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Abstract: A large number of immune cells are present in the tumour microenvironment (TME), of which, 
tumour-associated macrophages (TAMs) are among the most important and highly infiltrated cells, and 
mainly include the M1 type classically activated and M2 type alternatively activated TAMs. Both cell types 
are known to play an important role in tumour initiation and proliferation. It has recently been confirmed 
that the TAMs in tumours tend to be dominated by the M2 type. However, the precise mechanism 
underlying TAM recruitment and polarization in the immune microenvironment remains to be elucidated. 
The Hippo-Yes-associated protein (YAP) signalling pathway is one of the most extensively discussed 
mechanism for the regulation of tumour proliferation, migration, angiogenesis, and invasion in recent years. 
To date, several studies have revealed that YAP is involved in the interrelating interactions between tumour 
and immune cells, particularly the TAMs. In this review, we have summarized the mechanism by which the 
YAP regulates the activity of TAMs and its impact on the TME.

Keywords: Hippo-YAP signalling pathway; tumour associated macrophages; tumour microenvironment (TME); 

tumour immunosuppression

Submitted Nov 16, 2019. Accepted for publication Jan 14, 2020.

doi: 10.21037/atm.2020.02.11

View this article at: http://dx.doi.org/10.21037/atm.2020.02.11

Introduction

The Hippo signalling pathway is a newly discovered 
tumour suppressor signal pathway known to regulate 
organ size. It was first identified in Drosophila melanogaster, 
and is composed of one oncogene and multiple tumour 
suppression genes. Yes-associated protein (YAP) acts as a 
crucial transcription factor in promoting tumour formation 
and development, and is responsible for the expression 
of several pro-oncogenes such as CTGF, KRAS and Wnt/
β-catenin (1-5). In mammals, the analogue of Hippo is 
MST1/2, a serine/threonine kinase upstream of YAP. 
In humans, Hippo-YAP signalling pathway activation 

accompanied by the MST1/2 kinase phosphorylation and 
LAST1/2 activation, followed by the phosphorylation 
of the corresponding YAP sites and WW domain-
containing transcription regulator 1 (TAZ), which are two 
transcriptional co-activating factors, limit their entry into 
the nucleus, retain them in the cytoplasm. YAP lacks the 
DNA binding domain. However, being a transcriptional 
coactivator, it binds to member of the transcription 
enhanced associated domain (TEAD) family, which acts as it 
DNA-binding domains. Recently, it has been reported that 
the 14-3-3 protein can induce the YAP phosphorylation, 
causing it to be detained in the cytoplasm. Additionally, 
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YAP phosphorylation leads to the recruitment of the E3 
ubiquitin ligase SCF to induce its ubiquitination and 
proteasome degradation (6-11).

 TAMs have long been considered as one of the most 
important immune cells in the tumour microenvironment 
(TME) and play a significant role in conferring innate and 
adaptive immunity to the host. Based on the surrounding 
conditions of the immune microenvironment, TAMs can 
be polarized into those of the classically activated M1 and 
alternatively activated M2 phenotypes (12,13) (Figure 1). 
It is now known that the M1 type TAMSs secrete large 
amounts of inflammatory factors such as interleukin (IL)-
1 and tumour necrosis factor-α (TNF-α), which promote 
the expression of inducible nitric oxide synthase (INOS) 
and enhance the innate immune response, particularly, 
by modulating the adaptive immune response through 
augmenting antigen presentation process. In contrast, 
the M2 type TAMs mainly secrete IL-10, IL4, arginase-1 
(arg-1) and other enzymes or cytokines required to 
regulate the degree of immune response (14,15). In the 
TME, macrophages derived from circulation monocytes 
differentiate into TAMs, which are stimulated by related 
chemoattractant cytokines. Meanwhile, TAMs are the most 
abundant population of inflammatory tumour-infiltrating 
cells, and these TAMs span over various subsets, ranging 
from the M1 phenotype that promotes inflammation to the 
alternative M2 phenotype which is involved in resolving 
inflammation and wound healing (16,17). Owing to the 
existence of prostaglandin E2 (PGE2) and the transfer 
growth factor β (TGF-β), the Toll-like receptors (TLRs) 
are not activated in TME (18,19); hence, it is difficult for 
macrophages to be polarized into the M1 phenotype, which 
not only promotes tumour invasion and metastasis, but also 
protects cancerous cells from immune clearance (20-23).

