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The NKG2D receptor on cytotoxic lym-
phocytes recognizes ligands upregu-
lated during viral infection and tumor
transformation, allowing the killing of
stressed cells.

A distinctive feature of the NKG2D
receptor resides in its interaction with
a large number of MHC-I related
ligands.

Persistent exposure to NKG2D ligands
causes receptor endocytosis, render-
ing cytotoxic lymphocytes hypore-
sponsive to NKG2D ligand-bearing
target cells.

NKG2D ligands are not all equivalent in
their ability to induce receptor endocy-
tosis, resulting in different functional
outcomes.

NKG2D endocytosis is not only instru-
mental for the clearance of activated
receptors from the cell surface but
can also elicit functional responses
controlling NKG2D-mediated signal
propagation.
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NKG2D is an activating receptor that can bind to a large number of stress-
induced ligands that are expressed in the context of cancer or viral infection.
This receptor is expressed on many cytotoxic lymphocytes, and plays a crucial
role in antitumor and antiviral immune responses. However, exposure to NKG2D
ligand-expressing target cells promotes receptor endocytosis, ultimately lead-
ing to lysosomal receptor degradation and impairment of NKG2D-mediated
functions. Interestingly, before being degraded, internalized receptors can
signal from the endosomal compartment, leading to the appropriate activation
of cellular functional programs. This review summarizes recent findings on
ligand-induced receptor internalization, with particular emphasis on the role
of endocytosis in the control of both NKG2D-mediated intracellular signaling
and receptor degradation.

NKG2D and Sensing of Cellular Stress
The natural killer (NK) receptor group 2, member D (NKG2D) is one of the best-characterized NK
cell-activating receptors and is also expressed on human CD8+ /b T cells and murine activated
CD8+ /b T cells, human activated CD4+ /b T cells, and gd T cells. NKG2D is a fundamental
player in antitumor and antiviral immune responses: it recognizes ligands absent or poorly
expressed on normal cells that have been upregulated upon cellular stress, microbial infection,
malignant transformation, or autoimmunity [1–4].

The prominent role of NKG2D in tumor immune surveillance was first demonstrated in murine
models by ectopic expression of NKG2D ligands, and this was found to be sufficient to cause
tumor rejection in syngeneic mice [5,6]. Moreover, NKG2D neutralization by means of specific
antibodies significantly impaired host protection from de novo tumorigenesis [7]. Remarkably,
NKG2D-deficient mice also showed enhanced susceptibility to the development of tumors [8]
and cytomegalovirus infection [9], thus confirming the role of NKG2D-mediated immune
surveillance.

Accumulating evidence demonstrate that persistent exposure to NKG2D ligand-expressing
target cells promotes receptor downmodulation, with consequent impairment of NKG2D-
mediated functions [10–15]. Upon ligand binding, NKG2D is subjected to internalization and
lysosomal degradation, and these processes require the ubiquitin pathway [16,17]. Never-
theless, recent evidence supports a role for NKG2D ubiquitin-dependent endocytosis not only
in the clearance of receptor from the cell surface but also in the propagation of intracellular
signals [17].
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This review summarizes the molecular mechanisms involved in ligand-induced NKG2D down-
modulation, focusing mainly on receptor endocytosis. The role of human NKG2D ubiquitin-
dependent endocytosis in the control of signal propagation and NK cell function is also
discussed.

NKG2D Receptor Structure and Signaling Pathways
NKG2D is a C-type lectin receptor: human NKG2D and the long splice-variant form of mouse
NKG2D (NKG2D-L) assemble as hexameric complexes composed of two NKG2D molecules
associated with four molecules of the signaling adapter DNAX-associated protein 10 (DAP10)
[18], which displays a cytoplasmic YINM motif and recruits the regulatory subunit of phosphoi-
nositide-3 kinase (PI3K), p85, that is responsible for stimulatory signals [19,20] (Figure 1A). In
mice, activated NK cells express an additional shorter NKG2D isoform (NKG2D-S) that can
associate with either DAP10 or DAP12, the latter containing an immune tyrosine-based activa-
tion motif (ITAM) capable of binding to Syk family protein tyrosine kinases [21,22] (Figure 1A).

