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Intestinal immune compartmentalization: implications of
tissue specific determinants in health and disease
Hailey Brown1 and Daria Esterházy 1,2

The emerging concept of tissue specific immunity has opened the gates to new inquiries into what factors drive immune cell niche
adaptation and the implications on immune homeostasis, organ specific immune diseases, and therapeutic efficacy. These issues
are particularly complicated at barrier sites, which are directly exposed to an ever-changing environment. In particular, the
gastrointestinal (GI) tract faces even further challenges given the profound functional and structural differences along its length,
raising the possibility that it may even have to be treated as multiple organs when seeking to answer these questions. In this
review, we evaluate what is known about the tissue intrinsic and extrinsic factors shaping immune compartments in the intestine.
We then discuss the physiological and pathological consequences of a regionally distinct immune system in a single organ, but also
discuss where our insight into the role of the compartment for disease development is still very limited. Finally, we discuss the
technological and therapeutic implications this compartmentalization has. While the gut is perhaps one of the most intensely
studied systems, many of these aspects apply to understanding tissue specific immunity of other organs, most notably other barrier
sites such as skin, lung, and the urogenital tract.
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THE INTESTINAL IMMUNE NICHES-ALMOST MULTIPLE
ORGANS
The intestine is a continuous tubular structure that spans from the
stomach to the anus and is responsible for most nutrient and water
absorption within an organism. Though a single continuous unit,
the intestine can be broken down anatomically into the small and
large intestine and even further subdivided within each region
based on physical and functional properties. The small intestine
(SI) includes the duodenum, jejunum, and ileum whereas the
large intestine (LI) includes the cecum, colon, rectum, and anus.
The intestinal immune system must not only contend with the
continuous exposure to food, commensal microbiota and patho-
gens, but respond appropriately according to tissue differences
across the intestine. Importantly, the entire intestine, inclusive of its
lymph nodes, is considered a by default immunosuppressive organ
overall compared to most other tissues, indicating that a state of
tolerance to food and commensals yet vigilance toward pathogens
was an evolutionarily stable strategy. Historically the gut immune
system has been examined as small versus large intestine, based
on obvious differences in digestive function. However, in recent
years it has become apparent that the immunological niches of the
GI tract differ between more refined functional compartments,
necessitating careful study of each in their own right to understand
the consequences on intestinal immune homeostasis.
The regional properties of the intestine with respect to immune

populations at each site have been extensively reviewed else-
where (see refs. 1,2), and we strongly suggest consulting these
reviews complementarily to ours. Relative immune cell frequen-
cies as well as gene expression profiles differ, in some cases
majorly, between the small and large intestine, summarized in
Table 1. However, a systematic comparison of all CD45+ immune

cells across each intestinal segment in both mice and humans is
lacking. Hallmarks of the SI immune system include: A decreasing
gradient proximally to distally of luminal IgA, intraepithelial
lymphocytes (IELs), polyclonal Th17 CD4 and CD8 T cells, natural
killer cells, type 2 innate lymphocyte cells (ILCs), eosinophils, mast
cells, migratory CD103+CD11b+ and plasmacytoid dendritic cells
(DCs) in the lamina propria, and an increasing gradient of RORgt+

peripheral regulatory T (pTreg) cells and ILC3s. In contrast, the LI
exhibits higher frequencies of IgA plasma cells, RORgt+ Treg and
overall Treg cells, much lower frequencies of IELs and granulocytes
than the small intestine, and is rather enriched for macrophages
and CD103+CD11b– DCs (Table 1). Frequencies of B cells, T cells
and DCs in the draining lymph nodes (LNs) are not strikingly
different within a mouse, but rather the gene expression profiles
reveal the regionalization. Unsurprisingly, the microbiota influ-
ences a number of immune cell frequencies within the gut,
notable examples include the severely reduced levels of induced
IELs,3 Th17 cells4 and IgA5 in germ free mice, and the ratio of
CD103+CD11b+ versus CD103+CD11b– DCs in the draining LNs.6–8

In this review, we will highlight key features of each organ that
may help shape each of these immune niches, discuss the more
subtle properties of the immune cells in each compartment that
point to an adaptation to the milieu, and highlight the potential
ramifications of these tissue-immune milieus in relation to
intestinal diseases.
Intestinal compartmentalization implies (1) a regional containment

and (2) location specific differences. It enables the immune system to
adapt to the specific needs of each site set by the tissue function and
site-specific extrinsic challenges. Immune function including priming,
effector cell differentiation and tissue maintenance can therefore be
tailored to each niche. By operating in compartments, the immune
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system may generate multiple immune outcomes, even with
opposite goals e.g., tolerance or inflammation, simultaneously. The
generation of unique immunologic niches within the intestine is
influenced by a combination of tissue intrinsic properties, extrinsic
environmental factors, and regionalized immune populations. We
will first describe the factors that may influence the generation of a
regional immune system and illustrate- in a by no means exhaustive
way- how this regionality may explain niche-selective diseases of the
GI tract. We will then discuss more broadly what the implications of a
regionalized intestinal immune system are for physiological versus
pathological conditions, but also for therapeutic and technological
hurdles and opportunities. Finally, we will point out where the limits
of our knowledge stand.
For the purposes of this review, we will omit the oral cavity,

stomach and omentum, and consider the GI tract with respect to
five major immune compartments: (1) the proximal SI, consisting
of the duodenum and jejunum, (2) the distal SI (the ileum), (3) the
LI (the colon), and the structures that further support intestinal
immune compartmentalization, (4) the mesentery, and (5) the gut-
draining lymph nodes (gLNs) and gut associated lymphoid tissue
(GALT; Fig. 1).

THE PROXIMAL SMALL INTESTINE (SI)
Interplay between intrinsic and extrinsic factors
Positioned adjacent to the stomach, the duodenum and jejunum
are adapted for efficient absorption of the high concentration of
dietary derived nutrients. Long villi within the proximal intestine
increase the surface area for absorption, with villus length
decreasing from the duodenum to the ileum, mirroring the
absorptive capacity of the small intestine. While seminal work on
intraepithelial cells (IELs) performed in the jejunum of Celiac and
gastric bypass patients has contributed to our understanding of
these cells, other jejunum-specific immunological features are
currently understudied, and as such this gut segment is hitherto
primarily described as an intermediary between duodenum and

ileum. Together the duodenum and jejunum account for about
75% of the small intestine in mice, and slightly less in humans
where the duodenum is shorter in proportion. With only a thin
mucus layer separating the large surface area of the epithelium
from luminal bacteria, the proximal SI immune system must
maintain the barrier without hindering absorption. Aided by
higher oxygen levels, acidic pH, a faster transit time as well as high
amounts of antimicrobial peptides, the proximal SI is able to limit
the types and amounts of bacteria present, while still ensuring
nutrient uptake. In addition, the duodenum has the highest
concentrations of luminal IgA, decreasing along the length of the
gut,9 possibly in part due to enterohepatic recirculation of IgA
leading to high biliary levels.10