Further studies have identified that Hippo is the 
major pathway contributing to the immune response in 
humans, particularly, in functional regulation of TAMs. 
Being a key effector of the Hippo pathway, YAP not only 
promotes the development of tumours, but also acts as an 
immune regulator between immune cells and tumour cells 
(24,25). Given that TAMs play a non-substitutable role in 
tumour immunity and exacerbate the overall prognosis, 
it is important to figure out the regulatory effect of YAP 
has on them. In this review, we mainly describe the role 
of the Hippo-YAP signalling pathway as a new target 
for immunotherapy involving the recruitment of TAMs, 
their polarization, and tumour immunosuppression, 
providing new insights into its potential implication against 

malignancies.

Hippo-YAP signalling pathway regulates TAMs 
recruitment in tumour tissue

Numerous studies have reported the recruitment of TAMs 
strongly associated with poor prognosis in multiple tumour 
types such as lung, hepatic and colon cancers (26-28). In 
recent years, it has been widely reported that multiple 
cytokines and chemokines secreted by tumour cells, such as 
monocyte chemoattractant protein 1(Mcp-1) and colony-
stimulating factor-1 (CSF-1) are responsible for the 
recruitment of TAMs (29-31). Furthermore, an anoxic TEM 
has been found to be highly correlated with the infiltration 
of TAMs. For example, structure of the zinc finger E-BOX 
binding protein 1 (ZEB1) induced by hypoxia has been 
found to promote the activity of tumour cells secreting 
CCL8 and induce the epithelial stroma transformation, 
which is correlated to the infiltration of TAMs (32) (Figure 2).  
Here, we mainly discuss the functions of YAP during TAM 
infiltration. YAP activation in tumour cells influences 
several cytokines and chemokines associated with this 
process. IL-6 is a well-known pro-inflammatory factor that 
plays a key role in modulating the immune response and 
tumour growth, and is considered an effective stimulator 
for the promotion of monocyte migration (33-35). For 
example, in brain tumor glioma (or astrocytoma), IL-6 is 
the major mitogen released from TAMs, which can promote 
glioma stem cells formation and induce TAMs accumulation 
in a feed-forward loop. In hepatocellular carcinoma, IL-6 
secretion depends on YAP activation partially. Interfering 
with YAP expression through atorvastatin treatment 
or employing the YAP-TEAD inhibitor, verteporfin, 
dramatically inhibits TAMs recruitment in a concentration-
dependent manner. In vivo, silencing YAP expression in 
HepG2 cells can reduce TAMs (with CD206 staining) 
infiltration in the xenografted tumours. The conditions 
observed in, Mst1 and Mst2 deficient mice, referred to 
as DKO, are as follows: spontaneous tumour formation 
was observed in DKO mice and upregulation of Mcp1 is 
one of the most pronounced genes among all chemokines. 
Transcriptome analysis and co-immunofluorescent staining 
revealed that the population of TAMs in liver is noticeably 
increased in the livers of DKO mice (36). Moreover, 
high transcription levels of YAP have been found to be 
correlated with the formation of tumour initiation cells, 
following which, they are surrounded by TAMs upon their 
development. Gou et al. demonstrated that transferring the 



