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Abstract
Purpose of Review Intestinal mucosal immunity is tightly reg-
ulated to ensure effective host defense against invasive micro-
organisms while limiting the potential for aberrant damage. In
inflammatory bowel disease (IBD), an imbalance between
effector and regulatory T cell populations results in an uncon-
trolled inflammatory response to commensal bacteria.
Intraepithelial lymphocytes (IEL) are perfectly positioned
within the intestinal epithelium to provide the first line of
mucosal defense against luminal microbes or rapidly respond
to epithelial injury. This review will highlight how IELs pro-
mote protective intestinal immunity and discuss the evidence
indicating that altered IEL responses contribute to the patho-
genesis of IBD.
Recent Findings Although the role of IELs in mucosal ho-
meostasis has been largely underappreciated, many of the
same factors that contribute to the dysregulation of host de-
fense in IBD also adversely affect IELs. For example, IL-23
and the endoplasmic reticulum stress response can enhance
IEL lytic activity toward enterocytes. Microbial dysbiosis or
defective microbial recognition results in the loss of regulatory
IELs, further amplifying these pro-inflammatory effects.
Migration of T cells into or within the intraepithelial compart-
ment has a profound effect on their differentiation or effector
function demonstrating that IELs are exquisitely sensitive to
changes in the local intestinal microenvironment.

Summary Enhanced mechanistic insight into the regulation of
IEL survival, differentiation, and effector function may pro-
vide useful tools to modulate IEL surveillance or enhance IEL
regulatory function. Elucidation of these processes may result
in the development of novel therapeutics to reduce intestinal
inflammation and reinforce the mucosal barrier in IBD.

Keywords Intraepithelial lymphocyte . Inflammatory bowel
disease . Intestinal inflammation . Ulcerative colitis . Crohn’s
disease

Introduction

Inflammatory bowel disease (IBD) refers to Crohn’s disease
and ulcerative colitis, two chronic inflammatory diseases of
the gastrointestinal tract that are characterized by an uncon-
trolled adaptive immune response against intestinal bacteria.
Nearly 5 million individuals worldwide are affected by IBD,
and the prevalence of disease continues to increase with an
estimated 70,000 new diagnoses each year. Our current
knowledge indicates that the etiology of IBD is multifactorial,
with environmental, microbial, genetic, and immunological
components contributing to the pathophysiology of disease
[1, 2]. It has been challenging to identify the initiating factor
in disease due to the complex regulation of these interrelated
factors. However, advances in defining the symbiotic relation-
ship between the immune system and resident microbiota
have greatly expanded our understanding of IBD pathophys-
iology [3, 4]. Uncovering the mechanisms leading to the dys-
regulation of host defense responses has resulted in the devel-
opment of new therapeutic strategies to treat IBD [5•, 6].

The intestinal epithelium is a single layer of cells that
serves as the physical barrier to separate the mucosal immune
system from commensal and pathogenic microbes as well as
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dietary antigens. Epithelial damage or increased epithelial per-
meability can disrupt this barrier, leading to activation of the
mucosal immune system. Increased intestinal permeability
has been observed in Crohn’s disease patients prior to the
clinical onset of disease or before relapse, suggesting that
barrier dysfunction may trigger disease development [7, 8].
However, compromised barrier function alone is insufficient
to cause disease, since increased permeability was observed in
an otherwise healthy subset of first-degree relatives of Crohn’s
disease patients [9]. Studies of transgenic mice exhibiting en-
hanced intestinal epithelial permeability show that the micro-
biota primes the mucosal immune system, thus compensating
for compromised barrier function at steady state while increas-
ing susceptibility to experimental colitis [10, 11•]. Yet it re-
mains unclear whether the pathophysiology of IBD stems
from an intrinsic barrier defect or if pro-inflammatory cyto-
kines produced by subclinical inflammation enhances epithe-
lial permeability. Regardless of the sequence of events in dis-
ease progression, these studies demonstrate how crucial im-
mune surveillance of the intestinal epithelium is for mainte-
nance of mucosal homeostasis and generation of appropriate
responses to luminal microbes and antigens.

The intestinal immune system constantly regulates the bal-
ance between host defense responses and a state of tolerance
toward resident luminal microbes [2, 12]. A large number of
intestinal tissue-resident immune cells contribute toward the
defense of the epithelial barrier, including T lymphocytes,
which are found with highest abundance in the intestinal mu-
cosa relative to anywhere else in the body. This review will
focus on intraepithelial lymphocytes (IEL), which are located
within the epithelial monolayer just above the basement mem-
brane and between adjacent epithelial cells. Perfectly posi-
tioned as first responders to luminal antigens, IELs are
antigen-experienced T cells that express either the αβ or γδ
T cell receptor (TCR). In this article, we will review the key
contributions of different IEL subtypes to intestinal mucosal
homeostasis, explore how impaired host-microbe interactions
or immune dysregulation that is associated with IBD influ-
ences IEL function, and highlight new areas of research that
may provide valuable insight into the contribution of IELs in
protective intestinal immunity.

