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Mechanisms of activation of innate-like intraepithelial

T lymphocytes

Maud Vandereyken', Olivia J. James' and Mahima Swamy'

Intraepithelial T lymphocytes (T-IEL) contain subsets of innate-like T cells that evoke innate and adaptive immune responses to
provide rapid protection at epithelial barrier sites. In the intestine, T-IEL express variable T cell antigen receptors (TCR), with
unknown antigen specificities. Intriguingly, they also express multiple inhibitory receptors, many of which are normally found on
exhausted or antigen-experienced T cells. This pattern suggests that T-IEL are antigen-experienced, yet it is not clear where, and in
what context, T-IEL encounter TCR ligands. We review recent evidence indicating TCR antigens for intestinal innate-like T-IEL are
found on thymic or intestinal epithelium, driving agonist selection of T-IEL. We explore the contributions of the TCR and various co-
stimulatory and co-inhibitory receptors in activating T-IEL effector functions. The balance between inhibitory and activating signals
may be key to keeping these highly cytotoxic, rapidly activated cells in check, and key to harnessing their immune surveillance

potential.
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INTRODUCTION

Intestinal intraepithelial T lymphocytes (T-IEL) constitute the
largest T cell compartment in the body, with a ratio of at least 1
T-IEL for every 10 epithelial cells lining the entire human
gastrointestinal tract.' T-IEL are commonly classified into two
main groups based on their mode of selection in the thymus, and
their functional potential: induced, adaptive or conventional T-IEL
and natural, innate-like or unconventional T-IEL.>* Induced T-IEL
develop from conventional CD4" or CD8aB" TCRaB™ T cells that
are activated post-thymically in response to peripheral antigens,
and then migrate to the gut as memory-type lymphocytes. In the
murine small intestine, the majority of the induced T-IEL are TCRaf3
CD8aB™", whereas CD4 " cells account for only 10% of the total T-
IEL population. Natural T-IEL are thought to acquire their
phenotype in the thymus upon self-antigen encounter, although
this is still debated, and are CD4~ and CD8af~, therefore
sometimes referred to as double-negative (DN) T-IEL*® These
natural T-IEL are also referred to as innate-like due to their ability
to be activated by cytokines and other innate ligand-receptor
axes, in a TCR-independent manner. The majority of murine
innate-like T-IEL are characterized by the expression of CD8aa
homodimers, and express either TCRap or TCRyS. These innate-
like T-IEL comprise up to 80% of murine T-IEL and share a gene
expression profile that is distinct from induced IEL.2 Based on this
gene expression profile, innate-like T-IEL also exist in humans and
represent 5-30% of the T-IEL compartment, although they rarely
express CD8aa (Table 1). The human adult IEL compartment is
therefore mainly composed of induced TCRaf CD8af3 (~80%) and
TCRaB CD4 (~10%) T-IEL.° It should be noted here that these so-
called induced T-IEL are antigen-experienced T cells that also have
the capacity to respond in an antigen-independent manner, and
exhibit other innate-like characteristics, such as expression of NK
receptors’ ™ (Table 1). Thus the distinction between these two cell

types within the epithelium may be blurred, in order to permit IEL
to rapidly respond to changes at the epithelium.

T-IEL are thought to play a critical role in preserving the
intestinal barrier integrity by controlling the growth, turnover and
repair of the epithelium, while also defending it from infection."®
Studies using TCR&-deficient mice lacking y6 T cells highlighted a
critical role of y6 T-IEL in influencing turnover and differentiation
of intestinal epithelial cells (IEC)'' and in maintaining mucosal
homeostasis. This function of T-IEL has been particularly shown to
be important in the recovery from colitis-inducing chemicals in
mouse models.'>'® Conversely, T-IEL are also cytotoxic cells that
patrol the epithelial layer to sense and eliminate infected/
damaged epithelial cells.'* They are activated in response to oral
infections with pathogens such as Salmonella,'>'® Rotavirus,'” and
Toxoplasma gondii,'® and at least in the context of loss of y& T-IEL
function, they appear to restrict pathogen entry.”>'¢'9?° Given
their constant exposure to the gut microenvironment they must
have the capacity to tolerate commensal bacteria while also being
able to quickly recognize and fight enteric pathogens. To achieve
this, they are kept in an “activated, yet resting” state, ready for
action, but tight control of this poised activation state is essential.?
If this control is disrupted, T-IEL might potentially exacerbate the
intestinal damage found in autoimmune and inflammatory bowel
diseases (IBD)*'"% such as Crohn’s and coeliac disease. It is
therefore of vital importance to understand which signals activate
T-IEL cytotoxic responses, and which signals trigger their tissue
reparative functions.

Here, we discuss recent evidence indicating that T cell antigen
receptors (TCR) ligands for some innate-like T-IEL can be found on
epithelial cells and are essential for their selection and maturation.
We also review the data addressing whether the TCR is an
activating receptor on innate-like T-IEL. In addition to their TCR,
both induced and innate-like T-IEL express many unconventional
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Table 1. Intestinal human and murine innate-like subset representation, their TCR repertoire and receptor expression profile.

T-IEL type TCR ligands Receptors expressed

Mouse

Innate-like TCRyS CD8ax Nonclassical MHC; Btnl1/Btnl6é (Vy7) NKG2D?; CD160P; CD100° Ly49E®; CD200R®; 2B4°; JAML®; LAG-3®;

TIGIT?; Gp49®

Innate-like TCRap CD8ax Classical and nonclassical MHC class | and I NKG2D?; CD160% CD100 Ly49 familyb; CD200R®; CD94/NKG2>P;
(cross-reactive) 2B4°% JAMLP; LAG-3; TIGIT®; Gp49®

Induced TCRap CD8ap or CD4 MHC class | or Il CD160° CD100°; CD200R®; 2B4°; JAMLP; CTLA-4P

Human

Innate-like TCRyS Nonclassical MHC; BTNL 3/8 (Vy4) NKp46b

Innate-like TCRap unknown unknown

Induced TCRafy CD8ap or CD4 MHC class | or Il NKG2D? CD94/NKG2*P; Nkp46?

T-IEL subset composition differ from humans to mice. In humans, induced TCRap CD8afp T-IEL are predominant while in mice, the majority of T-IEL is

composed of innate-like T-IEL (TCRap CD8aax and TCRyd CD8aw). In addition to their TCR, human and murine T-IEL express numerous activating and inhibitory

receptors, suggesting alternative modes of activation.
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Fig. 1 Stimulatory receptors expressed on intestinal intraepithelial T lymphocytes. T-IEL express (co)stimulatory receptors (NKG2D, CD94,
CD100, JAML, and CD160) that regulate TCR activation, T-IEL cytotoxicity and their cytokine production. Associated ligands are often found
within the intestine, mainly at the surface of epithelial cells. The expression of some receptors and their ligands can be modulated by the
microenvironment. For example, NKG2D is upregulated when cells are exposed to high levels of IL-15 and expression of NKG2D ligands
and BTNL molecules are modulated by cell stress and inflammation. Although it is still not clear how these (co)stimulatory receptors regulate
innate-like T-IEL activation, known signaling events are depicted. T-IEL cytotoxicity triggered by NKG2D activation in coeliac disease depends
on PI3K/ERK and JNK-mediated cPLA, activation. Conversely, CD100 engagement on y8 T-IEL is important for wound repair, possibly through
the production of KGF-1. In addition to inducing cytokine production and enhancing T-IEL cytotoxicity, receptor-ligand engagement can also
trigger signaling in epithelial cells, as evidenced by HVEM engagement on epithelial cells leading to enhanced bacterial clearance in infection.
(h) human; (m) mouse; Ilg immunoglobulin, CRD cysteine-rich domain, GPI glycosylphosphatidylinositol, PSI domain plexins, semaphoring and
integrin domain, IPT domain Ig-like, plexin and transcription factors domain, ITAM immunoreceptor tyrosine-based activation motif, TNF
tumor necrosis factor, PI3K Phosphoinositide 3 kinase, pPI3K phosphorylated PI3K, pJNK phosphorylated c-Jun N-terminal Kinase, pERK1/2
phosphorylated Extracellular signal-Regulated Kinase 1/2, cPLA2 cytosolic Phospholipase A2, KGF keratinocyte Growth Factor, pSTAT3
phosphorylated Signal Transducer and Activator of Transcription 3.
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Fig. 2 Inhibitory receptors expressed on intestinal intraepithelial T lymphocytes modulate their function. In addition to (co)stimulatory

receptors, innate-like T-IEL express inhibitory receptors such as CD8ua, CD200R, 2B4, Ly49, and CD94/NKG2A that regulate TCR activation,
their proliferation, their cytotoxicity, and their cytokine production. CD8axx and Ly49 are only expressed by murine T-IEL. 2B4 expression is
induced by gut microbiota and CD70 co-stimulation. TCR engagement and IL-15 upregulate CD94 expression. Like (co)stimulatory receptor
ligands, ligands for inhibitory receptors are often found within the intestine, mainly at the surface of epithelial cells, suggesting that inhibitory
receptor engagement is necessary for keeping T-IEL in an “activated, yet resting” state. Indeed, by preventing aberrant T-IEL proliferation,
cytotoxicity and cytokine production, inhibitory signals may maintain T-IEL and gut homeostasis. In line with this, in coeliac disease, the CD94/
NKG2A heterodimer expression is selectively downregulated while CD94/NKG2C pair is upregulated, tipping the balance toward effector
function of T-IEL. (h) human; (m) mouse; Ig immunoglobulin, GPI glycosylphosphatidylinositol, ITAM immunoreceptor tyrosine-based
activation motif, ITIM immunoreceptor tyrosine-based inhibitory motif, TL thymus Leukemia antigen.

signaling receptors not normally found on naive T cells, such as
NKG2D, 2B4 and CD160, which suggest alternate modes of
activation, that may or may not involve the TCR (Fig. 1).
Conversely, T-IEL express a slew of co-inhibitory receptors that
may be key to keeping these highly cytotoxic, rapidly activated
cells in check (Table 1 and Fig. 2). The importance of these
receptors on T-IEL are the subject of many new studies, and herein
we review them to provide an overview of our understanding of T-
IEL activation and regulation. We also draw on comparisons with
studies of skin-resident dendritic epidermal T cells (DETCs), as an
example of a tissue-resident yd T-IEL population whose activation
has been evaluated in more detail, due to the better tools
available to study this innate-like T cell population.