Upon ligand binding, DAP10 is phosphorylated in its YINM cytoplasmic motif by Src family
kinases [23], but the contribution of other kinases has not been excluded. In this regard, Horng
and colleagues found that ‘priming’ of NKG2D-mediated signaling requires IL-15-activated
JAK3 that is responsible for maximal DAP10 phosphorylation [24]. The phosphorylated YINM
motif of DAP10 can directly associate with the adaptor protein Grb2 and PI3K subunit p85
[20,23,25,26]. PI3K leads to activation of the kinase Akt and downstream survival pathways,
while Grb2 directly recruits the guanine nucleotide exchange factor Vav1, and this binding is both
necessary and sufficient for the tyrosine phosphorylation of Vav1, phospholipase Cg (PLCg2),
and of Src homology 2 (SH2) domain-containing leukocyte protein of 76 kDa (SLP-76).

Engagement of human NKG2D potentiates T cell receptor (TCR)-induced cytotoxic function in
CD8+ T cells [19], and NKG2D engagement alone on freshly isolated human NK cells is not
sufficient to promote their full functional response [27]. Indeed, NK cell activation depends on a
balance of activating and inhibitory signals, the latter being delivered by receptors for MHC class I
molecules. The full activation of naive NK cells requires the synergistic co-engagement of at least
two different activating receptors to overcome the inhibitory signal. In the context of NK cell
functional responses mediated by NKG2D, its co-engagement with 2B4 or NKp46 has been
reported to be required [27].

In activated murine NK cells, association with the DAP12 adapter enables NKG2D-mediated
activation of Syk and ZAP-70 tyrosine kinases which, upon phosphorylation of the adaptor
protein LAT, promote the recruitment and phosphorylation of PLCg and the activation of PI3K.
Both these events are required for the exocytosis of lytic granules and the activation of the
transcriptional program leading to cytokine production [21,22].

NKG2D Ligand Heterogeneity and Expression
A distinctive feature of NKG2D receptor resides in its interaction with a large number of MHC-I
related ligands that exhibit considerable allelic variation [1–4]. The existence of various NKG2D
ligands may be explained by a wide range of stress pathways that upregulate their expression in
different cell types, thus enabling the same receptor to be activated in diverse contexts, as well
as to increase the efficiency of antiviral and anticancer response. Moreover, the selection
pressures exerted on the immune system by pathogen infections or by mechanisms of cancer
immunoediting may have also favored the appearance of different ligands [1,2].

Two families of ligands for the human NKG2D receptor have been described: the highly
polymorphic ‘MHC class I related proteins’, MICA and MICB, and the ‘UL16 binding proteins’
ULBPs (also known as the retinoic acid early transcripts, RAETs) [2–4] (Figure 1B). Similarly to
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Glossary
ADAM (a disintegrin and
metalloproteinase) family: a group
of transmembrane (TM) and secreted
metalloproteases, also known as
sheddases, that are able to cut off or
shed the extracellular portions of TM
proteins.
Clathrin-mediated endocytosis:
the uptake of material into eukaryotic
cells from the surface using clathrin-
coated vesicles. It is fundamental to
neurotransmission, signal
transduction, and the regulation of
many plasma-membrane activities.
DNA damage response (DDR): a
network of interactive pathways that
sense, signal, and repair different
types of DNA damage. The response
initially arrests cell-cycle progression,
allowing time to repair the DNA
lesions, but may also induce
transcriptional programs, enhance
DNA repair pathways, and, when the
level of damage is severe, promote
apoptosis.
E3 ubiquitin ligase: an enzyme that
recognizes a protein substrate and
catalyzes the transfer of ubiquitin to
that substrate. Ubiquitination by E3
ligases regulates several cellular
processes including DNA repair,
endocytosis, protein trafficking, and
the cell cycle.
Exosomes: specialized nano-sized
vesicles of endocytic origin that are
released by many cell types and
might act as regulators of intercellular
communication.
Glycosylphosphatidylinositol (GPI)
anchor: a glycolipid structure that is
added post-translationally to the C-
terminus of many eukaryotic proteins,
and that anchors the modified protein
in the outer plasma-membrane
leaflet.
Immune synapse (or
immunological synapse): a stable
contact zone between an immune
cell and another cell at which
molecules accumulate, by analogy to
neuronal synapses.
Trogocytosis: the transfer of cell-
surface proteins and membrane
patches from one cell to another
through cell–cell contact.
classical MHC-I molecules, MICA/B proteins contain /1, /2, and /3 domains; however, they
do not associate with b2-microglobulin and do not present antigenic peptides. Six ULBP
molecules (ULBP1–6) have been identified to date. They lack the /3 domain and differ in
membrane anchoring: ULBP4 and 5 are transmembrane (TM) proteins while ULBP1–3 and 6 are
linked to plasma membrane by a glycosylphosphatidylinositol (GPI) anchor (see Glossary).
However, this classification is not straightforward because ULBP2 and 5 are expressed either as
GPI or TM proteins [28,29]. Similarly, the most frequent MICA allele, namely MICA*008, contains
a frameshift mutation before the TM region that leads to an early stop codon, resulting in the
expression of a truncated GPI-linked protein [30].

