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OBJECTIVES: A recent study suggests that Multisystem Inflammatory Syndrome 
in Children (MIS-C) is triggered by gastrointestinal breach of severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) viral particles from the gut lumen 
into systemic circulation. The virus remains in the gut weeks to months after respi-
ratory infection, causing zonulin release from the intestinal epithelial cells. Zonulin 
loosens tight junctions, permitting trafficking of highly inflammatory viral particles 
into circulation. Current MIS-C treatments target the subsequent immune hyper-
activation, not the causative loss of mucosal barrier integrity. Larazotide, a zonulin 
inhibitor, prevents breakdown of tight junctions, limiting antigen trafficking.

DESIGN: Children with MIS-C were treated with larazotide as an adjuvant to 
steroid/intravenous immunoglobulin therapy. Clinical outcomes, SARS-CoV-2 
antigenemia, and cytokine profiles are reported. Outcomes were compared with 
children with MIS-C receiving steroids and/or IVIG therapy alone.

PATIENTS: Four children with MIS-C, ages 3–17 years, were enrolled.

INTERVENTIONS: Patients were treated with open label larazotide 10 mcg/kg 
(maximum 500 mcg/dose) orally four times daily for 21 days.

MEASUREMENTS AND MAIN RESULTS: All four patients tolerated laraz-
otide without adverse effects and displayed reduction in Spike antigenemia to un-
detectable levels. When compared with 22 children with MIS-C receiving steroids 
and/or intravenous immunoglobulin therapy alone, larazotide-treated patients 
reported significantly improved time to resolution of gastrointestinal symptoms  
(p = 0.03), and time to clearance of Spike antigenemia (p = 0.04), plus a trend 
towards shorter length of stay.

CONCLUSIONS: Larazotide appears safe and well-tolerated and may offer po-
tential benefit as an adjuvant to immune-targeted therapies. Expansion of clinical 
trials is urgently needed to ascertain the clinical impact of larazotide on MIS-C.

KEY WORDS: AT1001; larazotide; multisystem inflammatory syndrome in 
children; severe acute respiratory syndrome coronavirus 2 antigenemia

Over 11.4 million children have tested positive for severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) in the United States (1). Although 
vaccines are a central strategy for containing the virus and ending the pan-

demic, there are still several barriers, including delays in vaccination (2), waning vac-
cine efficacy in the setting of novel SARS-CoV-2 variants (3), and variable masking 
recommendations. As a result, COVID-19 and SARS-CoV-2–related illnesses will 
likely remain part of our lives for the foreseeable future. Novel treatments must be de-
veloped to combat this virus to reduce COVID-19–related morbidity and mortality.

Multisystem inflammatory syndrome in children (MIS-C) is a severe com-
plication of COVID-19 occurring in children (and occasionally in adults) that is 
defined by high fever, systemic inflammation, and multiple organ involvement 
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requiring hospitalization weeks to months after a SARS-
CoV-2 infection or exposure (4). Roughly 6,800 cases of 
MIS-C have been reported in the United States to date, 
with a 1% mortality rate (4). Recent studies have discov-
ered that MIS-C may be caused by a zonulin-dependent 
breach in the gastrointestinal barrier, allowing residual 
SARS-CoV-2 viral particles to traffic into circulation (5). 
SARS-CoV-2, which is cleared from the upper respira-
tory tract within 1–2 weeks (6), can linger in the gut for 
many weeks. In MIS-C, prolonged detection of virus in 
the gut is associated with increased zonulin release (5). 
Zonulin is a family of structurally and functionally related 
proteins that reversibly regulate intestinal permeability by 
modulating intercellular tight junctions (7). An increase 
in zonulin leads to the disruption of tight junctions and 
increased mucosal permeability (7). As a result, SARS-
CoV-2 viral particles can be detected in the blood (5). 
These viral particles are highly inflammatory and trigger 
the hyperinflammatory storm defining MIS-C (8, 9).

