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Mucosal Immune System: The First Line of Defense

Mucosal tissues of the human body

conjunctiva
lacrimal gland sinus
i [ oral cavity micdie
salivary gland ear S
trachea| tract
: : h lungs |
mammary gland > gastrointestinal | esophagus —
tract
/\ stomach —
. gall bladder
Kidney bile duct
| intestine

tract vagina

. uterus
urogenital |EJIadder




Mucosal Tissues

Largest part of body’'s immune tissues

Physical barriers that separate the body from
external environment

Fragile and permeable
entry point of pathogens

Exposure to foreign objects (food, microbiota)

distinguish from harmful and innocent
antigens



Barriers: The First Line of Defense

Skin Gut Lungs Eyes/nose/oral cavity
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Types of Epithelium lining the Barrier Tissues

SM, submucosa.
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Mucosal Pathogens

Worldwide deaths annually from mucosal infections

Acute respiratory infections (4.25 million*)
Diarrheal diseases (1.5 million)
Tuberculosis (1.4 million)

HIV/AIDS (690,000)

Measles (207,000)

Whooping cough (161,000)

Hepatitis B (100,000*)

Roundworm and hookworm (6500)
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The Mucosal Immune System

Distinctive features of the mucosal immune system

Anatomic features

Intimate interactions between mucosal polarized epithelia and lymphoid tissues

Discrete compartments of diffuse lymphoid tissue and more organized
structures such as Peyer’s patches, isolated lymphoid follicles, and tonsils

Specialized antigen-uptake mechanisms, e.g., M cells in
Peyer’s patches, adenoids, and tonsils

Broad surface area in contact with environmental agents/microbes

Effector mechanisms

Activated/memory T cells predominate even in the absence of infection

Multiple activated ‘natural’ effector/regulatory T cells present

Production of mucins and mucus

Secretory IgA antibodies

Production of antimicrobial peptides (AMPs)

Presence of distinctive microbiota

Immunoregulatory
environment

Active down-regulation of immune responses (e.g., to food and other
innocuous antigens) predominates at homeostasis

Inhibitory macrophages and tolerance-inducing dendritic cells

High number of FoxP3* T__ cells and FoxP3~T.1 cells




Anatomy of the Gastrointestinal Tract
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Tight Junctions

Membranes of adjacent epithelial cells Adhesion complexes create a The transmembrane proteins claudin and

are tethered together near their apical seal preventing most molecules occludin associate with zonulin (Z0) proteins
surface to form a continuous from passing through the that interact with the actin cytoskeleton to
intercellular barrier intercellular space regulate the permeability of tight junctions
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Effector Sites of the Gut-Associated Lymphatic Tissue

Small intestine effector sites

Large intestine effector sites
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intraepithelial lymphocytes (IELs), antimicrobial peptides (AMPs), intestinal stem cell (ISC)



Features of Intestinal Epithelial Cell Subsets

Features of intestinal epithelial cell types

Cell

Lineage

Cell markers

Tissue site(s)

Major functions

Crypt base columnar (CBC)

Intestinal stem cell

LGRS

Small intestine
Large intestine

Self-renewal
Production of all intestinal epithelial cell types

Absorptive enterocyte Absorptive Sucrose isomaltase Small intestine Uptake of nutrients and fluids
Lactase Large intestine Microbial and metabolic sensing
Transport of secretory immunoglobulins
Microfold (M) cell Absorptive RANK Small intestine Antigen uptake
Large intestine Bacterial translocation
Goblet cell Secretory MUC?2, Trefoil factor Small intestine Production of mucins
Large intestine Antigen uptake
Paneth cell Secretory Lysozyme Small intestine Support for intestinal stem cells
Secretion of antimicrobial peptides (AMPs)
Tuft cell Secretory IL-25 Small intestine Sensing of helminthic odorants and succinate
Large intestine Mobilization of type 2 ILCs via IL-25 and eicosanoid
release
Enteroendocrine cell Secretory Chromogranin A Small intestine Respond to multiple nutrient and microbial-secreted

Large intestine

products to release hormones and neurotransmitters




Mucins and Mucus
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The thickness and structure of mucus are different along the length of the
intestines, correlating somewhat with the density of the commensal
microbiota from which the epithelium is protected.




