
REVIEW ARTICLE

Intestinal Peyer’s Patches: Structure, Function, and In Vitro
Modeling

Jung In Park1
• Seung Woo Cho1

• Joo H. Kang1
• Tae-Eun Park1

Received: 17 November 2022 / Revised: 21 February 2023 / Accepted: 6 April 2023 / Published online: 20 April 2023

� Korean Tissue Engineering and Regenerative Medicine Society 2023

Abstract

BACKGOUND: Considering the important role of the Peyer’s patches (PPs) in gut immune balance, understanding of the

detailed mechanisms that control and regulate the antigens in PPs can facilitate the development of immune therapeutic

strategies against the gut inflammatory diseases.

METHODS: In this review, we summarize the unique structure and function of intestinal PPs and current technologies to

establish in vitro intestinal PP system focusing on M cell within the follicle-associated epithelium and IgA? B cell models

for studying mucosal immune networks. Furthermore, multidisciplinary approaches to establish more physiologically

relevant PP model were proposed.

RESULTS: PPs are surrounded by follicle-associated epithelium containing microfold (M) cells, which serve as special

gateways for luminal antigen transport across the gut epithelium. The transported antigens are processed by immune cells

within PPs and then, antigen-specific mucosal immune response or mucosal tolerance is initiated, depending on the

response of underlying mucosal immune cells. So far, there is no high fidelity (patho)physiological model of PPs; however,

there have been several efforts to recapitulate the key steps of mucosal immunity in PPs such as antigen transport through

M cells and mucosal IgA responses.

CONCLUSION: Current in vitro PP models are not sufficient to recapitulate how mucosal immune system works in PPs.

Advanced three-dimensional cell culture technologies would enable to recapitulate the function of PPs, and bridge the gap

between animal models and human.
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1 Introduction

The gastrointestinal tract is continuously exposed to food-

derived antigens, pathogens, metabolites, and commensal

bacteria. The lumen of gut is protected from invasion of

foreign antigens by well-developed mucosal defense sys-

tem comprised of a hydrated network of glycosylated

mucin proteins and gut-associated lymphoid tissue (GALT)

working in the immune system producing large number of

secretory immunoglobulin (Ig) A (S-IgA). GALT accounts

for 70% of the immune system by weight, thus, GALT is

considered as one of the largest immune response-induc-

tive sites in the body [1]. The main functions of GALTs lie

in sampling and inducing adaptive immune responses

against potentially harmful agents as well as non-harmful

commensal microbiota [2]. GALTs are also crucial in

maintaining the immune tolerance to commensal flora and

dietary antigens [3]. Thus, dual function of GALTs is

critical to maintain homeostasis between gut microbiota

and human immune system and to prevent the development
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of inadvertent pathologies including auto-immune diseases.

Dysregulation of GALTs drives the development of

chronic diseases in gastrointestinal tracts such as inflam-

matory bowel disease, which damages the intestinal

defense wall and disable the intestinal tissue regeneration

[4, 5].

GALTs are categorized into organized GALT and dif-

fuse GALT considering their structures [6]. The organized

GALT is composed of follicles including Peyer’s patches

(PPs) in the small intestine, colonic patches, and isolated

lymphoid follicles, which induce immune reactions. On the

other hand, diffuse GALT is dominated by lymphoid cells

diffusely distributed in lamina propria. It is well accepted

that PPs are the major IgA inductive sites of the GALTs as

shown in Fig. 1. Human PPs are composed of tens to

hundreds of lymphoid follicles and concentrated in the

distal part of the ileum [2]. PPs are surrounded by spe-

cialized epithelium, the follicle-associated epithelium

(FAE) containing microfold (M) cells, which serve as

special gateways for antigen transport from the lumen to

the PPs [7]. M cells are highly specialized for phagocytosis

and transcytosis to uptake large particulates and transport

them into the subepithelial space. The transported antigens

are processed by immune cells within PPs and then,

mucosal immune responses are initiated to make antigen

specific-IgA secreting B cells or tolerate, depending on the

response of underlying mucosal immune cells. Accumu-

lating studies have revealed the M cell-dependent antigen

uptake serving as a central node of in the network during

inflammation. These studies showed the high expression of

M cell markers in inflammatory bowel disease (IBD)

patients [8] and M cell-dependent antigen uptake facili-

tating systemic immune responses such as production of

antigen-specific IgG production as well as S-IgA [9].