Current therapies, such as steroids and IV immuno-
globulin (IVIG), target the hyperinflammatory storm as-
sociated with MIS-C (10) but do not address mucosal 
barrier permeability. Larazotide (AT1001) is an extensively 
studied oral medicine with an excellent safety profile (11) 
that inhibits the effect of zonulin, allowing restoration of 
tight junctions (12) and improves mucosal barrier func-
tion (13). A recent study describes the use of larazotide in a 
single patient showing, as a proof of concept, reduction in 
Spike antigenemia and improvement in clinical status (5).

Here, we describe our experience treating four chil-
dren with MIS-C with compassionate use open-label 
larazotide at 10 mcg/kg by mouth four times daily for 
21 days and compare their disease course with children 
with MIS-C who did not receive larazotide therapy. 
Patients treated with open-label larazotide displayed a 
reduction in the duration of MIS-C–related gastroin-
testinal symptoms and more rapid clearance of Spike 
antigenemia compared with patients who did not re-
ceive larazotide. These findings suggest that adjuvant 
treatment with larazotide favorably impacts the course 
of MIS-C, providing justification for further evalua-
tion of this novel therapeutic strategy for MIS-C.

MATERIALS AND METHODS

Following the report that MIS-C results from zonulin-
mediated loss of gastrointestinal mucosal barrier integ-
rity (5), we sought expanded access, compassionate use 
of larazotide for four subsequent patients presenting with 

MIS-C. Approval was granted by the Food and Drug 
Administration for all four patients, as was Institutional 
Review Board (IRB) approval, parental consent, and 
assent when appropriate. Patients were treated with lar-
azotide 10 mcg/kg orally four times per day for 21 days as 
an adjuvant therapy to their MIS-C treatments (steroids, 
IVIG, anakinra, as decided by multidisciplinary MIS-C 
clinical team). An additional 22 patients who did not 
receive larazotide treatment were also included in this 
study. All patients met criteria for MIS-C as defined by 
the Centers for Disease Control and Prevention (4). All 
MIS-C patients provided consent, and assent when in-
dicated, to the Massachusetts General Hospital Pediatric 
COVID-19 Biorepository (14) (IRB 2020P000955) to 
allow sample and metadata analysis. Clinical labora-
tories (C-reactive protein [CRP], d-dimer), symptom-
atology, and body temperatures were obtained from 
medical records.

SARS-CoV-2 antibodies and cytokines were measured 
as described previously (5, 15). Antibody levels are pre-
sented as normalized average enzymes per bead (AEB), 
where the measured AEB value is normalized by calibra-
tors obtained from serially diluting a plasma sample col-
lected from a SARS-CoV-2 positive individual. The assay 
for measuring SARS-CoV-2 Spike and S1 protein was 
modified after screening additional capture and detector 
antibodies. While the assay is performed in the same 
manner (5, 16), different capture and detector antibodies 
were used, namely an antibody against the S2 subunit of 
spike as the capture (MA5-35946; Invitrogen, Waltham, 
MA), and an anti-Receptor-binding domain (RBD) an-
tibody as the detector (LT1900; Leinco, Fenton, MO). 
Prior to performing the assay, plasma samples were 
treated with 10 mM dithiothreitol and incubated at 37°C 
for 15 minutes to denature any antibodies in complex 
with spike antigen (17). Plasma samples were also ana-
lyzed without dithiothreitol pretreatment.

Analysis was completed using Prism 9.2 (GraphPad 
Software, San Diego, CA). Mann-Whitney U test was 
used to compare nonparametric values in the larazotide-
treated group and historic controls. chi-square test was 
used to compare frequencies between the two groups.

RESULTS

Aggregate Results

Four children with MIS-C, ages ranging from 3 to 17 
years (median, 7.5 yr) were treated with compassionate 
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use larazotide. All four children displayed serologic ev-
idence of prior SARS-CoV-2 infection and had detect-
able SARS-CoV-2 antigenemia on presentation. While 
two of the children displayed cardiac involvement of 
MIS-C, all four reported prominent gastrointestinal 
symptoms on presentation, with evidence of multiple 
organ involvement (Table 1).

