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Simple Summary: The tumor microenvironment (TME) plays a role in promoting tumor progression.
Elucidating the relationship between the TME and tumor cells will benefit current therapies. There-
fore, this review summarizes the most recent relationship between the TME and tumor characteristics,
discusses the differences in the TME at various sites along the digestive tract, and compares the TMEs
of neuroendocrine tumors and neuroendocrine carcinomas. Microbial ecological changes in the TME
were reviewed. The clinical application of the TME was summarized from bench to bedside. The
TME can be used as a tumor drug target for diagnostic value, prognosis prediction, and efficacy
evaluation, further revealing the potential of immune checkpoints combined with antiangiogenic
drugs. The clinical application prospects of adoptive cell therapy and oncolytic viruses were de-
scribed. The potential therapeutic approaches and strategies for gastrointestinal neuroendocrine
neoplasms are considered.

Abstract: Gastroenteropancreatic neuroendocrine neoplasms feature high heterogeneity. Neuroen-
docrine tumor cells are closely associated with the tumor microenvironment. Tumor-infiltrating
immune cells are mutually educated by each other and by tumor cells. Immune cells have dual
protumorigenic and antitumorigenic effects. The immune environment is conducive to the invasion
and metastasis of the tumor; in turn, tumor cells can change the immune environment. These cells
also form cytokines, immune checkpoint systems, and tertiary lymphoid structures to participate in
the process of mutual adaptation. Additionally, the fibroblasts, vascular structure, and microbiota
exhibit interactions with tumor cells. From bench to bedside, clinical practice related to the tumor
microenvironment is also regarded as promising. Targeting immune components and angiogenic
regulatory molecules has been shown to be effective. The clinical efficacy of immune checkpoint
inhibitors, adoptive cell therapy, and oncolytic viruses remains to be further discussed in clinical
trials. Moreover, combination therapy is feasible for advanced high-grade tumors. The regulation of
the tumor microenvironment based on multiple omics results can suggest innovative therapeutic
strategies to prevent tumors from succeeding in immune escape and to support antitumoral effects.

Keywords: gastroenteropancreatic neuroendocrine neoplasms; tumor microenvironment; angiogene-
sis; immunotherapy; combination therapy

1. Introduction

Neuroendocrine neoplasms (NENs) are a type of malignant tumor that originates
from neuroendocrine cells, and that is increasing in prevalence worldwide. It can occur
in many different organs and tissues throughout the body, and the most frequent site of
the disease is the gastrointestinal tract [1]. Moreover, it is also the second most common
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neoplasm of the digestive system [2]. NENs are divided into relatively well-differentiated
neuroendocrine tumors (NETs) and comparatively poorly differentiated neuroendocrine
carcinomas (NECs). The treatment scheme and prognosis of patients with NENs are mainly
assessed by morphology and tumor grade, which are dependent on the mitotic count or
Ki-67 labeling index, but they exhibit different survival outcomes, even when the same
therapy is used for the same tumor grade. The foremost reason is the obvious heterogeneity
of NENs, with some exhibiting inert, slow growth and some showing high metastasis [3].
Hence, more biological driver factors and more prognosis and treatment indicators should
be elaborated.

Most drugs for NENs directly target tumor cells, and some drugs are hormone
analogs [4]. However, the important role of the tumor microenvironment (TME) in neo-
plasm development and progression is being explored [5]. The TME encompasses all
nontumor cells, such as immune cells, fibroblasts, vessel endothelial cells, and nerve-
associated cells, as well as the extracellular matrix and soluble products, which contain
collagen, fibronectin, chemokines, and other elements [6]. It is formulated as a critical hub
for tumor heterogeneity, metastatic cascade initiation, clonal evolution, and therapeutic
resistance [7]. Currently, drugs that are able to regulate the microenvironment show mar-
velous clinical therapeutic effects in many tumors. Immune checkpoint inhibitors, mainly
cytotoxic T lymphocyte-associated protein 4 (CTLA-4), programmed cell death protein 1
(PD-1), and its ligand, PD-L1, are regarded as important immunotherapy treatments [8,9].
Drugs that affect neovascularization are beneficial for some malignancies. For NENs, the
use of sunitinib and surufatinib as multiple-receptor tyrosine kinase inhibitors to influence
neovascularization are approved for advanced NETs [10,11]. More clinical trials modulating
the TME for NENs are underway. Moreover, different digestive organs show site-specific
characteristics, such as changes in typical proteins, the proportion of disease subtypes, and
survival time [12]. Hence, the mechanism by which the TME induces NEN tumor cells to
express a broad functional spectrum and associated clinical application deserve further
study in diverse gastrointestinal sites.

We reviewed studies on the association between the TME and tumor cells in gas-
troenteropancreatic (GEP-) NENs (Figure 1), highlighting the recent research advances on
regulating the TME to attenuate tumor growth and dissemination. We introduced each
component in the TME and its corresponding clinical application and summarized the
prospect of multi-drug combination therapy. More importantly, potential drug targets and
innovative pharmaceutical technologies were provided for more therapeutic strategies for
NEN management.

Figure 1. The tumor microenvironment atlas in gastroenteropancreatic neuroendocrine neoplasms.
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2. Innate Immune Cells

An increasing number of studies have pointed out the indispensability of innate immu-
nity for tumor occurrence and development. Tumor cells can communicate directly with innate
immune cells to form obvious immunosuppression and evade immune surveillance [13]. In
addition, innate immunity is a mandatory prerequisite for boosting and recruiting adaptive
immune cells to regulate antitumor immunity, and myeloid cell markers (CD33, CD163,
and Arginase) are positively related to T cell markers for high-grade GEP-NENs, also
revealing a potential linkage between myeloid cells and T cells [14].

