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Natural killer (NK) cells recognize and kill tumor cells via germ-line encoded receptors and
polarized degranulation of cytotoxic molecules, respectively. As such, NK cells help to inhibit
the development of cancers. The activating receptor NKG2D induces NK cell-mediated killing
of metastasizing tumor cells by recognition of the stress-induced ligands MICA, MICB, and
ULBP1-6. However, platelets enable escape from this immune surveillance mechanism by
obstructing the interactions between NK cells and tumor cells or by cleaving the stress-
induced ligands. It is also being increasingly appreciated that NK cells play additional roles in
cancer immunity, including chemokine-mediated recruitment of antigen presenting cells in the
tumor microenvironment that is followed by generation of adaptive immunity. However, the
NK cell interplays with dendritic cells, and macrophages are extremely complex and involve
molecular interactions via NKG2D and cytokine receptors. Specifically, NKG2D-mediated
chronic interaction between NK cells and tumor-infiltrating macrophages causes immune
suppression by differentiating NK cells toward a dysfunctional state. Here we discuss the
underlying mechanisms of NK cell control by platelets andmyeloid cells with focus on NKG2D
and its ligands, and provide a timely perspective on how to harness these pathwayswith novel
immunotherapeutic approaches.
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INTRODUCTION

Natural Killer (NK) cells are innate lymphocytes that recognize and kill abnormal cells, such as
tumor cells and cells infected by viruses (1). NK cell activation is guided by “missing self” and
“induced self” recognition of abnormal cells. “Missing self” implies that NK cells kill target cells
with low/absent major histocompatibility complex (MHC) class I expression (2). “Induced self” is
the expression of ligands for activating NK receptors, such as NK group 2D (NKG2D) that
promotes NK cell-mediated cytotoxicity (3). NKG2D recognizes proteins upregulated by cells in
response to stress, such as DNA damage, hypoxia or accumulation of unfolded proteins (4).
NKG2D is present in both mice and humans, but the ligands are distinct between the two species.
The human NKG2D ligands (NKG2DL) comprise MHC class I polypeptide-related sequence A
(MICA), MHC class I polypeptide-related sequence B (MICB), and the six different types of
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UL16-binding proteins (ULBP1-6). In contrast, the murine
NKG2DL are retinoic acid early inducible-1 (Rae-1) a-ϵ
proteins, murine UL16-binding protein-like transcript 1
(MULT1), and H60a-c proteins (5).

NKG2D-mediated recognition of malignant cells is a major
mechanism of cancer immunosurveillance (6, 7). However, as
discussed in more details below, malignant cells frequently evade
the recognition by NK cells via, for example, abnormal
interactions with platelets. Furthermore, myeloid cells express
NKG2DL in response to specific types of stimulations and
NKG2D drives the interactions between NK cells and myeloid
cells. Although the importance of NKG2DL on tumor cells for
NK cell-driven immunity is well appreciated, how platelets and
myeloid cells affect NK cell functions represent new and
paradigm-shifting research fields. Here we discuss some of the
recent and impactful studies that substantiate the importance of
platelets and myeloid cells for effective NK cell-driven
antitumor immunity.
PLATELETS IN-BETWEEN TUMOR CELLS
AND NK CELLS

Malignant tumors frequently use the blood stream to metastasize
(8). However, the blood is a hostile environment because it is
highly enriched in NK cells (9). To bypass them, metastatic cells
take advantage of platelets, which are small non-nuclear,
megakaryocyte-derived cell fragments of the myeloid lineage
that, in normal conditions, form clots to stop bleedings upon
injury (10). Metastatic cells mimic injury-related clots by
activating and forming hetero-aggregates with platelets. These
unusual cellular clusters frequently cause thrombophlebitis,
which is a medical term for inflammatory blood clots that block
veins, and Trousseau’s syndrome, i.e., recurring thrombophlebitis
(11). This, together with the fact that thrombocytosis (enhanced
platelet count) associates with poor outcome in several solid
tumor entities, suggests a causal relationship between the
coagulation system and malignant dissemination (12, 13). In the
following two sub-sections, we review some of the cellular and
molecular mechanisms underlying the platelet-mediated immune
escape of metastatic cells.