The clinical courses of children who received lar-
azotide were compared with children diagnosed with 
MIS-C who did not receive larazotide as part of their 
clinical regimen (Table 2). Twenty-two children with 
MIS-C receiving steroids or IVIG alone were included, 
with median age of 8 years, which was not signifi-
cantly different compared with the ages of children in 
the larazotide group. Following initiation of larazotide 
therapy, a significant decrease in duration of gastro-
intestinal symptoms (time to resolution of gastroin-
testinal symptoms was observed: larazotide-treated 
group median 2.5 d; larazotide-naive group median 
5.5 d; p = 0.03). While there were no significant dif-
ferences in length of stay, fever duration, or escala-
tion of care, length of stay appeared slightly shorter 

in the larazotide-treated group (median 4 d in laraz-
otide-treated group vs 5 d in larazotide-naive group). 
Importantly, Spike antigen levels cleared more quickly 
in the larazotide-treated group (time to first clearance 
of Spike antigen: larazotide-treated group median 1 d; 
larazotide-naive group median 5.5 d; p = 0.03).

Results of Individual Cases

Larazotide-Treated Patient 1. A 17-year-old female, who 
had mild COVID-19 1 month prior to presentation, was 
hospitalized after reporting five days of fever up to 39.4°C, 
headache, abdominal pain, and diarrhea. She was found to 
have elevated CRP (peak 165 mg/L), erythrocyte sedimen-
tation rate (ESR; peak 57 mm/hr), d-dimer (peak 2,446 ng/
mL), and lymphopenia. Treatment with intravenous (IV) 
steroids was initiated; the decision was made to not treat 
with IVIG since she did not display cardiac involvement. 
Given her diagnosis of MIS-C with gastrointestinal in-
volvement, we sought and were granted apitproval to treat 
her with compassionate use of larazotide, which she was 
able to start within 24 hours of initiation of steroids.

TABLE 1. 
Characteristics of Patients Treated With Larazotide As an Adjuvant Therapy for  
Multisystem Inflammatory Syndrome in Children

Patient Characteristics Patient 1 Patient 2 Patient 3 Patient 4

Age (yr) 17 3 6 9

Sex Female Female Female Male

Race, ethnicity White non- 
Hispanic

Asian non- 
Hispanic

Black non- 
Hispanic

White non- 
Hispanic

SARS-CoV-2 reverse transcriptase- 
quantitative polymerase chain  
reaction or antibody positive

Yes Yes Yes Yes

SARS-CoV-2 spike antigenemia Yes Yes Yes Yes

Cardiac involvement None None Coronary  
aneurysm

Coronary dilation

Gastrointestinal involvement Abdominal pain,  
diarrhea

Abdominal pain, 
vomiting,  
diarrhea

Abdominal pain, 
vomiting

Abdominal pain, vomiting, 
diarrhea

Other organ involvement Anemia,  
thrombocytopenia, 
lymphopenia,  
headaches

Anemia, throm-
bocytopenia, 
lymphopenia

Anemia, rash, 
conjunctivitis

Anemia, thrombocytopenia, 
lymphopenia, rash, con-
junctivitis, headache

Highest level of care Ward Ward PICU Ward

Treatment with approved, expanded  
use of larazotide

Yes Yes Yes Yes

SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
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After starting steroids, her fever fell to 38.2°C and 
her cytokine markers decreased, but she continued 
to have some abdominal pain and increased bowel 
movements, and notably, her CRP remained elevated. 
However, after the addition of larazotide, her fever, ab-
dominal pain, and diarrhea resolved within 24 hours. 
Her CRP, ESR, and d-dimer improved, her lymphope-
nia resolved, and she was discharged home (Fig. 1).