The adaptations of the proximal intestine that facilitate nutrient
absorption have the inverse effect on commensal microbe
survival, resulting in a severely reduced microbial load, 101–103

bacteria per ml content, compared to the ileum and LI where it
can reach 1010 per ml. Owing to increased protection from the
harsh elements via their thick cell wall, gram-positive bacteria
such as Lactobacillus are enriched in the duodenal microbiome.11

Alterations to the duodenal microbiome have been associated
with GI symptoms,12 but given the relatively sparse microbial
community and difficulty of obtaining samples less attention has
been paid to this region in general.
The regionalized input of pancreas- and gallbladder-derived

enzymes and primary bile acids not only have important functions
in digestion, aiding in macromolecule break down and lipid
emulsification, respectively, but help shape the immune landscape
of the proximal SI. In addition to being antimicrobial, bile acids can
undergo secondary modifications by the resident microbiota,
acting as signaling molecules to affect T helper differentiation and
infection tropism.13–15 While bile acids are more frequently
studied in the distal gut where they are more likely to be
bioconverted, their receptors are also expressed in the proximal
intestine and thus may still have important roles here.
The local concentration of bile acids facilitates the highest lipid

absorption by enterocytes in both the duodenum and the
jejunum. Long chain free fatty acids, triglycerides and choles-
terol are packaged into chylomicrons and released for uptake by
lymphatic vessels, being too large for blood capillaries. The
lymphatic vessels, known as lacteals, within the villi are not only
longer in the duodenum due to the difference in villi length, but
also more frequent, with an average of two lacteals per villus
compared to one per villus in the ileum.16 Whether the high levels
of lipids in the proximal SI influence immune responses, either
through consequent effects on lymph flow or lipid concentrations
within lymph nodes, is not clear. In addition to triglycerides,
chylomicrons carry fat-soluble vitamins like vitamin A and D, as
well as bacterial lipopolysaccharide (LPS).17 The SI epithelium only
weakly expresses most TLRs,18 and the most tolerogenic DC
population (CD103+CD11b–) within the lamina propria trafficking
to the duodenal LN does not express TLR4 and other TLRs, with
the exception of TLR9,7,19 potentially blunting the effect of LPS
absorption within the proximal intestine.
Conversely, the proximal SI and draining lymph nodes absorb

the highest concentrations of vitamin A20–22 and its derivative,
retinoic acid (RA). Importantly, RA exhibits a gradient along the
intestine, and is likely responsible for multiple gut-specific
immune features (see also GALT section below). Higher RA
signaling in the SI, evident by reporter studies, likely imprints SI
migratory DCs to express higher levels of RALDH2, the enzyme
responsible for converting vitamin A to its immunomodulatory
form, RA, compared to colonic DCs.20,22 RA is in part responsible
for tolerogenic properties of DCs (see more under GALT below),
and this difference between small intestinal versus colonic DCs is
independent of the microbiota.20 Intriguingly, an evolutionarily
conserved RA gradient along the gut also underlies the
differentiation of the mid- versus hindgut during embryogenesis,

Table 1. Immune cell profiles along the intestine.

Small intestine Large intestine

B cells + +++

IgA+ plasma cells +++ +++

T cells + +

Th17 +++ +

Foxp3+ Treg + +++

Th1 + +
APCs + ++

CD103+ CD11b− DCs + ++

CD103+ CD11b+ DCs ++ +

CD11b+ Macrophages +++ +++

IELs +++ +

TCRαβ+ CD4+ + ++

TCRαβ+ CD8αα+ +++ +

TCRαβ+ CD8αβ+ ++ +
TCRγδ+ ++ +

Eosinophils +++ +

Mast cell +++ +

ILCs +

ILC1 + +

ILC2 ++ +

ILC3 +++ +
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suggesting that the tissue-intrinsic imprint of this factor on the
duodenum dates back to its genesis.23

The absorptive functions of the proximal SI position this
segment to be affected by dietary changes. Food variations,
especially those that alter lipid or lipid-soluble vitamin content,
such as high fat diets (HFD), may have a great impact here at the
primary site of absorption. HFDs particularly associated with the
“Western diet” have been implicated in many inflammatory
conditions,24 though a full understanding of the consequences
in the proximal SI is unknown. Additional food-derived com-
pounds such as Aryl hydrocarbon receptor (AHR) ligands, found in
cruciferous vegetables like broccoli, can have important immuno-
logical roles within the proximal SI. AHR, expressed by Th17, Tregs,
ILCs, and IELs, is a major environmental sensor within the gut that
responds to dietary, microbial and metabolic signals to initiate
transcriptional programs. AHR expression is critical for maintaining

the CD8αα+ IEL population within the SI, without which leads to
an increase in bacterial load.25 Importantly, regulation of the
downstream AHR pathway is critical in the survival of Th17 cells
and ILC3s.26 Note, in many cases, dietary changes or deficiencies
are accompanied by simultaneous effects on the resident
microbiota, which may synergize to influence immune niches.27

Finally, the upper SI innate immune system appears skewed
toward Type 2 rather than Type 1/17 responses, with epithelial
correlates such as specialized Tuft cells,28 an enriched population
of ILC2s that engages with Tuft cells upon infection,29 mast cells,
and a remarkable presence of eosinophils1 that is also seen in
germ free mice,30,31 potentially reflecting a co-evolution with
helminths that have a preference for this niche (see more below).
Collectively, the adaptations of the proximal SI immune system in
response to the functional demands of nutrient absorption and
pathogen exposure form the foundation of the immune niche.

1

2

3

Susceptibility: 
Ideal niche for subsets of pathogens, like 
helminths, especially in immunocompromised 
situations. Site of inflammatory reactions to food 
seen in food allergy and Celiac Disease.  

Highly absorptive, high oxygen levels, 
acidic pH, fast transit time, regional input 
from pancreas and gallbladder.
High concentration dietary nutrients, e.g. 
retinoic acid. Enriched for gram-positive 
bacteria.
Increased frequencies of Th17 cells, IELs, 
eosinophils and mast cells. High levels of 
luminal IgA.

1

2

3

Susceptibility: 
Long term immune scarring from infection may 
affect consequent immunity. LNs function as 
critical firewalls to prevent intestinal pathogen 
dissemination or tumor metastasis dissemination.

Early imprinting of stromal cells contributes 
to immunological tone of the LN.

Regionalized lymph input may reflect 
differences in segment specific luminal 
contents.

All LNs are tolerogenic but proximal LNs are 
most tolerogenic. Distal LNs are more 
inflammatory at baseline. 

1

2

3

Susceptibility: 
Can be a site of extraintestinal disease 
manifestation. Major alterations in Crohn’s 
Disease where the mesentery reshapes over 
time in what’s known as “creeping fat.”

Fat depot with many blood vessels, 
lymphatic vessels and nerves.

