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SUMMARY

This review discusses the effect of interleukin-10 on the
intestinal epithelium and the potential role of epithelial-
derived interleukin-10 in gut homeostasis.

The healthy gut is achieved and maintained through a
balanced relationship between the mucosal immune sys-
tem, microbial communities resident in the lumen, and the
intestinal epithelium. The intestinal epithelium plays an
exceptionally important role in harmonizing the interac-
tion between the host immunity and the luminal residents,
as this selectively permeable barrier separates but also
allows interchange between the 2 environments. Inter-
leukin (IL)-10 has been well established to play an
important role in maintaining gut homeostasis by impart-
ing diverse effects on a variety of cell types in this rela-
tionship. In the intestine, the source and the target of IL-10
include leukocytes and epithelial cells. Given that both the
epithelium and IL-10 are essential players in supporting
homeostasis, we discuss the relationship between these 2
factors, focusing on epithelial sources of IL-10 and the ef-
fects of IL-10 on the intestinal epithelium. Insight into this
relationship reveals an important aspect of the innate
immune function of intestinal epithelial cells. (Cell Mol
Gastroenterol Hepatol 2021;12:1343–1352; https://doi.org/
10.1016/j.jcmgh.2021.07.005)
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Tcolumnar cells, is the body’s largest mucosal surface.
With the apical side facing the lumen and the basal side in
contact with a basement membrane resting on the lamina
propria, the epithelium is the bridge between lumen contents
and the leukocytes of the lamina propria.2 In the small intes-
tine, the epithelium is folded into crypts and villi, and is
composed of immature dividing cells and mature cell types
including enterocytes, enteroendocrine cells, Tuft cells,
microfold cells (M cells), goblet cells, and Paneth cells.2 The
large intestine lacks villi, but both undifferentiated and
differentiated cell types are present, with the relative abun-
dances of differentiated cell types differing between the small
and large intestines.2 The epithelium is continually renewedby
stem cells residing at the crypt bases.3 The epithelium limits
macromolecules and microbial entry into the mucosa by
forming an intercellular network of tight junctions between
cells.4 Cells secrete mucus and antimicrobial products, and
transport immunoglobulins into the mucus, limiting intestinal
infiltration by microbes.5 Meanwhile, the adaptive immune
system defaults to promote antigen tolerogenic responses.
Thus, gut homeostasis depends on the interplay between
innate and adaptive immunity, acting against the luminal
microbiota.6,7 Much of this regulation is achieved through the
secretion of soluble cytokines, including interleukin (IL)-10.
IL-10 in Immune Regulation and
Homeostasis

IL-10, first reported as human cytokine synthesis inhibi-
tory factor,8 is now a well-studied immunomodulator. As the
descriptive name implies, the anti-inflammatory effects of IL-
10 are attributed to suppressing secretion of many proin-
flammatory cytokines and chemokines, including interferon
gamma (IFN-g), tumor necrosis factor (TNF), IL-1a/b, and
others, from a variety of cell types.9 IL-10 also induces
secretion of anti-inflammatory molecules such as the IL-1
receptor antagonist, soluble TNF receptor, and IL-27, which
contribute to an anti-inflammatory milieu.10 Besides manip-
ulating the production of secreted products, IL-10 can exert
direct effects on effector cells including preventing the
stimulation of naïve CD4þ T cells, inhibiting maturation of
dendritic cells and repressing activation and proliferation of
macrophages.11 With such an array of direct and indirect
impacts, IL-10 may well be the master regulator of the anti-
inflammatory response in the intestines.

The pivotal role that IL-10 plays in balancing intestinal
homeostasis was unequivocally demonstrated by the dis-
covery that the lack of IL-10 predisposes to enterocolitis.12
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This profound outcome was validated in humans, in which
mutations in IL-10 or IL-10 receptor (IL-10R) resulted in
inflammatory bowel disease (IBD).13,14 Noteworthy, the
“cure” for patients was to restore expression in leukocytes
through stem cell or bone marrow transplantation.15,16

Resolving the deficiency with leukocyte transplants not
only confirms the importance of IL-10 in gut health, but also
suggests that there is a significant population of IL-
10–producing and IL-10–responsive leukocytes in the gut.
Sources of IL-10 in the Mucosa
IL-10 was first identified as a product of mouse CD4þ

Th2 lymphocytes, regulating the secretion of cytokines by
Th1 cells.8 Since that discovery, depending on the stimula-
tion, IL-10 can be secreted by many leukocytes including
subsets of T cells, B cells, macrophages/monocytes, innate
lymphoid cells, and others.17,18 Most cells that produce IL-
10 also possess the IL-10R, which suggests that IL-10 is
likely acting in an autocrine fashion.19 In fact, systemically
administered IL-10 has a very short half-life,20 suggesting
that autocrine and paracrine roles are critical.