Ontogeny and Differentiation of Intestinal IEL
Subtypes

In mice, IELs are classified into two main subtypes: Binduced^
IELs that are phenotypically similar to conventional memory
effector T cells and innate-like Bnatural^ IELs that exhibit reg-
ulatory properties. Following conventional thymic selection,
induced IELs expressing either CD8αβ+ TCRαβ+ or CD4+

TCRαβ+ are recruited to the periphery in response to antigenic
stimulation through the upregulation of gut-homing markers

[13]. In contrast, natural IELs develop an antigen-
experienced phenotype in response to self-antigen during thy-
mic maturation, and then migrate directly to the intestinal ep-
ithelium [14, 15]. These IELs express either theαβ orγδTcell
receptor and are typically CD8αα+, but lack CD8αβ or CD4
co-receptors. The role of the thymus in natural IEL develop-
ment remains controversial, since CD8αα+ IELs can develop
extrathymically within cryptopatches or isolated lymphoid fol-
licles in the intestinal mucosa [16–18]. Additional studies re-
garding IEL ontogeny have been reviewed extensively else-
where [19]. Once IELs traffic to the intestine, these cells be-
come tissue resident and do not return to circulation [20, 21].
The relative frequency of individual IEL subtypes differs based
on the region of intestine assessed (Table 1). It is important to
consider that the distribution of IEL populations differs be-
tween mice and humans. In mice, the number and proportion
of IELs can vary based on the strain; for example, BALB/C
mice exhibit a lower percentage of γδ T cells than C57BL/6
[22, 26]. IEL number and proportion is also influenced by
housing conditions, since these factors are dependent on the
level of antigenic stimulation in the intestine [28]. Therefore,
with the significant variation in human IEL populations that
has been reported in the literature [24, 25, 27], it is difficult to
determine relative IEL proportions between mice and humans.
This is especially relevant to γδ IELs, in which mouse γδ T
cell subsets are functionally characterized by Vγ chain usage,
whereas human intestinal γδ Tcell subsets are classified by the
Vδ chain. However, the overall proportions of αβ versus γδ T
cells are similar between mice and humans (Table 1), as are the
functional profiles of these IELs [29–31]. All IELs possess an
antigen-experienced cytolytic effector phenotype; however,
the antigenic reactivity of these IEL subtypes is thought to
regulate their function within the intestinal epithelium, thus
influencing their role in intestinal injury and inflammation
[19].

An Imbalance in IEL Cytolytic and Regulatory
Functions Contributes to Disease Development

An equilibrium between regulatory and effector lymphocytes
is required to ensure appropriate immunological defense
against invasive microorganisms while reducing the potential
for aberrant inflammation or damage. This delicate balance is
disrupted in IBD as naïve cells increasingly differentiate into
cytotoxic lymphocytes [19]. Under homeostatic conditions,
mucosal dendritic cells sample and present soluble antigens
from apoptotic epithelial cells to naïve T cells [32], thus yield-
ing non-responsive, tolerogenic T cells within the intestine.
However, increased licensing of CD8+ cytotoxic IELs shifts
the ratio of effector/regulatory T cells, leading to a breakdown
of mucosal tolerance and subsequent tissue destruction. For
example, increased IEL cytolytic activity toward intestinal
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epithelial cells can result in the villous atrophy that is charac-
teristic of celiac disease [33, 34].

In IBD, an imbalance between regulatory and cytolytic
effector cells within the epithelium leads to a dysregulation
of mucosal immunity and the generation of a pro-
inflammatory microenvironment (Table 2). While epithelial
cytolysis results in ulceration, allowing bacterial invasion of
the mucosa and enhanced T cell activation, a simultaneous
reduction in regulatory cells further amplifies the pro-
inflammatory response. This shift toward cytotoxic lympho-
cyte (CTL) differentiation was observed in the TNFΔARE

mouse model, which is histopathologically similar to human
IBD due to defective TNF translational regulation [45]. In this
model, a reduction of CD8αα+ IELs early in disease is follow-
ed by an influx of peripherally activated CD8αβ+ TCRαβ+

lymphocytes into the epithelium [38, 46]. Although the in-
duced IELs in TNFΔARE mice produce more IFNγ and
TNF, surprisingly, it is the activation of the unfolded protein
response (UPR) that is responsible for enhanced CD8αβ+ IEL
granzyme B expression [39]. This occurs as a result of
glucose-regulated protein 78 (Grp78)-mediated activation of
downstream transcription factors that directly bind to the gran-
zyme B promoter [39]. UPR activation of IEL cytolytic activ-
ity is particularly interesting in this context since unresolved
ER stress responses have been implicated in risk susceptibility
for IBD [47].While the TNFΔARE model more closely models
human disease, it is worth noting that CD8 T cell-mediated
epithelial cytolysis has also been implicated in tissue destruc-
tion in hapten-induced colitis [44]. Although CD4+ lamina
propria lymphocytes are considered to be the primary drivers
of intestinal inflammation in IBD, these studies indicate that

activation of cytotoxic CD8αβ+ TCRαβ+ IELs also induces
epithelial damage.

In humans, CD8+ IELs closely resemble systemic effector
memory cells and exhibit cytolytic activity. It is thought that
the intestinal microenvironment conditions CD8+ IELs to re-
spond to nonclassical major histocompatibility complex
(MHC) class I molecules through the activation of natural kill-
er receptors (NKR). These MHC class I ligands are upregulat-
ed in response to epithelial stress, infection, or inflammation
(reviewed in [19, 48–50]). In mice, NKR are expressed on
CD8αα+ TCRαβ+ IELs; however, IELs expressing the
CD8αα homodimer have not been identified in humans [48].
Instead, it is thought the activation of antigen-specific conven-
tional CD8αβ+TCRαβ+ IELs or recognition of epithelial
stress ligands by these cells induces epithelial cytolysis [48].