May respond to environmental 
stimuli based on proximity to gut.

Immune cell composition not well 
characterized.

1

2

3

Susceptibility: 
Site of certain pathogens that are able to 
outcompete endogenous microbiota. Location of 
both Crohn’s Disease and Ulcerative Colitis. 
Inflammation in colon linked to colon cancer.

Very little nutrient absorption, low oxygen 
levels, thick mucus layer from increased 
goblet cells.

Extremely dense commensal microbiome. 
Secondary bile acids and SCFAs provided 
by bacterial metabolism.

Large number of commensal reactive Treg 
cells. High frequency of IgA plasma cells.

1

2

3

Susceptibility: 
Major site of many gastrointestinal pathogens 
including Salmonella, Toxoplasma, Yersinia, etc. 
Location where many IBDs manifest, linked to 
genetic susceptibility and inappropriate immune 
responses.

Bile acid reabsorption. Increased 
frequencies of Paneth cells, goblet cells, 
and Peyer’s patches.
Increasing levels of luminal bacteria, 
primary attachment site of SFB. 

Increased frequencies of ILC3s, decreased 
frequency of IELs compared to proximal. 
Existence of ILC3 and Th17 feedback loop.

Proximal small intestine

Gut-draining lymph nodes

Distal small intestine

Mesentery

Large intestine

Anus

Intrinsic

Extrinsic Immune cells

Niche

1

2 3

Fig. 1 Determinants of intestinal immune compartments. (Top middle) Each intestinal niche is influenced by a combination of three major
factors: (1) intrinsic tissue properties, (2) extrinsic environmental signals, and (3) immune cell composition/immune propensities. To illustrate
the unique synergy of these forces relative to each intestinal compartment, these factors have been examined for each location, as depicted
by the middle figure, color coded by location. In addition, location specific infection and disease susceptibility is listed below each niche
description. LN lymph node, IEL intraepithelial lymphocyte, SFB segmented filamentous bacteria, SCFAs short chain fatty acids.
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Susceptibility to disease
The same reasons that restrict commensal fitness similarly limit
infection within the upper SI. Nonetheless, some pathogens
specifically thrive in the upper SI, such as nematodes (e.g.,
H. Polygyrus, S. venezuelensis, N. brasiliensis32 in rodents and
A. lumbricoides, S. stercoralis in humans) and some protozoans
such as Giardia lamblia. Clinically, patients with IgA deficiency are
more prone to chronic giardiasis, highlighting the importance of
duodenal IgA in protective immunity.33,34 In addition, some
murine GI viruses have been shown to also efficiently enter the
host via the SI (rotaviruses,35 noroviruses,14,36–38 reoviruses39).
Interestingly, in both mice and humans these viruses more
successfully infect infants, potentially attributed to their immature
immune system, waning of protective maternal antibodies or by
default more “leaky” infant gut.40

Immunocompromising pre-conditions such as malnutrition,
immunodeficiency, or the use of antibiotics lower the threshold
for other serious SI infections such as SI bacterial overgrowth
(SIBO41), fungal infections42 or tropical sprue.43 These opportunis-
tic pathogens can flourish in the otherwise nutrient rich
environment of the upper SI. In most cases these infections
damage the epithelium and lead to severe malabsorption, fatty
stool, watery diarrhea or wasting syndromes in the case of long
lasting infections.
The upper SI is also where Celiac disease and food allergies

manifest (Box), whereby Celiac disease leads to auto-destructive
epithelial damage, malabsorption and diarrhea, while food
allergies are more life threatening due to the anaphylactic shock
that can ensue. Though it seems evident that aversive reactions to
food proteins take place in the SI, where dietary components are
highest in concentration, it is much less understood why they arise
at all, given the immunosuppressed nature of this gut segment’s
draining LNs.44 Initial exposure to an antigen through the less
tolerogenic skin45 or in the context of an infection are two non-
mutually exclusive proposed mechanisms (see Box). For Celiac
disease a genetic predisposition appears essential,46 yet only a
small fraction of the population with susceptible haplotypes
proceeds to disease. For food allergies a clear genetic link appears
lacking, and so rather it is thought that environmental factors that
render the immune system more pro-inflammatory toward food
antigens play a decisive role for both diseases.47–49 Support for
this theory comes from animal models in which infections of the SI
were sufficient to trigger a loss of oral tolerance or food allergy
development in otherwise wild type mice,8,20,50 as well as Celiac
disease.39 In sum, these diseases appear specific to the SI precisely
because it is the site of highest nutrient abundance.

DISTAL SMALL INTESTINE
Interplay between intrinsic and extrinsic factors
The distal SI, comprised mostly of the ileum, functions to absorb
remaining nutrients missed by the proximal SI, mainly vitamin B12
and the reabsorption of nearly 95% of bile acids. Reflecting the
lower nutrient absorption, the ileum possesses shorter villi and a
thicker mucus layer compared to the proximal SI. However,
increasing amounts of luminal bacteria, up to 107 CFU per mL
necessitate increased epithelial barrier qualities such as increased
frequencies of antimicrobial peptide secreting Paneth cells and
mucus producing goblet cells.
Besides barrier maintenance, differences in non-hematopoietic

cell frequencies of the epithelium may contribute to unique
mechanisms of antigen sampling enriched within this intestinal
segment. High frequencies of goblet cells within the distal SI
expands the number of possible goblet cell-associated antigen
passages (GAPs), which deliver luminal antigens to DCs within the
lamina propria upon goblet cell secretion during homeostasis.51

Similarly, increased frequency and density of Peyer’s patches (PPs)
within the ileum may increase microfold cell (M-cell) mediated

antigen uptake. These specialized epithelial cells reside in the
follicle associated epithelium (FAE) where they capture and
transport antigen to DCs present in the underlying subepithelial
dome. Route of antigen entry, whether via cell mediated or cell
free delivery to lymph nodes or inductive sites, can be highly
consequential: For example, M cell delivery induces an IgA
response in the underlying B cell compartment, while direct
antigen capture by DCs outside PPs triggers their migration to the
draining lymph nodes, T cell differentiation and help to
preferentially non IgA-class switching, though IgA can also be
induced in LNs.52 Antigen entry can also be modulated by the host
such as the inhibition of GAPs during Salmonella infection, thereby
limiting inflammation to innocuous luminal antigens.53 However,
research querying consequences of antigen exposure is limited to
very specific dietary or microbial antigens, and therefore much
work is still needed to decipher how antigen characteristics and
abundance, site of antigen exposure and cell type act in concert to
shape adaptive immunity (see more under GALT).
Some distinct features of the ileum appear to be intrinsic to the

