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Abstract

The Hippo-Yap/Taz pathway, originally identified as a central developmental regulator of organ
size, has been found perturbed in many types of human tumors, and linked to tumor growth,
survival, evasion, metastasis, stemness, and drug resistance. Beside these tumor-cell-intrinsic
functions, Hippo signaling also plays important immune regulatory roles. In this review, we will
summarize and discuss recent breakthroughs in our understanding of how various components of
the Hippo-Yap/Taz pathway influence the tumor immune microenvironment, including their
effects on the tumor secretome and immune infiltrates, their roles in regulating crosstalk between
tumor cells and T cells, and finally their intrinsic functions in various types of innate and adaptive
immune cells. While further research is needed to integrate and reconcile existing findings and to
discern the overall effects of Hippo signaling on tumor immunity, it is clear that Hippo signaling
functions as a key bridge connecting tumor cells with both the adaptive and innate immune
systems. Thus, all future therapeutic development against the Hippo-Yap/Taz pathway should take
into account their multi-faceted roles in regulating tumor immunity in addition to their growth-
regulatory functions. Given that immune therapies have become the mainstay of cancer treatment,
it is also important to pursue how to manipulate Hippo signaling to boost response or overcome
resistance to existing immune therapies.
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Immune therapies have shown extraordinary promises in treatment of many types of cancer,
although resistance (primary or acquired) remains prevalent!. Existing evidence suggests
that to elicit durable and effective immune response to eliminate established tumors, several
key steps are required including reversing the immunosuppressive tumor microenvironment
(TME), promoting the infiltrations of active antigen-presenting cells (APCs) and effector T
cells, inducing immunogenic tumor cell death and increasing antigen presentations, and
enhancing the effector functions of tumor-infiltrating CD4* and CD8" T cells!:2,
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To overcome these barriers to tumor rejection, combination therapies are being explored?2,
However, these efforts have been hampered by a lack of clear understanding of the
mechanisms that underlie the complex crosstalk between tumor cells and the immune cells,
between immune cells and other stromal cells within the TME, and between subpopulations
of the immune cells within the TME and beyond. In this review, we will summarize the
emerging roles of the Hippo-Yap/Taz pathway in regulations of the above-mentioned
crosstalk and their effects on tumor immunity, discuss recent literature that directly
implicates various components of the Hippo-Yap/Taz pathway in immune cell differentiation
and activation, and deliberate how therapies that target the Hippo-Yap/Taz pathway could be
potentially integrated with existing immune therapies to increase response rate and improve
outcome.

and noncanonical Hippo-Yap/Taz signhaling

The canonical Hippo-Yap/Taz pathway, composed of the Mst1/2-Lats1/2 core kinase
cascade, is responsible for phosphorylating and inactivating two homologous transcription
regulators Yap and Taz (Fig. 1). Specifically, facilitated by scaffolding proteins Merlin,
Kibra, Savl and Mob1, the Mst1/2 kinases phosphorylate and activate the Lats1/2 kinases,
which in turn phosphorylate Yap and Taz at multiple sites3. Lats1/2-mediated
phosphorylation of Yap and Taz creates binding sites for the highly abundant 14-3-3
proteins, which trap Yap/Taz in the cytoplasm3#, and also primes Yap/Taz for further
phosphorylation by Casein kinase 18/e, creating phospho-degron motifs that recruit the p-
TrCP-SCF E3 ubiquitin complex, causing ubiquitination and proteasomal degradation of
Yap/Taz>®.

In response to various oncogenic signals or through direct genetic mutations, Hippo
signaling is often inactivated in tumor cells, resulting in dephosphorylation and nuclear
translocation of Yap and Taz’. Once inside the nucleus, Yap/Taz, which possess
transactivation domains but no DNA-binding domains, partners with Tead1-4 (containing
DNA-binding domains but no transactivation domains) and other transcription factors to
promote the expression of genes that are important for tumor cell proliferation and survival’.
It should be noted, however, other noncanonical Hippo-independent mechanisms also
regulate subcellular localization and/or transcriptional activities of Yap and Taz’*8.
Conversely, upstream Mst1/2 and Lats1/2 kinases can phosphorylate and regulate substrates
that are outside the Hippo-Yap/Taz pathway?10,

