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Tumor-Associated Macrophages:
New Horizons for Pituitary
Adenoma Researches

Changxi Han, Shaojian Lin”, Xingyu Lu, Li Xue and Zhe Bao Wu*

Department of Neurosurgery, Center of Pituitary Tumor, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai, China

Macrophages are one of the most common infiltrating immune cells and an essential
component of tumor microenvironment. Macrophages and the soluble cytokines and
chemokines produced play an important role in tumorigenesis, progression, invasion and
metastasis in solid tumors. Despite the multiple studies in other solid tumors, there is
little known about macrophages in pituitary adenomas. Recently, studies about
pituitary adenoma-infiltrated macrophages have been emerging, including the
immunohistochemical and immunophenotypic analysis of the pituitary adenomas and
further studies into the mechanism of the crosstalk between macrophages and tumor
cells in vivo and in vitro. These studies have offered us new insights into the polarization of
macrophages and its role in tumorigenesis, progression and invasion of pituitary
adenomas. This review describes the advances in the field of pituitary adenoma-
infiltrated macrophages and the prospect of targeting macrophages as cancer therapy
in pituitary adenoma.
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1 INTRODUCTION

Pituitary adenoma (PA) is a common brain tumor with a prevalence of 1/865 to 1/2688 according to
a study in 2014 (1-3). Neurosurgery is the first-choice treatment for PAs except for prolactinomas,
for which dopamine agonists are a preferable treatment. A dopamine agonist normalizes serum
prolactin (PRL) and shrinks tumor volume, but 10-30% of cases do not undergo remission with the
maximum tolerated dose (4-7); these cases are known as dopamine agonist-resistant prolactinomas
(8). PAs are usually slow-growing tumors, while 35-55% present as invasive (9, 10). The
invasiveness of PAs increases the difficulty in achieving complete surgical excision, and the
postoperative recurrence rate is 46% (11). A small proportion of PAs cannot be cured after
conventional treatment and are referred to as refractory pituitary adenomas (12, 13); these are
characterized by a rapid growth rate, invasion into surrounding structures, refractory behavior to
conventional treatment and severe symptoms (12). Further studies are needed to find more effective
therapies for dopamine agonist-resistant prolactinomas, invasive PAs and refractory PAs.

The tumor microenvironment (TME) consists of tumor cells, immune cells, mesenchymal cells,
enzymes, growth factors, cytokines and chemokines within the extracellular matrix (ECM) and
plays an important role in tumorigenesis, progression and metastasis in solid tumors (14). Tumor-
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associated macrophages (TAMs) are macrophages that are
affected by multiple components and that intervene in the
survival, invasiveness and apoptosis of tumor cells through a
variety of mechanisms in the TME (15). TAMs commonly
express CD68, CD11b and F4/80 and have two origins: bone
marrow-derived monocytes in peripheral blood and tissue-
resident macrophages of embryonic origin (16). TAMs polarize
into two subgroups, M1-TAMs and M2-TAMs, which are
subjected to fibrosis, hypoxia, metabolic stress and
lymphocyte-secreted factors (17-20). M1-TAMs, which
typically express CD80, CD86, MHC II and CD64, usually
inhibit tumors through reactive oxygen species (21), antibody-
dependent cytotoxicity (22) and NK cell activation (23). In
contrast, M2-TAMs, which typically express CD163, CD206
and ARGI, possess a pro-tumoral function (16) through
vascularization (24), growth factors (25), ECM degradation
(26), immune suppression (27-30) and promotion of
epithelial-mesenchymal transition (EMT) (31).

Recently, studies on pituitary adenoma-infiltrating
macrophages have emerged, which provide new insights into
the polarization and role TAMs play in the invasiveness of PAs.
This review describes the advances in the field of macrophages in
the pituitary adenoma-tumor microenvironment (PA-TME) and
the prospect of targeting macrophages as a therapy for PAs.

2 THE INFILTRATION OF MACROPHAGES
IN HUMAN PAS

2.1 Macrophage Infiltration in Different
Subtypes of PAs

Recent studies have reported CD68+ macrophages in PAs at
levels three times higher than those in the normal pituitary (32,
33), and these cells are the most highly infiltrating immune cells
in PAs (34). Detected mostly by immunohistochemistry,
infiltrating macrophages vary greatly among different PA
subtypes. In a study that included 20 nonfunctioning pituitary
adenomas (NFPAs) and 50 functional PAs, Zhang et al. reported
that the CD68+ macrophage infiltration of growth hormone
(GH)-secreting adenomas and prolactin (PRL)-secreting
adenomas was significantly higher than that of NFPAs and
adrenocorticotropic hormone (ACTH)-secreting adenomas
(35). A study by Marques et al., which included 16 NFPAs and
8 GH-secreting adenomas, showed no significant difference in
macrophage infiltration between these two adenoma types (34).
Principe et al. found that gonadotropin-secreting adenomas
(n=12) had higher CD68 expression than other functional PAs
(n=16) (33). Another specimen analysis including 44 NFPAs and
28 functional PAs revealed no significant difference in CD68+
cell infiltration between NFPAs and functional PAs, while among
functional PAs, PRL-secreting adenomas had higher CD68+ cell
infiltration than ACTH- and GH-secreting adenomas (32). Lu’s
team, however, performed a more pathologically detailed
analysis with 9 densely granulated GH-secreting adenomas, 9
sparsely granulated GH-secreting adenomas, 9 null cell
adenomas and 8 ACTH-secreting adenomas. They found that

null cell adenomas and sparsely granulated GH-secreting
adenomas had higher CD68+ cell infiltration than the other
two subtypes (36). For CD163, an M2-TAM marker, few relevant
statistical results on its expression in PAs have been published.
Using bioinformatics analysis, Yeung et al. reported that NFPAs
had higher CD163 expression than functional PAs (37).
According to Principe et al.,, CD163+ cell infiltration of
gonadotropin-secreting adenomas was higher than that of
other PAs (33).

Based on the current results, no obvious pattern of
macrophage infiltration was observed in different subtypes of
PAs. A study with a larger sample size supports the conclusion
that PRL-secreting adenomas are more highly infiltrated by
macrophages, while ACTH-secreting adenomas, gonadotrophin
cell adenomas or NFPAs are infiltrated to a lesser extent (35).
However, Principe et al. demonstrated that gonadotrophin cell
adenomas had higher CD68+ cell infiltration than other
functional PAs. Clinically, gonadotrophin cell adenomas are
the main pathological subtype of NFPAs. Moreover, they
found higher F4/80+ cell infiltration in tumors originating
from gonadotrophin cell lines than in tumors originating from
GH cell lines in a tumor-bearing animal model. This difference
was no longer significant when tumorigenic cells were replaced
by human PA primary cells (33). According to the results of this
study, macrophage infiltration varied greatly among samples,
which indicated that gonadotropin-secreting adenoma has
substantial heterogeneity in macrophage infiltration. Several
reasons are considered possible. First, Yagnik et al. found that
the infiltration of CD11b+ myeloid macrophages in NFPAs
differed greatly between samples (38). For null cell adenomas,
a subtype of NFPA, it was observed that CD68+ macrophage
infiltration was higher than that in ACTH-secreting adenomas
and densely granulated GH-secreting adenomas (36), which
indicates that null cell adenomas may have affected the
statistical results of NFPAs in other studies. Although null cell
adenomas only account for a small proportion of NFPAs, they
should be studied separately from the other pathological types of
NFPAs in future studies. Second, chemokines might be expressed
differently among subtypes of PAs. CCL5 was found to be
expressed higher in GH adenomas than in gonadotrophin
adenomas, while CSF1 was found to be expressed more in
gonadotrophin adenomas. Meanwhile, gonadotrophin-secreting
cell lines could increase the expression of CSFIR on monocyte
cell line THP1, compared to GH cell lines (33). Marques et al.
have similar results: they found that NFPAs could secret more
IL-8, CCL2 and CCL4 than GH adenomas (34). Due to the
differential results shown above, macrophages infiltration must
be the consequence of the secretion of multiple chemokines.
Thus, the marker of macrophage subgroup in different pituitary
adenomas should be further studied. Third, differential tumor
development stage with differential chemokines expression could
lead to differential macrophage infiltration. Yagnik et al. inferred
a dynamic change of macrophages infiltration in the
development of NFPAs, caused by dynamic chemokines
expression, such as GM-CSF and MCP-1, supporting the
opinion mentioned above (38).
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2.2 The Relationship Between
Macrophages and the Biological

