vast majority of individuals,
all manifestations of the immune conflict disappear with a gluten-free diet [66].

A positive diagnosis of CD can be achieved through a combination of clinical pa-
rameters, immunological parameters (positive serological levels for total IgA and IgA
anti-intestinal transglutaminase 2 antibodies (TGA-IgA), IgA anti-endomysium antibodies
(EMA-IgA) and IgG deamidated gliadin peptide (DGP) antibodies (DGP-IgG) and/or
histological data, obtained by biopsy; in clinical practice, the serologic IgA tissue transglu-
taminase antibodies have a sensitivity close to 97%, while EMA-IgA antibodies are highly
specific markers (approximately 100%) for CD diagnosis [67–73].

In adults, a duodenal biopsy is the current gold standard for CD-positive diagno-
sis [74], whereas, in children, a biopsy is only needed when they have positive anti-tissue
transglutaminase IgA antibodies (anti-tTG IgA) but with titers less than 10 times the upper
limit of normal. For a positive diagnosis, they should have ≥4 biopsies of the distal duode-
num and ≥1 of the duodenal bulb during a gluten-containing diet. A villus/crypt ratio <2
indicates mucosal damage. In case of uncertain or discordant results between serology
(TGA-IgA level) and histopathological appearance, a second opinion of an experienced
histopathologist and/or a new biopsy is required [13,75].

Histopathological aspects (atrophy of the intestinal villi and crypt hyperplasia) are
classified according to Marsh-Oberhuber criteria [76,77].

Current guidelines for positive CD diagnosis require four out of the following five cri-
teria: (1) typical symptoms (diarrhea and malabsorption); (2) antibody positivity; (3) HLA-
DQ2 and/or HLA-DQ8 positive; (4) histological intestinal lesions (atrophied villi and minor
lesions); and (5) a clinically positive response to GFD [78,79]. European Society for Paedi-
atric Gastroenterology Hepatology and Nutrition (ESPGHAN) and other recent studies
recommend a diagnostic approach without biopsy, especially in children with T1DM and
positive serological tests, even in the absence of symptoms [80–82].

Children with CD should be monitored in the first six months after diagnosis and
then annually [83]. GFD helps resolve digestive and extra-digestive manifestations but can
induce deficiencies in minerals and vitamins, together with psychological problems [84,85].
Determining adherence to a GFD can be heterogeneous due to gluten contamination, poor
labeling, and restrictive dietary barriers [86–88].

In the CD population, there are two types of refractory forms; type 1 should be treated
with a strict diet and oral budesonide, steroids in general, or in combination with azathio-
prine. Type 2 CD also benefits from steroids, associated or not with cyclophosphamide,
cladribine, anti-TNF antibodies, and, if possible, stem cell therapy and transplantation.
Patients with type 2 refractory form are at risk of developing T-cell lymphoma [79,89–92].

Significant progress has been made over the past decade to better understand the
pathophysiology of CD, which has guided research directions for possible new treatments
targeting junctions between intestinal lumen enterocytes, interfering with the inflamma-
tory cascade to limit mucosal destruction or the invention of digestive enzymes with an
intraluminal action and peptide binding agents that turn gluten into a non-toxic food [93].
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To date, there is no Food and Drug Administration (FDA)-approved drug for the
treatment of CD, and the only recommendation for reducing or eliminating the symptoms
of this disease is to avoid consuming gluten-based products. There are several ongoing
clinical trials testing pharmacological products for CD therapy. Currently, there are two
advanced clinical trials testing the drugs: AT-1001 (Larazotide acetate) and IMGX-003
(Latiglutenase; formerly known as ALV003). These products are intended to relieve CD
symptoms in two different ways. AT-1001 attempts to close or repair the defect of villi tight
junctions, while IMGX-003 works as a gluten endopeptidase that breaks down gluten in
the stomach before being absorbed in the small intestine [74].

Larazotide acetate is a synthetic peptide with eight amino acids, which works as a
regulator of intestinal permeability by the antagonizing action of zonulin, a fundamental
protein of the intestinal intercellular junction participating in the pathogenesis of CD. The
other enzymatic treatment is IMGX-003 administered orally, which works from the stomach
by fragmenting gluten and then in the small intestine, with the effect of improving the
quality of life (QOL) and multiple symptoms induced by involuntary consumption of
gluten [94].

Summarizing the data from the literature on CD management in children and adults,
the following observations can be made: —at the current level of knowledge, the treatment
and prevention of CD recurrence can be achieved only by suppressing gluten from the
patient’s diet for life; —prevention of immune stimulation after absorption of gluten in
the small intestine by immunosuppressive drugs (steroids, azathioprine, anti-cytokines,
HLA-DQ2 blockers, cathepsin inhibitors, vaccines, etc.); —retention of gluten in the intesti-
nal lumen by various polymers, antibodies, etc.; —prevention of absorption of digested
gluten by a zonulin antagonist (e.g., Larazotide acetate); —use of tissue transglutaminase in-
hibitors; —reducing the immunogenic power of gluten through genetic, thermal, enzymatic
engineering techniques, and so on.

3. Celiac Disease in Children during COVID Pandemic

Although COVID-19 primarily affects the respiratory system, many children also
have GI symptoms manifested by cramps, abdominal pain, nausea, vomiting and diarrhea.
Calitri et al. reviewed the pathophysiological mechanisms, clinical symptoms, diagnosis
and management of COVID-19, and the impact of the disease on the digestive tract in
children. GI manifestations appear to be more common in COVID-19 in children than
in adult patients. The symptoms are usually of short duration and can be resolved by
symptomatic treatment. However, in a small number of children, GI involvement precedes
severe forms of the multisystem inflammatory syndrome in children (MIS-C). The SARS-
CoV-2 virus should be tested in stool samples in sick children by real-time polymerase chain
reaction (real-time PCR or RT-PCR) (a laboratory technique of molecular biology based
on the polymerase chain reaction). In children at risk, such as those with CD, intestinal
inflammation, and chronic liver disease, COVID-19 does not appear to be more severe than
in other patients on immunosuppressive therapy. Monitoring CD patients must be adapted
to the pandemic to avoid unnecessary endoscopic examinations and duodenal biopsies.
Telemedicine can be a good alternative for educating and monitoring chronic patients,
keeping away from the risk of unwarranted interventions and viral transmission [95].

Because a CD outburst has been seen as a hallmark after SARS-CoV-2 infection, Cakir
et al. pursued to study of the impact of the COVID-19 pandemic on the incidence and the
clinical symptoms of CD. Researchers divided CD patients into two groups [diagnosed in
pre-pandemic (January 2008–February 2020) and in pandemic period (March 2020–June
2021)] and compared them so as to reveal the differences between the groups regarding the
clinical and the histological data. Supplementary information was gathered concerning
the second subgroup (n = 22) diagnosed with CD and COVID-19 during the pandemic. It
came out that the number of patients per year (12.1–37.6) and the percentage of patients
who were diagnosed with CD increased during the pandemic (2.2% vs. 10%). T1DM has
been reported in 17% of patients with CD, compared with only 4% before the pandemic.
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The incidence of moderate-severe mucosal lesions has been reduced by almost half in the
pandemic (42.4% vs. 81.7%). More than one-third (36.3%) of patients diagnosed with CD
during the pandemic had a previous severe infection with SARS-CoV-2, reflected by the
biological markers and clinical symptoms. Authors accept as true that the incidence of CD
and its association with T1DM increased in children during the COVID-19 pandemic [96].

In a recently published article on COVID-19 and CD, Trovato et al. reveal a new patho-
genetic hypothesis regarding the outbreak of CD in the current pandemic, highlighting
the role of COVID-19 as a potential trigger for celiac disease in predisposed patients. The
context cited by the authors is the growing body of available information corroborated
with the gut tropism with ciliated cells and intestinal enterocytes as ideal targets for the
SARS-CoV-2 virus through high levels of angiotensin-converting enzyme 2 (ACE2) recep-
tors and transmembrane serine protease 2 (TMPRSS2) expression. The virus can easily
enter the cells by binding to ACE2, followed by its priming by TMPRSS2 and the activation
and increase of inflammation locally. As an extra factor, priming of the spike protein by
the serine protease TMPRSS2 in ciliated cells and the brush border of gut enterocytes is
essential for SARS-CoV-2 to invade the cells of the intestinal lining, provoking mucosal
deterioration, and conducting to increased permeability due to damage of the gut bar-
rier. Further consequences are the movement of microbes, including microbial-associated
molecular patterns (MAMPs), generating an inflammatory immune response by especially
the macrophages and adipocytes as TLR-expressing cells of the mesentery fat, which on
this path can extend into the systemic circulation. This complex portrayal reinforces the
assumption that gut cells could contribute to an increase in the presence of the SARS-CoV-2
virus in the blood (higher viremia). A consequence of damage to the intestinal epithelium
is a greater barrier permeability, which grants permission to the gliadin to pass into the
intestinal lamina. However, loss of intestinal barrier function is very important in the
pathogenesis of CD because it is a systemic autoimmune disease acquired by genetically
predisposed subjects due to gliadin, which passes from the intestinal lumen to the lamina
propria—either by crossing the barrier or by transcellular transfer. This transition is the first
step toward disease progression because the binding of DGP to antigen-presenting cells
(APC) takes place in the lamina propria. Based on these pairs of pathogenetic implications
that may precede the onset of CD, the authors concluded that genetically predisposed
patients are more likely to develop CD after SARS CoV-2 infection, so the current pandemic
could be a potential trigger for an outburst of CD in the very near future [97].