Macrophages are an important component of the innate immune system and are
characterized by high heterogeneity and plasticity. Studying the various functions of dif-
ferent macrophage subtypes in tumors to regulate immune system activity is conducive
to uncovering the pathogenesis of diseases. The development and treatment of antitumor
drugs that target macrophages are also the focus of current treatments [15]. In the majority
of GEP-NENs, CD68+ macrophage infiltration can be detected [16]. It is more abundant
in the metastatic foci in the liver than in primary lesions for insulinomas [17]. Single-cell
sequencing of a pancreatic NET (G2) from the same patient [18] showed that macrophages
could be divided into five clusters that are different from the classic M1 and M2 clusters.
Among these clusters, cluster one is mainly located in the primary site, clusters two and
five only exist in liver metastases, while chemokine CCL13 is only expressed in cluster one,
and SPP1 is only present in clusters two and five. All these suggest that there are significant
differences in the macrophages between the primary and metastatic sites. Additionally, the
infiltration of CD68+ macrophages or CD163+ M2-polarized macrophages was associated
with the high risk of recurrence as an independent disease-specific survival prognosis factor
for postoperative patients with pancreatic NETs [19–21]. Notably, macrophage extracellular
traps, as a form of macrophage death, could also predict recurrence prognosis in nonfunc-
tional pancreatic NETs [22]. However, macrophages do not always reflect the outcomes of
different treatments. Although CD163+ macrophages tend to increase in density and have an
altered plump/epithelioid morphology after neoadjuvant peptide receptor radionuclide ther-
apy, they are not related to progression-free survival in pancreatic NETs [23]. Microscopically,
macrophages promote disease deterioration by facilitating the intravasation and extravasation
of tumor cells, attracting angiogenesis and inhibiting antitumor immunity [24]. Macrophages
can produce the cathepsin Z protease via the Arg-Gly-Asp motif to regulate integrin interac-
tions and contribute to tumor invasion in pancreatic NETs [25]. When the recruitment and
function of Tie2high macrophages are decreased by rebastinib, the vascular permeability and
liver metastasis of tumor cells can be inhibited in pancreatic NETs [26]. These malignant
behaviors for tumor angiogenesis are mainly influenced by colony-stimulating factor-1,
implying the possibility of colony-stimulating factor-1 as a drug target [17,27]. Nonetheless,
there are not many drugs concerning macrophages in current clinical trials.

Neutrophils are also an important factor in tumor immunotyping and therapy evalua-
tion, and the benign or malignant behavior and mechanism of neutrophils in NENs are
worth exploring. The antitumor behavior of neutrophils is the manifestation of immune
surveillance, but they also secrete a variety of factors to stimulate angiogenesis, degrade the
extracellular matrix, and even promote tumor cell proliferation [28]. Tumor-infiltrating neu-
trophils were relatively lower than ten per 100 epithelial cells in pancreatic NETs [29], but
they are an independent and unfavorable survival predictor [30]. Similar to macrophages,
the presence of neutrophils is more common in metastatic lesions in the liver compared
to in primary tumors, and their presence might be associated with an active complement
pathway [31]. Neutrophil extracellular traps, which are a network of DNA, histones, and
proteins released by activated neutrophils, are also terrible prognostic factors for recurrence
in nonfunctional pancreatic NETs [22]. In addition, the neutrophil-dependent angiogenic
switch is reinforced by HIF-1α, amplifying the Cyp46a1 enzyme and oxysterol 24S-HC
in hypoxic areas of hyperplastic islets [32]. These results expound that neutrophils might
enhance the immunosuppressive state of the TME and promote the proliferation and migra-
tion of tumor cells in NENs. Therefore, the precise regulation of the number and functional
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status of neutrophils is expected to be a tactic for prevention or treatment based on their
contribution to the tumor progression of NENs.

Furthermore, increased tumor-infiltrating myeloid-derived suppressor cells in GEP-
NENs are correlated with elevated metastasis [33]. Myeloid dendritic cells also demonstrate
more infiltration in colorectal NETs than in NECs [34]. Notably, natural killer cells are
not frequently observed at the metastatic sites of rectal NETs [35], so exploring the role
of natural killer cells in metastasis is helpful in understanding their function. Mastocytes
are obviously infiltrated in tumors and stromata, and suppressing their degranulation
has been found to be useful for insulinoma therapy in mouse models [36]. Unfortunately,
ibrutinib did not achieve an objective response in a phase II trial in GEP-NENs when used
as a degranulation modulator [37]. Mastocyte infiltration was found as an independent
predictor of prolonged progression-free survival and was found to be lower in patients with
lymph node and distant metastasis than in patients without pancreatic NEN metastasis [38],
so mastocyte infiltration might be a favorable factor, and more studies are needed to explore
the role of mastocytes. As for other innate immune cells, very little has been explored in
the NEN literature, but the roles of eosinophils, basophils, and dendritic cells are worth
exploring. Their molecular and biological mechanisms might provide more potential
therapeutic targets for diseases.

3. Adaptive Immune Cells

Tumor-infiltrating T cells and B cells are important components of the TME. CD8+ T
cells are vital to cellular immunity. Killing tumor cells requires the activation of effective
CD8+ T cells to produce a long-term antitumor immune response and more activated
cytotoxic T cells [39]. CD4+ T cells are able to not only coordinate specific dendritic cells
but also enhance the B cell immune response and assist cytotoxic T cells [40]. The number,
location, and subgroups of tumor-infiltrating T cells and B cells demonstrate evident
differences regarding survival endpoints.

