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Abstract: Background: Multisystem inflammatory syndrome in children (MIS-C) occurs after SARS-
CoV-2 infection, with gastrointestinal symptoms a prominent feature. This syndrome has been
proposed to be triggered by persistent SARS-CoV-2 antigenemia due to increased intestinal epithelial
permeability. We obtained evidence for this in this study. Methods: In a single-centre study, we
recruited 83 children and analysed blood samples to quantify the circulating markers of increased
intestinal permeability following SARS-CoV-2 infection. Publicly available proteomics MIS-C datasets
were also accessed to assess the evidence for increased intestinal permeability. We further quantified
SARS-CoV-2 antigenemia and the humoral response to SARS-CoV-2 spike protein. Results: Following
SARS-CoV-2 infection, healthy children demonstrated no dysregulation of the intestinal epithelial
barrier. In MIS-C, considerable increases in markers of epithelial dysfunction were observed, with
similar increases noted in febrile controls. Furthermore, we found little evidence of persistent SARS-
CoV-2 antigenemia in MIS-C. Conclusions: Our results suggest that although increased intestinal
epithelial permeability is a feature of MIS-C, it is not unique to the condition, and persistent SARS-
CoV-2 antigenemia does not occur.
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1. Introduction

Multisystem inflammatory syndrome in children (MIS-C) is an immune-mediated
hyperinflammatory condition estimated to affect between 0.026 to 0.045% of children
infected with SARS-CoV-2 [1–4]. MIS-C typically occurs four to six weeks after acute SARS-
CoV-2 infection and clinically overlaps with a childhood vasculitis known as Kawasaki
disease (KD) and the superantigen-mediated toxic shock syndrome (TSS). As with KD, there
is often evidence of vasculitis, coronary artery inflammation, dermatological involvement,
and myocarditis. Unlike KD, many children with MIS have significantly impaired cardiac
function during the acute phase, requiring inotropic support, along with multiorgan failure
like that observed in acute TSS [5,6].

The underlying immune mechanisms remain unclear, although MIS-C does appear to
be a postinfective phenomenon, with a sizeable proportion of cases not having evidence of
concurrent SARS-CoV-2 infection whilst having a serological antibody response consistent
with recent SARS-CoV-2 infection [5,7,8]. The delay between initial infection with SARS-
CoV-2 and subsequent MIS-C makes studying the immune response challenging. Several
studies have reported immune cell population changes, with skewing of B- and T-cell
repertoires [9–11].

Due to the overlapping clinical and immune phenotypes between TSS and MIS-C, it has
been suggested that MIS-C may be driven by a response to a persistent superantigen [12,13].
In support of this, computational modelling of SARS-CoV-2 spike (S) protein identified
several epitopes with potential superantigenic activity [14]. These included a base sequence
prior to the S1/S2 cleavage region, which is uniquely present in SARS-CoV-2 compared to
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the other viruses in the Betacoronavirus genus. Unlike TSS however, the immune response
to a potential superantigen occurs weeks after the initial infection. One of the leading
hypotheses proposed to explain this delayed response is that the persistence of SARS-
CoV-2 within the gut causes localised inflammation and increased gut permeability, with
an associated persistent SARS-CoV-2 antigenemia leading to MIS-C [15]. Clinically, this
hypothesis fits with the frequently observed abdominal symptoms reported in children with
SARS-CoV-2 infection and the commonly reported severe abdominal symptoms observed
with MIS-C [5,16–18]. In addition, markers of gut permeability such as zonulin, a regulator
of epithelial tight junctions, and lipopolysaccharide binding protein (LPB) were shown
to be elevated in MIS-C compared with healthy controls [15]. No comparison has been
made, however, between the circulating levels of these markers in MIS-C and a hospitalised
paediatric cohort until now.

An antagonist to zonulin, larazotide, was suggested as a potential therapeutic for
MIS-C, and has been used in combination with immunomodulators to treat a series of
MIS-C cases [19]. It is not currently recommended for use in MIS-C [20,21].