Considering the important role of the PPs in gut immune

balance, understanding of the detailed mechanisms that

control and regulate the antigens in PPs would facilitate the

development of immune therapeutic strategies against the

gut inflammatory diseases.

However, lack of adequate human PP models challenges

the deep understanding of the (patho)physiology of PPs.

The anatomical and physiological features of PPs are dif-

ferent between animal models and human; thus, animal

experiments may fail to replicate the actual behavior of

Fig. 1 Schematic illustration of cellular composition of Peyer’s

patches (PPs). PP follicles are enclosed by follicle-associated

endothelium (FAE) containing M cells that shuttle luminal antigen

into the PP. Subepithelial dome (SED) below the FAE contains high

density of antigen-presenting cells. Lymphocytes enter PP via high

endothelial venules (HEV) and form large B cell follicles and small T

cell zones. The interactions between B cells and T cells at the follicle-

T cell zone lead to expansion and differentiation of B cells. The

activated B cells form germinal center, generating IgA-secreting

plasma cells. The generated effector cells leave the PPs through

efferent lymphatics and enter the circulation via mesenteric lymph

nodes (MLNs) [32]. They home to the intestinal lamina propria from

the blood circulation and the lamina propria plasma cells produce

dimeric IgA that are transported across the epithelium. The secretory-

IgA (S-IgA) can interact with bacteria in the gut lumen
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human PPs. Despite a great need for in vitro human PP

model, it is still challenging to recapitulating the complex

structural features and cell–cell networks of in vivo PPs [2],

requiring employment of advanced in vitro technologies.

Organ-on-a-chips (OoCs) are biomimetic in vitro systems

that emulate the functions, structure, and complex physi-

ology of in vivo tissue in a slide-sized chip. By combining

microfluidics and biomaterials technologies, OoCs enable

to recapitulate the tissue-specific biological, chemical, and

physical microenvironmental conditions, which was not

achievable in traditional tissue culture system [10]. In this

review, we will describe the current knowledges of cellular

components of PPs (summarized in Table 1) and status of

in vitro models recapitulating some features of in vivo PPs.

Finally, we provide potential opportunities to develop

novel in vitro human PP models and applications for

mucosal immune modulation and intestinal tissue

regeneration.

2 Structure and function of Peyer’s patches

2.1 Microfold cells within the follicle-associated

epithelium

The main feature of FAE is the presence of specialized

enterocytes, M cells. While cells and antigens drain from

organs to peripheral lymph nodes through lymphatic ves-

sel, luminal antigens in the intestine are transported to PPs

mainly by M cell-dependent transcytosis [11]. Therefore,

successful mucosal immunization relies on the M-cell

mediated antigen delivery to the mucosal immune induc-

tion site. M cells are derived from Lgr5-expressing stem

cells residing in the FAE-associated crypts. The Lgr5?

stem cells are continuously exposed to nucleic factor-kappa

B ligand (RANKL) expressed on the stromal cells in the

subepithelial dome region beneath the FAE. The RANKL

binding to RANK on the stem cells induces the expression

of SpiB and Sox8, which are key transcription factors

involved in M cell differentiation [12–14]. Another

Table 1 Components and characteristics of Peyer’s patches

Components Characteristics References

Follicle-associated

epithelium (FAE)

- Specialized epithelial layer that overlies lymphoid follicles of PPs

- Function as barrier between the intestinal lumen and PPs

[7]

Microfold (M) cells - Specialized enterocytes, present in the FAE

- Transport of luminal antigens to PPs

- Low level of glycocalyx covering and flat apical surface for efficient interactions with particulate

antigens

- Binding the S-IgA for efficient capturing and transporting of luminal antigens

- Expression of diverse glycan signatures on the apical membrane for recognition of certain

bacteria or immune complexes

- Presence of M cell pockets on the basolateral membrane for the migration of immune cells into

the intraepithelial

[11, 18–23]

Subepithelial dome (SED) - Areas located between the FAE and B cell follicles of PPs

- Containing the high density of DCs

- Direct interactions between M cells and DCs

[29–31]

Large B cell follicles - Network of diverse populations of B cells

- Antigen encounter

- Complex interactions with T cells, DCs or FDCs

- Initial activation of naı̈ve B cells

[32]

