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Abstract Solid tumors are more than an accumulation of
cancer cells. Indeed, cancerous cells create a permissive
microenvironment by exploiting non-transformed host
cells. Thus, solid tumors rather resemble abnormal organs
composed of the cancerous cells itself and the stroma
providing the supportive framework. The stroma can be
divided into the extracellular matrix consisting of proteo-
glycans, hyaluronic acid, and fibrous proteins, as well as
stromal cells including mesenchymal and immune cells;
moreover, it contains various peptide factors and metabo-
lites. Here, we will focus on immune-modulating capacities
of the tumor microenvironment.

Keywords A disintegrin and metalloproteinase (ADAM) -
Indoleamine-2,3-dioxygenase (IDO) - Arginase - Hypoxia -
Adenosine - Natural killer group 2 member D (NKG2D)
ligands

Introduction

The creation of a permissive microenvironment is frequently
observed in cancer [1, 2]. Thus, solid tumors are composed
of the transformed cells itself as well as the stroma (from
Late Latin: ‘a mattress’) which not only provides a sup-
portive framework, but also helps the transformed cells to
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escape the immune surveillance. To this end, the cancer cells
may comprise only 30 % or less of the cells in the tumor. The
stroma consists of (1) the extracellular matrix (ECM) com-
posed of proteoglycans, hyaluronic acid, and fibrous pro-
teins, (2) stromal cells including mesenchymal and immune
cells, (3) various peptide factors (e.g., enzymes, chemo-
kines, and cytokines), and (4) metabolites produced by
cancerous and stromal cells. Notably, tumors express an
array of both cell-surface molecules and soluble factors that
influence cells of the immune system. Moreover, immune
responses can also be indirectly modulated by either
recruiting cells to the tumor site or modifying the function of
cells already present in the microenvironment.

The fact that the evolution of tumors for many entities
occurs in the presence of inflammation is one of the keys to
understand the intrinsic relationship between cancer cells
and the stroma [3, 4]. Indeed, this inflammatory state is
present in most cases even prior to key tumorigenic genetic
alterations and mediates co-evolution of the tumor with
numerous cell types [5]. During tumor development, the
stroma and the ECM undergo substantial changes as a
consequence of interactions between cancerous and stro-
mal cells. To this end, activated fibroblasts constituting the
most abundant stromal cells in many tumors secrete
numerous cytokines and chemokines that impact directly
on cells in the microenvironment and/or attract additional
cells to the tumor site; these include IL-6, FOXO03, trans-
forming growth factor B (TGFp), COX-2, vascular endo-
thelial growth factor (VEGF), serum-derived factor 1
(SDF-1), CXCL1/2, and IL-1B [2]. However, these mole-
cules may not only be expressed by fibroblasts but likewise
by cancer or immune competent cells. Furthermore, the
activity of these factors is also indirectly regulated by the
ECM, for example, by protease-mediated release of
sequestered cytokines [6].
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Tumor-inhibiting versus tumor-promoting
microenvironments

Malignant cells can be detected and destroyed by cells of
the immune system, particularly by cells of the adaptive
immune system, and there is strong evidence that the
immunological recognition impacts on prognosis [7].
Nevertheless, there is even stronger evidence that in many
cancer patients, the cancerous cells may escape these
immune responses [8, 9]. Many of the immune escape
mechanisms are based on the induction of what we presume
is an inappropriate response, that is, a response that is not
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inhibiting but maybe even promoting the tumor (Fig. 1).
One of the best explored examples for such inappropriate
responses—particularly with respect to adaptive immune
responses—is the induction of the two different effector
CD4+ T helper cell responses, that is, Thl and Th2
responses. The Thl response is fostering cytotoxic
responses, for example, by secreting interferon y (IFNYy)
activating the cytolytic activities of macrophages and
cytotoxic T lymphocytes (CTL) [10]; Th2 cells are foster-
ing humoral responses, for example, by production of 1L4-
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responses will fight extracellular bacteria, parasites, and
toxins. Generally, a Th2 response is regarded rather as
tumor-promoting as compared to a tumor-inhibiting Thl
response which could potentially lead to tumor clearance
by triggering a CTL response against tumor antigens. By
now for almost any immune competent cell, there has (at
least) a type ‘1’ and type ‘2’ cell been established, for
example, besides for T helper cells, for natural killer T
(NKT) cells as NKT1 and NKT2 cells, neutrophils as N1
and N2, or macrophages as M1 and M2 (Fig. 1) [11-13]. In
all cases, type ‘1’ cells are regarded as tumor-inhibiting and
type ‘2’ cells as tumor-promoting. Although it is generally
thought that the class of an immune response is tailored to
fit the invading pathogen, it has recently been suggested
that it is primarily tailored to fit the tissue in which the
response occurs [14]. This notion is based on the hypothesis
that a microenvironment (including the tumor microenvi-
ronment) is not simply a passive recipient of immune
protection, but is an active participant in its own defense.
Indeed, each cell in the tumor microenvironment—irre-
spective of the transformation status—holds the capacity to
produce immune modulatory signals [2]. Thus, the differ-
entiation and activation status of any immune competent
cell that enters the tumor microenvironment will be mod-
ulated by signals in the respective microenvironment.