IL-23 is critical for the regulation of memory Tcell function,
Th17 differentiation, and ILC3 activation, and as a result has
become one of the most recent targets for IBD immunotherapy
[5•, 51]. Colonic CD8+ IELs isolated from IBD patients exhibit
higher IL-23R expression compared to healthy controls [52].
Exposure to IL-23 ex vivo enhanced pro-inflammatory cytokine
production and lytic activity in activated IELs [52]; however, the
effect of IL-23 on specific IEL subtypes and the mechanism by
which IL-23 enhanced cytolysis was not evaluated. While it is
clear that pro-inflammatory cytokines such as IL-23 can influ-
ence the cytolytic potential of these CD8+ IELs, it remains to be
determined if (1) increased CTL activity is an intrinsic compo-
nentof IBDpathogenesis as a resultofUPRactivation, (2) lossof
regulatory IELs during IBD development promotes unchecked
CTL activation, or (3) cytolytic activity is enhanced as a second-
ary response to the inflammatory microenvironment.

Table 1 Relative frequencies of
intestinal IEL subsets in murine
and human small intestine and
colon

IEL type Frequency in mice Frequency in humans

Small intestine Colon Small intestine Colon

γδ T cells Up to 50% [22, 23] 12–15% [22] 15–30% [24, 25] 30% [25]

CD8αα+ +++ [23] ++ [26] ++ [24] + [25]
CD8αβ+ +/− [23] +/− [26]

CD4+ + [22] +/− [23] – ++ [25]

CD4−CD8− ++ [23] +++ [22] +++ [24, 25] +++ [25]

αβ T cells Up to 57% [22, 23] 60–70% [22] 55% [25] 40% [25]

CD8αα+ +++ [23] +++ [23] +++ [25] + [25]
CD8αβ+ +++ [26] ++ [23]

CD4+ + [23] + [23] ++ [25] ++ [25]

CD4−CD8− +/− [23] ++ [23] + [25] +++ [25]

CD4+CD8αα+ + [23] +/− [23] +/− [27] +/− [27]
CD4+CD8αβ+ +/− [23] +/− [23]

Significant variations exist between individual human samples, as well as between different mouse strains and
different studies. Percentages reflect the number of TCRαβ+ or TCRγδ+ cells relative to all IELs. Due to
variation in the IEL number reported in the literature, relative abundances of CD4+ , CD8αα+ , or CD8αβ+

subsets are indicated by the number of B+^ signs. B+/−^ indicates a very low, but detectable number of cells.
CD8αα homodimers have not been identified in humans; therefore, these populations are broadly categorized as
CD8+
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Regulatory Phenotype of Natural IELs in Mucosal
Homeostasis and Disease

Innate-like CD8αα+ IELs are maintained in a state of partial
activation, thus allowing these cells to rapidly respond to stim-
ulation without being self-destructive [53]. CD8αα+ IELs dif-
ferentiate in response to self-antigen, and thus may specifical-
ly target cancerous or infected cells displaying stress ligands.
In order to maintain an immunologically quiescent state,
CD8αα functions as a TCR co-repressor [53]. Although this
repression may be overcome by high levels of antigen stimu-
lation [54], reduced TCR responsiveness results in a limited
capacity for IELs to proliferate within the intestine [55]. This
anti-proliferative effect is mediated in part by CD8αα binding
to the thymus leukemia (TL) antigen, a nonclassical MHC
class I molecule expressed on the epithelial surface [56, 57].
Loss of TL expression increases the proliferation of colonic
CD8αα+ IELs, but has no effect on small intestinal IELs [58].
This finding suggests that the greater microbial diversity with-
in the colon influences IEL proliferation in the absence of
CD8αα-mediated inhibition of T cell activation [58].

A protective role for CD8αα+ IELs in colitis was first
demonstrated following adoptive transfer of individual IEL
subsets into the CD4+CD45RBhi T cell transfer model [35].
IL-10 production by CD8αα+ IELs was shown to confer pro-
tection against disease development by suppressing lamina
propria T cell expansion [35, 36, 59], demonstrating that nat-
ural IELs have regulatory properties that can limit immune-
mediated colitis. Since it is not possible to selectively deplete
CD8αα+ TCRαβ+ IELs, much remains unknown about their
function; however, gene expression analysis shows that these
cells express a variety cytokines and chemokines that may
serve to recruit other immune cell populations [60].

Whereas CD4+ effector T cells in the periphery typically
exhibit a pro-inflammatory phenotype, CD4+ T cells can reac-
quire CD8αα once reaching the epithelium [36, 61]. This
ability to convert an induced, cytotoxic effector T cell to a
regulatory phenotype demonstrates the important influence
of the intestinal microenvironment in ensuring an appropriate
balance between highly effective protective immunity while
limiting the potential for aberrant damage. Although the fre-
quency by which IELs exchange between the epithelial and
lamina propria compartments is relatively low, intravital mul-
tiphotonmicroscopywithin the intestinal mucosa has begun to
provide new insight into how T cell plasticity effects the func-
tional specification of distinct IEL subsets. Recently, the mi-
crobiota was shown to mediate the conversion of lamina
propria Foxp3+ Tregs to CD4+ CD8αα+ or CD4+ CD8αβ+

IELs through the downregulation of the helper Tcell transcrip-
tion factor ThPOK [62••]. These findings demonstrate a novel
mechanism by which the tissue-specific microenvironment
drives the differentiation of a presumably stable Treg popula-
tion into CD4+ IELs. Further investigation is needed to ascer-
tain the extent to which this conversion occurs in an IBD
model, and to determine whether pro-inflammatory conditions
or microbial dysbiosis influences the effector phenotype of
these ex-Treg CD4+ IELs. Although lamina propria CD4+

CD8αα+ T cells were shown to have a regulatory role in
IBD [63•], the contribution of CD4+ CD8αα+ IELs to the
pathophysiology of IBD remains unknown.

