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Abstract: Approximately 90% of the lesions of hypophyseal origins are represented by
pituitary neuroendocrine tumors, which further account for up to 22.5% of the intracranial
tumors in the adult population. Although the intricacy of this pathology is yet to be
fully understood on a biomolecular level, it is well known that these lesions develop
within a microenvironment that supports their evolution and existence. The role of the
tumoral microenvironment in pituitary lesions is pivotal, mainly due to this gland’s distinct
anatomical, histological, and physiological structure and function. Each component of the
tumoral microenvironment is specifically involved in tumorigenesis, angiogenesis, tumoral
growth, progression, and dissemination. By recognizing and understanding how these
elements are involved in such processes, targeted treatments can emerge, and better future
management of pituitary lesions can be provided. This article aims to summarize the role
of each component of the tumoral microenvironment in pituitary lesions while assessing
their association with biomolecular mechanisms.

Keywords: pituitary neuroendocrine tumors; tumor microenvironment; pituitary; molecular
pathology; cellular and molecular biology

1. Introduction
The cellular environment in which a tumor develops and exists comprises an extracel-

lular matrix, new vascular networks, signaling molecules, tumoral cells, and non-tumoral
cells such as fibroblasts or migrated immune cells [1]. This environment has been referred
to as a tumoral microenvironment (TME). Pivotal factors like hypoxia, acidity, or growth
factors will majorly impact tumoral development. Regarding its origin and heterogeneity, it
is important to mention that a harmonious orchestration of changes is involved. The devel-
opment of a tumor is initiated by the expansion of neoplastic cells. Following this process,
all of the elements mentioned earlier that comprise the TME will simultaneously evolve
with the neoplastic cells and actively participate in the mechanism of tumorigenesis [1].
Furthermore, the TME not only supports neoplastic processes but also promotes them, and
the difference between a normal cellular environment and the TME is significant [2]. For
example, some components of the TME have a different gene expression profile than normal
healthy components [3]. The tumor-associated stroma will have a different biomolecular
structure and, unlike the normal stroma, will support tumoral growth. Tumor-associated
fibroblasts will also support tumoral growth and metastasis, and in comparison to normal
fibroblasts, they will exhibit alterations in glucocorticoid receptor-induced gene transcrip-
tion [3]. Although these are just a few examples, we will discuss all the components of the
TME and their implications in pituitary lesions.
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Besides the significant role in tumoral growth and support, the TME is also involved
in therapeutic management and drug resistance, as the tumor niche shapes the treatment
response [4–7]. Multi-targeted agents have been proven beneficial when addressing various
TME compartments [8,9]. Thus, preclinical and clinical data demonstrated promising re-
sults with drugs in therapeutic combinations or single drugs, targeting stromal fibroblasts,
vasculature, and immune cells [1,8,10]. Moreover, in monotherapy or combinations, differ-
ent strategies regarding targeted therapeutic approaches were successfully implemented
with agents such as Ipilimumab, Nivolumab, and Pembrolizumab [11,12], while others like
mammalian target of rapamycin (mTOR), tyrosine kinase, and vascular endothelial growth
factor (VEGF) inhibitors are still under investigation [13]. This is the case for targeting the
hypoxic milieu, blocking the biomolecular dialog between TME components and tumoral
cells, and interfering with abnormal intracellular signaling pathways [14].

From a general perspective, the TME has a pivotal role in tumor formation and
growth, as well as treatment resistance, and disrupting the biomolecular mechanisms in
this environment can offer a superior level of therapeutic intervention [14].

To conclude, it is worth mentioning that in recent decades, major advancements have
been made regarding the TME. Albeit still on the surface of knowledge, preclinical and
clinical studies have demonstrated a deeper understanding of this matter [15]. A visual
summary of the current article is represented in Figure 1.
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Figure 1. A visual representation of the tumor microenvironment’s involvement in pituitary lesions.
The PitNETs arise from the anterior hypophysis; thus, tumoral masses developing here can not only
impact hormonal production but also disturb the homeostasis of the entire gland. Consequently, all
tumor microenvironment components will have a different impact on supporting the survival of
formed lesions and further development and/or aggressiveness.

2. Biomolecular Drivers
The most frequently encountered pituitary lesions are represented by pituitary adeno-

mas, recently named pituitary neuroendocrine tumors (PitNETs). These tumors comprise
approximately 90% of pituitary lesions, which further account for up to 22.5% of the in-
tracranial tumors in the adult population [16]. Given that the pituitary gland is responsible
for general homeostasis, it is understandable that any dysfunction can cause morbidity and
mortality [17]. Pituitary lesions develop within a microenvironment that supports their
evolution and existence. The concept of the TME in pituitary tumors is intricate and yet to
be fully understood; however, it is well known to favor overall survival and growth. The
TME contributes to tumorigenesis not only by being involved in genetic and epigenetic
mechanisms but also by providing biochemical and physical cues that will interfere with
cellular behaviors [18]. Furthermore, the TME is also a result of the crosstalk between
neighboring immune cells and neoplastic cells and is a continuously evolving entity [19].
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Notwithstanding the initially proposed hypothesis of a monoclonal origin of pitu-
itary tumors, various research studies identified multiple stem/progenitor cells in these
lesions [20]. Although most pituitary lesions are sporadic, in approximately 5% of the
cases, they can develop as part of a genetic syndrome or predisposition. In cases of genetic
syndromes, specific genes have been discovered to be linked to their pathogenesis, and in
very rare cases, these genes are also involved in the pathogenesis of sporadic tumors [21].

2.1. A Brief Overview of Tumor-Signaling Molecules and Genes Correlated with Genetic
Predisposition in PitNETs

The modern scientific approach to tumorigenesis regards transforming healthy cells
into neoplastic ones and highlights the importance of the TME. In PitNETs, this microenvi-
ronment comprises host cells, secreted factors, the extracellular matrix, tumor signaling
molecules, and genes correlated to genetic predisposition [22]. To initiate this discussion,
we will consider a brief overview of the biomolecular aspects of tumor-signaling molecules
and genes correlated with genetic predisposition in PitNETs.