The extracellular matrix

The ECM has a profound impact on the cellular constitu-
ents of the tumor microenvironment. To this end, proteo-
lytic enzymes [e.g. matrix metalloproteinases (MMPs) and
a disintegrin and metalloproteinase (ADAM)] are key
enzymes involved with remodeling of the ECM [15]. While
these proteolytic enzymes can degrade numerous compo-
nents of the ECM, recent studies have implicated MMPs as
important mediators of cell-cell communication by virtue
of their ability to process multiple non-matrix molecules,
such as cytokines and growth factors, to soluble forms that
have either enhanced or attenuated activities: Examples
include (1) MMPs increase the bioavailability of TGFf by
regulating the release from an inactive extracellular com-
plex [16]; (2) MMPs cleave growth factors and cytokine
receptors, for example, the IL-2 receptor (IL-20) and
thereby inhibit proliferation and activation of T cells in the
vicinity [17]; additionally, (3) ADAMSs cleave NKG2D
ligands and cell adhesion molecules such as L-selectin
(CD62L) or ICAM-1 [18, 19]. Thus, the presence of pro-
teolytic enzymes influences cancer cell growth, differenti-
ation, metastatic capacity, and resistance to apoptosis as
well as the immunologic micromilieu. Notably, within
solid tumors, both cancerous and stromal cells express
these proteolytic enzymes.

Interestingly, MMP-2 has been identified as a tumor
antigen as well: A MMP-2-derived peptide is presented in
the context of HLA-A2 on the surface of melanoma cells
which can be recognized by cytotoxic CD8* T cells [20].
More recently, it was demonstrated that MMP-2 also plays
a role in polarizing adaptive immune responses. CD4* T
cells recognizing class II restricted MMP2-derived peptides
were mainly of Th2 type expressing GATA and secreting
TNFao, IL-4, and IL-13 [20]. Notably, the mechanism
underlying this Th2 polarization was attributed to both
active and inactive MMP-2. While active MMP-2 led to
degradation of the type I IFN receptors on dendritic cells
(DCs), both inactive and active MMP-2 induced up-regu-
lation of the CD40 ligand on DCs.

Immune suppression by metabolic enzymes:
indoleamine-2,3-dioxygenase (IDO),
tryptophan 2,3-dioxygenase (TDO), and arginase

Over the past years, it became increasingly obvious that
both depletion of essential nutrients and accumulation of
immunosuppressive metabolites generate a tumor-permis-
sive microenvironment [1]. Thus, the metabolic changes
within the tumor microenvironment help to evade antigen-
specific immune responses.

