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Pathogenic and oncogenic insults result in the induction of intrinsic defense mechanisms such as cell-death pathways and
senescence, and extrinsic pathways that mobilize immune responses to destroy unhealthy cells. Both protective mechanisms
presumably evolved to limit the damage these insults could inflict on the host. After viral infection or malignant transformation,
unhealthy cells can be directly sensed by natural killer (NK) and some T cells via the activating receptor NKG2D. All NK cells
and subsets of T cells express NKG2D. The NKG2D/ligand system represents a major recognition mechanism for detection
and elimination of unhealthy cells. Here we discuss different pathways, including stress pathways, that are responsible for cell-
surface display of ligands for NKG2D, which are self-proteins that are minimally expressed by normal cells. We also discuss
new results indicating that efficient elimination of tumor cells that display NKG2D ligands depends on the recruitment of NK
cells and other immune cells to the tumor, which can be regulated by distinct mechanisms, including the p53-dependent
production of chemokines by senescent tumors. The cooperative effect of pathways that induce the display of NKG2D ligands

and distinct pathways that mobilize immune cells provides a higher degree of specificity to the NK cell response.

Infections, oncogene-mediated transformation, and oth-
er insults activate various pathways in cells, including var-
ious stress pathways, which alter cellular physiology in
complex ways. Some of these changes may induce intrinsic
cell-death or senescence pathways, which can suppress
tumorigenesis and/or limit infections. At the same time,
alterations in the affected cell may result in the activation of
the immune system, providing protection in the form of
innate or adaptive protective responses that destroy the
unhealthy cells. Numerous such mechanisms have been
proposed. Here we will discuss the up-regulation on the
infected, transformed, or stressed cells of cell-surface mol-
eculesthatactivate natural killer (NK) cellsand T cells, and
which result in the killing of the affected cell as well as the
production of inflammatory cytokines. Unhealthy cells
may also stimulate the release of mediators that recruit
immune cells into the affected tissue, and thereby enhance
the local immune response. We will discuss scenarios lead-
ing to the display on unhealthy cells of cell-surface ligands
that activate NK cells and other lymphocytes via the
NKG2D activating receptor, and other signals that enhance
immune cell recruitment. These events cooperate to favor
elimination of the affected cells.

NK CELLS AND THE NKG2D SYSTEM

NK cells are innate lymphocytes found in primary and
secondary lymphoid organs as well as in mucosal tissues
(Raulet 2003). These cells kill tumor cells and infected
cells, and secrete various inflammatory cytokines, includ-
ing IFN-y and TNF-a (Raulet 2003). NK cell killing re-

quires engagement of specific ligands on tumor cells by
activating receptors on the surface of NK cells. Some NK
receptors are inhibitory, and most of those are specific for
MHC T molecules (Vivier et al. 2011). Other receptors
activate NK functions (Lanier 2005). Several activating
NK receptors have been implicated in the killing of tumor
cells (Raulet and Guerra 2009). The best characterized
such receptor is NKG2D (encoded by the Klrkl gene),
which is expressed by all NK cells. NKG2D is a lectin-
like type 2 transmembrane activating receptor that triggers
NK cell-mediated cytotoxicity against various target
cells (Raulet 2003). NKG2D binds to each of five to 10
(depending on the individual) different NKG2D ligands,
all of which are distant relatives of MHC I molecules.
These include three subfamilies of ligands in mice
(RAE-la-e, MULT, and H60a-c), and two subfamilies
ofligands in humans (MICA-B and ULBP1-6). The RAE-
la-e, MULTI, and H60a-c ligands in mice are ortholo-
gous to the ULBP1-6 proteins in humans (Raulet et al.
2013). The ligands are expressed poorly by normal cells
but are often induced on cancer cells and virus-infected
cells as the result of the activation of various pathways,
many associated with cell stress (Raulet et al. 2013).
Hence, the activating receptor NKG2D and its ligands
represent a potent and specific system that allows the rec-
ognition and elimination of unhealthy cells.