Germinal centers (GCs) - Clonal expansion and differentiation of B cells

- Undergo SHM and CSR

- Generation of IgA-secreting B cells

[32–35]

Small T cell zone - Network of diverse populations of T cells

- Delivering activation signals from CD4 ? T cells to B cells

[32]

High endothelial venules

(HEVs)

- Entry of lymphocytes to PPs

- High expression of MADCAM-1, a ligand for a4b7 integrin, and CXCL13, a ligand for CXCR5

for B cell entry

[18]

Efferent lymphatics - Leave effector cells generated in the PPs to MLN [32]
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important transcription factor, Atoh8, controls the density

of M cell population in FAE and is regulated by polycomb

repressive complex 2 (PRC2), which is an epigenetic reg-

ulator of M cell development [15, 16]. M cells are also

differentiated from enterocytes under the influence of

membrane-bound lymphotoxin (LTa1b2) present on local

lymphoid cells, mainly B cells. Inspired by the important

role of lymphotoxin-mediated noncanonical nuclear factor

(NF)-jB pathway, a recent study successfully generated

mature M cells expressing glycoprotein 2 (GP2) from

RANKL-treated intestinal organoid by combinational

addition of retinoic acid (RA) and lymphotoxin [17].

The M cells contain low level of glycocalyx covering

and have relatively flat apical surfaces with short brush

borders unlike regular enterocytes. These morphological

features of M cells enable to interact with particulate

antigens efficiently [18]. In addition, M cells are able to

bind the S-IgA, which enhances the efficiency of capturing

and intracellular transporting of luminal antigens [19].

Another important feature of M cells is diverse glycan

signatures on the apical membrane that are recognized by

luminal microorganisms or immune complexes; for

example, dectin-1 induces transcytosis of glycosylated

S-IgA-antigen complexes [20], GP2 function as an uptake

receptor for type-1-piliated bacteria [21], and

monosialotetrahexosylganglioside supports the binding of

cholera toxin [22]. The basolateral membrane of M cells

has a unique intraepithelial invagination, termed M cell

pockets, allowing the migration of B cells, T cells, den-

dritic cells (DCs), and macrophages into the intraepithelial

[23]. In the absence of M cells, mucosal adaptive immunity

would be impaired because efficient antigen monitoring is

incapacitated. A past study confirmed the handicapped

mucosal immune responses using a model of M cell defi-

ciency [24]. M cells are a critical player in the mucosal

immunosurveillance in GALT; however, active antigen

transport mechanism of M cells can be exploited by

pathogens. Several pathogenic bacteria including Shigella

flexneri and Salmonella typhi [25] and viruses such as

human influenza virus [26] use M cells as a vulnerable

gateway to bypass the epithelial barrier and result in sys-

temic infection. Furthermore, M cell population can be

expanded in the intestine under inflammatory stimuli such

as in Crohn’s disease [27, 28], which supports a potential

role of M cells in chronic inflammatory disease in gas-

trointestinal tract. These studies imply that M cell-depen-

dent antigen uptake could be a double-edged sword in the

context of mucosal infection and host defense.

2.2 Subepithelial dome

The PPs contain a unique niche known as the subepithelial

dome (SED) that is positioned under the FAE. DCs form a

dense cell layer in the SED for antigen sampling in the

lamina propria, where they perform a sentinel function for

incoming pathogens. The SED is also populated by diverse

populations of memory CD4? T cells and B cells

expressing IgA, IgM, and IgG isotypes [29, 30]. Some of

DCs has been observed to uptake pathogens across the

mucosal epithelium by opening the tight junctions between

epithelial cells and sending dendrites outside the epithe-

lium [31]. In addition, DCs are in close contact with M

cells and intervene when bacteria are internalized through

the M cells. The human PPs contain diverse subset of DCs,

including conventional dendritic cell type 1 and type2

(cDC1 and cDC2), and plasmacytoid dendritic cell [2]. The

SED DCs loaded with antigens migrate from the SED to

interfollicular T-cell zones and induce conversion of naı̈ve

T cells to antigen-specific effector CD4? T cells. The

CD4? T cells interact with B-cells in the B-cell follicles

and initiate the B cell-mediated adaptive mucosal immune

responses [18].