As novel regulatory mechanisms by which the intestinal
microenvironment regulates IEL function are identified, it will
be important to consider how T cell plasticity will be affected
in the context of inflammatory disease. For example, does
Foxp3 Treg conversion also occur in the colon? If so, since
Clostridia species involved in colonic Treg differentiation are

Table 2 Role of IEL subsets in experimental colitis

Disease model IEL subset studied Effect on disease outcome Mechanism of action Ref

CD4+CD45RBhigh

adoptive transfer
CD4− CD8αα+ TCRαβ+ Protective IL-10 [35]
CD4− CD8αβ+ TCRαβ+ None N/A

TCRγδ+ None N/A

CD4+ TH1
adoptive transfer

CD4+CD8αα+ TCRαβ+ Protective IL-10 [36]

IL2−/− spontaneous colitis TCRγδ+ Protective Unknown [37]

TNFΔARE spontaneous ileitis CD8αβ+ Inflammatory UPR-mediated cytolysis [38, 39]

TCRγδ+ Protective/None Unknown [37, 38]

TCRα−/− spontaneous colitis TCRγδ+ Inflammatory Unknown [40]

DSS colitis TCRγδ+ Protective KGF [41]

TNBS/DNBS hapten-induced colitis TCRαβ+ None N/A [42]

TCRγδ+ Protective TGF-β, IL-10 [42, 43]

CD8+ T cells Inflammatory Cytolytic activity; IELs not
directly investigated

[44]
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depleted in IBD [4, 64], will changes inmicrobial composition
also affect the generation of this ex-Treg CD4+ IEL popula-
tion? By understanding the factors that create this imbalance
between cytolytic and regulatory IEL populations in IBD, it
may become possible to shift these populations back toward
equilibrium in an effort to reduce intestinal inflammation.

Commensal Bacteria Influence IEL Development
and Function

Genetic variants inNOD2were the first identified IBD genetic
susceptibility factors; since then, genome-wide association
studies have discovered that several genes involved in host-
microbe interactions are located in the IBD susceptibility loci
[1]. As a result, the symbiotic relationship between the
microbiome and mucosal immunity has become a main area
of focus in efforts to unravel the pathogenesis of IBD.
Changes in the composition of the microbiota lead to an over-
all reduction in bacterial diversity in IBD [3, 4], which has a
profound effect on mucosal immunity. Although several com-
mensal species have been shown to directly affect the differ-
entiation of lamina propria lymphocytes [3, 64, 65], signifi-
cantly less is known regarding specific bacteria that directly
influence IEL populations.

Monocolonization of germ-free mice with segmented
filamentous bacteria (SFB) increased the total number of
small intestinal αβ IELs; however, colonization with both
SFB and Clostridia spp. restored total IEL numbers to
similar levels observed in conventionalized mice [66]. As
expected, each of these strains demonstrated some degree
of regional specificity regarding their influence on IEL
populations. Clostridia monoassociation increased the pro-
portion of CD8+ IELs relative to CD4+ CD8− in the colon,
whereas SFB enhanced the ratio of CD8αβ+ IELs com-
pared to those expressing CD8αα+ [66]. Exposure to two
different strains of Lactobacillus reduced epithelial expres-
sion of IL-15 and the NKG2D ligand Rae1 (retinoic acid
early inducible-1) to alleviate TLR3-mediated increases in
CD8αα IEL number and NKG2D expression [67•].
Further, prophylactic administration of a probiotic mixture
containing Lactobacillus acidophilus and Bifidobacterium
longum conferred protection against TNBS colitis, which
was associated with reduced CD4+ T cells and increased
γδ T cells in the intraepithelial compartment. Interestingly,
the inverse distribution of these cells was observed in the
lamina propria in response to TNBS in probiotic-treated
mice [68]. Recently, Lactobacillus reuteri was shown to
induce CD4+ CD8αα+ IELs, through the generation of
AhR ligands that directly activate the T cell leading to
ThPOK downregulation [69••]. This report is one of the
first to elucidate a specific mechanism by which commen-
sals induce alterations to the IEL compartment, and

demonstrated that transplantation of fecal microbiota from
mice colonized with L. reuteri could induce IEL differen-
tiation in the transplant recipient [69••]. Based on these
findings and those from monocolonization studies, it is
possible that the alteration of IEL populations by fecal
microbiota transplantation may have potential therapeutic
value.

