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Anatomy of the Gastrointestinal Tract (small intestine)



Gastrointestinal luminal Antigens

Microbial antigens

Particulates

dietary antigens

carbohydrates

Fats
lipids

toxins

Pathogens
Viruses
Bacteria

fungi

vitaminsDrugs
chemicals

Fats
lipids



Intestinal epithelial barrier Dysfunction
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Gastrointestinal antigens and metabolites passage across the intestinal epithelium and engage with 
immune compartment.

Gastrointestinal antigens and metabolites 

Immune education
CD4+ T cell repertoire

Innate Lymphoid Cell (ILCs)
Interactions Between the Microbiota and the Immune System, 2012 Science 336 1268-1273.
Molecular and Cellular Mechanisms of Food Allergy and Tolerance 2016 JACI 137 984-997.

Dietary antigens

Dietary 
antigens

Oral Tolerance

Mechanisms of gastrointestinal antigens (dietary antigens) 
passage across the intestinal epithelium are largely unclear?



How do food allergens translocate across the SI intestinal epithelium

In vivo- Mouse SI 2P Imaging

Noah et al., JACI 2020



Food Allergens passage across the intestinal epithelial layer via 
Goblet cell antigen passages
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Goblet cell antigen passages (GAPs)
Steady state
Restricted to GCs- villus
M4AchR-dependent

< 110 kDa
innate antigens
Commensal antigens

Passage antigen to Dendritic Cells



Conclusions: Goblet cell Antigen Passages (GAPs)
Gustafsson et al., Elife, 2021
Knoops et al., Front Immunol 2021
Knoops et al., JCI Insight 2020
Kulkarni et al., Mucosal Immunol 2020
Noah et al., Frontiers Immunol 2021
Al Nabhani and Eberl, Sci Immunol 2017

Steady State



Mechanisms of Dietary antigen sampling by Immune Compartment?
• Spatial Requirements

Small Intestine
Large Intestine

• Temporal Aspects

Neonatal
Infancy
Adulthood

• Antigen specificity

Soluble antigens
Innate antigens

• Biological Purpose

Induce oral tolerance
Sustain oral tolerance
Immune education

1 3 4 5

Types Antigens
Soluble proteins,

Aggregated proteins
sIgA immune complex

Soluble proteins 
and peptides

< 110kDa

Bacteria 
and 

debris

Small 
peptides and 

molecules
< 600 Da

LocationFAE and PPs SI and distal colon Terminal ileum Whole GI tract

Frequency~10% FAE 3-5 GAPs / villus 1 TED / 100 Villi -

Newberry and Hogan, JACI, 2021
Kaminogawa et al., Allergology Intern, 1999

Contribution of GAPs to food allergic responses?



Dietary antigen translocate across the SI intestinal epithelium in 
food allergic mice
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GAPs are increased in food allergic responses



Food allergens translocate across the SI intestinal epithelium 
via a non-canonical antigen passages in Food Allergic Mice

Goblet cells
ChrA- Endoendocrine cells- Villus
Paneth cells- Crypt

Under food allergic conditions antigen passage patterning and landscape is dysregulated
Multiple intestinal epithelial cells of the secretory lineage- Take up food antigens

SAPs – secretory cell antigen passages
Antigen passages can be observed in the villus and crypt epithelium

Noah et al., JACI 2020



Intestinal epithelial Cell Antigen passages:

Steady State
Goblet cell restricted

Gustafsson et al., Elife, 2021
Knoops et al., Front Immunol 2021
Knoops et al., JCI Insight 2020
Kulkarni et al., Mucosal Immunol 2020
Noah et al., Frontiers Immunol 2021

Food Allergic State
All secretory epithelial cells

Noah et al., JACI 2019
Noah et al., Frontiers Immunol 2021
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Do Secretory antigen passages 
induce Food allergic reaction? 

Mast cells

Histamine, PGD2, LTC4, PAF
Histamine,  LTC4, LTB4,  TNFα, VEGFα

Vasodilation (minutes)

Increased vascular permeability (minutes)

Histamine, chymase, tryptase
Epithelial barrier dysfunction

Plasma, proteins and fluid

↑ Histamine, PGD2, LTC4, PAF

Basophil

Food allergen

Osterfeld et al., JACI 2010 125:469
Sledd et al., 2015 Immun Inflamm Dis. 2015 Sep 17;3(4):420-30
Yamani et al., JACI 2018 and Mucosal Immunology 2020

Do food allergens 
passage across the SI 
intestinal epithelium 
and stimulate an IgE-

Mast cell response



Secretory Antigen Passages- SAP
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*SAPs- act as a conduit passaging luminal 
food allergens to mast cells in the SI



Are SAPs required for a Food Allergic reaction?

