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Abstract

INTRODUCTION Since small intestine is one of the major barriers of the human body, there is a need to develop reliable

in vitro human small intestinal models. These models should incorporate both the epithelial and lamina propria com-

partments and have similar barrier properties compared to that of the human tissue. These properties are essential for

various applications, such as studying cell–cell interaction, intestinal diseases and testing permeability and metabolism of

drugs and other compounds. The small intestinal lamina propria contains multiple stromal cell populations with several

important functions, such as secretion of extracellular matrix proteins and soluble mediators. In addition, stromal cells

influence the intestinal epithelial barrier, support the intestinal stem cell niche and interact with immune cells.

METHODS In this review, we provide an extensive overview on the different types of lamina propria stromal cells found

in small intestine and describe a combination of molecular markers that can be used to distinguish each different stromal

cell type. We focus on studies that incorporated stromal cells into human representative small intestine models cultured on

transwells.

RESULTS AND CONCLUSION These models display enhanced epithelial morphology, increased cell proliferation and

human-like barrier properties, such as low transepithelial electrical resistance (TEER) and intermediate permeability, thus

better mimicking the native human small intestine than models only consisting of an epithelium which generally show high

TEER and low permeability.

Keywords Human small intestine � Lamina propria � Stromal cells � In vitro model

1 Introduction

Human small intestine is one of the major barriers of the

human body and is composed of an epithelial layer and an

underlying lamina propria. The epithelium is important for

digestion and absorption of nutrients [1, 2]. This columnar

epithelial monolayer also forms a tight barrier and repre-

sents the first line of defense against foreign substances [3].

The structural integrity of the barrier for homeostasis of the

intestine and the maintenance of mucosal immunity is

maintained via tight junctions connecting the cells to each

other, which control the diffusion along the paracellular

pathway [4]. The small intestinal lamina propria and

epithelium actively interact and regulate each other’s
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development and proliferation in vivo and this interaction

has been recognized as crucial for the establishment of

mucosal integrity [3, 5].

Animal models are often favored in preclinical studies,

but they pose issues related to ethical concerns. Addition-

ally, species differences between animals and humans can

lead to misleading outcomes, posing a major challenge for

the use of animal models in research [6]. There is therefore

a need to develop in vitro small intestinal models with

barrier properties similar to the human tissue in order to

predict the safety and efficacy of drugs.

Multiple studies have shown that adding lamina propria

stromal cells to in vitro intestinal models made of epithe-

lium leads to changes in cell morphology and barrier

properties [7–13]. These studies show a reduction in

transepithelial electrical resistance (TEER) and an increase

in permeability, bringing the barrier properties closer to

that of the native human small intestine. In this review we

first summarize the cell types found within the lamina

propria and then discuss the current state of the art and

challenges of incorporating these cell types into organ-

otypic intestine models.

2 Small intestinal lamina propria

Lamina propria of small intestine is the tissue that is

located underneath the epithelium, with a basement mem-

brane in between the two layers [11]. The acellular base-

ment membrane dynamically regulates epithelial cell

morphogenesis, cell differentiation and polarity, while

being the structural base for villi, crypts and the

microvasculature of the lamina propria [14, 15]. The

basement membrane consists mainly of collagen type IV,

laminin, nidogen and perlecan [16, 17]. The intestinal

lamina propria is an extracellular matrix (ECM)-rich con-

nective tissue hosting mesenchymal stem cells, fibroblasts,

myofibroblasts, smooth muscle cells, pericytes, neurons

and enteric glial cells [3, 18, 19]. It also hosts lymphatics

and capillaries [12]. The ECM of the lamina propria is

made up of collagen, elastin [20], glycoproteins, proteo-

glycans [11], glycosaminoglycans [21] and growth factors.

Next to being a physical scaffold for cells, the lamina

propria offers mechanical and chemical signals essential

for cellular processes [22], and forms and supports the

intestinal epithelial stem cell niche [23]. Moreover, the

lamina propria provides support to the epithelium by

secreting factors regulating epithelial proliferation and

differentiation [24, 25]. A distinctive characteristic of this

layer is that it contains a substantial number of immune

cells, like T and B lymphocytes, innate lymphoid cells

[26], plasma cells [27], mast cells [28], macrophages,

dendritic cells [29], NK cells, granulocytes [3], eosinophils

[20] and neutrophils [30]. Figure 1 shows the architecture

of the human small intestinal mucosa layer and charac-

teristics of the cells found within it.