All IELs, with the exception of those that are TCRγδ+

[70, 71], are reduced in gnotobiotic and antibiotic-treated
mice [72], indicating that the microbiota is critical for the
maintenance of an intact IEL compartment. In support of
these findings, several IEL populations fail to survive in
mice lacking pattern recognition receptors such as Toll-like
receptors (TLR) and nucleotide-binding oligomerization
domain (Nod2). Although bacterial recognition through
TLR signaling is generally thought to promote mucosal
inflammation, several studies have shown that disruption
of these innate immune pathways reduces epithelial IL-15
signaling, which is required for CD8+ IEL proliferation
and survival [73–75]. Impaired bacterial recognition was
not sufficient to ablate all IELs, yet the effector function of
the remaining IELs was markedly affected [73, 75].
Interestingly, the residual CD8+ and γδ IEL populations
in Nod2 knockout mice expressed more IFNγ; this was
dependent on MyD88 signaling and the presence of the
commensal bacterium, Bacteroides vulgatus [76••].
Enhanced IFNγ production correlated with reduced goblet
cell function in the small intestine [76••], yet the contribu-
tion of individual IEL subtypes and whether IEL IFNγ
production is sufficient to induce this phenotype was not
determined. Further identification of the IEL subpopula-
tion(s) responsible for the alterations in goblet cell physi-
ology would be of particular interest since γδ T cells were
shown to influence goblet cell number and mucin produc-
tion and glycosylation [77••]. Pro-inflammatory cytokine
production by IELs may impair the protective mucus bar-
rier and contribute to the exacerbation of disease. These
findings are consistent with the reduced goblet cell number
and altered mucin production observed in Crohn’s disease
and ulcerative colitis [78].

While the link between epithelial innate immune recog-
nition and IEL function will be addressed later in this re-
view, the extent to which IEL function depends on luminal
microbial recognition by myeloid cells has yet to be ex-
plored. Contrary to TLR induction of epithelial IL-15 [73,
74], reduced IEL number in Nod2 knockout mice was at-
tributed to defective IL-15 production by myeloid cells
[72]. Since IELs are in close proximity to both luminal
sampling antigen-presenting cells and enterocytes, it
stands to reason that multiple levels of regulation and
crosstalk may inform IEL function and vice versa. With
this as a consideration, it remains unclear as to whether
the increased susceptibility of TLR or MyD88 knockout
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mice to experimental colitis [72, 79] is a result of reduced
CD8αα+ IEL number, changes in the composition of the
microbiota, or defective bacterial recognition in myeloid or
epithelial cells. Transfer of WT CD8+ IELs was sufficient
to alleviate 2,4,6-trinitrobenzene sulfonic acid (TNBS) co-
litis in Nod2-deficient mice, suggesting that at least in this
model, IEL depletion is a key factor in driving disease [72].
Although bacterial infection leads to increased expression
of an intracellular peptidoglycan recognition receptor in
CD8+ IELs [80], surprisingly little is known regarding pat-
tern recognition receptor expression or function within
specific IEL subsets. Therefore, further studies are needed
to determine the extent to which IELs directly respond to
microbial antigen either at steady state or in the context of
intestinal inflammation. Together, these studies show that
in addition to the reduced responsiveness of innate immune
cells to invasive microbes, failure to appropriately respond
to luminal microbes at steady state also effectively disables
the first line of defense by CD8αα+ IEL depletion and may
also shift the IEL regulatory response toward a pro-
inflammatory phenotype.

Dietary Factors Contributing to IBD Adversely
Affect Natural IEL Populations

As IBD diagnoses continue to rise in the industrialized
world and in countries previously characterized with a
low incidence of IBD [81, 82•], there has been a renewed
interest in the influence of the Westernized diet on disease
development. Diet not only influences the overall compo-
sition of the microbiome [3], but dietary antigens and the
production of bacterial metabolites have a profound impact
on mucosal immunity [4]. Similar to microbial depletion,
animals receiving an elemental antigen diet also fail to
develop CD8αα+ IELs [83]. Tryptophan-derived ligands
that are produced as metabolites from cruciferous vegeta-
bles bind to the aryl hydrocarbon receptor (AhR); this re-
ceptor is highly expressed on CD8αα+ and γδ IELs and is
required for their survival [84]. As a result, AhR knockout
mice demonstrate increased susceptibility to experimental
colitis due to an expanded induced colonic IEL population
and microbial overgrowth. Mice fed a high-fat diet exhibit
an increase in the total number of γδ IELs with no pertur-
bations observed in any other IEL population [85].
Analysis of effector function within total IEL populations
demonstrated an increase in TNF, perforin, and granzyme
B expression in response to a high-fat diet [86]. While
these mice are more susceptible to experimental colitis
[86], the relative contribution of IELs to the pathogenesis
of disease under these circumstances has not been fully
investigated.

Vitamin A is primarily ingested as retinol, which is then
converted to retinoid acid by dendritic cells within the gut-
associated lymphoid tissue (GALT) [87]. Retinoic acid pro-
motes Tcell trafficking into the intestine by enhancing expres-
sion of α4β7 integrin and CCR9 [87]. Mice fed a vitamin A-
deficient diet exhibited a depleted CD8+ IEL compartment,
which may be reflective of a failure to express gut-homing
proteins [87, 88]. Interestingly, retinoic acid induced an ex-
pansion of Lactobacillus in the microbiota [89], suggesting
that the effect observed on IEL homeostasis may also be at-
tributed to changes in microbiota composition.

Commensal bacteria also contribute to the processing of
vitamin D and influence the expression of vitamin D re-
ceptor (VDR) [4]. Vitamin D deficiency has been shown to
be predictive of IBD relapse [82•], and VDR polymor-
phisms have been identified in CD and UC patients [90,
91]. Further investigation of the role of vitamin D in intes-
tinal inflammation showed that while mice lacking vitamin
D or VDR do not develop spontaneous inflammation, both
of these strains show an exacerbation in experimental co-
litis [92]. The increase in disease susceptibility coincides
with a 50% reduction in CD8αα+ IELs due to defective gut
homing, [93] and impaired IL-10 production among the
remaining IELs, thus increasing the inflammatory response
to commensal bacteria [94].