The immune-suppressive capacity of indoleamine-2,3-
dioxygenase has been demonstrated in different physiologic
and pathologic situations including cancer (Fig. 2) [21]:
IDO restrains potentially harmful inflammatory reactions
directly by degradation of the essential amino acid trypto-
phan and indirectly by recruitment of regulatory T cells. In
addition, IDO generates immune tryptophan metabolites
that have direct toxic effects on CTL and Thl1 cells [22].
Hence, IDO may shift T cell polarization toward a Th2
response. Treg-mediated immune suppression is mediated
by interaction of B7 expressed by IDO+ DC with CTLA4
on regulator T cells (Tregs) inducing Treg proliferation.
Moreover, IDO blocks the IL-6-mediated reprogramming
of mature Tregs to cells resembling pro-inflammatory Th17
cells [23]. IDO expression within solid tumors has been
reported for both cancerous and stromal cells [21]. In
addition, IDO elevation occurs in a subset of plasmacytoid
DCs in tumor-draining lymph nodes [22]. IDO may not
only be expressed in the tumor microenvironment itself, but
also in the tumor-draining lymph node where it may help to
create the pre-metastatic niche. Accordingly, IDO expres-
sion in tumor cells has been demonstrated to correlate with
a decreased serum tryptophan concentration which is
associated with an impaired prognosis [24]. Notably, IDO is
also involved in both tumor vascularization and IL-6-
dependent myeloid-derived suppressor cell (MDSC)-driven
immune escape [25, 26].
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Another means to degrade tryptophan, and thereby,
resist immune rejection is the expression of tryptophan 2,3-
dioxygenase (TDO), a homo-tetrameric heme-containing
cytosolic enzyme. While under physiologic conditions,
TDO is almost exclusively expressed in the liver, tumors of
different tissue origins such as melanoma, bladder cancer,
and glioblastoma express TDO [27]. The production of
kynurenine by TDO inhibits anti-tumor immune responses.
Interestingly, blocking of both TDO and IDO might turn
out to be complementary, not redundant: In a series of
more than a hundred human tumor cell lines, one-third
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Fig. 2 Metabolic enzymes and metabolites in immunosuppression.
a Immunosuppression by metabolism of the amino acids tryptophan
(upper part) or arginine (lower part). Tumor cells can express the
enzymes indoleamine-2,3-dioxygenase (IDO), indoleamine-2,3-diox-
ygenase-like protein (IDO2), and tryptophan 2,3-dioxygenase (TDO).
All these enzymes are able to catalyze the first step in kynurenine
pathway of tryptophan metabolism. In addition, plasmacytoid DCs in
the draining lymph nodes of cancer patients can express IDO and
IDO2. The general depletion of tryptophan impairs T cell prolifer-
ation. Furthermore, immune modulatory tryptophan metabolites can
induce apoptosis and affect activity of T and NK cells. IDO
expressing plasmacytoid DCs can also trigger regulatory T cell
(Treg) differentiation. Similarly, arginine depletion by arginase I
(ARG1) or inducible nitric oxide synthase (iNOS) impairs T cell
activation. iNOS can further suppress immune responses by recruit-
ment and activation of MDSC. NO can be further converted into
reactive oxygen species (ROS) and reactive nitrogen and oxygen
species (RNOS). The latter can impair T cell migration into the tumor
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expressed only TDO and another third only IDO [27].
Similarly, tumor-associated tryptophan hydroxylase-1
(Tph-1), a synthase that catalyzes the conversion of tryp-
tophan to serotonin, is a potent regulator of immunity [28].

Besides manipulating the metabolism of tryptophan, L-
arginine depletion by arginase or inducible nitric oxide
synthase (iNOS) results in suppression of tumor-specific T
cell responses [29]. Arginase expression can be induced by
cyclooxygenase-2, thus explaining the correlation of
increased concentrations of prostaglandin-2 with the sup-
pression of T cell activation. Notably, aberrant induction of
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by nitrotyrosinylation of the chemokine CCL2. b Tumor cells
primarily rely on glycolysis. One important enzyme involved is
LDH converting pyruvate into lactate. Its expression is up-regulated
by hypoxia or oncogenes. Lactate is secreted from the cells via
monocarboxylate transporters accompanied by H' transport decreas-
ing the extracellular pH. Lactate affects many different processes like
inhibition of cytotoxic T cell responses, causing chronic inflammation
via triggering enhanced IL-17A cytokine secretion, or increasing
secretion of angiogenic factors by endothelial cells (EC). ¢ Immune
suppression by adenosine (Ado). Extracellular ATP is converted by
CD39 into ADP and then into AMP. CD73 converts AMP into Ado.
Ado can be exported and imported from the tumor cell. HIF-la
enhances CD73 expression. Ado interaction with adenosine A2A
receptor (A2AR) on T cells impairs their activity, whereas the binding
to adenosine A2B receptor (A2BR) on MDSC promotes their
recruitment and function. In addition, Ado inhibits the differentiation
of Th17 cells, the activity of NK cells, and the maturation of DCs
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COX-2 and up-regulation of the prostaglandin cascade
have additional functions in carcinogenesis which are
beyond the scope of this review [30]. In addition to can-
cerous cells, in the tumor microenvironment macrophages,
granulocyte and MDSCs may express arginase and iNOS.