3 Characteristics of small intestinal lamina
propria stromal cells

Intestinal stromal cells are mainly the fibroblasts, myofi-

broblasts, pericytes and stem cells, which are non-he-

matopoietic, non-epithelial, non-endothelial cells

[18, 19, 31].

Fibroblasts in lamina propria are identified based on

their morphology and various molecular markers. They are

non-hematopoietic (CD45-), non-endothelial (CD31-)

cells [32] that express the surface fibroblast marker CD90

(also called Thy-1), the intermediate filament protein

vimentin and CD34 [33], but do not express alpha-smooth

muscle actin (a-SMA) and the smooth muscle cell marker

desmin [32, 34]. Fibroblasts within the lamina propria

produce multiple ECM proteins [11, 35], including colla-

gen type I, III, IV, fibronectin, hyaluronan [32], elastin-

tropoelastin [36] and decorin [37], which are fundamental

for the maintenance of the structural integrity of the

intestine [33]. Furthermore, these cells fulfill crucial

functions in the regulation of proliferation [24], migration,

differentiation [38] and barrier properties of epithelial cells

[7, 9, 12]. Moreover, they play a key role in healing and

regeneration by secreting the growth factors GM-CSF and

G-CSF [39], and various cytokines and chemokines

[11, 35].

Myofibroblasts of the lamina propria are recognized as

cells expressing CD90 [40], vimentin, a-SMA [41], smooth

muscle heavy chain myosin (myosin-11) [42] and tenascin-

C (TN-C) [43]. These cells have a smooth muscle

appearance, but stain negative for the smooth muscle cell

markers desmin, smoothelin and caldesmon [44]. Myofi-

broblasts have fundamental regulatory functions, such as

regulating the epithelial cell development and remodeling

and repairing impaired tissue after injury [25]. Contracting

myofibroblasts account for the contraction of villi, leading

to effective fluid transfer and cell shedding from the

epithelium [15, 33, 45]. Myofibroblasts of the intestine

produce the ECM proteins collagen type I and III, as well

as the following growth factors; TGF-a, TGF-b, KGF,

EGF, IGF [44], PDGF [33] and HGF [24]. To our knowl-

edge the immunological role of the small intestinal

myofibroblasts has yet to be investigated.

Pericytes are located around blood endothelial cells and

can be identified by their expression of a-SMA, desmin,

melanoma chondroitin sulfate proteoglycan (MCSP) and

PDGF receptor beta (PDGFR-b). These cells maintain the

growth and function of vascular and lymphatic endothelial
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cells, play roles in vascular contraction and support and

produce PDGF [33, 46].

Bone-marrow derived mesenchymal stem cells (MSCs)

are the common precursors of the mesenchymal lineage.

They are classically defined as CD45-, CD34- [47], a-

SMA? [48] and CD90? cells [34, 49]. They are also

plastic-adherent when maintained in standard culture con-

ditions and express CD105 [50], CD73 [51] and vimentin,

but not CD14, CD11b, CD79a, CD19 or HLA-DR surface

molecules [52]. MSCs are important in the regulation of

intestinal morphogenesis, management of epithelial pro-

liferation and differentiation in the stem cell niche [34].

They can differentiate into fibroblasts [53], myofibroblasts

[13] and pericytes [54]. Moreover, they are capable of

producing the ECM proteins collagen type IV, laminins,

nidogens and perlecan [35], and the growth factor

R-spondin 3 [55]. Figure 1 summarizes the expression of

each molecular marker by the various lamina propria

stromal cells.

4 Small intestinal lamina propria stromal cells
and the immune system

Multiple studies suggest that the intestinal mucosa harbors

significant immunomodulatory functions [3, 5, 19, 33]. As

a location of exposure to both harmless and potentially

threatening materials, the intestinal mucosa needs to inte-

grate a combination of signals to balance immune

responses [3]. It is known that intestinal stromal cells

dynamically interact with immune cells.