The objectives of this study were to quantify the markers of intestinal epithelial
permeability following SARS-CoV-2 infection in children with and without MIS and to
measure these markers in children admitted to hospital with febrile illnesses not related
to SARS-CoV-2.

2. Materials and Methods
2.1. Study Design

The protocol for the COVID Warriors study was previously published and adhered to
the STROBE statement for observational cohort studies. Initially designed as a seropreva-
lence study, the COVID Warriors study was amended to include children hospitalised with
either COVID-19 or MIS-C [22]. The analysis planned for the additional samples recruited
through this amendment was made available prior to analysis [23]. The case–control study
of hospitalised children was conducted at the only tertiary children’s hospital in Northern
Ireland between May 2020 and January 2023.

2.2. Participants

Children under 16 years of age admitted to hospital with MIS-C or serious infection
were eligible for inclusion [18,20]. MIS-C was defined as per the Centers for Disease
Control and Prevention (CDC). The diagnosis of MIS-C was made by a paediatric infectious
diseases specialist independent. Febrile controls were selected from hospitalised children
diagnosed with a suspected severe infection and no evidence of concurrent SARS-CoV-2
infection. Severe infection was defined as a bacterial or viral infection resulting in hospital
admission. Healthy children with samples available before and after SARS-CoV-2 infection
were selected from the COVID Warriors study, matched to the MIS-C cohort by age and sex.

2.3. Clinical Variables and Data Sources

Participants were screened for eligibility by clinical staff at the time of admission, and
study data were recorded using an electronic CRF. All participants in the study received
clinical care as per local guidance without delay. Study data included demographic details,
clinical features, laboratory results, treatments received, final diagnosis, levels of care, and
paediatric sequential organ failure assessment (SOFA) scores.

2.4. Blood Sample Collection

Venous blood samples were collected into a BD Vacutainer (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) EDTA and serum-separating tubes by clinical staff.
Where possible, blood sampling was timed with routine phlebotomy events to minimise
the number of phlebotomy events performed for each child. The venous blood sample was
centrifuged at 1500× g for 15 min within one hour of sample collection. Aliquoted samples
were stored at −80 ◦C until required.
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2.5. Additional Laboratory Analysis
LC-MS/MS Measurement of Protein Markers

Depleted plasma samples were digested and analysed on an LC-MS/MS system.
Zonulin, ICAM-1, LBP, and CD14 were identified by their respective Uniprot identifier [24].
Protein abundance values were log2-normalised, and missing values were imputed with
the median minus two standard deviations of each protein.

2.6. Circulating Spike Protein Quantification

Serum samples were analysed using the commercially available S-Protein (S1RBD) ELISA
(ab284402, ABCAM), as previously described [25]. Serum samples were diluted 1:4 with
provided sample diluent and analysed in duplicate following the manufacturer’s instructions.

2.7. Quantification of Anti-RBD IgG, IgM, and IgA Antibodies

We used an enzyme-linked immunoassay as previously described [26]. Serum samples
were 3-fold serially diluted from 1:100 to 1:2700, incubated for 1 h, and then washed. The
optical density at 450 nm (OD450) was plotted for each dilution, and the area under the
curve (AUC) was calculated, with a baseline set as the mean + 3 standard deviations of a
pool of seronegative samples for each antibody subtype.

2.8. Statistical Methods

The study population was described in terms of demographic characteristics, clinical
features, levels of care, admission to intensive care units, and survival using descriptive
statistics. Statistical analysis and graph generation were performed using GraphPad
Prism 9 (GraphPad Software, Inc., La Jolla, CA, USA). Comparative analysis between before
and after SARS-CoV-2 infection protein abundances was performed using the paired sample
t test. Multiple comparative analyses were made using a one-way ANOVA with Tukey’s
post hoc test. Correlation and regression analyses between age and protein abundances
were performed using Pearson’s correlation. Categorical comparisons were made using
Fishers exact test. p < 0.05 was taken to be significant unless otherwise stated.