In GEP-NENs, some research has pointed out that high tumor-infiltrating lympho-
cytes were associated with shorter survival and higher grade tumors [41]. In contrast,
other studies found that high intratumoral CD3+ T cells exhibited better progression-
free survival in GEP-NENs [42]. Tumor-infiltrating CD3+ T cells and CD8+ T cells might
be associated with postoperative hepatic recurrence and overall survival in pancreatic
NETs [43]. Therefore, the role of lymphocytes in predicting prognosis remains controversial.
They are more frequently detected in the tumor stroma than in intratumoral regions and
in NETs than NECs [44,45]. CD8+ T cells were more common in colorectal NETs than in
NECs [34]. These results suggest that T cells are less common in intratumoral regions and in
aggressive tumors. For tumor occurrence sites, CD3+ T cells, CD8+ T cells, and CD45RO+ T
cells demonstrated more infiltration in pancreatic NETs than in small intestinal NETs [44].
CD4+ T cells show different prognostic values and drug sensitivity and have diverse sub-
types. A higher Foxp3+ Tregs density was associated with poor overall survival in patients
with pancreatic NETs [46]. The Th1 cytotoxic immune-phenotype response increased more
than the Th2 response in intestinal NETs after lanreotide treatment [47]. Provided the
importance of T cells, several bispecific antibodies targeting CD3 are currently in ongoing
clinical trials. BI 764532, a delta-like ligand 3 and CD3 bispecific antibody, is currently in a
phase one clinical trial for NETs with positive delta-like ligand 3 (NCT04429087). Another
drug, XmAb®18087, a somatostatin receptor 2 and CD3 bispecific antibody, is in phase one
clinical trials for progressive G1/2 NETs (NCT03411915). The clinical trials highlighting T
cell-associated immunotherapy deserve more focus.

When it comes to B cells, CD20+ B cells are rare in pancreatic and ileal NETs [48]. In
colorectal tumors, they demonstrate more infiltration in NETs than in NECs [34]. Neverthe-
less, they are infrequently observed at the metastatic sites of rectal NETs [35]. Hence, there
are significant differences in the presence and content of B cells in tumors of diverse organs,
and more clinical and biological research should be conducted to explore the potential
miscellaneous function of B cells.
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Tertiary lymphoid structures are a peritumoral ectopic immune cell aggregation area,
but they are absent of intact cell surrounding structures such as the secondary lymphoid
structure. In pancreatic NETs, the largest cell subpopulation of tertiary lymphoid struc-
tures is CD45RO+ T cells (39.35%) followed by CD20+ B cells (36.61%), CD4+ T cells
(20.05%), CD8+ T cells (3.99%), and, rarely, CD68+ macrophages and Foxp3+ Tregs; addi-
tionally, CD20+ B cells are mainly situated in the follicular center, while diversified T cells
overwhelmingly gather in parafollicular regions [49]. The presence of tertiary lymphoid
structures is an independent advantageous prognostic factor for G1/2 pancreatic NETs [49].
The density, maturity, and distance (to the tumor) of tertiary lymphoid structures are also
critical for assessing patient prognosis in other tumors [50,51]. Any treatment will affect
the immune factors in the TME, including the tertiary lymphoid structures, so they may
play an important role in the evaluation of the curative effect and enhancement of the
antitumor effect, whereas there are relatively few studies on these directions in NENs, and
they should be explored further.

4. Immune Checkpoints

Immune checkpoints are molecules that are produced by immune cells that regulate
their own immune function and enable the immune system to remain within the normal
range of activation without becoming over-activated. The abnormal expression and func-
tion of immune checkpoint molecules is one of the important reasons for tumor occurrence
and progression. A checkpoint blockade is utilized to regulate dysfunctional antitumor
immunity, and it has brought significant clinical benefits to many tumors, such as PD-1
inhibitors, PD-L1 inhibitors, and CTLA-4 inhibitors. Understanding the basic biological
roles of these molecules in NENs is essential for the rational development of novel immune
checkpoint blocking therapies (Figure 2).

Figure 2. The interplay between tumor cells and tumor microenvironment cells. Tumor microen-
vironment cells encompass and interact with tumor cells. They express some molecules on the cell
surface to regulate the occurrence and development of tumor, and these molecules are also common
targets related to the tumor microenvironment. CTLA-4: cytotoxic T-lymphocyte-associated protein 4;
FGFR: fibroblast growth factor receptor; LAG-3: lymphocyte activation gene 3; MHC: major histo-
compatibility complex; PD-1: programmed cell death protein 1; PD-L1: programmed death-ligand 1;
PD-L2: programmed death-ligand 2; TCR: T cell receptor; TIGIT: T cell immunoreceptor with
immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain; TIM3: T cell im-
munoglobulin and mucin domain-containing protein 3; VEGFR: vascular endothelial growth fac-
tor receptor.

In GEP-NEN patients, the PD-L1-negative region is dominant in tumor centers, while
PD-L1 is mainly expressed in the tumors and immune cells at the frontier of tumor invasion,
and the density of CD8 and PD-1 immune cell infiltration is higher in PD-L1-positive tumor
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regions [52]. High e PD-1 expression can distinguish worse survival and an elevated
tumor grade in GEP-NENs [41], and approximately 16% of patients express PD-1 in GEP-
NECs [53]. Moreover, PD-L1 expression is less than one-third or even sometimes 1%
with weak-to-moderate intensity in GEP-NENs, and they also mainly occur in high-grade
tumors [54] and in NECs [55,56]. In small intestinal NETs, PD-L1 positivity is relatively
lower than in jejunal/ileal NETs, and lymph node spread is associated with a tumor cell
rate with over 50% PD-L1 expression [57]. However, PD-1 and PD-L1 expression is low in
metastatic sites of rectal NETs [35]. Regarding the overexpression mechanism of PD-L1, in
addition to lymphocyte stimulation, variations in the copy number of PD-L1 genes might
make a contribution to gastric NECs [58].