Behavior of PAs

Multiple studies have reported a correlation between TAMs and
the biological behavior of PAs, such as tumor growth and
invasion. Regarding PA growth indicators, after studying PA
specimens, Lu et al. and Zhang et al. found that CD68+
macrophage infiltration was related to the size of PAs (35, 36).
Principe et al. found that the percentage of CD68+ cells was
positively correlated with tumor size in gonadotropin cell
adenomas (33). In terms of PA invasion indicators, Lu et al.
team found that CD68+ macrophage infiltration was positively
correlated with the Knosp classification grade, and sparsely
granulated GH adenomas, which are considered to be more
aggressive, had more CD68+ macrophage infiltration than
densely granulated GH-secreting adenomas (36). An analysis
by Zhang et al. showed that CD68+ macrophage infiltration was
significantly increased in invasive PAs compared with
noninvasive PAs (35). Principe et al. reported that CD68+
macrophage infiltration was related to invasion in both
functional PAs and NFPAs (33). Yagnik et al.’s found that the
M2/M1 gene expression ratios of 88% NFPA samples with
cavernous sinus invasion was higher than one (38). These
results show that macrophage infiltration plays an important
role in tumor growth and invasion. And among the two subtypes
of TAMs, M2-TAMs seem to have a positive relation with PA
invasion compared to M1-TAMs.

In addition to tumor growth and invasion, the PA-related
biological behaviors of clinical concern include drug resistance,
recurrence, and even metastasis. However, no convincing data
support the relationship of these behaviors with macrophage
infiltration. Different opinions also exist about the relationship
between PAs and macrophage infiltration. As mentioned earlier,
a recent analysis of a larger sample size of pathological specimens
found that macrophage infiltration is related to the growth and
invasion of PAs (33, 35, 36). However, according to the study by
Marques et al., CD68+ macrophage infiltration was not involved
with cavernous sinus invasion and was not related to the Ki67
index, which might be attributed to the study’s relatively small
sample size (34).

3 CROSSTALK BETWEEN
MACROPHAGES AND TUMOR CELLS
IN THE PA-TME

Similar to what is observed in other solid tumors, macrophages
in the PA-TME promote the progression of PA cells through
multiple mechanisms. Moreover, macrophages in PAs are also
regulated by various components in the TME, which allow them
to polarize into M2-TAMs and exhibit PA-promoting
phenotypic and functional characteristics. Advances in the
knowledge of the interaction and regulation of macrophages
and TME components in PA are described below.

3.1 The Effect of M1- and M2-TAMs on
Tumor Cells in the PA-TME

Several studies have shown that M2-TAMs are the primary
infiltrative macrophage subtype (33, 34, 37). However, Yagnik
et al. also observed that a few specimens were predominantly
infiltrated with M1-TAMs rather than M2-TAMs (38). MI-
TAMs, which are traditionally considered an anti-tumoral cell
type, may promote immunity and suppress tumor growth in
PAs. In 1993, TtT/M-87 was separated from PAs. TtT/M-87 is a
macrophage cell line derived from thyroid stimulating hormone
(TSH)-secreting adenomas that express TNF-o, IL-10, and
MHC-II; these factors can assist spleen-derived lymphocytes in
inhibiting the growth of tumor cell lines in vitro (39). Due to the
lack of relevant research, further in vivo and in vitro studies are
needed to verify the role of M1-TAMs in PAs.

M2-TAMs promote PA invasion by immunity suppression,
PA cell epithelial-mesenchymal transition and proliferation,
vascularization and ECM remodeling (40) (Figure 1), as
described below.

3.1.1 Immunity Suppression

A study of 72 PA specimens found that CD163 expression in
tumors is related to inhibitory molecules, such as PD-L1, PD-L2,
and LAG3 (32). Treatment with PA cell conditioned medium
(CM) upregulated the expression of IL-10 and TGF-f§ in THP-1
cells, a monocytic cell line (35). Similarly, CM from a macrophage
cell line could also upregulate the expression of IL-10, IL-13
and other cytokines in the PA cell line GH3 (34). From these
results, M2-TAMs are responsible for immunosuppressive
microenvironment in PA.

3.1.2 Epithelial-Mesenchymal Transition

and Proliferation

Studies have reported that macrophages can promote EMT in
PA cells and increase their invasiveness. When a PA cell line was
treated with macrophage-derived CM, its cell morphology
changed. At the same time, ZEB-1, a mesenchymal marker,
was upregulated, while the epithelial marker E-cadherin was
downregulated (34, 41). This may be related to the effect of
CCL17 secreted by TAMs (35). CCL17 interacts with CCR4 on
PA cells, activates the mTORCI1 pathway, and ultimately leads to
EMT, which promotes invasion and proliferation (35). When
tumor cells undergo EMT, they gradually abandon their
epithelial features and turn into a mesenchymal form, during
which their ability of invasion and metastasis is promoted. In
PAs, EMT marker was found to be associated with tumor size
and staging (42). Yagnik et al. found that CM of M2-TAM:s could
upregulate the expression of EZH2 in NFPA primary cells (38).
EZH2 is a proliferation-related gene that, when silenced,
abrogated the pro-tumoral effect of macrophage-derived CM.
In PAs, EZH2 is correlated with Ki67, and therefore possibly
related to the proliferation of PA cells (43). Therefore, EZH2
expression could be the consequence of CCL17-induced EMT
transcription, leading to proliferation, which still needs
further validation.
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FIGURE 1 | Recruited macrophages polarize into M2-TAMs and promote PAs invasion through a variety of mechanisms.

3.1.3 Vascularization

Many studies have found that M2-TAMs in PAs are positively
correlated with microvessel density and VEGF expression (34,
44, 45). Marques reported that the chemokine CCL2, which
recruits macrophages, was significantly correlated with the
microvessel area of PA specimens, as was the ratio of M2-
TAMs to M1-TAMs (45). Yagnik et al. found that CM of M2-
TAMs could upregulate the expression of S100A9 in NFPA
primary cells (38). S100A9 is an invasion-regulating protein
that, when silenced, can inhibit the invasion and migration of
primary NFPA cells induced by macrophage-derived CM (38).
In addition, S100 protein was found to be associated with VEGF
and EGFR expression, which is closely related to vascularization
and invasion (46). Based on the fact that folliculo-stellate
cells and tumor cells can produce VEGF (47) and that PA cells
can express S100A9, vascularization could be the consequence of

VEGEF derived from cells mentioned above and aggregation of
TAMs could just be the result of vascularization. Therefore, the
role TAMs play is still in need of further validation and
mechanism researches.

3.1.4 ECM Remodeling

CD301 and ARGI1, which are both M2-TAM markers, are
positively correlated with the expression of the matrix
metalloproteinases MMP-2 and MMP-9 in PA specimens,
while M1 markers have no such relationship (35). MMP-2 and
MMP-9 expression was found to be more abundant in invasive
pituitary adenoma (48). Macrophage-derived CM can upregulate
the transcription of MMP-9 mRNA in PA cell lines in vitro (34).
As proteases, MMPs degrade the ECM and promote tumor
invasiveness, which has been reported in a variety of solid
tumors (49, 50). However, it was reported folliculo-stellate cells
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could secret MMP-9 and degrade ECM (51). Therefore, based on
current results, TAM might upregulate the expression of MMPs
and degrade ECM indirectly.