2.9. Patient and Public Involvement

On commencing the original COVID Warriors study, we convened groups of parents
and young people to assist with the design and conduct of this study. They have informed
the design of this study, providing feedback on participant information, the conduct of
clinics, and on how to make the procedures more comfortable. The COVID Warriors
PPI group were also involved with the dissemination of the results and the promotion
of this study. This included television interviews. For this additional work to investi-
gate MIS-C, additional PPI members with experience with MIS-C were included. They
helped to secure funding for this study and influenced the design and conduct of the
case–control component.

3. Results
3.1. Cohort Description

The median age of the entire cohort was 103 months (IQR 54 to 152 months). There
were 41 boys and 42 girls included. A total of 25 MIS-C cases were included, with
25 SARS-CoV-2 seropositive controls and 33 febrile controls. The sex makeup of the groups
was similar, while the febrile controls had a significantly lower median age (58 months,
IQR 30 to 125) than the MIS-C group (119 months, IQR 85 to 163 months, p = 0.011). GI
symptoms were more common in the MIS-C group, with 21 (84%) presenting with GI
symptoms, than in the febrile control group, with 14 (42%) reporting GI symptoms during
their admission (p < 0.0001).

Further details can be found in Tables 1 and 2.
One-way ANOVA with Tukey’s multiple comparison was used for age, and the chi

squared test was used for sex and GI symptoms to assess for significant differences.
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Table 1. Cohort summary.

MIS-C (N = 25) Febrile Controls (N = 33) Seropositive Healthy Controls (N = 25) p-Value

Male, n (%) 13 (52%) 14 (42.4%) 14 (56%) 0.564

Age, months,
Median (IQR) 119 (85, 163) 58 (30, 125) 112(85 to 158) 0.065

GI symptoms reported, n (%) 21 (84%) NA 7 (38.9%) 0.0001

Table 2. Clinical features.

MIS-C (N = 25) Febrile Controls (N = 33) p-Value

Pre-existing health condition, n (%) 6(14%) 18(56%) 0.014

Steroid administered, n (%) 18 (72%) 11 (33%) 0.004

Antibiotic administered, n (%) 9 (41%) 28 (85%) <0.001

Inotrope administered, n (%) 10 (40%) 5 (15%) 0.032

Respiratory support, n (%) 6 (27%) 21 (64%) 0.008

ICU admission, n (%) 11 (44%) 16 (50%) 0.65

Length of hospital stay, median (IQR) 8.0 (6.0, 9.0) 7.0 (5.0, 13.5) 0.88

Deceased, n (%) 0(0%) 3(9.1%) 0.25

3.2. The Effects of SARS-CoV-2 Infection on the Intestinal Epithelial Permeability of Healthy Children

Given the existing evidence of GI symptoms and a change in the circulating markers
of intestinal epithelial permeability in MIS-C, we first assessed the levels of these markers
in a cohort of healthy children with longitudinal samples both before and after SARS-CoV-2
infection as indicated by positive serology [22]. The levels of zonulin, ICAM-1, and LBP,
as measured in depleted plasma by liquid chromatography tandem mass spectrometry
(LC-MS/MS), were not significantly different in these longitudinal samples with p = 0.464,
p = 0.844, and p = 0.087, respectively. CD14 was lower in the postinfection seropositive
samples (p = 0.0082) (Figure 1A). We performed subgroup analysis of the healthy controls
based on the presence of gastrointestinal symptoms. There was no significant difference in
the abundance of circulating zonulin, ICAM-1, LBP, or CD14 between the healthy controls
who experienced GI symptoms and those who did not (p = 0.467, p = 0.679, p = 0.504,
p = 0.576, respectively) (Figure 1B).
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Figure 1. (A) Plasma abundances of zonulin, ICAM-1, LBP, and CD14 were measured by LC-MS
in healthy children (n = 25) before (seronegative) and after (seropositive) SARS-CoV-2 infection,
compared using a paired samples t test. (B). Plasma abundances of zonulin, ICAM-1, LBP, and
CD14,measured by LC-MS in healthy children (n = 25) reporting GI symptoms or no GI symptoms
following SARS-CoV-2 infection, compared using unpaired t test. ** p < 0.01, ns =not significant.
Mean values and 95% confidence intervals are shown.