tissue, such as the highest expression of not only bile acid
transporters but also the transcription factor FXR in SI enterocytes.
FXR-mediated bile acid signaling in ileum (and colon) elicits
metabolic feedback adaptation to food intake,54 but also pro-
inflammatory programs including IL-18 and iNOS, which con-
tribute to limiting microbial growth.55In addition, other epithelial
cell types are enriched in the ileum, such as endocrine L-cells,
implicated both in bile acid sensing via TGR5 and interaction
with IELs.
Unlike the oxygen rich environment of the proximal SI, the

ileum houses a large number of microbes, between 103 –107 CFU/
mL, consisting of facultative and obligate anaerobes. Bacteroides
and Clostridium species are common in this region of the
intestine. Studies on prominent ileal species in rodents, segmen-
ted filamentous bacteria (SFB), have driven our understanding of
tissue microenvironment influence on immunity over the last
decade. SFB, anaerobic, unculturable bacteria, specifically colonize
the ileum by attaching to the epithelium. Attachment, and transfer
of antigen to epithelial cells results in the generation of SFB
specific Th17 cells.4,56 Generation of Th17 cells is not exclusive to
SFB and correlates with other attaching microbes.57,58 Whether
there is a selective permissiveness for attachment and thereby a
specific way of antigen uptake and epithelial stimulation in the
ileum to support these Th17 responses, or if certain bacteria
colonizing the ileum have evolved specific attaching mechanisms
to their competitive advantage remains to be determined. Though
Th17 cells are primed in the lymph nodes to express RORgt, only
upon returning to the tissue will they secrete IL-17. Here, DC-
derived IL-23 drives ILC3 secretion of IL-2259 to feed back onto the
epithelium and induce Saa1/2,60 illustrating how cooperation
between intestinal compartments can influence tissue specific
immunity.
In addition to such specific direct interactions of bacteria with

the ileal tissue, the microbiota also contributes to bioactive
molecules in both the ileum and large intestine. These include
microbial AHR ligands (see discussion in proximal SI) and
secondary bile acids, which have distinct immune signaling
properties from primary bile acids, and TLR ligands (see more
detail below in LI section).

Susceptibility to disease
The ileum is the Achilles heel of the SI when it comes to
susceptibility to bacterial infection and pathogen-induced barrier
breach, perhaps because it is on the one hand permissive of
microbial growth and on the other of nutrient absorption. It also
still has oxygen levels sustaining aerobic growth. As such,
common food borne pathogens such as Toxoplasma, Salmonella,
Vibrio Cholerae, Cryptosporidia, Listeria, and Yersinia grow in the
ileum, and attach, enter and potentially disseminate through its
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epithelium, though each pathogen evolved a precise mechanism
and target cell of infection. For example, M cells can be co-opted
during infection by pathogens to gain entry beyond the
epithelium as in the case of Salmonella.61 The main danger with
all of these is potentially fatal systemic dissemination, though
temporary disruption of epithelial function also leads to watery
diarrhea.
The ileum is also a classical site for the manifestation of Crohn’s

disease (Box), an Inflammatory Bowel Disease (IBD) that can in
principle occur along the entire digestive tract, with the ileocecal
resection a frequent surgery. While the disease etiology of IBDs is
incompletely understood, there is evidence that the combination
of a genetic predisposition and an inappropriate pro-inflammatory
immune response to the endogenous microbiota plays a major
role. Notably, ileal Crohn’s disease has the strongest genetic basis,
and two disease susceptibility genes include ATG16L162 and
NOD2:63 Loss of function mutations in these genes lead to an
inability of Paneth cells to mount antimicrobial responses,64

indicating both, that the ileal dependence on this cell type to keep
the microbiota in check may make it vulnerable to this disease,
and that outgrowth of pathogenic bacteria could be a conse-
quence of such shift in host control. Again, the characteristics of
the ileum, including highest density of bacteria and PPs, least
suppression- prone draining LN within SI, as well as selective
absorptive capacity and nutrient signaling may contribute to this
disease susceptibility.

LARGE INTESTINE (LI)
Interplay between intrinsic and extrinsic factors
By the time chyme reaches the LI, most nutrients have been
absorbed in the SI, leaving only the small role of reabsorbing what
water remains. Instead, the LI houses the bulk of microbes within
the intestine with CFUs ranging up to 1012 bacteria per mL.
Without major nutrient absorptive requirements, evident by the
lack of villi, the LI maintains a substantial barrier to preserve the
integrity of the epithelium. To adequately sense and respond
to the microbial load, strong expression of TLR4, TLR2, and TLR5
and increased numbers of mucus-secreting goblet cells mark the
colonic epithelium.18 Despite their high numbers, colonic goblet
cells do not form GAPs in the steady state due to sensing of
luminal microbes.65 Instead they mainly serve to produce the thick
mucus layer, separating the epithelium from luminal microbes.
Other specialized cells like Paneth cells and IELs are rare compared
to the SI. Luminal secretory IgA is lower in the colon than SI, but
IgA producing plasma cells are still abundant in its lamina propria
and IgA is entangled in the outer mucus layer, fortifying the
multilayered barrier of the LI.
The colon contains a high frequency of commensal-reactive,

extrathymically generated suppressive Foxp3+CD4+ T cells that are
critical in immune homeostasis of the LI.66 A dominant fraction of
these Foxp3+ cells also express RORgt, generated in response to
specific classes of commensal microbes.67,68 One notable example
comes from Bacteroides fragilis which induces IL-10 production by
Foxp3+ cells through secretion of PSA.69 Interestingly, the colonic
Foxp3+RORgt+ Treg cell frequency reaches an inheritable set
point, determined early in life that cannot be exceeded even with
microbial manipulation.70,71 Note that as opposed to mice, in
humans, higher frequencies of Th17 cells are found in the colon
while Th1 cells are more enriched in the distal colon, with no major
differences in frequencies of Treg cells.72

High levels of secondary bile acids (BAs), biotransformed by
certain bacterial species present in the colon have context
dependent roles in influencing immune responses. For example,
recent studies have implicated bile acids in skewing effector T cell
responses. Promotion of pTreg cells by the BA isoalloLCA is
dependent on the conserved non-coding DNA sequence 3 enhancer
of Foxp3 while the BA isoDCA increased Treg cell numbers via

alterations to DCs.13,15 In contrast, in a model of high fat diet, certain
bile acids promoted pathobiont outgrowth leading to the develop-
ment of colitis in Il10−/− mice.73

Dietary changes that influence the LI often impart their effect
through altering the short-chain fatty acid (SCFAs) production by
the microbiota. Through the fermentation of mucus and dietary
fiber, the colonic microbiota generates a number of immunomo-
dulatory SCFAs such as butyrate, propionate and acetate. SCFAs
are mostly restricted to the colon where the microbial load is
highest, though through their absorption into the blood74 they
may have wide ranging effects throughout the body. Butyrate for
example has a number of immunomodulatory properties attrib-
uted to its HDAC inhibitory effect, including the reduction of pro-
inflammatory cytokine production by DCs74 and the expansion of
IL-10 producing pTreg cells through action on the Foxp3
promoter, though direct effects on the protein and its translation
have also been proposed.74,75 Pioneering work by Gordon and
colleagues using defined consortia of bacteria has begun to
experimentally explore the mechanisms by which diet modulates
the microbiota, thus enabling more precise predictions about
effects of diet.76,77

