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Abstract

Goblet cells (GCs) are specialized epithelial cells that line multiple mucosal surfaces and have 

a well appreciated role in barrier maintenance through the secretion of mucus. Moreover, GCs 

secrete anti-microbial proteins, chemokines, and cytokines demonstrating functions in innate 

immunity beyond barrier maintenance. Recently it was appreciated that GCs can form goblet 

cell associated antigen passages (GAPs) and deliver luminal substances to underlying lamina 

propria (LP) antigen presenting cells (APCs) in a manner capable of inducing adaptive immune 

responses. GCs at other mucosal surfaces share characteristics with the GAP forming intestinal 

GCs, suggesting that GAP formation may not be restricted to the gut, and that GCs may 

perform this gatekeeper function at other mucosal surfaces. Here we review observations of how 

GCs contribute to immunity at mucosal surfaces through barrier maintenance, the delivery of 

luminal substances to APCs, interactions with APCs, and secretion of factors modulating immune 

responses.
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Introduction

Mucosal surfaces are a diverse environment where microbes live in close proximity to 

mammalian host cells in mutualistic symbiosis in the steady state. The most prominent 

example of this symbiotic relationship occurs in the gastrointestinal tract, where the largest 

number of microbes in the body reside. The gut microbiota functions to increase the 

bioavailability of nutrients obtained from the diet, and to prevent pathogens from gaining a 

niche in the lumen. In exchange, these commensal microbes receive a suitable environment 

in which to reside. Underlying this symbiotic commensal relationship is 1) a strong barrier 

to prevent encroachment of the microbiota from their luminal compartment, 2) tolerogenic 

host immune responses to innocuous substances to prevent inflammation, and 3) clearance 
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of, and adaptive immune responses against, pathogens to restore homeostasis. Observations 

indicate that goblet cells (GCs), specialized epithelial cells that line mucosal surfaces, 

contributes to each of these functions. This review will highlight new findings on the 

multiple functions goblet cells perform that can limit, regulate, and shape mucosal immune 

responses to environmental substances throughout life (Figure 1).

Limiting encounters with luminal microbes through barrier maintenance

GCs are notable for the secretion of mucin, providing the mucosal surfaces with a thick 

mucus lining, which acts as a barrier to limit interactions with luminal microbes. Different 

gel forming mucins are produced and secreted by GCs at various mucosal surfaces. GCs 

in the intestine predominantly secrete MUC2,1, 2 while GCs in the conjunctiva of the 

ocular epithelium secrete MUC5AC.3 GCs in the upper respiratory tract, including the nasal 

passages, trachea, and bronchi, secrete MUC5AC and MUC5B.4, 5 Airway GCs also express 

the membrane-bound mucin MUC1,4 but unlike MUC5 and MUC2, this is not a secreted 

mucin and does not contribute to the gel-forming mucus layer. The mucus layer acts as a 

physical barrier keeping commensal bacteria, or other environmental organisms, separated 

from epithelial cells.6–10 The necessity of this physical separation is demonstrated when 

mucin secretion is disrupted, and commensal bacteria encroaches on the colonic epithelium. 

Mice lacking the mucin protein MUC2 or mice unable to secrete mucins due to disruptions 

in the mucin assembly process11–15 quickly develop spontaneous colitis due to the close 

contact of the commensal bacteria with the epithelium. Similarly, thinner mucus layers can 

be found in ulcerative colitis patients 16, 17, and microbial encroachment can be associated 

with CD19+ cell recruitment and hyperglycemia in patients with metabolic disorders18. 

Traditionally the mucus barrier in the distal colon has been thought to be comprised of two 

distinct mucus layers, the outer layer serving as the habitat for the microbiota2 and providing 

a food source for commensal organisms19 and the inner layer being free of bacteria and 

providing a buffer between the epithelium and the microbiota.20 However recent work 

suggests an alternative model where the mucus layer in the distal colon covers the feces 

and confines the bacteria to the fecal contents. 21 Both models of mucus architecture 

include a bacteria-free zone near the epithelium, and breach of this buffer by bacteria 

can place the host at risk of inflammation, even in response to commensal organisms.22 

Some bacteria, such as Akkermansia mucinphilia can digest the dense mucus:23, 24 indeed, 

a mucus-degrading microbiota selected by a low-fiber diet can increase sensitivity to 