Multiple endocrine neoplasia type 1 (MEN1) has a tumor suppressor function and is
involved in cellular proliferation, gene transcription, and genome stability. The tumor
types associated with MEN1 are represented by lactotroph, somatotroph, corticotroph, and
nonsecreting adenomas [23].

Cyclin-dependent kinase inhibitor 1B (CDKN1B) is a gene located on 12p13.1. Although it
is susceptible to somatotrophinomas development, it can also be involved in other PitNET
types, and it is involved in cell cycle regulation [24].

Located on 17q24.2, protein kinase cAMP-dependent type I regulatory subunit alpha
(PRKAR1A) is also related to the tumorigenesis of somatotroph and lactotroph adeno-
mas, and it has been stated that its loss enhances protein kinase A (PKA) signaling [24].

An alteration of the G-protein-coupled receptor (GPR101) may lead to the activation of
the cAMP-PKA pathway, and it is associated with the development of somatotroph adeno-
mas [24]. It has been hypothesized that by modulating VEGF expression and influencing
apoptosis, the Von Hippel–Lindau (VHL) gene is involved in tumorigenesis [25].

Dicer 1, ribonuclease III (DICER1) is associated with pituitary blastoma, while MutL
homolog 1 (MLH1) and MutS homolog 2 (MSH2) are associated with corticotroph adeno-
mas [23,26]. The aryl hydrocarbon receptor-interacting protein (AIP) interacts with the synthesis
of cAMP, and it has been found to be connected to all PitNET types [27].

Located on 20q13.32, the Guanine nucleotide-activating subunit (GNAS) is mostly in-
volved in somatotroph adenomas, acting upon cAMP levels and PKA when activated,
while succinate dehydrogenase x (SDHx) is also a gene that has been linked to PitNETs,
although its function is still in research [24,28]. However, recent studies concluded that
germline mutations in SDHx were demonstrated in hereditary pituitary lesions, such as
phaeochromocytoma/paraganglioma, with pituitary adenoma [24].

Pituitary tumor-transforming gene-1 (PTTG1) is located on 5q33.3 and, by driving chro-
mosomal instability, leads to the tumorigenesis of all types of PitNETs [29,30]. Signal
transducer and activator of transcription 3 (STAT3) is located on 17q21.2, and its enhancement
increases GH transcription, supporting the development of somatotroph adenomas [31,32].
Cadherin-related 23 (CDH23) is also associated most frequently with somatotroph adeno-
mas [33]. Mutations in immunoglobulin superfamily member 1 (IGSF1) increase GH secretion
and IGF-1 levels, and it is associated with pituitary hyperplasia [34]. PR domain zinc finger
protein (PRDM2) has a function in cellular myelocytomatosis oncogene (c-Myc) regulation,
while increased expression of solute carrier family 20 member 1 (SLC20A1) has been linked to
the activation of the Wnt–b-catenin signaling pathway [35,36].

The lack of the PR/SET Domain 2 gene has been incriminated in PitNET development
through the regulation of c-Myc. PRDM2, SLC20A1, SSTR1-5, and PR/SET Domain 2 are
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observed to be involved in the development of somatotroph adenomas [35–37]. Decreased
expression of somatostatin receptors/(SSTR1-5) and dopamine receptors (SSTRs and DRDs),
such as DRD4, DRD5, SSTR1, and SSTR2, has been associated with the tumorigenesis of
somatotroph adenomas [38].

The growth arrest and DNA-damage-inducible gamma (GADD45γ) tumor suppressor
gene may be involved in the development of somatotroph and nonfunctioning adenomas
through multiple mechanisms. One of them is DNA damage and function in the negative
regulation of cell growth [38].

While its mechanisms are still unknown, in all types of PitNETs, promoter methylation
of ras association domain family member 1 (RASSF1A) has been observed [39].

Galectin 3 (LGALS3) has been incriminated, as well, in the development of lactotroph
and corticotroph adenomas [40]. B-Raf proto-oncogene, serine/threonine kinase (BRAF) activates
MAPK and increases proopiomelanocortin gene (POMC) expression, while the overexpression
of secreted frizzled-related protein 2 (SFRP2) reduces b-catenin and decreases Wnt signaling
activity [41,42].

Fibroblast growth factor receptor 2 (FGFR2) has a mechanism responsible for inducing
Rb phosphorylation and the regulation of cell cycle progression via p21 and p27. This is
primarily performed through deubiquitination. Thus, ubiquitin-specific peptidase 8 (USP8)
and ubiquitin-specific peptidase 48 (USP48) have been linked to the pathogenesis of PitNETs.
USP8, USP48, BRAF, SFRP2, and FGFR2 are related to the development of corticotroph
adenomas [39,42].

Through unknown mechanisms, heat shock protein 90 (USP90), histone deacetylase 2
(HDAC2), Cdk5 and Abl enzyme substrate 1 (CABLES1), the pituitary tumor apoptosis gene
(PTAG), thrombospondin-1 (TSP-1), and caspase-8 (CASP-8) are also involved in the tumorige-
nesis of corticotrophinomas [23].

C5orf66 antisense RNA 1 (C5orf66-AS1) and ectodermal-neural cortex 1 (ENC1) also have
unknown mechanisms of working, but it is well known that these biomarkers are involved
in the development of null cell adenomas [43,44]. Also, through unknown mechanisms,
family with sequence similarity 90 member a1 (FAM90A1), inhibitor of growth family member
2 (ING2), ETS proto-oncogene 2, transcription factor (ETS2), signal transducer and activator of
transcription 6 (STAT6), myelin transcription factor 1 like (MYT1L), and potassium two pore
domain channel subfamily k member 1 (KCNK1) are involved in tumoral regrowth [45].