Antimicrobial Proteins

Antimicrobial proteins produced in the intestinal mucosa

Family (examples)

Mechanism of action

Cellular source

Microbial targets

a-Defensins (humans) | Cell membrane Paneth cells Gram+ and Gram— bacteria,
Cryptidins (mice) disruption Neutrophils fungi, protozoa, viruses
Macrophages
B-Defensins Cell membrane Enterocytes Gram+ and Gram— bacteria,
(e.g., BD1,BD2, BD3) disruption fungi, protozoa, viruses
Calprotectin Metal chelation Enterocytes Gram+ and Gram- bacteria,
(S100A8—-S100A9) Neutrophils fungi, viruses
C-type lectins Cell membrane Paneth cells Gram+ and Gram-— bacteria
(e.g., REG3pB, REG3y) disruption Enterocytes
Lysozyme Cleavage of bacterial cell Paneth cells Gram+ > Gram-— bacteria
wall peptidoglycan
Phospholipase A, Cleavage of bacterial cell Paneth cells Gram+ bacteria
membrane phospholipids Macrophages




Microbial Signals Activate the Production of Antimicrobial Peptides

In wild-type mice, microbes are

Microbes are able to penetrate the mucus layer e Trakiboi ol cuErcaching

when defensive pathways are disrupted

In MyD88-deficient mice, microbes
penetrate the mucus layer

through the mucus layer

mucins &

antimicrobial , —
peptides MyD88 deficiency

prevents microbial
detection by 7’
o disrupting TLR 9 mucus layer
goblet - signaling pathways

REG3y deficiency
e prevents production
Paneth * O of this antimicrobial
peptide

(both) Vaishnava S., et al.: Science 2011, 334:255—-258. ©AAAS.

Highest concentration of antimicrobial peptides (AMPs) is in the crypts
and at the crypt openings
antimicrobial C-type lectin REG3y targets Gram-positive bacteria



Architecture of the Small and Large Intestinal Mucosae
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Isolated Lymphoid Follicle
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iaigteuiyNp o IC T INCH RS of microbes and particulate antigens

. l?_:.:' _ e

commensal bacteria

o '.‘ ""M y % :
ﬁ@ H .
0@ I & % 5
Q ¢ & g ?
i "oy ®
@B cell Tgl dendritic cell @

: .
lymphatics lymph node @

_—

Photbmicrographs courtesy of Dr. David Lo

M cells identified by expression of peptidoglycan recognition protein-S
(PGRP-S; red, example highlighted by asterisk) interacting with
processes extended across the basement membrane (BM; indicated by
dotted line) by CX3CR1-expressing myeloid cells (green; arrows).



Intraepithelial Lymphocytes

Lymphocytes called intraepithelial
lymphocytes (IELs) are positioned within
the intestinal epithelium

Intestinal
lumen WW
(« 2

enterocyte

[p—

basement——
membrane

Lamina
propria

At higher magnification, the IELs
can be seen to lie within the
epithelial layer

between epithelial cells
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Types of Intraepithelial Lymphocytes

Characteristics of intraepithelial lymphocytes

IEL subset Co-receptor expression | TCR repertoire NK receptors Antigenic ligands

Unconventional CD4-CD8- TCRVy7 > TCRVy4 (mouse) | NKG2 family BTNLs (mouse, ? human)

TCRyo nIEL CD8aa TCRVy1 (human) CD94 MULT1, H60a, Qa-1 (mouse)
LY49 family (mouse) CD1, MICA, MICB, ULBP (human)
KIR family (human)

Unconventional CD4-CD8- Oligoclonal NKG2 family MHC I, MHC Il (mouse, human)

TCRaf3 nlEL CD8aa CD94 Non-classical MHC | (mouse)
LY49 family (mouse) MICA, MICB, ULBP (human)
KIR family (human)

Conventional CD8*CD8a Diverse None Peptide:MHC |

TCRap plEL CD4+CD8aa Peptide:MHC Il

[N CD4-CD8- None NKG2 family MULT1, H60a, Qa-1 (mouse)
CD94 MICA, MICB, ULBP (human)

LY49 family (mouse)
KIR family (human)




Types of Intraepithelial Lymphocytes

NK cell
MHC receptor
TCRap




Function of Intraepithelial Lymphocytes

Microbial (or self) phosphoantigens taken
up by epithelial cell bind heterodimeric
B30.2 domains of butyrophilin (BTN),
resulting in "inside-out" signaling

Recognition of reoriented butyrophilin
V-like domains by yo TCR activates
cytocidal function of T cell, targeting IEC