Asri et al. examined the levels of genes that influence immune homeostasis and are
related to inflammation [IL-6, CD4, CD25 and forkhead box P3 (FOXP3)] in peripheral fresh
whole blood samples from 60 newly diagnosed CD people (mean age 35.40 ± 24.12 yrs.),
30 patients with severe COVID-19 (mean age 59.67 ± 17.22 yrs.), and 60 healthy subjects
(mean age 35.6 ± 13.02 yrs.), enrolled for a period of 6 months in 2020. RNA expression
levels of the aforementioned genes were evaluated applying real-time quantitative RT-
PCR and performant statistical analysis. Higher expression of CD4, CD25 and FOXP3
was determined in patients with CD compared to the control group and the COVID-
19 group, the latter having lower expression levels compared to controls. However, a
higher expression of IL-6 was observed in both groups of patients compared to controls.
Authors concluded that due to the high expression of IL-6, patients with untreated CD
may be at higher risk of developing severe COVID-19, but the increased expression of
anti-inflammatory markers may be salutary for them, possible through diminishing the
gravity of COVID-19, aspects to be scientifically proved in time to come research on CD
patients contaminated with SARS-CoV-2 [98].

Renzo et al. managed an online analysis of many Italian pediatric centers engaged in
GI endoscopy in order to assess the adjustments of this medical branch in the COVID-19
pandemic during high viral transmission. Facts and statistics collected for analysis were
compared in two selected periods. Findings of the study from 24 pediatric endoscopy
units that responded highlighted a marked decrease in GI endoscopy procedures with a
total reduction of 37.2% in 2020 compared to 2019, consistent with another new survey
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conducted in 12 European centers in April 2020. There has been a dramatic drop from 621
to 279 (55.1%) from 2019 to 2020 in the procedures for prepositive CD, with the longest
waiting lists for the new onset of CD. All centers had to suspend or reschedule the GI
endoscopies due to the outbreak of SARS-CoV-2 infections, especially since mid-March’20.
Therefore, it could be concluded that the effect of COVID-19 on the practice of GI endoscopy
in Italian children was important [99].

Although SARS-CoV-2 virus infection is transmitted mainly by tiny drops, in addition
to respiratory manifestations, patients often have GI symptoms and liver damage. Concas
et al. published an updated practical review for gastroenterologists facing many patients
with COVID-19 and chronic GI disease (inflammatory bowel disease, celiac disease, chronic
liver disease). Rapid collecting of valuable information from the latest publications for
improved standards in medical consultation and patient care regarding COVID-19 is es-
sential. The authors explored all available medical references, deepened the origin and
pathophysiological mechanisms of COVID-19, examined the clinical manifestations of GI
involvement, introduced the latest guidelines on main practical GI procedures and rec-
ommended immunosuppressive therapy, and emphasized the importance of maintaining
social distance. Particular attention should be paid to fecal-oral transmission and intestinal
microbiota in COVID-19. In general, patients with CD are not usually considered immuno-
compromised, except for those with an extremely poor diet and weight loss, refractory
CD type 2, immunosuppressive drugs, or other serious illnesses that could develop severe
COVID-19, and they must be under medical supervision. However, the authors pointed
out that as of the time of their analysis, no previous research had shown that patients with
CD would be at increased risk of developing severe COVID-19, but important data are
collected continuously in an international registry (SECURE-Celiac) in which clinicians
worldwide are asked to report all cases of COVID-19 in celiac patients, regardless of the
severity of the disease. A review of studies conducted by authors on publications from
China, Italy, the United States, and the United Kingdom, having samples from children and
adolescents in the relationship between celiac disease and SARS-CoV-2 infection, showed
that a small percentage did COVID-19, with possible arguments the active resistance of
children to the virus or multiple unrecognized asymptomatic cases. Although with a mild
course of COVID-19 compared to adults, preschool children (under five years) had a higher
load of viral RNA in the nasopharynx than other ages and adults. Regarding the presence
of GI symptoms in children with COVID-19, in any case of the severity of the disease, it
is essential to note that stool samples and rectal swabs may be positive for viral RNA for
several days after infection, and children appear to eliminate the virus a longer time than
adults, which makes them possible essential viral transmitters [100].

In a research correspondence on the results of COVID-19 in CD, Uche-Anya et al. con-
ducted an investigation on the International Registry of Celiac Disease Patients, SECURE-
CELIAC registry, and they found 12% hospitalization and 2.5% mortality rates, reflecting
the low risk of admission to hospital for treatment, or death. In conclusion, according to
this research, patients with CD do not have an increased risk of hospitalization or death
due to COVID-19, but old age and new GI symptoms during SARS-CoV-2 infection may
trigger an unfavorable course [101].

Mehtab et al. assessed the consequences of lockdown and limited mobility during
the COVID-19 pandemic on the accurate adhesion to GFD, symptom management and
QOL in CD patients from northern India. Researchers sent a web-based questionnaire
to 3130 patients on WhatsApp and contacted telephonically 68 patients, who were not
present on any social network, and finally included in the analysis 505 fully responders.
The questionnaire comprised both specific purpose and certified questions, introduced after
the review of the medical literature, discussions and seminars with experts, and included
the CD adherence test, the celiac symptom index score and CD-relevant QOL. Of the
505 patients finally included, 6.7% had had poor GFD compliance before the pandemic, but
their number nearly doubled during the pandemic. In addition, almost 5% were diagnosed
with CD when tested for SARS-CoV-2 infection. About two-thirds of patients liked the
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online consultation more than in person. Most usual problems to overcome during the
lockdown were high delivery prices for gluten-free (GF) food at home (54.4%), an increase
in prices for regular GF food (43.1%) and long-distance travel to get GF food (44.9%).
In conclusion, as a positive effect, the pandemic paved the way for teleconsultation for
patients with CD but negatively affected the GFD, symptom management, and the QOL
due to lack of money at home, high costs for the purchase and delivery of GF food at home,
sometimes very difficult to find. Future steps should be taken to maintain GF food supply
chains, online consultation and monitoring of CD patients in case of regional lockdowns or
across the country [102].

Falcomer et al. investigated the effects of the pandemic as an extra burden on long-
term celiac disease (CD), which further compromised the QOL of patients diagnosed with
this condition in Brazil. The purpose of this research was to assess the QOL of Brazilian
patients with CD during the current pandemic caused by the SAR-Cov-2 epidemic and
its very fast dissemination around the globe, subsequent restrictions and lockdowns, and
the overlapping dietary restrictions and other overloads on CD patients. The study was
conducted online across the country through a previously validated questionnaire in
Brazilian and Portuguese to investigate the QOL of patients diagnosed with CD. The
answers to the sent and self-administered questionnaire were received from 674 patients
with CD and revealed the following aspects: QOL of people with CD in Brazil has not been
negatively affected by the current pandemic; GI manifestations had the greatest influence,
followed by social ones; unlike psychological, mental suffering or affective, with no effect
on the QOL of CD people in Brazil; all other issues related to profession, age, gender,
marital status, children, or even a positive test for COVID-19 did not affect QOL in CD
subjects; most dramatic influence on QOL had non-compliance to GFD and the use of drugs
to prevent or relieve mental depression in CD patients. The authors believe that further
research is needed to extend these results to the post-pandemic COVID-19 era [103].

In another article published by Monzani et al., the authors studied GFD adherence during
COVID-19 lockdown in Italian patients with CD (adults and children/adolescents) using
an online survey. Out of the total of 1983 replies, 369 (18.6%) were for children/adolescents
with CD (answers given by their parents or caregivers), and the remaining 81.4% for adults
with CD. GFD adherence was unchanged in 70% of children (69% of adults, respectively)
and improved for 29% in both age groups. The authors reported that the particularities that
increased the likelihood of reporting better adherence in adults were the constant appearance
of CD symptoms in the last year before lockdown, but also usual partial compliance and
testing of new natural, gluten-free formulas with more ingredients than usual. In the case of
children or adolescents with CD, the critical factors were the existence of CD symptoms in the
last year, CD antibodies yet positive, and also the existence of other family members diagnosed
with CD. The conclusion was that the lockdown resulted in improved compliance to GFD in
33% of participants, but especially in those with poorer disease control, slaughtering sources
of contamination or deviation, and new confidence in naturally gluten-free products [104].