Early studies identified the major source of IL-10 in the
healthy small intestine to be intraepithelial lymphocytes
(IELs), specifically type 1 T regulatory (Treg) cells.21 How-
ever, in a recent study, a small subset of type 2 innate
lymphoid cells, in the lamina propria, was shown to secrete
IL-10, at steady state and following stimulation with IL-2, IL-
4, IL-10, IL-27, and the neuropeptide neuromedin U.22

Contrasting the small intestine, colonic lamina propria T
cells produce IL-10 upon activation, but few produce IL-10
constitutively, casting doubt on the magnitude of the
contribution of lymphocytes during steady state.21–25 Unlike
lymphocytes, IL-10 production from macrophages occurs in
both small and large intestine.26,27 Importantly, it was also
demonstrated that although IELs and type 2 innate
lymphoid cells make IL-10 in the healthy gut, resident
macrophages becomes the dominant source during acute
inflammation of both intestines.26,27 The stimuli leading to
macrophage secretion of IL-10 come from both endogenous
(eg, secondary bile acids)28 and exogenous (eg, microbial
metabolites) factors.29 Considering that the intestines
contain the largest pool of IL-10–producing macrophages in
the body,30 it is reasonable to presume this source is
important in the regulation of intestinal homeostasis.

Mucosal leukocytes are not the only source of IL-10.
There is evidence of constitutive and stimulated secretion
of IL-10 from intestinal fibroblasts, thought to preserve
mucosal T cell viability.31,32 Last, intestinal epithelial cells
(IECs) also reportedly produce and secrete IL-10.

One approach to identifying constitutive cell sources of
IL-10, whether mucosal or extraintestinal, is to examine
germ-free animals or following antibiotic treatments.
Studies indicate that IL-10 production in the intestines of
germ-free mice and broad-spectrum antibiotic-treated mice
is either similar or reduced compared with conventionally
raised mice.33 It was also reported that Treg cells from germ-
free mice expressed less IL-10 compared with cells from
conventionally raised mice.34 Another noteworthy report
showed that germ-free mice possess a population of splenic
plasmacytes that secrete IL-10.35 The speculation was that
these cells are a T cell–independent response by B cells,
intended to regulate autoreactivity.35

In addition to constitutive or intrinsic secretion is the
idea that microbes stimulate IL-10.26,36–38 Bacteroides fra-
gilis polysaccharide A reportedly drives IL-10 production by
CD4þ T cells at a level sufficient to protect mice from co-
litis.39 Colonization by clusters IV and XIVa of Clostridium-
induced IL-10–secreting Treg cells and prevented coli-
tis.40,41 The mechanism proved to be indirect, as Faecali-
bacterium prausnitzii (Clostridium IV) induced secretion of
IL-10 among an array of Treg-polarizing molecules in den-
dritic cells, which in turn induced secretion by colonic Treg
cells.42,43 Bifidobacterium breve had a similar effect.44 Clos-
tridium butyricum, on the other hand, induced IL-10 pro-
duction in macrophages, to an extent that attenuated
colitis.29 Finally, the gut microbiota promoted expansion of
IL-10–producing B cells in the colonic lamina propria.45

Collectively, these observations implicate gut microbes
causally in the production of IL-10, through effects on
multiple cell types, presumably contributing to homeostasis.
IL-10R Expression in IECs
The membrane-bound IL-10R is a tetramer consisting of

2 a (IL-10R1) and 2 b (IL-10R2) chains.46 IL-10R1 is specific
to IL-10 while IL-10R2 has a lower affinity and shares roles
in receptor complexes for other cytokines including IL-19,
IL-20, IL-22, IL-24, IL-26, IL-28, IL-29, and IFN-l.47