Moreover, microsatellite instability (MSI) and tumor mutational burden (TMB) are
predictable drug response indicators for immunotherapy. Although a higher status of
these two indicators was similarly more prevalent in high-grade tumors than in low-grade
tumors in GEP-NENs, a higher MSI and TMB were only found in 4% and 7% of high-
grade tumors, respectively (the threshold for a higher MSI was determined to be insertion
or deletion at 46 or more loci through next-generation sequencing) [54]. Compared to
G3 NETs, a higher MSI is only found in NEC cases (a higher MSI is determined by an
overall MSI score based on the analyses of 95 loci through next-generation sequencing) [59].
MSI is frequent in colorectal NECs but is uncommon in other GEP-NENs (a high MSI
was defined as being when at least two of five microsatellite loci showed instability via
a fluorescent PCR-based assay) [60]. Moreover, patients with GEP-NECs had a median
of 5.68 mutations/Mb for TMB but without a high MSI status (a higher MSI status was
defined as when more than two software programs such as mSINGS, MSIsensor, and
MSIseq were used) [61]. Pancreatic NETs had a 1.3% higher TMB rate and no high MSI
status (the threshold for a higher MSI was determined as insertion or deletion at 46 or
more loci through next-generation sequencing) [62]. These results suggest that a lower
proportion of patients could be sensitive to associated immunotherapy. The differences
in the high MSI results may be due to the lack of clear and uniform standards and may
also be related to the site of the disease and testing methods. Fortunately, targeted therapy
for another PD-1 ligand, PD-L2, might be considered in clinical practice, as the expression
of PD-L2 is more pronounced compared to the rare expression of PD-1 or PD-L1 in small
intestinal or pancreatic NETs [44,63].

Immune checkpoint inhibitors are also included in clinical trials. The anti-PD-1
agent toripalimab showed safe and beneficial activity for patients with first-line ther-
apy failure, especially those with positive PD-L1 expression, high TMB, or high MSI
status (NCT03167853) [64]. Another anti-PD-1 blockade, pembrolizumab monotherapy,
was demonstrated to be able to be administered safely but with limited activity in pa-
tients with differentiated NENs (NCT02628067, NCT02267967) [65,66]. Nevertheless, af-
ter pembrolizumab treatment in high-grade NENs, CD4+ T cells and PD-1 expression
were decreased, while T cell immunoreceptor with immunoglobulin and immunoreceptor
tyrosine-based inhibitory motif domain expression and CD62L− effector T cells were shown
to be increased in peripheral blood tests [67]. These results reveal potential drug resistance
but also suggest that other immune checkpoint inhibitors might ameliorate antitumor
immunity when followed by or combined with one inhibitor. On the other hand, combina-
torial immune checkpoint therapies are required to guide clinical improvement [68]. The
anti-PD-1 blockade nivolumab and anti-CTLA-4 blockade ipilimumab doublet therapeutic
schedule provided an evidently higher objective response rate (ORR): 44% for nonpan-
creatic NECs [69], 43% for high-grade pancreatic NENs [70], and 26% for high-grade
and microsatellite-stable NENs [71]. Ipilimumab and nivolumab regimens also showed a
14.7% ORR in high-grade progressive NENs with pretreated cytotoxic chemotherapy [72].
Although immunotherapy has been widely reported to be a powerful therapeutic weapon
for other tumor types, its success in GEP-NENs is not completely clear, with only a few clin-
ical trials showing limited therapeutic activity [73]. More immune checkpoint-associated
immunotherapy clinical trials are underway (Table 1).
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Table 1. Ongoing or activated clinical trials of immune checkpoint-associated immunotherapy in
patients with gastroenteropancreatic NENs.

NCT
Number Conditions Drugs Targets Phases Primary Endpoints

NCT03517488 Progressive
NECs XmAb®20717

PD-1/CTLA-4
bispecific
antibody

1 Safety, tolerability

NCT03012620 Progressive NETs Pembrolizumab PD-1 2 Objective response
rate

NCT03352934 Progressive
NECs Avelumab PD-L1 2 Disease control rate

NCT03278379 Progressive NETs
with G2/3 Avelumab PD-L1 2 Overall response rate

NCT03591731 Progressive
NECs

Nivolumab +/−
ipilimumab PD-1, CTLA-4 2 Objective response

rate

NCT03420521

Progressive well-
differentiated
nonfunctional

NETs

Nivolumab,
ipilimumab PD-1, CTLA-4 2 Objective response

rate

NCT03095274 Progressive
NENs

Durvalumab,
tremelimumab

PD-L1,
CTLA-4 2 Clinical benefit rate

On the other hand, novel tumor immune checkpoints are constantly being discovered
and replenished [74,75], and some new immune checkpoints have also been detected in
NENs, even in specimens treated with some immune checkpoint inhibitors [67]. Currently,
more immune checkpoints are being elaborated upon in tumor studies, such as the B7
family, T cell immunoglobulin, and mucin domain-containing protein 3 (TIM-3), CD47,
and CD74. HERV-H LTR-associating protein 2 and B7 family member H4, as two B7
family immune checkpoints, are richer in GEP-NETs and are associated with a high tumor
grade and lymph node metastasis rate [76]. Additionally, CD47 and CD74 are highly
abundant, but PD1, PD-L1, and TIM-3 are lacking in ileal NENs [45]. Tumor cells express
CD47 to recede from macrophage engulfment [77], and low CD47 expression is favorable
for tumor progression in pancreatic NETs [78]. In pancreatic NETs, immunosuppressive
genes, including PD-L1, PD-L2, C10orf54, lymphocyte-activation gene 3, and indoleamine
2,3-dioxygenase 1, are rich in metastasis-like primary-1 subtype classification (accounting
for 26–31% of patients) for T cell and M1 macrophage modulation [79]. The expression
of another immune checkpoint, CD73, is significantly correlated with PD-L1 expression
and is more highly detected in NECs than in NETs [80]. The CD73 inhibitor attenuates
the malignant biological properties of pancreatic NET cancer stem cells [81]. The co-
expression of PD-1/ICOS and PD-1/CTLA-4 is significantly higher than that of normal
tissues in small intestinal NETs [82]. These results suggest the possibility of multi-target
therapy with immune checkpoint inhibitors or two-drug combination therapy. These novel
immune checkpoint inhibitors can be considered for further testing in clinical trials, and
more immune checkpoints need to be disclosed. All of these findings imply that further
detection, diagnosis, medication, and retesting after drug resistance of immune checkpoints
should be explored in NENs.