In the small human intestine, a tolerogenic environment

is achieved through various pathways of communication

between the intestinal epithelial cells, the stromal cells and

the immune cells. Small intestinal stromal cells can directly

crosstalk with immune cells under steady-state and

inflamed circumstances by producing various soluble

mediators [33, 56–58]. The secretion of chemokines and

cytokines within the lamina propria is important to create a

gradient to support the migration and recruitment of a

broad variety of immune cells, such as monocytes, mac-

rophages, dendritic cells, basophils, eosinophils, neu-

trophils, NK cells, T and B cells [3]. This migration of

immune cells is facilitated through the scaffold of ECM

molecules produced by intestinal stromal cells [59]. An

overview of the soluble mediators known to be secreted by

small intestinal stromal cells can be found in Table 1. It is

important to note that more secretory molecules were

identified in studies focused on colon. Additional studies

should be carried out to identify each cell type that secretes

each molecule.

Some studies indicate the complex cell-to-cell interac-

tions that may occur in the lamina propria between stromal

and immune cell types regarding local tolerance [60].

This can be achieved by glycoprotein-38?CD31- intestinal

lamina propria stromal cells that stimulate CD103?

mucosal dendritic cells to make retinoic acid (RA) [61].

RA plays an important balancing role in supporting regu-

latory T cells while inhibiting Th17 differentiation in the

intestinal mucosa [62, 63]. Interestingly, the stromal cells

are also influenced by the dendritic cells, as their interac-

tion stimulates the production of GM-CSF by stromal cells

[61]. Colonic stromal cells play roles in mucosal immunity

by expressing Toll-like receptors and by producing

cytokines and chemokines. Furthermore, they act like non-

professional antigen-presenting cells by expressing MHC

class II [3, 5]. Whether small intestine stromal cells play a

similar role in immune regulation is not yet clear as there

are, to our knowledge, no existing studies in literature.

Fig. 1 Architecture of the

human small intestine. Intestinal

epithelial cells are located

above the basement membrane,

which is positioned above the

lamina propria, a highly

vascular extracellular matrix

containing multiple stromal

cells with cell specific markers,

namely fibroblasts,

myofibroblasts, pericytes and

mesenchymal stem cells. This

figure was created in

BioRender.com
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5 In vitro small intestinal models

Intestine organotypic models often make use of a transwell

culture system. These models involve culturing cells on a

semipermeable membrane, which separates the apical (lu-

minal) and basolateral compartments to mimic the intesti-

nal barrier. The most commonly used in vitro intestinal

model is an epithelial barrier model based on the human

colon carcinoma derived epithelial cell line Caco-2. Caco-2

cells, when seeded on a transwell insert, can spontaneously

differentiate into a monolayer of cells with a brush border

resembling the intestinal absorptive enterocytes and form a

barrier [64, 65]. This model is simple to make and provides

consistent results [8]. Nonetheless, it has a major disad-

vantage. The Caco-2 monolayer model shows exception-

ally high TEER values; TEER of Caco-2 monolayers is

higher than 1000 X*cm2, while the TEER for human small

intestinal tissue ranges only from 50 to 100 X*cm2. The

human in vivo barrier is thus much more permeable com-

pared to Caco-2 models [66].

To overcome this issue, different groups incorporated

other cell types into their in vitro intestinal models. HT29-

MTX cells, which imitate the small intestinal goblet cells,

when incorporated lead to lower TEER values [7, 8, 12].

A major enhancement of the Caco-2 model has been

achieved by adding a stromal layer underneath the Caco-2

cells, thereby permitting crosstalk between the two cell

types [7, 11]. Of note, to our knowledge, all intestine

models reported to date which incorporate the stromal layer

make use of the in vitro transwell culture system (Table 2).