Orthologs of the human ULPB/RAET1 family are the only ligands present in mice, and these
comprise three subgroups of proteins: the GPI-linked RAE-1 (retinoic acid early inducible-1)
ligands (five different isoforms); MULT1 (murine UL16-binding protein-like transcript 1) TM
protein; and H60 ligands including one GPI-linked and two TM isoforms [2,3] (Figure 1B).

Although MICA is constitutively expressed on the gastrointestinal epithelium [31], and mRNA for
both MICA/B and ULBP proteins can be found in some normal cells [32], the cell-surface levels of
NKG2D ligands are either absent or low on the vast majority of healthy cells. Instead, NKG2D
ligand expression is tightly regulated at the transcriptional, post-transcriptional, and post-
translational levels by different physiological and pathological ‘stress’ conditions, including
mitosis, viral infection, and cancer, through the activation of different signaling pathways. Among
these, the induction of NKG2D ligands by the DNA damage response (DDR) pathway has
been well documented [2,33–35] (Box 1).

Moreover, autoimmune diseases such as rheumatoid arthritis and celiac disease are associated
with increased expression of MICA on synovial tissue or intestinal epithelium, respectively, that
may contribute to the activation of autoreactive NKG2D-expressing lymphocytes [36–38].

To counteract NKG2D ligand upregulation, several viruses (e.g., HCMV, HIV-1) have developed
the ability to inhibit cell-surface ligand expression and, as a consequence, to decrease the
susceptibility of infected cells to NK cell-mediated cytotoxicity [39]. Cancer cells have also
developed multiple mechanisms to escape from NKG2D-mediated immune responses. One of
these mechanisms depends on antitumor pressure exerted by cytotoxic lymphocytes that
favors the selection of tumor cell clones able to release soluble NKG2D ligands from their
plasma membrane through alternative splicing, proteolytic shedding, or exosome secretion.
Alternative processing of ULBP4 and 5 transcripts generate a secreted ligand form that can
inhibit target cell recognition in vitro [40,41]. Different TM allelic variants of MICA, MICB [42–44],
and ULBP2 [15] are shed upon proteolytic cleavage mediated by ADAM (a disintegrin and
metalloproteinase) family metalloproteases, whereas the allelic variant MICA*008 and
ULBP3, both expressed on the plasma membrane as GPI-linked molecules, are released in
exosomes [45,46].

Regulation of NKG2D Expression and Functional Consequences
NKG2D expression is positively or negatively regulated by different cytokines, including IL-2,
IL-7, IL-12, IL-15, and type I interferons (IFNs), which have been shown to increase NKG2D
surface expression, whereas IL-21, IFN-g, and TGF-b have the opposite effect [4,47]. However,
NKG2D expression is mainly regulated upon exposure to membrane-bound or soluble NKG2D
ligands [10–15,48,49] (Figure 2).

The first evidence of NKG2D downmodulation stems from studies on CD8+ tumor-infiltrating
T lymphocytes and peripheral blood mononuclear cells (PBMCs) isolated from patients with
different MICA/B-positive epithelial tumors [10]. Groh and coworkers showed that NKG2D
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Figure 1. NKG2D Receptor Complex and Its Ligands. (A) Schematic representation of NKG2D receptor complexes on human (left) and murine (right)
NK cells. Human NKG2D and the long splice-variant form of mouse NKG2D (NKG2D-L) assemble as hexameric complexes composed of two
NKG2D molecules associated with four molecules of DAP10. In mice, activated NK cells express an additional shorter NKG2D isoform (NKG2D-S)
that can associate with either DAP10 or DAP12. DAP10 and DAP12 signaling motifs and the main kinases involved in signal propagation are
depicted. (B) Schematic representation of human and mouse NKG2D ligands. Extracellular domains and the membrane anchor mode of the different
ligands are indicated. Abbreviations: DAP, DNAX-associated protein; ITAM, immunoreceptor tyrosine-based activation motif; MIC, MHC class I
related protein; NK cell; natural killer cell; PI3K, phosphoinositide-3 kinase; RAE, retinoic acid early-inducible; ULBP, UL16 binding protein.
surface expression on CD8+ T lymphocytes is reduced upon direct contact with MIC-expressing
target cells, as well as by chronic stimulation with sera containing soluble MICA/B, leading to
impairment of NKG2D ability to costimulate CD8+ T cell effector functions. These results suggest
that NKG2D ligands can modulate cell responsiveness and promote immune evasion. These
findings were also confirmed in vivo. Indeed, in transgenic mice overexpressing MICA, pro-
longed exposure to this cell-bound ligand led to systemic NKG2D downmodulation. As a
consequence, both NK and CD8+ T cells failed to reject MICA-positive tumors and showed
defective immune surveillance of intracellular pathogens [13].

