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Abstract

Neuroendocrine tumors (NETs) include a heterogeneous
group of malignancies arising in the diffuse neuroendocrine
system and characterized by indolent growth. Complex in-
teractions take place among the cellular components of the
microenvironment of these tumors, and the recognition of
the molecular mediators of their interplay and cross talk is
crucial to discover novel therapeutic targets. NET cells over-
express a plethora of proangiogenic molecules including
vascular endothelial growth factor, platelet-derived growth
factor, fibroblast growth factor, semaphorins, and angiopoi-
etins that promote both recruitment and proliferation of en-
dothelial cell precursors, thus resulting among the most vas-
cularized cancers with a microvessel density 10-fold higher
than epithelial tumors. Also, NETs operate multifaceted in-
teractions with stromal cells, both at local and distant sites,
and whether their paracrine secretion of serotonin, connec-

tive tissue growth factor, and transforming growth factor 3
primarily drives the fibroblast activation to enhance the tu-
mor proliferation, on the other side NET-derived profibrotic
factors accelerate the extracellular matrix remodeling and
contribute to heart valves and/or mesenteric fibrosis devel-
opment, namely, major complications of functioning NETs.
However, at present, little is known on the immune land-
scape of NETs, but accumulating evidence shows that tu-
mor-infiltrating neutrophils, mast cells, and/or macrophages
concur to promote the neoangiogenic switch of these tu-
mors by either direct or indirect mechanisms. On the other
hand, immune checkpoint molecules are heterogeneously
expressed in NETs’ surrounding cells, and it is unclear wheth-
er or not tumor-infiltrating lymphocytes are antitumor
armed within the microenvironment, given their low muta-
tional load. Here, we review the current knowledge on both
gastroenteropancreatic and pulmonary NETs’ microenviron-
ment as well as both established and innovative treatments
aimed at targeting the tumor-host interplay.
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Introduction

Neuroendocrine tumors (NETs) are heterogenous
malignancies arising in secretory cells of the diffuse neu-
roendocrine system. Although they may originate in al-
most any organ, NETs predominate within the gastroen-
teropancreatic (GEP) tract and the bronchopulmonary
(BP) tree [1]. The incidence of NETs has steadily in-
creased in the last 3 decades, and gastroenteropancreatic
neuroendocrine tumors (GEP-NETs) currently represent
the second most common digestive cancer in terms of
prevalence [2]. NETs may present as either hormonally
functioning or nonfunctioning tumors. While pancreatic
neuroendocrine tumors (pNETs) may produce a variety
of peptide hormones including insulin, glucagon, and
gastrin, metastatic midgut NETs often secrete serotonin
and other vasoactive substances, giving rise to the typical
carcinoid syndrome, characterized by flushing, diarrhea,
and right-sided valvular heart disease [1].

Impressive progress has been made in recent years in
the understanding of both biology and molecular genetics
of NETs. First, somatostatin receptors and their down-
stream pathways have been described as key regulators of
proliferation, protein synthesis, and hormone secretion
in NET cells. Second, aberrant activation of the mamma-
lian target of rapamycin signaling has been discovered as
hallmark of both GEP- and bronchopulmonary neuroen-
docrine tumors and significantly contributes to the tu-
mor progression by improving survival, angiogenesis,
and cell metabolism. Third, the tumor neoangiogenesis
has been depicted as a crucial event in NET progression,
and overexpression of proangiogenic factors including
vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF), and platelet-derived growth factor
(PDGF) by NET cells has been reported [3].

Although considered in the past as insular masses of
clonally proliferating cancer cells, all tumors are current-
ly recognized as complex tissues including multiple het-
erogeneous cell types that variably interact by heterotyp-
ic cross talk within themselves and with the surrounding
cell structures [4]. The so-called “tumor microenviron-
ment” (TME), primarily constituted by supportive ma-
trix, stromal cells, endothelial cells and inflammatory
cells, promotes the tumor growth, modulates the tumor
behavior, and influences the treatment response, thus
contributing to epigenetic deregulations of cancer cells,
acquisition of invasive and metastatic capabilities, as well
as induction of both local and systemic immune suppres-
sion. Accumulating evidence suggests that the TME plays
a pivotal role not only in the progression of NET's but also
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in the pathogenesis of their fibrotic complications. In this
context, a dynamic cross talk between NET cells and reac-
tive stroma regulates the growth and tumor progression,
and intensive research is currently underway to therapeu-
tically exploit the vulnerabilities of such a molecular in-
terplay [5].

In this review, we provide an overview of the current
knowledge on the biology and function of the TME in
both GEP- and bronchopulmonary neuroendocrine tu-
mors, focusing on the potential therapeutic applications
of TME-targeting agents in NET patients.

The Tumor Microenvironment

Functional components of the TEM are next summa-
rized.

The Extracellular Matrix

The extracellular matrix (ECM) is a key component of
both normal and tumor tissues. It is constituted by a com-
plex texture of cross-linked proteins contributing to
structural organization, elasticity, hydration, and tro-
phism of resident cells. The specific composition of the
matrix strictly controls tissue biochemical and biome-
chanical properties, and peculiar ECM alterations have
been described in NET's (Table 1).

A quantitative proteomic approach has been recently
used to compare the composition of the ECM in normal
pancreatic islets and their tumor counterparts using the
RIP1-Tag2 murine insulinoma model, and 35 ECM pro-
teins have been reported to be differentially expressed
[6]. Among these, fibulin-3, periostin, fibrinogens, and
kininogens were found to be significantly upregulated in
insulinomas, while decorin, hemicentin-1, lectin, galec-
tin-1, and mannose binding 1 were shown to be down-
regulated. Overall, these changes were associated with
angiogenic switch and microvessel sprouting, namely,
typical features of early insulinoma progression. By us-
ing a transgenic mouse model of B-cell carcinogenesis,
Saupe et al. [7] have demonstrated that the ECM glyco-
protein Tenascin-C has a crucial role in both early and
late events of pNET tumorigenesis. In particular, this
proteoglycan has been described to inhibit the forma-
tion of actin stress fibers in pNET cells, as well as to
downregulate Dickkopf-1 and activate the Wnt signal-
ing, thus promoting cell survival, angiogenic switch, and
tumor progression.