Notwithstanding the plentiful evidence for IL-10 acting on
leukocytes to achieve homeostasis, there is evidence that IL-
10R is expressed in IECs. In mice, IL-10R messenger RNA
(mRNA) for both subunits was detected from freshly iso-
lated cells of murine intestines.48 These authors also re-
ported surface expression detected by flow cytometry and
labeled ligand binding in the murine small intestinal mode-K
and colonic MCA-38 cell lines.48 Hasnain et al49 provided
immunofluorescent data localizing IL-10R1 on goblet cells
of the mouse distal colon; consequently, they pursued
functional studies with the goblet cell-differentiated LS174T
colon carcinoma cell line. Regarding expression in the hu-
man intestines, Bourreille et al50 detected IL-10R1 mRNA in
healthy colonic epithelial cells and the human cell line
SW1116 but surprisingly in neither HT-29 nor T84.50 On the
other hand, IFN-g was shown to induce apical IL-10R1
expression on T84 cells and apical expression was detec-
ted in the distal colon of dextran sodium sulfate (DSS)–
inflamed mice, coincidental with peak IFN-g levels.51 Mice
with an IEC-specific IL-10R1 Cre/flox knockdown had more
permeable intestines prior to DSS, and were more suscep-
tible to the DSS, indicating that IL-10 acting on the colonic
epithelium is critical to protection, although the study did
not address whether the receptors were apical or other-
wise.51 With regard to humans, apical IL-10R1 was reported
only on IECs from IBD biopsies, inferring the expression was
induced.51 Thus, at least in the colon, there is evidence that
IEC apical IL-10R can be induced. Focusing on the possible
stimuli for steady-state (including apical) expression,
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metabolites found in the gut were shown to induce the
expression of the IL-10R on IECs.51-55 It is important that we
understand the polarized expression of the IL-10R. Leuko-
cyte-derived IL-10 presumably binds basolateral receptors
(Figure 1) unless the leukocytes penetrate the epithelium
(as in crypt abscesses). Otherwise, in the healthy gut, IL-10
that interacts with apically expressed IL-10R is more likely
to come from IECs (Figure 2). Whether apical stimulation of
IL-10R induces a different transcriptional response in IECs
compared with stimulation through basolateral receptors
has not been addressed.

The IL-10R2, partner in the IL-10R, might be expected to
be more widespread, considering the polypeptide is found
in multiple other receptors. IL-10R2 mRNA was detected in
cell cultures and freshly isolated IECs.48 It is surprising then,
that an immunofluorescent study of human stem cell-
derived intestinal organoids observed IL-10R2 staining to
be patchy and co-localized with a marker of enter-
oendocrine cells, a cell type that had not previously been
reported to possess the IL-10R1.77 Considering that orga-
noids lack interactions with the lamina propria and the
microbiota, IL-10R2 expression might require nonepithelial
sources of stimulation. Overall, despite limited and perhaps
disputable characterization of IL-10R on IEC subsets, re-
searchers nevertheless have investigated the biological ef-
fect of IL-10 on IECs, which infers the presence of the
functional receptor.

IL-10 and IEC Lineage
Schopf et al56 inferred that IL-10 impacted IEC differ-

entiation fate by combining helminth infection with
cytokine-deficient mouse strains. The study showed that
during Trichurus muris infection, the epithelium of IL-10
knockout (IL-10KO) mice had fewer Paneth cells, no
detectable goblet cells, disrupted villi, and reduced mucus
production in the cecum in comparison to the infected wild-
type (WT) mice.56 IL-10KO mice, without any inflammatory
provocation, experience higher epithelial proliferation but
reduced numbers of goblet cells and Paneth cells.57 This
mature cell deficiency was confirmed in germ-free IL-10KO
mice, which showed reduced mucin-2 compared with germ-
free WT mice.58 With regard to Paneth cells specifically,
aberrant granule content and less cryptdin-4 was found in
Paneth cells of IL-10KO mice.59 These outcomes could be
indirectly due to substantially higher levels of other medi-
ators that affect IECs rather than a direct consequence of the
lack of IL-10 responsiveness by IECs. However, there is
direct evidence for IL-10 playing a role in intestinal stem
cells, as Biton et al60 demonstrated that IL-10 promotes
stem cell renewal, using small intestinal organoids from WT
mice (Figure 1).60 Organoids may prove to be the model to
determine whether IL-10 directly impacts IEC differentia-
tion, as imbalanced sources of other factors may confound
conclusions about deficiencies in phenotype and numbers in
IL-10KO mice.