Platelets Shield Metastatic Cells and
Enable Immune Escape
Depletion of platelets directly inhibits metastases in the lungs of
immunocompetent mice upon intravenous inoculation of cell
lines of fibrosarcoma, melanoma, and lymphoma, whereas this
effect is reversed upon additional depletion of NK cells. This
indicates that platelets guard circulating tumor cells from NK
cell immunosurveillance (14). Platelet activation and
aggregation are mainly mediated by G-protein-coupled
receptors, which upon stimulation by their respective ligands
transduce intracellular signals by activating heterotrimeric G
proteins (15). Platelets lacking Gaq, a subunit of heterotrimeric
G proteins, are irresponsive to adenosine diphosphate,
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thrombin, collagen, and thromboxane, which are well known
clot-forming stimuli (16). Gaq-deficient mice display
substantially lower levels of metastases in the lungs after
being intravenously inoculated with melanoma and lung
cancer cells, and this protection was dependent on NK cells
(17). Therefore, platelets contribute to dissemination
of metastases. These studies predominantly utilized
experimental metastasis models, with injection of tumor cells
directly into the blood circulations. Further studies are needed
to clarify the potential role of platelets in the context of
spontaneous metastases, which also address the early steps of
dissemination during tumor cell intravasation into the
blood stream.

The molecular mechanisms relevant for platelet-mediated
immune escape are only partially understood. Palumbo and
colleagues reported that tumor cells evade NK cell-mediated
surveillance via fibrin deposition, which enhances platelet
aggregation on the tumor cell surface (17). Furthermore, the
aggregated platelets transfer MHC class I molecules to tumor
cells (18). MHC class I is frequently downregulated on tumor
cells to evade T cell immunity, which in contrast enables
recognition by NK cells via the ‘missing self’ mechanism (19).
Surface expression of platelet-derived MHC class I complexes
inhibits NK cell antitumor reactivity (20). Since platelet-derived
MHC class I molecules present self-antigens, they do not induce
T cell responses against metastatic cells. This intriguing
mechanism of immune escape has been confirmed by a study
by Placke and colleagues, who found in an in vitro model using
shear stress that platelet-derived human leukocyte antigen A
variant 2 (HLA-A*02) is transferred from platelets to tumor cells
via trogocytosis. Therefore, platelets interfere with the “missing
self” recognition of metastatic cells and dampen NK cell-driven
anti-tumor immunity via pseudo-expression of “non-malignant”
MHC class I.

Trogocytosis is frequently observed between physically
interacting cells. For example, MICA/B and ULBP1-3 can be
transferred from the target cell surface to NK cells at the
immunological synapse (21–23). Surface molecules from
antigen presenting cells are also transferred to T cells in the
immunological synapses (24). Since platelets physically interact
with metastasizing cells, it is possible that a plethora of other
molecules with putative or confirmed roles in modulating NK
reactivity can also be transferred to tumor cells in addition to
MHC class I molecules (25–27).

Platelets Promote the Shedding of NKG2D
Ligands by Tumor Cells
High levels of NKG2DL tip the balance toward NK cell activation
(28, 29). However, certain ligands are subjected to proteolytic
cleavage, which interferes with NKG2D recognition. It is well
known that tumor cells cleave their own NKG2DL via expression
of ‘a disintegrin and metalloproteinase domain-containing
protein’ (ADAM) 10 and ADAM17 (5, 30, 31). Interestingly,
recent studies also suggested platelet-mediated cleavage of
NKG2DL since platelets express both proteases (32, 33) that
mediate NKG2DL shedding on tumor cells (34–37). We recently
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discovered that tumor cell-associated NKG2DL, predominantly
MICA and MICB, were cleaved following interaction with
platelets or platelet releasate. We also demonstrate that
platelet-mediated shedding of NKG2DL dampens NK cell
antitumor immunity by reducing the activating signals. Of
note, expressions of both proteolytic enzymes are increased on
platelets from patients with non-small cell lung cancer, thus
suggesting that cancer patients-derived platelets have enhanced
proteolytic cleavage capacity (38). Furthermore, platelets express
NKG2DL, in particular ULBP2, which may be released as soluble
form (39). The biological activity of soluble ULBP2 is not well
known, but ULBP2 shedding may also inhibit recognition of
platelet-tumor aggregates by NKG2D. Altogether, platelets
modulate the expression and release of NKG2DL and thereby
inhibit NKG2D-mediated NK cell recognition of abnormal cells
(Figure 1A).