THE T CELL ANTIGEN RECEPTOR

Expression of a TCR is the defining feature of T cells, and its
engagement by antigen is considered essential for T cell function.
In this section we explore the relevance of the TCR for the
selection of innate-like T-IEL and for their functional activation.

SELECTION OF ANTIGEN SPECIFICITIES OF INTESTINAL T-IEL
TCRS

Both a3 and y& T-IEL derive their TCRs from recombination-
activating genes (RAG)-dependent gene rearrangements that
occur in developing precursors in the thymus. Initial studies
showed that, while there was some bias in V gene usage, intestinal
innate-like af3 T-IEL are essentially oligoclonal populations with
diverse TCRs that undergo clonal expansion in the gut*®?’
Conversely, the majority of intestinal y& T-IEL express the Vy7
gene, although this chain still has considerable junctional
diversity, and is paired with diverse V& chains.®*7° This is in
contrast to DETC in the murine skin, where >90% of the cells
express the Vy5V61 TCR. The DETC TCR is selected in the fetal
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thymus by an immunoglobulin superfamily molecule, the Selec-
tion and upkeep of intraepithelial T-cells protein 1 (Skint1).*’
Although formal proof that Skint1 can bind to the Vy5V61 TCR is
still lacking, modeling studies and in vitro analyses suggest this to
be the case®? and it is thought that intrathymic Skint1-TCR
interaction drives DETC selection and maturation.

The search for a Skint1-equivalent molecule for the selection
and function of intestinal y6 T-IEL lead to the discovery of
Butyrophilin-like (Btnl) family of molecules.3® Btnl1 is expressed as
a heterodimer with Btnl6 on IEC under homeostatic conditions.>*
Hayday and colleagues recently demonstrated that in the absence
of Btnl1, Vy7' T-IEL were almost absent from the intestinal
compartment®® (Fig. 1 and Table 1). Critically, they could
demonstrate that the Vy7 TCR is essential for the response to
Btnl1/Btnl6, and thus drives the selective expansion and matura-
tion of Vy7™ T-IEL3® They also identified the human equivalent
molecules, BTNL3/BTNL8 dimers on enterocytes, to be a similar
selection molecule for Vy4-expressing T-IEL in the human gut,**3’
thus providing the first evidence of intestinal epithelial expression
of a TCR-selecting ligand, and of extrathymic selection and
maturation of T-lIEL. Intriguingly, continuous expression of BTNL3/
8 seems to be required to maintain Vy4" T-IEL populations, as loss
of BTNL3/8 expression in coeliac disease patients correlated with a
loss of Vy4™ T-IEL from the human gut.*®

With regards to innate-like af T-IEL, much progress has been
made in exploring the selection pressures that drive specific TCR
usage. Mayans et al.*° cloned the TCRs from DN (i.e. CD8aa) T-IEL
and expressed these retrogenically in bone marrow (BM) to
address whether the TCR is important for T-IEL selection.
McDonald et al.*® also cloned a8 TCRs from adaptive and
innate-like intestinal T-IEL populations and expressed them
conditionally at the CD47CD8" double positive stage of thymic
development in a mixed BM chimera system. Consistently,
unconventional TCRs lead to the development of natural T-IEL,
and conventional TCRs lead to the development of splenic CD8™
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T cells or induced CD8" af T-IEL. Together, both papers showed
that strong agonist selection through the TCR drives the
development of DN T-IEL from the thymus with further maturation
taking place in the gut environment. Further, the cloned TCRs
were not restricted on conventional major histocompatibility
complex-1 (MHC-), but were still mostly 32 microglobulin (32m)-
dependent, indicating their recognition of non-classical MHC-I,
although some seemed to be cross-reactive, including one TCR
that was MHC-II restricted. Indeed, the pool of negatively selected
thymocytes from which T-IEL precursors develop express TCRs
that are inherently cross-reactive to both MHC-I and MHC-II,*'
which may be an important factor in the downregulation of both
CD4 and CD8ap. This was corroborated by another detailed study
of CD8aa T-IEL precursors.*? This study also identified a distinct
precursor population of CD8aa T-IEL, that more closely resembled
iNKT cells, and was restricted on non-classical MHC-l and CD1d.

ROLE OF THE TCR IN T-IEL ACTIVATION

The TCR is essential to activate functional responses in conven-
tional T cells, and even for survival of some T cell subsets.**™* In
contrast, we do not know if T-IEL need functional TCRs and the
TCR signal transduction machinery in order to get activated.
Innate-like T cells are so called because of their ability to respond
to cytokines and activating NK receptor ligands in the absence of
TCR ligands. So, for example, CD27"¢ y& T cells respond to the
cytokines IL-1B and IL-23 to produce IL-17A,%® DETC respond to
activation through the natural killer group 2D (NKG2D) receptor,*’
and MAIT cells respond to IL-12 and IL-18 to produce Interferon y
(IFNy).*®

Notably, some innate-like T cell populations appear to have
developmentally switched off TCR signaling. Thus, although
thymic DETC progenitors are able to mobilize calcium in response
to agonistic antibodies to the TCR, DETC isolated from the skin are
no longer able to respond to TCR stimulation.*® Likewise, the TCR
on both af3 and y& innate-like intestinal T-IEL has been shown to
be refractory to anti-CD3 mediated TCR triggering.***° Surpris-
ingly, in vivo, the DETC TCR is constitutively phosphorylated and
its downstream kinase Zap70 is enriched in epithelial contact
zones of DETC>' The putative DETC TCR ligand, Skint1, is
constitutively expressed in the skin, providing a mechanism for
constant TCR triggering in vivo that may be required for
maintaining DETC. However, DETCs did not require a key TCR
signaling intermediate, the Linker for Activation of T cell (LAT), for
their long-term survival and homeostasis.”> Conversely, LAT was
required for the DETC response to wounding of the skin,*? and
DETC TCR tetramers bound to damaged keratinocytes even in
mice lacking Skint1,>® implying the presence of a stress-induced
TCR ligand that drives TCR activation for the immunosurveillance
function of DETC.

In the context of yd T-IEL, it is significant that Btnl1 is also
constitutively expressed in the gut and that Vy7" T-IEL from
Btnl1~’~ mice are more responsive to TCR agonistic antibodies
than the corresponding cells from Btn/1"* mice>> These data
imply that constant Vy7 TCR engagement by Btnl1 may be
responsible for downmodulating TCR responsiveness. Primary
Vy7* T-IEL co-cultured with MODE-K cells expressing Btnl1/Btnl6
dimers upregulated CD25, CD71, and Nur77-GFP, indicators of
active TCR signaling.>® These responses were blocked by PP2, a
pan-Src kinase inhibitor, supporting the notion that TCR engage-
ment of Btnl molecules triggers TCR signaling. The human BTNL3/
8-responding T-IEL express Vy4, and through sequence analyses
and comparisons with murine Vy7, a critical interaction site with
BTNL3/8 could be identified in framework region 3 (also known as
hypervariable region 4) in the variable region of the gamma chain
for both human Vy4 and mouse Vy7. Indeed, the binding of BTNL3
to human Vy4 TCR was recently confirmed using surface plasmon
resonance and other binding studies.>” This allowed the authors
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to make molecular modeling-based predictions about the binding
geometry of Btnls to the TCRs. The data indicated that Btnls most
likely bind in a non-conventional side-on conformation, akin to
superantigens, molecules that can activate T cells independent of
their TCR specificity. This also implies that Btnl binding to the T-IEL
TCR still leaves the variable regions of the TCR free to bind to
another ligand in the gut, that could be induced similar to the
putative DETC TCR ligand mentioned above. However, the recent
study by Willcox et al.>” indicates that it is unlikely that the TCR
engages another ligand and a Btnl molecule simultaneously.
With the identification of TCR ligands for y6 T-lIEL, and the
indication of broad MHC reactivity of the TCRs on TCRap CD8aa T-
IEL, we can begin to make predictions about the functions of the
TCR on T-IEL. The data above indicate that innate-like T-IEL need
the TCR for selection, and potentially expansion and retention
in the gut. However, BTNL ligands appear to be downregulated in
the context of both chronic inflammatory diseases and colorectal
cancer®®>* suggesting that they do not activate IEL function in the
gut. Additionally, both classical and non-classical MHC molecules
can be constitutively and inducibly expressed by epithelial cells,
however, it is unknown whether the endogenous, strong agonistic
TCR ligands that select innate-like af3 T-IEL are expressed by IEC.
Thus, it would appear contradictory to assume that stimulation of
the TCR is needed for activation. Indeed, blocking TCR signaling
using inhibitors against the TCR proximal kinases Zap70/Syk, or
blocking antibodies, did not prevent infection-induced changes in
¥v& T-IEL migration and defense.?® Given that agonistic TCR
antibodies do not induce signaling in both af3 and y6 innate-like
T-IEL,*9*° other mechanisms must be in place to activate T-IEL.
Below we present other receptors that may drive T-IEL activation,
either directly, or, in a manner analogous to exhausted or antigen-
experienced cells, by removing the inhibitory signals on T-IEL.