NKG2D was first implicated in immune surveillance of
tumors by the demonstration that many tumors but few
normal cells express NKG2D ligands (Bauer et al. 1999;
Groh et al. 1999; Cerwenka et al. 2000; Diefenbach et al.
2000) and subsequently using subcutaneous tumor trans-
fer models (Cerwenka et al. 2001; Diefenbach etal. 2001).
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Subsequently, studies in our laboratory showed that the
NKG2D receptor is critical for immunosurveillance of
epithelial and lymphoid malignancies using two models
of spontaneous cancer: The TRAMP model of prostate
adenocarcinoma, and the Eu-myc model of B lymphoma
(Guerra et al. 2008). NKG2D deficiency had little or no
effect on some other cancer models, including methylco-
lanthrene-induced fibrosarcomas (Guerra et al. 2008) and
T lymphomas in p53-deficient mice (N Guerra and DH
Raulet, unpubl.).

REGULATION OF NKG2D LIGANDS

The expression of NKG2D ligands by infected or ma-
lignant cells allows the immune system and especially NK
cells to play an extrinsic role in eliminating those cells

JTANNELLO AND RAULET

(Raulet 2003). Identifying the specific pathways that reg-
ulate NKG2D ligands has been a major effort in our lab-
oratory for the last several years, based on the conviction
that understanding the regulation of the ligands is neces-
sary to understand the evolutionary function of this mode
of immune recognition. Some of these results will be
summarized in the following discussion and in Figure 1.
Not surprisingly, expression of NKG2D ligands is regu-
lated at both transcriptional and posttranscriptional levels,
as will be discussed.

Transcriptional Regulation

We recently showed that proliferative conditions in vitro
could induce the transcription of some NKG2D ligands,
including the RAE-1 family of ligands in proliferating
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Figure 1. Regulation of cell-surface expression of NKG2D ligands. Different pathways active in unhealthy cells regulate the tran-
scription, translation, and stabilization of the mRNA or protein, and/or cell-surface display of NKG2D ligands. We recently showed that
proliferative signals, which may be imparted by activated oncoproteins and PI3K signaling, can induce transcription of the genes
encoding the NKG2D ligands RAE-1, ULBP, and MICA. This occurred at the transcriptional level in the case of RAE-1 and was
mediated by induction and/or activation of E2F transcription factors. Oncogene activation may also indirectly activate p53, which
augments transcription of certain human NKG2D ligands (ULBP1 and ULBP2). Heat shock stress results in the activation of the MICA
and MICB promoters, via the action of HSF1 transcription factor. NF-«kB is also reported to bind and transactivate genes encoding some
human NKG2D ligands, raising the possibility that Toll-like receptor (TLR)-induced NKG2D ligand expression is mediated in part
through activation of NF-kB. Other pathways operate primarily posttranscriptionally. The DNA damage response, which is induced by
DNA damage or as a result of dysregulated DNA replication that accompanies transformation, induces expression of NKG2D ligands,
probably by regulating factors that stabilize the corresponding mRNAs. The induction of ligands in this instance is dependent on kinases
that sense DNA damage, ATM, and ATR, as well as the downstream kinase CHK 1. The DNA damage response was also implicated in
the induction of NKG2D ligands during infections with certain viruses, such as HIV. Cellular and viral microRNAs have also been
implicated in the regulation of NKG2D ligands. Finally, we showed that upon cellular stress induced by UV irradiation or heat shock, the
ligand MULT1 was less ubiquitinated and stabilized, preventing its degradation and promoting cell-surface expression of MULT1.


http://symposium.cshlp.org/
http://symposium.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from symposium.cship.org on November 15, 2013 - Published by Cold Spring Harbor Laboratory