Hypoxia and the ‘Warburg effect’

Hypoxia has an established role in tumor cell stemness and
invasiveness, radio- and chemo-resistance, as well as in
generating an immune-permissive microenvironment [31].
Many of these hypoxia-induced changes are linked to
reduced nitric oxide (NO) signaling [32]. The primary
source of NO is the nitric oxide synthase (NOS), which has
three isoforms; two are constitutively expressed, and one is
inducible. The inducible form iNOS produces NO for
prolonged periods of time in a calcium-independent man-
ner. Levels of NO produced by iNOS in the microenvi-
ronment of the cell can range from as low as 10 nM to uM
amounts for days. Notably, NO has a strong impact on
several immune competent cells. For example, tumor-
expressed iNOS leads to recruitment and induction of
functional MDSC in a spontaneous murine melanoma
model [33]. This effect is mediated by modulation of tumor
VEGF secretion and up-regulation of STAT3 and ROS in
MDSCs.

Notably, T cells are exposed to different oxygen ten-
sions during their development and while migrating
between blood and tissue. Under hypoxic conditions, T
cells increase the expression of genes that are regulated by
HIF [31]. While hypoxia enhances the transcription of
hypoxia-responsive element (HRE)-containing genes, for
example, VEGF, glycolytic enzymes, it inhibits the accu-
mulation of non-HRE-containing genes, such as IL-2 and
IFNY during TCR-driven activation. Thus, T cell activation
under hypoxic conditions in vivo may lead to different
patterns of cytokine secretion.

Cancer cells primarily rely on glycolysis rather than on
oxidation of pyruvate in mitochondria for energy produc-
tion prevalent in normal cells, a phenomenon known as
‘Warburg effect.” It is associated with an increased
expression of glycolytic enzymes, for example, lactate
dehydrogenase (LDH) and pyruvate kinase, as well as an
enhanced glucose uptake [34]. The ‘Warburg effect’ is
caused extrinsically by hypoxia and intrinsically by acti-
vated oncogenes; notably, both ways may act in synergism.
For example, over-expression of myc leads to up-regula-
tion of glycolytic enzymes, and the hypoxia-inducible
factor (HIF) collaborates with myc to induce additional
genes such as LDH. The ‘Warburg effect’ causes an
increased lactate production, and high lactate levels have
immune modulatory properties: (1) Lactate inhibits the

differentiation of monocytes to DCs, (2) induces 1L-23, a
tumor-promoting cytokine involved in the generation of
Th17 cells [35, 36], and (3) directly inhibits CTLs [5].
Furthermore, both the tumor cells and the activated T cells
rely on and thus compete for glucose in the tumor micro-
environment [37].

Adenosine

An additional mechanism for cancer-induced immune
suppression is the accumulation of adenosine at the tumor
site. Adenosine exerts organ- and cyto-protective functions
such as stimulation of angiogenesis as well as inhibition of
both inflammatory reactions and adaptive immune
responses [38]. There are several independent sources of
adenosine in the tumor microenvironment, for example,
cell death and nucleotide degradation, hypoxia and ATP
breakdown, ATP/ADP release and subsequent dephos-
phorylation, AMP release, and S-adenosylhomocysteine
hydrolysis. Indeed, each of these mechanisms individually
or in combination provides a continuous supply of adeno-
sine to the tumor microenvironment [39].