3.3. Intestinal Epithelial Permeability in Children with MIS-C Compared with That of Control Groups

We next compared the levels of circulating zonulin, ICAM-1, LBP, and CD14 between
MIS-C cases, febrile controls, and seropositive healthy controls. The levels of zonulin,
ICAM-1, LBP, and CD14 in the MIS-C cases were significantly higher than those in the
seropositive healthy controls (p < 0.0001, p < 0.0001, p = 0.0153, and p = 0.0004, respectively)
(Figure 2A). The levels of circulating zonulin, ICAM-1, LBP, and CD14 were however,
not significantly different compared with those of the matched febrile controls (p = 0.171,
p = 0.052, p = 0.199, and p = 0.422, respectively).

To further investigate the increased intestinal epithelial permeability in children with
MIS-C, we assessed the translocation of mucosal immunoglobulin A (IgA) into the circula-
tion by measuring the blood levels of the heavy chain constant region of both IgA isoforms
(immunoglobulin heavy constant alpha 1 (IGHA1) and immunoglobulin heavy constant al-
pha 2 (IGHA2)). Both IgA isoform levels were higher in MIS-C than in seropositive healthy
controls (IGHA1, p = 0.0415; IGHA2, p = 0.0291). In contrast, there were no significant
differences observed between MIS-C and febrile controls in either IGHA1 or IGHA2 levels
(p = 0.083 and p = 0.996, respectively) (Figure 2B).
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Figure 2. (A). Plasma abundances of zonulin, ICAM-1,LBP, and CD14 measured by LC-MS in healthy
children (n = 25) following SARS-CoV-2 infection, MIS-C (n = 25), and febrile controls (n = 33)
compared by one-way ANOVA with multiple comparisons. (B). Plasma abundances of IGHA1 and
IGHA2 measured by LC-MS in healthy children (n = 25) following SARS-CoV-2 infection, MIS-C
(n = 25), and febrile controls (n = 33) compared by one-way ANOVA with multiple comparisons.
(C). Plasma abundances of zonulin, ICAM-1, LBP, and CD14 measured by LC-MS in MIS-C cases
admitted to the ICU (n = 11) and MIS-C not admitted to the ICU (n = 14) compared by unpaired t
test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Mean values and 95% confidence intervals
are shown.

There were no significant differences in the levels of circulating zonulin, ICAM-1,
and CD14 between MIS-C cases admitted to the ICU and MIS-C cases not admitted to the
ICU (Figure 2C). The circulating levels of LBP were significantly higher in the MIS-C cases
admitted to the ICU than in cases not admitted to the ICU.

3.4. Circulating Levels of SARS-CoV-2 Spike Protein Following SARS-CoV-2 Infection in Children
with and without MIS-C

To assess persistent viral protein antigenemia in MIS-C, we performed an ELISA mea-
suring the receptor binding domain (RBD) of the spike protein, as previously reported [25].
For a large minority of both MIS-C (n = 9, 45%) and seropositive healthy controls (n = 4,
26.67%), no circulating RBD was detected. The levels of the RBD portion of the spike
protein were not significantly different between MIS-C and seropositive healthy controls
(p = 0.6992) or seronegative healthy controls (p > 0.999) (Figure 3A). To further investigate
persistent viral antigenemia driving the pathogenesis of MIS-C, we quantified antibody
subclasses to the spike RBD. In concordance with the results for the circulating RBD protein,
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there were no significant differences in the anti-spike RBD IgG, IgM, or IgA between the
MIS-C and the seropositive healthy controls (p = 0.196, p = 0.648, p = 0.287) (Figure 3B).
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Figure 3. (A). Circulating levels of spike protein measured by ELISA in MIS-C (n = 25), seropositive
healthy controls (n = 16), and seronegative healthy controls (n = 5) compared by one-way ANOVA.
Mean values and 95% confidence intervals are shown. (B) Circulating titres of antibodies to spike
protein measured by ELISA in MIS-C (n = 25) and seropositive healthy controls (n = 25) compared
with unpaired t test. ns = not significant. Mean values and 95% confidence intervals are shown.