Platelets also inhibit NK cells by inducing the NKG2D,
downregulation, thus hindering “induced self” recognition. Upon
stimulation with agonists or interaction with tumor cells, platelets
release a variety of factors, the collectivity of which is herein referred
to as “releasate”. Platelet releasate includes large amounts of active
transforming growth factor b (TGF-b) (40). TGF-b impairs NK
effector function by downregulating NKG2D, as determined with
samples from cancer patients (41–43). Salih and colleagues have
also demonstrated that TGF-b is released by platelets upon
interaction with tumor cells, and it impairs NK cell cytotoxicity
and production of interferon-g via NKG2D downregulation (44).
Others reported that TGF-b directly inhibits expression of
NKG2DL on solid tumors (45, 46). Whether this is also true for
platelet-derived TGF-b is yet to be shown. Altogether, platelets
promote dissemination of metastases by obstructing NK cells and
producing immunosuppressive molecules (Figure 1A).
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THE INTERACTION BETWEEN NK CELLS
AND MYELOID CELLS

The antitumor immunity is a coordinated interplay of multiple
leukocyte populations, including NK cells and myeloid cells (e.g.
dendritic cells, macrophages, etc) (47). NK cells can recruit (see
below) and interact with myeloid cells via chemokines and
cytokines, respectively. For example, interleukin-15 is a well-
known cytokine produced by dendritic cells (DC) that stimulates
NK cells (48). Interestingly, myeloid cells can also express
NKG2DL, but they are not killed by NK cells. As discussed
below, the NKG2D-driven interplays between NK cells and
myeloid cells cause profound impacts on the antitumor
immunity by dictating the functionality of NK cells. Here we
review some of the key and paradigm shifting studies that
revealed several mechanisms of interactions between NK cells
and myeloid cells.

NK Cell-Mediated Recruitment of
Dendritic Cells Into Tumors
The effector functions of NK cells are not restricted to cytotoxicity.
As revealed by gene expression analyses, specialized NK cell
populations infiltrate into melanoma metastases. Although blood
and tumor-infiltrating NK cells express predominantly perforin and
granzyme genes that are related to cytotoxicity, tumor-infiltrating
NK cells upregulate XCL1, XCL2, CCL3, CCL4, CCL4L2, and CCL5
that are chemokine genes. Tumor-infiltrating NK cells differentiate
into two main populations with distinct profiles of chemokine gene
expression: XCL1+ XCL2+ NK cells and CCL3+ CCL4+ CCL4L2+

CCL5+ NK cells. The first NK cell population also upregulates
TIGIT, an inhibitory receptor, whereas the later one also upregulates
IL7R, a cytokine receptor gene (49).
A B

FIGURE 1 | Modulation of NK cell reactivity by platelets and myeloid cells. (A) Platelets obstruct NK cells and enable escape of metastasizing tumor cells. Platelets
also provide specific immune modulatory molecules like MHC class I which inhibits NK cells. The latter can be transferred into the tumor cell membrane via
trogocytosis to inhibit missing self-driven NK cell cytotoxicity. Their cognate Killer-cell immunoglobulin-like receptors (KIRs) inhibit NK antitumor responses upon
stimulation. Platelets can also dampen induced self recognition of tumor cells via NKG2D. Platelet-derived metalloproteases (i.e., ADAM10 and ADAM17) cleave
NKG2DL from the tumor cell surface. Platelet-released TGF-b also causes NKG2D downregulation, thereby further hindering NK cell antitumor response.
(B) The expression of NKG2DL is not restricted to malignant cells. In fact, DC and macrophages can also express NKG2DL upon stimulation or infection, which in-
turn induces NK cells to proliferate and produce interferon-g (IFNG). Virus-infected myeloid cells may become targets and be killed by NK cells upon NKG2D
recognition. Intratumoral myeloid cells also express NKG2DL. It is currently unknown what induces NKG2DL expression in intratumoral myeloid cells, yet a potential
mechanism is via cellular stress inside the hypoxic tumor microenvironment. These cells benefit tumors by inhibiting NK cells via chronic NKG2D interaction with low
affinity ligands, which cause NKG2D internalization.
December 2020 | Volume 11 | Article 608849
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Conventional type-1 dendritic cells (cDC1) express XCR1,
which is the receptor for XCL1. This DC population takes up
particles of dead tumor cells, migrates to draining lymph nodes,
and presents tumor cell-derived antigens to CD8+ T cells (50).
The XCR1 – XCL1 axis promotes recruitment of cDC1 into
tumors and promotes adaptive immunity against cancers. CCL5
also contributes to cDC1 recruitment into tumors. In a mouse
BRAFV600E-mutant melanoma model, intratumoral NK cells
upregulate Xcl1 and Ccl5 whereas NK cell depletion lowered
the numbers of tumor-infiltrating cDC1. Antibody-mediated
blockade of XCL1 and CCL5 also inhibited tumor-infiltrating
cDC1, thus leading to the conclusion that intratumoral NK cells
produce XCL1 and CCL5 which in turn recruit cDC1 (51).
Another study also showed that NK cell depletion inhibits the
cDC1 infiltration into mouse B16F10 melanoma tumors,
whereas melanoma patients who responded to checkpoint
blockade immunotherapy have higher levels of intratumoral
NK cells (52). Therefore, the NK cell-mediated recruitment of
cDC1 is an additional role, beyond cytotoxicity, played by NK
cells in the antitumor immunity.