Citrobacter rodentium. 25 Additionally, pathogens have been found to propel through the 

dense mucus.26 To protect against this, GCs secrete RELM-β along with mucins. RELM-β 
has direct bactericidal properties, killing commensal bacteria and pathogens that penetrate 

into the mucus layer27–29 and targeting helminths for expulsion.10 Other components found 

in the inner layer of the mucus, like the zymogen granulae protein 16 (ZG16) aggregates 

bacteria, preventing adherence of the bacteria to the epithelium.30 In the absence of 

ZG16, spontaneous bacterial translocation and inflammation occurs. These observations 

demonstrate that GC secrete multiple products with differing mechanisms to limit microbe 

interaction with the epithelium. In addition to GC secreted products, the mucus barrier 

also contains compounds that can control bacteria adherence to the epithelium, including 

secretory IgA,31 bacteriophages,32 and Paneth cell derived antimicrobials products. 33
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Mucin release is controlled to appropriately maintain the mucus barrier. GCs secrete 

mucin in response to a number of mediators, including acetylcholine (ACh), histamine, 

and prostaglandins.34 Having multiple stimuli inducing GC secretion not only provides 

several ways to induce mucin release to maintain the barrier, they also provide ways to 

induce mucin release to maintain the barrier without inducing the formation of goblet cell 

associated antigen passages (GAPs) and exposing the immune system to luminal substances 

in disadvantageous situations. Two processes have been described for intestinal GC release 

of mucins, primary exocytosis, a cAMP signaling process, which induces the release of 

single vesicles,35 and compound exocytosis, an intracellular Ca2+ signaling process resulting 

in the fusion and subsequent release of multiple mucin vesicles.36 However, only compound 

exocytosis was associated with the formation of GAPs and delivery of luminal antigens,37 

which is discussed in the following section. While most GCs sense mediators and release 

mucin directly, a subset of GCs can control the release of mucins by neighboring GCs. 

In response to bacterial components, sentinel GCs located in the upper crypts of the distal 

colon trigger the rapid release of mucin from neighboring GCs38 quickly restoring the 

mucus barrier. Thus, through the secretion of mucus and other compounds, GC play a 

critical role in limiting the immune system’s exposure to luminal microbes in order to 

avoid inflammatory responses, giving support to the adage “good fences make for good 

neighbors”.

Controlling the immune system’s exposure to luminal substances through 

goblet cell associated antigen passages (GAPs)

How is delivery of luminal substances in the lamina propria controlled?

Despite the presence of a physical barrier due to the mucus layer and epithelium, it 

has long been appreciated that the immune system underlying the SI villous epithelium 

is not ignorant of the luminal contents, but instead continuously monitors the contents 

to promote tolerance to innocuous luminal antigens in the steady state.39 This process, 

referred to as oral tolerance, involves the induction of peripherally derived induced T 

regulatory cells (iTregs) specific for luminal antigens, which are then able to suppress 

and prevent inflammatory responses.40–42 The initial step in this process is acquisition of 

luminal antigens by antigen presenting cells (APCs) in the LP.43, 44 Multiple pathways 

have been identified by which luminal substances can traverse the epithelium including 

paracellular leak, transcellular permeability, M cells, and the extension of transepithelial 

dendrites (TEDs) by LP-APCs.45, 46 Paracellular leak is associated with and induced by 

inflammation,47 suggesting that while luminal substances may traverse the epithelium via 

paracellular leak, this may not lead to the induction of tolerance. Luminal substances can 

traverse epithelial cells transcellularly following endocytosis by M cells, though M cells are 

rare outside of the follicle associated epithelium (FAE) in the SI and distal colon where 

tolerance to luminal substances is induced in the steady state.48, 49 Additionally, intestinal 

epithelial cells have been shown to endocytose luminal substances, though this is thought 

to mostly contribute to nutrient absorption. 50 TED extension is not necessary for oral 

tolerance, as oral tolerance is induced in mice lacking TEDs,44, 51 and oral tolerance is 

induced to luminal substances in the distal colon where TED formation does not occur.52, 53 

In contrast, TEDs are induced by microbial sensing and increase during enteric infection, 
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suggesting TEDs extension as a mechanism for LP-APCs to directly sample luminal 

bacteria, or alternatively TEDs extension might be a step in the migration of APCs into 

the lumen to sequester pathogenic bacteria.54–58

In contrast to these pathways, there is evidence suggesting that GC transport of luminal 

antigen to LP-APCs supports tolerance in the steady state. Multiple studies have observed 

that GCs are endocytic and able to take up luminal substances,59–62 however it was only 

recently appreciated that this process could result in transfer of luminal substances to 