OTHER (CO) STIMULATORY RECEPTORS

A characteristic shared by innate-like T cells is that they express, in
addition to the TCR, a wide range of activating and inhibitory NK
receptors, indicating possible TCR-independent activation
mechanisms. In the intestine, expression of such receptors is not
limited to innate-like T-IEL as both human and murine induced
T-IEL express NKG2D and CD94. In the following sections, in
addition to reviewing data on the role of those receptors in
innate-like T-IEL, we will also comment on evidence showing that
induced T-IEL may undergo innate-like activation through NK
receptors, specifically in the context of disease (Fig. 1 and Table 2).

NATURAL KILLER GROUP 2D

NKG2D was one of the first receptors identified as an activator of
human ap T-IEL cytotoxicity.>®> NKG2D is a type Il transmembrane
C-type lectin activating receptor. It recognizes ligands upregulated
by transformation, infection or cell stress, such as MICA/MICB and
ULBP family members in humans, and Rael, H60, and MULT1 in
mice (Fig. 1). In humans, NKG2D is found at the surface of both
resting and activated CD8" T cells while murine T cells only
express NKG2D when activated.>® Consistent with this, NKG2D is
found at the surface of all murine DETC®” and human intestinal
T-IEL, albeit at low levels.>> Although NKG2D is not expressed at
the surface of murine intestinal T-IEL in normal conditions,
cytokine-dependent NKG2D upregulation has been observed
during infections. Hence, IL-15 mediates NKG2D expression on
CD8aa T-IEL following poly(l:C) treatment in vivo,’® infection with
Entamoeba moshkovskii triggers IFNy production which is required
for NKG2D expression on TCRaB CD8aa T-IEL,>° and increased IL-
1B production regulates y& T-IEL NKG2D expression following
Salmonella typhimurium infection in TLR9™~ mice.?® Of note, in
addition to upregulating NKG2D expression, these cytokines also
facilitated NKG2D ligand expression on epithelial cells.>*%°
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Table 2. Complete list of receptors known to be expressed by intestinal intraepithelial T lymphocytes, their ligands and their context-dependent
functions.
Receptor Alternative names Ligands Ligand Function Context
expression on |IEC
NKG2D Kirk1 (gene) MICA/MICB, ULBP (human) Induced® Induced®®  Costimulatory/ In vitro killing assay>>°"!
Rae-1, H60, MULT1 stimulatory Poly(l:C) treatment>®
(mouse) Salmonella and E. moshkovskii
infection®>¢°
Coeliac disease®5*
CD160 By55 HVEM (high affinity) Yes”* Costimulatory Listeria monocytogenes
Classical and non-classical Yes N/A infection”®
MHC-I molecules (low C.rodentium infection”*
affinity)
CD100 Sema4D Plexins B1 and B2 Yes’® Costimulatory DSS-induced colitis (y8 T-
CD72 No’® IEL)””
CD8ux Thymus leukemia Yes®* Inhibitory In vitro costimulation®®"
antigen (TL) Spontaneous model of T-cell-
dependent colitis®®
Ly49 Family MHC-I molecules Yes Inhibitory In vitro costimulation®®
No effect DSS-TNBS-induced colitis
and TNF2ARE jleitis model®®
AOM-DSS-induced colorectal
cancer®®
CD200R OX2R CD200 No'%? Inhibitory In vitro anti-CD3
iSEC1, iSEC2 Yes'%? stimulation'®?
CD% HLA-E (human) Yes'? Inhibitory (NKG2A In vitro anti-CD3
Qa-1b (mouse) Yes'® dimerization) stimulation®>'%®
Costimulatory (NKG2C or in vitro anti-CD3
E/H dimerization) stimulation'®®
Coeliac disease'®®'%°
2B4 SLAMF4 CD48 (SLAMF2) N/A Inhibitory Ex vivo and in vivo anti-CD3
CD244.2 stimulation®®
JAML AMICA1 CAR Yes''7:118 Costimulatory In vitro costimulation (y5 T-
IEL only)'"”
0OX40 CD134 OX40L (gp34, CD252, No Costimulatory In vitro anti-CD3 and anti-
TNFRSF4 TNFSF4) OX-40 stimulation'"®
NKp46 CD335 Various viral and bacterial Stimulatory In vitro cytotoxic assay'®'2°
NCR1 proteins
NKp44 CD336 Various viral and bacterial N/A N/A
NCR2 proteins
LAG-3 CD223 MHC-II molecules Induced'?>12¢ N/A N/A
FGL1 N/A
NKR-P1a CD161 LLT1/CLEC2D (h) Yes'? N/A N/A
KLRB1
4-1BB CD137 4-1BBL (CD137L, TNFSF9) N/A N/A N/A
TNFRSF9
Gp49 LILRB4 Unknown N/A N/A N/A
ILT3
CD85k
TIGIT VSig9, Vstm3, WUCAM CD155 Yes'?8 N/A N/A
CD112 N/A
PD-1 CD279 PD-L1 Induced'?® N/A N/A
CTLA-4 CD152 B7.1/2 Yes'3° N/A N/A
N/A no data available, IEC intestinal epithelial cells, T-/EL intraepithelial T l[ymphocytes, DSS dextran sodium sulfate, TNBS trinitrobenzenesulfonic-acid, AOM
azoxymethane.

NKG2D engagement triggers cytotoxicity of NK cells and T-IEL.
Human intestinal CD8af T-IEL spontaneously kill selected colon
cancer cell lines that express even low levels of NKG2D ligands, by
triggering FasL-mediated cytotoxicity.®' However, freshly isolated
human T-IEL did not kill other cell lines when triggered with anti-
NKG2D antibodies,>® suggesting that colon cancer cell lines
express other factors that enhance their killing. Murine poly(l:C)-
treated intestinal T-IEL kill primary poly(l:C)-treated IEC in vitro and
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in vivo dependent on NKG2D/Rae-1 interactions.”® Infection of
mice with Salmonella'® and E. moshkovskii*® also triggers NKG2D-
mediated cytotoxicity of T-IEL against epithelial cells. NKG2D also
functions as a potent costimulator of TCR-induced IFNy produc-
tion and proliferation of human intestinal T-IEL.>®

Although human intestinal induced T-IEL constitutively express
NKG2D, its expression can be further upregulated by IL-15.° In
coeliac disease, NKG2D-mediated IEL cytotoxicity is thought to be
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responsible for epithelial destruction.®>®* In the disease context,
the chronic heightened expression of IL-15 by stressed IEC plays a
critical role as IL-15 not only upregulates NKG2D expression on T-
IEL, but also primes the cells and potentiates their cytotoxicity.®>
NKG2D-mediated cytotoxicity depends on the phosphorylation of
c-Jun N-terminal Kinase (JNK) and the activation of Extracellular
signal-Regulated Kinase (ERK) by Phosphoinositide 3 kinase
(PI3K)°*®* and the subsequent activation of cytosolic Phospho-
lipase A2 (cPLA,)®** (Fig. 1). Interestingly, in vitro stimulation of
human intestinal T-IEL by IL-15 enhanced ERK phosphorylation by
PI3K as well as JNK and cPLA, activation, and without this pre-
stimulation, triggering of NKG2D on T-IEL could not induce
degranulation.’* All these studies highlight a significant stimula-
tory function of NKG2D on T-IEL; however, it would appear that in
most cases, it is not possible to rule out the simultaneous
engagement of other receptors on T-IEL, nor licensing by IL-15 or
other factors to permit NKG2D-mediated cytotoxicity.

CcD160
CD160 (recognized by the monoclonal antibody BY55) is an IgV-
like domain membrane protein that was first identified on
intestinal IEL®® (Fig. 1). Following alternative splicing, CD160 is
found at the surface of cells either as a transmembrane receptor or
attached by a glycophosphatidylinositol (GPI)-anchor.%® CD160 is
expressed by both human and murine NK, T cells, NKT, Innate
lymphoid cells 1 (ILC1), and CD8™ T-IEL,®>%7~%° but the transmem-
brane isoform is restricted to NK cells.®® CD160 binds, with a low
affinity, to classical and non-classical (CD1d) MHC-I molecules”®"?
and with high affinity to the herpesvirus entry mediator (HVEM).”?
Expression of CD160 by immune cells is possibly tissue- and
microenvironment-dependent since in the colon of mice, it is
restricted to T-IEL, most particularly to the CD8aa subset.”* Since
HVEM is expressed by IEC, this suggests a role for CD160/HVEM in
epithelial-mediated T-IEL response against pathogens. In line with
this, HVEM~'~ mice displayed reduced epithelial integrity and
bacterial clearance upon Citrobacter rodentium infection, as
compared to wild-type (WT) mice. Binding of CD160 to HVEM
on epithelial cells triggers Signal Transducer and Activator of
Transcription 3 (STAT3) activation and subsequent expression of
genes involved in response against pathogens.”* As IEL appear to
be the major expressers of CD160 in the gut, it was postulated that
CD160 on IEL binds to HVEM on IEC to drive these effects.
Opposing results came from a recent study showing that loss of
CD160 on T-IEL did not affect C. rodentium host defense.””
However, CD160 was important for Listeria monocytogenes
clearance, as 7 days post infection, CD160~'~ mice had more
bacteria in the colon than WT mice. The authors associated the
higher burden of bacteria with impaired Granzyme B expression
and cytokine production by CD8™ T cells in CD160-deficient mice.
These results suggest that engagement of CD160 positively
regulates T-IEL, highlighting a stimulatory role of CD160 on T-IEL.