Annals of Translational Medicine, Vol 8, No 6 March 2020 Page 3 of 10

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(6):399 | http://dx.doi.org/10.21037/atm.2020.02.11

plasmid encoding YAP protein used the Hydrodynamic 
injection binding transposition technology, which allowed 
some hepatocytes (approximately 1%) to amplify YAP 
expression stably and induce tumour formation at 4 months, 
in both the endogenous and exogenous YAP activating 
tumour mode. Further experiments showed that the 
overexpression of YAP in tumour initiation cells allows the 
recruitment of TAMs with high levels of CD206 expression 
by inducing CCL2 and CSF-1 expression (37). The 
infiltration of TAMs into the TME is so concerning because 
it can lead to excessive cross-linking and deposition of TME 
relevant proteins. The dense stroma offers a relatively safe 

and exclusive environment for the tumour initiation cells, 
thereby hindering drug delivery, and promoting tumour 
growth, metastasis, and drug resistance. Several target 
preparations and molecules that alter the extracellular 
matrix surrounding tumour cells  by reducing the 
recruitment of TAMs and reverse this vicious cycle through 
the Hippo-YAP signalling pathway have been reported 
(38-40). Tamoxifen can serve as a potential regulator of 
the immune response in order to manage YAP activity 
by targeting the G protein coupled oestrogen receptor 
(GPER), thus affecting the activation of pancreatic stellate 
cells (PSCs), ameliorating extracellular matrix remodelling, 
and reducing the infiltration of TAMs. In pancreatic duct 
carcinoma, Cortes et al. used fibronectin coated glass to 
mimic the extracellular matrix and evaluate the migration of 
TAMs. In the TAMs treated with tamoxifen, it is observed 
that the area of 1 hour migration had decreased by 30% 
compared to that of the control group, suggesting that it 
inhibits the infiltration of TAMs in the TEM by regulating 
the adhesion of cells (41). In conclusion, the effect of YAP 
transcription on the recruitment of TAMs relies mainly on 
modulating the levels of IL-6, CSF-1, and CCL-2 secreted 
by the tumour cells, thereby inducing the formation of 
tumour initiation cells and remodelling the composition of 
TME. Although the precise mechanism underlying TAM 
recruitment in the TME and tumour region has still not 
been completely elucidated, we can claim that YAP is an 
important participant in this process.

Hippo-YAP signalling pathway regulates TAMs 
phenotypes 

TME should be considered as a complicated environment 
in which tumour promoting cytokines and the extracellular 
matrix structure undergo spontaneous changes. This 
indicates that the diversity of TAMs in TME is more 
complex than previous notions. The fate evolution 
of TAMs is mainly determined by the heterogeneity 
of undifferentiated circulating monocytes and the 
microenvironment in which they are located. Activated 
TAMs can be differentiated into various subgroups, 
of which M1 and M2 are the two phenotypical polar 
extremes. Current conceptions show that M1 TAMs 
possess the ability to kill microorganisms and promote 
inflammation. In contrast, M2 TAMs can be polarized by 
IL-4, IL-13 and glucocorticoids to exert an influence on 
immunosurveillance and boosts tumour maintenance and 
progression (42-44). In colorectal cancer, an increased 
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Figure 1 The polarization of tumour associated macrophages: 
Circulating monocytes can be recruited to tumour microenvironment 
where they differentiate into TAMs with various phenotypes ranging 
from the M1 phenotype to the alternative M2 phenotype. This 
process including multiple classic factors including IL-4, IL-13, LPS 
and IFN-γ. M1 phenotype acts as a pro-inflammatory stimuli through 
secreting large amounts of inflammatory factors like INOS, IL-1β 
and TNF-α. While M2 phenotype releases TGF-β, IL-4, Arg-1 and 
IL-10 to regulate the degree of immune response and boost tumour 
formation. TAMs, tumour-associated macrophages.
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expression of YAP has been shown to be associated with 
M2 TAM polarization and tumourigenesis through both 
cell-autonomous and non-autonomous mechanisms. 
Down-regulation of YAP expression in colon cancer cells 
inhibits tumour formation, metastasis and generation of 
cancer stem-like cells, accompanied by a decreased in the 
levels of cytokines such as IL-4 and IL-13, which is a vital 
inducer for M2 polarization generation. In addition to these 
cell-autonomous mechanism, YAP-silencing in human 
monocytic cells (THP-1) markedly decreases the levels of 
M2 markers (ARG1 and CD23), and other polarization 
related factors, such as β-catenin, Atk and NF-kB, while 
no apparent changes are observed in M1 marker (CD64 
and CCR7). This phenomenon demonstrates that YAP 
promotes the polarization of M2 TAMs rather than that of 
M1 TAMs. It is further explained that the signal pathway 
promotes M2 polarization through YAP activation in 