LP-APCs in a manner capable of inducing adaptive immune responses.63 This process, 

referred to as GAP formation, occurs in the SI and distal colon in the steady state, the sites 

in the GI tract where tolerance to luminal antigens is induced,53, 64 but not in the adult 

proximal colon, where tolerance to luminal substances is not induced in the steady state.51 

Moreover, the induction of tolerance to commensal bacterial antigens in the pre-weaning 

GI tract required GCs and GAPs.65 While currently unexplored, these observations suggest 

that GCs and GAPs may also be required for the induction of tolerance to dietary antigens 

post-weaning. Other observations consistent with GAPs as a pathway promoting tolerance 

to luminal antigens center around the tight regulation of GAP formation. GAPs are induced 

by ACh acting upon the muscarinic ACh receptor 4 (mAChR4) expressed on GCs, which 

triggers the release of mucin granules through compound exocytosis.66 GAP formation was 

not associated with stimuli inducing GC secretion by primary exocytosis.35, 37, 63, 67 The 

differential ability of secretagogues to induce GAP formation indicates that GCs can secrete 

mucus to maintain the barrier and not expose the immune system to luminal substances. 

The association of GAP formation with compound exocytosis, but not with stimuli inducing 

secretion by primary exocytosis, may be a mechanism that allows GCs to maintain the 

mucus barrier in settings where exposure of the immune system to the luminal contents 

would be disadvantageous. This is believed to be the situation in the adult proximal 

colon, where the mucus barrier is maintained, yet GAP formation is rare and GCs are 

non-responsive to ACh.37

It has been shown the secretory epithelial cell type enteroendocrine cells can endocytose 

luminal antigens,61 It remains to be seen if other secretory cells, such as Paneth cells can 

also endocytose luminal substances, and if these cells can also contribute to the loading of 

antigens on LP-APCs and induction of mucosal responses.

What is the role of GAPs?

GAP formation has been evaluated throughout the small intestine and colon and throughout 

the murine life. GAPs were also found in healthy human jejunal resections obtained from 

patients undergoing bariatric surgery.63

While the role of altered metabolic status on GAP formation remains to be investigated, in 

aggregate we interpret these observations to indicate that GAPs introduce luminal substances 

to the mucosal immune system within the intestinal lamina propria as part of normal 

physiology in mice and humans.
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How are GAPs regulated in the small intestine?

GCs are present in the intestinal epithelium in the early days following birth,68, 69 however 

GAPs are not formed until later in life, beginning in the SI around day 18. Prior to this, GAP 

formation is inhibited by phosphorylation of the epidermal growth factor receptor (EGFR) in 

GCs, which results in activation of p42/p44 MAPK repressing the ability of GCs to respond 

to ACh to form GAPs (Table 1).37 Prior to weaning direct ligation of EGFR by growth 

factors, such as EGF, controlled GAP formation. These growth factors can be secreted in 

breast milk and found in high concentration in the intestinal lumen during early life and are 

also necessary for proper intestinal growth during the early days of life and protection from 

pathogen-induced tissue injury.70–72

After day of life (DOL) 18, GAP formation in the SI continues throughout adulthood. 

GAP formation and antigen delivery in the SI is neither activated nor inhibited by the 

commensal microbiota,37, 53 and there is no change in GAP formation in the SI in germfree 

mice, or mice on antibiotics.37 However, during pathogenic infections, GAP formation 

in the SI becomes inhibited,73 ceasing antigen delivery to the SI LP during a time 

of heightened distress. Inhibition of GAPs during Salmonella infection required Myd88-

activation of EGFR pathway, utilizing IL1β induced activation of Myd88.74 GAP inhibition 

during Salmonella infection was rapid, and necessary to prevent increased dissemination of 

Salmonella to the draining lymph nodes, as Salmonella was able to use GAPs as a portal 

of entry.73 Listeria monocytogenes has also been shown to associate with GCs to gain entry 

past the epithelium75 and Citrobacter rodentium directly infect colonic GCs,76 suggesting 

multiple bacteria species may use GAPs to as a portal of entry.

How are GAPs regulated in the proximal colon?

