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Introduction

NKG2D (Natural Killer Group 2 member D) is one of the 
most potent activating receptors expressed on the surface of 
natural killer (NK) cells. It is a homodimeric C-type lectin-
like type II transmembrane receptor that is also expressed on 
other cells of the immune system, including natural killer T 
cells (NKT), γδ T cells, and αβ CD8+ T cells.1,2 A distinctive 

characteristic of NKG2D is its interaction with various human 
stress-inducible ligands: the transmembrane proteins MHC 
class I chain-related A and B (MICA and MICB), and 6 UL-16 
binding proteins (ULBPs 1–6). These include GPI-anchored 
variants ULBP-1, -2, -3, -6, as well as transmembrane family 
members ULBP-4 and -5.2,3

The surface expression of NKG2D ligands (NKG2DL) 
is considered a cellular stress indicator. Whereas under 
physiological conditions NKG2DL expression is either absent 
or scarce in most cell types, the expression is enhanced during 
malignant transformation by the activation of different cellular 
pathways.4,5 Activation of the DNA damage response pathway 
(ATM/ATR pathway), transcription factors (e.g., NF-κB), 
and various oncogenes (e.g., BCR/ABL, MYC, TP53, etc.) 
can enhance NKG2DL expression on the cell surface during 
malignant transformation, thereby exposing tumor cells to 
recognition and killing by NKG2D-positive immune effector 
cells.6-8 Recently, Jung et al.9 have reported that the murine 
ligand for NKG2D, retinoic acid early transcript 1E (Raet1e), is 
positively regulated by E2f transcription factors (E2f1, E2f2, and 
E2f3). These transcriptions factors are highly expressed under 
oncogenic stress or growth stimulation and are involved in the 
regulation of the cell cycle. This finding suggests a new role for 
NKG2DL in cell cycle progression, and therefore, in the control 
of tumor development. NKG2DL are expressed in a wide range 
of neoplastic diseases, with preferential expression of MICA and 
MICB in many solid tumors whereas ULBPs are predominantly 
expressed in hematological malignances, as well as in gliomas 
and melanomas.10 The lytic efficiency of NKG2D-positive 
immune effector cells is associated with the surface density of 
NKG2DL on the surface of the target cells.11 Thus, high levels 
of NKG2DL expression result in greater immune-recognition, 
thereby preventing tumor progression via immune constraint. 
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Natural Killer Group 2 member D (NKG2D) activating 
receptor, present on the surface of various immune cells, 
plays an important role in activating the anticancer immune 
response by their interaction with stress-inducible NKG2D 
ligands (NKG2DL) on transformed cells. However, cancer 
cells have developed numerous mechanisms to evade the 
immune system via the downregulation of NKG2DL from the 
cell surface, including the release of NKG2DL from the cell 
surface in a soluble form. Here, we review the mechanisms 
involved in the production of soluble NKG2DL (sNKG2DL) 
and the potential therapeutic strategies aiming to block the 
release of these immunosuppressive ligands. Therapeutically 
enabling the NKG2D-NKG2DL interaction would promote 
immunorecognition of malignant cells, thus abrogating 
disease progression.
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However, malignant cells have developed a myriad of strategies 
to reduce or prevent NKG2DL expression.

Although NKG2DL is upregulated during malignant 
transformation in response to oncogenic activation, it is also 
known that tumor cells can evade the immune response through 
the inhibition of NKG2DL transcription. For example, the signal 
transducer and activator of transcription 3 (STAT3), a tumor-
promoting transcription factor involved in several cancer-related 
signaling pathways (e.g., hypoxia and epithelial-mesenchymal 
transition) has been observed to acts as a negative regulator of 
MICA mRNA expression in HT29 colorectal cancer cells.12 In 
contrast, it has been reported that the transcriptional regulatory 
mechanism regulating ULBP1 mRNA levels is dictated primarily 
by the balance between Sp3/Sp1 transcription factors and 
activating enhancer binding protein 2-α (AP-2α) performing 
as positive and repressive regulatory factors, respectively.13 
Secretion of immunomodulatory cytokines during malignant 
transformation such as transforming growth factor-β (TGFβ) or 
interferon-γ (IFNγ) also downregulates NKG2DL transcription 
in tumor cell lines.14,15