3.5. In Silico Investigation of Markers of Intestinal Epithelial Permeability

To investigate the markers of gut permeability that are increased in MIS-C, we assessed
their levels in publicly available datasets of MIS-C proteomes. Three datasets meeting our
criteria were identified [25,27,28]. Zonulin was present in dataset A [27]. Although the
individual peptide-level data were not available, the mean levels were higher in MIS-C
than in the healthy controls (p < 0.0001). Similarly, in this dataset, the levels of ICAM-1
(p < 0.0001), LBP (p < 0.0001), and CD14 (p < 0.0001) were all higher in both disease groups
than in the healthy controls (Figure 4A). In dataset B, zonulin was not present [28]. The
levels of ICAM-1 were significantly higher in patients with MIS-C than in the healthy
controls (p < 0.0001) but not significantly different from cases of severe acute SARS-CoV-2
infection (Figure 4B). The levels of LBP (p < 0.0001) and CD14 (p < 0.0001) were likewise
higher in those with MIS-C than in healthy controls but not significantly raised compared
to in those with severe acute SARS-CoV-2 infection. In dataset C, ICAM-1 and LBP data
were available [25]. The levels of both were not significantly different between patients
with MIS-C and children with acute SARS-CoV-2 infection or healthy controls (Figure 4C).
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Figure 4. (A) Circulating titres of zonulin, ICAM-1, LBP, and CD14 in dataset A. (B) Circulating titres
of ICAM-1, LBP, and CD14 in dataset B. (C) Circulating titres of ICAM-1 and LBP in dataset C. All
compared by one-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant.
Mean values and 95% confidence intervals are shown.

4. Discussion

The aim of this study was to test the hypothesis that the persistence of SARS-CoV-2
within the gut causes localised inflammation and increased gut permeability, with the
associated persistent SARS-CoV-2 antigenemia leading to MIS-C [13,15] (Figure 5). In adults,
the severity of SARS-CoV-2 infection has been shown to correlate with the abundance of
the circulating markers of intestinal epithelial permeability such as zonulin, LBP, and
CD14 [29–31]. The translocation of the contents of the gut lumen due to the dysfunction of
epithelial tight junctions in severe disease may provide a mechanism for the development
of MIS-C through the persistence of circulating antigen. Acute SARS-CoV-2 infections in
children are usually mild, with less than 1% of cases requiring hospital admission [32].
There has been no correlation demonstrated between the severity of initial SARS-CoV-2
infection and the risk of developing MIS-C [33,34]. There was no difference observed in
the levels of zonulin (p = 0.464), ICAM-1 (p = 0.844), and LBP (p = 0.087) amongst healthy
controls before and after SARS-CoV-2 infection, which does not support an increase in
intestinal permeability following SARS-CoV-2 infection in healthy children.