Efforts are ongoing in developing small molecule inhibitors to target the Hippo-Yap/Taz
pathway’. To successfully incorporate Hippo-targeting agents with existing cancer therapies,
particularly immune therapies, it is important to consider the immune modulatory effects of
this pathway in addition to their growth regulatory roles in tumor cells. In this review, we
will discuss the emerging roles of both canonical and noncanonical Hippo signaling in
regulations of TME and immune response.
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Tumor cell intrinsic roles of Hippo-Yap/Taz signaling in regulating tumor

immunity

Tumor cells employ multiple mechanisms to evade immune surveillance, including
suppression of antigen production and/or presentation, activation of cell surface immune
checkpoint ligands such as PD-L1, and secretion of cytokines that promote the activation
and recruitment of cancer associated fibroblasts (CAFs) and immune suppressive myeloid
cell populations, orchestrating a TME that is hostile to the recruitment and/or functionalities
of effector T cells!L. Intriguingly, recent studies have implicated the Hippo pathway
effectors Yap and Taz in several aspects of the above-mentioned tumor cell intrinsic
mechanisms of immune suppression.

Potential direct transcriptional regulation of PD-L1 by Yap/Taz in tumor cells

The immune checkpoint receptor PD-1 and its ligand PD-L1 function as a dominant immune
checkpoint pathway that normally prevents recognition of self-antigens by T cells!1. Tumor
cells exploit this pathway to evade host immunity by upregulating PD-L1, which interacts
with PD-1 receptors expressed on activated T cells causing apoptosis or anergy of those T
cells!l,

Four groups recently reported that Yap/Taz suppress T-cell-mediated killing of tumor cells
by directly transcribing PD-L1 in human melanoma, lung and breast cancer cells (Fig. 1),
and two of the reports further showed strong correlations between the levels of nuclear Yap
and PD-L1 in primary NSCLC and melanoma samples2-15. Therapeutic antibodies that
target PD-L1 or PD-1 have been successfully employed in the clinics to reactivate T cells
and cause tumor regression in many types of aggressive cancers, although the majority of
patients are upfront resistant or subsequently relapse from anti-PD-1/PD-L1 treatment!l.
Therefore, it would be interesting in the future to determine how Hippo-Yap/Taz signaling
status may influence response to PD-1/PD-L1 therapies.

Yap-mediated expression of tumor secreted factors drive the polarization and recruitment
of immune suppressive MDSCs and TAMs

Myeloid-derived suppressor cells (MDSCs) and tumor associated macrophages (TAMs) are
heterogeneous populations of immune cells of the myeloid lineage, which not only potently
suppress T-cell function within the TME, but also secrete cytokines that promote tumor cell
proliferation, survival and metastasisi®. High numbers of tumor-infiltrating MDSCs and
TAMs often correlate with early local or metastatic relapse and resistance to T-cell
checkpoint therapies, leading to poor survival in patientsl’.

Using a syngeneic mouse model, DePinho and Wang groups demonstrated Yap-dependent
recruitment of MDSCs into subcutaneous tumors derived from a murine Pten™~-Smad4~"~
prostate tumor cell line®. Mechanistically, the authors showed Yap binds to the promoter
and induces the expression of Cxcl5 in prostate tumor cells, which recruits MDSCs via its
cognate receptor Cxcr218. Independently, our group showed that Yap drives not only the
recruitment but also the polarization of MDSCs cells by coordinately upregulating 11-6,
Csfl1-3, Tnfa, 1I-3, Cxcl1/2, and Ccl2 expression in the genetically engineered p48-
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Cre;Krast-SL-G12D/* .p53L SL-R172H/+ (KPC) pancreatic cancer model®. We further showed
that Yap binds to the promoters and directly promotes the transcription of //-6 and the Csfs
in PDAC cells®. Notably, another group also reported the direct transcriptional regulation of
/-6 by Yap in breast cancer stem cells20,