Cells with high NKG2DL variant transcriptional levels 
do not always express corresponding NKG2DL proteins 
on the cell surface, suggesting that NKG2DL encoding 
genes are also subject to post-transcriptional mechanisms of 
regulation. Several studies have shown that NKG2DL can 
be downregulated by the action of multiple overexpressed 
cancer miRNAs that contribute to neoplastic cell avoidance of 
immune recognition.16-20 Moreover, treatment with 2-deoxy-D-
glucose, an inhibitor of protein N-linked glycosylation in the 
endoplasmic reticulum, reduces MICA/B expression on the cell 
surface in several tumor cell lines, suggesting that N-linked 
glycosylation is an important post-transcriptional mechanism 
regulating functional NKG2DL cell surface expression in 
cancer.21

In addition to these NKG2DL-attenuating mechanisms, 
the lack of cytotoxic NK and CD8+ T-cell recognition of 
cancerous cells during tumor progression is also influenced by 
trogocytosis. During this process cell-to-cell contact allows the 
transference of cell membrane molecules from cancer cells to 
those of the immune system.22 MICA and MICB ligands are 
co-transferred during this process from the tumor cell surface 
to the T-cell or NK-cell surface, potentially suppressing the 
ability of other NKG2D-positive immune cells to recognize the 
neoplastic cell.23,24 However, little is definitively known about 
this process and further studies are needed to determine the 
actual impact on cancer cell immune evasion.

In addition to the myriad of immune-escape routes discussed 
above, the best-known mechanism of tumor escape from 
immunity is the release of NKG2DL from the cell surface in its 
soluble form. This occurrence has 2 fundamental consequences. 
The first is a prominent reduction of NKG2DL on the tumor cell 
surface, facilitating immune evasion. The second is the ability 
of the soluble NKG2DL (sNKG2DL) to engage the NKG2D 
receptor, thereby triggering its internalization. Considerable 
effort is being expended to understand the mechanisms involved 
in the production of sNKG2DL, with the aim of developing 

new therapeutic strategies by fostering NKG2D-NKG2DL 
interaction. In this review, we summarize the current knowledge 
regarding sNKG2DL release mechanisms and propose how the 
modulation of sNKG2DL by various means may stimulate 
immunorecognition of tumor cells, thereby preventing tumor 
progression.

Soluble NKG2DL In Tumor Cells

Following the discovery by Salih et al.25 that MICA could be 
released in a soluble form into the extracellular milieu, several 
reports have since shown that NKG2DL variants are present in 
the serum of various cancer patients but is absent from healthy 
controls (Table 1).

NKG2DL-surface expression is highly heterogeneous 
among hematological cancers. While the majority of leukemia 
patients are positive for at least one type of NKG2DL, the 
combination of several distinct ligands on the cell surface is 
highly restricted.26 The absence of integral NKG2DL correlates 
with a higher degree of release of these ligands in the soluble 
form, an occurrence detected mainly for MICA, MICB, and 
ULBP2, all of which have been found in numerous types of 
hematological malignancies, including acute myeloid leukemia 
(AML), chronic myeloid leukemia (CML), acute lymphocytic 
leukemia (ALL), and chronic lymphocytic leukemia (CLL).26-29