IL-10 and IEC Proteome
The impact of IL-10 at the subcellular level in IECs has

also been reported. Proteomic studies revealed that
IL-10R–reconstituted Mode-K cells stimulated with IL-10
synthesized proteins involved in cytoskeletal function, en-
ergy metabolism, proliferation, antigen presentation, and
other cellular regulatory processes.62 (The need to transfect
this cell line is at odds with the earlier report by Denning
et al,48 who claimed the receptor was present.) Another
study also compared proteomic profiles of IECs isolated
from Eterococcus faecalis–mono-associated IL-10KO vs
mono-associated WT mice.62 At an early stage of coloniza-
tion, the 2 groups showed a number of differences in the
proteins expressed. Later, during colonization, while WT
IECs successfully returned most of the differentially
expressed proteins to steady-state levels and restored ho-
meostasis, IL-10KO IECs failed to normalize the bacterial-
induced changes, inferring this deficit predisposed to
ongoing acute or chronic inflammation.62 Thus, IL-10 or-
chestrates transcriptional events that protect IECs from
injury, at least during inflammation.

In addition to levels of proteins, studies have reported on
the effect of IL-10 on IEC proteostasis. Hasnain et al49

demonstrated that IL-10 is crucial in resolving protein
misfolding and endoplasmic reticulum (ER) stress in goblet
cells. Using both in vivo Winnie mice (mucin-2 missense
mutation) and in vitro tunicamycin-treated LS174T cell
(goblet cell–differentiated cell model) to simulate ER stress,
their experiment showed a consistent reduction of ER stress
upon IL-10 administration or exacerbation of ER stress
upon IL-10 or IL-10R neutralization.49 Using primary IECs
from inflamed IL-10KO mice and IBD patients, Shkoda
et al78 demonstrated that IL-10 regulated ATF-6 (activating
transcription factor 6) nuclear recruitment to the GRP78
gene promoter to inhibit the inflammation-induced ER
stress response in IECs. Thus, IL-10 affects not only the
quantity, but also the quality control of proteins to achieve a
balanced and functional proteome in IECs.
IL-10 and IEC Apoptosis
IL-10 can protect IECs from apoptosis, though seemingly

in an indirect manner. Neutralizing IL-10 allowed upregu-
lation of IFN-g, which resulted in a high level of epithelial
apoptosis in vivo.79 Similarly, neutralizing IL-10 in rhesus
macaque colon explants resulted in more apoptotic cells in
the lamina propria and crypts, and goblet cells were
observed with cytoplasmic vacuolar degeneration.63

Although no significant changes were observed in crypt
length, anti-IL-10 treated explants had a more dilated crypt
width.63 Working with explants, it cannot be assumed that
the findings are the direct effects of IL-10 on the IECs, but
rather are the consequence of the lack of IL-10 to dampen
IFN-g and TNF expression (Figure 1).63 On the other hand,
there are reports of a direct effect of IL-10 on IEC apoptosis.
Using Mode-K cells, Denning et al48 showed that IL-10
reversed the adverse effects of IFN-g on cell growth and
viability. Another study using Mode-K and IEC4.1 demon-
strated that IL-10 protected cells from Fas-induced (ie, T
cell–mediated) apoptosis.64 The mechanism was down-
regulation of Fas protein and caspase-3/8 activity, as well
as the upregulation of Fas-associated death domain



Figure 1. Lamina propria IL-10 impacts the intestinal epithelium. (1) IL-10 supports the maturation and function of
differentiated IECs such as Paneth cells and goblet cells while preserving stem cell renewal.56–60 (2) IL-10 sustains barrier
integrity through regulating intercellular junctions and supports cell repair.38,52,53,57,61 (3) IL-10 exerts antiapoptotic effects on
IECs by acting on IEC gene expression and extrinsic apoptosis-inducing factors.48,62,63,64 (4) IL-10 regulates the inflammatory
response by inhibiting chemokine production by IEC65 and the IFN-g–induced major histocompatibility complex class (MHC) II
expression on IECs.48 (5) IL-10 upregulates SERT66 and downregulates fucosylated glycans,67 which shapes mucosal
tolerance to microbes and gut homeostasis. casp, caspase; FasL, Fas ligand; FLIP, Fas-associated death domain IL-
1–converting enzyme-like inhibitory protein; Gal-3, galectin-3; MCP-1, monocyte chemoattractant protein-1; Pw1, zinc finger
transcription factor; WISP-1, WNT1-inducible-signaling pathway protein 1.
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IL-1–converting enzyme-like inhibitory protein (Figure 1).64