5. Vasculature and Lymphatic Factors

New blood vessels are needed to supply nutrients and remove metabolites to support
the growing tumor, and their formation is an important step in tumor progression and
metastasis. The management of angiogenesis is not only influenced by the regulatory
factors secreted by the blood vessels themselves but is also promoted by tumor cells. Other
cells in the TME can also be involved in this process, such as tumor-associated macrophages,
fibroblasts, and mastocytes (Figure 1).

Vascular endothelial-derived growth factor (VEGF) is critical in vasculogenesis and
angiogenesis that mainly involves vascular permeability and neovascularization [83]. Of
note, tumors with low VEGF protein expression are more aggressive than those with high
VEGF expression, and VEGF expression is negatively connected with Ki-67 expression in
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GEP-NENs [84]. It is worth investigating the specific mechanism further. Many vascular
factors participate in the VEGF/VEGFR pathways in the NEN mechanism (Figure 2). Ele-
vated CDK5RAP3 facilitates angiogenesis via the AKT/HIF-1α/VEGFA signaling pathway
in gastric NECs [85]. Neuropilin 2, a VEGFR2 coreceptor, can augment angiogenesis via
the slingshot-1/cofilin/actin axis to induce tumor growth in pancreatic NETs [86]. Another
study on the VEGFR family indicated that the extremely low expression of VEGFR2 and
elevated VEGFR1 and VEGFR3 expression are likely to be observed in GEP-NENs and can be
observed in 80% of pancreatic tumors [87]. Therefore, the biological and clinical role of neu-
ropilin 2 should be studied further in NETs due to its low VEGFR2 expression. Furthermore,
these vasculature factors also influence other cells and molecules in the TME. Semaphorin
4D, which takes advantage of platelet-derived growth factor B to modify pericyte coverage,
induces and recruits macrophages in invasive tumor fronts to secrete stromal cell-derived
factor 1, thus communicating with tumor cells in which CXCR4 promotes tumor invasion
and metastasis in pancreatic NETs [88]. Periostin, which regulates VEGFA and fibroblast
growth factor 2-adaptive alterations for revascularization, is related to M2-like macrophages
and exhausts macrophages under a colony-stimulating factor one receptor antibody in
pancreatic NETs, revealing how VEGFA might have an immunosuppressive function in
addition to angiogenic activity [89]. Platelet-derived growth factor receptor alpha, which
can upregulate VEGF to mediate tumoral vascular networks, is mainly rich in G2 patients
and in G3 patients with mixed insular-acinar conditions in GEP-NENs [90]. Angiopoietin-2
promotes angiogenesis and vascular instability and increases vascular permeability and
inflammation. It shows higher expression in patients with progressive GEP-NETs [91], and
the dual angiopoietin-2/VEGFR2 blockade inhibits revascularization and tumor progres-
sion in VEGFR2-resistant pancreatic NET mice models [92]. This indicates the prospect of
applying angiopoietin-2 inhibitors.

Many studies on anti-VEGF or anti-VEGFR therapies have shown that these factors
can effectively inhibit angiogenesis and tumor growth in preclinical models. When used as
anti-VEGF inhibitors, aflibercept and bevacizumab depict antitumoral activity, repressing
tumor progression in colon NECs [93]. Therefore, the inhibition of the VEGF and VEGFR
pathways has been identified as an important and effective antitumor mode in clinical
practice. Sunitinib and surufatinib, multiple-receptor tyrosine kinase inhibitors that in-
fluence VEGFR, are beneficial and approved for advanced pancreatic NETs [11,94] and
nonpancreatic NETs [10]. Another multiple-receptor tyrosine kinase inhibitor lenvatinib
displayed an overall response rate of about 30% in patients with G1/2 GEP-NETs who had
progressed after prior treatment [95]. As shown in Table 2, there are many ongoing clinical
trials on other protein–tyrosine kinase inhibitors. Another therapeutic approach to vascular
regulation is targeted vasculogenic mimicry, and an associated drug, CVM-1118, is also
undergoing clinical trials for progressive G1/2 NETs (NCT03600233).

Lymphatic endothelial cells are involved in lymphangiogenesis. Tumor cells directly
bind to the VEGFC promoter E-box region via c-Myc and improve VEGFR3 phosphory-
lation to augment lymphatic endothelial cell tube formation, hence amplifying lymph
node metastasis in pancreatic NETs [96]. Additionally, pseudo-hemorrhage was observed
with characteristics demonstrating how abundant vessel endothelial cells were divorced
from vessel dilation to create blood-filled caverns with no endothelial cell boundary in
insulinoma, and it was encircled by tumor cells with increased E-cadherin and β-catenin
expression [97], implying that it was connected to the epithelial–mesenchymal transition
process of tumor cells. The tumor cells continued to destroy the body’s organs and tissues
through blood, lymph, and other channels. Consequently, treatments targeting regulatory
molecules for stifling the formation of these channels is likely to significantly ameliorate
patient outcomes.
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Table 2. Ongoing or activated phase II and III clinical trials of multiple-receptor tyrosine kinase
inhibitor monotherapy in patients with gastroenteropancreatic neuroendocrine neoplasms.