3.2 The Effect of the PA-TME on

TAM Polarization

Studies have found that metabolites, cytokines, chemokines and
other factors can act on macrophages, affect their phenotypes,
and promote their polarization to M2-TAMs (52). In PAs, little is
known about factors that affect TAM polarization. Through
in vivo and in vitro models, Zhang et al. demonstrated that
lactic acid could activate the mTORC2 pathway to cause M2-
type polarization and promote the expression of multiple factors
in macrophages, such as CCL17, CCL22, IL-1a, IL-10, and TGF-
B (35). Marques et al. found that the IL-4 level was 5 times higher
than that of IFN-y in the PA-TME (34). Both IL-4 and IFN-y are
well-known cytokines that polarize macrophages to M1 and M2
types, respectively. Lactic acid is due to the anaerobic
environment inside the solid tumor. The source of IL-4 and
IEN-y could be tumor cells, the tumor-infiltrating lymphocytes,
mesenchymal cells or macrophages. A recent study found that in
lung cancer, IL-4 secreted by M2-myeloid cells and tumor cells
activate the STAT6 pathway and promote M2 polarization and
tumor progress (53). Similarly, PA cells and TAMs might be the
potential source of IL-4 and worth exploring. During the
development of PAs, the balance of M1 and M2 macrophages
changes based on factors in the TME. Yagnik et al. found that as
the number of CD11b+ myeloid cells increased, the expression of
the M1-TAM marker CD64 increased. Compared with CM from
M1-TAMs, CM from M2 macrophages reduced the expression
of MCP-1 in NFPA cells. They also observed that GM-CSF
inhibition abrogated the M1 polarization of THP-1 cells induced
by CM from NFPA cells. These results suggested dynamic
changes that affect the balance of M1- and M2-TAM
infiltration in NFPA. Therefore, they divided NFPA into M1-
NFPA and M2-NFPA according to the percentage of M1- and
M2-TAM infiltration. Assuming the tumors behaved as M2-
NFPA during early formation, infiltrating monocytes
differentiated into M2-TAMs due to MCP-1 produced by
tumor cells. However, over time, the aggregated M2-TAMs
downregulated MCP-1 and upregulated GM-CSF expression in
PA cells. As suggested above, GM-CSF can induce the
differentiation of monocytes into M1-TAMs, while the MCP-1
downregulation can also slow monocyte recruitment. Therefore,
as time passed, the proportion of infiltrating M1-TAMs
gradually increased (38). Fujawara et al. found that the number
of infiltrating macrophages increased even before any tumors
formed and that they were mainly M2 macrophages, with few
M1 macrophages (54). Such results supported Yagnik’s theory,
which at least partially explains the heterogeneity of macrophage
infiltration in NFPAs. NFPAs intrinsically have different statuses
of macrophage infiltration, which has caused substantial
differences among the results in the PA studies mentioned
above. This theory has provided a potential transition for PAs
from M2-dominant to M1-dominant status. Inferred from their
theory, most PAs must end up in an Ml-dominant status.

However, according to Yeung et al’s results of 134 patients,
infiltration of M2-TAMs is far more than that of M1-TAMs in all
subtypes of PAs. Therefore, uncovered molecular feedback could
exist to shift the balance to M2-type and needs exploring.

4 FUTURE PROSPECTS

Regarding the clinical dilemma in the treatment of pituitary
adenomas, PA invasion exhibits the strongest relationship with
macrophages. Invasive PAs can invade the parasellar structure,
which causes severe symptoms, incomplete surgical resection and
recurrence. Many studies have found that macrophage infiltration
is related to invasion and progression indicators, including tumor
size and Knosp classification grades (33, 35, 36). Therefore, further
research on macrophages is necessary to solve the problem of PA
invasion. Drug resistance and recurrence are two other major
problems in PAs that need to be solved, but no macrophage-
related research has been published on these topics. Studies in
these two areas will further enhance the practicality of
macrophage-related research in PAs.

4.1 Exploration of the Infiltration

Patterns of Macrophages in Different
Subtypes of PA

Although most studies support the relationship between
macrophages and PAs, the relationship may be complicated. A
recent study analyzed 140 PAs and 20 normal pituitary tissues
and found that PAs can be divided into three subtypes according
to immune cell infiltration, of which only one subtype is
characterized by relatively higher levels of infiltrating
macrophages (55). This indicates that the role of macrophages
in PA may not be simply summarized as purely “relevant”
or “irrelevant”.

As mentioned above, the pattern of macrophage infiltration
among different subtypes of PAs has not been established. The
infiltration of CD68+ cells and CD163+ cells in NFPAs and
functional PAs varies among different studies (32, 33, 35).
NFPAs include tumors with a variety of pathological
classifications. Clinically, NFPAs are mainly composed of
gonadotropin cell adenomas. In addition, this tumor subtype
also encompasses null cell adenomas and hormone-silent
adenomas (56). Marques et al. reported on different subtypes
of NFPAs and found no difference in macrophage infiltration
among gonadotropin cell adenomas, silent ACTH adenomas and
null cell adenomas. However, only 1-2 cases of the latter two
were observed, which was not enough for a convincing
conclusion (34). Therefore, it is not advisable to study relevant
mechanisms and therapies without knowing the pattern of
macrophage infiltration of different PA subtypes. Large
multicenter studies are needed to clarify the pattern mentioned
above and to further clarify the relationship between
macrophages and PA invasion, drug resistance and recurrence.

Several directions are considered promising. Barry et al.
found that AIP-mutated tumors showed an increased
infiltration of CD68+ macrophages comparing to sporadic GH
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tumors (41). Thus, AIP-related pathway should be paid attention
to. A study had found a correlation between AIP and cAMP
signaling (57). Thus, the activation of PKA/cAMP pathway
might explain the heterogeneity mentioned above. In addition
to that, Principe et al.’s study found that the infiltration of
CD4+T and CD8+T rather than NK cells and B cells was
higher in functional PAs than gonadotropin-secreting
adenomas, which was the main component of NFPAs (33).
Zhou et al. ran RNA-seq on 115 human PAs and found B
cells, CD8+ T cells and CD4+ T cells were negatively correlated,
while NK cells were positively correlated with macrophage
infiltration. The infiltration of T cells and B cells in functional
PA was significantly higher than that of NFPA, especially in GH-
secreting adenoma. Meanwhile, they found that higher CD8+T
and CD4+T infiltration corresponded to stronger tumor
invasiveness and worse survival (58). Mei et al.’s results also
suggested functional PAs had a higher CD4+T and CD8+T
infiltration than NFPAs (32). From these results, functional
PAs seem to attract more CD4+T and CD8+T cells than
NFPAs. Considering the negative relation between these
lymphocytes and macrophages, T cells might affect the
recruitment of macrophages. The molecular and genetic
mechanism underneath needs to be further studied.

4.2 Further Exploration of the Origin of
TAMs in PAs

Traditionally, TAMs are believed to enter tumors as a result of
chemotaxis of peripheral blood mononuclear cells. However,
studies have reported embryonic macrophages in the TME of
lung cancer and glioma (59, 60). At present, studies on the origin
of PA-TAMs are still in the initial stages. Yagnik et al. found that
CD11b+ myeloid cells in NFPAs expressed CCR5 rather than
CX3CR1. CCRS5 is expressed by recruited macrophages, while
CX3CR1 is expressed by microglia, which are tissue-resident
macrophages in the brain (38). However, Yagnik et al.’s research
was limited to one PA subtype, and whether this was a common
phenomenon in other subtypes remains to be determined.

4.3 Exploration of a Novel TAM
Pro-Tumoral Mechanism

In recent years, novel pro-tumoral mechanisms of TAMs have
been consistently discovered in brain tumors. In gliomas, M2-
TAMs can induce CECRI, activate the MAPK pathway, and
stimulate the proliferation and migration of tumor cells (61).
Another study showed that microglia can induce the expression
of PDGFRB in glioma cells, thereby enhancing their migration
ability (62). In PAs, little is known about the pro-tumoral
mechanism of TAMs. Except for Zhang et al.’s work (35), no
other relevant studies have been published. The prospects of
mechanistic studies of PA-TAM are described next.

4.3.1 Exploring the Crosstalk Between TAMs and PA
Cells

Exploring the direct or indirect effect of TAMs on PA cells is the
most obvious direction to further study the pro-tumoral
mechanism of TAMs. Moreover, TAMs are directly and

indirectly affected by PAs, and their phenotype and function
undergo a series of changes. Recently, a study reported that
exosome released from tumor cells, which contained KRAS
protein, drive TAM polarization, thus promoting tumor
growth. Whether such interaction between TAMs and PA cells
exists is worth exploring (63).