Incorporation of intestinal stromal cells, such as fibroblasts

or myofibroblasts, into such transwell based intestinal

models have been shown to affect ECM production, cell

morphology and, most importantly, barrier properties

[7–13]. This approach involves adding within the transwell

different lamina propria cell types (e.g., immune cells and/

or stromal cells) into a hydrogel, which recapitulates the

ECM, thus forming the basolateral side, and seeding

intestinal epithelial cells (cell lines or organoid derived

cells) onto the hydrogel, thus forming the apical side. In

this way the intestinal microenvironment is reconstructed

Table 1 Soluble mediators secreted by human small intestine lamina propria stromal cells under steady-state and inflamed conditions

Soluble mediators Target cells Steady-

state

Inflamed

CCL2 Monocytes and basophils [23] [23, 64, 65]

CCL7 Monocytes and eosinophils NS [64]

CCL8 Monocytes, lymphocytes, basophils and eosinophils NS [64]

CCL11 Eosinophils [66] [64, 66]

CCL13 Monocytes, lymphocytes, basophils and eosinophils NS [64]

CCL19 T cells and B cells [23, 66] [23, 66]

CCL21 T cells [66] [66]

CXCL1 Neutrophils [23, 67] [23, 64, 67]

CXCL2 Neutrophils, basophils, eosinophils and hematopoietic stem cells [23, 66] [23, 64, 66]

CXCL3 Neutrophils NS [64]

CXCL5 Neutrophils NS [64]

CXCL6 Neutrophils [67] [64]

CXCL8 Neutrophils, basophils and T cells NS [64]

CXCL10 Monocytes, macrophages, T cells, NK cells and dendritic cells NS [66]

CXCL12 Monocytes and lymphocytes [66] [64, 66]

CXCL13 Monocytes, neutrophils and B cells [23, 65, 66] [23, 64–66]

CXCL14 Neutrophils and dendritic cells NS [64]

GM-CSF Macrophages and dendritic cells [61] [64]

IL-6 B cells [23, 65, 68] [23, 64–66, 68, 69]

IL-7 T cells and B cells NS [23]

IL-11 T cells and B cells [65] [64, 65]

IL-34 Monocytes and macrophages NS [64]

This table is adapted from [3]

CCL chemokine ligands, CXCL chemokine (C-X-C motif) ligands, GM-CSF granulocyte macrophage colony-stimulating factor, IL interleukin,

NS not studied
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(Fig. 2). These studies show a reduction in TEER and an

increase in permeability, bringing the barrier properties

closer to that of the native human small intestine.

In addition to the enhanced barrier properties, several

studies reported ECM protein expression such as colla-

gen type I, III and IV, fibronectin and laminin by intestinal

stromal cells [8–12]. Some studies confirmed activity of

various transporters (ABCB1, ABCG2, ABCC1, ABCC2)

which play critical roles in a wide range of physiological

processes, including drug absorption, distribution and

elimination [11]. One study explored two interaction

mechanisms: paracrine signaling and direct contact in three

dimensional (3D) co-culture. Using conditioned media

from fibroblasts, paracrine signaling did not significantly

affect epithelial morphology, as shown by transmission

electron microscopy. However, notable changes in 3D co-

culture included enhanced polarization, formation of

basement membrane-like attachments and straightened

lateral membranes resembling in vivo intestinal mucosa

[11]. In another study, the presence of lamina propria cells

in a hydrogel contributed to enhanced cell proliferation of

epithelial cells in the 3D organotypic cultures with weaker

tight junctions between the epithelial cells [8]. In addition

to this, other studies noted proliferation of fibroblasts in the

3D organotypic model [12].

Although different absolute TEER values of the studied

models were observed, all models showed lower TEER

values than their control Caco-2 monolayer. Some studies

also measured the permeability of lucifer yellow or fluo-

rescein by the permeation coefficients (Papp) in cm/s and

found inversely correlating higher permeability values

compared to their control consisting of a Caco-2 mono-

layer. These studies are summarized in Table 2. Creating

and culturing transwell based organotypic models is

accompanied by a number of challenges. These include the

pros and cons on whether to use cell lines, which have the

limitation in that they are of cancer origin and do not

replicate the cellular diversity found in the intestine, versus

the use of primary cells, which are accompanied with

complex culture logistics and high donor variation. The

choice of scaffold also needs to be considered with the

simplest being a hydrogel and complexity increasing when

Table 2 Overview of the three dimensional intestinal in vitro models with epithelium and lamina propria compartments