Prominent alterations are usually observed in the
ECM of small intestinal (SI) NETs, and the biologic un-
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Table 1. ECM modifications in NETSs: an overview

Tumor Experimental model ECM alterations Reference
location (analysis performed)
pNETs RIP1-Tag2 mouse (proteomic analysis Upregulation of Fibulin-3, Periostin, Fibrillin-1, Kininogen-1  [6]
and THC) and -2, Fibrinogen-a, -p and -y
Downregulation of Decorin, Hemicentin-1, Annexin-a3, -a6, -a7,
and -all, Cathepsin L, Galectin-1, Dmbt-1, von Willebrand factor
A domain-containing, Lectin mannose binding-1, Regenerating
islet-derived protein-1, -2 and -3g, Elastase Cela-1, -2a and -3b,
Trypsinogen Prss-1, -2, -and -3, Trypsin Try-4 and -10
Rip-TNC mouse + 14 human Upregulation of TNC [7]
insulinomas (gene expression analysis
and THC)
RIP1-Tag2 mouse + 150 human pNETs  Upregulation of heparanase [16]
(gene expression analysis and IHC)
SI-NETs 5 SI'and 5 gastric NETs (IHC) Upregulation of Collagen IIT [9]
28 ileal carcinoids (RT-PCR and THC) Upregulation of MMP-11, VMAT-1, TIMP-1, TIMP-3 [18]
Up and downregulation of MMP-2 in primary and metastatic
tumors, respectively
BP-NETs 55 typical BP-NETs (IHC) Upregulation of collagen and elastic fibers [11]
GEP-and 31 GEP-NETs + 8 BP-NETs (RT-PCR Downregulation of Glyptan-1 and -5 in poorly differentiated [12]
BP-NETs and THC) NETs
Downregulation of Syndecan-2 in well-differentiated NET's
Upregulation of UST and downregulation of CHST3 in poorly
differentiated NET's
GEP-NETs 162 GEP-NETs (IHC) Upregulation of IMP3 [19]

NET, neuroendocrine tumor; pNET, pancreatic neuroendocrine tumor; SI-NET, small intestinal neuroendocrine tumor; BP-NET,
bronchopulmonary neuroendocrine tumor; GEP-NET, gastroenteropancreatic neuroendocrine tumor; IHC, immunohistochemistry;
RT-PCR, real-time polymerase chain reaction; TNC, tenascin-C; MMP, matrix-metalloproteinase; VMAT-1, vesicular monoamine
transporter 1; TIMP, tissue inhibitor of metalloproteinase; UST, uronyl 2-sulphotransferase; IMP3, insulin-like growth factor mRNA-

binding protein 3.

derpinnings of focal desmoplasia as a common feature of
these tumors have been recently reviewed by Blazevi¢ et
al. [8]. Of note, an abundant presence of collagen III fibers
has been shown in small intestinal neuroendocrine tu-
mors (SI-NETs), and myofibroblasts with an activated,
synthetic phenotype have been diffusely observed within
the TME of these malignancies [9, 10]. Deregulation of a
number of signaling molecules has been implicated in
pathogenesis of carcinoid-related desmoplasia, and a cru-
cial role has been attributed to profibrotic growth factors
including serotonin, connective tissue growth factor
(CTGF), transforming growth factor  (TGF-f), PDGF,
and FGF [8].

Little is known regarding the composition of the ECM
in pulmonary NETs. In a histochemistry study of 55 typ-
ical lung NETs, a higher density of collagen and elastic

The TME in NETs

fibers within the ECM were associated with increased tu-
mor size and nodal metastases [11].

The extent of ECM remodeling has been described to
be grade-dependent in NETs. A progressive accumula-
tion of chondroitin sulfate has been observed in the ECM
of 39 well- and poorly differentiated NETSs, while a sig-
nificant reduction of the proteoglycans Syndecan-2 and
Glypican-1 has been demonstrated in poorly differenti-
ated tumors as compared with well-differentiated NET's
[12]. On the other hand, the upregulation of laminin-a2
in the basement membrane of intratumor capillaries was
demonstrated to occur more frequently in small and large
cell lung neuroendocrine cancers rather than in pulmo-
nary carcinoids, and a role in transendothelial migration
of neoplastic cells and metastasis was envisaged for this
protein [13].
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Fig. 1. Schematic overview of the cross talk between tumor cells, fibroblasts, and endothelial cells occurring with-
in the TME. VEGF, vascular endothelial growth factor; a-SMA, a-smooth muscle actin; NET, neuroendocrine
tumor; PD-L1, programmed death-ligand 1; TGF-p, transforming growth factor B; FGF, fibroblast growth factor;
CTGF, connective tissue growth factor; CAF, cancer-associated fibroblast; PDGF, platelet-derived growth factor.

Dynamic modifications of the ECM in NETs have
been attributed to 2 major protease families, namely, hep-
aranases and matrix-metalloproteinases (MMPs). Hepa-
ranases are endo-p-glucuronidases that cleave the hepa-
ran-sulfate side chains of ECM glycoproteins resulting in
matrix loosening as well as release of proangiogenic mol-
ecules and growth factors in the extracellular space [14].
Expression of heparanase has been reported to increase
throughout the multistage progression of insulinomas
using the Rip1-Tag2 murine model. Of interest, infiltrat-
ing Gr1+/Macl+ innate immune cells were described as
the major source of this enzyme in the context of the tu-
mors, and a definite role was demonstrated for heparan-
ase in the mobilization of matrix-associated VEGF and
neoangiogenesis [15]. Accordingly, high heparanase ex-
pression levels were shown to significantly correlate with
advanced tumor stage, higher tumor grade, and presence
of distant metastases in a series of 150 human pNETSs [16].
Inlung NETs, the overexpression of both heparanase and
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its antimetastatic homolog heparanase-2 was found to be
more frequent in well-differentiated carcinoids rather
than in poorly differentiated ones [17]. MMPs belong to
a family of zinc-dependent proteinases that are produced
either as soluble or cell membrane-anchored enzymes
and are capable to degrade the ECM with wide substrate
specificity [14]. Several studies have reported the overex-
pression of MMP2 in GEP-NETs [18, 19], and both se-
rum and urinary levels of this enzyme have been found
elevated in patients with digestive NETs [20, 21]. In a
mouse model of pNET, MMP9 proved to be critically in-
volved in tumor angiogenesis. However, the genetic si-
lencing of this MMP led to increased tumor invasiveness
as a result of enhanced production of cathepsin-B by tu-
mor-infiltrating inflammatory cells [22]. Of note, the
MMP Neprilysin has been recently shown to be the pri-
mary epigenetic target of the complex Menin/Daxx [23].
As inactivating mutations of both MEN1 and DAXX are
frequently observed in pNETs, and the consequent over-
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Fig. 2. CAFs stimulate the proliferation of NET cells in vivo. NOD/SCID mice were subcutaneously injected with
4 x 106 pNET CM cells in the absence (a) or presence (b) of 4 x 105 CAFs derived from a patient with pNET.
After 4 weeks, tumors were excised and measured. Tumor volume was substantially higher in the group of mice
coinjected with NET cells and a-smooth muscle actin-positive fibroblasts [37].

expression of Neprilysin has been interpreted as a key
event in the B-cell carcinogenic process.