With the steady increase in IBD diagnoses [81], under-
standing the environmental factors that predispose individuals
to IBD becomes even more essential. Studies show that a diet
high in fat and low in fruits and vegetables may be one of the
environmental factors that contribute to the development of
IBD [82•, 95]. As this area of investigation continues to ex-
pand, identification of the effect of diet and bacterial metabo-
lites on IEL populations and function will be increasingly
important to our understanding of the causal relationship be-
tween dietary changes and mucosal immunity and how this
influences intestinal homeostasis.

γδ IELs Protect Against Experimental Colitis

γδ T cells are far less common than αβ T cells within the
peripheral blood and lymphoid tissues, yet γδ Tcells represent
a large proportion of the lymphocytes located at mucosal sur-
faces. In mice, CD8αα+ γδ IELs are the predominant IEL
subset in the small intestine, whereas a smaller proportion of
colonic IELs are CD4− CD8− TCRγδ+ [22]. Unlike the αβ
TCR, the γδ TCR does not require antigen presentation by
MHC, but can be stimulated by non-MHC-like self or micro-
bial antigens (reviewed in depth in [96, 97]). Elimination of
the need for MHC processing and presentation permits a more
rapid response to challenge, thus allowing γδ IELs to bridge
innate and adaptive immune responses.
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Adoptive transfer of CD8αα+ TCRαβ+ IELs reduced the
severity of injury and inflammation in experimental colitis [35];
however, the inability to specifically deplete this subset has
made it difficult to pinpoint their precise function. In contrast,
genetic or antibody-mediated depletion of γδ T cells showed
that loss of γδ Tcells results in more severe disease in response
to TNBS [42, 43] and dextran sulfate sodium (DSS) [98], as
well as in TNFΔARE mice [37], demonstrating a protective role
for γδ IELs in intestinal injury. Further characterization of γδ
IELs showed that these cells limit intestinal inflammation
through multiple mechanisms. Increased IL-10 and TGFβ pro-
duction by adoptively transferred γδ T cells was sufficient to
reduce disease severity and mortality in TNBS colitis [43, 59].
Further, DSS treatment of Tcrd knockout mice resulted in le-
sions dominated by monocytes rather than granulocytes, indi-
cating that γδ Tcells promote neutrophil infiltration to limit the
extent of mucosal injury [98]. These findings were supported
by gene expression analysis of colonic γδ IEL following DSS
treatment, which revealed that the microbiota is required to
stimulate γδ IEL production of pro-inflammatory cytokines,
chemokines, and the antimicrobial peptide (AMP) RegIIIγ in
response to injury [99]. Further, commensal bacteria induced
γδ IEL signaling in response to mucosal injury through both
MyD88-dependent and MyD88-independent pathways [99].
Taken together, these signals likely help regulate both the mag-
nitude and timing of mucosal immune responses to rapidly
neutralize invading microbes and clear damaged cells without
causing further mucosal damage.

γδ IELs Prevent Acute Bacterial Translocation
Across the Epithelium

γδ IELs limit the acute translocation of invasive commensal
and pathogenic bacteria within the first hours after exposure
[71, 100••]. At steady state, small intestinal γδ IEL RegIIIγ
production requires commensal-induced epithelial MyD88
signaling [71], again highlighting the crucial role of microbial
recognition in IEL-mediated host defense. Although human
γδ Tcells respond directly to microbial products through TLR
stimulation and the recognition of bacterial phosphoantigens
(reviewed in [101]), whether γδ IELs are also capable of di-
rectly recognizing luminal microbes has yet to be determined.

In response to Salmonella typhimurium, γδ IELs limit bac-
terial invasion by stimulating AMP production by Paneth cells
in an IL-22-dependent manner [102]. The generation of AMPs
is necessary to prevent commensal overgrowth and spatially
segregate the microbiota from the apical surface of intestinal
epithelium through the formation of an exclusion barrier
[103]. Since a high degree of functional redundancy exists
among antimicrobial responses to ensure proper host defense,
it remains unclear as to whether AMP expression induced

either directly or indirectly by γδ IELs is required to confer
protection against bacterial invasion.

The mechanisms regulating the rapid, innate-like re-
sponse of γδ IELs to microbial challenge at the epithelial
barrier have not been well-characterized. Once presumed
to be sessile within the epithelial compartment [50],
timelapse intravital microscopy revealed that γδ IELs are
highly motile within the villous epithelium [104]. γδ IELs
continuously survey the epithelium by migrating along the
basement membrane and into the lateral intercellular space
between adjacent epithelial cells [104]. Epithelial retention
within the lateral intercellular space is mediated in part by
direct interaction of CD103 with epithelial E-cadherin, dis-
ruption of which reduces γδ IEL dwell time and enhances
migratory speed of these cells [104]. Further, migration
into the lateral intercellular space is essential for γδ IEL-
mediated protection against microbial translocation, as
shown by an increase in acute invasion of either
S. typhimurium or Toxoplasma gondii in mice with γδ
IELs deficient in occludin, a junction protein critical for
γδ T cell motility [100••, 104]. Interestingly, γδ IELs were
shown to preferentially migrate toward sites of mucosal
pathogen adherence [100••], suggesting that innate signal-
ing pathways regulate γδ IEL surveillance of the villous
epithelium. These host-microbe interactions may direct the
migration of these sentinels to sites of microbial invasion
as a means to deliver a precise and localized effector re-
sponse. The microbial cues regulating γδ IEL migration
are not restricted to enteric pathogens. Antibiotic treatment
significantly reduces γδ IEL migration into the lateral in-
tercellular space (Edelblum et al., unpublished observa-
tion), indicating that commensal bacteria modulate basal
γδ IEL migration. Additional studies are required to iden-
tify the signals involved in mediating γδ IEL surveillance
and to determine if and how γδ IEL retention within a
defined location in the epithelial monolayer triggers a lo-
calized antimicrobial response.

