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Pathogenesis CID
We May Be “Predisposed”, but Are Not Born “Destined”

to Develop Chronic Inflammatory Diseases

The Yin and Yang Between Tolerance and 
Immune Response Leading To CID

Environmental 
Factors

Human 
Genome

Clinic Outcome

Increased Gut Permeability

Microbiome

Immune Response
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Several Cells Play a Role in Maintaining 
The Immune Homeostasis

Epithelial cells

Intestinal DCs

B cells

T cells

Adapted from P. Brandtzaeg, Beneficial Microbes 2010

Excessive and Inappropriate Inflammatory Process 
Associated to a Dysfunction of Intestinal Barrier:

Loss of Mucosal Immune Homeostasis

Mucosal Tolerance
Homeostasis
Anergy

Proinflammatory
Allergic cytokines

Break of Tolerance
Non-infective low grade 

inflammation:
1. Visceral hypersensitivity (IBS);
2. Th1 immune response (chronic 
inflammation);
3. Th2 immune response (food 
allergies);
4. Th17 immune response 
(autoimmunity).

Inflammation - Allergy

Normal/physiologically
controlled permeability

Minor Zonulin-dependent
barrier defect dietary/

microbial Ag influx

Increased
permeability

Massive dietary and
microbial antigen influx

Vicious
circleRegulatory DC’s

Macrophages
Tregs
IL-10/TGF-

Innate or immuno-
regulatory defect

Defensins
SIgA

   

Mucus
Synthesis & Quality

…Tight junctions are a ‘dark horse’ implicated 
in a host of disease states, ranging from acute 

injury to chronic inflammation and 
autoimmune diseases
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How Zonulin-Mediated Increased Ag 
Trafficking Leads to Chronic Inflammation:

Insights From The Zonulin Trangenic Mouse (ztm) Model

3% DSS Normal H2O

Daily Body Weight after 7 days all mice 
are put on Normal drinking water

Zonulin transgenic Hp2 mice are phenotypically normal 
despite increased small intestinal permeability

*p<0.05

Ztm WT Ztm WT

Sturgeon C et al. Ann NY Acad Sci 2017 

Ztm Showed Dysbiosis Characterized by Increase pro-
inflammatory Rikenella And Decreased Akkermansia

Alba-Pereira et al, Front Immunol 2019
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Ztm Showed No Differences in Adaptive Immune 
Profiling, But Differences in Innate Immune Cell Subsets

Ztm and ZtmbWT showed:
‐Increase in IL7R+ROR+ innate lymphoid cells in the 
small intestine (no changes in the colon);
‐ Decreased frequency and numbers of invariant NKT 
(iNKT) cells (involved in mucosal immunity); 
‐ Increased ROR expressing subset of iNKT cells 
(NKT17 cells). NKT17 cells and ‐17 T cells are pro‐
inflammatory innate‐like T cell subsets that produce IL‐
17 and have been implicated in the pathogenesis of 
various autoimmune diseases, including CD and T1D;
‐Increased splenic plasmacytoid dendritic cells. 
Combined, these these data suggest that altered gut 
permeability increases frequency of IL‐17 producing T 
cells in mucosal tissue and in secondary lymphoid 
organs of Ztm mice. 
The fact that the engraftment of WT microbiota did not 
affect the immune phenotype in ZtmbWT suggests that 
the increased antigen trafficking through an impaired 
gut barrier more than the function of an imbalanced 
microbiota primarily imprints the development of the 
immune system in the Ztm.

Alba-Pereira et al, Front Immunol 2019
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E

DSS-induced Mortality in Ztm Mice

Zonulin Inhibitor Larazotide Rescued Ztm

Ztm Showed Increased Morbidity (Colonic Mucosal Damage) 
And Mortality (70%) Following DSS-Induced Colitis
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Literature Report On Zonulin Association With CID
Disease Model Zonulin Shown 

to be Involved

ADHD Human YES

Aging Human YES

Ankylosis spondylitis Human YES

Autism Human YES

Bipolar Disorders Human  YES

Celiac Disease Human YES

Colitis/IBD (Crohn’s disease) Human YES

Colitis Mouse YES

Depressive Disorders Human YES

Fe metabolism in heart transplant Human NO

Glioma Human YES

Glioma Cell YES

Irritable bowel syndrome Human YES

HIV Human YES

Multiple sclerosis Mouse YES

Necrotizing Enterocolitis (NEC) Rat YES

Nonalcoholic fatty liver disease Human YES

Non‐Celiac Gluten Sensitivity Human YES

Obesity/Insulin resistance Human YES

Post‐surgery Sepsis Human YES

Post‐surgery Sepsis Mouse YES

Psoriasis Human NO

Sepsis Human YES

Type 1 diabetes Human YES

Type 2 diabetes Human YES

The Changing Face Of Gut Microbes
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100 TRILLION
The human microbiome is made up of more than 100 
trillion bacteria, fungi, protozoa, and viruses that live 

in and on the human body
>10,000 different species of bacteria are resident in 
the human intestinal microbiota (400‐500/person)