It is not so much the mere amount of adenosine but
rather its balance with ATP that impacts immune homeo-
stasis: Adenosine suppresses immune responses through
the activation of G-protein-coupled receptors [40], whereas
ATP acts as a danger signal released by damaged and dying
cells [39]. To this end, ATP initiates immune responses
through the ligation of P2X and P2Y purinoreceptors.
There are four receptors for adenosine: the pertussis toxin
sensitive Al and A3 receptors, which signal via decreased
cAMP as well as phosphoinositide 3-kinase (PI3K) and
protein kinase (PK) C pathways, and the adenylate cyclase
activating A2A and A2B receptors, which signal via
increased cAMP. All receptors stimulate the mitogen-
activated protein kinase (MAPK) pathway. Under physio-
logical conditions, adenosine acts through the high-affinity
Al and A2A receptors, but under pathological circum-
stances with high adenosine concentrations, the low-affin-
ity A2B and A3 receptors become relevant. Numerous
immune competent cells express adenosine receptors
including B, T, NKT and NK cells, macrophages, DCs,
neutrophils, as well as mast cells [40]. Human CD4+ and
CD8+ T cells express A2A, A2B, and A3 receptors; their
expression is up-regulated upon activation. The A2A
receptor is dominant for suppression of T cell responses by
inhibiting proliferation, cytotoxicity, and secretion of pro-
inflammatory cytokines such as IL-2, TNF-alpha, and
macrophage inflammatory protein-la [40]. Notably, mice
lacking the A2A receptor have both a significantly delayed
growth of lymphoma cells when compared to wild type
mice and when specifically immunized they are
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characterized by an enhanced protection to subsequent
tumor challenges. This protection was associated by an
increased frequency of tumor-reactive CTLs at the vaccine-
site-draining lymph node [41]. Similarly, pharmacological
blockade of the A2A receptor substantially increases the
efficacy of antitumor T cell-mediated immunity in mice
[42].

The downstream signaling of the A2A receptor is not
completely understood but involves inhibition of NF-xB
activity. Furthermore, adenosine inhibits the adhesion of
cytolytic lymphocytes to cancer cells as well as granule
exocytosis by natural killer cells [43]. It also prevents the
development of Th17 responses within the tumor micro-
environment [44]. Adenosine also inhibits the maturation
of DCs and their production of pro-inflammatory cyto-
kines. Indeed, DCs differentiating in the presence of
adenosine rather suppress than activate anti-tumor immu-
nity. Finally, adenosine promotes expansion and function
of MDSCs via ligation of A2B receptors [45]. Conse-
quently, conversion of ATP into adenosine is strictly reg-
ulated. The conversion of ATP into AMP is catalyzed by
nucleoside triphosphate diphosphohydrolase 1 (CD39).
Subsequently, dephosphorylation of AMP catalyzed by 5'-
nucleotidase (5'-NT) generates adenosine; several forms of
5'-NT have been described, but only two of them, that is,
cytosolic 5'-NT-I and ecto-5'-NT seem to participate in
adenosine generation, with ecto-5'-NT (CD73) being most
relevant for the tumor microenvironment [46]. Since the
metabolism of AMP into adenosine can only be reversed in
the cell, CD73 is an important checkpoint for this process.
Several factors present in the tumor microenvironment can
induce CD73 including hypoxia. Notably, a HRE-element
is present within the CD73 promoter. In addition, humoral
factors such as type I IFNs, TNF-a, IL-1B, PGE2, TGF-p,
and agonists of the Wnt signaling pathway have been
demonstrated to up-regulate CD73 expression [47].

Expression of ligands for immune inhibiting receptors

The tumor-specific adaptive immune response to cancer is
often ineffective due to the fact that tumors develop multiple
resistance mechanisms, for example, expression of ligands
for inhibitory immune checkpoints (Fig. 3a) [48]. Conse-
quently, several immune therapeutic approaches for cancer
are targeting the immune checkpoint such as the anti-CTLA-
4 antibody ipilimumab (Yervoy®) which has been recently
registered for the treatment of patients with advanced mel-
anoma [49]. However, it still remains to be established
which are the most suitable combination partners for anti-
CTLA-4 antibodies and if there are any predictive bio-
markers for this therapy [50]. Notably, ipilimumab has been
combined or is currently tested with different chemotherapy
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regimens [51-53], radiotherapy [54], vaccines [55, 56],
other immune-modulating agents, and different targeted
agents (http://www.clinicaltrials.gov). The identification of
immunological markers, such as absolute lymphocyte
counts (ALC), CD4+ T cell differentiation, Th17 cells, and
induction of ICOS, which correlate with clinical benefit, will
be important in the future to select the patients most likely to
respond to therapy [50, 54, 55, 57, 58]. However, most
potential biomarkers have been identified in retrospective
analysis of phase I and phase II clinical studies; thus, they
have to be validated in a prospective fashion. Importantly,
several lines of evidence suggest that an immune-active
tumor microenvironment favors clinical response to ipi-
limumab [59, 60]. It was demonstrated that a higher baseline
expression of a number of immune-related genes, for
example, interferon-inducible genes, and Th1 and cytotoxic
T cell-associated markers, correlates with clinical response
following ipilimumab treatment [59]. In contrast, ipi-
limumab appears to be equally effective in both the wild type
and BRAF-V600E-mutated melanoma patients [61].