The patrolling behavior of γδ IELs emphasizes the im-
portance of direct ligand/receptor interactions between γδ
IELs and epithelial cells. Although there is only one IEL
for every 5–10 epithelial cells, the migration of γδ IELs
results in the constant and dynamic interaction of these
cells with neighboring enterocytes. It is likely that intesti-
nal injury or inflammation will alter cell surface ligand or
receptor expression, to influence or regulate γδ IEL func-
tion. For example, pathological levels of tumor necrosis
factor (TNF) induce occludin internalization from the plas-
ma membrane [105], thus reducing its availability on the
epithelial cell surface and inhibiting γδ IEL motility and
surveillance [104]. Impaired γδ IEL surveillance increases
susceptibility to infection, thus it would be interesting to
determine whether defective migration triggers disease
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development in susceptible hosts by increasing the likeli-
hood of invasion by commensal pathobionts.

Consistent with the role of γδ IELs in maintaining epithe-
lial integrity, activated γδ IELs produce keratinocyte growth
factor (KGF) to stimulate epithelial regeneration following
DSS treatment [41, 106]. KGF production is impaired in
DSS-treated mice deficient for CD100, which is a γδ T cell
co-stimulatory molecule that binds to plexin B2 on intestinal
epithelial cells [107•]. This γδ IEL ligand/receptor pair was
initially identified in the skin; therefore, the conservation of
function between ligand/receptor interactions in the skin and
gut provides valuable insight into γδ IEL/epithelial crosstalk
and the mechanisms by which epithelial cells regulate γδ IEL
development and function. It will be interesting to determine
how these interactions translate from mice into humans, and
the extent to which these signals are affected in the context of
IBD.

Location of γδ T Cells May Dictate Function
in Intestinal Inflammation

Despite the large number of studies that demonstrate a protec-
tive role for γδ IELs in experimental colitis, several reports
also suggest that γδ T cells may promote disease pathogene-
sis. Antibody-mediated depletion of γδ T cells partially re-
duced the severity of colitis in TCRα knockout mice [40],
which develop spontaneous colitis resembling ulcerative coli-
tis between 16 and 20 weeks of age [108]. Disease develop-
ment is driven by the selection and expansion of a unique
CD4+ TCRββ+ population that produces IL-4 to drive a
TH2 inflammatory response [109, 110]. In the absence of αβ
T cells, dysregulated γδ T cells expand within the colonic
lamina propria to induce a pro-inflammatory IL-17 response
[108]. Further supporting a role for γδ T cells in disease path-
ogenesis, adoptive transfer of IL-17+ or CD103+α4β7hi γδ T
cells increased the severity of disease in a T cell transfer
models of colitis [111, 112••].

Differences in Vγ subsets and genetic knockout mice
used in the various mouse models of experimental colitis
may account for the seemingly contradictory conclusions
drawn between these studies and those that demonstrate a
protective role for γδ T cells. While none of these exper-
imental colitis models fully mimic the multifactorial dis-
ease process involved in IBD, taken as a whole, the in-
formation gained from these studies strongly indicates
that γδ T cell subtype or localization may predict their
role in intestinal inflammation. The majority of the studies
indicating a pathogenic role for γδ T cells exhibit a pro-
inflammatory γδ T cell phenotype localized to the lamina
propria, not the intraepithelial compartment. Further, IL-
17 production is restricted to γδ T cells in the periphery
and lamina propria, which are comprised of Vγ subsets

that are distinct from Vγ7+ IELs that do not express IL-17
[50]. Although the data overwhelmingly indicate that γδ
IELs confer protection against disease development, fur-
ther investigation into the frequency and dynamics of γδ
T cell migration between the intraepithelial compartment
and lamina propria during active inflammation is warrant-
ed. It is reasonable to hypothesize that disruption of the
epithelial barrier during severe inflammation would ad-
versely affect resident T cells. Therefore, to gain a better
appreciation of the role of IELs in IBD, continued inves-
tigation is required to determine how increased epithelial
permeability or ulceration impacts IEL number and/or
function.

Addressing the Differences Between Mice and Men:
γδ IELs in IBD

Despite the numerous studies of γδ T cell function in mice,
relatively little is known regarding the role of γδ IELs in
IBD. Investigations of γδ T cells within the intestinal mu-
cosa of IBD patients have proven contradictory and incon-
clusive, with various studies showing increases, decreases,
or no change in the number or proportion of γδ IELs pres-
ent (reviewed by Catalan-Serra et al. 2017 [113•]). It
should also be noted that a number of these studies focused
broadly on all γδ T cells in the mucosa rather than
distinguishing between their precise location (i.e. lamina
propria vs. intraepithelial) or the various γδ TCR subtypes
(i.e., Vδ1+ vs. Vδ2+); this may account for some of the
discrepancies between these studies. Additionally, obser-
vations regarding γδ IEL number are difficult to assess in
isolation, as no studies have addressed whether γδ T cells
in the intestinal epithelium are contributing to or regulating
the inflammation observed in IBD patients.