In a recently published study, Temsah et al. analyzed the success of facts, information
and skills acquired by parents and caregivers, as well as their views on unintended and
preventable injuries, the well-being and safety of their children or adolescents during
the COVID-19 pandemic lockdowns. Pre-post investigative research with predetermined
assessments, such as questions about the socio-demographic status and knowledge ac-
quisition before and after participating in a security campaign on 308 volunteer parents
in Saudi Arabia, showed an improved score from 36.2 to 79.3, as well as an increased
perception of the general expertise and accomplishments towards the security of children
and adolescents, so that during lockdowns, additional training tools, programs and other
pertinent information are justified to promote safe and harmless practices to parents, nurses,
social workers and others [105].

Barschkett et al. compared the number of outpatient visits of children in the German
national registry before and during the first wave of the COVID-19 pandemic, i.e., between
January 2019 and June 2020. There was an 18% decrease in the number of outpatient visits
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per child during the first wave of the pandemic, with a significant decrease (51%) in inter-
current infections, especially in young children under five years, but for chronic diseases,
the outpatient visits diminished only to a minor degree, for example, T1DM (to 92%), CD
(to 86%) and hay fever (to 95%), as well as for mental and behavioral conditions have shown
only insignificant differences. The authors concluded that lack of contact between children
seems to reduce the transmission of infections. Future targeted educational and counseling
measures, as well as adequate preventive measures to reduce stress and improve the QOL
in children, are necessary and welcome, including for parents who have lost precious time
away from work [106].

In a recently published paper, Dipasquale et al. investigated the effects and conse-
quences of the COVID-19 pandemic in highlighting the nature and all the complications of
the GI diseases in children and adolescents for a correct diagnosis and management in the
COVID era. In this review, the authors turned their attention to pediatric gastroenterologists
to assist in the correct diagnosis and management so that researchers presented evidence of
digestive and clinical involvement of COVID-19; they highlighted the effects of COVID-19
on the clinical approach in children and adolescents with pre-existing disease or in an early
stage from onset; and they also focused on the duty and restricted access to instrumental
investigations, for example, endoscopy of the digestive tract in the coronavirus pandemic.
It is currently unknown whether immunosuppressive therapy for inflammatory bowel dis-
ease (IBD) or chronic hepatitis is at risk and may cause adverse reactions in some subjects.
In the case of patients in remission, outpatient follow-up consultations may be postponed,
but telemedicine is especially recommended in the absence of any risk of infection. Any
new therapies must be individualized, and there will be presented not only the benefits but
especially the risks to each patient and the family. Psychological counseling therapy should
be initiated for all children with chronic diseases and for their parents or caregivers. All
endoscopic procedures that are not urgently needed or optional may be suspended while
minimizing the risk of viral spread. Social distance and the use of individual safeguarding
equipment should be further recommended, as well as SARS-CoV-2 vaccination [107].

Bükülmez et al. investigated the influence of COVID-19 on pediatric patients di-
agnosed with CD in Turkey. The authors tried to sound the alarm for the parents and
caregivers of children diagnosed with CD to make them aware of the need for necessary
measures to be taken in the current coronavirus pandemic for their children. COVID-19 has
caused unpredictable changes in life through restrictions, lockdowns, severe complications
and death in some cases. Several patients with CD have asplenism or hyposplenism and a
higher risk of pneumococcal sepsis in the latter case. The authors designed and conducted
a cross-sectional study between May and July 2020 through an online survey of a sample
of 73 parents whose children with a mean age of 11.36 ± 4.36 years had confirmed CD
diagnostic at a university hospital in Turkey. The most important results were that 90.4% of
participants responded that SARS-CoV-2 infection was transmitted through small droplets
from the respiratory tract released by sneezing, coughing, speaking, or after contact with
virus-infected surfaces followed by touching the face. The vast majority (78.1%) said they
had no problem following the GFD because they found all the GF foods needed. Parents of
children with CD did not know that the risk of infection with this virus in their children
may differ from that of healthy children, so the study accentuated that these parents should
have been better informed about COVID-19. Parents also noticed the increase in the level of
anxiety in their children during this pandemic, as well as the fact that they gained several
extra pounds in lockdown, with a negative effect on their health, well-being and keeping
up a healthy way of living [108].

In a letter to the editor of Clinical Gastroenterology and Hepatology, Lionetti et al. ex-
pressed interest in investigating whether the risk of coronavirus disease 2019 (COVID-19)
is increased in children and adolescents with CD including the morbidity and mortality
in these patients. The authors pointed out that Italy had a sudden spread of SARS-CoV-2
infection and that the crisis had hit the country hard, especially in the central part where
there was an important center for children with CD, so the researchers took the oppor-
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tunity to study the prevalence and the severity of COVID-19 in children with CD and
compared them with general population data. Authors who signed the letter investigated
between February and June 2020, through a telephone survey, using a questionnaire with
26 questions, the prevalence and clinical characteristics of SARS-CoV-2 infection in CD
patients. The researchers included all children diagnosed with CD according to ESPGHAN
criteria in a CD group who tested positive for SARS-CoV-2 infection. The control group
was like this group but consisted of patients with possible COVID-19-related symptoms but
untested. For the prevalence of COVID-19 in children and adolescents in the Marche region
during the same period, the reports of the Italian National Institutes of Health and of the
regional government were used. Of the initial 419 patients with CD contacted, only 387 had
a positive response, of which 37% were males, with a mean age of 9.9 (1–16 years) and a
mean age at CD diagnosis of 7.5 years (range of 6 months to 16 years). Of the total number
of patients with CD, none had COVID-19 confirmed by laboratory testing, so the prevalence
of COVID-19 was 0/387 (95% confidence interval, 0.0000–0.0095). 3.9% of patients (n = 15)
had a fever but had no other symptoms associated with COVID-19. 5.9% of patients (n = 23)
were included in the COVID-19 like- group (nine with fever and cough; two with fever,
vomiting and diarrhea; ten with diarrhea and/or vomiting; two with cough), but none
did not have respiratory failure or pneumonia and did not need oxygen administration or
hospitalization. In that region, the confirmed prevalence of COVID-19 at 0–16 years was
155/199,289 (0.08%; 95% confidence interval, 0.0007–0.0009). Thus, the authors concluded
that children with CD did not significantly increase the prevalence of COVID-19 compared
to the general population, and children in the COVID-19 group did not develop the severe
or complicated disease. As an observation, the authors noted that the number of infections
could be underestimated in the CD group because they could not assess the number of all
asymptomatic carriers of SAR-CoV-2, but the same limitation should be considered in the
general reference population. The findings of this study are consistent with the conclusions
of other studies that have shown that pediatric patients with CD do not have an increased
risk of SARS-CoV-2 infection. However, COVID-19 has caused an unprecedented crisis in
the global health system, forced the rethinking of the management of patients with acute
or chronic diseases and opened wide the doors to telemedicine, which is very suitable
for tracking CD patients. Although these findings are not of particular concern to CD,
compliance with prevention measures in the general population is also necessary for this
chronic disease, and other long-term studies may imply a better understanding of the risk
of contracting COVID-19 in pediatric patients with CD [109].

In correspondence to the publisher of Digestive and Liver Diseases, Catassi et al. wrote
about life-threatening delays in diagnosing CD due to COVID-19 lockdown in Italy as a
very dark side of pandemics. Forced lockdown of the COVID-19 pandemic has had major
consequences for primary care, even for habitual GI disorders, but sometimes severe or
critical. For example, the authors succinctly outlined the history of one critical clinical
case admitted to their regional medical academic center. A 17-month-old girl (breastfed
only for four months and afterwards weaned with formula, cereals, meat and vegetables)
was admitted during the Italian lockdown in March 2020 for abdominal pain, distention,
and widespread edema. The weight and height were 8.0 Kg (below 3rd centile) and
70 cm (below 3rd centile), respectively. Laparotomy was applied for reduction of involved
intestinal segments, but the day after surgery, the child was irritated and with significant
edema of the face, abdomen, and upper and lower limbs. Laboratory data were normal,
except for low serum albumin (2.8 g/dL) and total calcium (8 mg/dL). Because the clinical
history suggested CD, the serum CD autoantibodies were measured, as suggested by the
ESPGHAN diagnostic guidelines, and a GFD was immediately started before the results
were obtained due to the gravity of the clinical manifestations. Diagnosis of CD was
strongly suggested by high-level positivity (>10× UNL) of anti-DGP IgG and uncertain
levels (1× UNL) of anti-tTG IgA. After 10 days of GFD, the edema had disappeared. CD
diagnostic was clearly certified by the intestinal biopsy highlighting drastic villous atrophy
and many intramembranous lymphocytes. After a month of GFD, the little girl continued to
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show signs of obvious improvement in her health. The authors concluded that this example
is just one of many potentially life-threatening delays in the diagnosis and treatment of CD
in children during the COVID-19 pandemic [110].