Beside MDSCs, we found that deletion of Yap from Kras.,p53 mutant pancreatic neoplastic
epithelial (KPYC) cells induced massive influx of MHCII™ M1-like macrophages within the
TMEL, Importantly, the downregulation of MDSCs and reprogramming of TAMs in KPYC
pancreata were accompanied by activation of CD8* T cells, indicating that Yap mediates T
cell suppression at least in part by inducing the accumulation of MDSCs and TAMs in KPC
pancreatal®. Consistent with our finding, two other studies showed that activation of Yap in
liver epithelial cells leads to early recruitment of TAMSs by upregulating Ccl2 and Csfl
expression, which prevents immune clearance of Yap-activated tumor-initiating cells and
promote hepatocellular carcinoma development?1:22,

Together, these studies reveal that Yap-controlled tumor secreted factors drive the
recruitment of immune suppressive myeloid cells across multiple tumor types (Fig. 1).

Yap-mediated activation of CAFs fosters immune suppression

CAFs are heterogeneous populations of fibroblast-like cells activated by tumor-secreted
growth factors and cytokines within the TME. Beside secreting extracellular matrix (ECM)
proteins that form the tumor stroma and growth factors that stimulate angiogenesis and
tumor growth, CAFs have been shown to release a large number of immune suppressive
cytokines that promote immune evasion23,

PDAC evokes a highly desmoplastic stromal reaction, which is the consequence of pro-
fibrotic activation of CAFs by PDAC cells24. We previously demonstrated that KPYC
pancreata showed dramatic reduction in the overall number of CAFs and collagen buildup
around early lesions, likely due to downregulation of Ctgf, Cyr61, Cox2, Il1a, 116, Mmp7
and possibly other tumor-secreted cytokines2®. Moreover, multiple studies showed that Yap
promotes matrix stiffening and enhances cell tension in fibroblasts and tumor cells by
increasing the expression of cytoskeleton regulators26-30, In a feed-forward loop, increased
mechanical tension caused by ECM buildup was found to further enhance Yap activities in
both tumor epithelial cells and CAFs through Integrin-FAK-SRC and Rap2-Arhgap29-RhoA
signaling26:29:31-35 |ntriguingly, a recent study showed that treatment of a small molecule
FAK inhibitor reduced tumor fibrosis and the recruitment of immunosuppressive cells, and
rendered the KPC PDAC model responsive to adoptive T cell therapy and PD-1
antagonists36. Collectively, these findings point to the essential roles for YAP in CAF
activation, tumor stroma buildup and mechanotransduction, which also contribute to the
establishment of immune suppressive TME (Fig. 1).

Supraphysiological Yap/Taz activation could trigger immune rejection

While overwhelming evidence supports the roles for Yap/Taz in orchestrating tumor immune
evasion, excessive Yap/Taz activation was found to cause immune rejection in both
autochthonous and syngeneic models3649. In the mouse liver, overexpression of
constitutively active Yap (Yap®S4, in which all five inhibitory Lats1/2-phosphorylation sites

Oncogene. Author manuscript; available in PMC 2020 October 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

White et al.

Page 5

were mutated) or deletion of both Lats1 and Lats2 was shown to induce DNA damage and
p53-mediated senescence or cell death, triggering T-cells dependent immune clearance?1:40,
Similar observations were made with syngeneic injections of Lats1/2 KO or Yap®SA-
overexpressing melanoma, head and neck squamous cell carcinoma and breast cancer lines,
which were attributed to increased secretion of nucleic-acid-rich extracellular vesicles by
these cells and activation of TLR signaling°. It remains to be determined, however, whether
the observed increase in extracellular nucleic acids were independent of or resultant from
elevated DNA damage or cell stress triggered by hyper-activation of Yap/Taz. Notably, the
immune clearance triggered by hyper-activation of Yap/Taz was reminiscent of that of
oncogenic RAS or BRAF41-44 suggesting that similar to other proto-oncogenes, excessive
Yap/Taz activation can trigger p53-mediated senescent and/or apoptotic programs, which in
turn elicit immune recognition and clearance.

Direct regulations of the adaptive and innate immune systems by Hippo-

Yap/Taz signaling

With the increasing interest in exploiting the Hippo-Yap/Taz pathway as targets for
regenerative or cancer therapies8, it is important to understand the physiological roles of
Hippo-Yap/Taz signaling in the immune system. In this section, we will summarize recent
studies linking both canonical and noncanonical Hippo-Yap/Taz signaling to regulations of
the differentiation and functions of various types of immune cells.