In addition, in nonfunctioning adenomas, interleukin 6 receptor (IL-6R)/Janus kinase
2 (JAK2)/STAT3/matrix metallopeptidase 9 (MMP9) and phosphatidylinositol 3-kinases (PI3K)
have been discovered to be involved in the PI3K/AKT pathway. This correlates with
cell survival, growth, proliferation, and metabolism [46]. Maternally expressed 3 (MEG3)
acts as a tumor genesis suppressor through both p53-dependent and p53-independent
pathways. Furthermore, cyclin-dependent kinase inhibitor 2A (CDKN2A) is a tumor suppressor
and regulates the cell cycle; however, both genes are featured in the tumorigenesis of
nonfunctioning adenomas and somatotroph adenomas [23,47,48]. Table 1 summarizes the
most important genes involved in PitNETs and their main roles.

Table 1. Summary of the involved genes in PitNETs and their specific role.

GENE/PATHWAY ROLE

MEN1 It has a tumor suppressor function and is involved in cellular proliferation, gene
transcription, and genome stability [23].

CDKN1B It is hypothesized that it is involved in tumorigenesis through unknown mechanisms
and cell cycle regulation [24].
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Table 1. Cont.

GENE/PATHWAY ROLE

PRKAR1A

It is related to the tumorigenesis of somatotrophinomas, lactotrophinomas, mixed
PitNETs, and corticotrophinomas, and its loss enhances protein kinase A (PKA)

signaling, which is involved in transcriptional regulation, cellular progression and
proliferation, and apoptosis [24].

GPR101 It is associated with the development of somatotroph adenomas and is highly
overexpressed in pituitary lesions of X-linked acro gigantism [23,24].

VHL It is involved in apoptosis and tumorigenesis and is associated with pituitary lesions in
Von Hippel–Lindau syndrome [25].

DICER1 It promotes cellular proliferation. It is involved in tumorigenesis in DICER1 syndrome
through incompletely understood mechanisms [26].

MLH1 and MLH2 They are involved in tumorigenesis through incompletely understood mechanisms in
Lynch syndrome [49,50].

AIP It is involved in the tumorigenesis of all PitNETs through incompletely understood
mechanisms [27].

GNAS The only consistent mutation demonstrated in somatotropinomas is McCune–Albright
syndrome [24].

SDHx Germline mutations were demonstrated in hereditary pituitary lesions with pituitary
adenomas, such as phaeochromocytoma/paraganglioma [28].

PTTG1 Its overexpression is correlated with tumor formation and progression [29,30].

STAT3 It supports tumorigenesis in somatotropinomas [31,32].

CDH23 It is involved in tumoral growth, mainly in somatotropinomas [33].

IGSF1 It increases the secretion of somatotropin hormone and IGF-1 levels and is associated
with pituitary hyperplasia [34].

PRDM2 It is involved in c-Myc regulation [35].

SLC20A It is associated with the activation of the Wnt–b-catenin signaling pathway [36].

SSTR1-5 and PR/SET Domain 2
They are involved in the development of somatotroph adenomas. Decreased

somatostatin and dopamine receptor expression levels have been associated with the
tumorigenesis of somatotropinomas [37,38].

GADD45γ
It is involved in the development of somatotroph and nonfunctioning adenomas
through DNA damage and function in the negative regulation of cell growth [38].

RASSF1A It is involved in tumorigenesis through incompletely understood mechanisms [39].

USP8, USP48, and BRAF Mutations are associated with dysfunctions in the adrenocorticotropic hormone and can
cause the activation of the EGF signaling pathway [42].

SFRP2 Its overexpression reduces b-catenin and decreases Wnt signaling activity, influencing
the development of corticotrophinomas [41].

FGFR2
It is involved in the tumorigenesis of corticotrophinomas by inducing Rb

phosphorylation and the regulation of cell cycle progression via p21 and p27, primarily
through deubiquitination [39,42].

USP90, HDAC2, CABLES1, PTAG,
TSP-1, and CASP-8

They are involved in the tumorigenesis of corticotrophinomas through unknown
mechanisms [23].

C5orf66-AS1 and ENC1 Through unelucidated mechanisms, they are involved in the development of null cell
adenomas [43,44].

FAM90A1, ING2, ETS2, STAT6, MYT1L,
and KCNK1 They are involved in tumoral regrowth in PitNETs through unknown mechanisms [45].

IL-6R/JAK2/STAT3/MMP9 They are involved in cell survival, growth, proliferation, and metabolism in
nonfunctioning adenomas [46].

MEG and CDKN2A They are involved in the tumorigenesis of nonfunctioning adenomas and
somatotrophinomas [23,47,48].
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2.2. The Landscape of Molecular Events in Pituitary Tumor Apoplexy

Pituitary tumor apoplexy (PA) is defined by intratumoral hemorrhage and/or in-
farction. An early diagnosis may be of crucial significance, as it can be a life-threatening
condition, and prompt medical and surgical treatment may be essential [51]. Even though,
in this case, the molecular pathways in their entirety are still not clarified, it is well known
that a small vascularization of PitNETs is consequential, as it triggers various biomolecular
mediators responsible for tumoral hemorrhage [52].

Various genetic factors are involved in PA, each of which has a specific role. VEGF is
mainly involved in tumor angiogenesis; endolin (CD105, CD31) has a role in microvascular
density, while the pituitary tumor-transforming gene and fibroblast growth factor are in-
volved in pituitary tumorigenesis and development. In contrast, the Ki67 marker has a role
in cellular proliferation [53]. Furthermore, it is worth mentioning the involvement of tumor
necrosis factor alpha in angiogenesis, vascular hyperpermeability, and the destruction of
vascular integrity; the role of hypoxia-inducible factor 1-alpha (HIF-1α) in hypoxia, and
the activation of VEGF; and the role of matrix metalloproteinase-2/9 (MMP 2/9) in the
degradation of the extracellular matrix and vascular permeability [53].