Overall, ECM degradation contributes to NET develop-
ment, progression, and aggressiveness through different
mechanisms. First, fragmentation of ECM components
generates chemoattractants that recruit inflammatory cells,
thus creating a protumorigenic microenvironment. Sec-
ond, proangiogenic factors are released in their bioactive
form as a consequence of matrix remodeling. Third, as neu-
roendocrine cells are typically mechanosensitive changes
in the ECM elasticity may influence tumor behavior. In this
context, mechanical stress per se has been demonstrated to
induce serotonin secretion in the pNET cell line BONI as
well as in the SI-NET cell line KRJ-I [24, 25]. In the latter
cellular model, the activation of the mechanoreceptor
ADORA2B by extracellular adenosine has been demon-
strated to play a pivotal role in regulating serotonin secre-
tion, particularly under hypoxic conditions [25, 26].

Stromal Cells

Fibroblasts are major components of the TME, and
their structural and functional contribution to the tumor-
igenesis of NET's has recently emerged. As represented in
Figure 1, increasing evidence indicates that a cross talk
exists between fibroblasts and NET cells, as well as be-
tween fibroblasts and endothelial cells or inflammatory
cells. NET cells stimulate both proliferation and activa-
tion of fibroblasts by secreting a plethora of soluble fac-
tors, including serotonin, TGF-B, and PDGEF. In cocul-
ture experiments using the SI-NET cell line KR]J-I and the
fibroblast-like cell line HEK293, Svejda et al. [27] demon-

The TME in NETs

strated that carcinoid-derived serotonin promotes fibro-
blast proliferation as well as synthesis of profibrotic fac-
tors such as CTGF, TGF-B1, and FGF2 by activating the
5-HT2A/C receptor. Moreover, multiple studies [28-33]
have shown that TGF-f and its receptors are coexpressed
in both tumor and stromal cells in NETs, and there is
evidence that both TGF-B1, -p2, and -B3 may drive the
acquisition of a synthetic, a-smooth muscle actin-posi-
tive phenotype in fibroblasts [9, 34, 10]. In a heteroge-
neous cohort of GEP-NETs, immunoreactivity for PDGF
was detected on both tumor cells and stromal cells in 70%
of cases, while the expression of PDGF-a and -f3 receptors
was compartmentalized in tumor cells and fibroblasts, re-
spectively. However, the expression of PDGFR- was
considerably higher in stromal cells adjacent to the tumor
rather than in fibroblasts distant from NET cells [30, 35].
Although in the absence of direct evidence from func-
tional studies, these findings suggested that NET cells
may induce the expression of PDGFR-p in fibroblasts and
then promote their proliferation and activation through
paracrine and possibly autocrine mechanisms.

While the effects of NET cells on the reactive stroma
have been well characterized, the modifications induced
by cancer-associated fibroblasts (CAFs) to tumor cells
still remain poorly understood. Evidence from our group
and others [36, 37] indicates that CAFs may stimulate
NET growth both in vitro and in vivo (Fig. 2), and that
functional interactions between mesenchymal and neu-
roendocrine cells are influenced by tumor grade, with
poorly differentiated neoplasms being less dependent on
stromal cell support in their proliferation. Of interest, the
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proliferative capability of NET cells appears to be modu-
lated only by activated, a-smooth muscle actin-positive
myofibroblasts and not by resting fibroblasts, and this
protumorigenic effect seems to be mediated by paracrine
mechanisms rather than cell-to-cell contact. In this con-
text, Bowden et al. [38] have recently compared the sec-
retome of NET-associated fibroblasts and normal human
fibroblasts and found that IL-6, VEGF, and monocyte
chemoattractant protein 1 are actively secreted by CAFs,
thus envisaging a role for these cytokines as inducers of
NET cell proliferation. Upon TGF-p activation, fibro-
blasts secrete CTGF, and evidence suggests that this
growth factor may regulate enterochromaffin-like cell
proliferation and promote the development of gastrin
carcinoids in the Mastomys natalensis animal model [39].

Endothelial Cells

NETs are among the most extensively vascularized
cancers, with an intratumoral vessel density approxi-
mately 10-fold higher as compared with carcinomas [40,
41]. This is not surprising, as a high vascular supply is re-
quired for the physiologic functions of normal endocrine
tissue. In contrast with other epithelial neoplasms, the in-
tratumoral microvascular density of pNETs is higher in
low-grade rather than in high-grade tumors and appears
to be associated with good prognosis and prolonged sur-
vival. Although the exact biologic significance of this phe-
nomenon, named as “neuro-endocrine paradox” still
needs to be elucidated, it has been hypothesized that most
differentiated NET cells may retain the capability of their
normal precursors to promote the formation of a dense
vascular network in the TME, whereas neoangiogenesis
of poorly differentiated neoplasms might be primarily
driven by an angiogenic switch as effect of rapid cell pro-
liferation and hypoxia [42].

As a result of the aberrant hyperactivation of the hy-
poxia-inducible factor-1a transcriptional program, NET
cells overexpress a plethora of proangiogenic factors in-
cluding VEGF, FGF, PDGF, semaphorins, and angiopoi-
etins [43]. VEGEF is overexpressed in up to 80% of GEP-
NETs and is the main driver of tumor angiogenesis in
these malignancies due to its positive effects on both en-
dothelial cell proliferation and vascular permeability [44—
46]. Tumor expression of VEGF is higher in well-differ-
entiated neoplasms with respect to poorly differentiated
NETs [41,45,47] and mirrors the expression of VEGFR-1
and VEGFR-2 on both tumor cells and endothelial cells
[46]. Experiments using the RIP1-Tag2 mouse model
have demonstrated that VEGF has a crucial role through-
out the whole course of the multistage process of pancre-
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atic islets tumorigenesis, particularly in the transition
from B-cell hyperplasia to neuroendocrine neoplasia [47].
In fact, B cell-specific knockout of VEGF in RIP1-Tag2
mice resulted in decreased angiogenic switch and neovas-
culature formation in dysplastic islets, thus preventing
both formation and growth of pNETs [48]. However, tu-
mor cells are not the only source of VEGF in pNETSs, and
tumor-infiltrating neutrophils have been recently shown
to mobilize latent VEGF from the ECM through the se-
cretion of MMP-9 [49].