The ability to downmodulate NKG2D expression was also reported for ULBP ligands. In
particular, reduced NKG2D expression was observed on NK cells exposed to ULBP2-trans-
fected cells or primary ULBP2+ leukemic cells [15].

By comparing the ability of membrane-bound MICA and ULBP2 to induce NKG2D down-
modulation in human NK cells, we found that both ligands reduce cell-surface receptor
expression [16]. However, MICA promotes stronger downmodulation than ULBP2, leading
to a more severe impairment of NKG2D-dependent NK cell cytotoxicity. The differential abilities
of MICA versus ULBP2 to induce receptor downregulation may be attributable to their distinct
Trends in Immunology, November 2016, Vol. 37, No. 11 793
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Figure 2. Impact of NKG2D Downmodulation on Natural Killer (NK) Cell Functions. The expression of NKG2D
ligands renders target cells susceptible to NK cell-mediated lysis. However, chronic exposure to membrane and exosomal
NKG2D ligands promotes receptor downmodulation on human NK cells that renders them hyporesponsive to NKG2D
ligand-bearing tumor cells.

Box 1. NKG2D Ligand Regulation by the DDR

A major signaling pathway implicated in the upregulation of NKG2D ligand expression consists of the activation of the
DDR initiated by three members of the phosphatidylinositol 3-kinase-like serine/threonine protein family: ataxia telan-
giectasia mutated (ATM), ATM- and Rad3-related (ATR), and the DNA-dependent protein kinase (DNA-PK) [2,33–35,61].
These kinases and their downstream mediators, including the checkpoint kinases CHK1 and CHK2, are activated by
DNA damage sensor proteins and promote cell-cycle arrest and DNA repair, or, if the damage is not successfully
repaired, program the cell to undergo senescence or apoptosis.

Because ATM/ATR regulate cell division, their activation during cellular proliferation could represent a signal resulting in
NKG2D ligand expression on healthy cells. Indeed, several studies have reported a correlation between NKG2D ligand
expression and cell proliferation [31,62], and identified the involvement of NF-kB and the E2F family of transcription
factors [62,63].

Infection by several viruses, including herpesvirus, adenoviruses, and retroviruses, activates the DDR-mediated path-
ways and concurrently promotes upregulation of NKG2D ligands; however, a direct link between these two phenomena
has been established only for HIV [64,65].

In cancer cells, the first link between DDR and upregulation of NKG2D ligand expression was provided by Gasser and
coworkers: they demonstrated that genotoxic stress conditions are responsible for persistent NKG2D ligand expression
mainly through ATM, ATR, and Chk1 activation, thus increasing the sensitivity of tumor cells to NK cell-mediated lysis
[33]. Studies from our laboratory demonstrated that genotoxic chemotherapy drugs enhance the expression of NKG2D
ligands via induction of the DDR-dependent E2F1 transcription factor, and that this effect is preferentially associated with
the induction of a senescence phenotype, supporting the conclusion that drug-induced senescence represents a
mechanism that contributes to the elimination of tumor cells [34,61]. Notably, p53, which is also a downstream mediator
of ATM/ATR pathways, is not essential for upregulation of murine NKG2DL expression [33], but can amplify the
transcription of particular human NKG2D ligands [66,67].

Additional stress pathways (e.g., the heat shock pathway, the oxidative stress pathway, and the endoplasmic reticulum
stress response) are also involved in NKG2D ligand regulation, and may act cooperatively with the DDR pathway to
ensure that cell-surface expression of NKG2D ligand is restricted to unhealthy cells [2,3].
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Table 1. NKG2D Ligandsa

Human NKG2D ligands Cell-surface attachmentb Affinity, Kd (M)

MICA TM 0.9–1 � 10�6

MICB TM 8 � 10�7

ULBP1 GPI 1.1 � 10�6

ULBP2 GPI ND

ULBP3 GPI ND

ULBP4 TM ND

ULBP5 TM ND

ULBP6 GPI ND

Mouse NKG2D ligands Cell-surface attachmentb Affinity, Kd (M)

RAE1/ GPI 7 � 10�7

RAE1b GPI 3–19 � 10�7

RAE1g GPI 5–6 � 10�7

RAE1d GPI 7–8 � 10�7

RAE1e GPI 3 � 10�8

H60a TM 2–3 � 10�8

H60b TM 3 � 10�7

H60c GPI 9 � 10�6

MULT1 TM 6 � 10�9

aData from [1,2].
bAbbreviations: GPI, glycosylphosphatidylinositol; TM, transmembrane.
modes of membrane anchoring (TM and GPI-linked, respectively) and/or to differences in their
affinity/avidity for NKG2D (Table 1).