IEC undergoes apoptotic death, releasing
alarmins and chemokines that attract
CX3CR1-bearing macrophage, resulting
in removal of IEC

WE

vo TCR

nonpeptide
diphosphoantigens
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Function of Intraepithelial Lymphocytes

Epithelial cells undergo stress as a
result of infection, damage, or toxic
peptides, and express MIC-A and MIC-B

NKG2D on IEL binds to MIC-A,B

and activates the IEL

Activated IEL kills the stressed cell via
the perforin/granzyme pathway

~ dliadin peptide

\_l
) MIC-A B

IL-15
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Function of Intraepithelial Lymphocytes

Virus infects mucosal epithelial cell

Infected cell displays viral peptide
to CD8 IEL via MHC class |

Activated IEL kills infected epithelial
cell by perforin/granzyme and
Fas-dependent pathways

*‘_ Virus

perforin

Fas ligand




Antigen Presentation

Characteristics of major mononuclear phagocytes in the intestines

Intestinal mononuclear

Tissue-resident

Conventional

Conventional

phagocyte macrophage dendritic cell 1 (cDC1) dendritic cell 2 (cDC2)
Common surface markers MHC class I MHC class I MHC class I
CD11c CD11c CD11c
CCR2 CCR2 CCR2
Unique surface markers CX3CR1
FcyRI (CD64) XCR1 SIRPa
oy P
Key inducing cytokines CSF1 (M-CSF) FLT3L FLT3L
TLRs TLR-4%, various TLR-3*, various TLR-3-, various
Cytokines produced TGF-B (activation) IL-12 IL-6, IL-23, TGF-f3
(IL-10)
Prevalence Abundant Frequent Abundant
Major functions “Silent” bacterial uptake and destruction Antigen presentation to Antigen presentation to

Antigen transfer to migratory DCs
Efferocytosis
Transepithelial antigen sampling

naive CD8 T cells

naive CD4 T cells




Acquisition of Antigens

neonatal Fc receptor (FcRn)

Bulk and receptor-mediated
transport across M cells

FcRn-dependent
transport

Uptake via goblet
cells
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Acquisition of Antigens
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Immune Tolerance

Factors that act to condition cDCs to maintain mucosal tolerance

Short-chain fatty acids Vitamin A Bacteria
Clostridium spp.
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Immune Tolerance

Treg cells are highly enriched in the intestinal mucosa

CD4+FoxP3- CD4*FoxP3*
IL-10" IL-10* IL-10- IL-10*
Mesenteric LNs 80-90% ~1% 5—-10% ~1%
Small intestine 70-80% 5-10% 5—10% 5—10%
Large intestine 60—-70% 3—5% 10-15% 15-20%
Large intestine, GF 30-90% ~1% 5-10% ~1%




Intestine-specific Homing of Lymphocytes

T cells enter Peyer’s patches
from blood vessels, directed
by the homing receptors
CCR7 and L-selectin

T cells in the Peyer’s patch
encounter antigen transported
across M cells and become
activated by dendritic cells

Activated T cells drain via
mesenteric lymph nodes to the
thoracic duct and return to the

gut via the bloodstream

Activated T cells expressing asf}7
integrin and CCR9 home to the
lamina propria and intestinal
epithelium of the small intestine

o

mesenteric
lymph nodes

oaf37
integrin




Intestine-specific Homing of Lymphocytes

Gut-homing effector T cells bind MAdCAM-1
on endothelium

Gut epithelial cells express chemokines
specific for gut-homing T cells

Blood
vessel

Lamina
propria

endothelium

epithelium intestine




IgA Mediates Mucosal Immunity

B cells activated in GALT receive TGF-beta—IgA
Recirculate and home to mucosal tissue

Binding of IgA to Transcytosis to Release of IgA dimer
receptor on basolateral Endocytosis apical face of at apical face of
face of epithelial cell epithelial cell epithelial cell
IgA dimer
Gut lumen + secretory component
tight junction
mucus layer l
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IgA Neutralizes Microbes and Toxins

IgA effector function is not inflammatory

Secreted IgA on the gut surface
can bind and neutralize

IgA is able to bind and
neutralize pathogens and toxins

IgA can export toxins and
pathogens from the lamina

Binding of IgA to Dectin-1 on
M cell allows transport of

pathogens and toxins internalized in endosomes propria while being secreted antigen to DC-SIGN* dendritic cell
toxin
2 |
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Question

* What are the two cells that facilitate sampling
of the microbiota in the gut?