4.3.2 Exploration of the Role of Metabolism in the
Pro-Tumoral Mechanism of M2-TAMs

The TME is considered a harsh environment that is acidic,
hypoxic, and lacks nutrients (64). Low sugar and lipid levels
can cause metabolic stress in tumor cells and can lead to the
activation of several signaling pathways, such as ROS signaling,
AMPK and AKT pathway (65). Whether PA-TAMs can undergo
such changes and whether these changes affect the function of
PA-TAMs require additional discussion.

4.3.3 Exploration of the Crosstalk Between TAMs
and Other Immune cells in the PA-TME

In addition to macrophages, other immune cells are present in
the TME, such as CD4+ T cells, CD8+ T cells, B cells, nature
killer cells, dendritic cells, Tregs and myeloid-derived suppressor
cells (55). The effect of TAMs on PA cells is largely affected by
these immune cells. According to Zhou et al., CD8+ T cells and
CD4+ T cells were negatively correlated, while NK cells were
positively correlated with macrophage infiltration. Meanwhile,
they found that higher CD8+T and CD4+T infiltration
corresponded to higher PD-1/PD-L1 expression, stronger
tumor invasiveness and worse survival (58). Their findings
suggested a immunosuppressive microenvironment in PAs,
probably caused by suppressive factors released by
lymphocytes. PAs infiltrated T cells could react on M1-TAMs
and hinder their anti-tumoral functions, thus leading to immune
suppression. Therefore, the crosstalk between PA-TAMs and
other immune cells and how this interaction promotes PA
progression are valuable research directions.

4.3.4 Interactions Between Macrophages and
Folliculo-Stellate Cells

Folliculo-stellate cells are non-endocrine cells in the anterior
pituitary, and their existence has been reported in PAs (66). In
the normal pituitary, folliculo-stellate cells can secrete factors,
such as TGF-B1, TGF-B3, bFGF and IL-6 (67). One study of 286
GH-secreting adenomas found that 69% of the tumors contained
folliculo-stellate cells. Those authors also found that follicular
stellate cells in PAs might be related to preoperative serum GH
levels (68). In the PA-TME, whether follicular stellate cells affect
M1- or M2-TAMs is still unclear, but their relationship is
worth exploring.

4.3.5 Interaction Between Macrophages

and Fibroblasts

Clinically, PA stiffness is an important factor that affects the
operative approach and the success of surgery. Collagen
produced by fibroblasts is an important factor that affects
tumor stiffness (69). Study on the interaction between
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macrophages and fibroblasts and how TAMs can impact the
collagen produced in the PA-TME may provide ideas for solving
the problem of PA stiffness.

4.4 Research Prospects of TAM-Targeted
Therapy in PA

Studies on macrophage-targeted therapy have been widely
performed in other tumors (70). In solid tumors, the
mechanisms of macrophage-targeted therapy mainly include
macrophage depletion, macrophage recruitment blockade and

macrophage reprogramming. The classification according to the
mechanism and the relevant information of the corresponding
representative drugs are shown in Table 1. The CSF1-CSF1R axis
is necessary for macrophage differentiation and survival (78).
Targeting CSFIR with a CSFIR monoclonal antibody or small
molecule inhibitor can effectively deplete macrophages (79).
Principe et al. found that blocking CSF1 can inhibit the
migration of THP1 monocytes toward PA cells in vitro (33).
This indicates that targeting the CSF1-CSFIR axis in PA may not
only deplete macrophages but also reduce their recruitment.

TABLE 1 | The mechanisms, corresponding drugs, the potential targets in PAs and relevant information of macrophage targeted therapy.

Mechanism Targets in  References Drug Drug Solid tumors Phase NCT number Potential Research References of
other solid name category targets of  progress of PA-TAM
tumors PA-TAM PA-TAM potential
potential targets
targets
Macrophage CSF1R 2017, Yan (71) PLX3397 CSF1R Giant cell Ml NCT02371369 CSF1R In vitro 2020, Principe
depletion inhibitor tumors of the experiment (83)
tendon sheath
Breast cancer  Ib/ll NCT01596751
BLZ945 Advanced I/ NCT02829723
solid tumor
ARRY-382 Advanced I NCT02880371
solid tumor
JNJ- Prostate | NCT03177460
40346527 cancer
FPAOO8 CSF1R Tenosynovial I/ NCT02471716
monoclonal giant cell
antibody tumor
IMC-CS4 Advanced | NCT01346358
solid tumor
RG7155 Breast | NCT02323191
cancer,
Ovarian
cancer
Macrophage CCL2- 2016, Fang CNTO 888 CCL2 Prostate I NCT00992186 CCL2- / 2019, Marques
recruitment CCR2 (72) monoclonal cancer CCR2, (84)
blockade MLN1202  antibody Metastatic Il NCT01015560 CCR4 In vitro and 2021, Zhang
cancer in vivo (35)
experiments
CCR5 In vitro 2019, Barry (41)
experiment
Macrophage cDh47 2010, Chao Hu5F9-G4  CD47 Colorectal /1 NCT02953782 LDHA In vitro 2021, Zhang
reprogramming (73) monoclonal cancer experiment (35)
antibody
TTI-621 SIRP1a-Fc Small Cell | NCT02663518
fusion protein  Lung Cancer
TLR 2013, Le IMO-2125  TLR7 ligand ~ Melanoma Ml NCT03445533
Mercier (74) CMP-001 TLR9 ligand ~ Melanoma I NCT03618641
SD101 Solid tumor Il NCT03007732
CD40 2018, Perry APX005M  CD40 NSCLC I/ NCT03123783 mTORC /
(75) R07009879 monoclonal Advanced | NCT02760797
antibody solid tumor
SEA-CD40  (agonist) Solid tumor | NCT02376699
CP- Melanoma | NCT01103635
870,893
HDAC 2017, Vorinostat HDAC Multiple Ml NCT00773747
Guerriero (76) inhibitor myeloma
PI3BK 2016, Megan  BAY80- PI3K inhibitor  lymphoma Ml NCT02626455
(77) 6946
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Targeting macrophage recruitment is another strategy for
macrophage-targeted therapy. This strategy primarily targets
chemokine pathways using CCL2 and CCR2 monoclonal
antibodies to reduce macrophage recruitment. A study found
that in esophageal cancer, blocking the CCL2-CCR2 axis could
inhibit the recruitment of TAMs, thereby enhancing the anti-
tumor immunity of CD8+ T cells in the TME (80). In PAs, it was
found that CCL2 expression was higher than in the normal
pituitary (34). Barry et al. found that blocking CCR5 could
inhibit the migration of macrophages induced by CM of the
GH3 cell line (41). Zhang et al. reported that the CCR4
antagonist AZD2098 significantly inhibited the promotive
effect of TAM-derived CCL17 on the proliferation, invasion
and migration of the PA cell line GH3 in vitro and reduced
tumor burden in GH3 tumor-bearing mice in vivo (35).
Therefore, targeting CCL2, CCR4 or CCR5 may also reduce
the recruitment of macrophages to the PA-TME. Using multiple
methods, M2-TAMs can be reprogrammed into M1-TAMs with
anti-tumor properties. In other solid tumors, macrophage
reprogramming therapy includes the use of anti-CD47
antibodies, anti-CD40 antibodies, Toll-like receptor (TLR)
agonists, histone deacetylase (HDAC) inhibitors and PI3K
inhibitors (76, 77, 81, 82). In PAs, Zhang et al. found that
lactic acid induced M2 polarization of TAMs through the
mTORC2 pathway. Additionally, CM from GH3 cells treated
with an LDHA inhibitor significantly reduced M2 markers in
THP-1 cells compared with the control group (35). Therefore,
targeting LDHA or mTORC2 may repolarize M2-TAMs to M1-
TAMs. A few reviews have recently summarized the drugs that
target macrophages in cancer (83, 84). These drugs will allow for
PA macrophage-targeted therapy in the future. Related drugs
and possible targets in PAs are shown in Table 1.