Finally, in the proteomic study alluded to earlier,
E. faecalis–mono-associated IL-10KO IECs had reduced
galectin-3, which is typically associated with a significant
increase in cleaved caspase-3, further indicating that IL-10
plays an antiapoptotic role.62 This study also observed nu-
clear factor kappa B–dependent upregulation of zinc finger
protein Pw1 in infected IL-10KO IECs, which is also asso-
ciated with p53-mediated apoptosis (Figure 1).62 Overall,
there are diverse mechanisms whereby IL-10 exerts an
antiapoptotic effect on IECs, either directly upon gene
expression or through regulating extrinsic factors.
IL-10 and Epithelial Barrier Integrity
The gut epithelial barrier controls the selective perme-

ability of nutrients, ions, water, macromolecules, and mi-
crobes.4 Early work by Madsen et al80 showed that
exogenous IL-10 attenuated sodium and chloride transport
and restored barrier integrity following disruption with
IFN-g in T84 cultures, a finding corroborated by Kominsky
et al,51 who showed that IL-10 restored transepithelial
electrical resistance (TEER) following disruption with IFN-
g. Another role of IL-10 in restoring barrier function was
described by Quiros et al.38 These authors identified that
macrophages were a significant source of IL-10 following an
injury and showed that IL-10 acted by promoting the syn-
thesis and secretion of epithelial Wnt1-inducible signaling
protein-1, a connective tissue growth factor member that in
turn induces pro-proliferative pathways (Figure 1).38 Simi-
larly, Morhardt et al26 showed that IL-10 produced by
macrophages was required to restore epithelial barrier from
indomethacin-induced injury in the murine small intestine.
Using a model of epithelial barrier dysfunction elicited by
total parenteral nutrition in mice, Sun et al81 reported that
IL-10 upregulated expression of tight junction proteins.
Permeability and TEER were found significantly altered in
IL-10KO colons compared with WT colons, possibly related
to their finding that claudin-1 and occludin were lower in
both mRNA and protein levels in the colons of IL-10KO mice
(Figure 1).53 Others found similar differences in tight junc-
tion molecules, as well as decreased E-cadherin levels, in the
IL-10KO mouse small intestine (Figure 1).57,61 IL-10 likely
does not act alone to enhance barrier properties and while
much remains to be understood about how combinations of
mediators may work, a study conducted on TNF treated
Caco-2 demonstrated that a combination of IL-10 plus glu-
cocorticoids synergistically impacted TEER, as neither IL-10
nor glucocorticoids used alone were effective.82 Thus,
combinations of drugs with epithelial protective properties
are worth further investigation and hold promise to treat
inflammatory gut diseases.

As alluded to previously, there are uncertainties
regarding constitutive IL-10R1 in IECs, yet knockdown of IL-
10R1 in T84 was found to directly impair the TEER.51 While
this suggests that autocrine IL-10 is present and facilitating
barrier function in the cell cultures, it was not confirmed in
the study. Another study reported that the expression of IL-



Figure 2. Potential roles of epithelial-derived IL-10. (1) IL-10R was found dominantly expressed apically upon IFN-g
stimulation.51 (2) IL-10R on IECs can be induced by microbial metabolites,53–55 suppressing expression of “leaky” claudin-2.54

