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Abstract

The intestinal epithelium undergoes rapid cell turnover to maintain the integrity of the mucosal barrier, which is driven
by the proliferation and differentiation of intestinal stem cells (ISCs). Due to their properties, ISCs are not only vulnerable
targets during intestinal damage, but also act as the resources responsible for repair and regeneration. Moreover, the intes-
tinal tract is the largest immune organ in the body, with the greatest number of immune cells including, but not limited to,
macrophages, innate lymphoid cells and T cells. With the advance of intestinal organoid culture systems and single-cell RNA
sequencing, the effects of immune cells on ISCs have been initially explored. As a component of the stem cell niche, these
activated immune cells and their corresponding cytokines directly modulate apoptosis or survival of ISCs, leading to either
destruction or protection of the intestinal epithelium in immune-mediated diseases, such as inflammatory bowel disease and
graft-versus-host disease. In this review, we describe the effects of various immune cells on ISCs, as well as the mechanisms
underlying these effects. We also highlight the remarkable role of ISCs in intestinal pathogenesis and raise the possibility of
developing novel and effective therapeutic strategies for immune-mediated diseases based on ISCs.
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Introduction and microorganisms [1-3]. Persistent assult from luminal
contents induces a remarkably high rate of intestinal epithe-

The human intestinal tract contains the second largest epi- lial cell (IEC) death; therefore, rapid epithelial renewal is

thelium in the body, with a surface area of >30 m?, sepa-
rating the host from the external environment [1]. The
intestinal epithelium is in direct contact with contents of
the lumen, which also contains a large number of toxins
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required to maintain integrity of the mucosal barrier. This
process is highly dependent on the proliferation and differen-
tiation of intestinal stem cells (ISCs) [3], which divide every
24 h and develop into transit-amplifying (TA) daughter cells.
These cells continue to differentiate and migrate, gradually
rising from the base to the tip of the villi to replace damaged
cells [2].

Types of differentiated cells derived from ISCs include
enterocytes, Paneth cells, goblet cells, enteroendocrine cells,
tuft cells, and M cells [2—4]. In addition to generating mul-
tiple lineages, ISCs also divide to maintain self-renewal of
the ISC pool. These characteristics are essential for intestinal
epithelial regeneration and homeostasis, especially in cases
of injury and inflammation [1]. Increasing numbers of stud-
ies have focused on the impact of ISCs on intestinal inflam-
matory injury and repair, as well as on tumorigenesis, which
has become an area of interest in recent years.
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Importantly, the intestinal tract is not only critical for
digestion, but is also the largest immune organ of the body
[5], comprising the greatest numbers of immune cells,
including macrophages, T cells and B cells in the human
body [6]. These immune cells mostly reside in the lamina
propria just beneath the crypts [7]. Together with other stro-
mal cells, such as fibroblasts and endothelial cells, immune
cells constitute the ISC microenvironment and precisely
modulate the complicated processes of ISC self-renewal and
differentiation [1, 4, 8, 9]. Moreover, intestinal microbes and
their metabolites also regulate the crypt homeostasis, which
have been reviewed in detail previously [10-16].

Immune cells regulate ISCs through cytokines and other
stimulatory factors, thereby further affecting integrity of
the intestinal barrier, which plays an important role in the
pathogenesis of intestinal and systemic diseases [17]. How-
ever, the mechanism by which immune cells influence ISCs
are poorly understood. Recent development of intestinal
organoids culture system and single-cell RNA sequencing
(scRNA-seq) have enabled some studies into the effects of
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Fig. 1 Intestinal epithelial structure and immune cell distribution.
Left: Structure of the small intestine. Intestinal epithelial cells (IECs)
constitute the barrier surface to separate the host from the external
environment. Intestinal stem cells (ISCs) reside at the base of the
crypts and give rise to multiple daughter cells to replenish the intes-
tinal epithelium, with the IECs eventually being shed into the lumen
at the tops of villi. Transit-amplifying (TA) daughter cells continue
to differentiate and migrate, gradually moving from base of the intes-
tine to the villi region. Types of differentiated cells include entero-
cytes, Paneth cells, goblet cells, enteroendocrine cells, tuft cells,
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immune cells and cytokine signals on ISCs in immune-medi-
ated diseases, such as graft-versus-host disease (GVHD),
inflammatory bowel disease (IBD), and chronic inflamma-
tion-associated tumorigenesis, thus greatly contributing to
our understanding of the immune regulation of ISCs.

In this review, we discuss the basic structure and classic
signaling pathways of the intestinal epithelium and ISCs,
and summarize how immune cells and their cytokine reper-
toires influence ISCs in response to injury and inflammation.
Lastly, we highlight the role of ISCs in intestinal diseases
and propose potential therapeutic strategies based on ISCs.

Intestinal Epithelium and Stem Cells
Intestinal Epithelium
The intestinal epithelium constitutes the barrier surface

separating the host from the external environment (Fig. 1)
[11, 18-20]. The epithelium differs in architecture, as well
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and M cells covering the Payer’s patches [1-3]. With the exception
of intraepithelial lymphocytes (IELs) distributed among IECs, innate
lymphoid cells (ILCs), T cells, macrophages, dendritic cells (DCs),
eosinophils, mast cells, and B cells all reside at the lamina propria
[6]. AMPs: anti-microbial peptides, sIgA: secretory immunoglobu-
lin A. Right: Structure of the colon. Paneth cells are absent. Instead,
deep secretory cells are located between ISCs. The thick mucus layer
reduces epithelial contact with luminal microorganisms. The distribu-
tion of immune cells is similar to that in the small intestine [1, 6]
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as in cellular composition between the small intestine (SI)
and the colon to adapt to their respective functions [19]. In
the SI, the epithelium projects into the lumen in the form of
finger-like villi, which increase the mucosal surface area to
facilitate nutrient absorption. At the base of, and continuous
with, the villi are the crypts. ISCs reside at the base of the
crypts and give rise to multiple daughter cells to replen-
ish the intestinal epithelium. The inward structure of the
crypts protects ISCs from the harsh luminal environment
[13, 19]. In contrast, villi are completely absent from the
colon, resulting in a flat epithelial surface that minimizes
potential damage inflicted by stool transiting through the
large bowel [19].

The SI epithelium consists of six types of cells, each with
a different and specialized function (Fig. 1). The cells can
be categorized into two main groups: the absorptive lineage,
consisting of enterocytes and M cells, and the secretory line-
age, comprising goblet cells, enteroendocrine cells, Paneth
cells, and tuft cells [1, 21-23]. Whereas the colon epithelium
consists of enterocytes, enteroendocrine cells, goblet cells,
and tuft cells, Paneth cells and M cells are unique to the SI
[6]. Alternatively, deep secretory cells reside among ISCs to
serve as functional equivalents to Paneth cells [24].

Intestinal Stem Cells

Rapid turnover of the intestinal epithelium depends on the
active proliferation and differentiation of ISCs. Crypt base
columnar (CBC) cells were first described by Cheng and
Leblond in 1974 as continuously cycling cells at the bottom
of the crypt [25]. The Wnt target gene Lgr5 (leucine-rich
repeat-containing G protein-coupled receptor 5) is an excel-
lent marker for CBC cells that can be used to assess their
position in the cell hierarchy by genetic lineage tracing [26].
Notably, Lgr5t CBC cells can give rise to all the different
epithelial cell types and thus are considered self-renewing,
long-lived, multipotent stem cells [2].