REFERENCES

1. Tjornstrand A, Gunnarsson K, Evert M, Holmberg E, Ragnarsson O, Rosen T,
et al. The Incidence Rate of Pituitary Adenomas in Western Sweden for the
Period 2001-2011. Eur J Endocrinol (2014) 171(4):519-26. doi: 10.1530/EJE-
14-0144

2. Agustsson TT, Baldvinsdottir T, Jonasson JG, Olafsdottir E, Steinthorsdottir
V, Sigurdsson G, et al. The Epidemiology of Pituitary Adenomas in Iceland,
1955-2012: A Nationwide Population-Based Study. Eur J Endocrinol (2015)
173(5):655-64. doi: 10.1530/EJE-15-0189

3. Gruppetta M, Mercieca C, Vassallo J. Prevalence and Incidence of Pituitary
Adenomas: A Population Based Study in Malta. Pituitary (2013) 16(4):545-
53. doi: 10.1007/s11102-012-0454-0

4. Vasilev V, Daly AF, Vroonen L, Zacharieva S, Beckers A. Resistant
Prolactinomas. | Endocrinol Invest (2011) 34(4):312-6. doi: 10.3275/
760410.1007/BF03347092

5. Gillam MP, Molitch ME, Lombardi G, Colao A. Advances in the Treatment of
Prolactinomas. Endocr Rev (2006) 27(5):485-534. doi: 10.1210/er.2005-9998

6. Molitch ME. Management of Medically Refractory Prolactinoma. J Neuro-
Oncol (2014) 117(3):421-8. doi: 10.1007/s11060-013-1270-8

7. Wu ZB, Yu CJ, Su ZP, Zhuge QC, Wu JS, Zheng WM. Bromocriptine
Treatment of Invasive Giant Prolactinomas Involving the Cavernous Sinus:
Results of a Long-Term Follow Up. ] Neurosurg (2006) 104(1):54-61.
doi: 10.3171/jns.2006.104.1.54

8. Maiter D. Management of Dopamine Agonist-Resistant Prolactinoma.
Neuroendocrinology (2019) 109(1):42-50. doi: 10.1159/000495775

5 CONCLUSION

Generally, research on macrophages in the PA-TME is relatively
scarce, and many factors are considered responsible. First, the
sample sizes of previous PA studies were small and should be
further expanded. Second, it is also difficult to immortalize
primary cells from PAs and to maintain stable passage and
hormone expression (85). Finally, few research teams exist
worldwide, and funding is limited. These reasons have caused
the current dearth of PA-TAM research.

Macrophages in PAs can interact with tumor cells,
mesenchymal cells, soluble factors and other TME components
to affect the invasiveness, drug resistance and recurrence of PAs.
There is great potential for the prospect of PA-TAMs. Further
research may provide new treatments for PAs and provide new
approaches to overcome the current predicament of PAs.

AUTHOR CONTRIBUTIONS

Conception and design of the review: ZW and SL. Drafting the
manuscript and the figure: CH. Modifying the manuscript
critically for important content: SL, XL and LX. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (grant Nos. 81671371 and 81972339 to
ZBW and 81701359 to SL).

9. Oruckaptan HH, Senmevsim O, Ozcan OE, Ozgen T. Pituitary Adenomas:
Results of 684 Surgically Treated Patients and Review of the Literature. Surg
Neurol (2000) 53(3):211-9. doi: 10.1016/s0090-3019(00)00171-3

10. Scheithauer BW, Kovacs KT, Laws ER]Jr., Randall RV. Pathology of Invasive
Pituitary Tumors With Special Reference to Functional Classification.
J Neurosurg (1986) 65(6):733-44. doi: 10.3171/jns.1986.65.6.0733

11. Chen Y, Wang CD, Su ZP, Chen YX, Cai L, Zhuge QC, et al. Natural History of
Postoperative Nonfunctioning Pituitary Adenomas: A Systematic Review and Meta-
Analysis. Neuroendocrinology (2012) 96(4):333-42. doi: 10.1159/000339823

12. Liu X, Dai C, Feng M, Li M, Chen G, Wang R. Diagnosis and Treatment of
Refractory Pituitary Adenomas: A Narrative Review. Gland Surg (2021) 10
(4):1499-507. doi: 10.21037/gs-20-873

13. Dai C, Feng M, Liu X, Ma S, Sun B, Bao X, et al. Refractory Pituitary
Adenoma: A Novel Classification for Pituitary Tumors. Oncotarget (2016) 7
(50):83657-68. doi: 10.18632/oncotarget.13274

14. Gajewski TF, Schreiber H, Fu YX. Innate and Adaptive Immune Cells in the
Tumor Microenvironment. Nat Immunol (2013) 14(10):1014-22.
doi: 10.1038/ni.2703

15. Cassetta L, Pollard JW. Tumor-Associated Macrophages. Curr Biol: CB (2020)
30(6):R246-18. doi: 10.1016/j.cub.2020.01.031

16. Noy R, Pollard JW. Tumor-Associated Macrophages: From Mechanisms to
Therapy. Immunity (2014) 41(1):49-61. doi: 10.1016/j.immuni.2014.06.010

17. Henze AT, Mazzone M. The Impact of Hypoxia on Tumor-Associated
Macrophages. J Clin Invest (2016) 126(10):3672-9. doi: 10.1172/JCI84427

18. Huang SC, Smith AM, Everts B, Colonna M, Pearce EL, Schilling JD, et al.
Metabolic Reprogramming Mediated by the Mtorc2-IRF4 Signaling Axis Is

Frontiers in Endocrinology | www.frontiersin.org

December 2021 | Volume 12 | Article 785050


https://doi.org/10.1530/EJE-14-0144
https://doi.org/10.1530/EJE-14-0144
https://doi.org/10.1530/EJE-15-0189
https://doi.org/10.1007/s11102-012-0454-0
https://doi.org/10.3275/760410.1007/BF03347092
https://doi.org/10.3275/760410.1007/BF03347092
https://doi.org/10.1210/er.2005-9998
https://doi.org/10.1007/s11060-013-1270-8
https://doi.org/10.3171/jns.2006.104.1.54
https://doi.org/10.1159/000495775
https://doi.org/10.1016/s0090-3019(00)00171-3
https://doi.org/10.3171/jns.1986.65.6.0733
https://doi.org/10.1159/000339823
https://doi.org/10.21037/gs-20-873
https://doi.org/10.18632/oncotarget.13274
https://doi.org/10.1038/ni.2703
https://doi.org/10.1016/j.cub.2020.01.031
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.1172/JCI84427
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Han et al.

Macrophages in Pituitary Adenoma

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

Essential for Macrophage Alternative Activation. Immunity (2016) 45(4):817—
30. doi: 10.1016/j.immuni.2016.09.016

Biswas SK, Mantovani A. Macrophage Plasticity and Interaction With
Lymphocyte Subsets: Cancer as a Paradigm. Nat Immunol (2010) 11
(10):889-96. doi: 10.1038/ni.1937

Torres S, Bartolome RA, Mendes M, Barderas R, Fernandez-Acenero MJ,
Pelaez-Garcia A, et al. Proteome Profiling of Cancer-Associated Fibroblasts
Identifies Novel Proinflammatory Signatures and Prognostic Markers for
Colorectal Cancer. Clin Cancer Res (2013) 19(21):6006-19. doi: 10.1158/
1078-0432.CCR-13-1130

Bernsmeier C, van der Merwe S, Perianin A. Innate Immune Cells in
Cirrhosis. ] Hepatol (2020) 73(1):186-201. doi: 10.1016/j.jhep.2020.03.027
Bruns H, Buttner M, Fabri M, Mougiakakos D, Bittenbring JT, Hoffmann
MH, et al. Vitamin D-Dependent Induction of Cathelicidin in Human
Macrophages Results in Cytotoxicity Against High-Grade B Cell
Lymphoma. Sci Transl Med (2015) 7(282):282ra47. doi: 10.1126/
scitranslmed.aaa3230