Food reaction

i.v.
IL-13

Anti-TNP-IgE

o.g. TNP-BSAIL-9Tg AtohCreERT2 IL-4RαFl/Fl mice
( 3 x Tamoxifen / every other day)

Intestinal mast cells (IL-9)
± IL-4Rα secretory epithelial cells

+ SAPs

- SAPs

IntSAPs- act as conduit luminal food allergens
Inhibition of SAPs prevent IgE-mast cell mediated food-

induced reaction



Intestinal epithelial Cell Antigen passages:

Steady State

Gustafsson et al., Elife, 2021
Knoops et al., Front Immunol 2021
Knoops et al., JCI Insight 2020
Kulkarni et al., Mucosal Immunol 2020
Noah et al., Frontiers Immunol 2021

Food Allergic State

IntSAPs- conduit luminal food allergens

Inhibition of SAPs prevent IgE-mast cell 
mediated food-induced reaction

Regulated by IL-13-IL-4Rα and CD38

IntSAPs- Conserved in human tissue



Do alteration in Antigen passage patterning and 
landscape drive food sensitization?
Goblet cell Antigen Passages

(GAPs)

Oral Tolerance
“No food sensitization”

Secretory cell Antigen Passages
(SAPs)

Oral tolerance
or

“food sensitization”

Goblet cells

Lumen

Lamina 
propria 

Dendritic cells

Type-2 environment
↑ IL-4 and IL-13

Secretory cells

Lumen

Lamina 
propria 

Mast cells



Genetics of Food Allergy



Il4raY709F mice - 
Reflecting the enhanced IL-4 pathway phenotype in atopic patients

  Point mutation (Tyr – Phenylalanine substitution) in IL-4Rα 
  Enhanced IL-4 signaling (similar phenotype to atopic humans)
  Can be orally sensitized to ovalbumin without adjuvant but with a minimum 

penetrance (< 20%)

Intestinal phenotypes
  Increased intestinal permeability
 Increased Goblet cell hyperplasia

IL-4 and IL-13

Il4raF709

SI antigen 
passage 

patterning is 
altered in Il4raF709 

mice ?
Do they have GAPs or SAPs ?

Noah et al., Front Immunol 2021 PMID: 33841417



SI antigen passage patterning is altered in Il4raF709 mice

SI Il4raF709 mice possesses SAPs at 
steady state 

Noah et al., Front Immunol 2021 PMID: 33841417



Steady State SI SAPs in Il4raF709 mice

Groups
- Control: Saline
- Experimental: CChIl4raF709
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Steady State SI SAPs in Il4raF709 mice 
promotes food sensitization and reactivity

SI Il4raF709 mice possesses SAPs at steady state
Activation of SAPs in the presence of food allergens stimulates food 

sensitization 

Noah et al., Front Immunol 2021 PMID: 33841417



Human Tissue- SAP’s

Poling et al., PMCID: PMC6108544

http://www.ncbi.nlm.nih.gov/pmc/articles/pmc6108544/


Human Tissue- SAP’s

• CCh-induced GAPs in tHIOs
• GAPs sample food allergens
• IL-13-induced SAPs in tHIOs

Noah et al., JACI 2019 PMID: 31175877



Conclusion
• Food antigens and allergens cross the intestinal epithelium via multiple epithelial – 

immune processes.
• SI antigen passage patterning and landscape is altered under food allergic 

conditions.
• Food allergens cross the intestinal epithelium via SAPs and stimulate IgE-mast cell 

mediated reactions.
• SAPs are regulated by IL4Rα-dependent processes
• Blockade of SAPs inhibits food allergic reaction.
• SAPs sample food allergens in naïve state
• Altered antigen passage patterning may be the mechanisms by which the intestinal 

epithelium promotes oral food sensitization.
• Human intestinal tissue can generate GAPs and SAPs
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Human Tissue- SAP’s

• CCh-induced GAPs in 
tHIOs

• GAPs sample food 
allergens

• IL-13-induced SAPs in 
tHIOs
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