Programmed death protein 1 (PD-1) is a cell-surface
membrane protein of the immunoglobulin superfamily
which is up-regulated by activated T cells and negatively
regulates their function (Fig. 3b) [62]. It was first discov-
ered as a transmembrane protein that is highly expressed in
apoptotic T cells. Subsequently, PD-1 was identified as a
marker for exhausted T cells. The PD-1 ligands PD-L1
(B7-H1) and PD-L2 (B7-DC) are members of the B7-
family. Engagement of PD-1 by its ligands delivers
inhibitory signals through activating phosphatases, result-
ing in dephosphorylation of key elements in the T cell
activation pathway, ultimately leading to down-regulating
proliferation, survival, and cytokine production [62].
Consequently, blockade of the PD-1 pathway restores
cytokine production and proliferation of T cells.

Recent studies demonstrated that the PD-1/PD-L system
constitutes one of the immune checkpoint pathways that
tumors frequently exploit to suppress the function of
tumor-infiltrating T cells. PD-1 is up-regulated on tumor-
infiltrating T lymphocytes, and PD1 ligands are expressed
in numerous solid tumors. Indeed, there is a strong corre-
lation between the expression of PD-1 ligands in tumors
and poor prognosis. Importantly, inhibition of the interac-
tion of PD-1 and its ligands boosts T cell responses in vitro
and in vivo [63, 64]. Furthermore, the therapeutic efficacy
of PD-1 blockade depends on PD-L1 expression in the
individual patient [63]. It has also been demonstrated that
reduction of PD-L1 expression on DCs by means of siR-
NA-lipid nanoparticles results in superior APC function
[65].

In addition, other molecules of the B7 family are
expressed by tumor cells, for example, B7-H3 and B7-H4
[66]. Available data suggest that these ligands take part in
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Fig. 3 Ligand-mediated A
lymphocyte control. a Two
signals are needed for naive T
cell activation: Firstly, CD80
(B7-1) or CD86 (B7-2) has to
trigger CD28 signaling, and
secondly, the T cell receptor has
to interact with the respective
peptide/MHC complex. Shortly
after activation, CTLA-4 is up-
regulated on the T cell-surface
competing with CD28 for ligand
binding and in turn delivers an
inhibitory signal to the T cell.
b PD-1 is an inhibitory receptor
on activated T cells. Its ligands
PDL1 and PDL2 can be
expressed on peripheral tissues
during inflammation, but also on
tumor cells. ¢ In contrast,
NKG2D is an activating
receptor on NK cells and
delivers a co-stimulatory signal
to cytotoxic cells (CTLs).
Human ligands induced by viral
infection, cytokines, or DNA
damage are MICA, MICB, and
the ULBP1-6. Shedding of

activated T cell
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lead to
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inhibiting immune responses; however, the respective
receptors have not been characterized yet [67]. Albeit
numerous studies have addressed the question whether the
expression of B7-H3 and B7-H4 correlates with prognosis,
and the obtained results are not conclusive.

Expression and shedding of NKG2D ligands

The stimulatory natural killer group 2 member D (NKG2D)
lymphocyte receptor and its ligands are important media-
tors of tumor immunity but also are instrumental in

promoting tumor immune evasion and immune suppres-
sion. In humans, the ligands for NKG2D are the UL16-
binding protein (ULBP) 1-6, and the stress-inducible MHC
related protein A (MICA) and B (MICB). NKG2D ligands
are absent from the surface of most normal cells but are
induced by generic responses to cellular stress in diseased
cells; for example, their expression can be induced by DNA
damage [68]. Indeed, most cancer cell lines and tumor cells
in biopsies are positive for NKG2D ligands with MICA
being the most highly expressed one. In accordance with
this notion, we have previously demonstrated that melan-
ocytic lesions are negative for expression of MICA,
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whereas primary melanomas were positive in 31 of 40
primary lesions examined [69].