Mst1 regulates the development of B- and T- lymphocytes

Mst1 is highly expressed in lymphatic tissues and MstZ deficiency causes B- and T-
lymphopenia in both humans and mouse models#>46. In B-cell development, Mst1 was
shown to be required for the transcription of CD19, a glycoprotein that is specifically
expressed in B cells and required for B-cell function (Fig. 2)*7. In T-cell development, Mst1
phosphorylates and stabilizes transcription factors Foxol/3, which are important for
maintaining the proliferation and survival of naive T cells*8-50, Moreover, Mst1 is required
for thymocyte trafficking and antigen recognition within the thymus (Fig. 2)°1, and the
egress of mature T cells from the thymus to peripheral lymphoid organs®2:53. Although the
precise mechanisms by which Mst1 promotes T cell migration and antigen recognition
remain unclear, it likely involves myosin-mediated trafficking and membrane clustering of
integrin LFA-1, which binds to ICAM-1 on antigen-presenting cells (APCs) to initiate the
immunological synapse formation>1:54-57,

Antagonizing functions of Mstl and Taz balance Treg/TH17 differentiation

In response to various cytokines, naive CD4* T cells can differentiate into distinct helper T
cell subsets, including Ty1, T2 and Ty17 cells, as well as Foxp3* regulatory T (Treg) cells.
In particular, the imbalance between the pro-inflammatory Ty17 cells and the
immunosuppressive Tregs, whose differentiation is connected by their shared dependence on
TGF-B, has emerged as a prominent factor in autoimmunity and cancer immune escape®®.
The presence of TGF- drives the conversion of naive T cells into Treg cells through
Smad2/3-mediated transcriptional activation of Foxp3, whereas TGF- in combination with
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pro-inflammatory cytokines IL-6 or IL-21 causes differentiation into Ty17 cells by inducing
T17 lineage-defining transcriptional factor RORyt and 1L-17°8,

A series of studies showed that Mst1 promotes Treg differentiation, while reducing
differentiation towards the T17 lineage through both cell-autonomous and non-autonomous
mechanisms (Fig. 2)°%:59-61 Within CD4* T cells, Mst1 was reported to promote Foxp3
expression and Treg differentiation by phosphorylating and stabilizing Foxo1/3, blocking
TCR-stimulated Akt activation, preventing Foxp3 de-acetylation by Sirt1, or suppressing
Taz activity (also see below)30:59.60, Beside these cell-autonomous mechanisms, Mst1 was
shown to inhibit the secretion of IL-6 in dendritic cells, thereby indirectly suppressing Ty17
differentiation®l,

Opposite of Mst1, Taz, which is specifically upregulated in T17 cells, was found to skew T
cell differentiation along the Ty17 lineage at the expense of Tregs (Fig. 2)80.
Mechanistically, Taz directly binds to and bolster the activity of Ty17 transcription factor
ROR-yt, while inducing proteasomal degradation of Foxp3 by inhibiting Tip60-mediated
acetylation of Foxp3%0. Importantly, defects in Treg differentiation caused by Mst1
deficiency was rescued by co-deletion of 7az suggesting that canonical Hippo-Taz signaling
likely plays a central role in Treg/T17 differentiation®0.

Yap amplifies TGF-B signaling and maintains immune suppressive function in Tregs

Unlike Mstl and Taz, T-cell specific knockout of Yap had little effect on T cell lineage
commitment in vivo®0.:62, Nevertheless, Yap was found to be specifically induced in the Treg
population, and amplify TGF-B signaling by transcribing Activin/Acvric (Fig. 2)62. Genetic
or chemical inhibition of Yap dramatically impaired the immune suppressive function of
Tregs in vitro and in vivo, and boosted anti-tumor immune response either as a mono-
therapy or in combination with tumor vaccine or PD-1 treatment®2. These exciting results
highlight the promise of Yap as a potential target for overcoming resistance to immune
therapy.