The Interaction Between NK Cells and
NKG2DL+ Dendritic Cells Has Two Distinct
Outcomes: Activation or Inhibition
Myeloid cells express NKG2DL in response to certain stimuli.
For example, interferon-a triggers MICA expression on human
monocyte-derived DC, which in turn promotes NK cell-
mediated cytotoxicity against K562 myeloid leukemia cells in
vitro. A MICA antibody that blocks interaction with NKG2D
consequently inhibits DC stimulation of NK cells (53). LPS, Poly
I:C, and virus infections (e.g. measles virus, influenza virus) also
trigger the expression of several ULBP molecules and MICB on
DC. Virus-infected DC promote, in a NKG2D-dependent
manner, NK cell proliferation and trigger interferon-g
production (54). However, the NKG2D-driven crosstalk with
DC does not always benefit NK cells. To study the interaction
between NK cells and DC via NKG2D in vivo, Morvan et al.
developed a mouse strain in which Rae-1ϵ, a murine NKG2DL, is
constitutively expressed by CD11c+ DC. Although the numbers
of NK cells are apparently normal in these mice, these NK cells
downregulate NKG2D. NK cells from CD11c-Rae-1ϵ mice
allowed the expansion of Rae-1ϵ -expressing splenocytes in a
model of NKG2D-dependent lysis of target cells in vivo (55).
Therefore, NKG2D-driven chronic interaction with DC inhibits
NK cells whereas the expression of NKG2DL on DC in response
to acute infection and interferon-a promotes NK cell functions.

NK Cells Downregulate NKG2D Upon
Interaction With NKG2DL+ Macrophages
Macrophages also express Rae-1a, Rae-1b, and Rae-1g upon
treatment with LPS, poly I:C, or E. coli. Rae-1d and Rae-1ϵ were
also expressed by murine macrophages that were treated with
LPS, but were not expressed by macrophages from Myd88-/-

mice. MyD88 is an adaptor molecule for toll like receptors (TLR),
thus suggesting that the upregulation of NKG2DL by
macrophages is downstream of TLR signaling. Of note, NK
Frontiers in Immunology | www.frontiersin.org 4
cells co-cultured with Rae-1+ macrophages downregulate the
surface expression of NKG2D (56). However, macrophages
upregulate Qa-1 to protect themselves from NK cell-mediated
attack. Qa-1 binds to the NK group 2A receptor, which inhibits
NK cells (57). Furthermore, intratumoral macrophages also
express Rae-1d in response to tumor-derived colony-
stimulating factor-1, and Rae-1d+ macrophages caused NKG2D
downregulation upon co-culture with NK cells (58).

Human macrophages upregulate MICA upon treatment with
LPS or CL097, which are TLR4 and TLR7/8 agonists,
respectively. CL097 also triggers the expression of MICB (59).
Even monocytes express MICA in response to LPS or poly I:C.
These MICA+ monocytes are not lysed by NK cells, but promote
the interferon-g production. A MICA antibody partially
inhibited the interferon-g production by NK cells; this effect
was partial likely because LPS also triggers the expression of
interleukin-12 that potently promotes interferon-g production
by NK cells. The MICA+ monocytes also caused a modest
NKG2D downregulation on the surface of NK cells (60).
However, an independent study did not observe NKG2D
downregulation on NK cells that were co-cultured with LPS-
treated monocytes, macrophages, or DC. This work confirmed
that LPS triggers MICA expression in macrophages and found
that these cells also express ULBP3. NK cells lysed the LPS-
treated macrophages in a NKG2D-dependent manner (61).

MULT1 is an intriguing NKG2DL that has unique properties.
A recent study showed that B16F10 melanoma cells engineered
to secrete a truncated MULT1 protein, which lacks the
transmembrane domain, form small subcutaneous tumors
following inoculation into C57BL/6 mice. NKG2D was
upregulated on intratumoral NK cells, whereas NK cell
depletion with anti-NK1.1 enabled the growth of B16F10
tumors secreting MULT1. Soluble MULT1 interfered with
NKG2D – Rae-1 interactions between intratumoral NK cells
and myeloid cells, likely because MULT1 has higher affinity to
NKG2D compared to Rae-1. Therefore, soluble MULT1
displaces the NKG2D – Rae-1 chronic interaction and
consequently restores NK cells (62).