Numerous studies have shown that ligand expression
leads to recognition and killing of tumor cells by NK cells
[70]. Moreover, activated T cells express NKG2D, and
NKG2D signaling seems to be co-stimulatory to TCR
engagement. As a consequence, NKG2D ligand expression
by cancer cells should lead to improved immune recogni-
tion by NK and T cells. However, a sustained surface
expression of NKG2D ligands has been proposed as a
possible mechanism of suppression of NK cell function
(Fig. 3c). Indeed, in patients with tumors expressing
NKG2D ligands, NKG2D expression by tumor-infiltrating
and circulating cytotoxic cells is low; moreover, its func-
tion is often compromised. This can be ascribed to trans-
acting effects of soluble NKG2D ligands shed from tumor
cells by proteolytic enzymes [71]. Notably, hypoxia
increases the shedding of NKG2D ligands through
impaired NO signaling [72]. Recently, a mechanistic link
between hypoxia-induced accumulation of the o-subunit of
HIF-1, increased expression of ADAMI0, and decreased
surface MICA levels leading to tumor cell resistance to
lysis mediated by innate immune effectors, had been
demonstrated [73]. Nitric oxide mimetic agents interfered
with the hypoxia-induced accumulation of HIF-1a and with
the hypoxia-induced up-regulation of ADAMI10 expression
required for decreased surface MICA expression and
resistance to lysis. Moreover, enhanced expression of
ADAMs has been described in various inflammatory dis-
eases, suggesting that the inflammatory microenvironment
of tumors also contributes to the shedding of NKG2D
ligands [74].

Binding of soluble NKG2D ligands leads to internali-
zation of NKG2D and its subsequent degradation. Indeed,
soluble NKG2D ligands have been detected in cancer
patient sera from both hematological and solid cancers, and
also, MICB and ULBP-2 have been found at elevated
levels in cancer patient sera. For example, it was demon-
strated that soluble ULBP-2 is a marker for poor prognosis
in melanoma patients pointing to a functional impact of
soluble NKG2D ligands in sera from cancer patients [75].
In the latter study, however, MICA serum levels did not
correlate with the clinical course of disease. Interestingly,
NKG2D ligands not only differ in their expression pattern,
but also in their membrane association. NKG2D ligands
may be membrane anchored or glycosylpho-
sphatidylinositol-linked. Thus, some NKG2D ligands may
be easier shed. Moreover, substantial polymorphic varia-
tion in the sequences that associate the NKG2D ligand
MICA with the membrane has been reported, suggesting
that polymorphisms in NKG2D ligands cause a relevant
person-to-person variation to which end they are shed. In
addition, it has been recently reported that melanoma cells
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may interfere with NK cell function by down-regulating
the surface expression of activating receptors, including
NKG2D; this inhibitory effect is primarily mediated by
IDO and PGE2. Another angle added to the tale stems from
recent data, demonstrating that cancer cells may also
express NKG2D and that signaling upon ligand binding
stimulates tumor growth [76]. These observations help to
explain the selection of tumor cells that sustain NKG2D
ligands expression.

Tumor-derived membrane vesicles

Once regarded as cellular ‘debris,” extracellular vesicles
are now realized as an important means of cell-to-cell
communication and receive particular attention in cancer
research [77]. Indeed, tumors are characterized by consti-
tutive secretion of various forms of membrane vesicles.
These comprise ‘exosomes,” ‘microvesicles,” and ‘mem-
brane particles.’