The release of sNKG2DL has also been documented within 
solid tumors. In-depth analysis has revealed high levels of soluble 
MICA (sMICA) in cancer patient sera, including those aff licted 
with cervical cancer and squamous intraepithelial lesions 
caused by the human papilloma virus,30 as well as hepatitis C 
virus-induced hepatocellular carcinoma (HCC).31 High serum 
sMICA has also been detected in patients with pancreatic ductal 
adenocarcinoma (PDAC),32,33 neuroblastoma,34 gastrointestinal 
malignancies,25 and melanoma.35 Unlike MICA, little is known 
about the presence of other ligands in solid cancers. High levels 
of soluble MICB (sMICB) have been observed in PDAC patient 
sera33 and in the culture media supernatant of human cervical 
cancer cell lines,36 whereas elevated soluble ULBP2 (sULBP2) 
has been detected in melanoma35 and non-small cell lung cancer 
(NSCL) patients.37

Release of NKG2DL from the cancer cell surface reduces 
their immunogenicity, thereby facilitating tumor progression. 
In B-cell CLL patients, despite observations that NKG2DL 
expression levels do not appear to correlate with disease 
progression, the presence of soluble forms of MICA, MICB, 
and ULBP2 in patient sera have been associated with poor 
treatment-free survival (TFS).28 However, only sULBP2 proved 
to be an independent predictive factor for TFS among such 
leukemia patients. The presence of sMICA in Stage III and 
IV PDAC patient sera and the accompanying downregulation 
of NKG2D receptor on NK cells revealed both parameters 
to be independent markers of pancreatic malignant disease 
progression.32 Similarly, elevated sMICB or sULBP2 levels in 
sera have also been associated with worse outcome, including 
sMICB in late-stage oral squamous cell carcinoma (OSCC)38 
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and melanoma patients,39 and sULBP2 among melanoma35 and 
NSCL patients.37

Recently sNKG2DL has been shown to be not only a useful 
prognostic factor for malignant disease, but also a diagnostic 
biomarker as well. The quantification of sMICA and sMICB 
in the serum of PDAC patients shows an adequate sensitivity 
and specificity for discriminating patients from healthy donors 
in a similar way to carbohydrate antigen 19–9 (CA19–9), 
the most widely available biomarker used in the diagnosis of 
this disease.33 Moreover, high levels of sMICA correlate with 
poor prognosis in hepatitis B virus-induced HCC patients, 
suggesting that assaying the sera levels of this NKG2D ligand 
may be useful as a predictive biomarker of the pathological 
course of this particular malignancy.31

By contrast, the status of soluble ULBP1 (sULBP1) and 
ULBP3 (sULBP3) molecules is obscure and further studies are 
needed to determine their potential role in evading the immune 
system and tumor progression. In short, the release of sNKG2DL 
during malignant transformation and its involvement in the 
prognosis of the disease suggest that the mechanisms involved 
in producing these soluble forms are potential targets that could 
be exploited to attenuate immune evasion and thereby reinforce 
antitumor immunity.

Mechanisms Involved In The Secretion Of sNKG2DL

In recent years, several distinct mechanisms have been 
implicated in the release of NKG2DL. Protease-mediated cleavage 
on the cell membrane is considered to be the main mechanism 
by which sMICA, sMICB, and sULBP2 are released from the 
cell surface whereas sULBP3 is secreted within exosomes (Fig. 1). 
However, the mechanisms related to the shedding of ULBP1 
remain unknown. Alternative splicing of ULBP4 and ULBP5 
produce soluble forms of these ligands, but these molecules have 
not been detected in primary tumors.42,43

MICA, MICB, and ULBP2 are cleaved by metalloproteases
There are 3 families of metalloproteases (MPs), namely matrix 

metalloproteases (MMPs), a disintegrin and metalloproteinases 
domains (ADAMs), and ADAM with thrombospondin motifs 
(ADAM-TS). MMPs and ADAMs have been implicated in the 
proteolytic shedding of NKG2DL from tumor cells. MMPs are 
a group of 24 human zinc-binding endopeptidases which can 
degrade different components of the extracellular matrix and play 
an important role in cancer cell survival, cell growth, angiogenesis, 
migration, and invasion.44 Similar to MMPs, ADAM proteins 
are also salient in the pathophysiology of cancer, participating 
in various processes, such as the activation of positive growth 

Table 1. Clinical significance of soluble NKG2DL in tumor patients.