In addition to CBC cells, a population of DNA-label-
retaining cells residing at “position four” (directly above the
uppermost Paneth cells), namely “+4 cells”, are considered
quiescent or reserve stem cells [27] (Fig. 1). Several mark-
ers have been used to identify these +4 cells, such as Bmil,
Hopx, mTert, Lrigl [3]. Using lineage tracing, studies have
shown that +4 cells are able to regenerate other epithelial
cells, including Lgr5" CBC cells, under conditions of injury
[1]. Although somewhat controversial, +4 cells are now con-
sidered reserve stem cells with high resistance to radiation,
which replenish the pool of continuously cycling Lgr5t CBC
cells when required [1]. Because culture conditions for +4
cells have not yet been defined [2] and active stem cells
(the Lgr5* CBC cells) are primarily responsible for daily
epithelial homeostasis, “ISC” here mainly refers to Lgr5™*
CBC cells.
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Intestinal Stem Cell Niche and Signaling Pathways

The ISC microenvironment, or niche, modulates ISC self-
renewal and differentiation to maintain homeostasis of
the ISC pool. The ISC niche consists of an extracellular
matrix component and a cellular component of Paneth
cells, myofibroblasts, fibroblasts, smooth muscle cells,
endothelial cells, pericytes, neural cells and immune cells
(Fig. 1). These cells not only provide structural support but
also send important signals to dynamically regulate ISC
behavior [1, 28]. For example, Paneth cells express Wnt3,
epidermal growth factor (EGF) and the Notch ligands
DLL1 and DLLA4, all of which are required for stem cell
maintenance and development [1, 2].

The canonical key signals of ISCs include the Wnt,
Notch, EGF, and bone morphogenetic protein (BMP) path-
ways [4]. Canonical Wnt signaling is the most important
pathway in ISC fate, and is tightly linked to ISC mainte-
nance and differentiation, as well as to tumorigenesis upon
dysregulation [1]. When Wnt signals bind to the Frizzled-
LRP5/6 co-receptors, f-catenin is stabilized against degra-
dation and subsequently translocates into the nucleus and
binds to transcription factor TCF4, forming a complex that
regulates stemness genes [2, 13]. Wnt signal deletion leads
to complete loss of ISCs and breakdown of the epithelium
[1]. Further, Wnt signaling is augmented by the agonist
R-spondin, which binds to LGR4/5 and enhances the effi-
ciency of Wnt receptors Frizzled and LRPs [1].

Notch signaling is essential for maintaining the undif-
ferentiated state of ISCs through lateral inhibition [2, 4].
When Notch ligands DLL1/4, which are expressed on the
surface of Paneth cells, bind to receptors Notch1-Notch4
through cell-cell contact, Notch pathway activation
induces a series of proteolytic cleavages to generate the
Notch intracellular domain (NID). The NID then translo-
cates to the nucleus, interacts with the transcription factor
CSL, and activates target gene transcription [2, 4]. Inhi-
bition of Notch activity in the intestine results in loss of
Lgr5* ISCs and the differentiation of proliferating TA cells
into secretory cells [13].

EGEF is a crucial component of intestinal organoid cul-
ture medium and exerts a strong mitogenic effect on ISCs
and TA cells upon binding to EGF receptors (EGFRs),
which are highly expressed on ISCs. EGF-EGFR interac-
tions lead to phosphorylation of the receptor and activation
of the membrane protein Ras, as well as the sequential
activation of proteins Raf and MEK. Subsequently, MEK
phosphorylates cytosolic ERK1/2, which translocates into
the nucleus and activates cell fate regulators [13]. Fur-
thermore, ISCs also express high level of Lrigl, a nega-
tive regulator of the EGFR family, which co-regulates ISC
proliferation [1, 29]. Blocking EGF signaling in intestinal
organoids leads to quiescence of proliferative Lgr5* ISCs.
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Nevertheless, the cells maintain their stemness and can
resume proliferation once EGF signaling is restored [1,
29].

BMP signaling counteracts the proliferative signals
of Wnt/p-catenin in the ISC niche and promotes ISC dif-
ferentiation via Smad-mediated gene repression. BMP
inhibitors, such as Gremlin 1, Gremlin 2, and Noggin, are
secreted primarily by myofibroblasts and smooth muscle
cells below the crypt, which creates a gradient of increas-
ing BMP activity from the bottom of the crypt toward the
tip of the villus. Decreasing Wnt and increasing BMP sig-
nals guide cells from an undifferentiated to a differentiated
state during their migration along the crypt-villus axis [1,
4].

The signaling pathways described above determine the
differentiation of mature cell types synergistically. For
example, active Notch signaling promotes absorptive fate,
whereas absence of Notch signals determines secretory char-
acteristics [1]. In the absence of Notch and Wnt signaling,
the vast majority of secretory progenitors become goblet
cells. Otherwise, secretory progenitors become Paneth cells
under conditions of high Wnt signaling. Low Wnt levels, a
lack of Notch signals and reduced EGF pathway activation
lead to the enteroendocrine cell fate. An increasing gradient
of BMP signals allow absorptive progenitor cells to differ-
entiate into enterocytes [1].

Immune Cells and their Effects on Intestinal
Stem Cells

As stated previously, the intestinal tract is the largest immune
organ in the body and contains a great number of immune
cells (Fig. 1) [6]. Immune responses are critical for main-
taining homeostasis of the intestinal environment and pro-
tecting against infection and toxins during dynamic interac-
tions between the host and microorganisms [10, 30, 31]. It is
noteworthy that cytokines primarily control immune-related
events and exert a wide range of immunoregulatory effects
by binding to their corresponding receptors [32]. Thus,
cytokine receptors determine the targets of immune action.
Importantly, ISCs express multiple cytokine receptors, such
as the interferon gamma (IFN-y), interleukin (IL)-13, IL-17,
IL-10, and IL-22 receptors, which ultimately determine the
crosstalk between immune cells and ISCs (Table. 1) [33].
However, the specific effects of these interactions and their
underlying mechanisms are still unclear. Recently, several
significant studies elucidated the role of immune cells in ISC
homeostasis, which has greatly expanded our understanding
of immunological impacts on ISCs (Fig. 2) [7, 33-36]. Thus,
we will review the effects of immune cells on ISCs and their
related mechanisms below.

Lamina Propria T Cells

Both CD4* and CD8* T cells are found in the lamina pro-
pria. They are thought to be derived from T cells which have
been primed in secondary lymphoid organs. Therefore, most
lamina propria T cells show effector or memory phenotypes
[6]. Studies have shown that T cells can promote intestinal
epithelial proliferation to repair injury and maintain intesti-
nal homeostasis in a short time [37, 38]. Using mouse colitis
models and crypt staining, Nava and Lee et al. showed that
short-term exposure (5 h) to T cells or IFN-y and tumor
necrosis factor (TNF)-a lead to early and sustained acti-
vation of AKT-mediated p-catenin, resulting in promoted
activation of ISCs and populations of proliferative progeni-
tor cells within the TA zone. This process is initiated by
phosphorylation of PI3K through IFN-y receptor-associated
JAK1 and JAK2 (Fig. 2) [37, 38].

However, prolonged inflammation promotes ISC death.
Extended exposure (72 h) to IFN-y and TNF-« inhibits epi-
thelial cell proliferation and promotes apoptosis, despite
continued AKT-p-catenin signaling [38, 75]. This inhibitory
effect is achieved by induction of the Wnt inhibitor Dkk1,
a direct transcriptional target of p-catenin-TCF4 [38]. In
mouse intestinal organoids co-cultured with T cells (72 h),
activated T cells induce organoid damage, reduce Lgr5* ISC
mRNA levels and numbers of goblet cells [39], as well as
induce Paneth cell death through a caspase-3/7—dependent
mechanism [40]. Further, Lgr5" ISCs undergo cell death
earlier than Paneth cells in response to IFN-y as assessed by
simultaneous tracking [76], suggesting that ISC depletion is
directly induced by IFN-y.