In contrast with pNETs, the role of VEGF has been
poorly studied in midgut and pulmonary NETSs, and con-
tradictory results have been provided regarding the cor-
relation between expression of this growth factor, micro-
vascular density, and patient prognosis [42]. In KRJ-I
midgut carcinoid cells, VEGF expression has been dem-
onstrated to be strictly modulated by oxygen levels
through a pathway regulated by hypoxia-inducible factor-
la [50]. Moreover, the pool of adenosine released in the
TME under hypoxic conditions has been described as a
critical regulator of the proliferation of KRJ-I cells through
the activation of ADORA2A and/or ADORA2B receptors
[26, 51].

A second proangiogenic circuit regulating pNET pro-
gression involves FGF and its cognate receptors. FGF di-
rectly promotes endothelial proliferation and migration
as well as vessel formation and maturation, while concur-
rently modulating the production of other proangiogenic
molecules by both tumor and stromal cells. Of note, the
FGF/FGEFR axis has been demonstrated as one of the key
driver of VEGF-independent revascularization of pNETs,
a phenomenon occurring after evasive resistance to anti-
angiogenic therapy [52]. Overexpression of PDGF and
PDGFR-f has both proangiogenic and protumorigenic
effects in NETs. Indeed, while the degree of expression of
PDGEFR- closely parallels the microvascular density, the
paracrine secretion of the PDGF-DD isoform by endo-
thelial cells has been shown to positively regulate NET cell
proliferation [35, 53].

Semaphorins are a family of glycoproteins involved in
vascular and nervous system formation and have shown
dual pro- and antiangiogenic effects in NETs. Semapho-
rins act through their interaction with the neuropilin re-
ceptors that have been found to be overexpressed in gut
neuroendocrine cells and pNETs, but not in midgut car-
cinoids [54, 54]. Experiments in RIP1-Tag2 mice have
demonstrated that endothelial expression of semaphorin
3A (SEMA3A) is progressively lost during tumor pro-
gression and that pharmacological inhibition of SEMA3A
during the angiogenic switch of dysplastic islets may en-

Cives/Pelle’/Quaresmini/Rizzo/Tucci/
Silvestris



hance angiogenesis and tumor formation. Interestingly,
reexpression of SEMA3A by viral gene transfer during
late stage of pancreatic endocrine carcinogenesis has the
potential to normalize tumor vasculature, increase peri-
cyte coverage, and inhibit tumor progression [56, 57].
Similar antiangiogenic properties have been described for
SEMAS3F in ileal NETs [58]. In contrast with SEMA3A
and SEMAZ3F, expression of SEMAS5A has demonstrated
a detrimental effect in pNET, where this transmembrane
semaphorin stimulates angiogenesis, tumor growth, in-
vasion, and metastases [59].

Angiopoietins have been recently described as major
drivers of NET progression. In this context, angiopoi-
etin-2 has been found to be significantly upregulated in
PNETs [60], and in vivo evidence has demonstrated the
ability of this molecule in increasing the microvascular
density of pNET xenografts [61]. The upregulation of
angiopoietin-2 and its cognate receptor TIE-2 is a dis-
tinctive feature of pNETs developing resistance to
VEGF blockade, and experiments in RIP1-Tag2 mice
have shown that TIE-2+ myeloid cells recruited within
angiopoietin-expressing insulinomas have proangio-
genic potential, thus contributing to tumor progression
(62, 63].

As in other cancers, the vascular alterations observed in
NETs are not only quantitative but also qualitative. Indeed,
tumor-associated vessels are characterized by fenestrated
endothelial cells with large intercellular spaces, discontinu-
ous basement membrane, and lack of pericyte coverage. A
cross-talk exists between endothelial cells and pericytes,
and evidence indicates that the latter cell type may induce
an autocrine VEGF prosurvival signaling in endothelial
cells, thus promoting neovascular formation [64].

Immune Cells

The immune contexture of NET's has become clearer
in recent years. A plethora of immune cells including B
and T cells, NK cells, mast cells, dendritic cells, as well as
macrophages have been reported to infiltrate NETs, thus
creating an immunosuppressed microenvironment per-
missive for the tumor progression. Overall, infiltration of
immune cells appears to be higher in pNETSs rather than
in midgut carcinoids, possibly as consequence of the
higher mutational burden of pNETSs [65]. In a series of 87
pNETs, T cell infiltration was detectable in 68% of sam-
ples and was not associated with tumor grade or other
clinicopathological variables. However, as the vast major-
ity of patients with liver metastases (97%) had some de-
gree of CD3+ infiltration, a progressive activation of the
immune system during tumor progression and mutation

The TME in NETs

accumulation was envisaged. Consistently, in patients
with intermediate-grade pNETs, low-density infiltration
of CD3+ T cells significantly predicted recurrence follow-
ing tumor resection [66].

In a cohort of 102 G1/G2 primary small bowel NETs,
an intratumor host immune response was observed in ap-
proximately two-thirds of cases, and the extent of the in-
flammatory infiltration was described as significantly
higher in duodenal NET's as compared with jejunal or il-
eal carcinoids. Intriguingly, about one-fifth of the tumors
showed ectopic lymph nodes with activated germinal
centers, but the biologic significance of these tertiary lym-
phoid structures in NETs is still unclear [67]. In another
study of 62 patients with SI NET, infiltration of CD8+
lymphocytes was observed in 97% of samples, but was
only focal in 93% of cases [68]. Of note, lymphoid aggre-
gates were found in 27% of tumors. Surprisingly, levels of
immune infiltration seem to compare similarly in well
and poorly differentiated digestive NETs, in spite of the
striking differences in the mutational burden of these tu-
mor entities. In fact, in a small cohort of 37 high-grade
GEP neuroendocrine carcinomas (NECs), the presence
of programmed death-1 (PD-1)-positive lymphocytes
was observed in 63% of cases [69].

Both low- and high-grade pulmonary NETs have been
shown to be infiltrated by CD8+ lymphocytes, and the
presence of a dense infiltrate has been reported as an in-
dependent predictor of improved overall survival and
progression-free survival (PES) [70].