Hippo signaling activated by CTLA4-CD80 engagement contributes to terminal
differentiation of CD8* T cells

CTLA4 is a member of the immunoglobulin superfamily that is expressed by activated T
cells to prevent over-stimulation of T cells by APCs%3. CTLA4 binds to CD80/CD86 (also
known as B7-1/2) expressed on APCs with greater affinity than the T cell co-stimulatory
molecule CD28, thus blocking CD28-B7 binding and dampening TCR signaling®3.
Although much is unknown about the roles of Hippo-Yap signaling in regulation of CD8* T-
cell activation, an early study reported that activating the CD8" T cell with antigen and IL-2
in vitro induces the expression of the core Hippo pathway components, including Yap (Fig.
2)%4. Furthermore, the authors showed that engagement of CTLA4 with CD8O0 triggers the
activation of Hippo signaling resulting in phosphorylation and degradation of Yap, which in
turn causes downregulation of Eomes and upregulation of Blimp-1 and terminal
differentiation of CD8+ T cells®4. These findings, while remain to be confirmed in vivo,
imply a possible role for the Hippo-Yap signaling in regulation of cytotoxic T cells.
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Mst1/2 maintains metabolic homeostasis and IL-12 signaling in CD8a* dendritic cells

Baf3*CD8a* dendritic cells are the major APCs for CD8* T cells in response to viruses,
bacteria and tumors®®. A recent study found that deletion of Mst1/2, but not Lats1/2 or Yap/
Taz, selectively blocks Baf3*CD8a* DCs from activating CD8* T cell56. Mechanistically,
the authors showed that Mst1/2 maintain mitochondrial function and dynamics on one hand,
and promote noncanonical NF-xB signaling and IL-12 production on the other hand, thus
coordinating metabolic reprogramming with cytokine signaling (Fig. 2)%6. This finding
suggests that activation of Mst1/2 could potentially be used to boost tumor immunity by
activating Baf3*CD8a* dendritic cells.

Crosstalk between Mst1/2 (Hippo) and TLR signaling

Toll-like receptors (TLRs) are a major subgroup of membrane bound pattern recognition
receptors (PRRs) used by innate immune cells to detect pathogen-associated molecular
patterns (PAMPs) commonly shared by microorganisms8”. Upon binding by PAMPs, TLRs
undergo conformational changes that trigger the binding of adapter protein MyD88 or
TRIFS7. Recruitment of MyD88 to TLRs initiates NFxB signaling by facilitating the
assembly of oligomeric IRAK4-IRAK1/2-TRAF6 complex and TRAF6-mediated formation
of K63 poly-ubiquitin chains, which serve as scaffolds for the phosphorylation and
activation of the IKK complex by TAK1%7. Activated IKK complex then phosphorylates
IxB, causing its degradation, freeing NFxB to translocate into the nucleus to activate the
expression of inflammatory cytokines®’. In addition, bacterial engagement of a subset of
TLRs leads to phagocytosis and the assembly of TRAF6-ECSIT complexes on the
phagosomes, which recruit mitochondria to augment ROS production and bacteria killing®”.
On the other hand, binding of TRIF to TLRs triggers IRF3 signaling by recruiting E3 ligase
TRAF3, IKK-like kinases - TBK1 and IKKe, and IRF3, where intermolecular trans-
phosphorylation, facilitated by Lys63-linked ubiquitination, causes IRF3 to dimerize and
translocate into the nucleus, where it promotes the expression of type I interferons (IFNs)
and other inflammatory cytokines®’.

A series of recent studies showed that bacteria-induced TLR signaling activates the Hippo
pathway in both Drosophila and mammalian cells®8-71, In Drosophila, it was shown that
bacteria-induced assembly of a Toll-MyD88-Pelle (homologue of IRAK) complex
phosphorylates and inactivates Cka (homolog of Striatin), an essential subunit of the Hippo-
inhibitory STRIPAK PP2A complex, resulting in activation of the Hippo kinase (Mst1/2
homologue) and suppression of Yorkie (Yap/Taz homologue) in the Drosophila immune
organ - fat bodies (Fig. 3a)%8. In mammalian cells, Boro et al. reported that IRAK1/4 directly
interact with Mst1/2 and promote Mst1/2 phosphorylation and activation following bacteria
infection (Fig. 3b)7%, whereas Yuan et al. found that IRF3 activated by bacteria infection
directly binds to the promoter of the STK4 (Mst1) gene inducing its expression (Fig. 3b)71.