Malignance Soluble NKG2DL Clinical Significance Ref.

AML
MiCA/B

ULBPs 1–3

- Negative correlation with NKG2D expression.
- sMiCA and sULBP2 levels are associated with AML patients survival.

- sULBP1 levels are lower in CR than in therapy-refractory patients.
26, 27

ALL
MiCA/B

ULBPs 1–3
- Negative correlation with NKG2D expression. 26, 27

CML MiCA/B, ULBPs 1–3 - Negative correlation with NKG2D expression. 26, 27

CLL
MiCA/B

ULBPs 1–3
- Negative correlation with NKG2D expression.
- sMiCA/B and sULBP2 are associated with TFS.

26–29

T-NHL MiCA/B - No correlation with MiCA/B surface expression. 26

Cervical cancer MiCA - Negative correlation with NKG2D expression. 30

HCC MiCA
- Negative correlation with NKG2D expression.

- Association with low OS and vascular invasion.
31,40

PDAC MiCA/B
- sMiCA is associated with metastasis and low OS.

- sMiCB is associated with unresectability.
32,33

Neuroblastoma MiCA - Negative correlation with NKG2D expression. 34

Gastrointestinal malignancies MiCA
- sMiCA levels are higher in gastric, colon, and rectum cancers than 

healthy donors.
25

Melanoma MiCA/B, ULBP2

- sNKG2DL are associated with reduced OS.
- sULBP2 is associated with disease progression and tumor load, and is 

an independent predictor of prognosis.
- sMiCB is an independent predictive factor for progression-free and OS.

35,39

NSCLC ULBP2 - Association with low OS. 37

OSCC MiCB - Association with low OS. 38

Multiple mieloma MiCA
- sMiCA is an independent predictive factor for OS and progression-free 

survival.
41

Presence of soluble NKG2DL in serum from patients with different malignances is related with the evolution and prognosis of the disease. AML, Acute 
Myeloid Leukemia; ALL, Acute Lymphocytic Leukemia; CML, Chronic Lymphocytic Leukemia; CLL, Chronic Lymphocytic Leukemia; T-NHL, T-cell Non 
Hodking Lymphoma; HCC, Hepatocellular Carcinoma; PDAC, Pancreatic Ductal Adenocarcinoma; NSCLC, Non-Small-Cell Lung Cancer; OSCC, Oral 
Squamous Cell Carcinoma; CR, Complete Remission; TFS, Treatment-Free Survival; OS, Overall Survival.
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factors (the EGFR/HER epidermal growth factors family), and 
growth inhibitory pathways (e.g., TGFβ), as well as the shedding 
of adhesion proteins (e.g., E-cadherin, L-selectin, ICAM-1, and 
VCAM) and in regulating angiogenesis.45

The cleavage of MICA occurs at multiple sites at the surface 
of tumor cells and involves several MPs that do not recognize 
a specific sequence motif but are more active in the proximity 
of the MICA α3 domain.46 Matrix metallopeptidase 9 and 14 
(MMP9 and MMP14) have been experimentally evinced to be 
involved in the proteolytic cleavage of MICA. Suppression of 
MMP9 by specific small interfering RNA (siRNA) reduces the 
production of sMICA from human osteosarcoma cells while the 

induction of these proteases by cytokines such as TGFβ promote 
MICA shedding from malignant glioma cell lines.14,47-49 Similarly, 
inhibition of MMP14 by a short hairpin RNA (shRNA) reduces 
MICA shedding from murine prostate cancer cells.50 Moreover, 
ADAM metallopeptidase 10 (ADAM10) and 17 (ADAM17, best 
known as TACE) have also been implicated in the regulation 
of MICA shedding. Thus, transitory RNAi-mediated silencing 
or pharmacological inhibition of these ADAM family MPs in 
MICA transfectants and prostate carcinoma cells decreases the 
release of soluble MICA.46,51