It has been suggested that MIS-C occurs secondarily to persistent antigenemia, specif-
ically the spike protein translocating from the gut to the bloodstream. This has been
proposed to be due to the persistence of viral infection in the intestinal epithelium, and
SARS-CoV-2 viral proteins have been found in the stool of individuals numerous days
after symptoms develop [15,35–37]. In contrast, the results of this study do not support a
humoral response in keeping with persistent viral infection, with no significant difference
in the antibody response to the RBD of S protein in healthy children with SARS-CoV-2 or
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MIS-C. This is in keeping with findings in other MIS-C cohorts, with the antibody response
being shown to be of a similar proportion to that of normal infection [11,38,39]. The titres
of anti-spike IgM and anti-spike IgA, which, in a situation of recent stimulation by an anti-
gen, were not significantly different between MIS-C and the seropositive group (p = 0.648,
p = 0.287). Additionally, we found no evidence of increased spike protein in the circulation
of MIS-C in comparison to seropositive healthy controls (p= 0.6992) [38,39].
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Although an increase in intestinal epithelial permeability markers was not observed
following SARS-CoV-2 infection in the healthy control cohort, it was observed in MIS-
C with elevated levels of zonulin, ICAM-1, LBP, or CD14 compared to healthy controls
(p = 0.465, p = 0.844, p = 0.087, p = 0.0082). These results are similar to the findings from
the in silico validation, demonstrating a similar trend with regard to zonulin, ICAM-1, and
LBP having higher levels in MIS-C than in healthy controls [25,27,28].

Unlike previous research, our study is the first to compare MIS-C with matched febrile
controls experiencing a similar disease severity. We found no significant difference in the
circulating levels of zonulin, ICAM-1, LBP, or CD14 between MIS-C and febrile controls
(p = 0.171, p = 0.052, p = 0.199, p = 0.422). This indicates that increased gut permeability
is not unique to MIS-C and occurs to a similar extent in febrile children with a variety of
clinical conditions [40–46].

Fever is common in response to infection or inflammation and is associated with
increased intestinal barrier permeability [40–43]. Similarly intestinal dysfunction can
occur secondary to an initial insult to a distant organ, and this has been described in
a number of cases such as liver cirrhosis, stroke, and burns [44,45]. The presence of
proinflammatory mediators leads to the increased permeability of the intestinal epithelial
barrier, local intestinal inflammation, and to GI tissue damage, culminating in an acute
failure of the intestine [46–48]. It is plausible that the increased body temperature present
in MIS-C, coupled with the increased levels of circulating cytokines, leads to an increase in
intestinal epithelial barrier permeability through a mechanism like that of any severe febrile
childhood illness. Our findings of increased markers of intestinal epithelial permeability
in febrile controls suggests that an increase in intestinal epithelial permeability may occur
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more frequently than currently considered in febrile children hospitalised with an infectious
cause, as previously suggested [49].

Our study has a few limitations. Due to the rarity of MIS-C, only a moderate number
of cases were recruited. It is possible that the differences in the levels of circulating S1
protein in our samples and in other datasets [25,28] may be due to the use of dithiothreitol
to release antibody-bound spike [50]. Several of the comparisons p-values are close to
the significance threshold, which should be considered when interpreting the findings. A
particular strength of this study is the matched febrile and seropositive controls, which
allowed for a direct comparison between MIS-C and these cohorts. In addition, our sample
collection occurred early during the admission course for the hospitalised cohorts, and
samples were all processed within an hour of collection. As this was an observational study
with no changes to routine clinical care, the MIS-C and febrile groups received different
medications, which may have played a role in the functioning of the intestinal epithelium.
In particular, the use of antibiotics in the febrile control group may have contributed to a
change in the gut flora, which in turn affected intestinal permeability.

5. Conclusions

In our study, we found no evidence of the persistent elevation of the markers of
intestinal epithelial permeability following SARS-CoV-2 infection in healthy children or
evidence of persistent spike protein antigenemia. We were able to demonstrate that MIS-C
is temporally associated with an increase in intestinal epithelial permeability, but this
was not unique to MIS-C and occurred to a similar extent in children with fever due to
non-SARS-CoV-2-related causes. As such, increased markers of intestinal permeability may
not be used as markers specific to MIS-C. Our findings do not support the hypothesis that
increased gut permeability following SARS-CoV-2 infection and the associated persistent
spike protein antigenemia drives MIS-C.
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