NKG2D downregulation upon chronic interaction was
observed in several of the studies cited above and is frequently
assumed to represent a mechanism of immune suppression.
However, NKG2D is also internalized upon ligand interaction
at the immunological synapse between NK cells and myeloid
cells. This enables physical approximation between NKG2D and
its associated intracellular signaling pathways that trigger NK
cell-mediated cytotoxicity (63). Therefore, NKG2D can be
downregulated following the interactions between NK cells and
myeloid cells also to enable intracellular signaling, which will
ultimately dictate the NK cell functionality.

Myeloid Cells Shed MICA and MICB
The proteolytic shedding of MICA and MICB by tumor cells
causes immune escape via downregulation of these NKG2DL
(30, 35, 36, 64, 65). The shedding of MICA and MICB are multi-
step processes that start with the removal of disulfide bonds in
the MICA and MICB alpha-3 (a3) domains by disulfide
December 2020 | Volume 11 | Article 608849
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isomerases followed by cleavage by metalloproteases (64, 66). In
contrast, monoclonal antibodies against the a3-domain inhibit
the MICA and MICB shedding, while enabling NKG2D
recognition and triggering antibody-dependent cellular
cytotoxicity by NK cells. These antibodies inhibit the
outgrowth of syngeneic melanoma in immunocompetent mice
and human melanoma in NSG mice reconstituted with human
NK cells (67). Even tumors with mutations associated with
resistance to T cell checkpoint blockade were effectively treated
by these a3-domain-specific antibodies (68). Of note,
macrophages treated with acetylated low-density lipoproteins,
an in vitro model of foam cells present in atherosclerotic lesions,
upregulate MICA and MICB expression (69). The a3-domain-
specific antibodies stabilized MICA and MICB on the surface of
these macrophages (67). Therefore, macrophages, like tumor
cells, proteolytically shed MICA and MICB.

In summary, NKG2D mediates the interplay between NK
cells and myeloid cells. Myeloid cells upregulate NKG2DL in
response to acute infection or detection of pathogen-associated
molecular patterns, which in turn stimulate NK cells viaNKG2D
(Figure 1B). In contrast, intratumoral myeloid cells also
upregulate NKG2DL in response to unknown stimuli, but
NKG2DL+ myeloid cells inhibit intratumoral NK cells.
Macrophages shed MICA and MICB, but how MICA and
MICB shedding by macrophages influences NK cells remains
unknown. Therefore, the NKG2D-driven interaction between
NK cells and myeloid cells is an intriguing research area that
challenges current paradigms and offers opportunities to develop
therapeutic approaches.
CONCLUSION AND PERSPECTIVE

NK cells are being increasingly appreciated and exploited by new
immunotherapeutic modalities for cancers. New insights about how
platelets and myeloid cells affect NK cells may help to develop
cancer immunotherapies. We envision that platelets and myeloid
Frontiers in Immunology | www.frontiersin.org 5
cells can be harnessed to enable NK cell recognition of metastasizing
cells and promote NK cell functions in the tumor environment,
respectively, with novel therapeutic approaches. This may include
targeting immune checkpoints involved in tumor cell - platelet - NK
cell interaction or by already approved drugs (70). Beyond that,
adaptive immunity may be promoted by mimicking the NK cell-
mediated recruitment of cDC1s into tumors via local inoculation of
XCL1 and CCL5. We here reviewed current knowledge on the
cellular interplays of platelets - myeloid andNK cells with a focus on
the NKG2D/NKG2DL system and provided a systematic overview
on the rationale to target this axis, which may include but is not
limited to prevention of NKG2DL shedding by a blocking antibody.
While therapeutic targeting of these axes in the tumor
microenvironment appears to be promising, further investigations
are warranted to study the pathophysiologic role of the here
summarized mechanisms in the context of different tissues, tumor
entities and disease stages.
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Gómez M. Transfer of the human NKG 2D ligands UL 16 binding proteins
(ULBP) 1–3 is related to lytic granule release and leads to ligand retransfer and
killing of ULBP-recipient natural killer cells. Immunology (2015) 146(1):70–
80. doi: 10.1111/imm.12482

24. Roda-Navarro P, Reyburn HT. Intercellular protein transfer at the NK cell
immune synapse: mechanisms and physiological significance. FASEB J (2007)
21(8):1636–46. doi: 10.1096/fj.06-7488rev