Barsoum et al.52 showed that nitric oxide levels play an 
important role in the production of sMICA. During hypoxia, 

Figure 1. Mechanisms involved in the release of soluble NKG2D and blocking strategies. Natural Killer Group 2 member D ligands (NKG2DL) may be 
released in a soluble form (sNKG2DL) to the extracellular environment mainly through proteolytic shedding mediated by metalloproteases, or by 
release in exosomes derived from the cell membrane. Blockage of these mechanisms facilitates the enhanced expression of NKG2DL on the surface of 
tumor cells promoting immune recognition. Several therapeutic strategies have been proposed to abrogate these NK2G2DL release mechanisms. These 
include: (A) Matrix metalloproteases (MMPs) inhibitors (MMPi ii, MMPi iii) can inhibit shedding of MHC class i related-A/B (MiCA/B), while a disintigrin and 
metalloproteinases domains 10 and 17 (ADAM10 and 17) inhibitors (Gw280264X, Gi254023X) downregulate the release of sULBP2. The natural inhibitor 
of ADAM17 (TiMP3) blocks ADAM17 activity, preventing MiCB shedding. (B) During hypoxia, nitric oxide levels are reduced, promoting the upregulation 
of hypoxia inducible factor 1, α subunit (HiF1α). Consequently, ADAM10 mRNA levels are upregulated, correspondingly enhancing the release of sMiCA 
and sMiCB. However, the restoration of nitric oxide levels by nitroglycerin (GTN) attenuates the shedding of these ligands. (C) Several chemotherapeutic 
drugs can regulate the production of sNKG2DL through the downregulation of mRNA expression of several metalloproteases (MMP2, MMP9, ADAM10, 
ADAM9). (D) Cytokines like interleukin-1β (iL-1β) or transforming growth factor β (TGFβ) reduce shedding of NKG2DL by transcriptional regulation of 
ADAM9 and NKG2DL. (E) epigenetic drugs such as valproate (histone deacetilase inhibitor) and hydralazine (DNA methyltransferase inhibitor) may 
modulate the production of sNKG2DL by downregulating MMP9 or NKG2DL mRNA expression.
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nitric oxide levels are reduced, promoting the accumulation of 
hypoxia-inducible factor 1α (HIF1α) and enhancing ADAM10 
expression, thereby increasing the release of MICA molecules. In 
contrast, in human prostate xenografts growing in nude mice, 
nitric oxide reactivation by nitroglycerin (GTN) attenuated the 
accumulation of HIF1α and ADAM10 expression, a molecular 
phenotype associated with diminishing tumor growth.52 The 
inactive rhomboid protein 2 (iRHOM2), encoded by RHBDF2 
gene, has recently been reported to be a regulator of ADAM17.53-

55 This protein facilitates the maturation of ADAM17, which in 
turn promotes the shedding of the tumor-necrosis factor (TNF) 
inflammatory cytokine. However, it is not yet known whether 
this protein is able to regulate the production of sNKG2DL 
through ADAM17.

Another protease documented to be involved in MICA 
shedding is ADAM metallopeptidase 9 (ADAM9), a protease 
that generates 2 soluble MICA molecules of 39 and 37 kDa.56 
The 39 kDa protein is produced by ADAM9 proteolytic cleavage 
in the intracellular domain between the amino acids Gln347 
and Val348, a cleavage event that generates a MICA protein 
isoform lacking the cytosolic domain. Subsequently, this protein 
undergoes a second proteolytic cleavage through the action of 
an unidentified protease to generate the final 37 kDa sMICA. 
Induction of ADAM9 expression by interleukin 1β (IL-1β) 
treatment in human HCC cells also promotes MICA shedding 
although curiously, no changes in the levels of membrane-bound 
MICA expression have been observed.57 Furthermore, a positive 
correlation between the levels of IL-1β and sMICA was found in 
the serum of these patients, suggesting that this cytokine plays an 
important role in MICA shedding through ADAM9.57