CD4+ FoxP3+ T regulatory (Treg) cells have a crucial
role not only in the maintenance of immunological self-
tolerance in physiological conditions but may also act as
pivotal drivers of immune evasion in cancer patients.
Presence of immunosuppressive FoxP3+ cells has been
described as predominant in high- versus low-grade
pNETs and independently predicts poor prognosis [66,
71]. Preliminary results from a multicolor flow-cytome-
try analysis of 31 samples of midgut NET have demon-
strated that Treg are more abundant in tumors as com-
pared with matched normal tissue, with a CD8+/FoxP3+
ratio of 18 and 24, respectively [72]. Irrespective of tumor
infiltration, circulating levels of Treg cells are significant-
ly higher in patients with midgut carcinoid as compared
with healthy subjects, and the frequency of circulating
FoxP3+ cells appears to parallel the tumor load. In this
context, the lower proliferative capability of T cells de-
rived from patients with midgut NET's rather than from
normal controls has been associated with a Treg-driven
suppression of systemic Thl-promoting cytokines such
as IL-1f and IL-12 p70 [73].
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Table 2. PD-L1 expression in GEP- and BP-NETs

Tumor location Samples (tumor grade), n Metastatic ~ Anti-PD-L1  Cutoff used for Positive samples, % Reference
cases, % mAb used interpretation of
positive staining
GEP-NETs 32 (15G2;17 G3) 100 Clone SP142 1% of tumor cells  22% (G3 tumors: 41%) [86]
14 pancreas
8 colon-rectum
7 biliary tract
2 duodenum
1 stomach
GEP-NETSs 116% (66 G1, 34 G2,4 G3, 6 36 Clone SP142 5% of tumor cells 6% (clone SP142) [87]
48 small intestine unknown) Clone 28-8 0% (clones 28-8 or 22C3)
62 pancreas Clone 22C3
GEP-NETs 244* (141 G1,83 G2,20 G3) 43 Clone E1L3N 1% of tumor cells 9% (G1/G2 tumors: 8%; G3 [88]
128 small intestine tumors: 17%)
72 pancreas (pNETs: 18%; non-pancreatic
26 colon-rectum NETs: 7%)
17 esophagus/stomach
1 biliary tract
GEP-NETs 57 (39 G1; 9 G2; 9 G3) 4 Clone EIL3N  10% of tumor cells  28% (G1 tumors: 0%; G2 [89]
16 small bowel tumors: 78%; G3 tumors: 100%)
10 pancreas
10 stomach
10 liver
7 colon
2 biliary tract
2 others
GEP-NETSs 95 4 Clone 9A11 5% of tumor cells  SI-NETs: 0% [65]
64 small bowel pNETs: 7%
31 pancreatic
GEP-NECs 37 (37 G3) 49 Clone E1L3N 1% of tumor cells  14% [69]
18 colon-rectum
6 biliary tract
3 pancreas
3 oesophagus
3 stomach
1 small bowel
1duodenum
SI-NETs 102 (94 G1; 8 G2) 54 Clone 28-8 1% of tumor cells;  39% (1 and 5% cut-off) [67]
89 small bowel 5% of tumor cells;  14% (50% cut-off)
10 duodenum 50% of tumor cells
3 unknown
SI-NETs 70 (47 G1; 23 G2) 55 Clone EIL3N 5% of tumor cells  13% [68]
PNETs 117 Unknown  Clone E1IL3N 5% of tumor cells  42% [90]
PNETs 70 68 Clone SP142 5% of tumor cells 3% (5% cut-off) [93]
1% of tumor cells  11% (1% cut-off)
BP-NETs 80 (22 G1/G2; 58 G3) 41 Clone 28-8 5% of tumor cells  59% [91]
LC-NECs 95 3 Clone E1IL3N 1% of tumor cells  74% [92]

* PD-L1 analyzed in 215 cases.

* From 110 unique patients.

GEP-NET, gastroenteropancreatic neuroendocrine tumor; SI-NET, small intestinal neuroendocrine tumor; pNET, pancreatic
neuroendocrine tumor; BP-NET, bronchopulmonary neuroendocrine tumor; LC-NEC, large cell neuroendocrine carcinoma; PD-L1,
programmed death-ligand 1.
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Fig. 3. Schematic representation of the 4 subgroups of immune microenvironment [94] most commonly observed
in NETSs based on available evidence [67, 68, 91, 92]. Type I (adaptive immune resistance): PD-L1+, TILs+; type
II (immunological ignorance): PD-L1-, TIL-; type III (intrinsic induction): PD-L1+, TIL-; type IV (tolerance):
PD-L1-, TIL+. NET, neuroendocrine tumor; pNET, pancreatic neuroendocrine tumor.

NK cells have demonstrated impaired cytolytic activ-
ity in GEP-NET patients. In particular, NK cell activity
has been related to disease status, decreasing and increas-
ing in patients progressing or responding to therapies,
respectively [74]. Remarkably, a deficient IFN-a response
has been observed in patients with midgut carcinoids, but
NK cell activity could be restored by exogenous IFN treat-
ment [75]. Tumor-infiltrating mast cells have been re-
ported to orchestrate a complex inflammatory and angio-
genic response during pNET progression. In this context,
pharmacological inhibition of mast cells degranulation in
mice harboring islet-cell tumors proved effective in in-
ducing extensive cell death of tumor and associated en-
dothelial cells, leading to cancer regression [76, 77].

Both local and systemic derangements of dendritic cell
activity have been described in NETs. An altered expres-
sion of MHC class I molecules including f2-microglobu-
lin has been demonstrated in 10/11 samples of pNETs
and could hinder antigen presentation to dendritic cells
[78]. In addition, carcinoid-specific soluble immune in-
hibitory factors have been found to modulate both matu-
ration and function of dendritic cells, and immunohisto-
chemical analysis revealed the complete absence of
CDla+ and CD83+ infiltrating dendritic cells in bron-
chial NETs, while the generation of dendritic cells from
umbilical cord CD34+ precursors was completely abro-

The TME in NETs

gated by cell-free supernatants from bronchial NET cells
[79]. Tumor-associated macrophages (TAM) have been
detected in both primary and metastatic NETs. The highest
degree of TAM infiltration has been found in poorly rath-
er than in well-differentiated neoplasms, as well as in liver
metastases rather than in primary tumors or metastatic
lymph nodes [80]. In pNETSs, the number of TAM was
shown to correlate with tumor grade and presence of liver
metastases, and evidence from murine models demon-
strates that macrophages contribute to both angiogenic
switch and pNET progression [80, 81]. In a study of 97
PNETs, the degree of TAM infiltration revealed predictive
recurrence after surgery, especially in patients lacking oth-
er clinicopathological features of tumor malignancy [82].
NET patients display immune recognition of their tu-
mors. CD8+ T cells targeting specific NET-associated
antigens including chromogranin A and tryptophan hy-
droxylase have been documented in patients with mid-
gut carcinoids, and reactive memory T cells have been
found in approximately 15% of patients with small bow-
el NETSs [83]. Despite the presence of both tumor infil-
tration and recognition, NET cells are capable to evade
the control of the immune system [84]. In this context,
immunomodulatory factors including CD45, CD53,
CDS86, IL2RB1, IL10, CIITA, and RUNX3 have been re-
cently identified as master regulators of the GEP-NET
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metastatic progression and may have a key role in pro-
moting tumor immune escape [85]. This is consistent
with the emerging concept that the neuroendocrine sys-
tem can be regarded as a subsidiary extension of the in-
nate immune system, or that NET cells may derive from
immunosuppressive mesenchymal stem cell-like neuro-
endocrine precursors. Multiple studies have investigat-
ed so far the expression of the immune checkpoint mol-
ecule programmed death-ligand 1 (PD-L1) as an addi-
tional mechanism of NET immune evasion [65, 67-69,
86-93]. As shown in Table 2, the upregulation of PD-L1
has been observed in a minority of NETs, although a cer-
tain degree of heterogeneity is evident across studies.
Differences in the clinical characteristics of enrolled pa-
tients (i.e., primary site, grade, fraction of metastatic cas-
es) as well as discrepancies in both the mAb clone used
for PD-L1 detection and the criteria employed for stain-
ing interpretation may account, at least partly, for such
interstudy heterogeneity.