4. Molecular Mechanisms of SARS-CoV-2 Infection and How CD Led to an Adjuvant
Drug for MIS-C

Management of COVID-19 is a constant challenge in the presence of Omicron’s mu-
tations, which made it the most infectious coronavirus variant yet, and because effective
treatments are not yet available worldwide, especially in severe forms, for example, in
MIS-C. Coherent strategies are still needed to support, predict results and deal with new
cases around the world. Therefore, it is vital to understand the complex molecular mecha-
nisms of COVID-19 pathogenesis, especially in children and adolescents who developed
fulminant cases of MIS-C, as well as in other autoimmune diseases, such as CD. It was
noticed that a few weeks after contacting the SARS-CoV-2 virus responsible for triggering
COVID-19 disease, even asymptomatic, some children or adolescents develop MIS-C if they
have the virus that causes COVID-19 or they have been in contact with someone diagnosed
with COVID-19. This disease, initially also called pediatric inflammatory, multisystem
syndrome (PIMS), temporally associated with SARS-CoV-2 infection (PIMS-TS) or systemic
inflammatory syndrome in COVID19 (SISCoV), is a systemic disease with incessant fever
and maximum inflammation, which can be life-threatening because it can trigger multiple
organ failure, even cardiogenic shock with ventricular dysfunction, and the family must
seek medical attention immediately as most children will need intensive care. MIS-C is
a severe consequence of COVID-19 in children or adolescents, connected with important
hemodynamic, cardiovascular and other organs’ inflammation and damage, such as the
lungs, kidneys, brain, skin, eyes, and marked GI symptoms.

The critical onset of MIS-C is in a patient under the age of 21, with a high fever for at
least 24 h, with inflammation proved by elevated inflammatory markers, hypotension, mul-
tisystem organ implication, and proof of SARS-CoV-2 infection on RT-PCR, antibody testing,
or contact to persons with COVID-19 in the past 4–6 weeks, which is an immune activation
syndrome with a cytokine storm that requires intensive care management. MIS-C can be
a severe, even fatal, condition. Regardless of the severe presentation, most disturbances
will resolve within a few weeks with intensive care, but severe cardiac implications will
need a considerable rehabilitation period. Researchers are making a continuous effort to
broaden their knowledge of the pathophysiology of MIS-C day by day, but medical doctors
have continued to apply prudent management to these patients until all the molecular and
clinical aspects of MIS-C and its long-term consequences are fully comprehended so they
can develop globally accepted general clinical solutions for the treatment of these critically
ill patients with MIS-C [111–117].

In 2020, Consiglio et al. applied systems-level analyses of blood immune cells, cy-
tokines and autoantibodies, comparing four groups, as follows: children diagnosed with
MIS-C, children infected with SARS-CoV-2, children with Kawasaki disease (KD) prior to
COVID-19 era, and healthy children. The authors noted that the inflammatory response in
MIS-C differs from the “cytokine storm” in severe COVID-19 cases; it has many elements
in common with KD. However, it differs from KD in terms of the activated T-cells subset
and IL-17A (which pushes forward the cytokine storm in KD, but not in MIS-C), the differ-
ent biomarkers from arterial lesions, but especially through multiple autoantibodies with
pathogenic potential in the pathophysiology of MIS-C, molecularly distinct and through
the immune profiles of all other diseases analyzed. The authors reported high levels of
autoantibodies that attack endoglines (glycoproteins expressed by endothelial cells respon-
sible for arterial integrity) in a couple of cases with MIS-C and in a small number of patients
with KD [118].

In a recent multicenter, retrospective cohort study published in Lancet Rheumatology,
the authors analyzed the serum and plasma samples collected from 21 patients with
MIS-C who were seropositive or PCR-positive (or both seropositive and PCR-positive)
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for SARS-CoV-2, with one exception (reported contact), treated at five clinical centers in
Germany and Spain, with multiple control groups, as follows: asymptomatic or mild
COVID-19 (n = 146 patients), KD (n = 24), systemic juvenile idiopathic arthritis (sJIA) in
remission (n = 10), non-inflammatory patients with suspected growth retardation (n = 33),
and 462 healthy controls. All samples from MIS-C patients, with two exceptions, and
all samples from KD patients were collected and analyzed before intravenous immune
globulins (IVIGs) administration. Results found autoantibodies against IL-1Ra together
with a hyperphosphorylated isoform of IL-1Ra in most patients with MIS-C. Despite the
reduced number of enrolled MIS-C subjects, many control patients both with inflammatory
and non-inflammatory pathologies have proved the appearance of autoantibodies in MIS-C,
obviously connected and relevant to, and potentially triggering, the hyperinflammatory
condition characteristic of this disease [119].

Dhaliwal et al. analyzed the possible immunopathogenic mechanisms assumed com-
paratively in Severe Acute Respiratory Syndrome (SARS), Middle East Respiratory Syn-
drome (MERS), COVID-19, MIS-C and KD. They pointed out that SARS-CoV-2 is charac-
terized by a modified spike polypeptide (S1) with a higher binding affinity to host NRP1
receptors, being responsible for high infectivity and tissue tropism in SARS-CoV-2 infec-
tions. The molecular mechanisms of COVID-19 appear to have delayed IFN responses,
which are responsible for the high secretion of IL-6, IL-7 and TNF-α, hyperinflammation
and worsening of clinical status, with the release of the following autoantibodies to dual
specificity mitogen-activated protein kinase kinase 2 (MAP2K2), and to the casein kinase
family (Casein kinase 1, alpha 1 (CSNK1A1), Casein kinase 2, alpha 1 (CSNK2A1) and
Casein kinase 1, epsilon 1 (CSNK1E1)), found exclusively in MIS-C [120].

Studying the immune mechanisms in the pathophysiology of MIS-C, Gruber et al.
highlighted the role of autoantibodies in attacking the endothelial, gastrointestinal, and
immune cells. The authors stipulated that the anti-SARS-CoV-2 antibody collection in MIS-
C is similar to a response in the recovery phase, i.e., the returning to health after infection.
The type of cytokines denotes inflammation (IL-18 and IL-6), lymphocytic activation and
myeloid chemotaxis [Chemokine (C-C motif) ligand 3 (CCL3), Chemokine (C-C motif)
ligands 4 (CCL4), and CUB domain-containing protein 1 (CDCP1)], as well as a mucosal
immune disorder [IL-17A, Chemokine (C-C motif) ligand 20 (CCL20), and Chemokine (C-C
motif) ligand 28 (CCL28)]. Mass cytometry analysis indicated the activation of immune
cells and their peripheric extravasation to affected tissues. There was also a decrease in
non-classical monocytes and in different subsets of NK and T lymphocytes. The profile of
autoantibodies was very complex, including the disease-connected autoantibodies but also
the new ones that recognize endothelial, gastrointestinal, and immune-cell antigens. The
autoantibodies in MIS-C target the most important organs, such as the heart, kidney, brain,
GI tract and so on [121].

In SARS-CoV-2 infection, complement (C) activation is very important and has been
histopathologically proven by endothelial deposition of complement, as well as by find-
ing elevated serum C5a levels in severe forms of COVID-19. In both MIS-C and severe
COVID-19, high serum concentrations of soluble C5b-9 (sC5b-9) have been identified in
association with microangiopathy [122].

Bartsch et al. studied the differences in the severity of COVID-19 disease between
adults and children by analyzing the humoral immune response of 60 adults with acute
COVID-19 (26 severe, 34 mild), 25 children with mild SARS-CoV-2 infection, and 17 chil-
dren with confirmed (n = 14) or suspected PCR or serology (home contacts, n = 3), who
developed MIS-C (11 severe, 6 mild). In this research, the authors proved that low IgA
and phagocytic activity accompany mild disease both in children and adults, and the
disease severity is reflected by an increased distinct humoral immunity to COVID-19
pathology. There are specific changing patterns of SARS-CoV-2 IgA antibodies and the
persistence of dysregulated and pro-inflammatory antibody profiles, which could be an
indication of severe MIS-C. In spite of the fact that IgA could merely signify a biomarker
of increased viremia in the lungs, it is presumed to have an important role in the mucosal
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immune barrier. Preservation of elevated levels of monocyte-activating pathogen-specific
IgG, hyperphagocytosis with cytokine storm, T-cell activation and the exacerbation of
inflammation predict a severe MIS-C [123].