CcD100

CD100, also known as Sema4D, is a type IV transmembrane
semaphorin that is highly expressed on T cells, with enhanced
expression following activation, and to a lesser extent on NK, B
cells, and antigen presenting cells (APCs).”® It is also found at the
surface of all colonic T-IEL.”” CD100 binds to Plexins B1 and B2,
which have broad expression and CD72, present on the surface of
B cells and dendritic cells (DCs)”® (Fig. 1).

CD100 is known to have a costimulatory role in T cells’® and in
CD100-deficient mice peripheral T cells function is impaired.”*%°
More recently, CD100 was shown to bind to plexin B2 on
keratinocytes and IEC to enhance y& T cell responses.®’ In this
context, CD100 deficiency, specifically on DETCs and not any
other T cells, led to delayed epidermal wound repair due to an
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inability of DETC to make morphological changes necessary for
an effective response to tissue damage. These CD100-mediated
morphological changes in DETC were shown to be ERK-
dependent®’ In acute Dextran sodium sulfate (DSS)-induced
colitis, CD100-deficiency led to enhanced susceptibility to the
disease and a failure to resolve intestinal damage. The effect was
attributed to CD100~/~ y& T-IEL being unable to produce
Keratinocyte Growth Factor (KGF), an important growth factor in
stimulating epithelial proliferation. However, KGF production
could not be stimulated by CD100 cross-linking on y& T-IEL
in vitro, suggesting that CD100 regulates y& T-IEL functions in
concert with other signals. Interestingly, although only y6 T-IEL
secrete KGF, both CD100~~ colonic y& and ap T-IEL were shown
to have defective proliferative capacity following DSS-induced
colitis.”” However, plexin B2-CD100 interactions did not play a
role in af T cell activation in vitro,®' suggesting that while
CD100 is highly expressed on all T cells, it functions in a subset-
and site-specific manner, perhaps depending on the type of
ligand expressed.

INHIBITORY RECEPTORS

In addition to the expression of many (co)stimulatory receptors,
murine T-IEL express various inhibitory receptors that are thought
to curb spurious T-IEL activation (Fig. 2 and Table 2). They are the
focus of this section.

CD8aa

A defining characteristic of murine innate-like intestinal T-IEL is
their exclusive expression of the CD8aa homodimer. CD8aa
expression on lymphocytes is regulated by the intestinal environ-
ment as conventional CD4" T cells also upregulate CD8aa
expression upon migration to the intestine.®>#* CD8aa binds with
high affinity to the Thymus Leukemia Antigen (TL)2*% a
nonclassical MHC-I molecule, whose expression is restricted to
murine IEC. Unlike the TCR co-receptor CD8af expressed on
conventional lymphocytes, CD8aa engagement negatively reg-
ulates TCR activation.®” CD8aa/TL interaction is thought to restrain
T-IEL homeostatic proliferation®® and survival,®> preventing aber-
rant T-IEL proliferation without interfering with their immune
functions. It has also been reported that TL/CD8aa interaction
modulates T-IEL production of cytokines such as IL-2 and IFNy and
curbs T-IEL cytotoxicity.2>®" Yet TL deficiency does not lead to
spontaneous colitis/IBD nor does it affect the outcome of
chemically-induced colitis in mice. Interestingly, in TCRa™~ mice,
which spontaneously develop IBD, colitis developed earlier and
was more severe when TL was concurrently deleted. This was
linked to an increased secretion of IL-4 by TL™'~ TCRBB T-IEL, not
usually found in normal context.’’ Nevertheless, the involvement
of CD8aa in the disease development is still unclear as TCRBR T-IEL
do not express CD8aa. It is possible that TCRyd T-IEL, which express
CD8aq, are involved in the disease development. Alternatively, TL
binding may not be restricted to CD8aa (and vice versa), and thus
TL and CD8aa may function independently of each other.

LY49 FAMILY AND LY49E
The Ly49 receptors are murine functional homologs of human
killer cell immunoglobulin-like receptors (KIR), and function as
receptors for MHC-I. They are homodimeric type Il glycoproteins of
the C-type lectin-like superfamily and can be inhibitory or
activating (Fig. 2). Ly49 receptors are expressed on innate immune
cells (NK, NKT, DC, neutrophils, and macrophages) as well as on
CD8" T cells and each of these cell type express a unique
complement of Ly49 receptors.>

All [EL express Ly49 receptors but the different populations of T-
IEL do not share the same level of Ly49 receptor expression.
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Instead, 40% of TCRaf CD8aa T-IEL are positive for members of
Ly49 family when stained with a mixture of antibodies targeting
Ly49A/C E/F/G2 against 10% of TCRyd CD8aa T-IEL and <2% of
TCRap CD8af T-IEL. TCRap CD8aa T-IEL mostly express Ly49E and
Ly49F, where the Ly49E" and Ly49F* populations are nonoverlap-
ping, and TCRyS CD8aa T-IEL express Ly49E.>~%° Ly49E receptor is
also found on the surface of DETC.*®

TCRap CD8aa T-IEL expressing Ly49 receptors are hypo-
responsive to TCR triggering, despite the capacity of these
receptors to functionally couple to the TCR in an MHC
independent way. Sequestration of these receptors, however,
enhanced TCR stimulation, suggesting Ly49 receptors suppress
TCR-mediated activation of T-IEL> In line with Ly49 receptors
regulating T-IEL activation, in vitro TCR-mediated activation of skin
and intestinal TCRy® T-IEL results in an upregulation of Ly49E
expression due to de novo synthesis of Ly49E molecules.
Induction of Ly49E expression might indicate a negative
regulatory feedback loop as basal and de novo expression of
Ly49e gene seem to be differentially initiated and regulated
depending on the activation state of T-IEL.%”

Comprehensive studies led by Leclercq and colleagues ruled
out a functional role for Ly49E receptors in cancer or colitis
immune responses in mice. By comparing tumor size and
frequencies in a mouse model of familial intestinal cancer,
ApcM™+ Ly49E WT, and Apc™™~ Ly49E KO, as well as in a model
of Azoxymethane (AOM)-DSS-induced colorectal cancer, the
authors showed that tumor development and progression was
not affected by Ly49E deletion.”® The same group also showed
that the severity of inflammation in DSS and TNBS-induced colitis
and the TNFA®E jleitis models was similar in Ly49E KO and
littermates control mice, indicating that the development and
progression of IBD is not influenced by Ly49E expression on T-IEL
in the systems examined.”

CD200 RECEPTOR 1 (CD200R1)

CD200RT1 is one of a paired receptor family that comprises 5 members
(CD200R1, CD200R2-5, or CD200R-like receptors). Unlike the other
members of the family that are activating, CD200R1 is an inhibitory
receptor. It has three tyrosine residues that transduce inhibitory
signals following phosphorylation by recruiting the adapter protein
downstream of tyrosine kinase 2 (Dok2) and activating Ras GTPase-
activating protein (RasGAP).'® CD200R1 is expressed by most
myeloid and lymphoid cells and has been mainly studied in
myeloid-type cells where it seems to play an anti-inflammatory
role.’®’ CD200R1 is highly expressed on intestinal T-IEL.'%

So far, three CD200R1 ligands have been discovered in mice:
CD200 and the intestinal secretory cell-expressed 1 and 2 (iSEC1
and iSEC2)."%2 CD200 is broadly expressed and the two recently
described CD200R1 ligands, iSECT and 2, are only expressed
on IEC of the secretory lineage. Kojima et al., showed that all
T-IEL constitutively express CD200R1 and that both iSEC1 and
CD200 bind to CD200R1 on T-IEL. Co-stimulation of IL-2
stimulated T-IEL with anti-CD3 and iSEC1 or CD200 negatively
affected IFNy and TNFa production and inhibited T-IEL cytotoxic
activity against a murine colonic adenocarcinoma cell line.'%?
These results suggest that CD200R1 binding to its ligands
negatively regulates T-IEL functions, similar to its function on
DETC.'®  Further studies are awaited to address if
CD200R1 signaling impacts intestinal T-IEL function in vivo,
and whether iSEC1 and iSEC2 are the main ligands driving
CD200R1 activation.

CONTEXT-DEPENDENT REGULATORY RECEPTORS

This section focuses on receptors, such as CD94 and 2B4 that have
been shown to exert both activating and inhibitory functions
(Figs. 1 and 2; Table 2).
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CD9%4
CD94 is a glycoprotein that associates with members of the NKG2
family to form heterodimeric receptors transducing either
inhibitory or activating signals. CD94/NKG2 receptor pairs
are classic NK cell receptors (NKR) found abundantly on NK
cells where they bind to ubiquitously expressed non-classical
MHC class | molecule, HLA-E in humans, and Qa-1b in mice (Figs. 1
and 2). CD94/NKG2A (inhibitory) and CD94/NKG2C, NKG2E/H
(activating) receptor pairs are also prominently expressed by
subsets of memory/effector CTL and T-IEL."®*'%° In humans, ~30%
of T-IEL express CD94 and most of these cells are TCRap CD8af ™.
Within these, ~40% express the inhibitory NKG2A receptor pair. In
functional studies using T-IEL cell lines, it was shown that T-IEL
expressing NKG2A, regardless of co-expression of activating NKG2
types, were capable of inhibiting TCR-mediated cytolysis, suggest-
ing that the inhibitory phenotype is dominant'® (Fig. 2).
Conversely, CD94 cross-linking of CD94/NKG2C or NKG2E/H-
expressing T-IEL cell lines markedly enhanced TCR-mediated
cytolysis (Fig. 1). Similar results have also been obtained in mice,
except that in mice TCRap CD8aa T-IEL express higher levels of
the inhibitory CD94/NK2GA receptor complex, as compared to
other T-IEL subsets.®

In addition to TCR stimulation, the expression of CD94 and its
respective receptor partners on some T cells subsets, has also
been linked to exposure to IL-15."°>7'%7 |n line with this, Jabri
et al.'® reported that, in vitro, IL-15 alone was as effective as
TCR-stimulation in upregulating CD94 expression in human T-IEL
but not in CD8" peripheral blood lymphocytes (PBLs). In coeliac
disease, where there is chronic heightened expression of IL-15
by stressed epithelial cells, increased expression of CD94 and
the activating CD94/NKG2C heterodimer, with a concomitant
decrease of NKG2A on T-IEL has been observed.'®*'%® cDg*"
TCRyS T-IEL that express NKG2A are also decreased in active
coeliac disease and these cells can suppress the cytotoxic
programming of TCRaf T-IEL, dependent on CD94/NKG2A
engagement and TGFB production.'” This suggests CD94
inhibitory function is lost in coeliac disease. Stimulation assays
showed that NKG2C engagement increased proliferation and
cytokine production of human T-IEL isolated from coeliac
disease patients. In conjunction with the drastic upregulation
of the HLA-E on enterocytes in coeliac disease as compared to
healthy individuals, these data suggest that selective upregula-
tion of the CD94/NKG2C in place of inhibitory CD94/NKG2A may
be a mechanism of tipping the balance toward effector function
of T-IEL in disease (Table 2).