The consequences of NKG2D ligand–receptor interaction have been further investigated in
murine models. Localized receptor downmodulation leading to functional impairment of NK cells
and dermal resident gd T cells was reported in an in vivo model of Rae-1 overexpression in
normal epithelium [12]. In in vitro experiments, H60 membrane-bound ligand downregulated
NKG2D expression and its associated functions [14]. Together, these results demonstrate that
mouse membrane-bound ligands share with their human counterparts the ability to induce
NKG2D downregulation, and that receptor downmodulation does not necessarily require a
tumor context and can also be elicited by ligands expressed on healthy cells.

Unlike the case of cell-bound ligands, the ability of soluble ligands to downregulate their receptor
and impair NKG2D-mediated cytolytic functions is still debated. Groh and coworkers showed
that chronic stimulation of normal CD8+ T cells with sera containing soluble MICA/B derived from
patients with different epithelial cancers efficiently downmodulated NKG2D expression and
impaired receptor function in CD8+ T cells [10]. Moreover, the reduction of NKG2D expression
found on NK cells derived from patients with colorectal cancer correlated with the presence of
soluble MIC ligand in sera from patients, and rendered NK cells unable to lyse MIC+ autologous
tumor cells [48]. In contrast with these findings, only membrane-bound NKG2D ligands were
shown to induce NKG2D downmodulation in multiple myeloma patients, even though soluble
ligands were found in their sera [50]. In the context of autoimmune diseases, high concentrations
of soluble MICA were found in the sera of patients; however, NKG2D surface expression was not
affected [36,37].
Trends in Immunology, November 2016, Vol. 37, No. 11 795



Similarly, a functional impact of soluble NKG2D ligands released into culture supernatants is not
always observed. ULBP2 released into the supernatants of transfected cells by metalloprotei-
nase-mediated shedding did not affect NKG2D expression on NK cells [15], while high con-
centrations of recombinant soluble ULPB2 reduced NK cell activity by decreasing NKG2D
surface expression [51]. A different situation has been observed in human activated T cells where
MICB released in vitro from activated CD4+ lymphocyte is the major factor responsible for
reduction of NKG2D expression on CD8+ T cells upon 5 days of CD4+/CD8+ co-culture [52].

Notably, a recent study reported a novel scenario in which a soluble form of the highest-affinity
murine ligand, MULT1, promotes tumor rejection [53]. Indeed, tumor cells engineered to secrete
MULT1 were rejected when injected into syngeneic mice, likely via NK cell activation. Based on
these findings, the authors hypothesized that chronic NKG2D engagement on NK cells by
NKG2D ligands present on the cell surface of non-tumor cells leads to NKG2D downmodulation
and general NK cell desensitization, whereas soluble MULT1 blocks these interactions and
increases NK cell responsiveness. In the presence of soluble MULT1, NK cells were thus not
desensitized, and were able to eliminate tumor cells, likely after recognition through other
activating receptors. Thus, these results strongly argue against a role of soluble monomeric
NKG2D ligands in immune evasion.

Some considerations related to the mechanisms underlying NKG2D ligand release could help to
resolve these conflicting results. Soluble NKG2D ligands could be either shed after proteolytic
cleavage or released in exosomes [45,46], and these latter forms appear to be more potent
downmodulators than their shed counterparts. In the case of MIC ligands, supernatants
containing exosome-released MICA*008 were shown to decrease NKG2D expression at the
NK cell surface more potently than supernatant containing high concentrations of metallopro-
teinase-shed MICA [45]. Accordingly, Fernandez-Messina and coworkers demonstrated that
exosome-released ULBP3 is better able to downmodulate receptor expression than the metal-
loproteinase-shed ULBP2 ligand [46]. This likely depends on the fact that multiple ULBP3
molecules are exposed at the exosome surface, thus engaging NKG2D with high avidity.
Additional evidence also supports a role for exosomal NKG2D ligands in promoting receptor
downmodulation. Chronic exposure to tumor-derived exosomes containing MIC ligands down-
modulated human NKG2D surface expression on both NK and CD8+ T lymphocytes, and
rendered them less prone to produce IFN-g and to kill tumor cells [49].