addition to interrelate with M2 inducers (45). Guo et al. 
also reported that ectopic activation of YAP in hepatocytes 
induces the formation of liver tumour-initiating cells (TICs) 
and polarizes peripheral TAMs into M2 phenotype (37).  
Moreover, in pancreatic ductal adenocarcinoma (PDAC), 
deletion of YAP shows a significant increase in the 
proportion of TAMs expressing INOS rather than 
arginase, suggesting that knockout of YAP promotes 
the polarization of TAMs into M1 phenotype (46). 
Additionally, the newly unveiled idea is that a few specific 
proteins produced by tumour and immune cells during 
the process of tumour formation are involved in TAMs 
infiltration and differentiation. Zhang et al. claimed that the 
extracellular matrix secretory protein, SPON2, promotes 
the recruitment of M1 TAMs via interacting with integrin 
α4β1. Recombinant SPON2 (rSPON2) protein significantly 
increases the concentration of YAP translocated to the 

Figure 2 The Hippo signalling pathway in tumour cells and its association with tumour-associated macrophages (TAMs): mammalian sterile 
20-like kinases 1 and 2 (MST1/2) combine with the scaffolding protein Salvador/WW45 to phosphorylate the NDR family kinases Lats1 
and Lats2 (Lats1/2) downstream, and the adaptor protein Mob1, after which, they phosphorylate the YAP and TAZ. Phosphor-YAP and 
TAZ would be sustained and degraded in the cytoplasm, thereby preventing nuclear accumulation and leading to cell proliferation, PD-L1 
expression, and drug resistance. Furthermore, aberrant YAP transcription in the nucleus is highly correlated with the secretion of IL-6, IL-
4, MCP-1, CSF-1, and IL-13, which might enable the infiltration of recruited TAMs and induce M2 polarization. The alternatively (M2) 
activated TAMs are anti-inflammatory cells, which exacerbate the migration and proliferation of tumour cells.
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nucleus in THP-1 cells, which coexists with M1 phenotype 
polarization (47). Meanwhile, Kim et al. also showed that 
in Mst1/2 deficient mice, YAP transcription activity is 
significantly enhanced in macrophages that exhibits mixed 
M1 and M2 phenotypes (36). Collectively, both these 
studies revealed that the polarization of TAMs is related 
to crosstalk between tumour cells and TAMs through 
the Mst1/2-Last1/2-YAP pathway. Although cytokines 
such as IFN-γ, IL-4 and IL-13 play a clear role in TAMs 
polarization, the relationship between other stimuli 
in the TME such as lactate production from glucose, 
exosomes or free fatty acids, and TAMs phenotype has yet 
to be completely elucidated (48-50). In a previous study, 
Xue et al. identified polarization of macrophages at the 
transcriptional factor level by generating a transcriptomic 
data set in vitro and vivo. This illustrates that a spectrum of 
macrophages activation states extend the current M1 versus 
M2-polarization model. Similarly, others researchers find 
that in the setting of glioma, TLRs located on TAMs and 
endogenous ligands released from tumour play a crucial role 
in TAMs reprogramming with complex surface markings 
rather than limiting to the M1/M2 classification scheme. 
The diversity of macrophage polarization may explain the 
incertitude role of YAP in TAMs phenotypes. In the future, 
further studies are required to identify the relationship 
between Yap activation and differential phenotypes of 
TAMs with complicated stimulus in TME and beyond.