NCT Number Conditions Drugs Phases Primary Endpoints

NCT02549937 Progressive NETs Surufatinib 1, 2

Dose-limiting toxicity
incidence,

progression-free
survival

NCT04579679 Progressive NETs Surufatinib 2 Disease control rate

NCT03457844 Progressive NETs with G3
and NECs Anlotinib 2 Progression-free

survival

NCT04524208
Locally unresectable or

metastatic NENs with Ki67 of
20–60%

Cabozantinib 2 Disease control rate

NCT04412629 Progressive NETs with G3
and NECs Cabozantinib 2 Objective response rate

NCT01466036

Locally unresectable or
metastatic,

well-differentiated,
pancreatic NETs

Cabozantinib 2 objective response rate

NCT03375320 Locally unresectable or
metastatic NETs with G1/2

Cabozantinib
S-malate 3 Progression-free

survival

6. Microbial Community

The microbiota plays a pivotal role in supporting energy balance and health mainte-
nance. In fact, 75% of patients with intestinal NENs showed bacterial infiltration within
the tumor tissue, while 90% of pancreatic NEN specimens showed quantifiable microbial
tissue infiltration [98]. This shows the prevalence of microbial invasion in NENs. Hu et al.
profiled fecal samples for rectal NETs [99]. The results of that study are consistent with the
general trend of the significant depletion of microbial species diversity in NETs. Bacteria,
including Haemophilus parainfluenzae, Veillonella unclassified, and Streptococcus salivarius,
were significantly enriched in the healthy group, while species such as Erysipelotrichaceae
bacterium_6_1_45, Varibaculum cambriense, and Methanobrevibacter smithii were abundant
in the rectal NET group [99]. For the functional characterization of the microbiome, glyc-
erophospholipid metabolism as a key tumor-specific pathway is distinctively aberrant in
rectal NET patients and is positively correlated with Methanobrevibacter smithii, which is
mainly due to changes in the proportion of microbial species [99]. The study implies that
metagenome-based physiological dysfunction in the intestinal microenvironment drives
the disease-progression state of individuals with rectal NETs. For viruses, two kinds of
GEP-NECs are etiologically related to viruses: MCPyV acts on gastric NECs, and HPV acts
on colorectal NECs [100]. However, reports of fungal involvement in tumors remain to
be explored.

Oncolytic viruses are new therapeutic agents for cancer. These viruses occur naturally
or have been modified to selectively infect targeted tumor cells, producing large numbers of
viral progeny that result in the accelerated lysis of tumor cells. The important mechanism
of oncolytic virotherapy is thought to be the secondary antitumor immune response to
changes in the TME induced by tumor cell lysis products [101]. Oncolytic adenovirus
Ad5 (CgA-E1A-miR122) selectively replicates in NET cells and does not destroy normal
liver cells. Moreover, by integrating the binding motif of the Phe-Trp-Lys-Thr ring into
the Ad5 fiber button, the Ad5fkFWKT(CgA-E1A-miR122) is modified to target somatostatin
receptor-positive NET cells, further improving the transduction and killing effect [102]. In
order to avoid the problem of excessive fiber production and secretion after virus infection,
this team developed a hexon Tat-protein transduction domain-modified oncolytic Ad5
virus that is able to display higher NET tumor inhibition [103]. These preclinical studies
provide the basis for the ongoing phase I/IIa clinical trial of this AdVince oncolytic virus
(NCT02749331). Another oncolytic virus, AdSur-SYE, was designed and showed high gene
transduction efficiency against pancreatic NETs, reducing the number of subcutaneous
tumors in mouse models [104]. Talimogene laherparepvec is a first-generation, state-of-the-
art HSV-1-based oncolytic virus that does not integrate its viral DNA into the host genome
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and that shows high oncolytic efficacy at low concentrations when applied to NETs and
NECs [105]. GLV-1 h68 relies on vaccinia viruses that also do not disturb the host genome
and have a good oncolytic effect against NETs and NECs [106].

7. Other Cells and Molecules in TME

Other cells and molecules, such as fibroblasts and the extracellular matrix (Figure 1),
play an important role in tumor growth, invasion, and therapy response [107]. Neural
invasion is also frequent in high-grade tumors and is highly associated with encroachment
in vessels, organs, and lymph nodes [108]. Tumor-infiltrating platelets are independent
poor predictors of overall and recurrence-free survival in pancreatic NETs [109]. Immune
cytokines and chemokines also have effects. Despite CCL5 being considered an immuno-
suppressive molecule, it is associated with frequent CD8+ T cell infiltration and extends
survival in colorectal NECs [34]. CXCR4 gradually escalates in GEP-NETs, with 0% in G1
and 80% in G3 diseases, meaning that it could be selected as a potential therapeutic and
positron emission tomography/computed tomography imaging target [110]. Interferon-α
and interferon-β are promising adjuvant therapies for GEP-NENs but have unfavorable
toxicity [4]. However, there are currently still relatively few relevant studies on other cells
and molecules, and their roles have not been fully revealed, and further studies are required
to elucidate them.

Due to inflammation and fibrosis, activated fibroblasts are recruited to the tumor site.
The single-cell RNA sequencing of pancreatic NET (G2) from the same patient revealed
that fibroblasts could be roughly divided into inflammatory, antigen-presenting, and myofi-
broblastic cancer-associated fibroblasts, some of which include inflammatory subtypes that
can secrete cellular senescence factors [18]. It also found that the TME of primary tumors
contained more heterogeneous fibroblast clusters than those of liver metastases; however,
there were also fibroblasts specific to liver metastases [18]. The crosstalk between NEN
cells and fibroblasts induces excessive fibrosis, and the most common example of fibrosis is
mesenteric fibrosis. Mesenteric fibrosis may occur in some patients but more often occurs in
NETs with mesenteric vessel encasement, hepatic metastases, larger hepatic tumor burden,
and functionality [111]. They partially occur due to serotonin, growth factors, and other
cytokines released from tumor cells via the activation of the ingenuity-associated MAPK
and mTOR pathways [112] and then react on fibroblasts [113,114]. Nevertheless, preventive
surgery or mesenteric lump metastasectomy did not contribute to overall survival [115,116].
One possible reason might be that both fibroblasts and collagen are double-sided and can
promote both tumor cell progression and inhibit tumor cell proliferation [117]. Thus, the
specific treatment strategy or specifically targeted treatment for mesenteric fibrosis still
needs to be explored and discovered.