Press

RECOGNITION OF UNHEALTHY CELLS BY NK CELLS 3

mouse fibroblasts, and the MICA and ULBP2 ligands in
human HCT116 cells (Jung etal. 2012). Analysis ruled out
numerous stress pathways active in cells cultured in vitro
as playing a role in ligand induction in proliferating cells.
Instead, the E2F family of transcription factors, which play
akey role in regulating cell cycle entry, were important for
inducing RAE-1 expression in proliferating cells. Prolif-
erative conditions were associated with greater transcrip-
tion of the Raet! genes, which encode RAE-1 proteins.
Two binding sites for E2Fs were identified in the promoter
of Raetl genes, and E2F1, E2F2, and E2F3 were each
bound to the Raetl promoter in vivo based on chromatin
immunoprecipitation studies. Raet promoter activity was
transactivated with an E2f expression plasmid. Finally,
Raetl gene transcription was inhibited by knocking
down E2f expression with shRNAs. Cell proliferation
was associated with the expression of multiple Raet] iso-
forms but did not result in induced transcription of the
Multl and H60 ligands, suggesting that E2F transcription
factors regulate only a subset of the NKG2D ligands in
mice (Jung et al. 2012).

Other modes of transcriptional regulation have been
reported, including evidence that the MIC4A and MICB
genes encoding human NKG2D ligands are regulated by
heat shock as the result of the interaction of the heat shock
factor 1 (HSF1) with the MICA and MICB promoters
(Groh et al. 1996; Venkataraman et al. 2007). Other stud-
ies provided evidence that human ULBPI and ULBP2
genes are partially regulated transcriptionally by the ac-
tion of the p53 transcription factor (Li et al. 2011; Textor
etal. 2011). However, neither of these forms of transcrip-
tional activation seems to act in the case of genes encoding
mouse NKG2D ligands.

The NF-kB and Sp family of transcription factors have
been reported to bind the promoter and participate in tran-
scriptional activation of human NKG2D ligands (Moli-
nero et al. 2004; Lin et al. 2012). Furthermore, the AP-1
and AP-2a transcription factors are thought to be involved
innegatively regulating the Raet /e gene (Lopez-Soto et al.
2006). The role of NF-kB is of interest in light of studies
suggesting that various NKG2D ligands are regulated by
Toll-like receptors (TLRs) (Hamerman et al. 2004).

Regulation at the mRNA Level

The cellular DNA damage response pathway is an im-
portant mode of regulation of NKG2D ligands in both
mouse and human cells and appears to act largely post-
transcriptionally (Gasser et al. 2005). Various cell types
exposed to DNA-damaging agents showed increased ex-
pression of many or all of the NKG2D ligands studied,
including Raetl, Multl, and H60a genes in mice, and
MICA and ULBP genes in humans (Gasser et al. 2005;
Gasser and Raulet 2006). The induction of NKG2D li-
gands as a result of DNA damage depends on the activa-
tion of the two kinases involved in the detection of DNA
damage, Ataxia Telangiectasia Mutated (ATM) and Atax-
ia Telangiectasia and RAD3-related (ATR), as well as
downstream kinases including the checkpoint kinases

CHKI1 and CHK2. These kinases are often constitutively
activated in tumor cells. Accordingly, disruption of ATR,
ATM, and/or CHK1 expression caused a decrease in the
expression of NKG2D ligands in several tumor cell lines
that constitutively express those ligands (Gasser et al.
2005). These data indicated that the constitutive expres-
sion of NKG2D ligands in these tumor cell lines occurred
because of ongoing DNA damage in tumor cells that re-
sults in an activated DNA damage response. These find-
ings suggest that the DNA damage response, through the
induction of NKG2D ligands, mobilizes NK cells and T
cells and hence serves as one mechanism to promote tu-
mor surveillance (Gasser et al. 2005; Cerboni et al. 2007,
Soriani et al. 2009).