The main characteristics of the immune landscape of
NETs are depicted in Figure 3 according to the model
developed by Teng et al. [94] on the basis of both tumor
immune infiltration and PD-L1 expression. Overall,
mechanisms different from adaptive immune resistance
(as defined by the presence of both high PD-L1 expres-
sion and dense lymphocyte infiltrate) seem to be primar-
ily involved in the local immune suppression occurring
within the TME of NETs, thus suggesting that only a
minority of these malignancies may be effectively tar-
geted with immune checkpoint inhibitors, at least theo-
retically.

Targeting the TME in NETs

Interfering with the interactions between tumor cells
and reactive components of the TME is a promising strat-
egy to improve the outcomes of NET patients. Numerous
antiangiogenic agents have been investigated in NETs,
and the VEGFR inhibitor sunitinib has been approved for
the treatment of pNETs. Oral inhibitors of the serotonin
synthesis pathway have been developed, and their antifi-
brotic and antiproliferative activities should be assessed.
Investigations of immunotherapeutic agents in patients
with NETs are currently underway, and preliminary re-
sults emphasize the importance of patient preselection
based on tumor biology (i.e., PD-L1 expression, tumor
immune infiltration, mutational load). Established and
future clinical applications of TME-targeting agents are
discussed in this section.
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Antiangiogenic Agents

InNETs, angiogenesis is primarily regulated by VEGF.
The VEGEF signaling can be blocked at different levels,
including direct VEGF inhibition (i.e., bevacizumab,
aflibercept) as well as VEGFR suppression by either ty-
rosine kinase inhibitors (TKI; i.e., sunitinib, pazopanib,
axitinib) or mAbD (i.e., ramucirumab). Bevacizumab is a
humanized mAb against VEGF and has been investigat-
ed in both pancreatic and gastrointestinal NETs. In a
phase IT study of 44 patients with carcinoid tumors, bev-
acizumab was associated with better PFS as compared
with pegylated IFN- [95]. However, no benefit in terms
of PFS has been recently recorded in a phase III trial com-
paring bevacizumab plus octreotide versus IFN plus oc-
treotide in 427 patients with carcinoid tumors, thus sug-
gesting that the 2 drugs have similar efficacy in advanced
NETs [96].

The oral TKI sunitinib targets PDGFR, c-kit, and the
subtypes 1, 2, and 3 of VEGFR. The drug was investi-
gated in a double-blind, placebo-controlled, phase III
trial of 171 patients with low-to-intermediate grade pro-
gressive pNETs, showing a significant improvement of
PES in the sunitinib arm (11.1 vs. 5.5 months; hazard
ratio: 0.42, p < 0.001) [97]. On this basis, the drug was
approved for advanced, progressive pNETs. Circulating
levels of VEGFR3, IL-8, and CXCL12 have been shown
to predict the efficacy of sunitinib in patients with pNET's
[98]. Pazopanib, another TKI targeting VEGFR-1, -2,
and -3, has been investigated in combination with oc-
treotide in a phase II study of 52 patients with pancre-
atic or non-pNETs. The drug demonstrated activity only
in the pNET cohort, where the rate of objective respons-
es and the median PFS were 22% and 14.4 months, re-
spectively [99]. In another phase II study enrolling 44
patients with advanced pancreatic, gastrointestinal, or
thoracic NET's who progressed on a prior line of system-
ic therapy, pazopanib was associated with a median PFS
of 9.5 months [100]. Axitinib is a selective inhibitor of
VEGFR-1, -2, and -3 and has been tested in a heteroge-
neous population of 30 patients with low-to-intermedi-
ate, advanced NETs. The drug showed activity in inhib-
iting tumor growth, and a median PFS of 26.7 months
was recorded although the treatment was associated
with a 63% rate of grade 3/4 hypertension [101]. A ran-
domized phase II/III trial is currently comparing ax-
itinib plus octreotide LAR versus placebo plus octreotide
LAR in 253 patients with G1/G2 NETs of nonpancreatic
origin (NCT01744249). Ramucirumab, a IgGl mAb
against VEGFR2, is being currently investigated in a
phase II study of non-pNETs (NCT02795858).
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Hyperactivation of the FGF/FGER signaling is a hall-
mark of NET's that become resistant to anti-VEGF thera-
pies. Nintedanib is a dual inhibitor of VEGFR-1, -2, and
-3 as well as FGFR-2 and showed both antiangiogenic and
antitumor activity in the RIP1-Tag2 transgenic mouse
model of pNET tumorigenesis [102]. A phase II clinical
trial is currently evaluating the efficacy of the drug in pa-
tients with G1/G2 non-pNETs (NCT02399215). Brivanib
has a pharmacodynamic profile similar to that of ninte-
danib and has demonstrated antitumor activity in pNET's
in in vivo experiments [52]. Lenvatinib is an oral inhibitor
of VEGFR, FGFR, PDGFRa, RET, and KIT. The phase II
TALENT study (NCT02678780) is evaluating the efficacy
of the drug in patients with either gastrointestinal NET's
progressing to somatostatin analog or pNET progressing
after targeted therapy. Accrual has been completed and
preliminary results are awaited soon. The VEGFR, FGFR,
and CSFI1R inhibitor sulfatinib has shown encouraging
antitumor activity in a phase I study [103]. On this basis,
the drug is being currently investigated in 2 separate
phase III trials enrolling patients with pancreatic and ex-
trapancreatic NETs, respectively (NCT02589821 and
NCT02588170). Cabozantinib is a TKI-inhibiting c-met,
VEGFR2, AXL, and RET and showed preclinical activity
against NETs [104]. The drug has been recently investi-
gated in a 2-cohort, phase II trial enrolling 61 patients
with progressive pancreatic or non-pNETSs, with encour-
aging preliminary results. In fact, median PFS of 21.8 and
31.4 months were achieved in the pNET and carcinoid
cohort, respectively [105]. Based on these results, a dou-
ble-blind, randomized, phase III trial has been initiated
and is comparing cabozantinib versus placebo in patients
withNET who progressed on everolimus (NCT03375320).