Epithelial layer Lamina Propria layer Scaffold Barrier competency Reference

Permeability TEER TEER compared

to native small

intestine

Caco-2 and

HT29-MTX

cells

Human primary embryonic

fibroblasts

Human THP-1 derived

macrophages

Rat tail

collagen

*app. 11 9 10–6 cm/s

c: app. 4.5 9 10–6 cm/s

app. 500 X*cm2

c: app. 2000

X*cm2

: [7]

Caco-2 and

HT29-MTX

cells

Human CCD-18co

intestinal myofibroblasts

Matrigel NS app. 250 X*cm2

c: app. 1750

X*cm2

: [8]

Human primary

ileum organoids

Human primary ileum

fibroblasts

Collagen

coated plates

NS 70–200 X*cm2

c: NS

? [9]

Human primary

intestinal

organoids

Human CC-2902 intestinal

myofibroblasts

Collagen

coated plates

NS NS NS [10]

Caco-2 cells Human CCD-18co

intestinal myofibroblasts

or human neonatal

dermal fibroblasts

Alvetex�
scaffold

?app. 2.5 9 10–6 cm/s

c: app. 0.5 9 10–6 cm/s

50–200 X*cm2

c: app. 2000

X*cm2

? [11]

Caco-2 and

HT29-MTX

cells

Human primary intestinal

fibroblasts

Rat tail

collagen

*app. 2.4 9 10–6 cm/s

c:\ 0.5 9 10–7 cm/s

app. 200 X*cm2

c: app. 700

X*cm2

: [12]

Caco-2 cells 3T3 mouse embryonic

fibroblasts

Rat tail

collagen type

1

?1.84 ± 0.20 9 10–7

cm/s

c: 6.47 ± 1.59 9 10–8

cm/s

app. 1000

X*cm2

c: app. 2200

X*cm2

: [13]

TEER of small intestine (in vivo): 50–100Xcm2 [73]. Models of [9] and [10] were maintained at the air–liquid interface after 4 days submerged,

the rest of the models were submerged. All models were cultured on porous transwell membranes

c Control, * Fluorescein, ? Lucifer yellow : Higher, ? Similar, NS not studied
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porosity, villi and crypt architecture are included. Until

now, intestine models which incorporate a lamina propria

are reconstructed and grown in a transwell culture system.

This model enables the microenvironment to be mimicked

by using culture medium mimicking the lumen on the

apical side and culture medium mimicking the microvas-

cular nutrients on the basolateral side [67, 68]. Such

models will be vital in the future to ensure the development

of a functional and physiologically relevant intestinal

barrier with proper tight junction formation and selective

permeability, replicating the dynamic and multicellular

environment and capturing the complex physiological cues

of the native intestine, and predicting responses to stimuli

or treatments.

6 Discussion

Studies in recent decades have discovered the broad range

of functions of the specific populations within the human

small intestinal stromal cells [18, 19, 33, 57, 61]. Our

review provides the combination of molecular markers that

can be used to distinguish the different populations. There

is no single molecular marker fully distinctive for one of

the intestinal stromal cell types. This might be due to the

high plasticity of mesenchymal cell types or the impact of

the physiological context on marker expression.

Various intestinal models incorporating stromal cells

have been described. All of these studies showed more

native small intestine-like results, such as secretion of

ECM components, enhanced epithelial cell proliferation,

lower TEER and higher permeability, thus making them

more representative of the human small intestine.

Incorporation of stromal cells into a matrix below the

epithelial monolayer leads to the secretion of ECM com-

ponents such as collagen I, III and IV, fibronectin and

laminin. This is in line with the knowledge that stromal

cells display an active role in the preservation of the

overlying epithelial cells through the construction of their

own ECM [11, 35].