Susceptibility to disease
The LI is overall protected from damage by exogenous pathogens
not only because the SI “sequesters them” before, but also due to
its thick mucus layer and antimicrobial defenses. Nonetheless,
some pathogens have optimized to thrive in the colon, usually by
their ability to outcompete the endogenous microbiota with
similar metabolic addictions combined with a mechanism to break
the barrier. All are facultative or obligate anaerobes to survive
under the colonic low oxygen conditions. Examples are Enter-
ohemorrhagic Escherichia coli78 and Shigella flexneri.79 In addition,
just like at the other sites, immunosuppression or use of antibiotics
can lead to opportunistic colonic outgrowths of pathogens such as
Clostridium difficile.80 In almost all cases, colonic infections lead to
mucus rich and sometimes bloody diarrhea. Again, successful
barrier breach can lead to fatality.
Given the high density of luminal bacteria, the colon like the

terminal ileum is also a major site for IBD. However, in addition to
Crohn’s disease, here this also encompasses Ulcerative Colitis (UC,
Box), which appears to be distinct in its etiology. As opposed to
the patchy phenotype of Crohn’s disease, UC is characterized by
starting distally in the colon and progressively expanding to the
more proximal colon. The genetic predispositions between UC
and Crohn’s disease only partially overlap81,82 and may explain the
different sites of disease susceptibility along the intestine; in both
cases the links that have been found include lowered innate
defenses and immunosuppressive capacities, for example defi-
ciencies in IL-10 and HNF4a in UC versus Paneth cell associated
genes in Crohn’s disease.83

Both IBDs increase the risk of colon cancer (Box), and the colon
is the predominant site of malignancies in the intestine. It is not
fully resolved if the chronic immunosuppressive treatment regime
of IBD patients, a common genetic predisposition to both IBD and
cancer, dysbiosis, or the chronic damage repair response in the
epithelium make these patients susceptible to cancer. Mouse
experiments suggest that the presence of the colonic microbiota
in an inflamed intestine is critical for cancer development, as
antibiotic-mediated elimination of bacteria or rendering mice
entirely germ free substantially decreases colon cancer develop-
ment.84 Thus, the need to turn over the epithelium in response to
a microbiota (colon) rather than food absorption (small intestine)
is linked to cancer.
IBDs are not the only risk factors for colon cancer, with the

Metabolic Syndrome and age actually being the more common
ones, though they cannot necessarily be uncoupled as people
tend to get more obese in the course of a lifetime. Again, the
reasons for cancer development in this setting are rather
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correlational, but include altered colonic microbiota, vasculature,
and typically the consumption of a “Western Diet” that will not
only change the microbiota but also impose a different metabolite
composition affecting the colonic epithelium, e.g., increased levels
of cancer promoting bile acids, secreted in response to dietary fat
content and that are further modified by the microbiota.85,86

In addition, there are genetic predispositions for colon cancer,
such as in Lynch syndrome, or hereditary non-polyposis colorectal
cancer, associated with mutations in DNA mismatch repair genes
family mutations,87 or familial adenomatous polyposis (FAP),
where patients have inactivating mutations in adenomatous
polyposis coli (APC gene), a negative regulator of beta catenin
and thereby tumor suppressor.88 Loss of APC gene function is the
most common mouse model of genetic intestinal cancer, but as
opposed to humans, defective Apc in mice primarily leads to small
bowel cancer.89 The fact that these mutations, which affect all cells
in the intestine, primarily manifest in colorectal cancer may
indicate that proliferation in the colon is under tighter control
than in the small intestine, where the epithelium turns over
rapidly always. The colonic environment may however also be
more carcinogenic due to free radicals released from bacterial
metabolism in a low oxygen environment.90

In sum, the colonic diseases reflect its bacterial niche and the
demand to turn over tissue in high microbial presence.

MESENTERY
Interplay between intrinsic and extrinsic factors
The mesentery has long been documented to exist, but only
recently has been designated a functional organ. This complex
tissue consists of compartmentalized blood vessels, lymphatic
vessels, and nerves in a spiderweb-like structure, whereby bundles
of these routes connect each gut segment with the central arteries
and veins, its draining LNs or the nervous system, respectively, and
are surrounded by mesenteric adipose tissue (MAT).91 This
mesenteric web also attaches the intestine to the abdominal wall,
providing support to maintain proper positioning of the intestine
for digestion. Sub-regions of the mesentery can be defined based
on the associated intestinal segment, but functional differences
according to sub-region are currently unknown. Similar to other
adipose tissues, the MAT consists of a number of innate and
adaptive immune cells, which can increase in frequency during
colitis as a result of translocating bacteria,92 however the major
functions of these cells in homeostasis and stress are not well
understood.
The intimate association of the mesentery with the intestine

positions this organ in an ideal location to respond to environ-
mental stimuli from the gut. The mesentery is an important
producer of C-reactive protein, especially in Crohn’s disease,93

which can have important effects on systemic inflammation.
Exactly how environmental signals, such as dietary or microbial
changes in the intestine, are reflected in the mesentery is
understudied. In models of colitis, bacterial translocation into
the MAT is associated with MAT expression of cytokines and
immune cell infiltration.92,94

Susceptibility to disease
The mesentery can be a site of extraintestinal disease manifesta-
tion. In an animal model of Yersinia infection, the pathogen leads
to collecting lymphatic vessel damage in the mesentery, resulting
in abdominal lymph leakage (chylous ascite), migration of dendritic
cells into the mesenteric fat instead of their lymph node
destination, and chronic inflammation of the mesenteric fat due
to microbial leakage.8 As a result, adaptive immunity is changed
from an immunosuppressive to pro-inflammatory state. In humans,
the disease with the most apparent alteration in the mesentery is
Crohn’s disease, where this depot reshapes into what is perceived
as “creeping fat”.92,94,95 What causes this phenotype or what it

translates to immunologically is poorly understood, but it is likely
that lymphatic leakage and inflammation of the fat play a role.
Also, it has recently been reported that tertiary lymphoid structures
arise from the mesenteric lymphatic vessels of IBD patients,
trapping T cells, B cells and DCs;96 what kind of immunological
synapses can be formed and how they contribute to the etiology
of advanced disease is currently still under investigation. The
mesenteric fat depot also increases with obesity; while it has been
largely ignored in the obesity field, which rather focuses on
subcutaneous and non-mesenteric visceral fat, it is likely that it is
inflamed under nutritional excess conditions as well and may
contribute to the inflammatory state in the Metabolic Syndrome.
Considering the mesentery as an immune compartment of the
intestine in itself is relatively novel, and so the field currently lacks
any insights into compartmental functions of the mesentery
according to the gut segment it supports.