In PitNETs, HIF-1α increases the risk of PA by stimulating the expression and synthesis
of VEGF (which influences MAPK, FAK, PI3K/Akt, and p38 MAP kinase signaling path-
ways), MMP 2/9, and TGF-β, as well as the Wnt signaling pathway. PA is more common
in non-functioning macroadenomas (showing elevated microRNA values for VEGF) than
in pituitary microadenomas [53–55]. However, further research is needed to gain more
knowledge about the biomolecular pathways leading to pituitary apoplexy, which will
improve the management of this condition.

2.3. Non-Invasive Circulating Biomarkers in PitNETs

PitNETs are habitually managed through a neurosurgical transsphenoidal approach,
and a solid tissue biopsy is used to diagnose the tumor. However, this technique may offer
a single-time sample, and the genetic heterogeneity of the tumor is not always captured.
Finally, this may lead to the loss of significant genetic information. Contrariwise, a liquid
biopsy is a procedure used to detect the biomolecular elements of the tumors in the biofluids,
such as blood, cerebrospinal fluid, urine, and saliva, even though the urine is the least
explored and the blood is the most investigated one [29]. This technique is accessible
and minimally invasive, providing an early screening of the tumoral mass and a prompt
diagnosis. Multiple collected samples may provide a thorough insight into the genetic
heterogeneity and tumoral evolution of PitNETs [56].

Similar to solid tissue sampling, biofluids carry all clinical necessary parameters for
analysis (proteins, DNA, RNA) and have widely been used in the diagnosis, prognosis,
and management of multiple diseases, including PitNETs [57].

Although small tumors may release low titers of biomarkers, the vascularization of the
pituitary gland may offer a significant connection between the circulation and its cells [58].
Recent studies reveal that, on average, tumors may have up to 80 different mutations and
many more methylation transpositions [59].

Several typical mutations identified in pituitary lesions, such as in GNAS or USP8,
USP48, HHIPL1, NNAT, RHOU, C5orf66, and RASSF3, have not yet been described in
the biofluids. A notable fact is that better specificity has been observed in methylation
profiles as they are more recurrent [29]. In summary, specific PitNET-related biomarkers
in the liquid biopsy provide crucial details about tumoral behavior and origin. These are
mainly represented by the circulating tumor DNA, cell-free RNA, epigenetic factors, and
circulating tumor cells [29].



Biomedicines 2025, 13, 968 7 of 21

2.3.1. Circulating Tumor DNA (ctDNA)

The circulating DNA is represented by fragments of DNA liberated into the blood
circulation, making it preserve all its initial genetic and epigenetic features, and it can
be a promising tool for liquid biopsy in PitNETs [60]. Benign tumors are supposed to
release lower amounts of ctDNA through extracellular vesicles that protect their cargo
from plasma nucleases (exosomes) [61]. Repeated sampling can provide details regarding
tumoral progression, consistently bringing forth the latest information about the tumor [62].

2.3.2. Cell-Free RNA (Long Non-Coding RNAs, Messenger RNA, and Micro-RNAs)

A specific type of RNA found in biofluids is represented by the cell-free RNA (cf-RNA)
that acts on the DNA or proteins, unlike messenger RNA (mRNA), which seldom codes
for the last. Until now, PitNETs are correlated with the long non-coding RNA (lncRNA),
messenger RNA (mRNA), and micro-RNA (miRNA) [29].

LncRNA has been detected in all adenoma subtypes; miRNA has been detected in go-
nadotropinomas and somatotropinomas, and mRNA has been detected in non-functioning
PitNETs [63–66]. To date, the only studied lncRNA in biofluids in association with PitNETs
is the oncogene H19. However, many others are still available for further research, such as
circular RNA, small nucleolar RNA, and piwi-interacting RNA. These biomolecular agents
are highly stable in biofluids and are of great interest as they are associated with tumor
development and progression [67–69].

2.3.3. Epigenetic Factors

The term epigenetic refers to an alteration in gene expression without changes in the
DNA sequence, and these alterations have a pivotal role in tumoral development [70].

The use of methylation markers in liquid biopsy for prognosis in PitNETs is not very
common, and further research is still required. However, it is worth mentioning that the
overexpression of DNA methyltransferases 1 and 3 has been reported in macroadenomas.
These findings suggest that the inhibition of these enzymes will lead to an antitumoral
effect [71].

Other described epigenetic changes in PitNETs are represented by DNA methyla-
tion, histone acetylation, histone methylation, and histone citrullination. The genes in-
volved in cellular growth and signaling that exhibit altered methylation status are as fol-
lows: CDK1, CDKN1B, CDKN2A, CDKN2C, retinoblastoma transcriptional corepressor 1 (RB1),
CDKN2A protein (p16INK4a), retinoblastoma (Rb), the CDKN1B protein (p27kip1), GADD45γ,
RASSF1A, RASSF3, apoptotic regulators, the pituitary tumor apoptosis gene (PTAG), MEG3, and
FGFR2 [70].

Regarding histone modifications, it has been stated that non-invasive PitNETs express
higher amounts of the anti-PRDM2 antibody (RIZ1), acting as tumor suppressors and
as histone methyltransferase in comparison to invasive PitNETs [72]. Furthermore, the
overexpression of RIZ1 has been associated with important differences in methylation in
multiple CpG sites, reduced H3K4/H3K9 methylation, enhanced H3K27 methylation, and
longer survival rates [72]. In conclusion, certain associations between epigenetic changes
and genetic alterations support the possibility that histone changes may have an impact on
gene expression in PitNETs [70].

2.3.4. Circulating Tumor Cells

Although they are very rare in benign tumors, circulating tumor cells (CTCs), which
represent parts shredded from the original tumor into the bloodstream, can be difficult to
isolate due to their biomolecular characteristics and low titer [73]. However, it has been
demonstrated that they can be detected in PitNETs and not only in malignant tumors,
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which may suggest that pituitary carcinomas arise from adenomas [73]. Even though their
beneficial part is still not clear, research regarding the matter is still in progress [74].