Proliferation of epithelial cells might be due to the

capacity of stromal cells to secrete multiple growth factors

[24, 33, 44]. A similar process was identified in skin

models, where keratinocyte proliferation was stimulated

and epidermal differentiation was improved in the presence

of fibroblasts. The same trend was apparent when ker-

atinocytes were cultured in medium derived from dermal

models or keratinocyte-fibroblast co-cultures, suggesting

the release of soluble factors that stimulate proliferation

from fibroblasts [69]. The underlying mechanisms regard-

ing stromal cell-epithelial interactions have so far not been

fully elucidated, but some efforts in this direction have

been made. One study showed that a direct paracrine action

of HGF and KGF released from human colonic fibroblasts

or other stromal cells might account for the proliferative

effect exerted by the co-cultured intestinal stromal cells

[24]. The exact pathways and the factors contributing to the

proliferation of small intestine epithelial cells still needs to

be examined.

All of the reviewed intestinal in vitro models displayed

lower TEER values, but to different degrees compared to

the gold standard Caco-2 monolayers. The differences can

Fig. 2 Schematic representation of the transwell based intestinal

model incorporating the lamina propria. The figure illustrates a cross-

section of the model. In the upper compartment, the intestinal

epithelial barrier is depicted as a monolayer of polarized epithelial

cells. Beneath the epithelial layer is the lamina propria layer

consisting of a hydrogel populated with cells. This construct is

placed on a semipermeable transwell membrane which separates the

upper and lower compartments, allowing for custom designed culture

media to be used for mimicking the lumen and blood microenviron-

ments. This figure was created in BioRender.com
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be explained by the influence of the scaffold and equipment

used to measure TEER. Synthetic or natural scaffolds, as

well as decellularized matrices, have been shown to give

various noteworthy signals to cells and affect their in vitro

behavior [70–72]. Besides, there are other factors affecting

TEER of Caco-2 monolayers, including medium compo-

nents, culture time, passage of the cells and temperature

[67, 68]. In addition to this, the reviewed models incor-

porated only fibroblasts or myofibroblasts, while small

intestine is a complex structure with various cell types.

Lack of the cell complexity might lead to discrepancies in

the models. In line with the decrease in TEER, all studies

indicated an increased permeability of fluorescein or lucifer

yellow. This is in line with the lower TEER values, indi-

cating decreased tight junction integrity of the epithelial

layer. Overall, TEER values of the reviewed models inte-

grating lamina propria cells were closer to human small

intestine in vivo than the Caco-2 monolayer model, indi-

cating that intestinal epithelial integrity is greatly influ-

enced by the stromal cells.

A number of the described models use colon cells or

cells of animal origin, which greatly hinders the repre-

sentativeness of the developed human small intestine

models, as the TEER and permeability of native colon is

different from that of native small intestine and there are

known interspecies differences. Moreover, Caco-2 and

HT29-MTX cells have a cancer origin and are known to

harbor genetic mutations [73]. In addition to this, using a

single cell type of epithelial or lamina propria cells to

mimic the small intestine does not adequately represent the

complex interplay between the different cell types [30].

Since primary human intestinal organoids can differentiate

into all epithelial cell types, using organoid derived cells

would make the models more representative of the native

small intestine. Out of all of the mentioned intestinal

models, only two used primary organoids. These studies

used an air–liquid interface to culture the cells, which is an

interesting approach as this is not physiological for small

intestine. Under air–liquid interface culture conditions,

cells formed structures resembling villi according to the

authors. However, these structures contain multilayers of

epithelial cells, as observed in air-exposed skin cultures

[74]. In native intestine, on the other hand, the epithelium

forms a strict monolayer and is not air-exposed.

Future challenges would include incorporating micro-

biome, peristaltic dynamic flow and crypt-villus architec-

ture. Such current models only incorporating the

epithelium are starting to be developed [75–78]. However,

none yet has been described to include the lamina propria

with living cells.

In summary, this review highlights the importance of

incorporating stromal cells into small intestine models to

achieve more in vivo-like epithelial barrier features. In the

future, these models should be further improved by incor-

porating all stromal cell types (fibroblasts, myofibroblasts,

pericytes and mesenchymal stem cells) into the stromal

compartments to better mimic the complexity of the human

small intestine. In addition to stromal cells, immune cells,

which are highly abundant in the small intestinal lamina

propria, should be incorporated to render the models

immune competent.
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