2.3 B cell follicles

The PPs are the inductive gut immune sites and contain

tens to hundreds of large B cell follicles [18]. Lymphocytes

enter PPs via high-endothelial venules (HEVs) located

within follicles as well as T cell zones. The PPs’ HEVs

have high expression of MADCAM-1, a ligand for a4b7

integrin, and display CXCL13, a ligand for CXCR5 [18].

The B cells that express the gut-homing receptors a4b7

integrin and CXCR5 migrate to PPs and differentiated into

IgA-secreting plasma cells when encountering an antigen.

The luminal antigens including bacteria, virus, and food-

derived antigens are transported from the lumen to the SED

mostly via M cells. Then, the SED DCs that internalized

luminal antigens present antigen-derived peptides on the

major histocompatibility complex (MHC) molecules to T

and B lymphocytes, initiating antigen-specific immune

responses or tolerance. The antigen-B cell receptor (BCR)

ligation activates B cells to present epitopes on surface

MHC-II molecules. The antigen-specific immune responses

in germinal centers are induced both in T cell-dependent

and T cell-independent mechanisms [32]. In T cell-de-

pendent mechanism, antigen specific CD4? T cells

expressing CD40 interact with naı̈ve B cells at the follicle-

T cell zone. The BCR and CD40 signaling in germinal

center B cells lead to extensive proliferation of antigen-

specific B cells accompanied with somatic hypermutation

(SHM) for affinity maturation. On the other hand, in T cell-

independent mechanism, B cells are activated by multiple

innate immune signaling pathways, including through

triggering of Toll-like receptors. The B cells respond

directly to native antigens ligated to BCRs that are present

in the follicles in free form or presented by DCs. In that
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case, the tumor necrosis factor (TNF) family cytokines

such as B cell activator factor (BAFF), a proliferation-

inducing ligand (APRIL), and a peptide hormone vasoac-

tive intestinal peptide (VIP) can trigger activation-induced

cytidine deaminase (AID) expression that induces class-

switch recombination (CSR).

In the presence of antigen, mature B cells diversify their

antibody repertoire through SHM and CSR by expressing

the AID [33, 34]. Mature B cells in PPs acquire IgA

expression by undergoing CSR of germline Cl to Ca-gene

transcripts cued by chemical environment in PPs [35]. The

most critical cytokine for IgA CSR is transforming growth

factor-b1 (TGFb1), which activates Ca gene promoter.

DCs are induced to express avb8 integrin when capturing

antigens, which is required for TGFb activation [18]. In

addition, DCs produce TNF cytokines and inducible nitric

oxide synthase (iNOS) that enhance the T cell-dependent

IgA CSR through upregulation of the expression of TGFbR

in B cells. They also produce APRIL and BAFF that

stimulate T cell-independent IgA CSR and induce B cell

maturation and survival [36, 37]. IgA? effector B cells

generated in PPs home to the gut lamina propria, where

they differentiate into IgA-secreting plasma cells. This

process is enhanced by RA secreted from DCs by upreg-

ulating the expression of gut-homing receptors, including

a4b7 integrin and CC-chemokine receptors (CCR9) by

IgA? effector B cells [18, 38]. While DCs play a key role

in regulating gut mucosal IgA B-cell responses in PPs,

follicular dendritic cells (FDCs) and T lymphocytes also

contribute to IgA production of B cells. FDCs assist to

initiate IgA class switching by producing BAFF, APRIL,

and matrix metalloproteases that increase the level of

cytokines TGF-b1 while their main role is to present

antigens to B cells in the germinal center. On the other

hand, when stimulated by antigen-presenting DCs, CD4? T

cells release IgA-inducing cytokines, including TGFb1, IL-

3, IL-6, and IL-10 [35]. CD40L–CD40 interactions are also

necessary for T cell-dependent IgA CSR along with TGFb1

signaling [35]. Intestinal epithelial cells also contribute to

IgA CSR of B cell by producing several IgA-inducing

cytokines, including IL-10, TGFb1, BAFF and APRIL.

Fig. 2 Current in vitro M cell models. A–C the transwell coculture of

intestinal epithelial cells with immune cells to induce the M-cell

differentiation. M cells were differentiated on the epithelium through

unknown chemical- or physical-interactions between the intestinal

epithelial cells and immune cells. A normal-oriented model where

Caco-2 cells are seeded on the upper face of transwell insert and the

immune cells are cultured in the basal chamber [45]. B an inverted

model where Caco-2 cells are cultured on the uppermost surface [39].