Although the precise cleavage site of MICB has yet to be 
determined, replacement of the α3 domain with residues from 
HLA-A2 molecule prevents the release of sMICB and inhibits 
tumor development in immunodeficient mice.58 Similar to MICA, 
several different MPs have been implicated in the proteolytic 
cleavage of the MICB ligand. MMP9 has been observed to 
proteolytically cleave both MICA and MICB in osteosarcoma 
cells (U-2 OS and SaOS-2).59 Furthermore, it has recently been 
reported that ADAM metallopeptidase 15 (ADAM15) and 
MICB are strongly expressed in PDAC and their expression 
correlates with tumor stage.60 Thus, when ADAM15 activity is 
blocked in PANC-1 cells, the release of sMICB is suppressed, 
enhancing MICB expression on the cell surface. Taken together, 
these observations suggest that ADAM15 plays a key role in the 
regulation of MICB shedding.

The proteolytic release of MICA and MICB ligands is promoted 
by the recruitment of these ligands to DRMs (detergent-resistant 
membrane microdomains). These cholesterol and sphingolipid-
enriched membrane regions can recruit MICA and MICB, 
their proximity enhancing ADAM17 activity that subsequently 
promotes the efficient shedding of the ligands.61 Knowledge 
of the molecular basis that associates the ligands (MICA and 
MICB) with cholesterol and sphingolipid-enriched domains 
could foster the development of new strategies for modulating the 
release of sNKG2DL from tumor cells. On this basis, it has been 
reported that MICA palmitoylation –the addition of a 16-carbon 

fatty acid chain by thioester linkage to cysteine residues in the 
cytoplasmic tail– is the prerequisite for recruiting this ligand to 
cholesterol-enriched microdomains. Site-directed mutagenesis 
in the Cys306 and Cys307 aminoacids of the MICA protein 
blocks palmitoylation of MICA, preventing MICA molecules 
from appearing in the DRM fractions. However, blockage of 
palmitoylation only partially reduces sMICA levels, implying 
that shedding does not occur exclusively from DRMs.62

In contrast to what happens to MICA and MICB, little is 
currently known in regards to the mechanisms regulating the 
shedding of ULBP ligands. Previous studies have demonstrated 
that CV1 and CHO cell lines transfected with different ligands 
(ULBPs1–3) release more soluble forms of ULBP2 and ULBP3 
than of ULBP1.10 These results suggest that different mechanisms 
may mediate the release of ULBP ligands. In support, ULBP2 
has been documented to be shed from the cell membrane by 
the action of ADAM-family MPs (ADAM10 and ADAM17) in 
glioma cells and in ULBP2-transfected cells, whereas ULBP1 
and ULBP3 were not released by the action of such MPs.63,64

TIMPs (tissue inhibitors of metalloproteinases) are endogenous 
inhibitors of MPs that regulate the activity of these proteases during 
extracellular matrix remodeling.65 Four TIMP family members are 
known (TIMP1, TIMP2, TIMP3, and TIMP4), of which only 
TIMP1 and TIMP3 are known to act as inhibitors of MPs involved 
in NKG2DL shedding. TIMP1 has been observed to block the 
activity of MMP9, MMP14, and ADAM10, but with low affinity. 
By contrast, TIMP3 is a potent inhibitor of MMP9, ADAM10, 
and ADAM17.66,67 Although these inhibitors can downregulate 
the activity of metalloproteinases involved in the shedding of 
MICA, MICB, and ULBP2, little is known about their direct role 
in the production of soluble ligands. To date, only TIMP3 has 
been associated with a reduction in the release of sMICB upon 
exogenous addition to MICB-transfected cells.61 Therefore, an 
understanding of TIMP regulatory mechanisms could be useful 
for designing means to control the release of sNKG2DL.

