


Serum Zonulin Concentrations Among Healthy Young and 
Older Adults Correlate  With Inflammatory And Aging Markers

Inflammatory
markers 

Aging
markers 

QI YF. et al JAMDA 2017;18:810e1-810e4 





Long COVID



Lopez-Leon, et al Sci Rep 12, 9950 (2022). 

Prevalence Of Symptoms Following COVID In Children And Adolescents



Prevalence Of Symptoms 
Following COVID In Adults

Davis HE, et al Nat Rev Microbiol 21, 133–146 (2023)



What causes long 
COVID?

What Causes Long COVID?

Four Hypothesis As To What Might Be 
Causing Long COVID Symptoms

Four Interconnected Steps Leading To 
Long COVID Symptoms



1. Persistent Virus:
The Role of The Gut in COVID-19

• Prolonged shedding of 
virus in stools

• Role in acute illness (?)

• Role in long COVID

• Role in MIS

100

101

102

103

104

107

108

S
A

R
S

-C
o

V
-2

 R
N

A
 c

o
p

ie
s/

m
l

Stool samples (MIS-C)

MIS-C



Spike protein is present in the serum of MIS-C patients
despite no virions are present in circulation 

Spike protein present in the serum of long COVID 
patients despite no virions are present in circulation

Why? How?Clin Infect Dis, Volume 76, Issue 3, 1 February 2023, Pages e487–e490, https://doi.org/10.1093/cid/ciac722

Yonker, Gilboa, Ogata et al, JCI, July 2021

SARS-CoV2 Ags profile measured 
by Simoa assay 

https://doi.org/10.1093/cid/ciac722


Mucosal Tolerance
Homeostasis
Anergy

MIS-C
Long COVID

Normal/physiologically
controlled permeability

SARS-CoV2 in the GI tract 
causes dysbiosis and 

Increased zonulin release

Zonulin-dependent
barrier defect leads to

SARS-CoV2 spike influx

SARS-CoV2 
superantigen triggers

T cell proliferation, 
cytokines storm, 
and microclots
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Mucus
Synthesis & Quality

Spike

IL-1b, IL-6, IL-8, IL-10, IP-10, IFN-g, IL-17, TNF-a

Zonulin Inhibitor
AT1001 (Larazotide)

SIgA

C3 & C4 activation

Endothelial vessels 

2. Chronic Inflammation
Loss of Mucosal Immune Homeostasis

Microclots



MIS-C is driven by zonulin-dependent loss of gut mucosal barrier 

Yonker, Gilboa, Ogata et al, JCI, July 2021



Pathogenesis of MIS-C

• SARS-CoV-2 detected in the stool weeks-
months after COVID-19 first encounter.

• SARS-CoV2 presence in GI tract causes 
microbiome imbalance (dysbiosis)

• Zonulin release detected in MIS-C 
plasma.

• Highly inflammatory viral particles leak 
into circulation. 

• Current treatments target immune 
hyperactivation, not mucosal barrier 
integrity.



Mouchati C et al, Front Immunol, 2023

Characteristics of 
participants by COVID and 
PASC (Long COVID) Status

Increase In Zonulin And Oxidized LDL Is 
Associated With Post-Acute Sequelae of SARS-CoV-2



Mouchati C et al, Front Immunol, 2023

Distribution of Zonulin by COVID 
And PASC Status

Distribution of Oxidative-LDL by 
COVID And PASC Status



Mouchati C et al, Front Immunol, 2023

Association of Gut Permeability And 
Oxidated-LDL with PASC 

Independent Associations with 
COVID+ PASC+



Blocking Zonulin to Stop The March Toward Chronic 
Inflammation Onset (Experimental Medicine At Work)

Zonulin Inhibitor 
Larazotide Acetate

(AKA AT1001)



Larazotide Expedites GI Symptoms 
Resolution and Spike Clearance in MIS-C • Larazotide treatment associated with: 

• Significantly shorter time to resolution of GI symptoms

• Significantly faster clearance of Spike antigenemia

• Trend toward improvement in: 

• Length of stay

• Fever duration

• No escalation of care in larazotide-treated group

• Currently in phase 2 DBPC trial

MIS-C with larazotide add-on vs historic controls

Larazotide 

treated           

(n=4)

Historic 

controls (n=22)
P value

Age, mean years  (range) 8.8 (3-17) 9.1 (1-21) ns

LOS, mean days (range) 4.5 (3-7) 7 (2-16) ns

Escalation of care, number 0 3 ns

Fever duration, post steroids/IVIG, mean days 

(range)
0.8 (0-2) 1.6 (0-6) ns

Time to resolution of GI symptoms, mean days 

(range)
2.3 (1-3) 6.7 (1-17) 0.03

Time to first clearance of Spike, median days 

(95% CI)
1 (1-12) 10 (6-190) 0.04

Patient characteristics Patient 1 Patient 2 Patient 3 Patient 4

Age (years) 17 3 6 9

Sex F F F M

Race, Ethnicity
White            

Non-Hispanic

Asian             

Non-Hispanic

Black            

Non-Hispanic

White          

Non-Hispanic

SARS-CoV-2 RT-PCR or    

antibody positive
Yes Yes Yes Yes

SARS-CoV-2 Spike 

antigenemia 
Yes Yes Yes Yes

Cardiac involvement None None
coronary 

aneurysm

Mild dilation 

of coronary 

artery

Gastrointestinal involvement
adbominal pain, 

diarrhea

abdominal pain, 

vomiting, 

diarrhea

abdominal pain, 

vomiting

abdominal 

pain, 

vomiting, 

diarrhea

Highest level of care Ward Ward PICU Ward

Treatment with approved, 

expanded use of larazotide 
Yes Yes Yes Yes

• FDA approval for compassionate use

• IRB approval

• Clinical team approval

• Patient/family consent

• Larazotide 10mcg/kg (max 500mcg/dose) four times daily x 21 
days



Conclusions
• Genetic predisposition and exposure to environmental triggers are necessary but not 
sufficient to start the march from genetic predisposition to clinical outcome

• The human microbiome, particularly the gut microbiome, seems to be instrumental in shifting 
from genetic predisposition to clinical outcome

• The first 1,000 of life are crucial in setting the proper symbiotic relationship between the 
microbiome and its human host

• Western lifestyle seems associated to an increased risk of developing chronic inflammatory 
diseases

• Of all the elements that may disturb the proper engraftment and maturation of a symbiotic 
microbiome, diet seems to be the most impactful

• This observation outline the important of quality, and not only quantity, of food as a key 
determinant of the balance between health and disease

• Therefore, dietary interventions may in the near future be a therapeutic strategy to implement 
personalized interventions and/or mitigate the risk of developing chronic inflammatory 
diseases   
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