C Caco-2 cells are seeded on the apical chamber in the normal

orientation and cultured inverted while immune cells are added to the

basolateral compartment [47]. D Intestinal organoids were cultured

under the treatment of various M cell-inducing chemical factors

including RANKL [13–16, 62], TNFa [12, 61], RA or lymphotoxin

[17]. Then, M cells were differentiated from the intestinal stem cells,

existing in the intestinal organoids
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3 Modeling M cells within the follicle-associated
epithelium in vitro

So far, there is no high fidelity (patho)physiological model

of PPs; however, there have been several efforts to reca-

pitulate the key steps of mucosal immunity in PPs such as

antigen transport through M cells and mucosal IgA

responses. In vitro M cell models enable the biochemical

and molecular studies of the antigen transport in PPs in

complement to immunomorphological approaches in ani-

mal models. Indeed, those models have been exploited to

develop mucoadhesive polymeric carriers by M cell-tar-

geting for discovery oral vaccines. Here, we discuss two

approaches to generate FAE model containing M cells

in vitro.

3.1 Induction of M-cell differentiation in vitro

by cellular components

Lymphocytes located at PPs produce various signaling

factors that stimulate M cell differentiation both in a

secreted or membrane-bound form. Therefore, coculture

system of epithelial cells and PP lymphocytes have been

widely used to establish in vitro M cell model [39–44]

using transwell system. First, monolayer of human

intestinal epithelium is generated on the permeable mem-

brane of transwell insert by culturing Caco-2 cells or Caco-

2 sub-clone (TC-7 [41] or C2Bbe1 [42]). When intestinal

monolayer is formed, M-cell differentiation is induced by

addition of freshly isolated lymphoid cells from mice PPs

in either the upper or lower chamber of transwell interfaced

with epithelial cells [39–44]. Some studies proposed that B

lymphocytes have major roles in FAE and M cell devel-

opment [39, 45]; thus, human B-cell lymphoma Raji (Raji

B) cells have been used as cellular components to induce

M-cell differentiation instead of whole lymphoid cells from

PPs [39, 45–55]. When Caco-2 cells were stimulated by

Raji B cells in transwell system, epithelial cells obtained M

cell-like morphology and transcytotic activity. However,

transcytotic activity of Caco-2/Raji B cell model appeared

to be lower than that of Caco-2/PP lymphocyte co-cultures

when assessed with micro-sized particles [39]. This sug-

gests that multiple factors and complex cellular interactions

are involved in M-cell development.

In vitro M cell co-culture models have been used as a

robust cell-based platform to investigate uptake of

microorganisms or particle transport. However, those

models have variability in the orientation of Caco-2 and

immune cells within transwell. There are three different

configurations among the current M cell-like models

(Fig. 2). In the normal-oriented model (Fig. 2A), Caco-2

cells are seeded on the upper face of transwell filters and

the immune cells are cultured in the basal chamber, facing

the basolateral side of Caco-2 cells [45]. In the inverted

model (Fig. 2B), Caco-2 cells are seeded on the uppermost

surface of the inverted transwell inserts and then incubated

overnight until the cells were fully attached to the filters.

Next day, the inserts are reoriented to the normal

Fig. 3 Characterization of M-cell like morphology and expression of

M cell markers in enteroids-derived M cell model. Human enteroids

were cultured in monolayers under regular differentiation (DIFF)

condition or M cell differentiation (M cell) condition. A the M cell

differentiation of human ileum enteroids was examined by monitoring

the change in mRNA expression level of M cell markers (SPIB, GP2,

and CCL20) B GP2-positive M cells were stained (green) and the

percentage of GP2-positive cells quantified, and C the loss of

microvilli was observed using scanning electron microscopy analysis

[17]
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configurations, and then immune cells are added to the