2B4

2B4 (also known as SLAMF4 and CD244) is a member of the
signaling lymphocyte activation molecule (SLAM) family, part of the
immunoglobulin (Ig) domain containing superfamily (Fig. 2), and
has two isoforms, a short and a long, derived from alternate splicing.
It can function as both an activating and inhibitory receptor,
depending on which splice variant is expressed, the density and
glycosylation of the receptor or the availability of the signaling
adapters, SLAM-associated protein (SAP) and Ewing's sarcoma-
associated transcript 2 (EAT-2).'"° Its ligand is CD48 (SLAMF2). 2B4 is
expressed by NK cells, and small populations of other lymphoid cells
including DETC. Its expression on DETC is associated with cell
activation, proliferation, and cytokine secretion.'"

Gut microbiota products and CD70 co-stimulation both induce
2B4 expression on T-IEL in mice.'"*""? It is therefore not surprising
that 2B4 is found on almost all murine and human CD8" T-IEL,
although 2B4 is expressed more highly on CD8aa compared to
CD8aB T-IEL"'*"* Using Slamf4~~ mice, and anti-SLAMF4
antibodies in combination with anti-CD3 stimulation, O’Keeffe
et al., showed that 2B4 depletion or blockade in the context of
anti-CD3 injections in mice induced CD8aB T-IEL proliferation,
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cytokine production and increased T-IEL cytotoxicity, leading to
higher gut inflammation."'* Higher gut inflammation was also
found in EAT-2-deficient mice compared to WT after anti-CD3
challenge. These results suggest a negative regulatory role of 2B4
in T-IEL, after TCR triggering, probably mediated through the EAT-
2 adapter protein (Fig. 2 and Table 2). However, a recent study
using Slamf4~~ mice showed that 2B4 expression drove a
stronger protective immune response to oral Citrobacter and
Listeria infections, and this correlated with reduced cytokine
production from Slamf4~~ T-IEL compared with WT T-IEL
in vivo.""® These two studies are yet to be reconciled, although
it should be pointed out that the earlier study mainly relied on
anti-CD3 stimulation, a non-physiological stimulus. However, as
CD48 can also signal into intestinal cells, and different subsets of
T-IEL may express different isoforms of 2B4 and/or the adapters,
the context of 2B4 triggering and the cell types involved in the
intestine may decide the outcome.

OTHER REGULATORY RECEPTORS

T-IEL express other regulatory receptors whose functions have
never been studied in depth or in vivo (Table 2). For example,
expression of JAML, a member of the Junctional Adhesion
Molecule (JAM) family,'"> a group of adhesion receptors in the
Immunoglobulin (Ig) superfamily (Fig. 1) that regulate cell-cell
interactions and leukocyte transmigration,''® has been char-
acterized as a costimulatory receptor on DETC and intestinal y&
T-IEL."" The JAML ligand was identified as the Coxsackie and
Adenovirus Receptor (CAR), a member of the JAM family
expressed on the surface of keratinocytes and IEC."'7"'® In
epidermal and intestinal y& T cells, in vitro ligation of JAML in
conjunction with TCR stimulation led to enhanced proliferation
and production of the cytokines IL-2, Tumor Necrosis Factor-a
(TNFa) and IFNy as compared to TCR stimulation alone.'"”
Surprisingly, although JAML was expressed on both y6 and af3 T-
IEL, anti-JAML antibodies only served to costimulate prolifera-
tion of y& T-IEL. As JAML function in T-IEL has only been studied
in vitro, it is still unclear whether JAML stimulation contributes
to the functions of intestinal T-IEL in an in vivo setting.

Expression of another T cell costimulator, OX40 (also known as
CD134 and TNFRSF4) is induced on all murine CD8" T-IEL by
in vitro anti-CD3 stimulation.'"® Its expression is associated with
IFN-y production and enhanced T-IEL cytotoxicity. In vitro co-
stimulation of T-IEL with anti-CD3 and anti-OX40 resulted in
decreased IL-10 production compared with anti-CD3 stimulation
alone (Table 2). Interestingly, while OX40L is not generally
expressed on IEC or by T cells, anti-CD3 stimulation induced
expression of OX40L on T-IEL, suggesting T-IEL potentially interact
with each other via OX40 and OX40L. However, the relevance of
this interaction has not been tested in vivo, and may be an
artefact of in vitro culture systems.

In humans, a population of colonic CD8aB" y& T-IEL that
express V&1 constitutively express high levels of NKp46,'* a
member of the natural cytotoxicity receptors family (NCR),
normally found on NK cells.'?" In vitro cytotoxic assays against
K562 and colon adenocarcinoma cell lines showed that NKp46
expression on V81 T-IEL is associated with high cytotoxic potential
and IFNy production. NKp46 expression is modulated by
cytokines, as IL-2 and IL-15 upregulate the receptor expression
on V&1 thymocytes.'? In line with this, NKp46 was also found on
human CD8aB™ af T-IEL in patients with coeliac disease. Similar to
NKp46™ V81" T-IEL, T-IEL cell lines derived from those patients
showed increased cytotoxicity and cytokine production.'®® Both
studies also found expression of NKp44 on human T-IEL (Table 2).
These studies suggest that NCR expression on T-IEL is associated
with an activated, effector phenotype.

In addition to the regulatory receptors mentioned, gene
expression studies revealed that T-IEL express many other
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costimulatory and inhibitory receptors. Murine T-IEL express mRNA
for LAG-3, NKR-P1A, 4-1BB, gp49/LILRB4, TIGIT, PD-1, and CTLA-4%%*
(Table 2). Protein level expression of LAG-3,'%?* TIGIT,*® and Gp49''?
on CD8aa T-IEL has been confirmed by flow cytometry, while CTLA-
4 is only expressed on CD8afB " ap T-EL.'® Although the functions of
these receptors on other adaptive CD4" and CD8" T cells, and on
intestinal T cells is well described and has been reviewed recently,'*
to our knowledge, their role on T-IEL has never been studied.

CONCLUSION AND PERSPECTIVES

In this review, we have focused on exciting advances on the TCR
specificities of innate-like T-IEL, and on the plethora of novel
signaling receptors that T-IEL express. Although the function of
some of these is beginning to be unraveled in induced and innate-
like T cells, their role in T-IEL activation and function is still unclear.
Thus, the fundamental question of how T-IEL are activated remains
unanswered. As multiple studies have shown, T-IEL are the primary
immune responders to enteric infection and therefore must have a
rapid response mechanism. On the other hand, exacerbation of their
activation contributes to immune-mediated disorders such as IBD
and coeliac disease. Understanding what drives T-IEL activation and
what keeps them under control is crucial to developing therapeutic
strategies against those diseases.

Although TCR expression is now fairly well-established to be
necessary for agonist selection of af T-IEL in the thymus, and for
selection of y& T-IEL in the intestine, whether TCR engagement is
necessary to fully activate T-IEL is still uncertain. To some extent, the
T-IEL TCR is functional, as anti-CD3 T-IEL stimulation induces
cytokine production and enhances T-IEL cytotoxicity. However,
signaling networks in IEL need elucidation as TCR triggering does
not lead to calcium release or phosphorylation of known down-
stream signaling effectors.>® The fact that T-IEL constitutively express
so many costimulatory receptors suggest that T-IEL probably require
more than one signal to be fully activated. Importantly, many of the
functional studies on costimulatory receptors have relied on anti-
CD3 costimulation, making it difficult to be certain about the
physiological relevance of these studies. The activation signals may
also be context-dependent, which makes the task of understanding
how T-IEL get activated even more complex.

In summary, two possibilities for TCR-driven activation of T-IEL
still remain - either the TCR on innate-like T-IEL is constitutively
engaged, and release from inhibitory signals are necessary to
trigger T-IEL activation, or there are as yet unknown TCR ligands
that are upregulated upon stress, and these, together with
costimulatory receptors, trigger activation of T-IEL. A third TCR-
independent possibility is that the TCR on T-IEL is only required for
the selection and retention of T-IEL in the intraepithelial space,
and cytokines, together with activating receptors such as NKG2D
trigger T-IEL activation, completely independent of TCR engage-
ment. Notably, in our review of the literature, we did not find any
evidence of activating receptors triggering T-IEL activation with-
out prior exposure of T-IEL to cytokines and/or TCR stimulation.
The challenge in the future will be to evaluate how T-IEL integrate
information from multiple receptors to trigger an effector
response. New mouse models that allow conditional deletion of
coreceptors on T-IEL, in vitro T-IEL:epithelial coculture systems,
such as those involving organoids'®® and phosphoproteomic
studies may help to provide new insights into the mechanisms
driving T-IEL activation.