Upon activation by TLR signaling, Hippo or Mst1/2 kinases have been found to influence all
three branches of TLR signaling. Two studies showed that Mst1/2 promote TLR-mediated
activation of IRF3 signaling and IFN-P production in response to bacterial infection of
murine cells’%72, Li et al. also reported that opposite of its stimulatory effect on IRF3
signaling, Mst1 inhibits TLR4-mediated NF-xB activation by binding to and
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phosphorylating IRAK1, targeting it for degradation (Fig. 3b)"2. However, this finding was
contradicted by two Drosophila studies, which showed that Yorkie directly transcribes
Cactus (homolog of 1kB), and loss of Hippo or activation of Yorkie leads to elevated Cactus
MRNA levels and reduced anti-microbial peptides, whereas knockdown of Yorkie reduces
Cactus levels while upregulating NF-xB transcription factors, DIF and Relish and other anti-
microbial peptides (Fig. 3a)%8:73. Finally, a critical role for Mst1/2 in TLR-induced
mitochondrial recruitment to phagosomes was recently described (Fig. 3b)%°. The authors
found that Mst1/2 phosphorylate and activate PKC-a, which in turn phosphorylates and
inactivates LyGDI, a cytosolic inhibitor of small GTPase Rac®. Free of LyGDI inhibition,
Rac conjugates with GTP and undergoes TRAF6-mediated K63 poly-ubiquitination to
become fully activated, allowing the formation of TRAF6-ECSIT complex that mediates
mitochondrion-phagosome juxtaposition®.

TLR agonists have been shown great promises as adjuvant therapies in eliciting innate
immune response, enhancing antigen presentation and reducing tumor immune tolerance to
enhance response to standard immune-, radio- and chemo- therapies®”. Thus, it would be
important to further dissect the crosstalk between TLR signaling and Mst1/2 and other
components of the Hippo pathway in the tumor context and resolve the discrepancies
between existing studies.

The roles of Hippo-Yap/Taz signaling in cytosolic nucleic acid sensing

Beside membrane-bound TLRs, cells express a variety of cytosolic viral RNA/DNA sensors,
including RIG-I-like receptors for detection of double-stranded RNA, and cGAS, AIM2,
IF116 and RNA polymerase 111 for detection of cytosolic DNA’4. The same viral sensors are
also responsible for detection of damage-associated molecular patterns (DAMPS) released
by infected or tumor cells’®. Once loaded, these sensors engage mitochondrial-associated
MAVS, ER-located STING and/or other adaptors, causing them to self-aggregate, which in
turn triggers the assembly of the TRAFs/TBK1/IKKe/IRF3 complex, dimerization and
activation of IRF3, and the production of type | IFN7475,

A number of recent studies have identified potential roles for Hippo-Yap/Taz signaling in
regulation of cytosolic nucleic acid sensing in the context of viral infection. Contrary to the
above-described positive roles in TLR-IRF3 signaling in response to bacteria infections’%:72,
Mst1 was recently shown to inhibit viral-induced IRF3 activation through both direct
inhibitory phosphorylation of IRF3 and blockade of its activator - TBK1 (Fig. 4)76. Two
other studies showed that Yap and/or Taz also inhibit IRF3 signaling and type | IFN
production, rendering cells more susceptible to viral infection’’:78. Zhang et al. found that
viral infection cause Yap and Taz to translocate into the cytoplasm where they directly
interact with TBK1 and prevent IRF3 activation by blocking TBK1 ubiquitination and
subsequent recruitment of adaptors/substrates (Fig. 4)78. In contrast, Wang et al. showed that
Yap does not affect the phosphorylation levels of TBK1, IKKe and IRF3, but rather directly
binds to IRF3 and inhibits its dimerization and nuclear translocation (Fig. 4)7”. Furthermore,
Wang et al. demonstrated that viral-activated kinase IKKe phosphorylates and triggers
lysosomal degradation of Yap, thereby relieving Yap-mediated inhibition of the cellular
antiviral response (Fig. 4)’7. Contrary to these two studies, a third study by Jiao et al. found
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that viral infection triggers IRF3-mediated nuclear translocation of Yap, and IRF3
complexes with Yap and Tead to further augment their transcriptional activities (Fig. 4)7°. A
notable difference between the three studies was viral exposure time: ~48 hours in Jiao et al.
study versus 1 and 8 hours in studies by Zhang et al. and Wang et al., respectively. Further
kinetic studies will be necessary to determine whether acute versus chronic viral infections
could exert differential effects on the Hippo-Yap/Taz pathway, and vise versa. Given that
oncolytic viruses and other activators of cytosolic nucleic acid sensing pathways have been
successfully used to boost the efficacies of T-cell based immune therapies in clinical and
preclinical studies’®89-83 it would be also important to understand how the statuses of
Hippo signaling in tumor cells and tumor-infiltrating APCs influence the response to these
combination therapies.