NKG2D downmodulation upon persistent exposure to NKG2D ligand-bearing exosomes has
been also reported in other contexts. For example, during pregnancy the syncytiotrophoblast
can release exosomes bearing NKG2D ligands that decrease NKG2D surface expression on
maternal circulating lymphocytes, resulting in inhibition of the NKG2D-dependent cytotoxic
response [54].

Concerning the possibility that NKG2D downregulation can cross-tolerize unrelated activating
receptors, leading to a more general functional impairment of cell functions, conflicting results
have been reported. Upon transient interaction (18 h) with MICA and ULBP2, human NK cells
downmodulate NKG2D expression and function, but maintain cytotoxic potential triggered by
other activating receptors [16]. However, longer in vitro stimulation with NKG2DLs might impact
on functions unrelated to NKG2D. In fact, the functional capacity of CD3z-associated receptors
was impaired in CD8+ T lymphocytes and NK cells upon 3 days of co-culture with MICA-
expressing cells [55]. Reduced levels of CD3z were also observed in murine NK cells stimulated
for 3 days with H60-expressing targets [14], and H60-experienced NK cells showed an
impairment of NKG2D-dependent and- independent cytotoxicity [56]. These discrepancies
can be explained considering that the functional outcome may vary depending on the length
of NKG2D stimulation and/or on the type of ligand involved. In vivo, conflicting results were
796 Trends in Immunology, November 2016, Vol. 37, No. 11



obtained in two different transgenic mice lines expressing Rae-1e [12,57]. Indeed, Rae-1e
overexpression in the FVB mouse strain resulted in systemic NKG2D downregulation that
provokes defects in NK cell cytotoxicity against MHC class I-deficient target cells [12]. However,
transgenic mice expressing the same NKG2D ligand on the C57BL/6 background showed
defects in NKG2D-dependent NK cell functions, but efficiently rejected MHC class I-deficient
splenocytes [57]. These different results may depend on the employment of murine models that
differ in Rae1e expression levels and/or NK cell lytic activity.

Together, these lines of evidence demonstrate that both membrane-bound and exosomal
NKG2D ligands efficiently downmodulate the NKG2D receptor and ultimately reduce the
sensitivity of cytotoxic lymphocyte to target cells expressing NKG2D ligands. Persistent
and chronic NKG2D stimulation may eventually cause a more general NK cell functional
impairment.

Molecular Mechanisms Regulating NKG2D Expression and Signaling: Role of
Endocytosis
Endocytosis is the main mechanism responsible for NKG2D downmodulation, although inter-
cellular transfer (trogocytosis) of NKG2D to target cells via cytotoxic immune synapses has
been proposed to explain, at least in part, the loss of receptor from the plasma membrane [58].
Upon ligand binding, both human and murine NKG2D internalization is inhibited by sucrose
pretreatment [11,52], suggesting that receptors are mainly internalized by clathrin-mediated
endocytosis [11,52]. However, the involvement of additional clathrin-independent endocytic
pathways cannot be excluded and has not yet been explored.

Regarding the fate of the internalized receptor, we and others have demonstrated that, upon
internalization, the human NKG2D/DAP10 receptor complex traffics through the endosomal
compartment and is routed towards lysosomes where both NKG2D and DAP10 are rapidly
degraded [10,16,59]. However, the rate of receptor internalization and degradation may depend
on the nature of the ligand. Indeed, the E3 ubiquitin ligase c-Cbl is required for MICA- but not
ULBP2-induced NKG2D endocytosis, leading to more-rapid receptor lysosomal degradation
[16].

Notably, upon MICA binding, human DAP10 itself undergoes mono- and poly-ubiquitination,
and this modification provides a signal that directs internalization of NKG2D from the plasma
membrane and its delivery to lysosomes [17] (Figure 3, Key Figure). The type of polyubiquitin
chains (Lys48- or Lys63-linked) and the mechanism through which ubiquitinated NKG2D
receptors are coupled to endocytic machinery remain to be established. It also remains
unknown whether c-Cbl is the ubiquitin ligase responsible for this modification and whether
MICB also activates the ubiquitin pathway and promotes DAP10 ubiquitination.