Beyond the duration of exposure, T cell numbers or
cytokine dose also determines the fate of ISCs. SCRNA-
seq of fetal intestinal CD4% T effector memory (Tem) cells
shows a Th1 phenotype in these cells, which are character-
ized by TNF-a production [44]. Organoid co-cultures reveal
a dose-dependent, TNF-a-mediated effect of fetal CD4" T
cells on ISC development. Low T cell numbers or low-dose
TNF-a (0.2 ng/mL) supports the development of organoids,
whereas large numbers or a high dose (> 20 ng/mL) sig-
nificantly impair ISC proliferation, along with increased
expression of apoptosis-associated genes and decreased Wnt
signaling [44]. This dose-dependent effect is important for
human intestinal development, as TNF-a-producing CD4*
T cells are preferentially presented in fetal intestine to sup-
port intestinal development, while premature exposure to the
external environment can result in increased CD4* Tem cells
and lead to necrotizing enterocolitis (NEC) [44].

Moreover, activated T cells can aggregate in crypts and
directly damage the ISCs. Acute GVHD (aGVHD) is the
most common life-threatening complication after allo-
HSCT. It occurs when immunocompetent T cells in the
donor tissue (the graft) recognize the recipient (the host) as a
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foreign organism (non-self) and attack vital recipient organs,
classically the skin, liver and gastrointestinal tract [50, 77],
leading to dysregulation of the inflammatory cytokine cas-
cade [78]. (Fig. 3) Emerging studies indicate that ISCs and
their niche Paneth cells are targeted during aGVHD [36,
50, 79, 80]. the ISC compartment is the primary intesti-
nal location invaded by allogeneic T cells (including CD4*
and CD8* T cells) after allogeneic hematopoietic stem cell
transplantation (allo-HSCT) in a major histocompatibility
complex (MHC)-mismatched murine bone marrow trans-
plant (BMT) model [36, 42]. This recruitment is directly
correlated with adhesion molecule MAdCAM-1 expression,
which is known to contribute to T cell recruitment to the
gut [42]. Further, T cell-derived IFN-y directly targets ISCs,
activates JAK1-dependent STAT1 within the epithelium, and
results in Bak/Bax-dependent ISC apoptosis by acting on the
IFN-y receptor of ISCs (Fig. 2) [36]. Moreover, both CD4*
and CD8* T cells are able to contribute to injury of the ISC
compartment [36, 42]. The accumulation of T cells in crypt
and ISC apoptosis are also confirmed in mice injected with
death-inducing T cells [41].

In addition to effector cells, T helper (Th) cells and
cytokines are capable of modulating the balance of ISCs
between self-renewal and differentiation. Using co-culture
of intestinal organoids with T cells, Biton et al. showed that
IECs, including ISCs, express receptors for Th cytokines
IFN-y, IL-13, IL-17A, 1IL-10, and IL-22. Both co-culture
with induced Treg cells (iTregs) and stimulation with IL-10
(10 ng/ml, 72 h) lead to ISC expansion within organoids
[24, 48], whereas Treg depletion leads to increased apopto-
sis and necrosis within the ISC niche [45]. Co-culture with
Th1, Th2, and Th17 cells or treatment with IL-13 (secreted
by Th2 cells, 20 ng/ml, 72 h) or IL-17 (secreted by Th17
cells, 20 ng/ml, 72 h) result in depletion of the ISC pool and
expansion of cells with differentiated features as assessed by
scRNA-seq [33, 45]. Specifically, IL-17 treatment expands
TA cell numbers [33], while IL-13 treatment increases tuft
cell and goblet cell numbers [81]. Treatment with IFN-y
(produced by Th1 cells) increases Paneth cell numbers, and
IL-22 treatment amplifies enterocyte numbers [33]. Addi-
tion of IL-2 to cultured organoids induces their maturation,
which includes development of differentiated cells to carry
out epithelial physiological functions [49]. Whereas T cell
ablation leads to ISC accumulation, possibly due to reduced
differentiation capacity, particularly toward the absorptive
lineage [33].

However, in colon organoids, Th17 cells promote colon
organoid growth, upregulate Lgr5 expression via IL-17
(20 ng/ml), and enhance colon stem cell tumorigenesis in
mice [46, 47], the latter of which seems to activate STAT3
signaling through NF-xB [47]. An obvious inconsistency
surrounds whether IL-17 leads to depletion of the ISC pool
and differentiation or whether it promotes ISC proliferation

Reference
[65-67]
[68, 69]
[70]
[72,73]

[71]

[74]

Partly through elevated and sustained activation of MAPK and AKT

Transactivation of the EGFR and enhanced activation of AKT
Undetermined

Blocks the protective effect of IL-22

Mechanisms
Wnt/B-catenin signal
Undetermined

crypt/villus axis

Maintains intestinal barrier function and TA cells migration along the
Regulates Na-glutamine co-transport

Promotes ISC proliferation and crypt fission
Promotes ISCs proliferation and maintenance

Promotes ISC proliferation and survival
Reduces radiation-induced apoptosis

Undetermined

Effects
Undetermined Increases crypt cell proliferation and ISC numbers

Mcpt4
IL-22BP

Mediators
PGE2
NRG1

Table 1 (continued)
Immune cells
Macrophages Wnts
Monocytes

Mast cells
Eosinophils
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Fig.2 The effects of immune cells on ISCs. Left: T cells can be
recruited to the ISC compartment by MAdCAM-1 and release IFN-y
to directly act on ISCs [42] after allogeneic hematopoietic stem cell
transplantation (allo-HSCT). IFN-y and TNF-a have dual effects on
ISCs; short-term exposure promotes regeneration, whereas prolonged
exposure inhibits proliferation and promotes apoptosis [38]. They
also act on reserve ISCs to activate epithelial regeneration during
inflammation [43]. IL-17, IL-13 and IL-2 promote ISC differentia-
tion, whereas IL-10 maintains ISC self-renewal [33]. Group 3 innate
lymphoid cells (ILC3s) secrete IL-22 to promote ISC proliferation
and epithelial regeneration in immune-mediated processes [35, 50].
IL-22 also acts on enterocytes to produce REG3y to prevent apop-
tosis of ISCs and Paneth cells [53]. Moreover, ILC3s preserve ISCs
and promote crypt cell proliferation through YAP1 signaling to drive
tissue repair after damage [62]. Tuft-cell-derived IL-25 activates
ILC2s to secrete IL-13, resulting in ISC self-renewal and differentia-
tion toward tuft and goblet cells to initiate type 2 mucosal immunity

and tumorigenesis. We believe this inconsistency might be
explained by the different tissue responses to external stimuli
due to the varied microenvironments of SI and colon. For
instance, the degree of radiation resistance in colonic stem
cells is distinct from that of SI stem cells [82]. However,
difference in exposure time to IL-17 cannot be ruled out.
Further work is required to verify the above hypothesis.
The response of +4 cells to T cells is quite different
from that of ISCs. +4 cells seem to be more resistant to
inflammatory signals than Lgr5* ISCs. In a murine model
of aCD3-antibody-induced acute SI inflammation, +4 cells
are induced to proliferate and functionally contribute to epi-
thelial regeneration whereas Lgr5* ISCs undergo apoptosis
[43]. The inflammatory cytokines IFN-y and TNF-a lead
to +4 cell activation in organoid co-culture (48 h), which
requires JAK/STAT1 signaling [43]. The different responses
may be explained by the expression of both MHC class I
(MHCI) and MHC class II (MHCII) molecules on Lgr5*
ISCs [33, 41]. Lgr5" ISCs are quick-cycling stem cells and,
therefore, cannot evade immune surveillance, leading to
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against helminths [63, 64]. In addition, macrophages promote ISC
proliferation and survival through Wnts, Prostaglandin E2 (PGE2)
and neuregulin 1 (NRG1) [66, 68-70]. Monocytes move close to
ISCs by the epithelial MyD88-signaling pathway and increase ISC
proliferation [71]. Mast cells and eosinophils may impact ISCs, but
no direct evidence confirms this. Right: Mechanisms underlying
IL-22 and IFN-y action on ISCs. Upper: IL-22 interacts with 1L-22
receptor on ISCs and induces STAT3 phosphorylation, thereby
increasing epithelial regeneration and repair [35]. In addition, phos-
phorylated STAT3 promotes ATM gene expression, subsequently ini-
tiates the DNA damage response (DDR) cascade, and reduces muta-
tion accumulation [57]. Lower: IFN-y dimer binds to IFN-y receptor
on ISCs and induces JAK1/2 phosphorylation to activate STAT1
signaling, resulting in Bak/Bax-dependent ISC apoptosis [36]. In
addition, short-term exposure to IFN-y leads to early activation of
PI3K-AKT-B-catenin signaling to promote ISC proliferation, whereas
extended exposure induces apoptosis via the Wnt inhibitor Dkk1 [38]

further clearance by activated T cells [42]. In contrast, +4
cells are quiescent tissue stem cells and may escape immune
clearance. These results highlight a reserve and repair role of
+4 cells in response to intestinal inflammation.