basolateral chamber of transwell [39]. The inverted model

was developed to realize a more physiological condition by

encouraging the direct contact between Caco-2 cells and B

lymphocytes. In another inverted model (Fig. 2C), Caco-2

cells are seeded on the apical chamber in the normal ori-

entation and the inserts are inverted and placed on a petri

dish filled with medium for Caco-2 monolayers. Before

seeding of immune cells, the silicon tubes are placed on the

basolateral side of the filter. The immune cells were then

added to the basolateral compartment [47]. Interestingly,

recent study compared those three different M cell co-

culture models in the aspects of particle uptake, bacterial

interaction, and epithelial histology [56]. Three models all

exhibited the M-cell specific truncated microvilli, demon-

strating the successful M cell differentiation. The mono-

layer integrities of three models were determined by

transepithelial electrical resistance (TEER) measurements

using EVOM Epithelial Voltohmmeter with a STX2

‘‘chopstick’’ electrode, and monitoring paracellular per-

meability of [14C]-mannitol. The inverted M cell model

shown in Fig. 2C displayed the lowest transepithelial

electrical resistance (TEER) and highest apparent perme-

ability of [14C]-mannitol among three models, indicating a

compromised barrier function [45]. Furthermore, it showed

the highest level of particle translocation across the

epithelium among three models, suggesting that the

inverted model (Fig. 2C) represents the most dramatic

phenotypic changes for efficient translocation of inert

particles [45]. However, only M cell model shown in

Fig. 2A consistently displayed the increased translocation

of Salmonella typhimurium [45]. It indicates that normal-

oriented model may provide more reliable result when

studying pathogen transport through M cells.

3.2 Induction of M cell differentiation in vitro

by chemical factors

The M cell model generated by treatment of cytokines,

which are involved in the induction of M cell related genes,

was first developed by Wang et al. (2009) [57]. Among

abundant cytokines involved in M-cell differentiation,

lymphotoxin beta receptor (LTbR) and TNF receptor

(TNFR) agonists were selected as candidate cytokines,

considering that genetic deficiencies in these genes resulted

in the reduction or loss of PPs [58, 59]. Human (Caco-2

BBe) or rat (IEC-6) intestinal epithelial cell lines were

cultured on apical side of Transwell insert in the presence

of lymphotoxin beta receptor (LTbR) or TNF receptor

(TNFR) agonists in culture media. The treatment of LTbR

and TNFR agonists induced both FAE- and M cell-specific

genes in Caco-2BBe and IEC-6 monolayers as well as the

reorganization of microvilli [57]. A recent study demon-

strated that M cells could be generated from intestinal

enteroids harboring Lgr5-expressing intestinal stem cells in

the presence of RANKL [17] (Fig. 2D). The RANKL,

selectively expressed by subepithelial stromal cells in PP

domes, triggers the M cell differentiation from stem cells in

Table 2 IgA CSR factors and cell sources

IgA CSR factor Cell source Characteristics References

Transforming growth

factor-b1 (TGFb1)

FDCs, T

cells, IECs

- Activation of Ca gene promoter

- Essential for IgA CSR

[35]

avb8 integrin DCs - Required for TGFb activation [18]

Tumor-necrosis factor

(TNF)

DCs - Upregulation of the expression of TGFbR by B cells

- Stimulation the production of APRIL and BAFF by DCs

[37]

Inducible nitric oxide

synthase (iNOS)

DCs - Upregulation of the expression of TGFbR by B cells

- Stimulation the production of APRIL and BAFF by DCs

[37]

Proliferation- inducing

ligand (APRIL)

DCs, FDCs,

IECs

- Induction of germline Ca gene expression and IgA CSR

- Involved in B cell maturation and survival

[35–37]

B cell activator factor

(BAFF)

DCs, FDCs,

IECs

- Induction of germline Ca gene expression and IgA CSR

- Involved in B cell maturation and survival

[35–37]

Retinoic acid (RA) DCs - Upregulation the expression of gut-homing receptors, including a4b7 integrin and CC-

chemokine receptors (CCR9) by IgA? effector B cells

[38]

Matrix metalloproteases

(MMP)

FDCs - Increase the level of cytokines TGF-b1 [35]

CD40L T cells - Essential in T cell-dependent IgA CSR [35]