In line with the results obtained with MICA, the expression of a fusion protein in which ubiquitin
was fused to the C-terminal end of DAP10 in mouse resulted in constitutive NKG2D/DAP10
receptor-complex degradation [24], suggesting that the ubiquitin pathway is also involved in
murine NKG2D endocytosis. However, conflicting results were obtained regarding the fate of
internalized murine NKG2D. Three days of stimulation of murine NK cells with transfected cells
expressing the NKG2D ligand H60 reduced the total protein amounts of both NKG2D-associ-
ated adapters (DAP10 and DAP12) [14], supporting a degradative receptor fate. By contrast,
upon 24 h of interaction with Rae1e-bearing targets, NKG2D internalization was not followed by
receptor degradation in NOD mice [11].

Together, these findings suggest that the fate of internalized murine receptor complexes
depends on the type of NKG2D ligand. Moreover, even though receptor internalization appears
Trends in Immunology, November 2016, Vol. 37, No. 11 797



Key Figure

Proposed Model of NKG2D/DAP10 Endocytosis and Signaling upon
Ligand Binding
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Figure 3. In human NK cells, NKG2D engagement by MICA activates the ubiquitin ligase c-Cbl and promotes DAP10
ubiquitination that provides a signal for NKG2D internalization and lysosomal degradation. On the other hand, ubiquitin-
dependent receptor internalization and traffic along endosomes is required for the phosphorylation of ERK1/2 on
endosomal membrane platforms, before the receptors reach lysosomes and undergo degradation. Activated ERK1/2
proteins then detach from endosomes or translocate to the nucleus to reach their substrates, thus allowing signal
propagation and NK cell effector functions. Figure modified from [17]. Abbreviations: DAP: DNAX-associated protein;
ERK, extracellular signal-regulated kinase; MIC, MHC class I related protein; NK cell, natural killer cell; P, phosphorylation;
PI3K, phosphoinositide-3 kinase; UBI, ubiquitin.
to be a rapid process, NKG2D degradation in mouse may require a longer period of stimulation
than in human.

Recent findings also demonstrate that ubiquitin-dependent receptor endocytosis is indispens-
able for intracellular signal propagation, allowing NKG2D-mediated NK cell function [17]. In
particular, proximal events such as Vav1 phosphorylation and PI3K activation are initiated at the
plasma membrane and do not require ubiquitin-dependent receptor endocytosis, whereas the
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Box 2. Endocytosis: Impact on Immune Receptor-Mediated Signaling

The interplay between endocytosis and signaling has been initially documented from studies on ligand-induced down-
regulation of epidermal growth factor receptors (EGFRs) and other receptor tyrosine kinases (RTKs), as well as of G
protein-coupled receptors (GPCRs) [68,69]. Upon ligand binding, receptor-mediated cellular signaling promotes
receptor endocytosis through the recruitment of molecular sorting machineries that control cargo transport into
endocytic compartments and ultimately to lysosomes for degradation. However, the rate of internalization of such
receptors is substantially higher than the rate of their degradation. As a consequence, there is a prolonged residence of
internalized receptors in endosomes, and these act as platforms where signaling is sustained. Moreover, changes in the
localization of activated receptors (from the cell surface to endosomal compartments) can affect the composition of
signaling complexes, thus regulating not only the extent but also the quality of cellular responsiveness [70].

With regard to activating receptors expressed on immune cells, several lines of evidence support the concept that
endosomes can act to initiate and/or sustain receptor-mediated signal. This scenario is exemplified by the Toll-like
receptors (TLR): TLR3, TLR7, and TLR9 are localized mostly on endosomes and require ligand internalization to initiate
signaling [71], whereas TLR4 can activate diverse signaling pathways based on its location (plasma membrane versus
endosomes), leading to the production of different inflammatory cytokines [72].

In the hematopoietic cytokine receptor context, IL-4R-mediated JAK/STAT signaling is guaranteed by the preferential
concentration of ligand-induced receptor dimers within a specific population of endosomes associated with the cell
cortex [73]. Similarly, KIR2DL4, an activating receptor expressed on NK cells and some T cell subsets, must accumulate
in early endosomes to initiate a proinflammatory cascade [74,75]. In B cells, intracellular trafficking of the B cell receptor
(BCR) controls the extent of MAPK activation and Akt signaling [76], whereas TCR internalization ensures the appropriate
signaling strength that is required to promote the proliferation of mouse T cells in vivo [77].

With respect to NKG2D–DAP10 on human NK cells, as discussed in this review, the finding that receptor internalization is
rapidly followed by receptor lysosomal degradation suggests that endosomal signaling serves to allow signal propagation
rather than to sustain it. Moreover, in the context of NK cells, endosomes may represent platforms for the integration of
signals triggered by different co-engaged receptors, thus adding an extensive and complex level of functional regulation.