* What is physiological inflammation?
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Exposure to Food Proteins Induces Oral Tolerance

Protective immunity Mucosal tolerance
Antigen Invasive bacteria, viruses, toxins | Food proteins; commensal bacteria
Primary Ig Intestinal IgA and 1gG Some local IgA
production Specific Ab present in serum Low or no Ab in serum
Primary Local and systemic effector and | pT, cell induction; no local effector
T-cell response memory T cells T-cell response
Response to antigen Enhanced (memory) response Low or no response or
reexposure systemic response




Exposure to Food Proteins Induces Oral Tolerance
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Peanut Allergy
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y The Surprising Way to Treat
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Consider what TIME might look like
without them...
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The Surprising Way to Treat Peanut Allergies

Alice Park

In a breakthrough study, researchers show that
it's not only possible to tamp down allergic
reactions to peanuts, but by eating small
amounts of them infants can avoid getting
allergic in the first place

More studies hint that it's possible to “train” the
immune system to tolerate peanuts even if it doesn’t
want to by giving children with peanut allergies small
amounts of peanuts over a period of time. But
researchers now report that it may be possible to
prevent peanut allergies altogether. In a study
published Monday in the New England Journal of
Medicine, researchers led by Gideon Lack, a professor
of pediatric allergy at King's College London and
Guy's and St. Thomas’ Hospital, found that non-
allergic young infants who ate small amounts of
peanuts at an early age had a much lower rate of

peanut allergy than those who avoided nuts altogether

for five years.

MORE This ‘Peanut Patch’ Could Protect Against
Peanut Allergies
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Intestinal Epithelium in Innate Response

Bacteria are Bacteria or their
recognized by TLRs | | products directly _Intracellular Destruction of
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Host Response to Attaching and Effacing Enteropathogenic Bacteria

Colonization Innate response Adaptive response Clearance
Bacteria penetrate the mucus Macrophages phagocytose T .17 cells, IgG* plasma cells, and Opsonization of bacteria by
layer and attach to the damaged IECs and release IL-23 H . : ; s
B i : : neutrophils are recruited to inflamed IgG activates complement
epithelium via intimin expressed and IL-1p, which activate IL-22 sy d . hil
on bacterium that binds to secretion from ILC3 cells. IL-22 ILmzuzco:ﬁ;esult&ntg o mclrfa?cledﬁ ?rl:toriﬁlral:tti?le?lelltllt&oepn ;:
translocated intimin receptor acts on IECs to induce AMP Jo Sy L G RITY :
(Tir) expressed on IEC release across epithelium AL
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Shigella flexneri infection

Shigellae penetrate gut
epithelium through M cells

Shigellae invade basolateral
surface of epithelial cells and
spread to other epithelial cells

pathway

The cell-wall peptidoglycans of
Shigella bind and oligomerize
NOD1, activating the NFxB

Activated epithelium secretes
CXCL8, recruiting neutrophils
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News of Salmonella- Jan 2016

https://www.cdc.gov/salmonella/outbreaks.htmi

List of Selected Outbreak Investigations Linked to Food, by Year

2018 2017 2016 2015 2014 2013 2012 2011 2010 2009 2008 2007 2006

Chicken Salad - Salmonella Typhimurium

Kratom - Salmonella 14,5],12:b:-

Raw Sprouts [Espaniol] - Salmonella Montevideo

Frozen Shredded Coconut [Vietnamese % [PDF - 3 pages]] [Espafiol] - Safmonelia 14,[5].12:b:- and Salmonella Newport

Food Safety News S

Breaking news for everyone’s consumption

Home Foodborne Illness Outbreaks Food Recalls Food Politics Events Subscribe About Us Directory

Mexican Cucumbers Fuel Salmonella Poona Outbreak Contact Us

BY DAN FLYNN | JANUARY 27, 2016 . . .
Subscribe for Free via Email or
The Salmonella Poona outbreak first disclosed to the public last Sept. 4, and since found to be caused by imported — ES5
Mexican cucumbers has now rolled into the new vear with up to two additional deaths and 50 more cases in 16

- - .. Like Food Safety News on Facebook
states since the last report from the federal Centers for Disease Control and Prevention in Atlanta. i

| Follow Food Safety News on Twitter
CDC Tuesday issued its first update on the deadly outbreak since last Nov. 1g, saying 888 illnesses and six deaths

are now associated with the Salmonella Poona outbreak in 39 states. The dangerous outbreak has sent 191 to local ) Connect with Food Safety News on
hospitals for care. And 106 illnesses have occurred since the recalled cucumbers should have no longer been LinkedIn
available in grocery stores or restaurants.