2‐5x More
Microbial cells than human cells and the 

majority live in our gut

150x More
Genes than the human genome

The Microbiome Is Essential To Health

Energy From Food
Protection from 

pathogenic bacteria

Regulate 
Immune System

Regulates 
Metabolism

Producing Essential 
Vitamins

Symbiotic Personalized

Martin VJ, et al J Pediat 2017  

The Microbiome as Possible 
Transducer of All Environmental 
Factors Affecting Onset of CID in 

Genetically Susceptible Individuals

Dysbiosis is one of the key 
factors causing zonulin

release and subsequent loss 
of barrier function

Why The First 1000 Days Of Life Are Instrumental For Clinical Destiny
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Role of Breastmilk

http://www.nature.com

Impact of human milk 
glycobiome on the infant 

intestinal microbiota

Zivkovica AM, et al. PNAS  2011;108: 4653-58

Oral 
tolerance

Cycle of Microbiota Transmission

Dominguez-Bello et al Science Trans Med 2015;7:307-39
Fischbach  et al Cell 2016;164:1288-1300
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Nature, News Feature 1/18/2018
Yatsunenko, Nature ,2012

• Exactly when an infant is first exposed to 
microbes is still under debate

• Largest microbial transfer occurs at birth

• Microbial colonization of the newborn 
intestine contributes to the development of 
the host’s immune function 

• The first 1‐3 years of an infant’s 
microbiome development is characterized 
by chaotic and dramatic shifts until 
stabilization at approximately age 3

The Wisdom of Microscopic Species

Tamburini, Nature 2016.
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Nature Medicine 2016.22(Oct):1079

Pathogenesis

Role of Zonulin-Immune System-Microbiome 
Triangulation In Chronic Inflammatory Diseases

Ankylosis 
spondylitis

Aging

Cancer

Autoimmunity

COVID-19
MIS-C

Gut Permeability
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Food Allergies

Nakayama OC, et al. FEMS Immunol Med Microbiol 2011 

0 1 2 24

AT RISK 
NEONATES 

Months

Microflora 

ALLERGIC 
INFANTS

HEALTHY
INFANTS

Bacteroides

Clostridium

Clostridium

Bacteroides

Gut Dysbiosis Correlates With 
Allergy Development
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16S rRNA PhyloChip
High-density, culture-independent 
microarray  that can identify ~8,500 
bacterial taxa

Lactobacillus GG (LGG) 
restores the normal 

microflora composition in 
infants with CMA

Restoring Microbial Health

2

1

LGG Accelerates CMA Recovery 

Berni Canani R, et al. 2012

EHCF = extensively hydrolyzed casein formula
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2 Fixed spelling of independent
Owner, 7/13/2012

1 Added abbreviation LGG for Lactobacillus GG since he uses it later.
Owner, 7/13/2012
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LGG Stimulates Tolerance Acquisition in Infants 
With IgE or non-IgE Mediated CMA

Berni Canani R, et al. 2012

Log rank test P = 0.0014

Key message: 
EHCF+LGG induces a stronger 
modulation of epigenetic 
mechanisms associated with 
a trend toward higher rate of 
immune tolerance acquisition 
in children
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Obesity

Fig. 3 Pediatric Obesity Epidemics
1980 2015

Girls

Boys
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Fig. 3 

Fig. 3 

•
New CDC research finds that American children’s rate of BMI increase nearly doubled during 
the early months of the pandemic

Pediatric Obesity During COVID‐19 Pandemic
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Fig. 3 Risk Factors for Pediatric Obesity

Biological

• Comorbidities
• Genetics
• Metabolism

Stress

Depression

Psychological

• Health 
knowledge

• Eating behaviors
• Activity habits

Social

• Socioeconomic 
status

• Food policy
• Neighborhoods
• Schools

Psychosocial

• Culture
• Gender

Reasons for vulnerability to poor nutrition and obesity among low‐income and food‐insecure people:

Limited resources Lack of healthy, affordable food access Cycles of food deprivation and overeating

Stress, anxiety, and depression Fewer opportunities for physical activity Greater exposure to food marketing Limited access to health care