25. Placke T, Kopp HG, Salih HR. Glucocorticoid-induced TNFR-related (GITR)
protein and its ligand in antitumor immunity: functional role and therapeutic
modulation. Clin Dev Immunol (2010) 2010:239083. doi: 10.1155/2010/
239083

26. Placke T, Kopp HG, Salih HR. Modulation of natural killer cell anti-tumor
reactivity by platelets. J Innate Immun (2011) 3(4):374–82. doi: 10.1159/
000323936

27. Clar KL, Hinterleitner C, Schneider P, Salih HR, Maurer S. Inhibition of NK
Reactivity Against Solid Tumors by Platelet-Derived RANKL. Cancers (Basel)
(2019) 11(3):277. doi: 10.3390/cancers11030277

28. Cerwenka A, Baron JL, Lanier LL. Ectopic expression of retinoic acid early
inducible-1 gene (RAE-1) permits natural killer cell-mediated rejection of a
MHC class I-bearing tumor in vivo. Proc Natl Acad Sci USA (2001) 98
(20):11521–6. doi: 10.1073/pnas.201238598

29. Diefenbach A, Jensen ER, Jamieson AM, Raulet DH. Rae1 and H60 ligands of
the NKG2D receptor stimulate tumour immunity. Nature (2001) 413
(6852):165–71. doi: 10.1038/35093109

30. Salih HR, Rammensee HG, Steinle A. Cutting edge: down-regulation of MICA
on human tumors by proteolytic shedding. J Immunol (2002) 169(8):4098–
102. doi: 10.4049/jimmunol.169.8.4098

31. Groh V, Wu J, Yee C, Spies T. Tumour-derived soluble MIC ligands impair
expression of NKG2D and T-cell activation. Nature (2002) 419(6908):734–8.
doi: 10.1038/nature01112

32. Colciaghi F, Marcello E, Borroni B, ZimmermannM, Caltagirone C, Cattabeni
F, et al. Platelet APP, ADAM 10 and BACE alterations in the early stages of
Alzheimer disease. Neurology (2004) 62(3):498–501. doi: 10.1212/
01.WNL.0000106953.49802.9C

33. Bergmeier W, Piffath CL, Cheng G, Dole VS, Zhang Y, von Andrian UH, et al.
Tumor necrosis factor-alpha-converting enzyme (ADAM17) mediates
GPIbalpha shedding from platelets in vitro and in vivo. Circ Res (2004) 95
(7):677–83. doi: 10.1161/01.RES.0000143899.73453.11

34. Waldhauer I, Goehisdorf D, Gieseke F, Weinschenk T, Wittenbrink M,
Ludwig A, et al. Tumor-associated MICA is shed by ADAM proteases.
Cancer Res (2008) 68(15):6368–76. doi: 10.1158/0008-5472.CAN-07-6768
Frontiers in Immunology | www.frontiersin.org 6
35. Boutet P, Agura-Gonzalez S, Atkinson S, Pennington CJ, Edwards DR,
Murphy G, et al. Cutting Edge: The Metalloproteinase ADAM17/TNF-
alpha-Converting Enzyme Regulates Proteolytic Shedding of the MHC
Class I-Related Chain B Protein. J Immunol (2009) 182(1):49–53. doi:
10.4049/jimmunol.182.1.49

36. Chitadze G, Lettau M, Bhat J, Wesch D, Steinle A, Furst D, et al. Shedding of
endogenous MHC class I-related chain molecules A and B from different
human tumor entities: Heterogeneous involvement of the “a disintegrin and
metalloproteases” 10 and 17. Int J Cancer (2013) 133(7):1557–66. doi:
10.1002/ijc.28174

37. Wolpert F, Tritschler I, Steinle A, Weller M, Eisele G. A disintegrin and
metalloproteinases 10 and 17 modulate the immunogenicity of glioblastoma-
initiating cells. Neuro Oncol (2014) 16(3):382–91. doi: 10.1093/neuonc/not232

38. Maurer S, Kropp KN, Klein G, Steinle A, Haen SP, Walz JS, et al. Platelet-
mediated shedding of NKG2D ligands impairs NK cell immune-surveillance
of tumor cells. Oncoimmunology (2017) 7(2):e1364827. doi: 10.1080/
2162402X.2017.1364827

39. Nowbakht P, Ionescu MC, Rohner A, Kalberer CP, Rossy E, Mori L, et al.
Ligands for natural killer cell-activating receptors are expressed upon the
maturation of normal myelomonocytic cells but at low levels in acute myeloid
leukemias. Blood (2005) 105(9):3615–22. doi: 10.1182/blood-2004-07-2585