3. Tumoral Microenvironment
3.1. Immune and Stromal Cells

In addition to the biomolecular aspects regarding signaling pathways and genetic
predispositions, the TME is also a result of interactions between its components and a highly
advanced physical structure that supports tumoral development, growth, and survival [22].
The intricacy of immune and stromal cells within the TME in PitNETs has been highlighted
in recent decades, while understanding that they can either have pro- or anti-tumorigenic
functions based on their type [75].

3.1.1. Macrophages

As the most abundant immune population in the TME, accounting for up to 50% of
solid tumoral lesions, tumor-associated macrophages represent a heterogeneous cell pop-
ulation, providing trophic and nutritional support for neoplastic cells. This support will
eventually lead to the progression of the disease and, most importantly, to treatment resis-
tance. This is one of the main reasons why they are such an important entity that sparks
significant interest in scientific oncological and biomolecular research [76]. It is worth
mentioning that, as in other tumoral types, an increased level of macrophage infiltration
has been demonstrated in patients with PitNETs [77].

Mirroring the Th1/Th2 nomenclature, macrophages are defined as polarized entities
on a spectrum. At one end, there is the classically activated type, known as M1. At the
other end, there is the alternatively activated type, known as M2 [78]. These two types of
macrophages have different functions and exhibit distinct biomolecular features. While M1
macrophages are mainly involved in anti-tumoral processes, M2 macrophages are known
for their association with tumorigenesis, invasiveness, and neovascularization [75].

Yagnik et al. demonstrated that non-functioning pituitary adenomas with cavernous
sinus invasion have an M2/M1 gene expression ratio above one. Furthermore, the
same authors concluded that cases with non-functioning pituitary adenomas without
cavernous sinus invasion have an M2/M1 gene expression ratio below one [79]. As men-
tioned earlier, these findings support the statement that the M2 type is associated with
tumoral invasiveness.

The polarizing stimuli of M1 are represented by interferon-gamma (IFNγ), lipopolysac-
charide, tumor necrosis factor (TNF), and granulocyte–macrophage colony-stimulating
factor (GM-CSF). At the same time, the primary role of these macrophages lies in activat-
ing Th1 cells, the intracellular destruction of pathogenic agents, immunological defense,
immunostimulation, and tissue destruction. Regarding M1, the produced cytokines are
represented by interleukins (ILs) 1, 6, 10, 12, and 23 and interleukin 1 receptor, type I; the
tumoral resistance is considered high [78].

The polarizing stimuli in M2 are represented by ILs 1, 4, 10, and 13. The produced
cytokines are transforming growth factor beta, TNF; interleukin 1 receptor, type II; the antag-
onist of interleukin 1 receptor, type I; interleukins similar to M1 but in different quantities;
and other chemokines. While the tumoral resistance of M2 is poor, the identified functions
of these macrophages are immunosuppression, wound healing, and remodeling of the
tissues, as well as the destruction of parasitic agents followed by their encapsulation [78].

In the specific case of PitNETs, tumoral invasiveness supported by these macrophages
results from TME acidification and chemokine secretion. Thus, PitNETs are characterized
by lactate overproduction, leading to TME acidification. The acidification of the TME
will further lead to a remodeling of tumor-associated macrophages towards an M2-like
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phenotype, and this chain reaction represents the beginning of tumoral invasion [80].
Thereafter, the macrophages will secrete specific chemokines that will increase the invasive
feature, and in the end, after the invasive feature is enhanced, the pituitary tumor will
produce even more lactate [80]. Furthermore, it has been demonstrated that in PitNETs,
higher amounts of chemokines, specifically CCL17, are correlated to more significant
tumoral volumes, invasiveness, and recurrence [80].

Similarly, the indirect conversion of macrophage into a specific phenotype has also
been observed in functional pituitary adenomas [81]. It has been demonstrated that go-
nadotrophinomas drive the recruitment of tumor-associated macrophages and convert
them to an M2-like phenotype. Moreover, infiltrating CD68+/CD163+ macrophages were
associated with tumoral invasiveness in gonadotrophinomas, which can conclude them
as an important therapeutic target in these tumors [81]. Shi et al. demonstrated that the
infiltration of macrophages is associated with tumoral volumes, and PitNETs of greater vol-
umes have a larger amount of macrophages [82]. Similarly, Liu et al. concluded that CD68+
macrophages are correlated to larger volumes and invasive features in PitNETs, while
sparsely granulated somatotropinomas with more CD68+ cells have a more aggressive
behavior [83].

On a cellular level, refractory pituitary lesions showed a concrete presence and resulted
in the infiltration of macrophages, while in non-refractory tumors, a predominance of M2
was observed [84]. On a molecular level, in refractory tumors, an AIP mutation and an
upregulation of CCL17 were demonstrated, while in non-refractory lesions, there was a
normal or unidentified expression [84]. In addition, studies show that CCL5 is upregulated
in AIP-mutation-positive PitNETs, which indirectly enhances the proliferative and invasive
features of somatomammotroph cells. Thus, a biomolecular dialog between the tumor and
its microenvironment is the basis of the invasive characteristic of AIP-mutation-positive
lesions. At the same time, the CCL5/CCR5 pathway can be considered a potential target in
the therapeutic approach [77].

A more recent study by Wu et al. brought into the spotlight the role of tumor-associated
macrophages and tumor necrosis factor-alpha (TNF-α) in PitNETs with bone invasion [85].
The study concluded that a gene signature of TNF-α and tumor-associated macrophages
could be a biomarker that effectively predicts bone invasion in these tumors. C-X3-C motif
chemokine receptor 1 (CX3CR1) and triggering receptor expressed on myeloid cells 2 (TREM2)
expression characterized the identified cells and upregulated interleukin 1B and tumor
necrosis factor, aggravating bone invasion. By focusing on targeting these specific dis-
covered entities and mechanisms, bone destruction could not only be alleviated but also
avoided in the future [85].