Ma PF, Gao CC, YiJ, Zhao JL, Liang SQ, Zhao Y, et al. Cytotherapy With M1-
Polarized Macrophages Ameliorates Liver Fibrosis by Modulating Immune
Microenvironment in Mice. ] Hepatol (2017) 67(4):770-9. doi: 10.1016/
j.jhep.2017.05.022

Yeo EJ, Cassetta L, Qian BZ, Lewkowich I, Li JF, Stefater JA 3rd, et al. Myeloid
WNT7b Mediates the Angiogenic Switch and Metastasis in Breast Cancer.
Cancer Res (2014) 74(11):2962-73. doi: 10.1158/0008-5472.CAN-13-2421
Yin M, Li X, Tan S, Zhou HJ, Ji W, Bellone S, et al. Tumor-Associated
Macrophages Drive Spheroid Formation During Early Transcoelomic
Metastasis of Ovarian Cancer. J Clin Invest (2016) 126(11):4157-73.
doi: 10.1172/]JCI87252

Marconi C, Bianchini F, Mannini A, Mugnai G, Ruggieri S, Calorini L.
Tumoral and Macrophage uPAR and MMP-9 Contribute to the
Invasiveness of B16 Murine Melanoma Cells. Clin Exp Metastasis (2008) 25
(3):225-31. doi: 10.1007/5s10585-007-9136-0

Kren L, Muckova K, Lzicarova E, Sova M, Vybihal V, Svoboda T, et al.
Production of Immune-Modulatory Nonclassical Molecules HLA-G and
HLA-E by Tumor Infiltrating Ameboid Microglia/Macrophages in
Glioblastomas: A Role in Innate Immunity? ] Neuroimmunol (2010) 220(1-
2):131-5. doi: 10.1016/j.jneuroim.2010.01.014

Belai EB, de Oliveira CE, Gasparoto TH, Ramos RN, Torres SA, Garlet GP,
et al. PD-1 Blockage Delays Murine Squamous Cell Carcinoma Development.
Carcinogenesis (2014) 35(2):424-31. doi: 10.1093/carcin/bgt305

Pollard JW. Tumour-Educated Macrophages Promote Tumour Progression
and Metastasis. Nat Rev Cancer (2004) 4(1):71-8. doi: 10.1038/nrc1256
Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, et al. Specific
Recruitment of Regulatory T Cells in Ovarian Carcinoma Fosters Immune
Privilege and Predicts Reduced Survival. Nat Med (2004) 10(9):942-9.
doi: 10.1038/nm1093

Bonde AK, Tischler V, Kumar S, Soltermann A, Schwendener RA.
Intratumoral Macrophages Contribute to Epithelial-Mesenchymal
Transition in Solid Tumors. BMC Cancer (2012) 12:35. doi: 10.1186/1471-
2407-12-35

Mei Y, Bi WL, Agolia J, Hu C, Giantini Larsen AM, Meredith DM, et al.
Immune Profiling of Pituitary Tumors Reveals Variations in Immune
Infiltration and Checkpoint Molecule Expression. Pituitary (2021) 24
(3):359-73. doi: 10.1007/s11102-020-01114-3

Principe M, Chanal M, Ilie MD, Ziverec A, Vasiljevic A, Jouanneau E, et al.
Immune Landscape of Pituitary Tumors Reveals Association Between
Macrophages and Gonadotroph Tumor Invasion. ] Clin Endocrinol Metab
(2020) 105(11):3459-73. doi: 10.1210/clinem/dgaa520

Marques P, Barry S, Carlsen E, Collier D, Ronaldson A, Awad S, et al.
Chemokines Modulate the Tumour Microenvironment in Pituitary
Neuroendocrine Tumours. Acta Neuropathol Commun (2019) 7(1):172.
doi: 10.1186/s40478-019-0830-3

Zhang A, Xu Y, Xu H, Ren J, Meng T, Ni Y, et al. Lactate-Induced M2
Polarization of Tumor-Associated Macrophages Promotes the Invasion of
Pituitary Adenoma by Secreting CCL17. Theranostics (2021) 11(8):3839-52.
doi: 10.7150/thno.53749

LuJQ, Adam B, Jack AS, Lam A, Broad RW, Chik CL. Immune Cell Infiltrates
in Pituitary Adenomas: More Macrophages in Larger Adenomas and More T

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Cells in Growth Hormone Adenomas. Endocrine Pathol (2015) 26(3):263-72.
doi: 10.1007/s12022-015-9383-6

Yeung JT, Vesely MD, Miyagishima DF. In Silico Analysis of the
Immunological Landscape of Pituitary Adenomas. J Neuro-Oncol (2020)
147(3):595-8. doi: 10.1007/s11060-020-03476-x

Yagnik G, Rutowski MJ, Shah SS, Aghi MK. Stratifying Nonfunctional
Pituitary Adenomas Into Two Groups Distinguished by Macrophage
Subtypes. Oncotarget (2019) 10(22):2212-23. doi: 10.18632/oncotarget.26775
Mitsuishi T, Akuzawa Y, Sato S, Rui J, Kodama K, Inoue K, et al.
Immunological Properties of TtT/M-87 Cell Line Established From Murine
Pituitary Tumor-Associated Macrophages. Microbiol Immunol (1993) 37
(12):943-51. doi: 10.1111/§.1348-0421.1993.tb01728.x

Salmaninejad A, Valilou SF, Soltani A, Ahmadi S, Abarghan YJ, Rosengren RJ,
et al. Tumor-Associated Macrophages: Role in Cancer Development and
Therapeutic Implications. Cell Oncol (Dordr) (2019) 42(5):591-608.
doi: 10.1007/s13402-019-00453-z

Barry S, Carlsen E, Marques P, Stiles CE, Gadaleta E, Berney DM, et al. Tumor
Microenvironment Defines the Invasive Phenotype of AIP-Mutation-Positive
Pituitary Tumors. Oncogene (2019) 38(27):5381-95. doi: 10.1038/s41388-019-
0779-5

Jia W, Zhu ], Martin TA, Jiang A, Sanders AJ, Jiang WG. Epithelial-
Mesenchymal Transition (EMT) Markers in Human Pituitary Adenomas
Indicate a Clinical Course. Anticancer Res (2015) 35(5):2635-43.

Schult D, Hoélsken A, Siegel S, Buchfelder M, Fahlbusch R, Kreitschmann-
Andermahr I, et al. EZH2 is Highly Expressed in Pituitary Adenomas and
Associated With Proliferation. Sci Rep (2015) 5:16965. doi: 10.1038/
srepl16965

Fernandez A, Karavitaki N, Wass JA. Prevalence of Pituitary Adenomas: A
Community-Based, Cross-Sectional Study in Banbury (Oxfordshire, Uk). Clin
Endocrinol (Oxf) (2010) 72(3):377-82. doi: 10.1111/j.1365-2265.2009.03667.x
Marques P, Barry S, Carlsen E, Collier D, Ronaldson A, Dorward N, et al. The
Role of the Tumour Microenvironment in the Angiogenesis of Pituitary
Tumours. Endocrine (2020) 70(3):593-606. doi: 10.1007/s12020-020-02478-z
Ehrnst A. Separate Pathways of C Activation by Measles Virus Cytotoxic
Antibodies: Subclass Analysis and Capacity of F(ab) Molecules to Activate C
via the Alternative Pathway. J Immunol (Baltimore Md: 1950) (1978) 121
(3):1206-12.