Fig. 3 Obesogenic Microbiota Vertical Transfer
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Fig. 3 Factors Influencing Obesogenic Gut 
Microbiota In Childhood

Fig. 3 Proposed Mechanisms In Microbiota-
Induced Obesity
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Autoimmunity: Celiac Disease

www.CDGEMM.org

Celiac Disease Genome, 
Environment, Microbiome, and 

Metabolomic Studies
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CD Pathogenesis: More Than 
Genes + Environment Paradigm

+ =

Necessary and Sufficient

- =

Virus

Microbiome
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Necessary But Not Sufficient

- =

/

/

Environmental 
Factors

Human 
Genome

Clinic Outcome

Increased Gut Permeability

Microbiome

Immune Response

Proc Natl Acad Sci U S A. 2021 Jul 20;118(29)::e2020322118

Cross-Sectional Analysis Longitudinal Analysis
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Longitudinal analysis provided more in‐depth data by 
identifying microbes, pathways and metabolites 

with differential abundance CD onset

• Abundance of microbes/pathways/metabolites 
• Previously linked to autoimmune and inflammatory conditions

• Abundance of microbes/pathways/metabolites 
• Previously reported as probiotics or having anti‐inflammatory properties

• Previously unreported microbes/pathways/metabolites that may serve as 
CD‐specific biomarkers

• Controls

• Abundance of microbes/pathways/metabolites 
• Previously linked to protection against allergic, autoimmune and              
inflammatory conditions

Stewart, Nature, 2018.
Ye, Microbiome 2018.
Pianta, J Clin Invest, 2017
Menard S et al, Gut, 2004.
Chien Mw et al, Int j of Mol sci, 2018

Laparra JM, Plosone, 2012.
Wong CB et al. Nutrients 2019
KlemenakM et al. Dig Dis Sci 2015
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Controls

Machine learning

Predict CD onset in 
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Genetic risk Delivery mode
Antibiotic 
exposure

Clinical metadata

70% develops CD

CD onsetBirth

Prospective birth cohort study

Host-derived 
Omics data

Early prediction of CD 
development using various 
data types and machine 
learning

In silico modeling of host‐microbiota interactions to 
study celiac disease pathogenesis and progression
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Microbial biomarkers and early-warning indicators of CD

Random Forests using 10 cases and 10 controls and species abundance 
data identifies top microbial species discriminating cases vs. controls

Manipulating The 
Microbiome To 

Treat CID
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Microbiome Disruption by Condition Summary

Limitations of microbiome studies are related to unknowns if microbiota changes occur prior to disease onset, prodromal periods of 
disease, active disease processes. For the most part it is unknown if microbiota changes are causal to disease or are merely 
associated with most diseases.

EVIDENCE FOR USE OF PROBIOTICS IN 
PEDIATRICS 
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PRACTICE RECOMMENDATIONS 
FOR THE USE OF PROBIOTICS

› Recommend a trial of Lactobacillus reuteri for breastfed infants with colic. A

› Consider Lactobacillus and Bifidobacterium species for the prevention of upper respiratory infections (URIs) 

and to shorten the course of URI illness. B

› Do not recommend probiotics for the prevention of respiratory or gastrointestinal allergies. A

› Consider probiotics for the reduction of abdominal pain in pediatric irritable bowel syndrome, as well as to 

reduce diarrhea associated with antibiotic use and acute gastroenteritis. A

Strength of recommendation (SOR)

A Good-quality patient-oriented evidence

B Inconsistent or limited-quality patient-oriented evidence

C Consensus, usual practice, opinion, disease-oriented evidence, case series

Healthy Diet As The Most Efficient Way To 
Manipulate The Microbiome To Maintain Health
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The Mediterranean Lifestyle

The Human race appears 
on the face of hearth

Years

2.5 M

Diet
Fruits, nuts, tubers

Occasional meat

Change from nomadic to
settled life style

10,000

Advent of agriculture
Development of gluten

containing grains 

2009
The Human race appears 

on the face of hearth

Years

2.5 M

Diet
Fruits, nuts, tubers

Occasional meat

Change from nomadic to
settled life style

10,00010,000

Advent of agriculture
Development of gluten

containing grains 

2009

Fig. 3 
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Modeling the Effects of The Mediterranean Diet On 
Human Health Through The Entire Lifespan

Microbiome establishment 
and modification

First 1000 days of life Process of 
Disease and 

Aging

Acknowledgments
The MIBRC Crew

NIH DK078699
NIH DK048373 
NIH DK104344
NIH U19AI082655

49

50