40. Ahamed J, Burg N, Yoshinaga K, Janczak CA, Rifkin DB, Coller BS. In vitro
and in vivo evidence for shear-induced activation of latent transforming
growth factor-beta1. Blood (2008) 112(9):3650–60. doi: 10.1182/blood-2008-
04-151753

41. Castriconi R, Cantoni C, Della CM, Vitale M, Marcenaro E, Conte R, et al.
Transforming growth factor beta 1 inhibits expression of NKp30 and NKG2D
receptors: consequences for the NK-mediated killing of dendritic cells. Proc
Natl Acad Sci USA (2003) 100(7):4120–5. doi: 10.1073/pnas.0730640100

42. Lee JC, Lee KM, Kim DW, Heo DS. Elevated TGF-beta1 secretion and down-
modulation of NKG2D underlies impaired NK cytotoxicity in cancer patients.
J Immunol (2004) 172(12):7335–40. doi: 10.4049/jimmunol.172.12.7335

43. Nausch N, Cerwenka A. NKG2D ligands in tumor immunity. Oncogene
(2008) 27(45):5944–58. doi: 10.1038/onc.2008.272

44. Kopp HG, Placke T, Salih HR. Platelet-derived transforming growth factor-
beta down-regulates NKG2D thereby inhibiting natural killer cell antitumor
reactivity. Cancer Res (2009) 69(19):7775–83. doi: 10.1158/0008-5472.CAN-
09-2123

45. Friese MA, Wischhusen J, Wick W, Weiler M, Eisele G, Steinle A, et al. RNA
interference targeting transforming growth factor-beta enhances NKG2D-
mediated antiglioma immune response, inhibits glioma cell migration and
invasiveness, and abrogates tumorigenicity in vivo. Cancer Res (2004) 64
(20):7596–603. doi: 10.1158/0008-5472.CAN-04-1627

46. Eisele G, Wischhusen J, Mittelbronn M, Meyermann R, Waldhauer I, Steinle
A, et al. TGF-beta and metalloproteinases differentially suppress NKG2D
ligand surface expression on malignant glioma cells. Brain (2006) 129(Pt
9):2416–25. doi: 10.1093/brain/awl205

47. Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ. Natural innate and
adaptive immunity to cancer. Annu Rev Immunol (2011) 29:235–71. doi:
10.1146/annurev-immunol-031210-101324

48. Mortier E, Woo T, Advincula R, Gozalo S, Ma A. IL-15Ra chaperones IL-15
to stable dendritic cell membrane complexes that activate NK cells via trans
presentation. J Exp Med (2008) 205(5):1213–25. doi: 10.1084/jem.20071913

49. de Andrade LF, Lu Y, Luoma A, Ito Y, Pan D, Pyrdol JW, et al. Discovery of
specialized NK cell populations infiltrating human melanoma metastases. JCI
Insight (2019) 4(23):e133103. doi: 10.1172/jci.insight.133103

50. Roberts EW, Broz ML, Binnewies M, Headley MB, Nelson AE, Wolf DM, et al.
Critical role for CD103+/CD141+ dendritic cells bearing CCR7 for tumor
antigen trafficking and priming of T cell immunity in melanoma. Cancer Cell
(2016) 30(2):324–36. doi: 10.1016/j.ccell.2016.06.003

51. Böttcher JP, Bonavita E, Chakravarty P, Blees H, Cabeza-Cabrerizo M,
Sammicheli S, et al. NK cells stimulate recruitment of cDC1 into the tumor
microenvironment promoting cancer immune control. Cell (2018) 172
(5):1022–37.e14. doi: 10.1016/j.cell.2018.01.004

52. Barry KC, Hsu J, Broz ML, Cueto FJ, Binnewies M, Combes AJ, et al. A natural
killer–dendritic cell axis defines checkpoint therapy–responsive tumor
microenvironments. Nat Med (2018) 24(8):1178–91. doi: 10.1038/s41591-
018-0085-8
December 2020 | Volume 11 | Article 608849