In 2021, a US multidisciplinary team led by pediatric pulmonologist Yonker teamed
up with Alessio Fasano, the pediatric gastroenterologist and researcher who discovered
zonulin, the protein responsible for regulating intestinal tight junctions (TJs), published a
study on the mechanisms that could be responsible for MIS-C, a rare and sometimes fatal
post-COVID-19 complication. Yonker et al. analyzed samples from 100 children, divided
into three groups: 19 patients diagnosed with MIS-C, 26 patients with acute COVID-19, and
55 witnesses. The fecal samples were evaluated for SARS-CoV-2 by RT-PCR, and plasma
was explored for markers of mucosal barrier integrity, among which were zonulin. The
authors demonstrated the presence of SARS-CoV-2 in the GI in most patients with MIS-C a
few weeks after infection or initial exposure to the virus by measuring SARS-CoV-2 RNA
in stool samples, the results suggesting the presence of an outbreak of continuous infection,
the source of complications in MIS-C. Physiologically, the integrity of the intestinal mucosal
barrier should stop the passage of viral antigens, toxins, or other substances given off by
the SARS-CoV-2 virus from the lumen into the bloodstream [124].

Zonulin, as a modulator of intestinal permeability and its expression in CD, can induce
reversible intestinal TJs’ disassembly between the adjacent epithelial cells and a subsequent
increase in intestinal permeability, exactly as in the acute phase of CD, in which TJs are
opened, and the permeability is increased [125].

In the above-mentioned research conducted by Yonker et al., the immune responses
were measured with an ultrasensitive SARS-CoV-2 antigenemia probe for plasma samples
from patients. The authors showed that the increased permeability of the mucosal barrier
triggered by zonulin matched well with the SARS-CoV-2 antigenemia (SARS-CoV-2 spike
protein, especially S1 region, and nucleocapsid antigens identified in the plasma of patients
with MIS-C, a few weeks after infection or initial contact with SARS-CoV-2), which was
significantly increased in patients with MIS-C compared to healthy controls or children
with acute COVID-19. So, zonulin, as a biomarker of intestinal permeability, which allowed
the ulterior flux of SARS-CoV-2 antigens into the circulating blood, generated the hyperin-
flammatory condition. In patients with MIS-C, it has been identified the cytokine storm
with high concentrations of IL-1β, IL-6, IL-10, TNF-α, and especially IFN-γ, as an antiviral
cytokine, comparatively to healthy controls or the children with acute COVID-19. The
levels of IgM, IgG and IgA against the spike protein, or S1 region, were very high in plasma
MIS-C patients. As an early adaptive immune response, anti-spike IgM levels were highest
in acute COVID-19 cases and remained much higher than predicted, with a slow downward
slope in the weeks after initial infection or exposure to SARS-CoV-2. The highest anti-spike
IgG, anti-S1 IgG, and anti-RBD (anti-receptor binding domain) IgG were in patients with
late-onset MIS-C. As the exponents of mucosal immunity, the levels of anti-spike IgA,
anti-S1 IgA and anti-RBD IgA were very high and remained so for months in patients
with MIS-C, reflecting the persistence of the virus. The authors concluded that the MIS-C
immunoprofiles reflected continuous mucosal exposure to SARS-CoV-2. As evidence of
their hypothesis, the medical doctors administrated to a MIS-C patient a zonulin antagonist,
i.e., larazotide, and checked up on the antigenemia and the clinical outcome. The patient
with MIS-C managed with larazotide experienced a significant simultaneous reduction
in both plasma SARS-CoV-2 antigen concentrations, and in the inflammatory biomarkers,
with a good clinical outcome superior to all existing treatments. Although the approach
to the pathogenesis of MIS-C has been mechanistic, the authors open new perspectives
for diagnosis, therapy and prevention in severe COVID-19 pathology in children, i.e., in
MIS-C [124].

In both CD and SARS-CoV-2 infection, the common denominator is the intestinal
barrier that leads to what is known as “leaky gut syndrome”. From an anatomopathological
point of view, the small intestine is histologically structured in a single simple epithelial
layer that plays an important role in the absorption of water and nutrients brought by
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intestinal peristalsis but also functions as a protective barrier system against pathogens.
Inside the small intestine, the cellular epithelium is arranged in the so-called epithelial
protrusions known as finger-like intestinal villi, which form most of the epithelial surface,
where the absorption activity takes place. The intestinal villi are structured by epithelial
cells with an absorbent role, mucus-secreting calyx and hormone-secreting enterocytes. The
spaces between the villi are called crypts and have Paneth cells in their structure. These cells,
discovered by Josef Paneth in the late 19th century, are pyramidal cells distributed between
crypt base columnar (CBC) stem cells at the base of Lieberkühn’s crypts in the small intestine
epithelium and act as “assisting cells” in innate intestinal immunity. Paneth cells exhibit on
their surface crucial constituents of important signal transduction pathways, such as Notch
delta-like ligands 1 and 4 (DLL1 and DLL4), protein Wnt-3a (WNT3a), and epidermal
growth factor receptor (EGFR) ligands transforming growth factor α (TGFα), together
with the Wnt receptor frizzled 5 (FZD5). These signaling pathways maintain balance in
activating and differentiating stem cells. Paneth cells have in their structure granules
full of microbicidal proteins, including α-defensins, C-type lectins (CLEC), lysozyme and
phospholipase A2, which are released into the intestinal lumen after the detection of the
microbial signals [126–128].

Intestinal epithelial cells are permanently connected by structures of tightly semiper-
meable “apical junctional complexes” for the influx of ions and dissolved substances less
than 600 Da and, at the same time, should stop the penetration of pathogens [129,130].

Tight junctions are made up of several transmembrane and cytosolic proteins, as
follows: occludin, claudins, zonula occludens (ZO), tricellulin, cingulin, angulins and
junctional adhesion molecules (JAM), which are interconnected in an intricate framework,
acting on each other, as well as on the cytoskeleton. Cingulin and ZO are cytoskeletal
binding proteins that work together with the peripheral membrane cytoplasmic proteins,
occludin, claudins and JAM to create powerful cross-links and interrelate with the mem-
brane cytoskeleton (composed of F-actin and myosin). TJ complexes are extremely dynamic,
continuously transmit signals to other adjacent structures, quickly open and close the in-
testinal barrier, seal the paracellular pathway and conduct “gate and fence” functions.
TJ proteins, along with the intracellular signaling proteins, are operating a multitude of
cellular activities to modulate the integrity of the intestinal barrier [131,132].

Our scientific knowledge of TJs functions has been deepened by the identification of
an important family of physiological regulatory proteins of TJs, with a unique recognized
signaling mechanism. Tight junctions consist of the transmembrane proteins occludin and
claudin and the cytoplasmic scaffolding proteins ZO-1, -2, and -3. The last are members
of the MAGUK (membrane-associated guanylate kinase homologs) family with binding
domains to adherens and TJ proteins in addition to the actin cytoskeleton, showing a great
capability of interaction with diverse cellular proteins via lots of protein binding regions
and important roles in regulating intestinal permeability. The ZO group are made of
intracellular proteins interconnecting TJ transmembrane proteins to the actin cytoskeleton
and making steadfast the TJ filaments, just like a scaffold network. The cells that do not
have both ZO-1 and -2 cannot create TJs [133–136].

Zonulin is a mammalian analogue of the zonula occludens toxin (Zot), secreted by
Vibrio cholerae and has been shown to be involved in the pathogenesis of many diseases. The
family of zonulin are proteins connected architecturally and functionally to pre-haptoglobin
(HP) 2 and its mature isoform HP2, being the first constituent discovered and expressed
only in individuals carrying the HP2 allele, with a fundamental role in chronic inflammatory
diseases or autoimmune, such as CD and T1DM, caused by the loss of zonulin-modulated
small intestine epithelial barrier and contributing to innate intestinal immunity [137–141].

The stimuli involved in the release of zonulin are bacteria and gliadin. The whole
framework for controlling the intestinal barrier permeability by zonulin is as follows:
the gliadin or bacteria from the unbalanced microbiome will bind to the Chemokine
(C-X-C Motif) Receptor 3 (CXCR3), and consequently, the MyD88-dependent zonulin
will be released in the lumen of the small intestine; activity is further performed with
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the involvement of EGFR and protease-activated receptor 2 (PAR2); the transactivation of
zonulin by EGFR through PAR2, in turn, activates phospholipase C (PLC), which stimulates
a cascade of biological events that will lead to the increase of intracellular Ca, and the
activation of protein kinase C alpha (PKCα)-dependent TJs disassembly. In fact, the
activated PKCα increases the phosphorylation of ZO-1, ZO-2 and myosin 1C (MYO1C) in
addition to the F-actin polymerization. As a side effect, ZO-1 will weaken the epithelial
TJs and increase intestinal permeability. The raised intestinal permeability allows the
paracellular fluxes of non-self-antigens to enter the lamina propria, which are processed by
the immune system. Zonulin renders inactive by proteolytic degradation by trypsin IV.