Moreover, the relationship between T cells and ISCs is
not unidirectional. ISCs may regulate the differentiation and
activation of immune cells in turn. In fact, ISCs can act as
nonconventional antigen-presenting cells (APCs) to activate
T cells. Using scRNA-seq, Biton et al. observed Lgr5* ISCs
with enriched expression of MHCII, which can interact and
activate Th cells via MHCII presentation of peptides once
stimulated with antigen. In MHCII-deleted mice, numbers of
CD4* cells in the crypt lamina propria are strongly reduced,
and ablation of MHCII eliminates the ability of ISCs to acti-
vate T cells in co-culture. Interestingly, the expression of
MHCII genes in ISCs is induced by Th1 cells in the organoid
co-culture system. Thus, T cell-Lgr5* ISC crosstalk is far
more complicated than the effects of cytokines on ISCs [33].
The organoid-immune cell co-culture system can not only be
used to clarify the effects of immune cells on ISCs in vitro,
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Fig.3 The mechanism of ISC injury in GVHD. (1) APCs are acti-
vated by host tissues damage and subsequent inflammatory cytokine
release [78]. (2) Donor T cells are activated and proliferate, with
upregulated integrin a4p7 [78]. Activated T cells migrate to the ISC
compartment via MAdCAM-1, which is primarily expressed on ves-
sels near the crypt base. The ISC compartment is an early site of
pathologic T cell invasion and remains the most densely infiltrated
region even after widespread T cell infiltration throughout the mucosa

but also investigate the impacts of ISCs on the differentiation
and activation of immune cells, whether under homeostasis
or pathological conditions.

In summary, moderate pro-inflammatory cytokines pro-
mote the directed differentiation of ISCs and coordinate
immune responses. However, excessive cytokines lead to
apoptosis of ISCs and destruction of the intestinal barrier,
thereby aggravating or initiating immune-mediated intesti-
nal damage, such as GVHD and NEC. These works largely
extend our knowledge on the crosstalk between the T cells
and stem cells, and may provide promising therapeutic strat-
egies for intestinal diseases.

Innate Lymphoid Cells

Innate lymphoid cells (ILCs) are a recently identified subset
of innate immune cells of lymphoid origin thought to be
the “gatekeepers” of mucosa-associated tissues. They are
specifically located in the lamina propria of the small and
large intestines [83]. Unlike adaptive lymphocytes, such as T
and B cells, ILCs lack antigen-specific receptors. They rap-
idly respond to cytokine stimulation and release additional
cytokines to facilitate control of infection [83, 84].

impaired epithelial
barrier

Lamina propria

[42]. (3) Alloreactive T cell-derived IFN-y directly targets ISCs to
induce their apoptosis in a JAK/STAT-dependent manner [36]. In
addition, ILC3s are eliminated during GVHD, leading to decreased
IL-22 production. Deficiency of recipient-derived IL-22 increases
crypt apoptosis [35, 50]. Thus, the damaged ISCs fail to regenerate
and maintain the epithelial barrier, resulting in translocation infection
and amplified destruction of host tissues [78]

Based on their phenotypic and functional traits, ILCs can
be generally divided into cytolytic and noncytolytic ILCs.
Cytolytic ILCs refer to the conventional natural killer (cNK)
cells. While noncytolytic or “helper” ILCs can be further
classified into three subgroups according to their cytokine
and transcription factors expression: group 1 (ILC1), group
2 (ILC2), and group 3 (ILC3) [84, 85]. ILCls produce
IFN-y when stimulated by IL-12, IL-15, or IL-18; ILC2s
release IL-5 and IL-13 when stimulated with IL-25, or
IL-33; and ILC3s secrete IL-17, IL-22, TNF and granulo-
cyte macrophage colony-stimulating factor (GM-CSF) when
activated by IL-1p, IL-18, or IL-23. RAR-related orphan
receptor gamma t (RORyt) and aryl hydrocarbon receptor
(AHR) are key transcription factors that drive the develop-
ment, maintenance, and function of ILC3s [83, 84, 86].

ILC3s are crucial for maintaining intestinal epithelial
integrity during intestinal injury [87]. As the major cellular
source of IL-22 in the SI [88], ILC3s are eliminated during
GVHD, thus leading to decreased IL-22 production. Defi-
ciency of recipient-derived IL-22 increases crypt apopto-
sis. Treatment with IL-22 in vivo after mouse allo-BMT
enhances the recovery of ISCs and reduces mortality from
GVHD. Using ex vivo organoid cultures, Lindemans et al.
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showed that ILC3s increase the growth of mouse SI orga-
noids in an IL-22-dependent fashion. Recombinant IL-22
directly targets ISCs and induces ATF-STAT3 phosphoryla-
tion, rather than enhances Wnt or Notch signaling (Fig. 2)
[35, 89]. The same effect can be seen in a mouse model of
ethanol and burn injury [51]. Notably, although IL-22 can be
produced by other lymphoid populations, such as Th17 cells
and NK cells, only CD3"RORyt"CCR6 ILC3s demonstrate
significant IL-22 expression after BMT [50]. These results
show the crucial role of ILC3s in protection against GVHD
via IL-22.

Although IL-22 promotes organoid growth and epithelial
regeneration, its more important role appears to prevent ISCs
from apoptosis caused by GVHD via induction of regener-
ating islet-derived 3y (REG3y) [53]. REG3y is a key AMP
secreted by IECs to protect crypts from luminal microbes
and mediated by IL-22-induced STAT3 signaling [35, 54,
90]. IL-22 administration restores REG3y production and
prevents apoptosis of both ileum ISCs and Paneth cells, but
this protection is completely abrogated in Reg3g deleted
mice [53]. Thus, REG3y might act as a survival signal for
ISCs and Paneth cells, preventing their apoptosis in GVHD.
However, in contrast to findings from Zhao et al., we believe
that IL-22-induced REG3y is expressed by enterocytes,
rather than Paneth cells, as another previous study shows
[91], because no evidence of pSTAT?3 is found in Paneth
cells in response to IL-22 [35]. Since the regulatory mecha-
nisms of REG3y are still unclear, further research is neces-
sary to confirm the underlying mechanism and potential role
of REG3y beyond AMP.

Moreover, recent studies have showed that long noncod-
ing RNA (IncRNA) is also involved in the immunomodu-
latory effects of IL-22. H19, an evolutionarily conserved
and maternally expressed imprinted IncRNA, is induced by
IL-22 during inflammation via both STAT3 signaling [55]
and PKA activation [56], and is localized to Lgr5* CBCs
and Lgr5~ epithelial cells of the SI [56]. Inflammation-
induced H19 IncRNA increases the expression of a sub-
set of cell growth—promoting genes by inhibiting p53 and
multiple cell growth-inhibitory miRNAs, thereby increas-
ing ISC proliferation to promote intestinal epithelial regen-
eration [56]. Taken together, these findings support a novel
model whereby H19 IncRNA is an important intermediate
signal linking IL-22 to other regulatory networks that con-
trol the proliferation and repair of the intestinal epithelium
under inflammatory conditions. In recent years, increasing
evidence has emerged that IncRNA acts as a novel class
of regulators of intestinal epithelial homeostasis [92-94],
which may inform a promising research direction involv-
ing identifying novel biomarkers and selecting therapeutic
targets.