Spike antigen was detected in her blood prior to 
initiating larazotide and reached undetectable lev-
els within 24 hours of starting larazotide (Fig. 2). 
Interestingly, her anti-spike immunoglobulin G (IgG) 

and immunoglobulin A (IgA) levels decreased slightly 
after initiation of steroid treatment, corresponding with 
an increase in Spike antigen, then recovered to higher 
levels. Her Spike antigen declined to below the level of 
detection by day 4 postadmission and remained essen-
tially undetectable through the 21-day course (Fig. 2).

Larazotide-Treated Patient 2. A 3-year-old female 
presented with a high fever of 40°C, severe abdominal 
pain, vomiting, and diarrhea, in the setting of recent 
household SARS-CoV-2 exposure 2 weeks prior. Her 
CRP was elevated (168.6 mg/L), with elevated d-dimer 
(> 10,000 ng/mL) and lymphopenia (WBC 2,400/µL). 

TABLE 2. 
Comparison of Larazotide-Treated Children With Children Who Received Steroids and/or 
Intravenous Immunoglobulin Without the Addition of Larazotide Therapy

Clinical Outcomes
Larazotide-Treated 

(n = 4)
Steroids and/or Intravenous  

Immunoglobulin Alone (n = 22) p

Age, yr, median (95% CI) 7.5 (3–17) 8 (4–14) 0.93

Time to resolution of gastrointestinal  
symptoms, d, median (95% CI)

2.5 (1–3) 5.5 (3–11) 0.03

Length of stay, d, median (95% CI) 4 (3–7) 5 (4–10) 0.42

Duration fever since initiation of treatment,  
d, median (95% CI)

0.5 (0–2) 0 (0–6) 0.80

Escalation of care (n)a 0 3 > 0.9

Time to first clearance of Spike, d, median 
(95% CI)

1 (1–12) 10 (6–190) 0.04

aχ2 analysis. Otherwise, Mann-Whitney U test was used.

Steroids

Larazotide

Steroids

Larazotide

Steroids, IVIG

Larazotide

Steroids, IVIG

Larazotide
Anikinra

Patient 1 Patient 2 Patient 3 Patient 4

discharged discharged discharged
GI 
symptoms

GI 
symptoms

GI 
symptoms

discharged
GI 
symptoms

Figure 1. Four children with multisystem inflammatory syndrome in children were treated with larazotide as adjuvant therapy following 
their acute presentation. C-reactive protein (CRP) (mg/L), d-dimer (ng/mL), fever curve, and gastrointestinal (GI) symptoms are 
presented with multiple assessments obtained their treatment course. IVIG = IV immunoglobulin.
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She was started on steroids and given her positive re-
verse transcriptase-quantitative polymerase chain 
reaction for SARS-CoV-2, she was also started on rem-
desivir. IVIG was not administered due to lack of car-
diac involvement. Given the severity of her abdominal 
pain, surgery was consulted to evaluate for appendi-
citis, although this diagnosis was ultimately ruled out. 
Following initiation of steroids, she continued to have 
fever, her CRP remained elevated, and her cytokines 
failed to normalize.

Given her symptoms of MIS-C with gastrointestinal 
involvement, we sought and were granted approval 
to treat her with compassionate use of larazotide. 
Larazotide was initiated within 48 hours of starting ste-
roids. Within 24 hours of starting larazotide, her CRP 
dropped significantly, her cytokine profile improved, 
and her abdominal pain resolved; consequently, she 
was able to begin eating and drinking again, and she 
was discharged the following day (Fig. 1).

Her S1 antigen was highly elevated at the time of 
starting larazotide, then cleared precipitously within 
24 hours of larazotide treatment. Her Spike antigen 
was elevated at the time of starting larazotide, then dis-
played a peak at day 4 of admission before clearing by 
day 11 (Fig. 2). While her anti-SARS-CoV-2 IgG and 
IgA were low on day 2 of admission while on steroids, 
she displayed an increase in anti-spike IgG levels over 
time, corresponding with her more recent exposure 
and infection. A sharp increase of antibody levels was 
noted following the peak in Spike antigen on day 4 of 
her admission (Fig. 2).