Implications of Hippo-YAP signalling on the 
immunosuppressive microenvironment

To date,  Hippo-YAP signall ing pathway has been 
characterized not only as a regulator of tumour growth, 
but also as a crucial inhibitor in cancerous immunity. 
Tumour immunosuppression is the process that immune 
system does not recognize or respond to tumour cells 
which is highly correlated with a decrease in the major 
histochemical compatibility antigens(MHC-I), deletion 
of co-stimulatory molecules and various tumour secreting 
cytokines such as IL-10, TGF-β, and vascular endothelial 
growth factor (VEGF). Intensive studies have indicated that 
YAP transcription levels favor cancerous cells from immune 
clearance (51-54). Typically, high expression of YAP in the 
tumour tissue is accompanied by the infiltration of different 
types of immunosuppressive cells, which aim to maintain 
immune energy and tolerance, such as the regulatory T 
cells (Tregs) and myeloid-derived suppressor cells (MDSC) 
(55,56) (Figure 3). In this regard, An et al. reported that the 

formation of invasive lobular carcinoma (ILC) is usually 
associated with the mutation of CDH1 and PIK3CA. 
Deletion of CDH1 and activation of PIK3CA leads to 
tumour formation, which is accompanied by the infiltration 
of Immunosuppressive cells such as Treg and augments 
the expression of PD-L1 through a YAP dependent 
pathway. Moreover, Ni et al. also reported that YAP is 
essential for Tregs differentiation in anti-tumour immunity. 
Considerable YAP transcription levels are observed in Tregs 
compared with other subsets of T cells. In the Treg-specific 
YAP deficiency mice, the proportions of CD8+ and CD4+ T 
cells is increased, accompanied with a compromised Treg 
presence . Mechanismly, deletion of Yap in T cells inhibits 
Tregs differentiation through limiting TGFβ β/SMAD and 
Activin signalling (57). Apart from Tregs, MDSCs comprise 
another cell population in TME that functions to abolish 
immune surveillance. YAP activation in tumour cells reduces 
the secretion of IL-6, which induces the recruitment of 
MDSCs, resulting in the exhaustion of CD8+ T cells, 
apoptosis of NK cells and dendritic cell maturation disorder. 
In pancreatic ductal cells with Kras: p53 mutant, YAP 
activation triggers MDSCs recruitment through binding to 
the promoter regions of IL-6 and the Csfs (46). In addition 
to IL-6, recent studies also prove that the Hippo-YAP 
signalling pathway up-regulates Cxcl5 in prostate tumour, 
and promoting MDSCs recruitment through the Cxcl5-
Cxcr2 signalling pathway (55). It remains to be determined, 
however, whether YAP activation in TAMs influence the 
above immunosuppressive sells, in light of the evidence 
indicating that M2 TAMs dramatically facilitate Tregs and 
MDSCs infiltration (43,55,58,59). Programmed death-1 
(PD-1) is a type I transmembrane protein expressed on 
activated T cells, DC, macrophages, B cells and NK cells, 
which prevents T cells activation and inhibits the immune 
clearance effect of tumour infiltrating lymphocytes. The 
immune checkpoint protein, programmed death-ligand-1 
(PD-L1), is a transmembrane protein expressed on the 
tumour and immune cell membranes and is the ligand of 
PD-1. It has been shown that therapeutic antibodies that 
target PD-L1 or PD-1 are effective in eliminating cancer 
cells by enhancing the cytotoxicity of T cells activation 
(60,61). Recent studies have pointed out that a binding 
site of TEAD is present around the PD-L1 promoter. 
YAP can directly bind to the enhancer region of PD-L1 
or up-regulate its expression at a transcriptional level in 
lung melanoma and breast cancer cells (62-64). In addition 
to PD-L1, CTLA-4 comprises another vital negative 
regulator of adaptive immune response of T cells. However, 
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Thaventhiran et al. claimed that the combination of CTLA-
4 located on T cells and CD80/CD86 expressed on APCs 
activate Hippo-YAP signalling pathway in T cells, and 
then the degradation of YAP induced the differentiation of 
CD 8+ T cells (65). These studies suggest that YAP plays a 
crucial role in the development of immunological tolerance. 
Based on the findings of the aforementioned studies, we 
can conclude that the amplification of YAP expression will 
weaken the tumour immune response, thus, opening new 
avenues to regulate tumour immunosuppression.