In the case of subjects genetically predisposed to autoimmune diseases, changes in the
structure and function of their intestinal microbiota caused by environmental factors will
disrupt the function of the zonulin-dependent intestinal barrier (inadequate control of anti-
gen flows), i.e., zonulin-dependent loss of the intestinal mucosal barrier, leading to “leaky
gut” or the “permeable intestine” and a dysfunctional immune response of the mucosa,
with implications for autoimmunity and chronic inflammatory diseases [134,139,142–144].

In another recent clinical study, Yonker et al. addressed the hypothesis that the
passage of SARS-CoV-2 viral particles from the intestinal lumen into the systemic circulation
could trigger fulminant cases of MIS-C. Persistence of the virus for weeks or even months
after contact or initial infection with SARS-CoV-2 will result in the release of zonulin
from intestinal epithelial cells and will weaken TJs, facilitating the passage of highly
inflammatory viral structures into the systemic circulation. The authors extended the
compassionate administration of larazotide to four patients aged 3 to 17 years (median,
7.5 years), diagnosed with MIS-C, following approvals from FDA and the Institutional
Review Board (IRB), with parental and/or patient consent. All patients received larazotide
at a dose of 10 mcg/kg orally four times a day for 21 days as an adjuvant medication
to steroids, IVIG and anakinra. The study was performed in comparison with 22 other
patients with MIS-C (with an average age of wight years) who did not receive larazotide
treatment, used as a control group. Monitored parameters included the laboratory data
represented by C-reactive protein (CRP), d-dimers, anti-SARS-CoV-2 Spike, -S1 and -S2
subunits antibodies, and an anti-RBD antibody, as well as the clinical symptoms. The four
studied cases presented positive serologic evidence for prior SARS-CoV-2 infection and
had detectable SARS-CoV-2 antigenemia at hospitalization. All four patients had important
GI symptoms with significant multi-organ involvement, and two also showed cardiac
damage. There was a significant decrease in the intensity and duration of GI symptoms
in the larazotide group, and the time to discharge was slightly shorter than in the control
group. It is noteworthy that the level of spike antigens cleared in one day, much faster in
the larazotide-treated group, compared to 5.5 days in the control group.

The authors looked at four children with MIS-C who showed positive results when
they were administered larazotide as adjuvant therapy, compared with 22 patients managed
only with steroids and/or IVIG. The four children had a faster remission of GI symptoms
and a shorter time to complete elimination of the spike antigen, demonstrating an ame-
lioration in GI mucosal barrier activity, as well as a shorter time to hospital discharge,
results suggesting that larazotide is a secure and useful as adjuvant therapy for MIS-C.
The authors considered additional future double-blind, randomized, placebo-controlled
studies to further investigate the effectiveness of this drug. The results showed that the only
exclusive suppression of the immune system might not be the most favorable management
for MIS-C, and new treatments, such as a zonulin agonist, which is aimed exactly at the
origins of antigen “leak” into the systemic circulation, would be promising for MIS-C.

Even weeks or months after the disappearance of the clinical signs, patients with MIS-
C showed a possible autoimmune signature left by the still present antigen concentrations,
i.e., a continuous antigenemia, with yet unexplained consequences. AI disorders, abnor-
malities or immune impairments may not be noticeable for years and should be monitored.
Therefore, the MIS-C patients should receive long-term surveillance for possible autoim-
mune outcomes and compared with those treated with larazotide. Thus, these and other
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results call attention to the antigenemia of SARS-CoV-2 as a possible biomarker, especially
when coupled with high levels of zonulin, which could predict MIS-C and initiate early
therapy. Only a follow-up and an in-depth look at circulating levels of antibodies-antigen
over time can help elucidate the origins of the immune disorder. A certain increase in S1
or spike concentrations suggests that a false antigen mask may obscure the real values.
Through these presented cases, the authors introspectively objectify MIS-C and focus on a
possible new therapeutic pathway [145].

5. Discussions

The COVID-19 pandemic has not ended, and the number of children and adoles-
cents infected with SARS-CoV-2 has increased dramatically worldwide in 2022, with the
emergence of the highly transmissible Omicron variant. In the United States, a peak of
1,150,000 cases was reported in just one week. For example, between 12 and 19 May, more
than 107,000 cases of COVID-19 were reported in children, 72% more than the previous
week. Since the beginning of the pandemic, approximately 13.3 million children in the
United States have tested positive for SARS-CoV-2, of which 5.4 million cases have been
reported in 2022 [146].

For patients with MIS-C, the most recent case update from the Centers for Disease
Control and Prevention in the US before 2 May 2022 was as follows: the total number
of MIS-C patients was 8210, and the total number of MIS-C deaths was 68. About 50%
of children with MIS-C were between 5 and 13 years old (mean age of 9 years), and 61%
were male. Of the children diagnosed with SARS CoV-2, 98% had a positive test, and the
difference between 2% had contact with someone diagnosed with COVID-19 [147].

A particularly important aspect is that during the pandemic in children who mani-
fested life-threatening forms, i.e., MIS-C, GI symptoms were observed in over 80% of cases,
compared to only 10–15% among adults infected with SARS-CoV-2. The difference in the
late-onset of GI symptoms, together with the delayed onset of MIS-C in relation to the
moment of infection or contact with a subject diagnosed with COVID, leads to the idea that
the pathophysiological mechanisms in patients with MIS-C are different from that of adults
with active COVID-19 [148–150].

At the level of the intestine, the defense against the aggressions of external environ-
mental factors (microbes, viruses, RNA fractions, food components, toxins, etc.) begins
by restricting the direct intimacy of these aggressors with the host cells and tissues. This
protection is obtained through the intestinal barrier composed of mucus, locally secreted
antimicrobial molecules, epithelial cells, and IgA secretory released by plasma cells in the
lamina propria and the intestinal epithelium [151].

The second mode of defense is given by the innate immune system through its pattern
recognition receptors (PRRs) in intestinal epithelial cells [Toll-like receptor-4 (TLR4) and
lymphocyte antigen 96, known as Myeloid Differentiation factor 2 (MD-2)] that main-
tain a balance of tolerance to intestinal microbiota and food products in the homeostatic
phase. The third strategy is the unique regulatory network of the mucosal immune system.
Macrophages in the lamina propria of the intestinal mucosa play an important role both
in maintaining intestinal homeostasis and in defending against foreign aggressors. Under
homeostatic physiological conditions, the macrophages in the lamina propria attract mi-
croorganisms or foreign products from the intestinal lumen and release a small amount of
pro-inflammatory as well as anti-inflammatory cytokines [152].

The innate immune response to the external aggressor agent is triggered by the recogni-
tion of pathogen-associated molecular patterns (PAMPs) by pathogen-recognition receptors
(PRRs), namely Toll-like receptors (TLRs) on the surface of cells or in the endosomes
of intestinal epithelial cells, macrophages, dendrites, B and T cells, as well as stromal
cells. Cytoplasmic PRRs include the RNA helicase family and the nucleotide-binding and
oligomerization domain (NOD)-like receptor (NLR) family [153].

Recent publications have suggested that disruption of the microbiota and impairments
in intestinal barrier function triggers local inflammation by activating the immune system
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and causing severe COVID-19 infections on the gut–lung–brain axis in adults [154,155]
and likely in children diagnosed with MIS-C. GI dysfunction in MIS-C is under ongoing
investigation [156,157].

The differences between children and adults in connection with the previously men-
tioned gastrointestinal implications of COVID-19 are depicted in Figure 1.
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A very important role in regulating the permeability and barrier function of the
intestinal epithelium depends on intercellular TJs. Several proteins have been discovered
that play a key role in paracellular permeability. The most studied of this junctional protein
complex is ZO-1, a protein whose C-terminus is functionally bound to the cytoskeleton of
the cell, while the N-terminus binds to the occludin, a TJ protein. Zonulin, already known
to be an important modulator of TJs and intestinal barrier functions, is secreted by intestinal
epithelial cells when stimulated by dietary or local infectious factors. Infectious aggression
can lead to the destruction of the intestinal barrier by apoptosis of intestinal epithelial
cells, which will generate a strong proinflammatory environment with the differentiation
of autoreactive Th17 and other T-helper cells [136,158,159].