ERp5 and GRP78 chaperones contribute to the release of 
sMICA

There is clear evidence that endoplasmic reticulum 
chaperones, such as thiol isomerases, are involved in the release of 
sMICA from the tumor cell surface. Protein disulfide isomerase 
family A, member 6 (PDIA6, best known as ERp5) is a member 
of the family of thiol isomerases that assists in the folding of 
nascent proteins.29 Heat shock 70kDa protein 5 (HSPA5, best 
known as GRP78) is another endoplasmic reticulum protein 
which co-regulates protein folding mediated by the protein 
disulfide isomerase family, including ERp5 protein.68 The role 
of ERp5 in regulating MICA shedding has been documented 
using different tumor cell lines treated with 5,5-dithiobis-(2-
nitrobenzoic acid) and phenylarsine oxide, agents which impair 
protein disulfide isomerase function, or by PDIA6 transitory 
silencing with siRNAs.69 In both cases, the inhibition of ERp5 
abrogates the release of sMICA, suggesting that this chaperone 
has a key role in regulating MICA shedding. ERp5 binds to the 
MICA α3 domain through transitory disulfide bonds, inducing a 
conformational change that is essential for the further proteolytic 
cleavage of MICA by MPs. The role of ERp5 in MICA shedding 
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has recently been reported in Hodgkin’s lymphoma in which 
patients with high levels of ERp5 and ADAM10 expression have 
correspondingly high levels of sMICA in their serum.70 Similarly, 
in CLL patients, high levels of sMICA are correlated with a high 
level of ERp5 and GRP78 expression on the cell membrane.29

sNKG2DL and exosomes
Exosomes are small vesicles (30–100 nm) that are released by 

tumor cells upon fusion of multivesicular bodies with the plasma 
membrane.71 Tumors release exosomes comprising molecules that 
modify the tumor microenvironment, thus promoting tumor 
immune evasion. It has been reported that exosomes from malignant 
mesothelioma pleural fluid can express TGFβ and NKG2DL 
(MICA/B, ULBPs1–3) on their surface that can subsequently 
cause the downregulation of NKG2D receptor on immune cells.72 
However, others authors have shown that dendritic cell-derived 
exosomes express functional interleukin 15 receptor, α chain 
(IL-15Rα) and NKG2DL, which can promote the proliferation 
and activation of NK cells ex vivo.73 Vaccination of melanoma 
patients with these exosomes restored the number and function 
of NKG2D-dependent NK cells, abrogating tumor progression in 
these patients. Despite these intriguing observations, it is unclear 
whether NKG2D modulation by exosomes may actually be due to 
the presence of the cytokines (i.e., TGFβ or IL15-Rα) rather than 
engagement through NKG2DL. Further studies are necessary to 
determine the exact role of exosomes bearing NKG2DL.

Although MICA, MICB, and ULBP2 are principally 
released by the proteolytic activity of MPs, they can also be 
released via exosomes, an alternative mechanism also leading 
immunosuppression. However, exosomes are the only known 
mechanism by which the GPI-anchored variants ULBP1 
and ULBP3 are released from the cell surface.10 Additionally, 
MICA*008, the most frequent allele in the Caucasoid population 
encoding a variant possessing a short transmembrane domain and 
a cytoplasmic domain, is preferentially released as a full-length 
molecule in exosomes rather than by proteolytic cleavage.74 Ashiru 
O et al.75 have recently reported that the acquisition of the GPI-
domain anchor by MICA*008 is responsible for the recruitment of 
this allele in exosomes.

Pharmacological inhibition of NKG2DL shedding
Blockade of NKG2DL shedding by inhibition of MP 

activity may be a tractable strategy for enhancing antitumor 
immunity (Fig. 1). Release of sMICA, sMICB, and sULBP2 via 
MPs can be inhibited by the action of several pharmacological 
inhibitors of MMPs and ADAM proteins. MMP inhibitors 
(MMPI), including MMPI II and MMPI III are broad spectrum 
inhibitors of several MPs and application of these MMPIs have 
been shown to downregulate MICA and ULBP2 shedding in 
C1R-MICA and C1R-ULBP2 transfectants, respectively.46,63 
Furthermore, treatments with ADAM10 and ADAM17 inhibitors 
(GW280264X and GI254023X) has also been observed to reduce 
the release of sMICA in C1R-MICA transfectants.46 Nevertheless, 
these synthetic inhibitors have the disadvantage of being relatively 
nonspecific, prompting the evaluation of new approaches using 
specific natural TIMPs inhibitors.