Larazotide-Treated Patient 3. A 6-year-old girl 
with no known prior COVID-19 illness or household 
SARS-CoV-2 exposure, who presented with four days 
of fever up to 39.4°C, abdominal pain, and vomiting, 
was found to have positive SARS-CoV-2 antibodies 
in addition to elevated CRP (peak 254 mg/L), ferritin 
(peak 507 μg/L), and d-dimer (peak 4,952 ng/mL).  

Steroids

Larazotide

Steroids

Larazotide

Steroids, IVIG

Larazotide

Steroids, IVIG

Larazotide

Anikinra

Patient 1 Patient 2 Patient 3 Patient 4

Figure 2. S1 and Spike antigen levels, anti-Spike, anti-S1 and anti-Receptor-binding domain (RBD) immunoglobulin, and cytokine levels 
from four children with multisystem inflammatory syndrome in children (MIS-C) who received treatment with larazotide in addition to 
standard MIS-C therapy. AEB = average enzymes per bead, IFN-γ = interferon gamma, IgA = immunoglobulin A, IgG = immunoglobulin 
G, IL = interleukin, IVIG = IV immunoglobulin, TNF-α = tumor necrosis factor alpha.
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She also had an elevated N-terminal pro b-type netri-
uretic peptide (peak 2,815 pg/mL), a mild troponin 
leak (peak 26 ng/L), and an aneurysmal dilation of the 
right coronary artery on echocardiogram (z score 3.8). 
Treatment with IV steroids and IVIG was initiated. 
Over the next 24 hours, her fever fell from 39.4°C to 
37.9°C, and her CRP decreased but remained elevated 
at 178 mg/L (Fig. 1). She was then started on larazotide; 
her abdominal pain resolved by the next day, and she 
remained afebrile, so she was discharged home. Her 
CRP further declined to 40 mg/L by day 5 postadmis-
sion (48 hr into larazotide treatment course). By day 18 
postadmission, her CRP and d-dimer normalized, and 
her coronary aneurysm resolved.

Spike and S1 antigens were detected in her blood, 
and she displayed an activated cytokine profile, with 
interleukin-6 most notably elevated. Although she dis-
played a dramatic decrease in Spike antigen within 
24 hours of starting larazotide, her Spike antigen 
remained above detectable levels until day 18 postad-
mission (Fig. 2). Her anti-SARS-CoV-2 IgG remained 
relatively low through the duration of her illness but 
her anti-Spike IgA became highly elevated (Fig.  2), 
which could potentially reflect ongoing antigen expo-
sure at the mucosal surface.

Larazotide-Treated Patient 4. A 9-year-old boy 
who had mild COVID-19 6 weeks prior, presented 
with 3 days of fever up to 40°C associated with diar-
rhea, nausea, vomiting, headache, and fatigue. He de-
veloped a rash, conjunctivitis, and periorbital edema. 
He displayed elevated inflammatory markers (peak 
CRP 91.2 mg/L) and an echocardiogram that displayed 
mild dilation of the left main coronary artery (z score 
of 2.3). He was started on IVIG and steroids but his 
inflammatory markers and gastrointestinal symptoms 
persisted. He was started on compassionate use laraz-
otide. Although his CRP began to improve after start-
ing larazotide, the following day, he continued to have 
a fever of 38.6°C so was started on anakinra. His CRP 
and d-dimer improved, he defervesced, and his gas-
trointestinal symptoms improved within 48 hours of 
starting larazotide (Fig. 1).

His Spike antigen, which had been elevated on 
admission, was undetectable by day 4 of admission 
(Fig.  2). On day 9 following his hospital admission, 
Spike antigen was again detected in the setting of ele-
vated anti-SARS-CoV-2 IgG and IgA (Fig. 2), without 
a corresponding elevation of inflammatory markers, 

fevers, or cytokines. Interestingly, his Spike antigen 
remained above the level of detection upon comple-
tion of his larazotide course with a rising anti-RBD 
IgA, suggesting ongoing SARS-CoV-2 antigen pres-
ence at the gastrointestinal mucosal surface 3 weeks 
following presentation with MIS-C.