GLNS AND GALT
Interplay between intrinsic and extrinsic factors
In parallel to the gut, the inductive sites of immunity like the gLNs
and GALT including the Peyer’s patches and isolated lymphoid
follicles (ILFs) display enormous heterogeneity. Despite their
continuous appearance in mice, even the gLNs embedded in
the mesentery, the mesenteric LNs (mLNs), receive lymph from
distinct regions of gut and harbor unique immunological
signatures dependent on location. Though all gLNs are considered
immunosuppressive, in response to oral antigen, the LNs draining
the proximal SI are biased to generate the most tolerogenic
responses while the distal SI and colonic LNs are biased towards
more inflammatory fates, consistent with differences in antigen-
presenting cell (APC) gene expression profiles.20,97 Accordingly,
tolerance to oral antigens is established in the proximal SI LNs,20,98

while colonic tolerance (albeit at lower pTreg inducing efficiencies,
and distinct in nature as the cells co-express Rorgt) is established
in the iliac and caudal LNs.99 Remarkably, these tolerogenic versus
more inflammatory gradients from proximal to distal of LNs do not
necessarily reflect the drained gut tissue properties, whereby the
duodenum itself cannot be considered a particularly immunosup-
pressed environment and conversely, the colon harbors an
extensive Treg pool.
Mechanistically, RA generated by DCs and stromal cells in

proximal LNs regulates the TGF-β driven differentiation of pTreg
cells while inhibiting Th17 cell differentiation,100,101 but para-
doxically is required for RORgt+ pTreg cells.68 As such, the
induction of pTreg cells in response to oral antigen is highest in
the duodenal lymph nodes where RA levels are high, while Th17
cell induction in response to this antigen is lowest.20 In addition,
RA signaling during cell priming is responsible for the induction of
the gut homing receptors α4β7 and CCR9 on CD4+ T cells, CD8+

T cells and B cells,102 allowing cells to traffic back to the SI due to
high CCL25 expression. It is important to note that despite its role
in the promotion of Treg cells, low levels of vitamin A are also
required for the generation of Type 1 and Type17 responses in the
context of other cytokines such as IL-15 (cytotoxic CD8 T cells) or
IL-6 (Th17 cells), respectively,103 in agreement with the lower
levels of Vitamin A and RALDH activity in the distal gLNs and their
propensity to support more pro-inflammatory reactions in such
cytokine contexts.101,104–106

Beyond RA availability, access to particular antigens differs
along the gLNs (relative contribution of dietary versus microbial
antigens and in vivo dose). While it is becoming increasingly
apparent that the context in which an antigen is presented is the
major driver for T cell fate decision, the dose in which an antigen
is present may also matter in that high doses may make it into the
blood, thereby leading to systemic antigen. This has formally been
shown only for dietary antigen,107 though the critical role of gLNs
and GALT in inducing intestinal T cell responses remain.108 Both
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dietary and microbial induced T cell responses may disseminate
beyond the gut, as evidenced by the systemic nature of oral
tolerance and conversely, the detrimental effect of SFB induced
T cells on rheumatoid arthritis and experimental autoimmune
encephalitis.109,110

Other major LN dependent differences are reflected in the
stromal cells that make up each LN,111,112 suggesting the
immunological tone in the LN may be a sum of inherent tissue
properties and local lymph milieu as a result of gut segment
specific content. Interestingly, the tolerogenic properties of mLNs
are maintained after transplantation to the popliteal fossa in a DC
dependent manner, underscoring the importance of stromal cells
communication with DCs.111 Moreover, this stromal cell imprinting
takes place during the neonatal period, setting the tolerogenic
status of the mLNs early in life.112

In addition to draining intestinal segments, some gLNs co-drain
multiple organs, most notably the pancreatic-duodenal LNs.
Whether co-drainage with another organ impacts the baseline
properties of these lymph nodes is not understood. This feature
may be especially important in the more complicated human
lymphatic system. Not only do humans have a far greater number
of gLNs (well over 100), many are sequential in nature and several
are connected to multiple organs.113 Thus, given our reliance on
mouse models, our understanding of LN compartmentalization of
immune responses is likely an underestimation of the complexity
that exists in human immune responses.
As in the LNs, GALT displays location dependent differences in

structure and function. Peyer’s patches are present along the
length of the SI but are heavily concentrated in the distal small
intestine. They are characterized by continuous germinal center
reactions (GCs), in SPF but not germ free mice, where the majority
of SI IgA plasma cells are thought to be generated,114 though the
gLNs are also capable of mounting IgA responses. In contrast, LI
IgA plasma cells are generated in the cecal patches of the
colon.115 This dichotomy is mirrored in humans where submucosal
ILFs from the colon appear to give rise to colonic IgA plasma cells
while the Peyer’s patches were the main source of SI IgA.116 These
differences are likely due to SI induction of α4β7 during priming
versus GPR15 induction in the colon. Recent studies have
uncovered previously unrecognized nuance to IgA with different
mechanisms of maturation and modes of action when geared
toward pathogens, specific members of the microbiota or broad
classes of epitopes;117–119 however the manner in which these
differ between the gut compartments is yet to be fully worked out.

Susceptibility to disease
In their role as sites of adaptive immune response initiation the
gLNs are likely more involved in the human diseases along the
intestine than currently appreciated. For example, in mice where
the onset of diseases can be experimentally controlled, it has been
shown that the duodenal LNs are the dominant site of food allergy
initiation, while the colonic LNs are the main initiating site of
adaptive immunity against the colonic pathogen Citrobacter. The
gLNs can be substantially restructured by intestinal infections, in
some cases long-term. Examples include lymphangiogenesis,
swelling and a shift to a Th2 profile upon worm infections, lasting
well beyond the period of worm clearance, and restructuring upon
Yersinia infection. These post-infective immunological scars of the
LNs may thus prospectively impact adaptive immune outcomes in
the intestine. The gLNs also serve a critical “firewall” function
against potentially disseminating microbiota and pathogens.120

In the context of Crohn’s disease, LN granulomas are often found,
indicating the leakage of bacteria. The interplay between adaptive
functions of the LN and more innate pathogen containment
efforts is not well studied. Finally, the gLNs are sites of colonic
tumor metastasis dissemination, as this mechanism is implicated
in virtually all metastatic cancers. As such, great care is taken to

remove the pericolonic LNs during tumor surgery to investigate
for metastasis. Since human gLNs are more complex in their
organization, with converging LNs more distal to the gut, it is
challenging to deliberately remove all LNs that drain a diseased
segment of the intestine-but effort should likely be made both
during IBD and cancer surgery to eliminate not only disseminated
bacteria or cancer cells but also undesired immunological
memory, to the extent it resides in the LNs and not tissue (see
also Box).