https://doi.org/10.1038/38284
https://doi.org/10.1038/38284
https://doi.org/10.1182/blood-2004-06-2272
https://doi.org/10.1158/0008-5472.CAN-11-1872
https://doi.org/10.1158/0008-5472.CAN-11-1872
https://doi.org/10.1002/ijc.21303
https://doi.org/10.1016/j.cell.2010.08.031
https://doi.org/10.1073/pnas.0600721103
https://doi.org/10.4049/jimmunol.178.6.3418
https://doi.org/10.1111/imm.12482
https://doi.org/10.1096/fj.06-7488rev
https://doi.org/10.1155/2010/239083
https://doi.org/10.1155/2010/239083
https://doi.org/10.1159/000323936
https://doi.org/10.1159/000323936
https://doi.org/10.3390/cancers11030277
https://doi.org/10.1073/pnas.201238598
https://doi.org/10.1038/35093109
https://doi.org/10.4049/jimmunol.169.8.4098
https://doi.org/10.1038/nature01112
https://doi.org/10.1212/01.WNL.0000106953.49802.9C
https://doi.org/10.1212/01.WNL.0000106953.49802.9C
https://doi.org/10.1161/01.RES.0000143899.73453.11
https://doi.org/10.1158/0008-5472.CAN-07-6768
https://doi.org/10.4049/jimmunol.182.1.49
https://doi.org/10.1002/ijc.28174
https://doi.org/10.1093/neuonc/not232
https://doi.org/10.1080/2162402X.2017.1364827
https://doi.org/10.1080/2162402X.2017.1364827
https://doi.org/10.1182/blood-2004-07-2585
https://doi.org/10.1182/blood-2008-04-151753
https://doi.org/10.1182/blood-2008-04-151753
https://doi.org/10.1073/pnas.0730640100
https://doi.org/10.4049/jimmunol.172.12.7335
https://doi.org/10.1038/onc.2008.272
https://doi.org/10.1158/0008-5472.CAN-09-2123
https://doi.org/10.1158/0008-5472.CAN-09-2123
https://doi.org/10.1158/0008-5472.CAN-04-1627
https://doi.org/10.1093/brain/awl205
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1084/jem.20071913
https://doi.org/10.1172/jci.insight.133103
https://doi.org/10.1016/j.ccell.2016.06.003
https://doi.org/10.1016/j.cell.2018.01.004
https://doi.org/10.1038/s41591-018-0085-8
https://doi.org/10.1038/s41591-018-0085-8
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Maurer and de Andrade NKG2D—NK, Myeloid Cells, Platelets
53. Jinushi M, Takehara T, Kanto T, Tatsumi T, Groh V, Spies T, et al. Critical role
ofMHC class I-related chain A and B expression on IFN-a-stimulated dendritic
cells in NK cell activation: impairment in chronic hepatitis C virus infection.
J Immunol (2003) 170(3):1249–56. doi: 10.4049/jimmunol.170.3.1249

54. Ebihara T, Masuda H, Akazawa T, Shingai M, Kikuta H, Ariga T, et al.
Induction of NKG2D ligands on human dendritic cells by TLR ligand
stimulation and RNA virus infection. Int Immunol (2007) 19(10):1145–55.
doi: 10.1093/intimm/dxm073

55. Morvan MG, Champsaur M, Reizis B, Lanier LL. Chronic in vivo interaction
of dendritic cells expressing the ligand Rae-1ϵ with NK cells impacts NKG2D
expression and function. Immunohorizons (2017) 1(3):10–9. doi: 10.4049/
immunohorizons.1700004

56. Hamerman JA, Ogasawara K, Lanier LL. Cutting edge: Toll-like receptor
signaling in macrophages induces ligands for the NKG2D receptor. J Immunol
(2004) 172(4):2001–5. doi: 10.4049/jimmunol.172.4.2001

57. Zhou Z, Zhang C, Zhang J, Tian Z. Macrophages help NK cells to attack tumor cells
by stimulatory NKG2D ligand but protect themselves fromNK killing by inhibitory
ligand Qa-1. PLoS One (2012) 7(5):e36928. doi: 10.1371/journal.pone.0036928

58. Thompson TW, Jackson BT, Li PJ,Wang J, KimAB, Huang KTH, et al. Tumor-
derived CSF-1 induces the NKG2D ligand RAE-1d on tumor-infiltrating
macrophages. Elife (2018) 7:e32919. doi: 10.7554/eLife.32919

59. Eissmann P, Evans JH, Mehrabi M, Rose EL, Nedvetzki S, Davis DM. Multiple
mechanisms downstream of TLR-4 stimulation allow expression of NKG2D
ligands to facilitate macrophage/NK cell crosstalk. J Immunol (2010) 184
(12):6901–9. doi: 10.4049/jimmunol.0903985

60. Kloss M, Decker P, Baltz KM, Baessler T, Jung G, Rammensee H-G, et al.
Interaction of monocytes with NK cells upon Toll-like receptor-induced
expression of the NKG2D ligand MICA. J Immunol (2008) 181(10):6711–9.
doi: 10.4049/jimmunol.181.10.6711

61. Nedvetzki S, Sowinski S, Eagle RA, Harris J, Vély F, Pende D, et al. Reciprocal
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