3.1.2. Lymphocytes

Various T-cell populations are found in the TME or in the draining lymphoid or-
gans in patients with neoplastic disease, and the most experienced and capable of de-
stroying tumoral cells is represented by cytotoxic CD8+ memory T cells. These cells are
positively correlated with a good prognosis and are supported by CD4+ Th1 cells [86].
Conversely, CD4+ Th2 secretes immunosuppressive cytokines, supporting B cells or Th17
and leading to inflammation and tumoral growth and development [87]. Notwithstanding
the few data available regarding immune infiltrates in PitNETs, some research detected
80% CD8+ T cells and 14% CD4+ T cells in these tumors. B lymphocytes and natural killer
cells were also detected in low amounts. These results suggest a low degree of cellular
immune response to PitNETs [88].

In the last decade, findings showed that the significant types of T cells are represented
by regulatory T cells and cytotoxic T cells [84]. However, in the context of the TME, regu-
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latory T cells are ubiquitous and support tumoral growth and development by blocking
antitumor immune responses [2], but in the context of the TME, in PitNETs as well as in
meningiomas, lower percentages or no accumulation at all have been observed, as these
cells were more likely to be present in malignant tumors [89]. In cases in which the accumu-
lation was present even in lower amounts, a significant upregulation of regulatory T cells
was correlated with aggressiveness and a poor prognosis, specifically in non-functioning
PitNETs [90,91].

Regarding the cytotoxic T cells, it has been stated that in addition to the cells infected
by viruses, they also target neoplastic cells, inducing apoptosis and secreting perforin and
granzyme. In PitNETs, their implication is still incompletely known, albeit still in research.
Richardson et al. concluded that a lower amount of cytotoxic T-cell infiltration in silent
type III PitNETs was correlated with recurrence and invasiveness into the neighboring
anatomical structures [92]. Similarly, Iacovazzo et al. suggested that a lower amount
of CD8+ lymphocytes is correlated with cavernous sinus invasiveness and treatment
resistance in acromegaly patients [93]. Contrary to these findings, Wang et al. showed
that higher amounts of cytotoxic T cells infiltrated in tumoral tissue were associated with
invasiveness and treatment resistance in aggressive hormone-secreting PitNETs [94]. Given
the different results in the medical literature, the exact role of these cellular populations
and the mechanisms of action behind them are still unknown. Further research is needed to
better understand whether they can impact immune diagnosis or therapeutic management
in PitNETs.

3.1.3. Neutrophils

Neutrophils represent up to 70% of the total circulating leukocytes, and they make
up the main portion of the leukocyte infiltration in various neoplasms [95]. In neoplastic
lesions, these cells follow the pattern of Th1/Th2 and M1/M2 cells, exhibiting two pheno-
types described as N1, tumor-suppressive, and N2, tumor-promoting. It has been stated
that the differences between these two types are related to the stage of the disease, as they
become more immunosuppressive in the late stages [96]. One of the primary roles of these
cells in cancers is represented by the ability to reorganize the extracellular matrix while
promoting processes like neovascularization, progression, and invasiveness [97,98].

Regarding PitNETs, it has been demonstrated that the amount of neutrophils is lower
compared to normal hypophysis. Furthermore, non-functioning PitNETs have more neu-
trophils than somatotroph adenomas due to less chemokine release and impaired chemo-
taxis in acromegaly [99].

Neutrophils may also be involved in tumoral aggressiveness, as clinicopathological
data concluded a correlation between them, macrophages, and CD8+ T cells [99].

3.1.4. Tumor-Associated Fibroblasts

Tumor-associated fibroblastic cells make up the majority of connective tissue, and
their main function is represented by the remodeling of the extracellular matrix and the
secretion of soluble factors such as hepatocyte growth factor, epidermal growth factor,
basic fibroblast growth factor, and cytokines (interleukin 6 and stromal cell-derived factor
1) [100]. In addition, it has been demonstrated that in some types of cancer, these cells have
a hormonal dependence. Furthermore, they are involved in regulating cellular motility and
the metastatic spread into other organs [100].

The origin of tumor-associated fibroblasts is still under debate. While it has been
concluded that multiple origins are possible, they are considered heterogeneous enti-
ties. Possible predecessors are resident tissue fibroblasts, epithelial, endothelial, and
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hematopoietic stem cells, as well as bone marrow-derived mesenchymal stem cells or even
adipocytes [101,102].

Pituitary adenomas have multiple cell populations, such as pericytes, fibroblasts,
myofibroblasts, and myoepithelial cells. Tumor-associated fibroblasts are observed in higher
amounts in the stroma of refractory tumors and were also present inside the intratumoral
matrix and in the capsule [103]. This is especially relevant given that the amount of
cells that produce collagen is directly proportional to the grade of tumoral fibrosis. Thus,
thyrotropinomas that have more cells that produce collagen have a more fibrous consistency,
while somatotrophinomas and null cell adenomas that have a lower amount of collagen-
producing cells have little fibrosis [103].

Despite the scarce research regarding tumor-associated fibroblasts in pituitary lesions,
it is well known that the role of these cells is established not only in refractory PitNETs
but also in different biomolecular behaviors. For example, the proliferation, migration,
and invasion of PitNETs were suppressed by a small-interfering RNA-mediating fibroblast
growth factor silencing gene [104]. Nevertheless, future studies are needed to better
elucidate the entire mechanisms of action as well as the roles of tumor-associated fibroblasts
in pituitary lesions [105].

3.1.5. Folliculo-Stellate Cells

Accounting for up to 10% of the anterior pituitary cells, folliculo-stellate cells form
networks with each other and with endothelial cells [106]. Although their complete role
in PitNETs is yet to be fully discovered, it is well known that they are involved in the
homeostatic regulation of the adenohypophysis, where they are associated with paracrine
control in hormonal synthesis and the secretion of endocrine cells for which they provide
mechanical support [107]. Various studies have also demonstrated their involvement in
phagocytic activities and the secretion of cytokines and growth factors [108,109].

Furthermore, these star-shaped follicle-forming cells have scavenger activity by en-
gulfing degenerate cells, can exhibit advanced intercellular communication abilities, and
have immunoreactivity for the S100 protein [110].