The main obstacles involved in performing these studies
are obtaining a sufficient number of IELs from a tissue
biopsy for functional study and successfully maintaining
these IELs ex vivo. As a result of these challenges, the
most well-characterized population of human γδ T cells
is circulating Vγ9/Vδ2 T cells that respond to endogenous
and microbial phosphoantigen [114]. Vγ9/Vδ2 T cells are
recruited from the periphery into the lamina propria in IBD
patients where they can exhibit both pro-inflammatory and
protective functions [115, 116••]. Interestingly, azathio-
prine (AZA) treatment selectively depletes this subtype in
Crohn’s disease patients [117]. Although the mechanism
by which AZA reduces Vδ2+ T cell number has yet to be
determined, this effect could not be attributed solely to
impaired purine biosynthesis since similar results were
not observed in patients treated with methotrexate [117].
However, its effect on Vδ1+ T cells, which constitute the
majority of human γδ IELs, remains unclear. These CD8+
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Vδ1+ cells display a cytotoxic Th1 phenotype and produce
IFNγ similar to murine γδ IELs [118]. Relatively little is
known regarding the role of Vδ1+(Vδ2−) IELs in IBD,
although recent studies demonstrate that butrophylin-like
genes (BTNL3 and 8) can selectively regulate TCR activa-
tion in Vγ4+Vδ2− IELs [119••]. Butrophylins are trans-
membrane proteins related to the immunoglobulin super-
family expressed by intestinal epithelial cells that shape
and regulate local γδ T cell populations [119••]. Gene ex-
pression analysis of biopsies from ulcerative colitis pa-
tients showed increased BTN3 and decreased BTNL8 ex-
pression [120••]. Based on the function of these genes,
these changes in expression correlate with a suppressive
effect on T cell activation [120••]; however, the effect that
this has on γδ IEL activation remains to be determined.

Effect of IBD Therapeutics on IEL Function

Historically, IBD therapy has broadly focused on anti-
inflammatory drugs, antibiotic use, and immune suppression
to reduce the destructive inflammation associated with disease
pathology. Current and emerging therapies favor a more
targeted approach including biologics designed to specifically
inhibit key cytokines, such as TNF or IL-12p40, which is
associated with both IL-12 and IL-23 (reviewed by M.
Neurath [5•]). Alternatively, the use of monoclonal antibodies
against α4β7 or CD103 (α3β7) integrin prevents the traffick-
ing of activated T cells to the gut. While these targeted thera-
pies may be useful in limiting the recruitment and activation of
both lamina propria CD4 T cells and conventional cytotoxic
IELs, how these molecules affect natural IEL populations re-
mains unclear.

More recently, clinical trials of Janus kinases (JAK) inhib-
itors showed promising results in inducing clinical remission
in IBD patients [5•]. Inhibition of JAK signaling, which is
activated downstream of several cytokine receptors, may be
an effective means to block multiple pro-inflammatory signal-
ing pathways. While these inhibitors may reduce the severity
of active disease by suppressing pro-inflammatory responses,
it is necessary to consider that IL-2- and IL-15-mediated IEL
survival is also JAK-dependent. Although biologic agents are
highly efficacious when administered during active disease,
biologic therapy is generally continued in an effort to maintain
clinical remission and prevent disease relapse. As a result,
continued use of JAK inhibitors as maintenance therapy will
likely adversely affect overall IEL number and function, thus
compromising this first line of defense.

As translational studies begin to investigate the functional
role of IELs in IBD, careful consideration must be given to
how current therapies affect IEL function in the context of
both active disease and remission. While effective against
the dysregulated immune response associated with IBD,

long-term immunosuppressive therapy presents its own risks
including increased susceptibility to infection and impaired
detection of cancerous cells. Ultimately, improved under-
standing of the mechanisms regulating IEL activation and
motility may provide us with useful tools to modulate natural
IEL surveillance and regulatory function as a means to rein-
force the mucosal barrier. As an alternative to generalized
immune suppression, novel approaches to amplify the front-
line of defense in conjunction with targeted anti-inflammatory
biologic therapies may prevent disease relapse while reducing
the unwanted side effects of many of today’s current
treatments.

Conclusion

Although IELs are often underappreciated by epithelial
biologists and mucosal immunologists alike, these unique
cells integrate tightly regulated signals from the microbio-
ta, intestinal epithelium, and lamina propria to provide an
immediate response to pathogens while also promoting
mucosal tolerance. From studies in mice, it is clear that
the same microbial- and diet-driven host immune interac-
tions that are associated with the development of IBD di-
rectly influence IEL development and function. Previous
studies in the field have been hindered by technical chal-
lenges in evaluating IEL function; however, recent meth-
odological innovations, including intravital microscopy
[62••, 100••, 104], ex vivo IEL culture [119••], and IEL
co-cul ture with 3D intest inal s tem cel l cul tures
(enteroids) [121•, 122], are increasing the feasibility of
IEL studies in both mice and men. As our understanding
of IEL biology and interactions with the mucosal microen-
vironment continues to evolve, these studies will provide
insight into the contribution of IELs to mucosal homeosta-
sis and may lead to novel therapeutic approaches for the
treatment of IBD.
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