As described above, mast cells and macrophages in-
filtrating NETs have both proangiogenic and protu-
morigenic potential. Ibrutinib, an oral inhibitor of Bru-
ton’s tyrosine kinase, is capable to suppress the degran-
ulation of mast cells, thus leading to vascular collapse
and tumor regression in animal models of pNETs [77].
A phase II study is currently investigating the efficacy of
the drug in patients with carcinoid tumors and pNETs
(NCT02575300). The angiopoietin receptor Tie-2 is fre-
quently expressed by TAMs, and the administration of
the Tie-2 inhibitor rebastinib in orthotopic models of
pNETs has resulted in reduced vascular density and
permeability as well as diminished metastatic spread
[106]. In RIP1-Tag2 mice, liposomal clodronate was
able to reduce TAM infiltration, thereby leading to de-
creased microvessel density and tumor regression [80].
Clinical investigations of TAM-targeting agents are
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warranted in NET patients. Table 3 provides an over-
view of ongoing clinical trials of TME-targeting drugs,
including antiangiogenic agents.

Hypoxia-Activated Prodrugs

Tumor hypoxia is the result of the deranged vascula-
ture typical of NETs. Evofosfamide is a prodrug of the
alkylating agent bromoisophosphoramide mustard,
whose release from the original compound occurs only
under hypoxic conditions. The active drug acts asa DNA
cross-linking agent, inducing intra- and inter-strand
cross links. The phase II SUNEVO study is currently as-
sessing evofosfamide in combination with sunitinib in 43
patients with advanced, G1/G2, progressive pNETSs
(NCT02402062), and results are awaited soon.

Inhibitors of Serotonin Production

Serotonin has a pivotal role in inducing fibroblast ac-
tivation, leading to both local and distant fibrosis in pa-
tients with NET. Telotristat ethyl is an orally bioavailable
inhibitor of tryptophan hydroxylase, and has been recent-
ly approved for the palliation of diarrhea in patients with
inadequately controlled carcinoid syndrome [107]. To
date, neither there is no evidence that telotristat may in-
hibit tumor growth by interfering with the cross talk be-
tween tumor cells and fibroblasts nor there is proof of its
activity in preventing mesenteric fibrosis or carcinoid
heart disease as common NET-related complications.
Evaluation of the antiproliferative effect of telotristat in
future clinical trials of patients with NET is warranted.

Immune Checkpoint Inhibitors

Immunotherapy has recently modified the cancer
treatment approach, and efforts are currently underway
to explore the efficacy of immune checkpoint inhibitors
in patients with NETs. Expression of PD-L1, lymphocyte
infiltration, mismatch repair deficiency, and conse-
quently, tumor mutational, and neoantigen load have
been depicted as major predictors of response to immune
checkpoint blockade. On this basis, well-differentiated
NETSs appear suboptimal candidates for immunothera-
py, at least theoretically. Indeed, levels of PD-L1 vary
widely across published studies (Table 2), suggesting that
expression of this protein is heterogeneous in G1/G2
NETs. Lymphocyte infiltration is commonly observed in
these tumors, but it is unclear whether TILs are effec-
tively primed by tumor neoantigens, given the relatively
low proportion of cases positive for PD-1. Moreover,
most NETs appear to be mismatch repair proficient, and
the mutational burden of such malignancies is relatively
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Table 3. Ongoing clinical trials of TME-targeting agents in GEP and BP-NETSs

Therapeutic regimen ~ Main molecular target(s) Clinical ~ Patient population Sample  Primary  Estimated Identifier
phase size outcome  Completion date
Axitinib + Sandostatin  VEGFR 1-3 TI/111 Advanced, progressive, G1/G2 NETSs of nonpancreatic origin 253 PFS October 2020 NCT01744249
LAR vs. Placebo +
Sandostatin LAR
Pazopanib + VEGEFR 1-3, PDGFR-a and -B, ¢-KIT /11 Advanced pNETs 39 MTD August 2020 NCT01465659
temozolomide
Pazopanib VEGEFR 1-3, PDGFR-a and -B, ¢-KIT I Progressive, nonpancreatic G1/G2 NETs 165 PES July 2018 NCT01841736
Nindetanib VEGEFR 1-3, PDGFR-a and -, FGFR 1-3, 1T Advanced, G1/G2 NETs of nonpancreatic origin 30 PFS March 2019 NCT02399215
FLT3, SRC
Cabozantinib ¢-MET, VEGFR2, AXL, KIT, TIE2, FLT3, II Unresectable G1/G2, carcinoid or pNET 62 ORR April 2022 NCT01466036
RET
Cabozantinib c-MET, VEGFR2, AXL, KIT, TIE2, FLT3, III Advanced NETs after progression on Everolimus 395 PFS January 2021 NCT03375320
RET
Lenvatinib VEGEFR 1-3, FGFR 1-4, PDGFRa, RET, 1T Advanced pNETSs after progression to a targeted agent or 111 ORR December 2017 NCT02678780
KIT gastrointestinal NET after progression to somatostatin
analogs
Sulfatinib VEGEFR 1-3, FGFR1, CSF1R it Advanced, G1/G2, extrapancreatic NETs 273 PFS June 2019 NCT02588170
Sulfatinib VEGEFR 1-3, FGFR1, CSF1R it Advanced, G1/G2 pNETs 195 PFS September 2018 NCT02589821
Sulfatinib VEGEFR 1-3, FGFR1, CSFIR Ib Advanced, G1/G2 NETs who have failed standard treatment 81 Safety August 2017 NCT02267967
or are unable to receive standard treatment
Famitinib c-Kit, VEGFR2-3, PDGFR, FLT1, FLT3 I Advanced, G1/G2 GEP-NETs 53 ORR May 2016 NCT01994213
Regorafenib VEGEFR 1-3, PDGFRB, KIT, RET, RAF-1  1I Advanced, progressive carcinoid or pNET 48 PFS August 2020 NCT02259725
Anlotinib VEGFR2/3, FGFR1-4, PDGFR-a and -p, 1I G3 advanced GEP-NETs 60 PES August 2019 NCT03457844
c-KIT, RET
Ibrutinib BTK I Advanced, G1/G2 carcinoid or pNETSs 51 ORR December 2019 NCT02575300
Avelumab PD-L1 11 Advanced, G2/G3, WD NETs 36 ORR September 2021 ~ NCT03278379
Avelumab PD-L1 1T Advanced GEP-NECs progressive to etoposide+cisplatin 30 Best February 2020 NCT03147404
response
Avelumab PD-L1 1I Advanced NEC progressive after first-line chemotherapy 60 DCR January 2024 NCT03352934
Avelumab PD-L1 s Advanced GEP- or BP-NEC 10 ORR September 2020  NCT03278405
Durvalumab + PD-L1 + CTLA-4 I Advanced, G1/G2 GEP- or BP-NETs and G3 GEP-NETs 126 Clinical March 2020 NCT03095274
tremelimumab progressive to previous therapies Benefit Rate
JS001 PD-1 Ib Advanced, nonfunctioning NETs with a Ki-67>10% progres- 40 ORR October 2018 NCT03167853
sive to first-line therapy
Nivolumab + PD-1+ CTLA-4 1I Advanced, progressive, WD, nonfunctioning GEP- or 64 ORR January 2024 NCT03420521
Ipilimumab BP-NETs
Spartalizumab PD-1 11 Advanced, WD, nonfunctioning GEP or BP-NETSs or 110 ORR December 2019~ NCT02955069
GEP-NECs progressive to prior treatment
Pembrolizumab PD-1 1I Recurrent NECs 40 ORR September 2022 NCT03190213
Pembrolizumab PD-1 11 Metastatic G3 NET progressive to platinum-based chemo- 21 ORR January 2020 NCT02939651
therapy
Pembrolizumab alone  PD-1 I Previously treated extrapulmonary NECs 42 ORR June 2020 NCT03136055