In the normal hypophysis, these cells have a supporting role comparable to glial cells,
and their presence in large amounts in the normal tissue neighboring the adenoma suggests
their involvement in tumoral progression and cellular proliferation [111]. Moreover, a corre-
lation between higher amounts of folliculo-stellate cell density and growth hormone levels
concluded a connection between their metabolic role and hormonal secretion [111,112].

Given that they are functionally and phenotypically considered a heterogeneous
cell population, research showed that a subset of the cellular population may perform
professional antigen presentation and be involved in the microenvironment of tumor
immunosurveillance [113].

While analyzing folliculo-stellate cells in 104 tumor samples from patients with Pit-
NETs, Delfin et al. observed that these cells express steroidogenic factor 1 and GATA
binding protein 3, which are transcription factors for gonadotrophs, and supported the
theory of cellular plasticity and the transformation of hormone-producing cells to folliculo-
stellate cells [114,115]. Nonetheless, future research is needed to better understand this
cellular population’s exact role in PitNETs.

3.2. Non-Cellular Components of the TME
3.2.1. Extracellular Matrix

A crucial component of the TME is represented by the extracellular matrix (ECM),
a component regulated by matrix metalloproteinases and tissue inhibitors of metallopro-
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teinases and secreted mostly by cancer-associated fibroblasts. Furthermore, it can deposit
the proangiogenic factors released by proteases, such as VEGF, FGF, PDGFB, and TGFB [2].

The ECM represents approximately 60% of solid tumors and contains collagen, fi-
bronectin, elastin, and laminin. Its major role in promoting tumoral progression and
dissemination is highlighted, especially by the metalloproteinases [2]. Various matrix
metalloproteinases have been associated with PitNETs, such as MMP-1 (gelatinases) and
MMP-2 and MMP-9 (collagenases), MMP-3 (stromelysin), and MMP-14 (membrane type),
as well as many proteins like the reversion-inducing cysteine-rich protein with Kazal motifs
(RECK) and extracellular matrix metalloproteinase inducer (EMMPRIN) [22]. A disparity
in matrix metalloproteinases and tissue inhibitors of metalloproteinases has been noted
in invasive PitNETs, as the first ones may have an important role in tumoral growth and
angiogenesis. In addition, it has been stated that the expression of IL-17 and disintegrin
and metalloproteinase domain-containing protein 12 (ADAM12) is also linked to invasive
PitNETs [22].

3.2.2. Exosomes

Exosomes are nanovesicles that incorporate DNA, RNA, and proteins, which are
embedded upon formation and transported throughout the body for intercellular com-
munication [116]. These entities are found in the blood plasma, urine, and saliva [116].
However, a more accurate analysis has been obtained from serum exosomes, as they pro-
vide biomarkers linked to PitNETs, and it has been found that they can guide the diagnosis
via the identification of the tumoral type, the prognostic, and the response to the treat-
ment, concluding them as important biomolecular agents in the screening of PitNETs [117].
Regarding functionality within the TME, exosomes support and promote inflammatory pro-
cesses, tumoral progression, neovascularization, and dissemination, while their production
by the neoplastic cells is increased in hypoxic settings [2].

4. Translational Impact of Therapeutic Interventions
The importance of understanding how TME and its components function also has

a benefit for therapeutic intervention. recent decades, various targeted agents were de-
veloped, tested, and implemented in the treatment of different cancers [118]. In PitNETs,
while many of these agents are still developing or being tested, some of them have demon-
strated significant benefits, and the most studied molecule in this disease is programmed
death-ligand 1 (PD-L1), an immune checkpoint inhibitor [119]. Furthermore, it has been
stated that PD-L1 could serve as a biomarker of response to immune checkpoint inhibitors
in PitNETs [6,7].

The main recorded benefit of these targeted agents is represented by long-term disease
remission without relapse after treatment discontinuation [120]. In PitNETs and pituitary
carcinomas, immune checkpoint inhibitors reactivate and enhance anti-tumoral immune
responses by blocking CTLA-4 or PD-1 [120]. Preclinical data demonstrated that target-
ing PD-L1 initiated effective antitumor immunity in aggressive ACTH-secreting pituitary
tumors after reducing the plasmatic hormonal levels, decreasing tumoral volume while
increasing survival rates. The results also suggested that tumor-infiltrating T cells demon-
strated a pattern of checkpoint expression similar to other checkpoint blockade-susceptible
tumors [121]. However, not only did preclinical data demonstrate the beneficial results of
targeted agents in pituitary lesions, but they also show empirical evidence from clinical set-
tings. Lin et al. concluded a regression of the intracranial disease by 59% and a significant
plasmatic hormonal level decrease in a young female patient presenting with an aggressive
ACTH-secreting pituitary tumor. The patient was initially treated with Temozolomide and
capecitabine, followed by a combination of Ipilimumab and Nivolumab [8]. It is worth
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mentioning that the repeated attempt to introduce immune checkpoint inhibitors in the
therapeutic management of functioning corticotrophinomas is backed by the evidence of
higher CD8+ T infiltration in comparison to other PitNETs, which may suggest that these
tumors may benefit more than other from these targeted agents [122].

Burman et al. published a study regarding 171 PitNETs and carcinomas treated using
a multimodal approach, which also included Bevacizumab, immune checkpoint inhibitors,
peptide receptor radionuclide therapy, the mTOR inhibitor Everolimus, and tyrosine kinase
inhibitors [49]. The patients receiving immune checkpoint inhibitors as a second-line
therapy achieved partial regression of pituitary lesions and metastatic lesions. However,
some patients from this group achieved a transient response or disease progression. On the
other hand, in patients treated with Everolimus or tyrosine kinase inhibitors, no significant
results were recorded [49].