Taylor et al. [78] initially described the release of nano-
sized membranous vesicles by viable cells over three
decades ago for cancer. This notion has been confirmed in
different cancers and has been extended to non-trans-
formed cells. The biogenesis of exosomes begins with
endosomes fusing to form multivesicular bodies (MVBs).
Through the inward budding of the MVB membrane,
intraluminal vesicles are formed, which, in the process of
invagination, enclose various endoplasmic components.
Finally, exosomes are released by MVB fusion with the
cell membrane in an ATP-dependent process into extra-
cellular space vesicles with a double membrane [79]. The
name ‘exosomes’ originate from the description of neo-
plastic cell line-derived exfoliated vesicles, which mirrored
the 5’-nucleotidase activity of the parent cells, that is,
‘exfoliated membrane vesicles with 5'-nucleotidase activ-
ity [80].

Unfortunately, the nomenclature for the different types
of membranous vesicles secreted by cells is not always
used with the required care [81]. Indeed, the terms ‘exo-
somes,” ‘microvesicles,” and ‘membrane particles’ are
often used interchangeably. However, ‘exosomes’ are
generated by exocytic fusion of MVBs, have a diameter of
30-100 nm, a density of 1.13-1.19 g/mL in a sucrose
gradient (in which they can be sedimented at 100,000x g),
whereas ‘microvesicles’ are shed from the plasma mem-
brane, have a relatively larger size (100-1,000 nm) than
exosomes, and can be sedimented at 10,000x g; ‘membrane
particles’ refer to vesicles that also originate from plasma
membrane, but have a small size similar to exosomes [82].

Tumor-derived membrane vesicles contain cytosolic and
membrane proteins as well as functional RNA molecules
such as mRNA and microRNAs derived from the parental
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Fig. 4 Tumor-derived A
membrane vesicles. a Molecules
present on or in tumor-derived
membrane vesicles. b Immune-
modulating effects of tumor-
derived membrane vesicles (see
text for details). CTL cytotoxic
lymphocyte, DC dendritic cell,
FasL Fas ligand, HSP heat-
shock protein, ICAM 1
intercellular adhesion molecule
1, LAMP-1 lysosome-associated
membrane protein 1, MDSC
myeloid-derived suppressor
cell, MHC major
histocompatibility complex,
miRNA microRNA, mRNA
messenger RNA, PD] B
programmed cell death protein

1, PDLI programmed cell death

1 ligand 1, PG prostaglandin,

TAA tumor-associated antigen, CTL _
TCR T cell receptor, Ty T L !
helper cell, T, regulatory T . %
cell, TRAIL tumor ne(_:rosis :K:f_;fg.;::’lt?h
factor-related apoptosis-

tumor

TRAILR or PDL1 -PD1
inducing ligand P
CTL

cells (Fig. 4a), though ‘exosomes,” ‘microvesicles,” and
‘membrane particles’ may vary with respect to their con-
tent. For example, due to their biogenesis, exosomes con-
tain proteins involved in MVB formation, for example,
Alix, Tsgl01, and clathrin. Moreover, the protein con-
tent of exosomes is generally enriched for certain mole-
cules, including targeting/adhesion, membrane trafficking
molecules, chaperones (e.g., Hsp70 and Hsp90), signal
transduction proteins, and cytoplasmic enzymes [83].
Already, in the 1980s, it was suggested that tumor-derived
membrane vesicles have immunosuppressive properties.
Indeed, tumor-derived exosomes often contain immuno-
suppressive proteins such as FasL. and TRAIL [83].
Moreover, exosomes can directly inhibit adaptive cytotoxic
cells as well as promote the induction of Tregs and MDSCs
[84]; these effects have been attributed to the presence of
NKG2D ligands, death receptor ligands, and membrane-
bound TGFP on these vesicles (Fig. 4b).
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Conclusions

Feed-back mechanisms and counter-regulatory responses
are essential for the homeostasis of the immune system.
Without such a control of the intensity and extent of
immune responses, severe damage to the host as exem-
plified by autoimmune diseases would be more prevalent.
However, these counter-regulatory mechanisms bear the
danger that the ability of the host to mount an effective
immune response against the tumor is impaired. Unfortu-
nately, as discussed here, tumor cells exploit numerous of
these mechanisms in order to create a tumor-promoting
immune-suppressive microenvironment. Future immune-
modulating therapeutic approaches have to take this notion
into account; notably, one of the most effective immune-
modulating therapies, that is, the blockade of the PD1/
PDL-1 interaction, is based on the inhibition of immune
inhibitory feed-back mechanisms [63].
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