Chemotherapy treatments can modulate the production of 
sNKG2DL. Some genotoxic treatments such as gemcitabine, a 

first-line treatment used in pancreatic cancer, may increase the 
release of soluble ligands due to the upregulation of NKG2DL 
expression on the cell surface, a phenomenon documented 
in studies of pancreatic cancer cells.76,77 However, other 
chemotherapeutics may reduce the level of sNKG2DL by blocking 
MP activity. BB94 (Batismatat), an agent that inhibits both MMPs 
and ADAMs, has been observed to dampen the production of 
sNKG2DL (MICA, sMICB, and sULBP2).46,61,63 Epirubicin and 
doxorubicin are anthracycline antitumor drugs commonly used 
in HCC chemotherapy. Treatment with these drugs in HCC 
cell lines (HepG2 and PLC/PRF/5 cell lines) inhibits ADAM10 
expression, increasing the expression of membrane-bound MICA 
and correspondingly decreasing the release of sMICA.78 Sorafenib, 
an inhibitor of angiogenesis that effectively prolongs the median 
overall survival of patients with advanced HCC, yields similar 
results through the downregulation of ADAM9.56 Thus, various 
chemotherapy reagents can inhibit the proteolytic activity of 
several MPs, increasing the surface expression of NKG2DL and 
enhancing malignant cell recognition (and potentially elimination) 
by the immune system.

Epigenetic modifying drugs, such as histone deacetylase 
inhibitors and demethylating reagents, have also been observed 
to increase NKG2DL expression on the cell surface of various 
cancer cell types. Valproate treatment in osteosarcoma cells 
downregulates MMP9 expression and thereby enhances the 
expression of MICA and MICB ligands on the cell surface while 
downregulating the release of soluble forms of these ligands.79 
Moreover, the hypomethylating reagent hydralazine reduces the 
release of soluble form of MICA and MICB in conjunction with 
enhanced surface expression of these ligands.80 These observations 
suggest that epigenetic drugs could be a new therapeutic strategy 
to enhance the immunorecognition of tumor cells, not only by 
promoting NKG2DL expression on the cancer cell surface, but 
also by reducing the release of the soluble forms of these ligands.

Concluding Remarks

In recent years, the release of soluble forms of NKG2DLs has 
been extensively investigated with regard to their involvement in 
tumor pathologies. Several studies have shown that sNKG2DL 
are frequently associated with a worse prognosis among tumor 
patients. This corollary may be due to the interaction of soluble 
ligands with the NKG2D receptor, a contact that promotes 
receptor internalization and corresponding reduced cytotoxic 
NK or CD8+ T-cell recognition of cancerous cells. Therefore, 
modulation of the balance between soluble and membrane-
bound NKG2DL could be useful in the development of 
anticancer therapy. In these regards, it has been reported that 
specific inhibitors of MP activity can block the production of 
sNKG2DL, although future studies will be required to determine 
whether these protease inhibitors comprise a valid therapeutic 
strategy for modulating the release of sNKG2DL. Finally, the 
recently elucidated role of exosomes in cancer development 
and in immunosuppression via NKG2DL shedding suggests 
that further knowledge delineating the mechanisms by which 
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exosomes are released will further endeavors to develop new 
strategies aiming to enhance immunity through the NKG2D-
NKG2DL interaction.

In conclusion, although it is widely accepted that the presence 
of sNKG2DL is closely related to the prognosis of tumor, in-depth 
knowledge of the mechanisms involved in the release of these 
soluble forms will allow us to address new therapeutic approaches 
for enhancing the immune recognition of tumor cells.
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