BROADER PHYSIOLOGICAL AND PATHOLOGICAL
CONSEQUENCES OF REGIONALIZATION
Compartmentalization of the intestinal immune system has
broader physiological and pathophysiological consequences in
addition to defining disease susceptibility and coping skills as
discussed above. Beneficial consequences include the possibility
to mount potentially antagonistic immune responses at the same
time in a non-compromising way, such as inducing tolerance to
food antigen in the SI while mounting a pro-inflammatory
response to colonic Citrobacter infection.20 Site specific immune
strategies also appear to have evolved such that they are
compatible with the digestive function of each gut segment and
focused toward the highest perils in a particular segment. For
example, overall immunosuppression in the upper small intestine
draining LNs prevents food allergy in this absorptive site, while the
type2 immunity-prone profile of the gut tissue itself is equipped to
expel helminths in their primary infection site. In a more neutral
way, regionalization determines which nutrients can sustain
particular beneficial immune cell functions, such as Vitamin A in
the upper small intestine (pTreg cells, DCs), secondary bile acids in
the ileum and large intestine (Th17 cells) or SCFAs in the colon
(colonic Treg cells).
While we highlighted the distinctions between the compart-

ments it is important to note that these boundaries are not
absolute, and different compartments do communicate: In the
most obvious way, anything in the duodenal lumen will eventually
reach the colon, even if in a different form or concentration-but
potentially sufficiently to stimulate the immune system. In humans
the gLNs are not only much more numerous than in mice but also
exist as sequential or converging nodes, making boundaries less
strict. Furthermore, both in mice and men, some gLNs while
exclusive to a gut niche, are shared with entirely different organs,
potentially enabling direct inter-organ adaptive immune crosstalk.
The most noteworthy examples are the pancreatic-duodenal
lymph nodes, shared between duodenum and pancreas, and the
common iliac lymph nodes, shared between the descending colon
and pelvic organs such as urinary bladder, and reproductive tract.
Finally, regionally instructed B and T cells recirculate and can
thereby seed even extra-intestinal sites-though they will usually
only expand upon re-encounter of antigen.
This “imperfect” compartmentalization of adaptive immunity has

profound consequences, often to our benefit. The phenomenon of
oral tolerance exemplifies this concept: it is thought that the
circulation of immunosuppressive pTreg cells to food antigen
generated in the SI gLNs prevents the allergic reaction to the same
antigen encountered anywhere else in the body.121,122 Similarly, an
intestinal pro-inflammatory adaptive immune response to a virus
or immunogenic bacteria will contain their dissemination along the
GI tract and even systemically. However, this very circulation of
regionally shaped immune responses can also be detrimental. One
widely studied example is the contribution of gut pathobiont-
reactive Th17 cells to autoimmune diseases such as rheumatoid
arthritis (shown in mice110 and men123) and Experimental
Autoimmune Encephalitis, a mouse model for multiple sclerosis.109

While it is unclear what antigen these cells see in the periphery,
both a bystander effect or sufficient bacterial antigen making it
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into the circulation have been proposed. It is also possible that
redistribution along the gut of microbiota-reactive T helper cells
contributes to the spreading nature of Ulcerative Colitis (anal to
proximal propagation of the disease) and Crohn’s disease (patchy
occurrence along the intestine but often starting at the ileo-cecal
junction). Similarly, failure to mount pTreg cells to dietary antigen
leads to systemic allergy such that e.g., topical encounter of peanut
protein can lead to anaphylaxis. Last, an immune response in the
gut could negatively influence adaptive immunity in a co-drained
organ, such that e.g., co-drainage of duodenum and pancreas
could promote the aggressiveness of pancreatic cancer or a
duodenal infection trigger Type 1 Diabetes, a possibility we are
investigating in our own lab.
The pathophysiological consequences of the way regionaliza-

tion is set up are not confined to such situations with blurred
boundaries of course. Rather, the regionally differential suscept-
ibility to infection and disease makes the digestive tract overall
vulnerable, as no one single evolutionary or therapeutic strategy
will protect it while allowing for its metabolic functions.

IMPLICATIONS FOR THERAPY AND TECHNOLOGY
As we begin to appreciate the regional differences of the immune
system, their connectivity and associated diseases we also start to
reveal insights into current and future therapeutic interventions:
both why certain therapies result in side effects or fail entirely and
how to harness this knowledge to better tailor our approaches to
the niche and the pathology (Fig. 2).
Strategies that have proven ineffective are for example oral

vaccinations, which with few exceptions (e.g., Polio vaccine) fail to
elicit protective immunity, even if the vaccine is shielded from
digestive enzymes that certainly contribute to the challenge of the
route. The immunosuppressive environment of the upper SI LNs
may set a high threshold to overcome by adjuvant action of
vaccines. Conversely, if enteral vaccine delivery is desired, then
rectal delivery could at least immunologically be more effective.
The potential for engineering approaches to modulate drug or
vaccine delivery to distinct regions of the intestine could be
enormously powerful in the future of gut therapeutics. In cases of
pathology as is with IBD, surgical removal of inflamed segments of
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resectioning of the intestine for IBDs.
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Fig. 2 Regionalized implications for therapeutics. (1) Surgical procedures: During intestinal resection procedures for IBDs, removal of nearby
LNs that harbor inflammatory lymphocytes may aid in preventing relapse of symptoms. (2) Route of vaccination: While there are some
exceptions, oral vaccination strategies are often unsuccessful. This may be in part due to the immunosuppressive nature of the proximal small
intestine. Other viable options for enteral vaccination may be through rectal delivery. (3) Nutrition: diets designed to alter or optimize
microbial composition through different sources and amounts of fiber have therapeutic potential in intestinal disorders. Other dietary
molecules like retinoic acid are critical for normal immune function, where deficiency leads to immunocompromising conditions. (4) Drug
delivery: drugs that take advantage of the natural absorptive properties of the intestine may help regulate segment specific uptake of drugs.
Lipid-soluble drugs may be more efficiently taken up in the proximal small intestine due to the high lipid absorption that takes place there.
Liposomes, emulsions and micelles are different lipid based drug delivery options. (5) Bacterial manipulation: beyond just what bacteria are
present in the gut these potential therapeutics focus on the behavior of the bacteria present. The generation of synthetic bacterial
communities, composed of defined members that have been chosen to fulfill specific functions, is an exciting new avenue of microbiology.
Furthermore, targeting bacteria through bacteriophages has the potential to alter the behavior of the resident microbiota to our benefit, or to
simply deplete specific harmful bacteria. Last, bacteria can be utilized as living sensors of intestinal health, by genetically engineering novel
sensing and reporting systems into the genome for external detection.
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the intestine has been shown to cause only temporary alleviation
of disease. While this is the standard care of treatment to prevent
fatal rupture, in virtually all cases the disease reappears in a gut
segment more proximal to the one removed. Intestinal resection
alone not only leaves behind pro-inflammatory immunological
memory, both in the lymph nodes that are not removed and
redistributed T cells, but re-adaptation of the intestinal epithelium
to a novel function to adapt to the change may recreate a niche
for dysbiotic bacteria. Efforts to remove all draining lymph nodes
with the piece of intestine taken out in non-cancer surgery may
help prevent such relapse.
In some cases, secondary pathologies result from standard