Interestingly, GAP formation occurs in the proximal colon only for a brief window of time, 

between DOL 10 through weaning (around DOL 21) (Table 1).65 Prior to DOL 10, GAP 

formation was controlled in an EGFR dependent manner, similar to the SI, and activation 

of Myd88 by TLRs, lead to EGFR dependent control of GAP formation post-weaning 

in response to the microbiota present in specific pathogen free housed mice.37, 65 Such 

distinct periods of GAP regulation and luminal antigen exposure in the proximal colon may 

represent the distinct phases of immune development by defining a pre-weaning interval 

during which the immune system is exposed to luminal antigens for the induction of antigen 

specific tolerance to gut bacteria.65

Perhaps as or more important than the stimuli inducing GAP formation, are the pathways 

that inhibit GAP formation and antigen delivery in unfavorable situations. When present, 

inappropriately formed GAPs in the proximal colon allowed for the translocation of 

commensal and pathogenic bacteria.53, 73, 77 Moreover, overriding the GAP inhibition in 

these situations results in the abrogation of tolerance induction to luminal antigens and 

inflammatory outcomes.65, 73, 77

How are GAPs regulated in the distal colon?

GAP formation in the distal colon was not inhibited by the post-weaning microbiota making 

it distinct from the proximal colon (Table 1).53 However, translocation of bacteria was not 
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associated with the presence of GAPs in the distal colon.53 While not investigated, the 

presence of GAPs in the distal colon and yet the lack of bacterial translocation might be 

due to the dense mucus layer in the distal colon, which may reduce the GCs’ exposure 

to microbes and microbial products allowing GC to respond to ACh to form GAPs and 

preventing microbes from accessing the GCs. As tolerogenic responses can be induced 

through the distal colon, it remains to be seen what, if any, regulatory mechanisms may 

control GAP formation and antigen delivery in the distal colon.

Throughout life, GAP inhibition through EGFR phosphorylation offers an elegant regulatory 

pathway utilizing a similar inhibitory signal, with separate regulatory ligands defining the 

time when antigen delivery is a desirable event. Thus, multiple pathways provide tight 

control of GAP formation and luminal antigen exposure to limit inappropriate inflammatory 

responses in disadvantageous situations and allow luminal antigen exposure when it is 

beneficial (Table 1).

GCs interactions with immune cells

The LP contains multiple APC populations78, 79 with distinct functions necessary for 

appropriate immune responses to luminal substances. While initial studies reported that 

GAPs preferentially delivered luminal antigens to SI CD103+ DCs,63 CX3CR1+ APCs have 

also been observed to interact with and obtain luminal substances from GAPs.53 When 

colonic GAPs were formed by bypassing GAP inhibitory pathways in mice post-weaning, 

CX3CR1+ APCs were seen interacting with colonic GAPs, and were loaded with bacteria 

that translocated via GAPs.37, 53, 77 As multiple populations of APCs interact with and 

obtain antigen from GAPs in the intestine, it remains to be seen if factors exist to recruit a 

specific population of APCs to GCs to acquire antigen for the induction of oral tolerance as 

certain populations of APCs, such as CD103+ APCs are thought to be better suited for the 

induction of tolerogenic responses.80

CD103+ LP-APC expression of expression of retinaldehyde dehydrogenase (ALDH1) is 

necessary for the production of all-trans retinoic acid (ATRA).81 The production of ATRA 

plays multiple roles in mucosal immune responses to luminal antigens including promoting 

IgA responses, imprinting gut homing molecule expression by lymphocytes, and inducing 

Tregs.82–84 In vivo studies revealed that CD103+ LP-APC expression of ALDH was 

dependent upon recruitment to the epithelium and epithelial expression of the cellular 

retinol-binding protein II (CRBPII).85, 86

During interactions with APCs, GCs transfer GC products along with luminal antigens 

to APCs.63 This transfer of GC products to APCs might imprint APCs with mucosal 

properties. One such GC product, MUC2, has been suggested to imprint APCs with an 

anti-inflammatory gene signature required for oral tolerance,87 suggesting that when APCs 

acquire luminal antigens from GAPs, they also acquire tolerogenic signals. Disrupting 

interactions between APCs and the epithelium decreased transfer of GC products to the 

APCs, and subsequently reduced the induction of mucosal responses by APCs.85 Whether 

CX3CR1+ APCs, which largely do not express ALDH, are likewise imprinted with specific 

properties during interactions with GCs remains to be investigated.
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The subsequent immune response that follows the acquisition of antigens by APCs is 

orchestrated through the secretion of cytokines, chemokines, and other proteins, which is 

based on the signals APCs receives from the antigens88, 89 and the tissue environment.90 