ACKNOWLEDGEMENTS
M.V. and M.S. are supported by the Wellcome Trust and Royal Society (Sir Henry Dale

Fellowship to M.S., 206246/2/17/Z), and O.J.J. is supported by a Wellcome Trust PhD
studentship (215309/2/19/2).

Mucosal Immunology (2020) 13:721-731



AUTHOR CONTRIBUTIONS
M.V,, 0JJ. and M.S. reviewed the literature, M.V. prepared illustrations, and M.V. and
M.S. wrote the manuscript with input from O.J.J.

ADDITIONAL INFORMATION

Competing interests: The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES

1.

20.

21.

22.

23.

24,

Ferguson, A. Intraepithelial lymphocytes of the small intestine. Gut 18, 921-937
(1977).

. Hayday, A., Theodoridis, E., Ramsburg, E. & Shires, J. Intraepithelial lymphocytes:

exploring the Third Way in immunology. Nat. Immunol. 2, 997-1003 (2001).

. Pennington, D. J. et al. The inter-relatedness and interdependence of mouse T

cell receptor y6 + and af + cells. Nat. Immunol. 4, 991-998 (2003).

. Klose, C. S. N. et al. A committed postselection precursor to natural TCRaf3+

intraepithelial lymphocytes. Mucosal Immunol. 11, 333-344 (2018).

. Guy Grand, D. et al. Origin, trafficking, and intraepithelial fate of gut-tropic

T cells. J. Exp. Med. 210, 1839-1854 (2013).

. Mayassi, T. & Jabri, B. Human intraepithelial lymphocytes. Mucosal Immunol. 11,

1281-1289 (2018).

. Schenkel, J. M. & Masopust, D. Tissue-resident memory T cells. Immunity 41,

886-897 (2014).

. Ariotti, S. et al. T cell memory. Skin-resident memory CD8" T cells trigger a state

of tissue-wide pathogen alert. Science 346, 101-105 (2014).

. Bedoui, S., Gebhardt, T., Gasteiger, G. & Kastenmdiller, W. Parallels and differ-

ences between innate and adaptive lymphocytes. Nat. Immunol. 17, 490-494
(2016).

. Cheroutre, H., Lambolez, F. & Mucida, D. The light and dark sides of intestinal

intraepithelial lymphocytes. Nat. Rev. Immunol. 11, 445-456 (2011).

. Komano, H. et al. Homeostatic regulation of intestinal epithelia by intraepithelial

gamma delta T cells. Proc. Natl Acad. Sci. USA 92, 6147-6151 (1995).

. Chen, Y., Chou, K, Fuchs, E,, Havran, W. L. & Boismenu, R. Protection of the

intestinal mucosa by intraepithelial y§ T cells. Proc. Natl Acad. Sci. USA 99,
14338-14343 (2002).

. Ismail, A. S., Behrendt, C. L. & Hooper, L. V. Reciprocal interactions between

commensal bacteria and gamma delta intraepithelial lymphocytes during
mucosal injury. J. Immunol. 182, 3047-3054 (2009).

. Van Kaer, L. & Olivares-Villagémez, D. Development, homeostasis, and functions

of intestinal intraepithelial lymphocytes. J. Immunol. 200, 2235-2244 (2018).

. Dalton, J. E. et al. Intraepithelial y6+ lymphocytes maintain the integrity of

intestinal epithelial tight junctions in response to infection. Gastroenterology
131, 818-829 (2006).

. Li, Z. et al. Small intestinal intraepithelial lymphocytes expressing CD8 and T cell

receptor y§ are involved in bacterial clearance during Salmonella enterica ser-
ovar Typhimurium infection. Infect. Immun. 80, 565-574 (2012).

. Dharakul, T., Rott, L. & Greenberg, H. B. Recovery from chronic rotavirus infection

in mice with severe combined immunodeficiency: virus clearance mediated by
adoptive transfer of immune CD8+ T lymphocytes. J. Virol. 64, 4375-4382
(1990).

. Lepage, A. C,, Buzoni-Gatel, D., Bout, D. T. & Kasper, L. H. Gut-derived intrae-

pithelial lymphocytes induce long term immunity against Toxoplasma gondii. J.
Immunol. 161, 4902-4908 (1998).

. Edelblum, K. L. et al. y§ intraepithelial lymphocyte migration limits transe-

pithelial pathogen invasion and systemic disease in mice. Gastroenterology 148,
1417-1426 (2015).

Hoytema van Konijnenburg, D. P. H. et al. Intestinal epithelial and intraepithelial
T cell crosstalk mediates a dynamic response to infection. Cell 171 783-794
(2017).

Nussler, N. C. et al. Enhanced cytolytic activity of intestinal intraepithelial lym-
phocytes in patients with Crohn’s disease. Langenbecks Arch. Surg. 385, 218-224
(2000).

Kawaguchi-Miyashita, M. et al. An accessory role of TCRgammadelta (+) cells in
the exacerbation of inflammatory bowel disease in TCRalpha mutant mice. Eur.
J. Immunol. 31, 980-988 (2001).

Park, S.-G. et al. T regulatory cells maintain intestinal homeostasis by suppres-
sing y& T cells. Immunity 33, 791-803 (2010).

Abadie, V., Discepolo, V. & Jabri, B. Intraepithelial lymphocytes in celiac disease
immunopathology. Semin Immunopathol. 34, 551-566 (2012).

Mucosal Immunology (2020) 13:721-731

Mechanisms of activation of innate-like intraepithelial T lymphocytes
M Vandereyken et al.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

Catalan-Serra, |, Sandvik, A. K, Bruland, T. & Andreu-Ballester, J. C. Gammadelta
T cells in crohn’s disease: a new player in the disease pathogenesis? J. Crohns
Colitis 11, 1135-1145 (2017).

Rocha, B., Vassalli, P. & Guy-Grand, D. The V beta repertoire of mouse gut
homodimeric alpha CD8+ intraepithelial T cell receptor alpha/beta + lym-
phocytes reveals a major extrathymic pathway of T cell differentiation. J. Exp.
Med. 173, 483-486 (1991).

Probert, C. S. J, Saubermann, L. J, Balk, S. & Blumberg, R. S. Repertoire of
the alpha beta T-cell receptor in the intestine. Immunol. Rev. 215, 215-225
(2007).

Bonneville, M. et al. Intestinal intraepithelial lymphocytes are a distinct set of
gamma delta T cells. Nature 336, 479-481 (1988).

Asarnow, D. M., Goodman, T., LeFrancois, L. & Allison, J. P. Distinct antigen
receptor repertoires of two classes of murine epithelium-associated T cells.
Nature 341, 60-62 (1989).

Takagaki, Y., DeCloux, A. Bonneville, M. & Tonegawa, S. Diversity of gamma
delta T-cell receptors on murine intestinal intra-epithelial lymphocytes. Nature
339, 712-714 (1989).

Barbee, S. D. et al. Skint-1 is a highly specific, unique selecting component for
epidermal T cells. Proc. Natl Acad. Sci. USA 108, 3330-3335 (2011).

Salim, M. et al. Characterization of a putative receptor binding surface on skint-
1, a critical determinant of dendritic epidermal T cell selection. J. Biol. Chem.
291, 9310-9321 (2016).

Bas, A. et al. Butyrophilin-like 1 encodes an enterocyte protein that selectively
regulates functional interactions with T lymphocytes. Proc. Natl Acad. Sci. USA
108, 4376-4381 (2011).

Lebrero-Fernandez, C., Bergstrom, J. H., Pelaseyed, T. & Bas-Forsberg, A. Murine
butyrophilin-like 1 and Btnl6 form heteromeric complexes in small intestinal
epithelial cells and promote proliferation of local T lymphocytes. Front. Immunol.
7,1 (2016).

Di Marco Barros, R. et al. Epithelia use butyrophilin-like molecules to shape
organ-specific y§ T cell compartments. Cell 167, 203-218.e17 (2016).

Melandri, D. et al. The y6TCR combines innate immunity with adaptive immu-
nity by utilizing spatially distinct regions for agonist selection and antigen
responsiveness. Nat. Immunol. 19, 1352-1365 (2018).

Willcox, C. R. et al. Butyrophilin-like 3 directly binds a human Vy4+ T cell
receptor using a modality distinct from clonally-restricted antigen. Immunity 51,
813-825.e4 (2019).

Mayassi, T. et al. Chronic inflammation permanently reshapes tissue-resident
immunity in celiac disease. Cell 176, 967-981.e19 (2019).

Mayans, S. et al. aBT cell receptors expressed by CD4—CD8afB— intraepithelial
T cells drive their fate into a unique lineage with unusual MHC reactivities.
Immunity 41, 207-218 (2014).

McDonald, B. D., Bunker, J. J.,, Ishizuka, I. E., Jabri, B. & Bendelac, A. Elevated T cell
receptor signaling identifies a thymic precursor to the TCRaf+CD4—CD8B—
intraepithelial lymphocyte lineage. Immunity 41, 219-229 (2014).

McDonald, B. D., Bunker, J. J, Erickson, S. A, Oh-Hora, M. & Bendelac, A.
Crossreactive af T cell receptors are the predominant targets of thymocyte
negative selection. Immunity 43, 859-869 (2015).