The researcher who discovered zonulin highlighted an extremely important function
of the GI tract, namely the regulation of macromolecule traffic between the environment
and the host through an intestinal epithelial barrier mechanism. He proposed a third
decisive factor acting on the path of autoimmunity, namely the intestinal permeability,
along with genetic predisposition and environmental factors. Basically, the balance be-
tween tolerance and immunity to non-self-antigens is controlled by the GI tract through
the intestinal epithelial barrier with its intercellular TJs, along with the associated lym-
phoid tissue and the neuroendocrine network. Based on the research in recent decades, a
new hypothesis on the trajectory of autoimmunity has been rethought and reshaped to
explain the multitude of autoimmune diseases occurring more and more frequently in
both the elderly and young. Thus, in genetically predisposed subjects, a disturbance of
the fine-regulated mechanisms of the zonulin-controlled pathway could induce autoim-
mune diseases, intestinal or extraintestinal, such as CD, but also inflammatory or even
neoplastic [138].

Figure 2 illustrates the molecular mechanisms involved in zonulin pathway activation
and the pathophysiology of CD compared to the molecular aspects of fulminant forms
of MIS-C that occurred in children a few weeks after infection or contact with the SARS-
CoV-2 virus. The patient has alarming symptoms that must be recognized immediately
and usually require emergency hospitalization in intensive care units, as they are life-
threatening. Mastery of these intrinsic molecular mechanisms and the hypothesis of
activation of the zonulin pathway and loss of the intestinal mucosal barrier led to the
proposal of an adjuvant drug for MIS-C in this pandemic.
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Figure 2. Comparative molecular mechanisms in the pathogenesis of CD and MIS-C by activating the
zonulin pathway, increasing intestinal permeability, hyperinflammation and immune dysregulation
(↑ = Increased; ↑↑ = High). (A). The undigested fragments of gluten peptides in the intestinal
lamina propria are attacked and deamidated by tTG, then taken up and presented to HLA-DQ2
and DQ8 molecules by DC and via T-helper cells will initiate an adaptive immune response. The
gliadin peptides bound to the TLR2 receptors will influence the increase in cytokine production
through MYD88, the key protein involved in the release of zonulin after gluten ingestion. The
transactivation of zonulin by EGFR through PAR2 stimulates a cascade of biological events that
finally will lead to the activation of PKCα-dependent TJs disassembly. Zonulin renders inactive by
proteolytic degradation by trypsin IV. Practically, zonulin will weaken the epithelial TJs and increase
intestinal permeability. A gluten-specific T-cell response will initiate a cascade of events, followed
by the activation of B and plasma B cells, the release of IgA and IgG antibodies (anti-gliadin and
anti-tTG), the mucosal inflammation and reshaping, and the initiation of the autoimmune processes.
(B). Clinical picture and dramatically altered biological data in MIS-C. (C). Following the ingestion
of the SARS-CoV-2 virus and its presence in the lumen of the small intestine, its spike proteins
and RNA fractions, in conjunction with the intestinal dysbiosis, bind to TLR receptors and will
influence the increase in pro-inflammatory cytokines production through MYD88, and the release of
zonulin, exactly as described above in section A. A zonulin-dependent loss of the intestinal mucosal
barrier will lead to a “leaky gut” with subsequent trafficking of SARS-CoV-2 antigens into the
bloodstream and a dysfunctional immune response, i.e., immune hyperactivation, massive cytokine
production (cytokine storm), huge release of antibodies, complement activation, microthrombosis,
severe systemic inflammation, capillary leak, endothelial and tissue damage, and finally multiple
organ dysfunction (MIS-C). [Figure 2 was imagined and drawn by L.M.A. using Microsoft Paint 3D
(3D Library—Biology: human heart and brain) for Windows 10 and using completely free picture
material (human lungs, kidney, intestines, and capillaries clip arts) from SeekPNG.com (accessed on
4 June 2022), for which we are very grateful].

It has been shown that gluten, bacteria and other microorganisms can stimulate the
release of zonulin. This can be used as a biomarker to highlight the change in paracellular
permeability of the small intestine, as it leads to the disassembly of TJs through phospho-
rylation reactions, followed by polymerization, the redistribution of actin filaments, and
the displacement of the ZO-1 protein. In this context, it has been found that zonulin has
very high serum levels in CD and T1DM and correlates well with the density of intestinal
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microorganisms. CD, intestinal permeability and diabetes incidence could be modified by
diet, but it should be mentioned that the molecular biomarkers of intestinal permeability
are hard to interpret [160].

People with CD, mainly untreated patients, may be at higher risk for infections such
as COVID-19 [98,161].

Especially in developed countries, the use of new diagnostic criteria with specific
antibodies have shortened the diagnostic time [15,162].

Most recent published studies focus on childhood infections, which could lead to
alteration of the intestinal microbiota following the administration of antibiotics [163–166].

Viruses and other microbial agents have a direct influence on the immune reactions of
the lining of the small intestine and may increase the sensitivity to the action of gluten. The
essential enzyme in triggering CD, the tTG, is released more easily during viral infections.
Side effects of infectious aggression are evidenced by the involvement of the pathogen-
associated molecular patterns (PAMPs) and the damage-associated molecular patterns
(DAMPs) in activating the innate immune system by stimulating T lymphocytes that open
the inflammatory window to CD pathogenesis [167–169].

During acute viral infections, regulatory T lymphocytes (Tregs), a subpopulation of T
cells (FoxP3+ CD4+CD25+), play an essential role in controlling inflammation and prevent-
ing autoimmunity and tissue complications by regulating immune system homeostasis.
Human FOXP3+ cluster of differentiation (CD)25+CD4+ Tregs are a type of T cells that ex-
press CD4, CD25 and FOXP3, which are critical for maintaining immune homeostasis [170].

Gluten consumption acts on the small intestine by triggering a cascade of inflammatory
events that are secondary to innate and adaptive immunity responses. Many studies have
shown the important role of IL-6 in triggering CD. IL-6, as a pleiotropic cytokine produced
by different cell types, has a dual activity through its pro- and anti-inflammatory effects
and during pro-inflammatory activity, it increases the synthesis of acute-phase proteins
and can induce an uncontrolled inflammatory process and even the onset of CD [171–173].

In the attempt to discover the relationship between IL-6, SARS-CoV-2 infection and
CD, it can be said that, after the onset of infection, the release of IL-6 as a proinflammatory
marker is beneficial in controlling viral infection and bacterial complications. Distur-
bance of IL-6 production is associated with the onset, progression and severity of respi-
ratory, cardiovascular, and digestive manifestations and even mortality in patients with
COVID-19 [174–176].

Increased serum levels of IL-6 were observed in patients with CD during non-GFDs,
returning to normal values only after one year of GFD. Elevated levels of IL-6 in CD boost
proinflammatory activity and support the differentiation of T-helper 17 (Th17) lymphocytes,
with a negative impact on the intestinal mucosa. Increased production of proinflammatory
cytokines, including IL-6, is linked to autoimmune disorders and other key factors in the
cytokine storm in patients with severe COVID-19 [171,177,178].

In the recently published study by Asri et al., it is suggested that high levels of IL-6
may predispose non-dietary CD patients to severe complications if infected with SARS-
CoV-2. In this case, improved expression of CD4, CD25 and FOXP3 as anti-inflammatory
markers may be helpful in reducing the serious adverse events of SARS-CoV-2 infection, as
demonstrated in the final conclusions of this clinical trial with the control group [98,179].

CD as an immune-mediated disease is associated with an increased risk of infections,
including COVID-19, due to nutritional, vitamin and mineral deficiencies, especially for
patients who do not comply with GFD. Multidisciplinary healthcare projects are needed to
improve the QOL of these children [37,180–182].

Hadi et al. performed a retrospective cohort analysis of a total of 341,499 patients over
the age of 16 identified in the TriNETX multicenter research network over 30 to 60 days
post-SARS-CoV-2 infection. The authors found only 930 (0.27%) patients with CD and
340,569 (99.73%) without CD; the hospitalization percentage for CD patients was 8.71%,
and mortality rates in CD patients were 1.29%, compared to 1.40% in non-CD patients, and
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no disparity in the demand for hospitalization, needs critical care or acute kidney injury in
CD patients compared to patients without CD [183].

In a very recent study, Greco et al. evaluated a group of 191 CD patients ≥18 years
of age with HLA haplotype DQ2 and/or DQ8 through a questionnaire on actual clinical
symptoms, psychological effects, the difficulties of maintaining a GFD during the COVID-
19 pandemic, and the possible SARS-CoV-2 infection. Results showed that patients had
no difficulty in preserving a GFD; only 5.8% of patients tested positive for SARS-CoV-2
infection, but the clinical symptoms were mild and did not require hospitalization or
intensive care. Based on the results, the authors’ new assumption that the HLA haplotype
DQ2 and/or DQ8 would play a protective role in patients with CD against viral infections,
including SARS-CoV-2, is quite interesting and should be further investigated [184].