Corlan AS, Cimpean AM, Melnic E, Raica M, Sarb S. VEGF, VEGF165b and
EG-VEGF Expression Is Specifically Related With Hormone Profile in
Pituitary Adenomas. Eur ] Histochem: EJH (2019) 63(1):47-52.
doi: 10.4081/jh.2019.3010

Wang J, Voellger B, Benzel J, Schlomann U, Nimsky C, Bartsch JW, et al.
Metalloproteinases ADAMI12 and MMP-14 Are Associated With Cavernous
Sinus Invasion in Pituitary Adenomas. Int J Cancer (2016) 139(6):1327-39.
doi: 10.1002/ijc.30173

Littlepage LE, Sternlicht MD, Rougier N, Phillips J, Gallo E, Yu Y, et al. Matrix
Metalloproteinases Contribute Distinct Roles in Neuroendocrine Prostate
Carcinogenesis, Metastasis, and Angiogenesis Progression. Cancer Res
(2010) 70(6):2224-34. doi: 10.1158/0008-5472.CAN-09-3515

Hofmann UB, Eggert AA, Blass K, Brocker EB, Becker JC. Expression of
Matrix Metalloproteinases in the Microenvironment of Spontaneous and
Experimental Melanoma Metastases Reflects the Requirements for Tumor
Formation. Cancer Res (2003) 63(23):8221-5.

Ilmiawati C, Horiguchi K, Fujiwara K, Yashiro T. Matrix Metalloproteinase-9
Expression in Folliculostellate Cells of Rat Anterior Pituitary Gland.
J Endocrinol (2012) 212(3):363-70. doi: 10.1530/JOE-11-0433

Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage
Polarization: Tumor-Associated Macrophages as a Paradigm for Polarized
M2 Mononuclear Phagocytes. Trends Immunol (2002) 23(11):549-55.
doi: 10.1016/5s1471-4906(02)02302-5

Fu C, Jiang L, Hao S, Liu Z, Ding S, Zhang W, et al. Activation of the IL-4/
STATS6 Signaling Pathway Promotes Lung Cancer Progression by Increasing
M2 Myeloid Cells. Front Immunol (2019) 10:2638. doi: 10.3389/
fimmu.2019.02638

Fujiwara K, Yatabe M, Tofrizal A, Jindatip D, Yashiro T, Nagai R.
Identification of M2 Macrophages in Anterior Pituitary Glands of Normal
Rats and Rats With Estrogen-Induced Prolactinoma. Cell Tissue Res (2017)
368(2):371-8. doi: 10.1007/s00441-016-2564-x

Frontiers in Endocrinology | www.frontiersin.org

December 2021 | Volume 12 | Article 785050


https://doi.org/10.1016/j.immuni.2016.09.016
https://doi.org/10.1038/ni.1937
https://doi.org/10.1158/1078-0432.CCR-13-1130
https://doi.org/10.1158/1078-0432.CCR-13-1130
https://doi.org/10.1016/j.jhep.2020.03.027
https://doi.org/10.1126/scitranslmed.aaa3230
https://doi.org/10.1126/scitranslmed.aaa3230
https://doi.org/10.1016/j.jhep.2017.05.022
https://doi.org/10.1016/j.jhep.2017.05.022
https://doi.org/10.1158/0008-5472.CAN-13-2421
https://doi.org/10.1172/JCI87252
https://doi.org/10.1007/s10585-007-9136-0
https://doi.org/10.1016/j.jneuroim.2010.01.014
https://doi.org/10.1093/carcin/bgt305
https://doi.org/10.1038/nrc1256
https://doi.org/10.1038/nm1093
https://doi.org/10.1186/1471-2407-12-35
https://doi.org/10.1186/1471-2407-12-35
https://doi.org/10.1007/s11102-020-01114-3
https://doi.org/10.1210/clinem/dgaa520
https://doi.org/10.1186/s40478-019-0830-3
https://doi.org/10.7150/thno.53749
https://doi.org/10.1007/s12022-015-9383-6
https://doi.org/10.1007/s11060-020-03476-x
https://doi.org/10.18632/oncotarget.26775
https://doi.org/10.1111/j.1348-0421.1993.tb01728.x
https://doi.org/10.1007/s13402-019-00453-z
https://doi.org/10.1038/s41388-019-0779-5
https://doi.org/10.1038/s41388-019-0779-5
https://doi.org/10.1038/srep16965
https://doi.org/10.1038/srep16965
https://doi.org/10.1111/j.1365-2265.2009.03667.x
https://doi.org/10.1007/s12020-020-02478-z
https://doi.org/10.4081/ejh.2019.3010
https://doi.org/10.1002/ijc.30173
https://doi.org/10.1158/0008-5472.CAN-09-3515
https://doi.org/10.1530/JOE-11-0433
https://doi.org/10.1016/s1471-4906(02)02302-5
https://doi.org/10.3389/fimmu.2019.02638
https://doi.org/10.3389/fimmu.2019.02638
https://doi.org/10.1007/s00441-016-2564-x
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Han et al.

Macrophages in Pituitary Adenoma

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Wang Z, Guo X, Gao L, Deng K, Lian W, Bao X, et al. The Immune Profile of
Pituitary Adenomas and a Novel Immune Classification for Predicting
Immunotherapy Responsiveness. J Clin Endocrinol Metab (2020) 105(9):
€3207-23. doi: 10.1210/clinem/dgaa449

Zatelli MC. Pathogenesis of non-Functioning Pituitary Adenomas. Pituitary
(2018) 21(2):130-7. doi: 10.1007/s11102-018-0874-6

Formosa R, Xuereb-Anastasi A, Vassallo J. Aip Regulates cAMP Signalling
and GH Secretion in GH3 Cells. Endocr Relat Cancer (2013) 20(4):495-505.
doi: 10.1530/ERC-13-0043

Zhou W, Zhang C, Zhang D, Peng ], Ma S, Wang X, et al. Comprehensive
Analysis of the Immunological Landscape of Pituitary Adenomas:
Implications of Immunotherapy for Pituitary Adenomas. J Neuro-Oncol
(2020) 149(3):473-87. doi: 10.1007/s11060-020-03636-z

Loyher PL, Hamon P, Laviron M, Meghraoui-Kheddar A, Goncalves E, Deng
Z, et al. Macrophages of Distinct Origins Contribute to Tumor Development
in the Lung. J Exp Med (2018) 215(10):2536-53. doi: 10.1084/jem.20180534
Hambardzumyan D, Gutmann DH, Kettenmann H. The Role of Microglia
and Macrophages in Glioma Maintenance and Progression. Nat Neurosci
(2016) 19(1):20-7. doi: 10.1038/nn.4185

Zhu C, Mustafa D, Zheng PP, van der Weiden M, Sacchetti A, Brandt M, et al.
Activation of CECRI in M2-Like TAMs Promotes Paracrine Stimulation-
Mediated Glial Tumor Progression. Neuro Oncol (2017) 19(5):648-59.
doi: 10.1093/neuonc/now251

Wallmann T, Zhang XM, Wallerius M, Bolin S, Joly AL, Sobocki C, et al.
Microglia Induce PDGFRB Expression in Glioma Cells to Enhance Their
Migratory Capacity. iScience (2018) 9:71-83. doi: 10.1016/j.i5¢i.2018.10.011
Dai E, Han L, Liu J, Xie Y, Kroemer G, Klionsky D], et al. Autophagy-
Dependent Ferroptosis Drives Tumor-Associated Macrophage Polarization
via Release and Uptake of Oncogenic KRAS Protein. Autophagy (2020) 16
(11):2069-83. doi: 10.1080/15548627.2020.1714209

Bader JE, Voss K, Rathmell JC. Targeting Metabolism to Improve the Tumor
Microenvironment for Cancer Immunotherapy. Mol Cell (2020) 78(6):1019-
33. doi: 10.1016/j.molcel.2020.05.034

Zhao Y, Hu X, Liu Y, Dong S, Wen Z, He W, et al. ROS Signaling Under
Metabolic Stress: Cross-Talk Between AMPK and AKT Pathway. Mol Cancer
(2017) 16(1):79. doi: 10.1186/s12943-017-0648-1

Voit D, Saeger W, Ludecke DK. Folliculo-Stellate Cells in Pituitary Adenomas
of Patients With Acromegaly. Pathol Res Pract (1999) 195(3):143-7.
doi: 10.1016/50344-0338(99)80026-0

Perez-Castro C, Renner U, Haedo MR, Stalla GK, Arzt E. Cellular and
Molecular Specificity of Pituitary Gland Physiology. Physiol Rev (2012) 92
(1):1-38. doi: 10.1152/physrev.00003.2011