In addition, IL-22 acts as an important regulator of DNA
damage response (DDR) machinery in colon ISCs, thus
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preventing the accumulation of potentially dangerous muta-
tions. Specifically, IL-22 is required to initiate the DDR via
STAT3 activation after DNA damage (Fig. 2). ISCs deprived
of IL-22 signals escape DDR-controlled apoptosis, contain
more mutations and are more likely to give rise to colon can-
cer [57]. Therefore, this work reveals a novel role of IL-22
in maintaining the genomic integrity of stem cells through
initiation of DDR machinery.

As IL-22 is a key factor of ILC3, the proper production
of IL-22 is essential for ILC3 function. ILC3s can be acti-
vated not only by cytokines, but also by some metabolites
through AHR, such as the Lactobacillus metabolite indole-
3-aldehyde [52] and metabolites of glucosinolates, a group
of phytochemicals contained in cruciferous vegetables
[57]. Indole-3-aldehyde stimulates ILC3s to secrete 1L-22
through AHR, thereby inducing STAT3 phosphorylation to
accelerate ISC regeneration [52]. While mice on a glucosi-
nolate-free diet have low IL-22 levels and impaired DDR in
epithelial cells [57]. Hence, AHR is an important “switch”
for ILC3 activation. AHR deficiency has detrimental conse-
quences associated with loss of ILC3s and absence of IL-22
production [95], as well as unrestricted ISC proliferation
and malignant transformation [96]. Actually, AHR is widely
expressed in immune and non-immune cells of the bowel
and can be activated by several dietary components, xeno-
biotics, and microbial metabolites. Upon activation, AHR
participates in multiple regulatory mechanisms such as those
involving IL-10, IL-22, and IFN-y, AMPs, and is associ-
ated with intestinal inflammation and tumorigenesis [57,
97]. Thus, AHR-based therapies, as well as the metabolites,
may provide options for preventing and treating intestinal
diseases.

In addition to IL-22, ILC3s are also required to protect
ISCs from the deleterious effects of the chemotherapeutic
agent methotrexate (MTX) through yes-associated protein
(YAP) signals. Maintenance of ISCs after MTX-induced
damage is severely impaired in absence of ILC3s [62, 98].
Although IL-22 is an ILC3 signature cytokine involved in
communication between ILC3s and ISCs, crypt prolifera-
tion and tissue regeneration after MTX-induced damage are
IL-22 independent [61, 62]. In contrast, ILC3s induce YAP1
nuclear translocation and magnify Hippo-YAP1 signals in
crypt cells, ensuring adequate initiation of tissue repair. YAP
transiently reprograms Lgr5* ISCs by suppressing Wnt sign-
aling and excessive Paneth cell differentiation, while pro-
moting ISC survival [99]. However, whether an intermedi-
ate exists between ILC3s and ISCs, such as mesenchymal
stromal cells, to activate YAP1 signaling remains unknown.
Organoid co-culture system may provide an excellent plat-
form to elucidate the precise ILC3-YAP1 repair mechanism.

However, under normal circumstances, studies using SI
ISCs culture [59] and mice treated with recombinant IL-22
[60] show that IL-22 promotes TA cell proliferation but
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reduces the proliferative capacity and survival of Lgr5™
ISCs [58] by inhibiting Notch and Wnt signaling in vitro
and in vivo. These results indicate that the maintenance of
ISCs regulated by IL-22 is dependent on the niche environ-
ment. In the case of immune-mediated intestinal inflamma-
tion, IL-22 acts as a protective factor to preserve ISCs and
promote epithelial repair. Whereas under normal circum-
stances, [L.-22 itself can inhibit ISCs, highlighting the dual
roles of IL.-22.

In addition to ILC3s, ILC2s also impact ISCs through dif-
ferent pathways (Fig. 2). As reported previously, ILC2s are
required to protect the host against helminth infection [83].
Tuft cells are the primary source of the parasite-induced
cytokine, IL-25, which further activates ILC2s to secrete
IL-13 and induces a type 2 immune response [23, 63]. IL-13
acts on epithelial crypt progenitors to promote differentiation
toward tuft and goblet cells [63, 64]. Tuft cells, ILC2s and
epithelial progenitors therefore compose a response circuit
that mediates epithelial remodeling associated with type 2
immunity. However, the underlying mechanism of these cel-
lular activities is still unknown, although it is hypothesized
that the circuit is modulated by altering the balance of Notch
signaling, as the Notch signaling inhibitor also induces tuft
cell hyperplasia in organoids [64].

Besides, ILC2-derived IL-13 promotes the self-renewal of
ISCs through the circular RNA circPan3. Immune cell-asso-
ciated circPan3 is highly expressed in mouse and human
Lgr5* ISCs. Ablation of circPan3 in Lgr5* ISCs impairs
their capacity for self-renewal and epithelial regeneration.
Mechanistically, circPan3 increases the expression of IL-13
receptor, which enables the ILC2s-derived IL-13 to initiate
STAT6-Foxpl-p-catenin pathway to induce self-renewal of
Lgr5* ISCs [28]. Moreover, although IL-4 and IL-13 are
both type 2 cytokines, IL-13, other than IL-4, plays a critical
role in ISC homeostasis [28, 63, 64].

Altogether, these results indicate that ILCs are involved
in different regulatory networks to control ISC maintenance
and differentiation, thereby strengthening the fundamental
defense system provided by the integrity of epithelium. Fur-
ther research is needed to elucidate the precise immunologi-
cal properties of ILCs and the crosstalk between ILCs and
ISCs to offer novel strategies for immunologically mediated
diseases of the bowel.

Mononuclear Phagocytes

Mononuclear phagocytes (MPs) consist of macrophages and
dendritic cells (DCs). Intestinal macrophages constitute the
largest pool of macrophages in the body, and are located
mainly in the lamina propria [100]. Due to their high degree
of plasticity, macrophages can adopt different phenotypes
depending on their microenvironment (i.e., pro-inflamma-
tory phenotype-M1 macrophages and anti-inflammatory

phenotype-M2 macrophages) [67]. Meanwhile, intestinal
DCs are located diffusely throughout the intestinal lamina
propria, within gut-associated lymphoid tissues and intesti-
nal-draining lymph nodes [101].

The role of macrophages in ISC niche has been increas-
ingly recognized. Macrophage ablation following colony-
stimulating factor 1 receptor blockade hinders Paneth cell
differentiation, impairs crypt cell proliferation and results
in a reduction of Lgr5" ISCs [102, 103]. Mechanistically,
recent studies show that macrophages have emerged as a
potential source of Wnt ligands [67]. Murine peritoneal
macrophages treated with IL-4 and polarized toward an
M2 phenotype overexpress Wnt2b, Wnt7b, and Wnt10a
in a STAT6-dependent manner [65]. Furthermore, using
a macrophage-restricted ablation of Porcupine, Saha et al.
demonstrated that macrophage-derived extracellular vesicle-
packaged Whnts rescue ISCs and enhance ISC survival after
radiation injury [66].

In addition to Wnt, macrophages produce prostaglandin
E2 (PGE2) to promote ISC proliferation and crypt fission.
PGE2 production is induced by extracellular hyaluronic acid
(HA) through cyclooxygenase 2 (COX2) [68]. Subsequently,
PGE2 stimulates the proliferation of ISCs and reduces radi-
ation-induced apoptosis via transactivation of EGFR and
enhanced activation of AKT [69]. A recent study shows that
macrophages express neuregulin 1 (NRG1), a key EGF fam-
ily ligand, which is upregulated after injury. NRG1 drives
ISC proliferation and regeneration of damaged epithelium in
part through elevated activation of mitogen-activated protein
kinase (MAPK) and AKT [70]. Hence, as a component of
the ISC niche, macrophages participate in ISC renewal via
several pathways.