Implications to Cancer Immune Therapies

Existing studies indicate that within tumor cells, Yap/Taz promote not only the expression of
PD-L1, which directly inactivates T cells and promotes immune evasion, but also the
production of various immune suppressive cytokines that attract immune suppressive
myeloid cells to further suppress T cell functions. Although not yet demonstrated in a tumor
setting, Yap/Taz were recently shown to promote Treg recruitment and suppress
inflammatory response following heart injury by promoting IFN-y production in epicardial
cells84. Thus, blocking Yap/Taz activities within tumor cells will likely provide the dual
benefits of suppressing tumor growth and reversing the immune suppressive TME.

Beyond controlling TME from within tumor cells, Hippo-Yap/Taz signaling also directly
regulates the differentiation, homeostasis and functions of various subtypes of immune cells.
From the extensive literature on the Mst1/2 kinases in T cell development and functions, the
consensus is that Mst1/2 play key roles in directing the migration and egress of naive T cells
from the thymus, and the differentiation of CD4* T cell towards the Treg lineage. Mst1 is
also essential for B cell development by maintaining CD19 expression and BCR signaling.
Within the innate immune cell populations, Mst1/2 promote TLR signaling, type | IFN
production and phagocytosis in response to bacterial infection, and are specifically required
for maintaining metabolic homeostasis and T-cell-priming activities of Baf3*CD8a.*
dendritic cells - the key APCs for CD8" T cell activation. Hence, systematic delivery of
drugs that activate Mst1/2 kinases should in theory enhance overall immunity and boost
response to existing immune checkpoint therapies. However, the immune-boosting effects of
Mst1/2 might be dampened by their roles in promoting Treg differentiation and in inhibiting
cytosolic nucleic acid sensing, a prospect that requires further investigation.

Even though the majority of the immune-regulatory activities of Mst1/2 are through
noncanonical mechanisms, their canonical downstream effectors Yap/Taz also play key roles
in T cell differentiation and innate immune response. During lineage commitment of CD4*
T cells, Taz functions opposite of Mst1/2 in promoting Ty17 differentiation at the expense
of Tregs, while Yap drives Treg differentiation by transcriptionally amplifying TGF-B
signaling, implying decoupling of Yap from the canonical Hippo pathway in Treg cells.
Yap/Taz have also been implicated in regulations of IRF3 signaling and type | IFN
production in response to viral infections, although their precise effects and mechanisms

Oncogene. Author manuscript; available in PMC 2020 October 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

White et al.

Page 10

remain controversial. Interestingly, most of the reported regulatory functions of Yap and Taz
in immune cells appear to be independent of their transcriptional activities or at least not
through their conventional transcriptional partners Tead1-4. This is intriguing given that the
abilities of Yap/Taz to bind to Tead1-4 are critical to their growth-promoting activities in
non-immune cells and strategies to block Yap/Taz-Tead interactions are being actively
pursued as potential cancer therapies8. Thus, further studies to elucidate the divergence of
Hippo-Yap/Taz signaling in immune cells from other cell types and how different
approaches of Yap/Taz blockade differentially affect the immune system will be key to
determine how to best target this important signaling network to maximize the anti-tumor
activities.
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Figure 1. Schematic representation of the tumor-cell-intrinsic roles of Yap/Taz in regulating
tumor immunity.