Vajtai I, Kappeler A, Sahli R. Folliculo-Stellate Cells of “True Dendritic” Type
are Involved in the Inflammatory Microenvironment of Tumor
Immunosurveillance of Pituitary Adenomas. Diagn Pathol (2007) 2:20.
doi: 10.1186/1746-1596-2-20

Najafi M, Farhood B, Mortezaee K. Extracellular Matrix (ECM) Stiffness and
Degradation as Cancer Drivers. J Cell Biochem (2019) 120(3):2782-90.
doi: 10.1002/jcb.27681

Yang Y. Cancer Immunotherapy: Harnessing the Immune System to Battle
Cancer. J Clin Invest (2015) 125(9):3335-7. doi: 10.1172/JCI83871

Yan D, Kowal J, Akkari L, Schuhmacher AJ, Huse JT, West BL, et al.
Inhibition of Colony Stimulating Factor-1 Receptor Abrogates
Microenvironment-Mediated Therapeutic Resistance in Gliomas. Oncogene
(2017) 36:6049-58. doi:10.1038/0nc.2017.261

Fang WB, Yao M, Brummer G, Acevedo D, Alhakamy N, Berkland C, et al.
Targeted Gene Silencing of CCL2 Inhibits Triple Negative Breast Cancer
Progression by Blocking Cancer Stem Cell Renewal and M2 Macrophage
Recruitment. Oncotarget (2016) 7(31):49349-67. doi: 10.18632/
oncotarget.9885

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Chao MP, Alizadeh AA, Tang C, Myklebust JH, Varghese B, Gill S, et al.. Anti-
CD47 Antibody Synergizes With Rituximab to Promote Phagocytosis and
Eradicate Non-Hodgkin Lymphoma. Cell (2010) 142(5):699-713. doi:
10.1016/j.cell.2010.07.044

Le Mercier I, Poujol D, Sanlaville A, Sisirak V, Gobert M, Durand I, et al.
Tumor Promotion by Intratumoral Plasmacytoid Dendritic Cells Is Reversed
by TLR7 Ligand Treatment. Cancer Res (2013) 73(15):4629-40. doi: 10.1158/
0008-5472.CAN-12-3058

Perry CJ, Munoz-Rojas AR, Meeth KM, Kellman LN, Amezquita RA, Thakral
D, et al. Myeloid-Targeted Immunotherapies Act in Synergy to Induce
Inflammation and Antitumor Immunity. J Exp Med (2018) 215(3):877-93.
doi: 10.1084/jem.20171435

Guerriero JL, Sotayo A, Ponichtera HE, Castrillon JA, Pourzia AL, Schad S,
et al. Class ITa HDAC Inhibition Reduces Breast Tumours and Metastases
Through Anti-Tumour Macrophages. Nature (2017) 543(7645):428-32.
doi: 10.1038/nature21409

Kaneda MM, Messer KS, Ralainirina N, Li H, Leem CJ, Gorjestani S, et al.
Pi3ky is a Molecular Switch That Controls Immune Suppression. Nature
(2016) 539(7629):437-42. doi: 10.1038/nature19834

Stanley ER, Chitu V. CSF-1 Receptor Signaling in Myeloid Cells. Cold Spring
Harb Perspect Biol (2014) 6(6):1-21. doi: 10.1101/cshperspect.a021857
Wang Q, Lu Y, Li R, Jiang Y, Zheng Y, Qian J, et al. Therapeutic Effects of
CSFIR-Blocking Antibodies in Multiple Myeloma. Leukemia (2018) 32
(1):176-83. doi: 10.1038/leu.2017.193

Yang H, Zhang Q, Xu M, Wang L, Chen X, Feng Y, et al. CCL2-CCR2 Axis
Recruits Tumor Associated Macrophages to Induce Immune Evasion
Through PD-1 Signaling in Esophageal Carcinogenesis. Mol Cancer (2020)
19(1):41. doi: 10.1186/s12943-020-01165-x

Sockolosky JT, Dougan M, Ingram JR, Ho CC, Kauke MJ, Almo SC, et al.
Durable Antitumor Responses to CD47 Blockade Require Adaptive Immune
Stimulation. Proc Natl Acad Sci United States America (2016) 113(19):E2646-
54. doi: 10.1073/pnas.1604268113

Kaczanowska S, Joseph AM, Davila E. TLR Agonists: Our Best Frenemy in
Cancer Immunotherapy. J Leukocyte Biol (2013) 93(6):847-63. doi: 10.1189/
j1b.1012501

Pathria P, Louis TL, Varner JA. Targeting Tumor-Associated Macrophages in
Cancer. Trends Immunol (2019) 40(4):310-27. doi: 10.1016/j.it.2019.02.003
Cassetta L, Pollard JW. Targeting Macrophages: Therapeutic Approaches in
Cancer. Nat Rev Drug Discov (2018) 17(12):887-904. doi: 10.1038/
nrd.2018.169

Zhu Z, Cui W, Zhu D, Gao N, Zhu Y. Common Tools for Pituitary Adenomas
Research: Cell Lines and Primary Cells. Pituitary (2020) 23(2):182-8.
doi: 10.1007/s11102-019-01003-4

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Han, Lin, Lu, Xue and Wu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

December 2021 | Volume 12 | Article 785050


https://doi.org/10.1210/clinem/dgaa449
https://doi.org/10.1007/s11102-018-0874-6
https://doi.org/10.1530/ERC-13-0043
https://doi.org/10.1007/s11060-020-03636-z
https://doi.org/10.1084/jem.20180534
https://doi.org/10.1038/nn.4185
https://doi.org/10.1093/neuonc/now251
https://doi.org/10.1016/j.isci.2018.10.011
https://doi.org/10.1080/15548627.2020.1714209
https://doi.org/10.1016/j.molcel.2020.05.034
https://doi.org/10.1186/s12943-017-0648-1
https://doi.org/10.1016/S0344-0338(99)80026-0
https://doi.org/10.1152/physrev.00003.2011
https://doi.org/10.1186/1746-1596-2-20
https://doi.org/10.1002/jcb.27681
https://doi.org/10.1172/JCI83871
https://doi.org/10.1038/nature21409
https://doi.org/10.1038/nature19834
https://doi.org/10.1101/cshperspect.a021857
https://doi.org/10.1038/leu.2017.193
https://doi.org/10.1186/s12943-020-01165-x
https://doi.org/10.1073/pnas.1604268113
https://doi.org/10.1189/jlb.1012501
https://doi.org/10.1189/jlb.1012501
https://doi.org/10.1016/j.it.2019.02.003
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.1007/s11102-019-01003-4
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Tumor-Associated Macrophages: New Horizons for Pituitary Adenoma Researches
	1 Introduction
	2 The Infiltration of Macrophages in Human PAs
	2.1 Macrophage Infiltration in Different Subtypes of PAs
	2.2 The Relationship Between Macrophages and the Biological Behavior of PAs

	3 Crosstalk Between Macrophages and Tumor Cells in the PA-TME
	3.1 The Effect of M1- and M2-TAMs on Tumor Cells in the PA-TME
	3.1.1 Immunity Suppression
	3.1.2 Epithelial-Mesenchymal Transition and Proliferation
	3.1.3 Vascularization
	3.1.4 ECM Remodeling

	3.2 The Effect of the PA-TME on TAM Polarization

	4 Future Prospects
	4.1 Exploration of the Infiltration Patterns of Macrophages in Different Subtypes of PA
	4.2 Further Exploration of the Origin of TAMs in PAs
	4.3 Exploration of a Novel TAM Pro-Tumoral Mechanism
	4.3.1 Exploring the Crosstalk Between TAMs and PA Cells
	4.3.2 Exploration of the Role of Metabolism in the Pro-Tumoral Mechanism of M2-TAMs
	4.3.3 Exploration of the Crosstalk Between TAMs and Other Immune cells in the PA-TME
	4.3.4 Interactions Between Macrophages and Folliculo-Stellate Cells
	4.3.5 Interaction Between Macrophages and Fibroblasts

	4.4 Research Prospects of TAM-Targeted Therapy in PA

	5 Conclusion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