8. TME-Associated Combination Treatment

The effective rate of monotherapy or a single class of drugs is relatively low, but the
combination of immunotherapy, chemotherapy, radiotherapy, targeted therapy, and other
therapies has initially achieved good therapeutic effects in many tumors. Combination
therapy has the advantages of a synergistic treatment mechanism, a reduced drug dose,
and enhanced therapeutic effects, demonstrating a promising tumor treatment method.

Antiangiogenic agents strengthen antitumor immunity by suppressing various angio-
genesis dysplastic immune processes [118]. Therefore, when combined with immunother-
apy, antiangiogenic drugs may produce better clinical outcomes, and there are a number of
clinical trials that are currently in progress (Table 3). It should be noted that the VEGFR
family has different connections with immune checkpoints because though VEGFR1 expres-
sion is not associated with PD-1 and PD-L1 expression, VEGFR2 and VEGFR3 are related
to PD-1 and PD-L1, respectively [87].
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Table 3. Ongoing or activated clinical trials of antiangiogenic drugs combined with immunotherapy
in patients with gastroenteropancreatic neuroendocrine neoplasms.

NCT Number Conditions Drugs Phases Primary Endpoints

NCT05015621 Progressive NECs Surufatnib, toripalimab 3 Overall survival
NCT04207463 Late NETs with G1/2 Anlotinib, penpulimab, 2 Overall response rate

NCT04400474 Progressive NETs with
G3 and NECs

Cabozantinib,
atezolizumab 2 Objective response rate

NCT04197310

Locally unresectable or
metastatic

well-differentiated,
non-pancreatic NETs

Cabozantinib,
nivolumab 2 Objective response rate

NCT04079712
Progressive

poorly-differentiated
NETs and NECs

Cabozantinib s-malate,
nivolumab,
ipilimumab

2 Overall response rate

NCT03290079

Progressive
well-differentiated NETs

of small intestinal and
colorectal origin

Lenvatinib,
pembrolizumab 2 Objective response rate

NCT03074513 Progressive NETs with
G1/2

Bevacizumab,
atezolizumab 2 Objective response rate

As more drugs or multimodality therapies for TME are developed, combinations of
these drugs or supplements with existing first-line therapies could represent a better feasible
option. A tyrosine kinase inhibitor vorolanib showed safe toxicity and antitumor efficacy
when used in combination with everolimus [119]. Bevacizumab and temsirolimus con-
firmed good tolerability and an ORR of 41% in pancreatic NETs [120]. Moreover, one study
on patients with NECs found that checkpoint inhibitor monotherapy (pembrolizumab,
nivolumab, or atezolizumab) had an ORR worse than 0%, while dual nivolumab and
ipilimumab treatment showed a 13% ORR, and combined therapy: platinum-based therapy
with checkpoint inhibitors, demonstrated a 36% ORR [121]. Combined therapy reached a
median progression-free survival rate of 4.2 months compared to the 2.1 months achieved
by monotherapy [121]. However, drug combinations still need to focus on the occurrence
of adverse reactions. Sunitinib and evofosfamide had 88.2% systemic toxicity, failing in
phase II clinical trials for G1/2 in metastatic pancreatic NETs [122]. During combined
use, attention should be paid to the differences in pharmacokinetic properties and the
in vivo distribution of different drugs, insufficient tumor accumulation, uncertain drug
interactions in tumor tissues, and serious side effects. There are also many ongoing clinical
trials for combinations of antiangiogenic drugs or immune checkpoint inhibitors combined
with existing therapeutic regimens (Table 4). Another noteworthy combination regimen
is oncolytic virus immunotherapy. Oncolytic vaccinia virus mpJX-594 combined with
the PD-1 antibody can induce an extensive influx of cytotoxic T cells into tumor tissues,
inhibit tumor proliferation, and subside liver metastasis, thereby increasing survival time
in pancreatic NET mice models [123].

Table 4. Ongoing or activated clinical trials of antiangiogenic drugs or immune checkpoint in-
hibitors combined with existing therapeutic regimens in patients with gastroenteropancreatic neu-
roendocrine neoplasms.

NCT Number Conditions Drugs Combinations Phases Primary
Endpoints

NCT05048901 Progressive NETs Cabozantinib Lanreotide 1,2

Maximal
tolerated dose,
progression-

free
survival
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Table 4. Cont.

NCT Number Conditions Drugs Combinations Phases Primary
Endpoints

NCT04427787

Locally unresectable
or metastatic,

well-differentiated
NETs

Cabozantinib Lanreotide 2
Objective

response rate,
safety

NCT04893785
Progressive NETs

and large cells NECs
with Ki67< 55%

Cabozantinib Temozolomide 2 Overall
response rate

NCT02230176 Progressive
pancreatic NETs Sunitinib 177Lu-dota0-

Tyr3-octreotate 2
Progression-

free
survival

NCT03950609
Locally unresectable
or metastatic NETs

with G1/2
Lenvatinib Everolimus 2

Radiographic
response rate,

objective
response rate

NCT02820857 Progressive NECs Bevacizumab FOLFIRI 2

proportion of
patients alive 6

months after
treatment

NCT04705519 Progressive NECs Bevacizumab Nab-paclitaxel 2 Overall
Survival

NCT01782443 Progressive NETs
with G1/2 Ziv-aflibercept Octreotide

LAR 2
Progression-

free
survival

NCT04525638

Locally unresectable,
recurrent or

metastatic NETs with
G3 and NECs

Nivolumab 177Lu-dotatate 2 Overall
response rate

NCT03980925
Locally unresectable
or metastatic, NETs
with G3 and NECs

Nivolumab Carboplatin,
etoposide 2 Overall

survival

NCT03728361 Progressive NECs Nivolumab Temozolomide 2 Objective
response rate

NCT05058651 Small cell NECs Atezolizumab

Platinum drug
(cisplatin or
carboplatin)