IL-4, IL-6, and IL-10 T cells,

IECs

- IgA-inducing cytokines [35]
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the intestinal tissue [60]. Three-dimensional enteroids

derived from murine or human small intestine were stim-

ulated with recombinant mouse RANKL [13–16] and other

signaling factors, including TNFa [12, 61], RA, and lym-

photoxin [17] were additionally treated to see if M cell

differentiation efficiency is enhanced. The study revealed

that treatment of RA enhances the activation of RANKL-

mediated M cell differentiation. Human M cells differen-

tiated in the enteroids-derived M cell model were

characterized by expression of M cell markers, including

GP2, SPIB and CCL20 (Fig. 3A), GP2 staining (Fig. 3B),

and M cell-like morphology such as loss of microvilli

(Fig. 3C). The role of RANKL in Lgr5? stem cell differ-

entiation into M-cell was further demonstrated in human

induced pluripotent stem cells -derived intestinal organoids

(HIOs) [62]. Three-dimensional HIOs and enteroids were

both dissociated into single cells and cultured on the apical

compartment of transwells to from epithelial monolayers to

Fig. 4 Characterization of IgA expression model. The IgA expression

was monitored in coculture system of B cell in the presence of the

different combinations of IgA class-switch recombination (CSR)

factors. A Ig class switching of a human monoclonal B cell line, CL-

01, in the presence of CD40L, IL-4, IL-10, and IL-6. Cytoplasmic IgG

and IgA expressed by B cells were analyzed using fluorescence

microscopic analysis [68]. B, C high-rate IgA class switching of B

cells obtained from spleen induced by dual combinations of the

multivalent antigen receptor crosslinker, ad-dex, CD40L, and/or LPS,

plus IL-4 ? IL-5, in the presence or absence of TGF-b. The

percentages of membrane IgA positive (mIgA?) cells were analyzed

using flow cytometry [67]
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facilitate the observation of cells. In agreement with [17],

treatment of organoids with RANKL exhibited generation

of cells having features of M cells [62]

4 Modeling DC-mediated bacterial translocation
in vitro

While the antigen transport from lumen to abluminal

region mainly occur through M cells in PPs, DCs located at

SED are responsible for M cell-independent route for

bacterial uptake by protruding dendrites between FAE. To

investigate the DC-mediated bacterial uptake, in vitro SED

model has been developed [63]. While monolayer of Caco-

2 cells was generated on the apical side of Transwell insert,

mouse bone marrow–derived DCs were cultured in the

basal chamber. In the SED model, it was observed that DCs

directly uptake microorganisms by sending dendrites out-

side the epithelium between epithelial cells [63]. Intestinal

epithelial model has been frequently used to explore the

epithelial invasion mechanism of invasive bacteria [64],

yet SED model incorporated with dendritic cells would

enable a comprehensive understanding of M cell-indepen-

dent host defense mechanism against bacterial invasion.

5 Modeling IgA production in vitro

S-IgA plays a critical role as an immunological barrier [65]

acting as a first line of defense for the intestinal mucosa.

S-IgA adheres to bacteria or viruses on the intestinal

epithelial surface, which results in immune exclusion and

neutralization of translocated bacteria, thus preserving the

integrity of the intestinal barrier by preventing bacterial-

induced inflammation. Given the importance of IgA in

intestinal mucosal immune responses, there has been a

great need of developing B cell model expressing IgA

subtype. Most IgA production models in the past used

peripheral blood mononuclear cells (PBMC) or B lym-

phocytes stimulated with cytokines, which are involved in

IgA CSR [66–68]. Briere et al. [69, 70] cultured PBMC in

the presence of anti-CD40 monoclonal antibody presented

by a CD32-transfected fibroblastic cell line for B cell

activation and IgA class switching. They found that addi-

tion of cytokines, including TGF-b, IL-2, IL-4 and/or IL-

10, synergistically enhanced the production of IgA

[69, 70], demonstrating that cytokines can be as therapeutic

agents for IgA-deficient patients. Béniguel et al. [71]

showed that PBMC and B cells can produce IgG3 or IgG1

as well as IgA in the presence of CD40L. When exogenous

cytokines including IL-2 and IL-10 or IL-10 and TGF-b are

additionally treated, induction of differential regulation of

IgG1 and IgG3 was observed. Other studies also revealed

that mitogen [72] and virulent factors including Staphylo-

coccus aureus Cowan and lipopolysaccharide

[66, 67, 73–75] can be promising stimulant factors for

in vitro IgA production in human PBMC or B cell line [75].

Table 2 shows the IgA CSR factors and their working

mechanism inducing IgA CSR in B cells.