Intestinal DCs play a central role in the initiation and
differentiation of adaptive immune responses by promot-
ing effector T cell differentiation and directing migration
of activated T cells [101]. However, research on the impact
of DCs on ISCs is lacking. Intestinal organoids co-cultured
with bone marrow-derived dendritic cells (BMDCs) show
morphological changes of organoids and goblet cell deple-
tion with Notch signal activation, which is promoted by
E-cadherin—mediated BMDC adhesion [104]. Nevertheless,
the exact mechanisms are still unclear. A primary human
macrophage-enteroid or DC-enteroid co-culture model has
been established and may provide a promising platform for
investigating in vitro effects and mechanisms, thus beneficial
to future study [105, 106].

Monocytes and Neutrophils
Monocytes and neutrophils are usually the first lines of
defense against infection and play important roles in wound

healing [107, 108]. Using a mouse colonic mucosal explant
model and crypt-monocyte co-culture model, Skoczek et al.
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showed that the epithelial MyD88-signaling pathway drives
the movement of Ly6C*7/4* monocytes closer to ISCs, lead-
ing to increased crypt cell proliferation and ISC numbers.
Reduced numbers of tissue Ly6C* monocytes suppress
Lgr5" stem cell expression [71]. However, the specific effect
and the underlying mechanism remain unclear.

In most cases, neutrophils are the first cells to reach sites
of tissue injury. However, analyzing the impact of neutro-
phils on ISCs is difficult due to their short lifespan. With
the development of a novel photoconverter reporter system,
researchers can now monitor the migration and coloniza-
tion of neutrophils after injury [109], which may provide a
solution for studying their effects on ISCs. An established
co-culture system of enteroid/colonoid with monocytes and
neutrophils may also be useful for studying the specific
effects on ISCs [106].

Eosinophils and Mast Cells

Gastrointestinal tract has the largest population of eosino-
phils and mast cells in the body. Eosinophils are multipotent
innate immune cells located in the lamina propria of the gas-
trointestinal tract, while mast cells are long-living granulated
immune cells that derive from bone marrow. They both par-
ticipate in host immunity to maintain the protective mucosal
barrier [110-113].

Until now, no evidence has shown that eosinophils or
mast cells can regulate ISCs directly. However, some stud-
ies suggest that mast cells may impact the crypt, for exam-
ple, intestinal barrier function was significantly decreased in
mice lacking mast cells or mast cell chymase Mcpt4, which
is associated with decreased intestinal epithelial cell migra-
tion along the crypt-villus axis and dysregulated claudin-3
crypt expression [72]. These results suggest that mast cells
may play a role in the migration of ISCs or TA cells along
the crypt-villus axis. Mast cells are enhanced in chronically
inflamed rabbit SI, along with the stimulation of brush bor-
der membrane Na-glutamine co-transporting in crypt cells.
These effects are reversed by ketotifen, a mast cell stabilizer
[73]. However, determining whether mast cells act on ISCs
in a direct manner requires further exploration.

Moreover, eosinophils are armed with the ability to syn-
thesize and release a number of immunomodulatory and/or
signaling molecules such as IL-3, IL-5, and TGF-f to act
on different target cells including mast cells, lymphocytes,
neurons, smooth muscle cells, fibroblasts, endothelial cells,
goblet cells, and others [114]. Moreover, eosinophils are the
most important source of IL-22 binding protein (IL-22BP),
an endogenous inhibitor of IL-22, in the human gut. In IBD
patients, an increased number of eosinophils express IL-
22BP at a high level, thereby blocking the protective effect
of IL-22 [74]. Thus, eosinophils may also influence ISCs in
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a direct or indirect manners, with further research required to
investigate the effect of eosinophils and mast cells on ISCs.

Prospects for Therapeutic Targets

Intestinal mucosal damage is the key pathogenetic factor
in many intestinal and systemic diseases, therefore, pro-
moting mucosal healing is the primary goal of treatment
for these diseases. ISCs have an extraordinary capacity for
self-renewal and multi-directional differentiation to refresh
the epithelium and maintain the mucosal barrier. Therefore,
therapies targeting ISC survival and renewal are of great
significance and may reveal a promising future direction of
treatment (Table. 2).

Graft-Versus-Host Disease

GVHD is a severe complication of allo-HSCT. Clinical data
show that GVHD continues to be a leading cause of morbid-
ity and mortality after allo-HSCT, of which gastrointestinal
GVHD is the major cause of mortality [79]. The pathophysi-
ology of GVHD consists of three major steps involving both
innate and adaptive immune cells: (1) activation of APCs by
host tissue damage and subsequent inflammatory cytokine
release; (2) donor alloreactive T cell activation, proliferation,
differentiation and migration; and (3) destruction of host
tissues (Fig. 3) [78].

As previously mentioned, GVHD causes the most severe
damage to ISCs. After BMT, T cells are recruited to the
ISC compartment by MAdCAM-1 [42] and directly target
ISCs via IFN-y, leading to ISC depletion and epithelial bar-
rier destruction [36]. Thus, reducing T cell infiltration is

Table 2 Implicationsfor diseases and therapeutics based on ISCs

Diseases Targets References
GVHD o4p7/MAJCAM-1 [115-120]
JAK1/2 [36, 121, 121-126]
IFN-A [127]
1L-22 [35, 77, 80, 128-134]
R-spondin-1 [77]
REG3a/y [53, 135]
IBD odp7/MAJdCAM-1JAK [123, 125, 126, 136]
IL-22HSC transplantatio- [40, 137-139]
nlISC transplantation [52, 74, 88, 140-142]
[143-145]
[7, 146-151]
MSC transplantation [117, 143, 144,
151-155]
CRC p-cateninmiR-34aAHR [37, 69, 156-159]
ligands [47, 160-163]

[52, 57,96, 164]
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quite important for preventing and treating GVHD. Indeed,
researchers have demonstrated that MAdCAM-1 blockade
specifically reduces crypt base infiltration by donor T cells
and protects the ISC compartment [42], as well as allevi-
ates GVHD-associated intestinal injury [115, 116]. In fact,
inhibition of a47/MAdCAM-1 axis has been used for IBD
treatment to reduce T cells infiltration. Vedolizumab, a mon-
oclonal antibody directed against a4f7, has been approved
for ulcerative colitis (UC) and Crohn’s disease (CD) [117].
Other a47/MAdCAM-1 monoclonal antibodies (e.g., Abri-
lumab, Etrolizumab, Ontamalimab) also proved safety and
efficacy for patients with moderate-to-severe UC in their
clinical trials [118—120]. These therapies may be directly
transplanted to GVHD to reduce intestinal damage.

Furthermore, reducing the response of ISCs to cytokines
can block the effects of cytokines. JAK proteins mediate the
intracellular signaling of a wide range of cytokines. Ruxoli-
tinib, a selective JAK1/2 inhibitor of IFN-y signaling, also
affords protection against IFN-y-induced ISC apoptosis
[36]. Ruxolitinib reduces the loss of Paneth cells and ISCs
by increasing regulatory T cell numbers and altering T cell
trafficking, thereby ameliorating GVHD in mice [40, 122].
Hence, JAK inhibitors provide clinically efficacious immu-
nosuppression by decreasing ISC responses to pathologic
signals from the immune system. Several clinical trials have
shown that ruxolitinib and other JAK1/JAK?2 inhibitors are
effective in the treatment of steroid-refractory (SR) acute
and chronic GVHD and are currently being tested in pro-
spective randomized studies [121, 123-126, 136]. Although
studies of JAK1/JAK?2 inhibitors did not initially focus on
ISCs, we believe that their effect on ISCs is also an impor-
tant aspect for the protective effects. The therapeutic impact
on ISCs must also be taken into account in the future.