Ruscher, R, Kummer, R. L., Lee, Y. J, Jameson, S. C. & Hogquist, K. A. CD8aa
intraepithelial lymphocytes arise from two main thymic precursors. Nat.
Immunol. 18, 771-779 (2017).

Polic, B, Kunkel, D., Scheffold, A. & Rajewsky, K. How af T cells deal with induced
TCRa ablation. Proc. Natl Acad. Sci. USA 98, 8744-8749 (2001).

. Vahl, J. C. et al. Continuous T cell receptor signals maintain a functional reg-

ulatory T cell pool. Immunity 41, 722-736 (2014).

Levine, A. G, Arvey, A, Jin, W. & Rudensky, A. Y. Continuous requirement for the
TCR in regulatory T cell function. Nat. Immunol. 15, 1070-1078 (2014).

Sutton, C. E. et al. Interleukin-1 and IL-23 induce innate IL-17 production from yo
T cells, amplifying Th17 responses and autoimmunity. Immunity 31, 331-341
(2009).

Strid, J. et al. Acute upregulation of an NKG2D ligand promotes rapid reorga-
nization of a local immune compartment with pleiotropic effects on carcino-
genesis. Nat. Inmunol. 9, 146-154 (2008).

Ussher, J. E. et al. CD161++CD8+ T cells, including the MAIT cell subset, are
specifically activated by IL-12+IL-18 in a TCR-independent manner. Eur. J.
Immunol. 44, 195-203 (2014).

Wencker, M. et al. Innate-like T cells straddle innate and adaptive immunity by
altering antigen-receptor responsiveness. Nat. Inmunol. 15, 80-87 (2014).
Malinarich, F. H. et al. Constant TCR triggering suggests that the TCR expressed
on intestinal intraepithelial yo T cells is functional in vivo. Eur. J. Immunol. 40,
3378-3388 (2010).

Chodaczek, G., Papanna, V. Zal, M. A. & Zal, T. Body-barrier surveillance by
epidermal y& TCRs. Nat. Immunol. 13, 272-282 (2012).

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

729



Mechanisms of activation of innate-like intraepithelial T lymphocytes
M Vandereyken et al.

730

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

SPRINGERNATURE

Zhang, B. et al. Differential requirements of TCR signaling in homeostatic
maintenance and function of dendritic epidermal T cells. J. Immunol. 195,
4282-4291 (2015).

Komori, H. K. et al. Cutting edge: dendritic epidermal y& T cell ligands are rapidly
and locally expressed by keratinocytes following cutaneous wounding. J.
Immunol. 188, 2972-2976 (2012).

Lebrero-Fernadndez, C. et al. Altered expression of Butyrophilin (BTN) and BTN-
like (BTNL) genes in intestinal inflammation and colon cancer. Immun. Inflamm.
Dis. 4, 191-200 (2016).

Roberts, A. I. et al. Cutting edge: NKG2D receptors induced by IL-15 costimulate
CD28-negative effector CTL in the tissue microenvironment. J. Immunol. 167,
5527-5530 (2001).

Lanier, L. L. NKG2D receptor and its ligands in host defense. Cancer Immunol.
Res. 3, 575-582 (2015).

Girardi, M. et al. Regulation of cutaneous malignancy by yd T cells. Science 294,
605-609 (2001).

Zhou, R., Wei, H., Sun, R, Zhang, J. & Tian, Z. NKG2D recognition mediates Toll-
like receptor 3 signaling-induced breakdown of epithelial homeostasis in the
small intestines of mice. Proc. Natl Acad. Sci. USA 104, 7512-7515 (2007).
Shimokawa, C. et al. Intestinal inflammation-mediated clearance of amebic
parasites is dependent on IFN-y. J. Immunol. 200, 1101-1109 (2018).

Li, Y. et al. TLR9 regulates the NF-kB-NLRP3-IL-13 pathway negatively in
salmonella-induced NKG2D-mediated intestinal inflammation. J. Immunol. 199,
761-773 (2017).

Ebert, E. C. & Groh, V. Dissection of spontaneous cytotoxicity by human
intestinal intraepithelial lymphocytes: MIC on colon cancer triggers NKG2D-
mediated lysis through Fas ligand. Immunology 124, 33-41 (2008).

Hie, S. et al. A direct role for NKG2D/MICA interaction in villous atrophy during
celiac disease. Immunity 21, 367-377 (2004).

Meresse, B. et al. Coordinated induction by IL15 of a TCR-independent NKG2D
signaling pathway converts CTL into lymphokine-activated killer cells in celiac
disease. Immunity 21, 357-366 (2004).

Tang, F. et al. Cytosolic PLA2 is required for CTL-mediated immunopathology of
celiac disease via NKG2D and IL-15. J. Exp. Med. 206, 707-719 (2009).
Anumanthan, A. et al. Cloning of BY55, a novel Ig superfamily member
expressed on NK cells, CTL, and intestinal intraepithelial lymphocytes. J.
Immunol. 161, 2780-2790 (1998).

Giustiniani, J,, Bensussan, A. & Marie-Cardine, A. Identification and character-
ization of a transmembrane isoform of CD160 (CD160-TM), a unique activating
receptor selectively expressed upon human NK cell activation. J. Immunol. 182,
63-71 (2009).

Maiza, H. et al. A novel 80-kD cell surface structure identifies human circulating
lymphocytes with natural killer activity. J. Exp. Med. 178, 1121-1126 (1993).
Tsujimura, K. et al. Characterization of murine CD160+ CD8+ T lymphocytes.
Immunol. Lett. 106, 48-56 (2006).

Fuchs, A. et al. Intraepithelial type 1 innate lymphoid cells are a unique subset of
IL-12- and IL-15-responsive IFN-y-producing cells. Immunity 38, 769-781 (2013).
Agrawal, S. et al. Cutting edge: MHC class | triggering by a novel cell surface
ligand costimulates proliferation of activated human T cells. J. Immunol. 162,
1223-1226 (1999).

Le Bouteiller, P. et al. Engagement of CD160 receptor by HLA-C is a triggering
mechanism used by circulating natural killer (NK) cells to mediate cytotoxicity.
Proc. Natl Acad. Sci. USA 99, 16963-16968 (2002).

Barakonyi, A. et al. Cutting edge: engagement of CD160 by its HLA-C physio-
logical ligand triggers a unique cytokine profile secretion in the cytotoxic per-
ipheral blood NK cell subset. J. Immunol. 173, 5349-5354 (2004).

Cai, G. et al. CD160 inhibits activation of human CD4+ T cells through inter-
action with herpesvirus entry mediator. Nat. Immunol. 9, 176-185 (2008).
Shui, J-W. et al. HVEM signalling at mucosal barriers provides host defence
against pathogenic bacteria. Nature 488, 222-225 (2012).

Tan, C. L. et al. CD160 Stimulates CD8+ T Cell Responses and Is Required for
Optimal Protective Immunity to Listeria monocytogenes. Immunohorizons 2,
238-250 (2018).

Kumanogoh, A. & Kikutani, H. The CD100-CD72 interaction: a novel mechanism
of immune regulation. Trends Immunol. 22, 670-676 (2001).

Meehan, T. F. et al. Protection against colitis by CD100-dependent modulation
of intraepithelial y5 T lymphocyte function. Mucosal Immunol. 7, 134-142 (2014).
Hérold, C., Bismuth, G., Bensussan, A. & Boumsell, L. Activation signals are
delivered through two distinct epitopes of CD100, a unique 150 kDa human
lymphocyte surface structure previously defined by BB18 mAb. Int. Immunol. 7,
1-8 (1995).

Shi, W. et al. The class IV semaphorin CD100 plays nonredundant roles in the
immune system: defective B and T cell activation in CD100-deficient mice.
Immunity 13, 633-642 (2000).

ey SOCIETY FOR MUCOSAL IMMUNOLOGY

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Kumanogoh, A. et al. Requirement for the lymphocyte semaphorin, CD100, in
the Induction of antigen-specific T cells and the maturation of dendritic cells. J.
Immunol. 169, 1175-1181 (2002).

Witherden, D. A. et al. The CD100 receptor interacts with its plexin B2 ligand to
regulate epidermal y& T cell function. Immunity 37, 314-325 (2012).

Morrissey, P. J., Charrier, K., Horovitz, D. A,, Fletcher, F. A. & Watson, J. D. Analysis
of the intra-epithelial lymphocyte compartment in SCID mice that received co-
isogenic CD4+ T cells. Evidence that mature post-thymic CD4+ T cells can be
induced to express CD8 alpha in vivo. J. Immunol. 154, 2678-2686 (1995).
Davidson, N. J. et al. T helper cell 1-type CD4+ T cells, but not B cells, mediate
colitis in interleukin 10-deficient mice. J. Exp. Med. 184, 241-251 (1996).
Teitell, M., Mescher, M. F., Olson, C. A, Littman, D. R. & Kronenberg, M. The
thymus leukemia antigen binds human and mouse CD8. J. Exp. Med. 174,
1131-1138 (1991).

Leishman, A. J. et al. T cell responses modulated through interaction between CD8aa
and the nonclassical MHC class | molecule, TL. Science 294, 1936-1939 (2001).
Weber, D. A. et al. Peptide-independent folding and CD8aa binding by the
nonclassical class | molecule, thymic leukemia antigen. J. Immunol. 169,
5708-5714 (2002).

Liu, Y. et al. The crystal structure of a TL/CD8aa complex at 2.1 A resolution:
implications for modulation of T cell activation and memory. Immunity 18,
205-215 (2003).

Attinger, A. et al. Molecular basis for the high affinity interaction between the
thymic leukemia antigen and the CD8aa molecule. J. Immunol. 174, 3501-3507
(2005).