Secreted cytokines and chemokines recruit cells and drive differentiation of effector cells, 

regulating the type of immune response that follows antigen exposure, and can come from 

a variety of cell types, goblet cells included. During C. rodentium infection, a murine 

model of enterohemorrhagic Escherichia coli infection, RELM-β is secreted basolaterally 

by GCs, can be found in the serum, and functions as a chemoattractant recruiting CD4 T 

cells to the colon LP 91. Additionally, RELM-β supports IL-22 production during infections, 

which helps promote tissue repair and restoration, indicating RELM-β may perform multiple 

functions similar to cytokines and chemokines to help resolve pathogen infections. Another 

GC product, trefoil factor 3, TFF3 is important for the resolution of inflammation, helping in 

the process of tissue repair and restoration,76, 92 and the production of TFF3 can be triggered 

by microbial sensing, through TLR2 stimulation.93 While it remains to be seen if GCs in 

the intestine secrete cytokines during immune responses in vivo, GCs express mRNA for a 

variety of cytokines, such as IL13, IL18, IL15, IL6, IL7, IL17, and IL25, and chemokines 

eotaxin, CCL6, CCL20, CCL9 (MIP1γ),37, 85, 94 the latter has been shown to attract APCs 

to the epithelium.95 Thus, through the secretion of soluble factors GCs help shape and 

control immune responses.

Can GCs at other mucosal surfaces form GAPs?

Intestinal GCs control immune responses by regulating antigen exposure through mucus 

secretion to maintain the barrier, luminal antigen delivery, and interactions with APCs 

underlying the epithelium. Some of these functions have been observed in GCs at other 

mucosal surfaces, however it remains to be seen if GCs at other mucosal surfaces have the 

capacity to form GAPs and deliver antigens to APCs. While unexplored, it is intriguing 

to speculate, based on characteristic shared between intestinal GCs and GCs at other 

mucosal surfaces, that the GAP function may exist at other sites. GAP formation in the 

GI tract is associated with secretion via compound exocytosis,37 a characteristic shared by 

GCs in the airway epithelium and conjunctiva. Moreover, the stimuli inducing compound 

exocytosis at these surfaces is similar to those inducing compound exocytosis in intestinal 

GCs.4, 96, 97 Of further interest, compound exocytosis and secretion in conjunctival GCs is 

regulated by EGFR phosphorylation,97–99 and TLR activation in airway GCs leads to EGFR 

transactivation,100 indicating that the pathways regulating GAPs in the intestine are present 

and functional in GCs at other mucosal surfaces.

The simple columnar intestinal epithelium is well suited for the delivery of luminal 

antigens as this allows for a single cell to have access to the lumen and the APCs in 

the lamina propria permitting a GCs to directly take up and deliver luminal antigens to 

APCs. The conjunctiva in the ocular epithelium is also a simple columnar epithelium, 

and interactions between conjunctival GCs and APCs have been described,101 suggesting 

that GC mediated antigen delivery to APCs at this mucosal surface may also occur. 

Similar to the intestine, a loss of GCs or impaired mucin secretion in the conjunctiva 

results in inflammatory responses,102, 103 96 consistent with a role for conjunctival GCs in 

maintaining tolerance. Interestingly, ocular GCs secrete TGFβ2 and express CD36, which 
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is necessary to activate TGFβ2.101 Further ocular GCs can imprint a tolerogenic phenotype 

onto APCs,101 indicating that like intestinal GCs, GCs in the conjunctiva may imprint APCs 

with a tolerogenic phenotype while delivering antigens. Moreover, the conjunctiva contains 

a commensal flora,104 and similar to intestinal GCs, conjunctival GCs are responsive to 

microbial stimulation,105 further suggesting that intestinal GCs and conjunctival GCs may 

play parallel roles in immune responses.

While the epithelium of the upper airways in not a simple columnar epithelium, it is a 

pseudostratified epithelium, in which the nuclei of the epithelial cells are not aligned in the 

same plane but all epithelial cells make contact with the basement membrane and can make 

contact with the lumen.106 Thus, the pseudostratified epithelium might still allow GCs in 

the upper airway to have access to both the lumen and immune cells below the basement 

membrane for the purpose of antigen delivery. Moreover, APCs are in close contact with 

the upper airway epithelium,107 and increased differentiation of GCs lead to the recruitment 

of APCs to the airway epithelium,108 suggesting that the presence of GCs might recruit 

APCs facilitating interactions and antigen transfer. In addition, airway GCs secrete multiple 

cytokines and chemokines, recruiting immune cells and shaping the immune response to 

inhaled antigens,108–110 suggesting that like intestinal GCs upper airway GCs may deliver 

antigens to APCs and direct the phenotype of the immune response. Like the intestine and 

conjunctiva, the lung has its own unique, though limited, microbiota,111 which can become 

dysbiotic and expanded in disease or harbor pathogens and represent potential danger,112, 113 

raising the possibility that airway GCs may also respond to microbial signals to modulate 

immune responses to inhaled antigens.