treatments. For example, TNF inhibitors used to treat IBDs can
promote systemic cancers due to the immunosuppressive nature,
an effect not seen with IL-23 blockers.124 Similarly, anti CTLA4 and
PD-1 based immune checkpoint inhibitors geared at other cancers
in the body, can lead to severe colitis due to the unleashed pro-
inflammatory program of both CD4+ and CD8+ T cells, often to the
extent the therapy has to be stopped.125 Intriguingly, the microbial
composition appears to play a role in whether this happens at all
and in what severity, suggesting that engineering a protective
microbial community to counter this periling side effect may be a
way to reduce the risk.126,127 However, on the flip side, the efficacy
of anti CTLA4 treatment is influenced by the microbiota,128 and the
unintended killing of ileal epithelium in chemotherapy treatment
of colon cancer appears to bolster a pro-inflammatory anti-tumor
responses by virtue of invading bacteria.129

Finally, broad spectrum antibiotic treatment in the context of
surgery or bone marrow transplant leads to susceptibility to GI
infections such as Clostridium difficile due to its wipe-out of the
intestinal microbiome. Here, fecal transplant has already proven
an effective counter-measure, but the future may hold more
deliberate selection of bacteria used to recolonize the gut.
Gnotobiotics and engineered therapeutic microbial commu-

nities are one way in which we can already start to apply our
insights into the governing forces of intestinal immunity. These
may not only be useful in the aforementioned contexts, rather it is
hoped that every GI disease can be somewhat treated with a
microbial approach. While still in their infancy, efforts to elicit
beneficial immunological or metabolic effects by engineering
bacterial genomes or altering bacterial behavior through bacter-
iophages or using bacteria as reporters for intestinal health are
underway. Making use of our knowledge of which bacteria reside
in what gut segment, but more importantly by what molecular
mechanism will pave the way to also direct such communities to
specific sites. Finding direct bacterial interactions with the gut
epithelium through segment specific receptor-ligand pairs will be
particularly attractive to achieve such targeting. Along the lines of
microbe based approaches, our knowledge of what catabolic and
anabolic metabolites specific members of the microbiota utilize is
starting to pave a more informed way of food based therapy.77

Furthermore, our increasing understanding of which nutrients
affect the immune system in what way along the intestine may
yield nutritional therapeutic approaches independently of target-
ing the microbiome, such a dietary supplementation with Vitamin
A to support tolerizing regimes to alleviate food allergy. The
dietary context can also be used to target drugs to either the
upper small intestine and the lymphatic route by virtue of lipid
soluble drugs or micelles.
In sum, the fortunate combination of the microbiome research

boom in recent years and our growing understanding of what
governs the immune niches of the gut may pave the way for
entirely new therapeutic strategies for restoring intestinal health.

LIMITATIONS OF KNOWLEDGE
While it is exciting to speculate on future site specific and
personalized therapeutics these are limited by how much we

really know about how the regional intestinal immune system is
shaped and maintained. To this day, we do not fully understand
the precise importance of diet, microbiome, virome and
mycobiome and their interplay on host immunity, let alone in a
spatially resolved manner. Part of the challenge is that host tissue,
microbiome and dietary composition change not only in a
circadian manner but also in the course of a lifetime, with critical
time windows in perinatal and early childhood development130-
and individual infection and medical treatment history impacting
each aspect. Variation in genetic backgrounds of both humans
and animal models add to the complexity of the assessment.
Furthermore, some non-hematopoietic cell types have not yet
been heavily investigated in their regional differences, such as the
nervous system, stromal cells, blood and lymphatic vessels, all of
which likely contribute to defining a milieu, potentially in a
relatively hardwired manner.
Designing our studies such that they consider the temporal

aspect rather than a snapshot of a situation is of course more
costly and lengthy, but furthers our understanding of which
components of a niche are temporary (e.g., due to fast cell
turnover or transcriptional plasticity) versus permanent. Similarly,
expanding the research to different genetic backgrounds in both
mice and men will allow us to assess which factors are pan
-vertebrate, and -human versus more individual determinants
beyond clear disease associated SNPs.

CONCLUSION
In sum, the complexity of intrinsic and extrinsic driving forces
shaping an intestinal niche makes it very challenging to determine
causality in disease development and predicting effective
therapeutic approaches, and we really only stand at the beginning
of understanding this interplay. The joint effort of scientists from
many different disciplines ranging from microbiology, immunol-
ogy, metabolism, engineering, computation, basic, and transla-
tional approaches, their collaboration and easily accessible sharing
of findings have helped make the progress we have made so far
and will be even more crucial in the future to productively deal
with the richness of information we obtain. These efforts will not
only solve the mysteries of the alimentary tract but add to our
understanding of what shapes tissue specific immunity in general,
supporting fields well beyond mucosal immunology.

Box- Major diseases of the intestine
Celiac disease is a complex autoimmune disorder, in which the small intestinal
epithelium is ultimately destroyed by cytolytic CD8+ T cells in response to
dietary gluten. Other autoimmune features include the generation of anti-
transglutaminase 2 (TG2) antibodies and the requirement for specific HLA
haplotypes, DQ2 or DQ8 in humans, with multiple additional susceptibility loci
in pro-inflammatory cytokine genes. The sequence of events that lead to
villous atrophy is still being elucidated, but the consensus so far is: Dietary
gluten is deaminated by TG2, giving rise to negatively charged peptides that
strongly bind to the MHCII DQ2 or DQ8 antigen pockets on DCs, and in
conjunction with a pro-inflammatory profile DCs polarize gluten peptide-
recognizing CD4+ T cells to a Th1 cell lineage. These T cells contribute to an
inflammatory environment in the lamina propria and epithelium that activates
cytolytic intraepithelial lymphocytes (IELs). In addition, gluten-specific CD4+
T cells promote the generation of autoreactive anti-TG2 antibodies by
providing help to TG2-specific B cells that have internalized TG2-gluten
complexes and present gluten peptides. Evidence that there must be
environmental triggers for the disease comes from the fact that only a
fraction of people with the susceptible HLA haplotypes develop Celiac disease.
These triggers play a role in rendering the DCs pro-inflammatory. They may
also license the cytotoxic CD8+ T cells, which themselves are not recognizing
gluten, to kill by upregulating the proinflammatory cytokine IL-15 and non-
classical MHC class I molecules that engage activating natural killer receptors
expressed on IELs. Possible environmental triggers for innate immune
activation are infections e.g., viruses39 but also inherent properties of the
gluten peptide131 or non-gluten components of wheats.132 While the under-
lying factors that permitted the evolution of autoimmunity and the
autoimmune-like reaction to a dietary antigen in Celiac disease are speculative,
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