Caccese et al. also reported results of targeted agents administered in patients with
different pituitary lesions [123]. Two patients with corticotroph carcinoma were given Ipili-
mumab and Nivolumab in combination, with partial response to treatment. Furthermore,
the same study reported that two other patients with corticotrophinoma and prolactinoma
were treated with Pembrolizumab monotherapy and Ipilimumab + Nivolumab. The results
showed radiological and biochemical progressive diseases in both cases [123]. The possible
causes of ineffective responses in the last two cases might be represented by the use of
monotherapy, higher hormonal levels, or the lack of PD-L1 expression [123].

A complete response to Ipilimumab + Nivolumab of a sparsely granulated corti-
cotrophinoma in a 57-year-old male was reported by Shah et al. in a recent article. The
authors concluded a complete resolution of tumoral lesion, even 34 months postoperatively.
The patient underwent a neurosurgical gross-total resection of the lesional mass, followed
by proton therapy. Consequently, the neuroimaging results at the 16-month follow-up
showed a tumoral recurrence, and Temozolomide administration was initiated. Despite this
therapeutic management, the tumor showed significant progression, and immunotherapy
with immune checkpoint inhibitors in combination was administered. Following the last
step of the therapeutic approach, no residual tumor was observed [124].

Dudhamel et al. reported the case of a 60-year-old male diagnosed with prolacti-
noma and treated with repeated neurosurgical intervention and even daily cabergoline
administration. The introduction of Temozolomide was proven ineffective, and the use
of immunotherapeutic agents in combination (Ipilimumab + Nivolumab) was decided.
While this was proven ineffective and stopped, the administration of Bevacizumab was
decided, this time with more positive results than past evolution. The prolactin levels were
stabilized, and no tumor increase was observed on neuroimaging tests, with minimal side
effects [125].

Ilie et al. published an article regarding predictive factors of responses to immunother-
apeutic agents, stating that the tumor type, PitNET versus pituitary carcinoma, represents
the most important factor [126]. Moreover, the previous administration of Temozolomide
may increase the efficacy of immune checkpoint inhibitors, given that it increases the
mutational burden. Therefore, tumor mutational burden might be another predictive factor.
In the same article, the authors considered that microsatellite instability and mismatch
repair status could be predictive factors [126].

Wang et al. reported the case of a 41-year-old woman diagnosed with an invasive
somatotronpinoma that was treated repeatedly using a neurosurgical and radiosurgical
approach, with ineffective results. After initiating the treatment with Temozolomide and
Apatinib, a tyrosine kinase inhibitor that selectively inhibits vascular endothelial growth
factor receptor-2, the hormonal levels dropped within the normal range, while the tumoral
volume decreased by 90% after one year, without any evidence of recurrence [127]. Accord-
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ing to a report by Osterhage et al., other patients with aggressive corticotrophinomas and
non-functioning PitNET also benefited from treatment with Bevacizumab after exhausting
the standard therapies [128].

Bevacizumab can also play a role in familial PitNETs. It has been reported that in
AIP-mutated PitNETs, a combination of Temozolomide and Bevacizumab, along with
radiotherapy and pegvisomant, can result in long-term hormone secretion stabilization
and can inhibit tumoral growth [129]. Furthermore, tyrosine kinase inhibitors can also play
a role in familial PitNETs with MEN1 [130], and preclinical studies have demonstrated this
result [131].

Potential factors that can predict treatment response to antiangiogenic agents in pitu-
itary lesions are represented by higher vascular densities, as well as immunoreactivity of
surface biomarkers (CD34 and CD31) [12].

Although clinical and preclinical studies may demonstrate a beneficial effect of tar-
geted agents in pituitary lesions, the attempts have not gone beyond case studies, and future
clinical trials are needed to draw a formal conclusion. Currently, there is one clinical study
(NCT04042753) that assesses the efficacy of immune checkpoint inhibitors (Nivolumab and
Ipilimumab) in patients with aggressive pituitary lesions that include PitNETs [132].

5. Future Perspectives Regarding Therapeutic Agents for the TME
A thorough understanding of other TME components could also greatly impact the

development of new therapeutic agents. For example, in other neoplastic diseases, tumor-
associated fibroblasts already represent a therapeutic target, as it is well known that they
support tumor development, proliferation, and invasiveness [118]. In PitNETs, the roles
of these elements are yet to be discovered. However, it has been demonstrated that they
represent a source of cytokines that can impact tumor behavior. Consequently, tumor-
associated fibroblasts contribute to invasiveness, aggressiveness, and angiogenesis [133];
thus, it may represent a potential future field of research.

In tumoral settings, ECM can have a major impact on therapeutic efficacy, as it can lead
to treatment resistance by creating a biological barrier for therapeutic agents or by activating
cellular pathways that support tumoral cells’ survival and further development [134].
Potential targets of ECM that can be considered in the future are represented by integrins
and the matrix metalloproteinase system [135,136].

Secreted molecules and angiogenic factors could also represent interesting targets in
PitNETs. Furthermore, somatostatin receptor ligands should be considered [12].

Besides the future opportunities to target TME components, a significant topic in the
last decade has been personalized and individualized medicine in PitNETs. In addition
to the already mentioned biomarkers, new potential proteomics biomarkers should be
studied with the help of quantitative mass spectrometry. The study of proteomics can
have multiple applications in this disease, from biomarker discovery and personalized
therapeutic management to drug discovery [137,138]. However, fields beyond proteomics
are also of great importance. The use of radiomics has great potential for diagnostic and
prognostic purposes. Radiomics is the field that combines artificial intelligence, computer
science, and radiology to amplify the accuracy of medical imaging [139,140]. In PitNETs,
as in many other neoplastic diseases, the use of multi-omics should be encouraged, as the
molecules from different omics levels are interconnected [137,140].

6. Conclusions
Understanding biomolecular mechanisms is required to provide the best therapeutic

management in PitNETs. Through significant advancements, the modern era facilitates the
process of diagnosis and identifying aggressive behavior in pituitary lesions. The concept of
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a personalized therapeutic approach is still in progress given the intricacies encountered on
the road to knowledge. Nevertheless, biomolecular complexities ranging from molecular
drivers to microenvironmental interactions remain an open subject that will hopefully be
fully uncovered through future research.
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