Routes of Salmonella Entry

Salmonellae enter and kill M
cells, and then infect
macrophages and
epithelial cells

Salmonellae invade the
luminal surface of
epithelial cells

Salmonellae enter
phagocytic cells that are
sampling the gut luminal

contents

Gut lumen
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Chemokines and cytokines produced by
macrophages recruit neutrophils out of blood
vessels and activate them

Dendritic cells loaded with bacterial
antigens acquired directly or from
macrophages travel to the mesenteric
lymph node via afferent lymphatics and
provoke an adaptive immune response
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If defenses fail, salmonellae can enter the bloodstream and cause a systemic infection




Antibiotic Toxicity

Microbiological barrier

Physiological barrier is compromised during inflammation
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Anatomy of the Respiratory Tract

Conducting airways; bronchi

Respiratory airspaces; alveoli

Upper

Bronchus
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The Immune Response to Respiratory Viruses

Influenza virions attach to and infect
respiratory epithelial cells, stimulating
release of type | and type Il interferons and
pro-inflammatory cytokines

Intraepithelial cDC1 cells engulf infected
epithelial cell, and lamina propria cDC2 cells
take up virus. They traffic to draining lymph

node and induce CTL and B-cell responses

CTLs traffic to airway and lyse infected
epithelial cell. Plasmablasts localize to the
lamina propria where they mature into
plasma cells that produce influenza-
specific neutralizing antibodies

plasmacytoid
dendritic cell
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Communication between Sensory Neurons and Dermal Dendritic Cells

B-Glucans from Candida albicans stimulate
Dectin-1 on sensory neorons and dendritic
cells, producing CGRP and IL-23

IL-23 released from dendritic cells

stimulates y6 T cells to produce IL-17,
leading to local inflammatory response

Antidromic conduction in sensory neurons
leads to activation and CGRP release
beyond sites of infection, producing

enhanced ‘anticipatory’ response
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Question

 \What determines the balance between
tolerance and immunity in the gut?



Fine Balance in Mucosal Immunity

* Tolerance
* Food
* Microbiota (Nutrition and barrier)
* Immunity
 Invading Pathogens
* Integrity of the physical barrier
» Coevolution of immunity and microbiota

» Microbiota shapes immunity: development
and allergy



Question

* What is NOT true about mucosal immunity?

A) It contains largest part of body’s immune
tissues

B) It is the largest entry point of pathogens
C) It will attach all foreign objects

D) It contains both innate and adaptive
iImmunity

E) Barrier integrity is a primary concern in
diseases at mucosal surfaces



Case Studies

 Celiac disease
« Crohn’s disease



Celiac Disease (gluten sensitive enteropathy)

» Patient:
* 12 month baby girl
* Weight lose
* Protuberant abdomen
* Muscle wasting
* No enlargement of lymph nodes
» Tests:
» Serologic tests, antibodies to TTG
* Biopsy of small intestine
* Treatment:
» Gluten-free diet and recovered



Internal Biopsy
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Gliadin Antigen and HLA-DQ2

Transamidation of gliadin peptide and
activation of gliadin-specific T cell. Activation
of plasma cells and other lymphocytes

Cytokines released by activated
lymphocytes lead to damage to
intestinal epithelium
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Figure 44.3 Case Studies in Immunology, 6ed. (© Garland Science 2012)



What's Wrong with the Patient?

* Mounting of adaptive immunity to food
antigen

* Dependent on HLA-DQ2/DQ8
* Helped with tissue transglutaminase
* Antigen process
» Generation of autoantibody
* Unknown mechanism
* Avoid antigen will cure disease



Crohn’s Disease

» Patient:
« Abdominal pain
« Systemic inflammation
* Toe swelling/Oral ulcers/Shin
* Weight loss
* Tests:
* Check for inflammation
* Biopsy of small intestine
* Treatment:
* Weekly injection of immune suppressive agents
» Surgical removal of badly inflamed tissue



Multiple Genetic Factors

Environmental
factors
R
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Figure 39.5 Case Studies in Immunology, 6ed. (© Garland Science 2012)



What's Wrong with the Patient?

* Intolerance of microbiota leading to systemic
inflammation
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