These models demonstrated the expression of IgA

germline transcripts in B cells (Fig. 4A) or surface-IgA

expression (Fig. 4B, C); however, there is a lack of

Fig. 5 In vitro human PP model based on organ-on-a-chip technol-

ogy. PPs-specific ECM, immune cells, epithelial cells, and signaling

factors for the differentiation of M cells, and IgA-secreting B cells

can be incorporated in the proposed PP system. The human PP model

can offer a promising in vitro tool for studying infection and intestinal

damage by chronic inflammation, and for discovering tissue regen-

eration strategy and therapeutics to control intestinal infection
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functional assessment of the protective function of the

produced IgA. For wider applications of these models, it is

necessary to identify whether the S-IgA antibodies form

monomer or dimer, and whether produced surface- and

S-IgA can neutralize antigens. Another important feature of

S-IgA is the translocation of S-IgA produced in B cell

follicles to the luminal side of epithelium. To validate if

IgA cross over intestinal epithelium from basal to apical

side, transwell-based FAE model exhibiting epithelial

polarity might offer an useful tool.

6 Conclusions and perspectives

PPs transport antigen from the lumen to the underlying

follicles and induce the mucosal immune responses against

the antigen. Current in vitro M cell and IgA production

models are not sufficient to recapitulate the how mucosal

immune system works in PPs. To fully recreate the main

functions of PPs, in vitro PP platform should contain FAE

having functional M cells and immune cells that perform

mucosal immune responses, secret cytokines and antigen-

specific IgA. For this, it is a key to enable the interaction

between multiple cell types including epithelial cells and

immune cells in the compartmentalized. In addition, PPs

contain various extracellular matrix (ECM) components

and the distinctive patterns in the distribution of ECM

determine the cytoarchitecture of PPs [76]. Therefore,

future PP models should offer in vivo relevant ECM

microenvironment to empower the functionality of cells

cultured in the platform. There are various factors and cell–

cell interactions involved in the differentiation of M cells

and IgA? B cells, thus the most effective combination

should be further identified in the integrated PP models.

The shortcomings of conventional cell culture platform

might be addressed by employing advanced three-dimen-

sional cell culture technologies including OoC and bio-

printing, which enable communications between multiple

Table 3 Advantages and disadvantages of in vitro techniques for PP model

Techniques Advantages Disadvantages

Transwell culture

Easy to set up Static condition

Ability for co-culture Lack of physical and biochemical cues

Low cost and labor intensity Low reproducibility

Organoid

Patient-specific Static condition

In vivo-like complexity and architecture Low reproducibility

Include cell-ECM interaction High cost

Inefficient to inoculate pathogens in luminal part

Organ-on-a-chip

In vivo-like complexity and architecture Non-standard protocols

In vivo-like microenvironment, chemical and physical

gradients

Inconsistency between chips

Ability for co-culture Low-throughput production

Induce tissue-tissue interfaces Require external pumps, tubing, connectors, and valve to

operate

Ability to integrate with sensors and actuators

3D bioprinting

Ability for co-culture Non-standard protocols

High reproducibility Challenges with cells and materials

High-throughput production

Induce chemical and physical gradients
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types of cells controlled in separate compartment. In par-

ticular, given the environmental and cellular complexity of

PPs, OoC may be a great platform to model human PPs

in vitro by incorporating PPs-specific ECM, immune cells,

epithelial cells, and signaling factors for the differentiation

of M cells, and IgA-secreting B cells (Fig. 5). The

advantages and disadvantages of current in vitro tech-

nologies that can be used to generate PP model are sum-

marized in Table 3.

New generation of PP models would be able to offer a

great platform for discovery of drug that controls M cell

development in M cell deficient or overexpressed patients,

investigation of how pathogens avoid mucosal immune

system in PPs, and further development of new therapeutic

strategies to repair intestinal epithelium damaged in disease

conditions. Many pathogens have evolved strategies to

initiate infection and colonize in the mammalian mucosal

tracts. Since Covid-19 pandemic caused the social, eco-

nomic, and political fallouts, mucosal vaccines that trigger

robust immune responses at the predominate sites of

pathogen infection gained more attention than ever

[77, 78]. Advanced human PP models would also serve as

reliable platforms to evaluate the efficacy and safety of oral

vaccine in future.
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