While this review has focused on the role of GCs in maintaining homeostasis, it is worth 

noting that GCs can also contribute to disease pathogenesis. Goblet cell hyperplasia is a 

hallmark of Th2 responses in both the intestine and in the lung and driven by IL-13 in 

both organs. This process is important for the expulsion of helminths and protection of 

airway through increased mucus secretion,114–116 however increased mucus production is 

also a contributing factor to the pathogenesis of asthma and chronic obstructive pulmonary 

disease.117 It is unknown if the increased GCs that expand during disease have the capacity 

to form GAPs and deliver antigen and whether these GAPs contribute to homeostatic 

or pathogenic immune responses. However observations that IL-13 driven GC expansion 

resulted in the increased translocation of Listeria monocytogenes75 suggest that these GCs 

may have GAP function and contribute to disease. GC expansion is often a component of 

an active infection or resolution to disease during which the system may not be geared 

for tolerogenic responses. If GAPs do form from GCs during GC expansion, this could 

result in increased antigen delivery during an inopportune time promoting inflammatory 

responses against dietary and commensal bacterial antigens, resulting in food allergy or 

colitis. Moreover, GC dysfunction has been associated with and contributory to multiple 

diseases including inflammatory bowel disease, cystic fibrosis, asthma, metabolic disorders, 

Sjögren syndrome, and chronic obstructive pulmonary disease, indicating that GCs are not 

always innocent bystanders and can be active participants in disease pathogenesis.
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Conclusions

A large body of work indicates that GCs have multiple contributions to innate and adaptive 

immune responses at mucosal surfaces. While the GAP and sentinel GC functions have only 

recently been appreciated in the intestinal tract, similarities between intestinal GCs and GCs 

at other mucosal surfaces suggest that these GC functions may exist at other sites. Further 

investigations will be required to determine if these functions do exist at other surfaces, 

how they are regulated, their contributions to mucosal immune responses, and whether these 

functions are a characteristic of all or a subset of GCs at mucosal surfaces. While barrier 

maintenance remains the stalwart function of GCs, it is becoming increasingly clear that 

complexity of these cells contribution to mucosal immunity extends well beyond mucus 

secretion.
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Figure 1: 
Putative functions of GCs in immunity to shape the outcome of immune responses.
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Table 1:

Formation of GAPs in the murine model is regulated throughout life by a variety of mechanisms to tightly 

control when exposure to luminal antigens occurs to prevent the development of inflammation to dietary 

antigens or the dissemination of potential pathogens.

Early life Adult Steady State Infection

Small Intestine

GAPs? No GAPs until DOL18 65 GAPs 63 No GAPs 73

Regulation 
Mechanism

Inhibited by luminal EGFR 
ligands before DOL 10 65

Can be inhibited by luminal 
EGFR ligands 37 Inhibited by IL1β 73

Consequence of 
Antigen delivery Unexplored

Tolerance to GAP delivered 
antigens 37

Inflammation to GAP 
delivered antigens 73

Colon

GAPs? GAPs DOL10-weaning 65 No GAPs 37 No GAPs 73

Regulation 
Mechanism

Inhibited by luminal EGFR 
ligands before DOL 10 65

Inhibited by luminal TLR 
ligands from SPF housed 

microbiota 37

Inhibited by luminal TLR 
ligands from SPF housed 

microbiota 73

Consequence of 
Antigen delivery

Tolerance to GAP delivered 
antigens 65

Inflammation to GAP delivered 
antigens 37,65

Increased dissemination of 
pathogens 73

Distal colon

GAPs? Unexplored GAPs 53 Unexplored

Regulation 
Mechanism Unexplored Unexplored Unexplored

Consequence of 
Antigen delivery Unexplored Unexplored Unexplored

Green indicates GAPs, and development of tolerance to GAP delivered antigens

Orange indicates no GAPs, and potential of inflammation following GAP formation.

Red indicates no GAPs, and danger of increased pathogen dissemination following GAP formation.
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