Conclusions and future prospects

The infiltration of TAMs in the tumour tissue can be a 
double edged sword, which functions as an anti-tumour 
occurrence in patients at the early stages of tumour 
formation and tends to develop into the M2 phenotype as 
it progresses to the later stages. Currently, the strategy for 
anti-tumour therapy against TAMs includes the induction 
of its apoptosis, repolarization of the M2 TAM to its M1 
phenotype, targeting it for an immune checkpoint therapy 

and adoptive cytotoxic T-cell (CTL) transfer therapy 
(66-68). Unfortunately, to date, the efficiency of above 
immunotherapy strategies targeting TAMs has been modest. 
Although deletion of TAMs in TME attenuated tumour 
progression noticeably in mouse model, no efficiency was 
observed in clinical applications (33,69). Based on the above 
description, it can be determined that YAP not only recruits 
TAMs to the tumour and its adjacent tissue, but also regulates 
its polarization directly. Therefore, YAP is a potential 
target for tumour targeting therapy. To date, the categorical 
role of the Hippo-YAP pathway in TAMs is still covered. 
Being the most important target for immunotherapy, 
the expression of PD-L1 has also been discovered in 
TAMs (67,68). For instance, in vivo/in vitro experiments, 
engulfing of exosomes rich in miR-23a-3p secreted by the 
HCC cells undergoing endoplasmic reticulum stress led 
to an up-regulation in the expression of PD-L1 in TAMs. 
However, further studies are still required to investigate 
the regulation of PD-L1 expression in TAMs (70).  
In addition to the aforementioned functions of the 
Hippo signalling pathway in TAMs, a study published 

Figure 3 The role of YAP in tumour immunity: Transcription regulator YAP acts a crucial inhibitor in multiple immunological cells. The 
YAP activation in T cells regulates the differentiation and functions of Tregs and CD8+ T cells, which influences tumour progression further. 
The YAP activation in TAMs triggers the differentiation and functions of M2 phenotype. YAP expression in tumour cells recruit MDSCs 
and TAMs via releasing relevant cytokines include IL-6 and Cxcl5. TAMs, tumour-associated macrophages; MDSCs, myeloid-derived 
suppressor cells.
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in Science revealed an interesting mechanism underlying 
the inhibition of tumour progression. Differing from the 
traditional studies that only focus on the autonomous 
tumour formation roles of YAP/TAZ, Moya et al. reported 
that the activation of YAP/TAZ in the peritumoural 
hepatocytes surrounding the liver tissues markedly suppress 
tumour growth, thus identifying its multifaceted roles 
in the regulation of tumour progression. In a syngeneic 
mouse model, deletion of YAP/TAZ in peritumoural 
hepatocytes by injecting a Cre-expressing adeno-associated 
virus 8 (AAV-Cre) into Yapfl/fl and Tazfl/fl double-floxed 
mice significantly suppressed cholangiocarcinoma cells 
proliferation and invasion, independent of programmed cell 
death or feedback inhibition of Hippo signalling pathway. 
Similar results were also found in hepatocellular carcinoma 
and melanoma liver metastasis. These interesting results 
underscore the non-autonomous tumour suppression roles 
of YAP/TAZ in peritumoural hepatocytes, which may 
be reminiscent of that of competitive fitness. However, 
whether the aforementioned mechanisms are present 
in human organs or other tumours types remains to be 
determined (71). Therefore, it is of urgently required to 
further elucidate the regulatory mechanism of YAP in 
TAMs to improve the efficacy of immunotherapy and 
ameliorate the outcome of the patients.
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