Outstanding Questions
Are soluble ligands shed from tumor
cells able to induce NKG2D
downregulation? Although several lines
of evidence support a role for exosomal
ligands in NKG2D downregulation,
conflicting results were reported for
shed ligands.

Does NKG2D ubiquitination occur upon
engagement with membrane-bound
ligands other than MICA? The ubiquitin
pathway and c-Cbl direct MICA- but not
ULBP2-induced NKG2D internalization
and lysosomal degradation. Whether
MICB and/or ULPB ligands other than
ULBP2 could activate the ubiquitin
pathway and promote DAP10 ubiquiti-
nation is currently unknown.

Are different membrane-bound NKG2D
ligands equivalently able to promote
signaling from endosomes?

Is NKG2D endocytosis necessary to
ensure appropriate signaling strength
also in the context of T lymphocytes?

What is the impact of NKG2D endocy-
tosis on other unrelated NK cell-acti-
vating receptor-dependent functions?

Could NK cell-activating receptors
other than NKG2D promote signaling
from endosomes?

The functional response of an NK cell
depends on a delicate balance of sig-
nals from activating and inhibitory
receptors, and thus compartmentaliza-
tion of key signaling components
between the plasma membrane and
endosomes could control the outcome
of pathways initiated upon receptor
engagement.
full activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) occurs on endosomal
compartments [17]. Indeed, a dramatic impairment of ERK1/2 phosphorylation was observed in
NK cells in which ligand-induced NKG2D endocytosis was inhibited either by cell pretreatment
with a selective inhibitor of dynamin GTPase activity or by dynamin-2 silencing. Moreover, both
internalized receptor complexes and pERK1/2 transiently localize in early endosomes, support-
ing the conclusion that NKG2D internalization is required for ERK1/2 activation in endosomal
compartments [17]. These results demonstrate that NKG2D endocytosis is instrumental for
signal propagation and NK cell functional responses.

The interplay between endocytosis and signaling has been documented in different cell context
and for various types of receptors, supporting the notion that endosomes can act as platforms to
initiate and/or sustain receptor-mediated intracellular signals (Box 2). In the case of NKG2D–
DAP10 receptor complexes, internalization was rapidly followed by their lysosomal degradation,
suggesting that the contribution of endosomal signaling would serve to guarantee the amplitude
of MAPK/ERK signal propagation.

Together, these results suggest that the internalized NKG2D/DAP10 receptors contribute to the
assembly of an endosomal scaffold complex to which ERK, a key signaling element in driving NK
cell cytotoxicity [60], is recruited and phosphorylated. Phosphorylated ERK can then detach
from endosomes to reach its targets, thus allowing signal propagation and functional responses
(Figure 3).

Concluding Remarks and Future Directions
NKG2D ligand expression represents a danger signal that renders damaged cells susceptible to
NK cell-mediated elimination. However, persistent contact of effector cells with NKG2DL-
expressing targets causes receptor downmodulation, thus impairing NKG2D-mediated cell
functions. Intriguingly, in human NK cells internalized NKG2D/DAP10 receptor complexes
Trends in Immunology, November 2016, Vol. 37, No. 11 799



continue to signal in the endosomes until they are degraded, thereby ensuring full activation of
key signaling components, such as ERK1/2, that are necessary for the functional outcome.
Because the functional NK cell response is the result of the integration of signals derived from
activating and inhibitory receptors, it is interesting to speculate that compartmentalization of
transducing elements between cell-surface and endosomal membranes may preserve a suffi-
cient amount of active receptor complexes in signaling-competent endocytic compartments to
overcome inhibitory signals. A different scenario may be envisaged for activated murine NK cells,
where ITAM-mediated signaling by NKG2D/DAP12 complexes may make the contribution of
endosomal signal propagation dispensable.

A general open question is how endosome-based signaling is terminated. The ubiquitin-
mediated transfer of activated receptors into intraluminal vesicles, as well as receptor degrada-
tion in the lysosomal compartment, represent well-established mechanisms that could apply
also for engaged NKG2D. Another possible mechanism is through endosome acidification, a
process long recognized to promote ligand–receptor dissociation and modulate growth factor
responses. However, whether endosomal signaling requires continued NKG2D engagement
with its ligands in the endosome has not been addressed so far.

An additional open question will be to elucidate whether NKG2D endocytosis is also necessary
to ensure the appropriate signaling strength in the context of T cell co-stimulation (see Out-
standing Questions).

Furthermore, considering that human NKG2D ligands differ in their ability to induce receptor
internalization and degradation, it would be interesting to further investigate whether distinct
ligands could also differ in their ability to promote signaling from endosomes.
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