In tumor cell, Yap and/or Taz activated through either suppression of the canonical Hippo
pathway or non-canonical activating signals translocate into the nucleus and partner with the
Tead family of transcription factors to promote the expression of genes including PD-L1,
growth factors, cytokines, chemokines, and extracellular matrix (ECM)
proteins12-15.18-22.25 pp.| 1 translocate onto the plasma membrane where it binds to PD-1
expressed on the surface of cytotoxic T cells (CTLs), and directly inactivates CTLSs.
Moreover, tumor cells release Yap/Taz-induced growth factors, cytokines and chemokines,
orchestrating an immune suppressive TME that activates and recruits tumor-associated
macrophage (TAM), myeloid-derived suppressor cell (MDSC), regulatory T cells (Treg),
and cancer-associated fibroblast (CAF), indirectly suppressing CTLs.
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Figure 2. Schematic representation of direct regulatory roles of canonical and noncanonical
Hippo-Yap/Taz signaling in immune cells.

In developing lymphocytes, Mstl promotes the CD19 expression in B cells and induces T
cell thymic migration and egression by promoting LFA-1 membrane clustering®?:51.54-57,
During CD4+ T cell differentiation, Mst1 promotes the expression of the Treg transcription
factor Foxp3 through both Taz-dependent and Taz-independent mechanisms29:59.60,
Independent of canonical Hippo signaling, Yap promotes Treg differentiation by increasing
Foxp3 expression via activin-TGF- signaling®2. Taz promotes Ti17 differentiation by
directly bolstering RORyt transcription, while Mst1 expression in dendritic cells (DC)
inhibits 1L-6 secretion, a cytokine necessary for Tiy17 differentiation®0:61, Mst1/2 maintains
mitochondrial respiration and dynamics and noncanonical NF-xB-mediated IL-12
production in CD8a+ DCs, a major type of antigen-presenting cells (APCs) for CD8+
CTLs®®. Finally, CTLA4-CD80/86 engagement between CTLs and APCs activates Mst1 in
CTLs, resulting inactivation of Yap and terminal differentiation54.
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Figure 3. Crosstalk between Toll-like-receptor (TLR) signaling and the Hippo pathway in
Drosophila and mammalian cells.

(a) Toll-Hpo signaling crosstalk in Drosophila. Upon PAMP recognition, Toll-MyD88-Pelle
(homolog of IRAK) complex inactivates Cka (homolog of Striatin), resulting in Hpo
(homolog of Mst1/2) phosphorylation and activation of canonical Hpo signaling®8. Hpo-
mediated Yki (homolog of Yap/Taz) phosphorylation prevents Yki nuclear translocation and
transcription of Cactus (homolog of 1xB), boosting NF-xB activation®8:73, (b) TLR-Mst1/2
crosstalk in mammalian cells. During bacteria-induced phagocytosis, TLR-MyD88 signaling
activates Mst1/2, which phosphorylates PKCa and inactivates LyGDI, allowing Racl to
become fully-activated to promote TRAF6-ECSIT-mediated mitochondrial recruitment and
delivery of ROS to phagosomes®®. Downstream of TLR-MyD88, IRAK1/4 directly
phosphorylates and activates Mst1, which phosphorylates IRAK1 leading to its degradation
and inhibition of NF-xB signaling in a negative feedback loop, while promoting IRF3
activation, which induces the transcription of STK4 (Mst1) in a feed-forward loop”%-72,
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Figure4. Therolesof Mstl, Yap and Taz in cytosolic nucleic acid sensing.
dsRNA and dsDNA or DNA-RNA hybrid activate the RIG-1-MAVS and cGAS-STING

cytosolic sensors, respectively, leading to the activation of the TBK1-IKKe complex. In
contrast to its reported roles in promoting bacteria-induced TLR-IRF3 signaling’%72, Mst1
was found to directly phosphorylate IRF3, inhibiting IRF3 activity in response to viral
infections’®. Yap and Taz were shown to directly bind TBK1 and block its interaction with
other adaptors/substrates’®. Moreover, Yap was reported to directly interfere with IRF3
dimerization, and IKKe relieves Yap inhibition of IRF3 by directly phosphorylating and
targeting Yap for lysosomal degradation’’. Finally, it was reported that during chronic (>48
hours) viral infection, dimerized IRF3 promotes Yap nuclear translocation and complexes
with Yap and Tead in inducing the expression Yap/Tead target genes®®.
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