DISCUSSION

Here, we describe four children with MIS-C who dem-
onstrated improved outcomes when larazotide was 
added on as therapy compared with children treated 
with steroids and/or IVIG alone. The four children 
in our open-label larazotide-treated cohort displayed 
faster resolution of gastrointestinal symptoms and 
faster time to clearance of Spike antigen, signaling im-
provement in gastrointestinal mucosal barrier func-
tion. Additionally, there was a trend in a shortened 
length of stay. While a double-blind, randomized pla-
cebo-controlled study is needed to determine efficacy 
of larazotide, these findings suggest that larazotide 
may provide a safe and beneficial adjuvant therapy for 
the treatment of MIS-C.

Interestingly, three of the four patients experienced 
an increase in Spike antigen when steroids or IVIG 
were added. Although steroids and IVIG suppress un-
checked inflammatory responses (10), the initial im-
munosuppression may create an imbalance in antigen 
levels and immune response. As example, patients 1, 3, 
and 4 all displayed a drop in antibody levels following 
steroid treatment (with or without IVIG), allowing an-
tigen levels to subsequently rise. As antibodies recover, 
antigen levels then decreased. We did not have prester-
oid antibody levels from patient 2, so we cannot de-
termine whether the low anti-Spike IgG is due to time 
from infection or immunosuppression. This aligns 
with our previous report of SARS-CoV-2 antigen lev-
els in MIS-C (5): in an 11-patient cohort, two-thirds of 
the MIS-C historic controls with pretreatment values 
available displayed an increase in Spike antigen levels 
following initiation of immunomodulatory therapy for 
MIS-C. These findings highlight that immunosuppres-
sion alone may not be the optimal treatment strategy 
for MIS-C and novel therapies, such as larazotide, that 
target the source of the antigen leak would provide ad-
ditional benefit in treating MIS-C.

Additionally, as we have previously shown and high-
light here, antigen levels can be detected for weeks to 
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months after the onset of MIS-C, despite resolution of 
fevers and cytokine storm (5). The impact of this on-
going antigenemia is unclear, although there is data to 
suggest that Spike triggers an autoimmune signature 
in MIS-C (9). Autoimmune disease or immune dys-
regulation may not be evident for years and should be 
monitored. Children with MIS-C should be monitored 
long-term for autoimmune outcomes and compared 
with those treated with larazotide.

Last, all of the children reported here, and previously 
(5), reveal Spike antigenemia, suggesting SARS-CoV-2 
antigen detection may serve as a useful diagnostic 
marker for MIS-C, especially if combined with ele-
vated levels of zonulin, which would not only help 
identify patients with MIS-C but also guide therapy. 
A better understanding of the interplay between anti-
body and antigen levels over time may help to elucidate 
the cause of immune dysregulation. Here, we analyzed 
plasma samples after decoupling of separate antigen-
antibody complexes, which helped better demonstrate 
circulating antigen levels (Fig. S1, http://links.lww.com/
CCX/A923). In some cases, we observe a considerable 
increase in the concentration of S1 or spike, suggesting 
that antigen masking was altering the effective concen-
tration. In future studies, we anticipate that it will be 
important to track antigen levels, capturing both freely 
circulating antigen and antigen bound by antibodies to 
better distinguish antigenemia from antigen clearance. 
Diagnostic and prognostic tools are urgently needed for 
MIS-C to expedite care when indicated and to allow bet-
ter characterization and understanding of the disease.

CONCLUSIONS

This case series suggests that adjuvant treatment for 
MIS-C with larazotide warrants further evaluation. 
Ultimately, a double-blind placebo-controlled study, 
currently underway (ClinicalTrials.gov identifier: 
NCT05022303), is required to assess efficacy of lar-
azotide, and extended follow-up will provide much 
needed insight into the long-term impact of resolution 
of antigenemia. This case series provides critical in-
sight into MIS-C and highlights a potential novel ther-
apeutic pathway.
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