In another study published by Samasca et al., it was found that patients with CD
did not have a higher risk of SARS-CoV-2 infection but increased psychological distress.
This COVID-19 pandemic has revealed shortcomings in the education of patients with CD,
but especially those associated with T1DM or IBD, for GFD compliance. Adherence of
CD patients to GFD during the COVID-19 pandemic improved their QOL and prevented
unwanted complications [185].

COVID vaccination has opened a new chapter in this pandemic, and we still have
much to do in all areas, including medicine, to deepen our understanding of all mechanisms,
to better care for our patients and protect us from future waves [186].

Some authors suggest that MIS-C should be reinterpreted as a special macrophage
activation syndrome, and long-term protection against SARS-CoV-2 infection can only be
provided by the vaccine, but we do not yet have sufficient data [187].

Vaccination provides the best solution for controlling the COVID-19 pandemic, and
patients with chronic inflammatory and autoimmune diseases, including CD, need to be
convinced of the necessity, safety and efficacy of vaccines, even if they have been produced
in a very short time, generating high levels of risk perception, different attitudes, significant
debates on acceptance and great hesitation worldwide [188–191].

Vaccination in children with CD is one of the best tools to slow down or stop the spread
of the virus. Daily physical activity and vaccination are excellent methods for maintaining
digestive and general health, including the immune system. Patients with CD can receive
any of the vaccines available on the market that are safe and effective in preventing COVID-
19. There is no increased risk of side effects in patients with CD compared to the general
population, as none of the current vaccines contains gluten or prolamins.

The complex impact of SARS-CoV-2 infection in children diagnosed with CD ad-
dressed in this review is summarized and illustrated in Figure 3.
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6. Conclusions

This review highlighted that the risk of infection and death due to COVID-19 was not
higher in CD patients than in the general population.

The highest risks of contracting the infection were observed in immunocompromised
patients and in those with nutritional deficiencies, especially in patients with CD who did
not comply with GFD.

Incidence of CD diagnosis has increased, but especially in association with T1DM,
although the number of intestinal biopsies has decreased. Long waiting lists for GI en-
doscopies have increased complications and caused life-threatening delays, especially in
young children.

COVID-19 pandemic caused shortcomings in GFD adherence due to high delivery
prices, supply difficulties, long travel distances to obtain GFD, reduced family income, and
decreased QOL through the lockdown.

For patients with CD, the pandemic caused psychological distress, insomnia, irritabil-
ity, anxiety, chronic fatigue, depression, decreased quality of life, low compliance with GFD
and metabolic complications such as obesity and diabetes.

Patients with CD can receive any of the vaccines available on the market that are safe
and effective in preventing COVID-19, as none of the current vaccines contains gluten
or prolamins.

Introspection into the molecular pathophysiological mechanisms of SARS-CoV-2
infection and profound similarity in the disruption of mucosal integrity in CD led to the
proposal of a CD-inspired drug for MIS-C, a zonulin antagonist.

As the pandemic is not over and there are still cases of MIS-C, further studies are
needed to pave the way for understanding the pathophysiological mechanisms of this
fulminant disease.

An ongoing challenge is to imagine new delivery platforms and new molecules as
immunotherapies for resolving immune-related diseases and for balancing the response of
the GI immune system as a multi-field sovereign system.

Zonulin is widely studied in immunoengineering as an adjunct to improving the
absorption of new oral drugs and vaccines.

In the near future, scientists should develop innovative approaches to combat high
rates of autoimmune diseases.
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Angiotensin-converting enzyme 2 ACE-2
α-amylase/trypsin ATI
Anti-endomysium antibodies IgA anti-EMA-IgA
Antigen-presenting cell APC
Anti-tissue transglutaminase IgA
antibodies anti-tTG IgA
Aspartate transaminase/Alanine
transaminase AST/ALT
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Autoimmune AI
Before Common Era BCE
Casein kinase 1, alpha 1 CSNK1A1
Casein kinase 2, alpha 1 CSNK2A1
Casein kinase 1, epsilon 1 CSNK1E1
Celiac disease CD
Chemokine (C-C motif) ligand 3 CCL3
Chemokine (C-C motif) ligand 4 CCL4
Chemokine (C-C motif) ligand 20 CCL20
Chemokine (C-C motif) ligand 28 CCL28
Chemokine (C-X-C Motif) Receptor 3 CXCR3
Complement C
Coronavirus Disease 2019 COVID-19
Creatine phosphokinase CPK
Crypt base columnar CBC
C-reactive protein CRP
C-type lectins CLEC
CUB domain-containing protein 1 CDCP1
Damage-associated molecular pattern DAMP
Deamidated gliadin peptide DGP
Deamidated gliadin peptide antibodies DGP-AGA
Delta-like canonical Notch ligand 1 DLL1
Delta-like canonical Notch ligand 4 DLL4
Dendritic cell DC
Epidermal growth factor EGF
Epidermal growth factor receptor EGFR
Erythrocyte sedimentation rate ESR
European Society for Paediatric
Gastroenterology Hepatology
and Nutrition ESPGHAN
Food and Drug Administration FDA
Forkhead box P3—also known as
Scurfin FOXP3
Gastrointestinal GI
Gluten-free GF
Gluten-free diet GFD
Pre-haptoglobin HP
High-mobility group protein 1 HMGB1
Human leukocyte antigen HLA
IgA tissue transglutaminase tTGA
IgA anti-endomysium antibodies EMA-IgA
IgA anti-intestinal transglutaminase
2 antibodies TGA-IgA
IgG against deamidate gliadin peptide DGP-IgG
Immunoglobulin type A IgA
Immunoglobulin type G IgG
Immunoglobulin type M IgM
Inflammatory bowel disease IBD
Institutional Review Board IRB
Interferon-γ IFN-γ
Interleukin IL-
Intraepithelial CD8+ lymphocytes IEL
Intravenous immune globulins IVIG
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Junctional adhesion molecules JAM
Kawasaki disease KD
Lactate dehydrogenase LDH or LD
Matrix metalloproteinase-1 MMP-1
Membrane-associated guanylate
kinase homologs MAGUK
Dual specificity mitogen-activated
protein kinase kinase 2 MAP2K2
Microbial associated molecular pattern MAMPs
Middle East Respiratory Syndrome MERS
Monocyte Mo
Monocyte chemoattractant protein-1 MCP-1
Multisystem inflammatory
syndrome in children MIS-C
Myeloid differentiation primary
response 88 MYD88
Myosin 1C MYO1C
Natural killer NK
Neutrophil extracellular traps NETs
NET activation and release NETosis
(NOD)-like receptor NLR
N-terminal prohormone of brain
natriuretic peptide NT-proBNP
Pathogen-associated molecular pattern PAMP
Pattern recognition receptors PRRs
Pediatric inflammatory
multisystem syndrome PIMS
Phospholipase C PLC
Polymorphonuclear leukocyte PMN
Protease-activated receptor 2 PAR2
Protein kinase C alpha PKCα

Protein Wnt-3a WNT3a
Quality of life QOL
Reactive oxygen species ROS
Real-time polymerase chain reaction Real-time PCR or RT-PCR
Receptor Binding Domain RBD
Regulatory T lymphocytes Tregs
Ribonucleic acid RNA
Secretory IgA SIgA
Severe Acute Respiratory Syndrome SARS
Severe acute respiratory syndrome
coronavirus 2 SARS-CoV-2
Soluble C5b-9 sC5b-9
Systemic inflammatory
syndrome in COVID19 SISCoV
Systemic juvenile idiopathic arthritis sJIA
Temporally associated with
SARS-CoV-2 infection PIMS-TS
T-helper 1 or T helper type 1 Th1
T-helper 2 or T helper type 2 Th2
T-helper 17 or T helper type 17 Th17
Tight junctions TJs
Tissue transglutaminase or tissue
transglutaminase autoantigen tTG/tTG2



Int. J. Mol. Sci. 2022, 23, 7719 24 of 31

Toll-like receptor 2 TLR2
Toll-like receptor 4 TLR 4
Transforming growth factor alpha TGF-α
Transglutaminase 2 TG2
Transmembrane serine protease 2 TMPRSS2
Tumor necrosis factor alpha TNF-α
Type-1 diabetes mellitus T1DM
Upper limit of normal ULN
Wnt receptor frizzled 5 FZD5
World Health Organization WHO
Wnt Family Member 3 WNT3a
Zonula occludens ZO
Zonula occludens-1 ZO-1
Zonula occludens toxin Zot
↑ Increased
↓ Decreased
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