Cheroutre, H. & Lambolez, F. Doubting the TCR coreceptor function of CD8aa.
Immunity 28, 149-159 (2008).

Yamamoto, M., Fujihashi, K., Kawabata, K., McGhee, J. R. & Kiyono, H. A mucosal
intranet: intestinal epithelial cells down-regulate intraepithelial, but not per-
ipheral, T lymphocytes. J. Immunol. 160, 2188-2196 (1998).
Olivares-Villagémez, D. et al. Thymus leukemia antigen controls intraepithelial
lymphocyte function and inflammatory bowel disease. Proc. Natl Acad. Sci. USA
105, 17931-17936 (2008).

Rahim, M. M. A. et al. Ly49 receptors: innate and adaptive immune paradigms.
Front. Immunol. 5, 5403 (2014).

Fahrer, A. M. et al. Attributes of gammadelta intraepithelial lymphocytes as
suggested by their transcriptional profile. Proc. Natl Acad. Sci. USA 98,
10261-10266 (2001).

Denning, T. L. et al. Mouse TCRaf+ CD8aa intraepithelial lymphocytes express
genes that down-regulate their antigen reactivity and suppress immune
responses. J. Immunol. 178, 6654-6654 (2007).

Taveirne, S. et al. Inhibitory receptors specific for MHC class | educate murine NK
cells but not CD8aa intestinal intraepithelial T lymphocytes. Blood 118, 339-347
(2011).

Van Beneden, K. et al. Expression of inhibitory receptors Ly49E and CD94/NKG2
on fetal thymic and adult epidermal TCR V gamma 3 lymphocytes. J. Immunol.
168, 3295-3302 (2002).

Broeck, V. D. T. et al. Differential Ly49e expression pathways in resting versus
TCR-activated intraepithelial y& T cells. J. Immunol. 190, 1982-1990 (2013).
Van Acker, A. et al. The role of Ly49E receptor expression on murine intrae-
pithelial lymphocytes in intestinal cancer development and progression. Cancer
Immunol. Inmunother. 65, 1365-1375 (2016).

Van Acker, A. et al. Ly49E expression on CD8aa-expressing intestinal intrae-
pithelial lymphocytes plays no detectable role in the development and pro-
gression of experimentally induced inflammatory bowel diseases. PLoS ONE 9,
e110015 (2014).

Mihrshahi, R., Barclay, A. N. & Brown, M. H. Essential roles for Dok2 and RasGAP
in CD200 receptor-mediated regulation of human myeloid cells. J. Immunol.
183, 4879-4886 (2009).

Gorczynski R. CD200: CD200R-mediated regulation of immunity. ISRN Immunol.
2012, 682168 (2012).

Kojima, T. et al. Novel CD200 homologues iSEC1 and iSEC2 are gastrointestinal
secretory cell-specific ligands of inhibitory receptor CD200R. Sci. Rep. 6, 36457
(2016).

Rosenblum, M. D. et al. Characterization of CD200-receptor expression in the
murine epidermis. J. Investig. Dermatol. 125, 1130-1138 (2005).

Jabri, B. et al. Selective expansion of intraepithelial lymphocytes expressing the
HLA-E-specific natural killer receptor CD94 in celiac disease. Gastroenterology
118, 867-879 (2000).

Jabri, B. et al. TCR specificity dictates CD94/NKG2A expression by human CTL.
Immunity 17, 487-499 (2002).

Mingari, M. C. et al. HLA class I-specific inhibitory receptors in human T lympho-
cytes: Interleukin 15-induced expression of CD94/NKG2A in superantigen- or
alloantigen-activated CD8 + T cells. Proc. Natl Acad. Sci. USA 95, 1172-1177 (1998).

Mucosal Immunology (2020) 13:721-731



107. Braud, V. M., Aldemir, H., Breart, B. & Ferlin, W. G. Expression of CD94-NKG2A
inhibitory receptor is restricted to a subset of CD8+ T cells. Trends Immunol. 24,
162-164 (2003).

108. Meresse, B. et al. Reprogramming of CTLs into natural killer-like cells in celiac
disease. J. Exp. Med. 203, 1343-1355 (2006).

109. Bhagat, G. et al. Small intestinal CD8-+TCRgammadelta+NKG2A+ intraepithelial
lymphocytes have attributes of regulatory cells in patients with celiac disease. J.
Clin. Invest. 118, 281-293 (2008).

110. Cannons, J. L, Tangye, S. G. & Schwartzberg, P. L. SLAM family receptors and SAP
adaptors in immunity. Annu. Rev. Immunol. 29, 665-705 (2011).

111. Schuhmachers, G. et al. Activation of murine epidermal gamma delta T cells
through surface 2B4. Eur. J. Inmunol. 25, 1117-1120 (1995).

112. Laouar, A. et al. Cutting Edge: Distinct NK receptor profiles are imprinted on CD8
T cells in the mucosa and periphery during the same antigen challenge: role of
tissue-specific factors. J. Immunol. 178, 652-656 (2007).

113. Cabinian, A. et al. Gut symbiotic microbes imprint intestinal immune cells with
the innate receptor SLAMF4 which contributes to gut immune protection
against enteric pathogens. Gut 67, 847-859 (2018).

114. O'Keeffe, M. S. et al. SLAMF4 is a negative regulator of expansion of cytotoxic
intraepithelial CD8+ T cells that maintains homeostasis in the small intestine.
Gastroenterology 148, 991-1001.e4 (2015).

115. Moog-Lutz, C. et al. JAML, a novel protein with characteristics of a junctional
adhesion molecule, is induced during differentiation of myeloid leukemia cells.
Blood 102, 3371-3378 (2003).

116. Ebnet, K, Suzuki, A, Ohno, S. & Vestweber, D. Junctional adhesion molecules
(JAMs): more molecules with dual functions? J. Cell Sci. 117, 19-29 (2004).

117. Witherden, D. A. et al. The junctional adhesion molecule JAML is a costimulatory
receptor for epithelial y& T cell activation. Science 329, 1205-1210 (2010).

118. Zen, K. et al. Neutrophil migration across tight junctions is mediated by adhe-
sive interactions between epithelial coxsackie and adenovirus receptor and a
junctional adhesion molecule-like protein on neutrophils. Mol. Biol. Cell 16,
2694-2703 (2005).

119. Wang, H. C. & Klein, J. R. Multiple levels of activation of murine CD8(+)
intraepithelial lymphocytes defined by OX40 (CD134) expression: effects on cell-
mediated cytotoxicity, IFN-gamma, and IL-10 regulation. J. Immunol. 167,
6717-6723 (2001).

120. Mikulak, J. et al. NKp46-expressing human gut-resident intraepithelial V61 T cell
subpopulation exhibits high antitumor activity against colorectal cancer. J. Clin.
Investig. 4, 8900 (2019).

121. Kruse, P. H., Matta, J., Ugolini, S. & Vivier, E. Natural cytotoxicity receptors and
their ligands. Immunol. Cell Biol. 92, 221-229 (2014).

Mucosal Immunology (2020) 13:721-731

Mechanisms of activation of innate-like intraepithelial T lymphocytes
M Vandereyken et al.

122. Joosse, M. E., Nederlof, I, Walker, L. S. K. & Samsom, J. N. Tipping the balance:
inhibitory checkpoints in intestinal homeostasis. Mucosal Immunol. 12, 21-35
(2019).

123. Nozaki, K. et al. Co-culture with intestinal epithelial organoids allows efficient
expansion and motility analysis of intraepithelial lymphocytes. J. Gastroenterol.
51, 206-213 (2016).

124. Perera, L. et al. Expression of nonclassical class | molecules by intestinal epi-
thelial cells. Inflamm. Bowel Dis. 13, 298-307 (2007).

125. Mayer, L. et al. Expression of class Il molecules on intestinal epithelial cells in
humans. Differences between normal and inflammatory bowel disease. Gas-
troenterology 100, 3-12 (1991).

126. Sturgess, R. P. et al. Effects of interferon-gamma and tumour necrosis factor-
alpha on epithelial HLA class-Il expression on jejunal mucosal biopsy specimens
cultured in vitro. Scand. J. Gastroenterol. 27, 907-911 (1992).

127. Zhang, Q. et al. Mouse Nkrp1-Clr gene cluster sequence and expression analyses
reveal conservation of tissue-specific MHC-independent immunosurveillance.
PLoS ONE 7, €50561 (2012).

128. Iwasaki, A. et al. Immunofluorescence analysis of poliovirus receptor expression
in Peyer’s patches of humans, primates, and CD155 transgenic mice: implica-
tions for poliovirus infection. J. Infect. Dis. 186, 585-592 (2002).

129. Nakazawa, A. et al. The expression and function of costimulatory molecules B7H
and B7-H1 on colonic epithelial cells. Gastroenterology 126, 1347-1357 (2004).

130. Ye, G. et al. Expression of B7-1 and B7-2 costimulatory molecules by human
gastric epithelial cells: potential role in CD4+ T cell activation during Helico-
bacter pylori infection. J. Clin. Investig. 99, 1628-1636 (1997).

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

731


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Mechanisms of activation of innate-like intraepithelial T�lymphocytes
	Introduction
	The T cell antigen receptor
	Selection of antigen specificities of intestinal T-IEL TCRs
	Role of the TCR in T-IEL activation
	Other (co) stimulatory receptors
	Natural killer group 2D
	CD160
	CD100
	Inhibitory receptors
	CD8
	Ly49 family and Ly49E
	CD200 receptor 1 (CD200R1)
	Context-dependent regulatory receptors
	CD94
	2B4
	Other regulatory receptors
	Conclusion and perspectives
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