Protection of the ISC niche is another key approach to
restoring intestinal homeostasis and relieving GVHD. A
recent study showed that IFN-A (IL-28/IL-29) may be an
attractive and rapidly testable approach for GVHD treat-
ment. PEG-rIL-29, an adjunctive therapy for hepatitis C
that is currently in phase IIb clinical trials (NCT01001754)
[165], enhances ISC growth and reduces GVHD severity
after BMT [127]. Therefore, PEG-rIL-29 may be a promis-
ing treatment for GVHD to rapidly translate to the clinic.
Moreover, in vivo treatment with IL-22 after mouse BMT
enhances the recovery of ISCs, increases epithelial regen-
eration, and reduces mortality from GVHD by directly act-
ing on ISCs [35, 80]. F-652, a rhIL-22-dimer and Fc-fusion
protein, promotes mouse epithelial regeneration without
evidence of toxicity. Treating allogeneic BMT recipients
with F-652 starting 1 week after transplantation significantly
reduces systemic signs of GVHD and GVHD-related mortal-
ity [35]. In a clinical trial (NCT02406651), F-652 is being
administered to patients with grade II-IV aGVHD in the
lower intestinal tract [77].

However, IL-22 has both protective and pro-inflammatory
properties. In addition to ILC3s, other cells can also secrete
IL-22, such as donor T cells [131]. Studies have shown that
IL-22 deficiency in donor T cells or administration of IL-22
antibody increases Foxp3™ Treg cells and decreases the
severity of aGVHD [128, 130, 133, 134]. IL-22 from Th/
Tc22 cells causes dysbiosis in a Reg3y-dependent manner
in SR-aGVHD [166]. Its effect depends on the timing, the
target tissue, and the origin of the producing cells (donor/
host) [131]. Therefore, although IL-22 has a protective effect
on ISCs, its pro-inflammatory nature hinders the therapeutic
application in GVHD. Further work is required to compre-
hensively understand the role of IL-22 in allo-HSCT before
clinical application.

In addition to cytokines, other small molecules also
acts as a survival signal for ISCs [53]. R-spondin-1, a Wnt
agonist, reduced murine GVHD by protecting ISCs from
injury and by expanding Paneth cells to secrete antimicrobial
a-defensins, thereby inhibiting GVHD-associated changes
to the microbiome [77]. REG3a/y, a key AMP, reduces the
apoptosis of ISCs and Paneth cells, maintains the integrity of
intestinal epithelium [53], and inhibits the contact between
microbes and the mucosal barrier [135], thereby reducing
the activation of T cells and alleviating GVHD. Although
these approaches are still in preclinical testing, they may
provide a more physiologic approach to the prevention and
treatment of GVHD through maintaining the integrity of
mucosal barrier rather than by intensifying systemic immu-
nosuppression [53, 77].

To sum up, GVHD is characterized by T cell response and
loss of ISCs, thus, reducing T cell infiltration, inhibiting the
response of ISCs and preserving ISCs are all of great impor-
tance for the prevention and treatment of GVHD. Inhibition
of a4p7/MAdCAM-1 has achieved significant benefits in the
treatment of IBD and can be applied to GVHD. Although
the protective effect of IL-22 on ISCs has been widely rec-
ognized, its pro-inflammatory nature hinders the therapeutic
application in GVHD. Small molecules, such as R-spondin-1
and REG3a/y, are still in preclinical testing, but they may be
more effective than systemic immunosuppressive strategies.

Inflammatory Bowel Disease

IBD is characterized by chronic immune-mediated intestinal
inflammation and mucosal barrier damage comprising UC
and CD [167]. A large proportion of inflammatory cell infil-
tration and prolonged exposure to cytokines actively hinders
ISC proliferation and epithelial regeneration [38]. Therefore,
inhibition of immune cell trafficking has emerged as a major
therapeutic principle in IBD. Vedolizumab is an effective
and approved treatment for CD and UC [117]. Ontamalimab,
a monoclonal antibody that binds and inhibits the action of
MAdCAM-1, has already demonstrated safety and efficacy
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for moderate-to-severe UC patients in phase II clinical trials
[120]. Moreover, JAK/STAT pathway is also targeted for the
treatment of IBD [138]. the JAK inhibitor ruxolitinib pro-
tects ISCs through suppressing IFN-y signaling [40]. Tofaci-
tinib, a pan-JAK inhibitor, has been recently approved for
the treatment of moderate-to-severe UC [168], and several
second-generation selective JAK inhibitors are under devel-
opment to improve the benefit-risk ratio [137, 139]. How-
ever, none of these treatment strategies have considered the
impact on ISCs up to now. Considering the key role of ISCs
in the repair of mucosal damage, we believe the response of
ISCs must be taken into consideration.

In addition, rebuild or reset the patient immune system
through hematopoietic stem cell (HSC) transplantation
may be an althernative treatment for IBD. Replacing the
pathogenic immune cells with fresh, un-sensitized immune
cells may rebuild the immune response, and reduce their
damage to ISCs as well as mucosal barrier. Bone marrow
transplantation or HSC transplantation represents the most
widely used cell-based regenerative therapy. The combina-
tion of high-dose immunosuppression and autologous HSC
transplantation induces disease remission and may benefit
some patients with refractory CD in a phase I study [169].
However, due to its high incidence of serious adverse events
such as viral infection and neutropenic sepsis, it may not
be recommended as a good and safe alternative therapy for
refractory CD [151, 170].

Moreover, reconstruction of the mucosal barrier by ISC
transplantation has been feasible, since Sato et al. success-
fully established a long-term culture method for both mice
and human ISCs [171]. The donor organoid cells can engraft
and cover the ulcer lesions of the DSS-colitis mice, and
maintain for a prolonged period of 6 months after trans-
plantation [146—148]. The successful transplantation and
their beneficial effects on clinical outcome of colitis are
encouraging, thus, we suppose that ISC transplantation may
provide a new therapeutic approach in IBD patients to pro-
mote healing of inflamed mucosa. The ISCs can be collected
from healthy intestinal mucosa in IBD patients or healthy
donors via the endoscopic biopsy, then expanded in vitro
by the standard organoid culture method. Subsequently,
the expanded organoids are delivered to the desired sites
by endoscopy after pathogenic and tumorigenicity assess-
ment [7, 149, 150]. However, several problems have to be
resolved before any further clinical application. For exam-
ple, a standard culture method for human ISCs with fully
defined factors has not been settled, and it remains unclear
whether the ISCs derived from the patient mucosa have the
same in vitro expansion capacity compared to those derived
from a healthy donor [151].

Importantly, although ISC transplantation may promote
the epithelial healing process, a monotherapy based on ISC
transplantation remains impractical, as cells presumably will
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have difficulties engrafting during ongoing inflammation
[150]. Hence, considering the crosstalk between immune
cells and ISCs, we suppose that immunomodulatory media-
tors (e.g., IL-22, REG3a, PGE2, M2 macrophages, ILC3s)
may be administrated together or signaling pathways (e.g.,
Whnt, STAT, EGF, JAK) can be targeted to promote the sur-
vival and proliferation of the transplanted cells.

Nevertheless, mesenchymal stem cell (MSC) transplanta-
tion is the most promising cell therapy available, which com-
bines anti-inflammatory and regenerative properties. MSCs
refer to cells that can differentiate into various mesoderm
lineage cell types and also retain their ability to self-renew.
They can be found in almost any tissue, but the main tissue
sources used for MSC transplantation are adipose tissues,
umbilical cord and bone marrow [117, 151]. Upon stimula-
tion by pro-inflammatory cytokines, MSCs secrete a vari-
ety of immunosuppressive molecules, thus decreasing the
overall inflammation. In addition, MSCs promote wound
healing and tissue regeneration by secretion of TGF-f and
fibroblast growth factor, and MSCs can also differentiate
into fibroblasts or endothelial cells to form granulation tis-
sue. Moreover, MSCs do not express MHC II or stimulate T
cells, thus enabling escape from immune surveillance and
low rejection after transplantation [117, 152]. Therefore,
MSCs can be used for the treatment of active complex peri-
anal fistula in CD patients.