and etoposide

2, 3 Overall
survival

NCT03457948 Progressive NETs Pembrolizumab

177Lu-dota0-
Tyr3-

octreotate, or
arterial

embolization,
or yttrium-90
microsphere

radioemboliza-
tion

2 Overall
response rate

NCT03136055 Progressive NECs Pembrolizumab Irinotecan,
paclitaxel 2 Overall

response rate

NCT03043664 Progressive NETs
with G1/2 Pembrolizumab Lanreotide 1,2 Overall

response rate

NCT02489903 Progressive NETs
with G3 and NECs RRx-001

Platinum
based doublet

regimen
2 Overall

survival

Drugs refer to antiangiogenic drugs or immune checkpoint inhibitors. Combinations refer to existing therapeutic
regimens excluding antiangiogenic drugs or immune checkpoint inhibitors.

9. TME-Associated Clinical Application Prospects

TME-associated treatment can make the tumorous living environment worse, making
it not conducive to tumor occurrence and development. On the other hand, it could reverse
the antitumor immune response to exerting the effect of killing tumor cells.

Few studies on GEP-NENs have concentrated specifically on the role of B cells, den-
dritic cells, collagen, and so on, although they have an important influence on tumor
occurrence and development, which are extensively studied in many tumors [124]. Tar-
geting macrophages has been investigated in clinical trials for other tumor types [15].
Modulating Treg cells as an alternative treatment is being investigated in many tumor
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types [125]. In NENs, immune responses are protumorigenic and antitumorigenic [126],
and immunomodulatory factors (CD45, IL2RB1, CD53, CD86, RUNX3, CIITA, and IL10)
are also key hallmarks of aggressive GEP-NENs [127]. More cell- and molecule-associated
studies should be considered when conducting preclinical studies and clinical trials.

Additionally, other strategies are incompletely developed in GEP-NENs. Adoptive
cell therapies such as chimeric antigen receptor (CAR)-T and TCR-T immunotherapy,
which rely on reprogramming the patient’s own extracted T cells to specifically kill tumor
cells, are becoming common treatments for many tumors, and cytokines such as IL-2 can
be injected to activate immune effector cells [128]. All of these approaches can also be
attempted in NENs. CDH17-dependent CAR T cells destroy pancreatic NET cells but do not
violate normal intestinal epithelial cells, suggesting that CAR T therapy may be promising
immunotherapy for NENs [129]. Novel autologous DC vaccines and SVN53-67/M57-KLH
peptide vaccines (SurVaxM) in emulsions are currently being used to explore safety and
efficacy in clinical trials (NCT04166006, NCT03879694).

Nano-based drug delivery systems include liposomes, polymer micelles, dendrimers,
metallic and inorganic nanoparticles, nanogels, and biomimetic nanoparticles, and they
can improve the pharmacokinetic behavior of drugs in vivo, increase drug stability, and
achieve targeted drug delivery and controlled drug release [130]. These new technologies
and new pharmaceutical materials are expected to be important means of treating diseases.

Moreover, more new technologies involving single-cell sequencing and spatial tran-
scriptome analysis should be utilized to further reveal the state of the TME [131]. Multiple
omics methods are used to reveal and analyze pancreatic NET specimens, with four
subgroups having been identified: proliferation, PDX1-high, alpha cell-like, and stro-
mal/mesenchymal subsets, and the stromal/mesenchymal subsets are rich in stromal and
immune cells and are related to the molecular characterization of YAP1/WWTR1 (TAZ)
activation, suggesting the role of the Hippo signaling pathways in this process [132]. Based
on these new technologies, related targeted therapies are promising. At present, there is a
lack of specific biomarkers to predict treatment efficacy in GEP-NENs, and the changes in
the TME can be regarded as a treatment indication or imaging option.

The diagnosis of NENs depends on determining morphologies and neuroendocrine
cell differentiation. In 2019 and 2022, the World Health Organization further defined
NEN classification into NETs and NECs, which are different from the 2010 classification
criteria that defined all high-grade NENs as NECs [133]. However, distinguishing high-
grade (G3) NETs from NECs remains challenging through the use of morphology and a
proliferative index. Therefore, the evaluation of other characteristics and ancillary studies
are necessary to discriminate between G3 NETs and NECs. However, little literature exists
on the differences between the two from the perspective of the TME. Notably, one study
points out that some subsets of NETs are more similar to NECs at the molecular level than
to other NETs, indicating that there is still some subset overlap between NETs and NECs,
which may be part of the reason why it is difficult to distinguish between the two [132].
More refined large sample studies are needed to clarify the boundary between G3 NETs
and NECs.

10. Conclusions

NENs can be subtyped based on their gene-expression profile and TME phenotype,
and the accurate pathological interpretation of a specific tumor is important for treatment
and prognosis. We also need to determine the timing of NEN evolution and the role
of genetic heterogeneity within the TME. Regulating the TME can represent innovative
therapeutic strategies for NENs to prevent tumors from immune escape and to support
antitumoral effects. According to the characteristics of tumor heterogeneity, it is necessary
to adopt a personalized and precise therapeutic regimen to balance all aspects of the tumor
to prolong patient survival and reduce the occurrence of adverse events.
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