or with chemotherapy
(paclitaxel or irinotecan)

Pembrolizumab PD-1 11 Advanced NECs and/or G3 NETs 30 ORR December 2021 NCT03290079
Pembrolizumab + PD-1 Ib/11 Advanced, recurrent, or metastatic well or moderately 26 ORR June 2020 NCT03043664
Lanreotide Depot differentiated GEP-NETSs

Evofosfamide (TH-302) DNA + VEGFR-1-3, PDGFR-a and -, 11 Advanced, G1/G2, treatment-naive pNETs 43 ORR June 2019 NCT02402062
+ Sunitinib ¢-KIT, FLT-3, CSFIR

AXL, AXL receptor tyrosine kinase; BTK, bruton tyrosine kinase; c-FMS, colony-stimulating factor-1 receptor; c-KIT, V-Kit hardy-zuckerman 4 feline sarcoma viral oncogene homolog; c-MET, MET proto-
oncogene, receptor tyrosine kinase; CSFIR, colony-stimulating factor 1 receptor; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; DCR, disease control rate; FGFR, fibroblast growth factor receptor; FLT3,
Fms-related tyrosine kinase 3; MTD, maximum tolerated dose; ORR, overall response rate; PD, poorly differentiated; PDGFR, platelet-derived growth factor receptor; PD-1, programmed cell death 1; PD-L1,
Programmed death-ligand 1; PFS, progression-free survival; RAF, v-raf murine sarcoma viral oncogene homolog B1; RET, Ret proto-oncogene; SRC, SRC proto-oncogene, nonreceptor tyrosine kinase; TIE2, tyrosine
kinase with immunoglobulin and epidermal growth factor homology domains 2; VEGFR, vascular endothelial growth factor receptor.
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low, as only 3% of pNET's harbor >17 mutations/Mb, a
cutoff usually used to predict response to immunothera-
py [93].In contrast, given their extensive mutational load
and dense immune infiltration, NECs seem to represent
suitable targets for immunotherapy [108].
Pembrolizumab, a mAb targeting PD-1, has been re-
cently investigated in the phase Ib KEYNOTE-028 study.
The trial enrolled 16 and 25 patients with heavily pretreat-
ed, PD-L1+ pancreatic and extrapancreatic NETSs, respec-
tively. Based on preliminary data, objective responses were
observed in 12 and 6% of the carcinoid and pNET cohorts,
respectively, while the 1-year PFS rate was 27% for either
subgroups [109]. Similar results have been recently report-
ed in a study of 110 patients with G1/G2 GEP- and lung
NETs as well as GEP-NECs treated with spartalizumab
(PDR-001), another inhibitor of PD-1 [110]. Ongoing
phase II trials of immunotherapy in NET's are summarized
in Table 3. Of interest, the oncolytic adenovirus AdVince,
which selectively replicates within NET cells, is being cur-
rently investigated in a phase I/II study of patients with
NETs [111]. It is currently unknown whether prior treat-
ment with chemotherapy or peptide receptor radiotherapy
may enhance the efficacy of immunotherapy in NETs.
Immune checkpoint inhibitors have shown promising
results in NECs, either alone or in combination with che-
motherapy. In a retrospective series of 10 patients with ad-
vanced pulmonary large-cell NEC, the anti-PD-1 mAbs
nivolumab or pembrolizumab-induced partial responses
in 6 subjects and were associated with a median PFS of ap-
proximately 14 months [112]. A double-blind, placebo-
controlled, phase IIT study has recently investigated the
combination of platinum-based chemotherapy with or
without atezolizumab, an anti-PD-L1 mAb, in 403 patients
with extensive, treatment-naive small cell lung cancer. The
addition of atezolizumab to the chemotherapy resulted in
a significant increase in terms of both PFS (hazard ratio
0.77,95% CI 0.62-0.96; p = 0.02) and overall survival (haz-
ard ratio 0.70, 95% CI 0.54-0.91; p = 0.007) [113]. At pres-
ent, very little is known regarding the efficacy of anti-PD1/
PD-L1 or anti-CTLA4 agents in GEP-NECs [114, 115].

Conclusions

Our understanding of the biology of NETs has im-
proved substantially in the last decade, resulting in a con-
siderable expansion of the treatment landscape of this
heterogeneous group of tumors. In this context, the elu-
cidation of the multifaceted interactions between tumor
cells and their microenvironment has provided the basis
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for the rational design of successful clinical trials, paving
the way to patient outcomes amelioration. Despite such
progress, a number of key questions remain unanswered.
What is the role of the TME in the development of treat-
ment resistance in NETs? What are the changes induced
by the TME to distant organs during the formation of the
premetastatic niche in NETs? Is there any relationship
between the TME and the epigenetic modifications char-
acteristically observed in NET's? Can we exploit TME-de-
rived circulating molecules to monitor patient outcomes?
How can we further dissect (and target) the interactions
between tumor cells and their TME? Future research is
required to address these issues, among others.
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