(3) Epithelial IL-10 was found in both steady-state and induced conditions.68–70,71,72,73,74 (4) Stimulation of IECs through TLR2,
TLR4, or CD1d activation induces IL-10 secretion.72,73,74 In the absence of leukocyte-derived IL-10, experiments comparing
WT vs IL-10KO IECs exposed the intrinsic differences between these 2 genotypes, suggesting potential roles of IL-10 in
maintaining epithelial integrity by (5) regulating E-cadherin and desmoglein-261 while (6) reducing DNA breaks.75 (7) Over-
expression of epithelial IL-10 enriches CD4þCD25þ IEL and IgA-producing B cell.76
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10R positively correlated with IEC barrier integrity, as
microbe-derived butyrate downregulated “pore-forming”
claudin-2 and enhanced epithelial barrier function in an IL-
10R1–dependent manner (Figure 2).54 Similarly, Shi et al53

also demonstrated improvements in measures of barrier
function by indole metabolites through IL-10R1 induction.
Tryptophan metabolites reportedly act in a similar mecha-
nism (Figure 2).55 Overall, the evidence weighs in favor of
IL-10 promoting epithelial barrier function and therefore
homeostasis, through direct and indirect mechanisms.
IL-10 and IEC-Secreted Mediators
IL-10 regulates cytokine production by multiple cell

types in the intestines. One approach to demonstrate this
point has been the use of ex vivo tissue cultures. Addition of
IL-10 to cultured human colonic tissues inhibited the pro-
duction of TNF and IL-1b,83 while depletion of IL-10 in
human colonic mucosal explants correlated with the upre-
gulation of IFN-g, TNF, and IL-17.79 These findings sug-
gested that similar proinflammatory cytokines may be
elevated in the colon of IL-10KO mice without any inflam-
matory provocation, which was proven to be the case.84 The
anti-inflammatory effects of IL-10 are not limited to activ-
ities on leukocytes, and can be measured directly on IECs.
One example is the addition of IL-10 to Caco-2 cultures, or
isolated human IECs, suppressing the production of mono-
cyte chemoattractant protein-1, a chemokine for monocyte
or macrophage recruitment in mice (Figure 1).65
In addition to modulating secretion of cytokines, IL-10
was also found to impact IEC membrane–bound proteins.
Specifically, IL-10 was shown to inhibit the IFN-g–induced
increase of major histocompatibility complex class II on IEC
(Figure 1).48 Another IEC product influenced by IL-10 is the
serotonin transporter (SERT). SERT downregulation has
been associated with several gut disorders. SERT upregu-
lation in Caco-2 cells was induced by a high concentration of
IL-10 (Figure 1).66 Fucosylated glycans, which serve as
attachment receptors and nutrient sources for some mi-
crobial species, are also influenced by IL-10. Mutations of
fucosylation genes were found to be associated with IBD,
and T cell–derived IL-10 was found to downregulate fuco-
sylated glycans on IECs (Figure 1).67 Through these direct
effects, IL-10 affects the relationship between IECs, mucosal
immunity, and microbes, shaping mucosal homeostasis and
tolerance.
IL-10 Therapy to Treat IBD
The evidence that IL-10 works to build, preserve, and

restore intestinal barrier integrity is near indisputable.
Therefore, it was hopeful that IL-10 could be used directly
as a therapy for IBD. Unfortunately, infused recombinant IL-
10 therapy trials in humans had disappointing clinical out-
comes, possibly owing to low mucosal bioavailability.85 As
an alternative to systemic administration, recent approaches
have used genetically modified bacteria to deliver IL-10 to
the gut.86,87 Promising results were reported in mice and in
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early-phase clinical trials; however, no significant improve-
ment was observed in phase II trials.88,89 The most recent
approach was to deliver an IL-10–encoding plasmid directly
to IECs, which protected mice from DSS colitis, although
without a significant effect on TNF or IL-1b levels.90 This
approach not only facilitates direct exposure of the epithe-
lium to IL-10, but also allows eukaryotic expression of IL-10,
which ensures the correct protein tertiary structure.91

Interestingly, this approach presumably promotes IEC pro-
duction of IL-10, yet it is not entirely appreciated whether
IEC-derived IL-10 can substitute for leukocyte-derived IL-
10, or whether there is a role for vectorial secretion by IECs.
IECS as a Source of IL-10
The question of whether IECs secrete relevant amounts

of IL-10 has not been rigorously investigated. Moreover,
early studies did not localize production to particular cell
types in the epithelium. IL-10 protein was detected in su-
pernatants, and IL-10 mRNA from cells freshly isolated from
human surgical specimens.68 A subsequent study localized
IL-10 mRNA by in situ hybridization and IL-10 protein by
immunohistochemistry to the epithelium of IBD and healthy
controls.69 Multiple studies found IECs in explant cultures
from healthy human colonic mucosa and isolated colonic
IECs were IL-10–positive.79 Finally, using single-cell flow
cytometry, a subset of IL-10–positive IECs were reported
from jejunal and colon explants of rhesus macaques.70 Less
evidence is available for the small intestine and these ob-
servations do not discern whether epithelial IL-10 expres-
sion is intrinsic or stimulated.