Several clinical trials have focused on the efficacy and
safety of MSC transplantation. A phase 3 randomized,
double-blind controlled trial (NCT01541579) using alloge-
neic adipose-derived MSCs (Cx601) for complex perianal
fistulas in CD shows that a significantly greater propor-
tion of patients treated with Cx601 versus placebo achieve
combined remission at week 24 (53 of 107 [50%] vs 36 of
105 [34%]; p=0.024), with less treatment-related adverse
events (18 (17%) of 103 vs 30 (29%) of 103) [153], and it
remains safe and effective in closing external openings after
52 weeks [154]. Another prospective, randomized, clini-
cal trial (NCT02445547) using umbilical cord MSCs also
demonstrated the efficacy in the treatment of CD with mild
side effects after 12 months [155]. Moreover, allogeneic
bone marrow-derived MSCs is also safe and effective for
CD-associated perianal fistulas after 24 weeks and 4 years
(NCTO01144962) [143]. In total, 28 animal works (n=567)
and 18 human trials (n=360) have proved that MSC trans-
plantation reduced the CD activity index [144]. Therefore,
MSC is currently the most promising cell therapy for CD.

In Summary, the most recent strategy of IBD treatment
aims not only to control mucosal inflammation, but also to
acquire ‘mucosal healing’. Inhibiting immune cell trafficking
may act as a major therapeutic principle in IBD, while JAK
inhibitors can be approved for moderate-to-severe UC. Cell-
based therapies, including HSC, ISC and MSC transplanta-
tion, show huge potential for certain active complex CD,
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among which MSC therapy may be introduced to clinical
practice first as a supplementary therapy for CD.

Colorectal Cancer

Disruption of the delicate balance between proliferation and
differentiation of ISCs governed by key signaling pathways
in the crypt can lead to hyperproliferation and ultimately
tumorigenesis [145]. Particularly under long-term chronic
inflammation, inappropriate self-renewal and survival sig-
nals from the niche may result in excessive proliferation and
mutation accumulation to yield colorectal cancer (CRC)
[172]. Therefore, considering the high responsiveness of
ISCs to immune cell activation, these immunomodulatory
points may serve as effective targets for CRC prevention and
treatment. Wnt/p-catenin is the most important signal for
ISC self-renewal and is strongly associated with the develop-
ment of CRC [173, 174]. Several inflammatory pathways,
including NF-«xB, PI3K and AKT, drive f-catenin nuclear
accumulation without any mutations [156, 158]. Exposure to
cytokines such as IFN-y, TNF-a and IL.-22 or soluble medi-
ators such as PGE2 during inflammation can activate the
NF-«B, PI3K-AKT, and STAT3 pathways, thereby enhanc-
ing PB-catenin signaling and contributing to tumorigenesis
[37, 69, 157, 159]. Thus, targeting Wnt pathway may have
great therapeutic potential in treatment of colitis-associated
cancer (CAC). However, the Wnt-pathway therapy has been
fraught with the challenges of targeting complex intracellu-
lar signalling hubs and the toxicity associated with inhibiting
the “ubiquitous” Wnt pathway [175].

Moreover, Th17 cells are thought to contribute to colon
tumorigenesis by promoting colon ISC growth via IL-17.
For example, IL-17 neutralizing antibody abrogates Cit-
robacter rodentium-induced colon stem cell proliferation
and tumorigenesis [47]. The microRNA-34a (miR-34a), a
known tumor suppressor that targets genes associated with
cell proliferation and apoptosis, can inhibit Th17 cell dif-
ferentiation, expansion, and recruitment and induce ISC
proliferation [47]. Hence, miR-34a is likely to act as a safe-
guard for the inflammatory stem cell niche by modulating
immune responses to inflammation and subsequently miti-
gating CAC. In addition to general inhibitors, the effects of
miR-34a provide evidence that microRNAs may represent
new therapeutic strategies against various tumors. In fact,
MRX34, the first tumor-targeted microRNA drug, which
is based on miR-34a mimics, has been tested in a phase I
clinical trial (NCT01829971) of 155 participants with one
of seven cancer types, including several solid tumors and
hematopoietic malignancies [162]. Although some adverse
immune responses occurred, the extensive potential of
MRX34 in cancer therapy cannot be neglected [162, 163].
As miR-34a moves into clinical trials, this is the first appli-
cation of microRNA in cancer treatment [160, 161].

Furthermore, the most important hallmark of tumorigen-
esis is mutation, which can be induced by genotoxic fac-
tors [176]. Mutations that occur in ISCs are more likely to
result in malignant transformation and cancer development
[173], whereas these are prevented by DDR in most cases.
AHR expressed by ILC3 and y5 T cells serves as a “sensor”
of genotoxic factors for on-demand production of IL-22,
thereby effectively initiating DDR following DNA damage
in ISCs [57]. In addition, a recent study shows that AHR
activation protects the stem cell niche and prevents tumori-
genesis by inhibiting Wnt-f-catenin signaling and restricting
ISC proliferation [96]. Therefore, AHR is an important node
for preventing colorectal tumorigenesis. Of note, metabolites
such as the glucosinolates, indole-3-aldehyde and indole-
3-carbinol are AHR ligands that activate the AHR pathway,
thus can be used as chemopreventive agents for IBD-associ-
ated CRC in human patients [52, 57, 164]. The activation of
AHR by treatment of indole-3-carbinol prevents the devel-
opment of CAC in mice, highlighting the protective role
of AHR [164]. More preclinical trials are in urgent need to
confirm the safety and efficacy.

In summary, targeting Wnt pathway has demonstrated
great therapeutic potential, but huge challenges due to the
intracellular signalling hubs and toxicity remain to be set-
tled. MiR-34a may represent new therapeutic strategies
against various tumors, which has been tested in a phase
I clinical trial. AHR ligands can be used as chemopreven-
tive agents for IBD-associated CRC in human patients after
safety and efficacy are proved.

Conclusions and Perspectives

In this review, we discussed the effects and mechanisms of
immune cells and their cytokine repertoires on ISCs. Cur-
rent studies mainly focus on T cells and ILCs. T cells usually
eliminate ISCs, leading to severe intestinal diseases such as
GVHD, NEC, and IBD, whereas ILCs preserve ISCs and
reduce intestinal immune damage through multiple signal-
ing networks. However, the interaction between ISCs and
immune cells is much more complicated than what is under-
stood to date and involves more than distinguishing simply
between pro-inflammatory and anti-inflammatory effects.
Future research must be more specific regarding the con-
text, concentration, and duration of cytokine action to gain
a more comprehensive understanding of the diverse roles
of cytokines in health and disease, and render them more
suitable for clinical, real-world conditions. Such studies rep-
resent a new research frontier and will truly benefit clinical
practice related to intestinal disease.

Therapies targeting the survival and renewal of ISCs are
of great significance for multiple intestinal diseases, such
as GVHD, IBD, and CRC. Reducing T cell infiltration,
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inhibiting the response of ISCs and preserving ISCs can be
considered for the treatment of GVHD and IBD. Cell-based
therapies show huge potential for some active complex CD
patients and can serve as a supplementary therapy. MiR-
34a represents new therapeutic strategies against CRC,
while AHR ligands can be used as chemopreventive agents
in human patients. Overall, the essential role of ISCs in epi-
thelial repair and regeneration must be fully recognized, and
the therapeutic impacts on ISCs must also be considered
seriously in the future.
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