Early evidence that IEC expression of IL-10 may be
stimulated is derived from cell culture experiments. Although
IL-10 mRNA has been detected in unstimulated Caco-2 and
SW620,92 most cell line experiments required stimulation or
modification to the cells before detecting the mRNA. In one
example, COLO 205 cells stimulated with cytokines from
natural killer cells secreted IL-10.71 In another example, T84
transfected to express CD1d which was then crosslinked,
showed induced IL-10 (Figure 2).72 Building on this finding,
CD1d-stimulated IL-10 in vivo was shown to protect the gut
from induced colitis in mice.93 In addition, it was observed
that IL-10 was stimulated following toll-like receptor 4
(TLR4) activation by lipopolysaccharide, in the presence of
mucosal macrophages, using cells isolated from patients with
colon cancer and SW480-APC cells.73 Using Caco-2, as well as
TLR-deficient mice, Latorre et al74 reported that IL-10
expression was influenced by activation through TLR2 and
TLR4 differentially in the ileum and the colon (Figure 2).74

These data suggest that IL-10 expression in IECs (like the
receptor, earlier) is influenced by cells and microorganisms
in the intestines.

Regarding the putative roles for IEC-derived IL-10,
knockdown of IEC-specific IL-10 resulted in exacerbation of
oxazolone-induced colitis.81 Another approach using trans-
genic mice that overexpressed IL-10 in mature enterocytes
reported that colitis was suppressed as a result of an in-
crease in CD4þCD25þ IELs with characteristics of Treg cells,
and IgA-producing B cells in the lamina propria.76 Although
this study highlighted interesting tissue-specific epithelial-
lymphocyte crosstalk through local cytokine production, the
authors did not interrogate the impact on the epithelial
monolayer.76 The recent advances in organoid cultures
provide an opportunity to examine IECs without con-
founding cell types, and IL-10KO intestinal organoids were
shown to have a higher level of double-stranded DNA breaks
compared with WT organoids, which was reversible by
adding IL-10.75 Moreover, IL-10KO colon organoids (colo-
noids) expressed an aberrant pattern of E-cadherin and a
reduced level of desmoglein-2 (Figure 2).61 IL-10KO colo-
noids also showed differential expression of regulatory
factors associated with epithelial barrier regulation path-
ways.61 The observation that IL-10KO organoids differ from
WT organoids and that differences are correctable by added
IL-10 implies the presence of endogenous IL-10 in WT
organoids, although it was not proven. The advantage of
using an organoid model is the preservation of the native
cellular dynamics, since the organoid possesses all mature
cell types found in the tissue, while lacking leukocytes.94

This unique characteristic of organoids allows more
focused assessment of the functions of epithelial-sourced IL-
10 confined to the epithelium.

While studies point to IECs as a source of IL-10, which
specific cell type produces IL-10 is not commonly
confirmed. Studies using freshly isolated IECs provide in-
sights into mucosal IL-10 production but are limited in
terms of longitudinal investigation into the potential role of
IEC IL-10 in cellular function and development. IL-10 has
been detected in transformed carcinoma cell lines, yet these
lines lack mature differentiated epithelial cell types and of
course have altered genomes and proteomes. Intestinal
organoid model systems and monolayers derived from
organoids are likely to be the model of choice to advance
our understanding of the autocrine and paracrine roles of
IL-10 within the epithelium.

Conclusion
The 3 decades since the discovery of IL-10 have seen

tremendous advances in gut immunology due to the potent
regulatory effects of this cytokine on the innate and adap-
tive immune systems. IL-10 has diverse cellular targets and
functions, which generally results in the protection of or-
gans and tissues against inflammation-induced damage. We
now understand that IL-10 is critical to maintaining healthy
epithelial homeostasis through supporting cellular function,
the barrier, and mucosal tolerance. Considering that IECs
produce IL-10 and express polarized IL-10R, more remains
to be discovered regarding the autocrine roles within the
epithelium.
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