The involvement of the DNA damage response in the
induction of NKG2D ligands has also been studied in the
case of viral infections. Mouse pre-B cells infected with
Abelson murine leukemia virus displayed NKG2D li-
gands on their surface, apparently because of the inappro-
priate activation of activation-induced cytidine deaminase
(AID) resulting from viral infection (Gourzi et al. 2006).
AID deregulation in infected cells apparently resulted in
DNA damage in the cells and therefore triggered the DNA
damage response and the expression of NKG2D ligands.
In another example, HIV infection of cultured cells caused
induction of NKG2D ligands including ULBP1 and
ULBP2 (Ward et al. 2009; Richard et al. 2010). HIV en-
codes the Vpr protein, which activates the ATR kinase and
the DNA damage response. Induction of ULBP1 and -2 in
HIV-infected cells was prevented if Vpr was deleted from
the virus genome, or if the DNA damage response was
inhibited in infected cells. These data suggested that HIV
infection induces NKG2D ligands by activating the DNA
damage response via action of the Vpr protein. In another
study, it was reported that mutant HIV lacking the Vif
protein also activates NKG2D ligand expression (Norman
et al. 2011). The HIV Vif protein degrades the antiviral
host protein APOBEC3G. It was proposed that during
infection, the deamination of cytosine residues by APO-
BEC3G results in lesions in viral DNA that activate the
DNA damage response, resulting in the induction of
NKG2D ligands; By inhibiting APOBEC3G, the viral
Vif protein inhibits NKG2D ligand expression (Norman
etal. 2011).

How the DNA damage response induces NKG2D li-
gands has not been reported in detail. Although p53 is
activated by the DNA damage response, it plays little or
no role in ligand induction, at least in mice. Our unpub-
lished data suggest that the induction is largely posttran-
scriptional (B Hsiung and DH Raulet, unpubl.). Thus,
based on nuclear run-on experiments, no increase in
RAE-1 transcription was observed after treating cells
with DNA-damaging agents, despite an increased expres-
sion of RAE-1 at the cell surface. When treated with the
transcription inhibitor actinomycin D, RAE-1 transcripts
showed a longer half-life in cells subjected to DNA dam-
age than in control samples of cells. These data suggested
that the higher expression of NKG2D ligands in cells
subjected to DNA damage was due to an increase in the
stability of the transcripts.
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Numerous studies indicate that NKG2D ligands are
regulated by cellular microRNAs (Stern-Ginossar et al.
2007; Nachmani et al. 2009; Bauman et al. 2011). Many
different microRNAs have been implicated, including
miR-17-5p, miR-20a, miR-34a, miR-34c, miR-93, miR-
106b, miR-373, and miR-520 (Stern-Ginossar et al. 2008;
Yadav et al. 2009; Eissmann et al. 2010). It remains an
interesting possibility that the regulation of NKG2D li-
gands by the DNA damage response is mediated by reg-
ulation of specific cellular microRNAs.

Another mode of NKG2D ligand regulation is mediat-
ed by PI-3 kinase (PI3K). The induction of RAE-1 ex-
pression in fibroblasts and macrophages was associated
with the activation of PI3K after infection with the mu-
rine cytomegalovirus (Tokuyama et al. 2011). The PI3K
P110a subunit was implicated in this induction. Subse-
quent analysis showed that inhibition of P110a also par-
tially inhibited the constitutive expression of NKG2D
ligands in tumor cell lines. Hence PI3K appears to play
a role in supporting ligand expression in both virus-
infected cells and tumor cells. The available data suggest
that RAE-1 induction resulting from PI3K signaling in
the case of viral infection may act at multiple steps in-
cluding transcriptional and posttranscriptional stages,
perhaps related to its roles in regulation of cellular pro-
liferation (which we showed can regulate NKG2D genes
at the transcriptional level), and translation of mRNAs
(Tokuyama et al. 2011; Jung et al. 2012).

Several reports showed that cell lines or primary cells
transformed with oncogenes induce the expression of
NKG2D ligands. The oncogene RAS induces the expres-
sion of RAE-1la and RAE-1B in mouse cells as well as
ULBP1-3 in human cells (Liu et al. 2012). The induction
of NKG2D ligands by RAS depended on different down-
stream pathways involving PI3K, RAF, and MAPK/
MEK signaling. Interestingly, the DNA damage response
was not involved in the induction of NKG2D ligands by
RAS (Liu et al. 2012). Similarly, cells transformed with
the adenovirus E1A oncogene protein express higher lev-
els of Raet] mRNAs and the RAE-1 protein (Routes et al.
2005). Taken together, these studies suggest that onco-
gene activation represents a key cellular event in alerting
the immune system to ongoing cellular transformation.
Oncogene activation causes cellular proliferation, PI3K
activation and DNA damage in cells, among many other
effects, and we propose that these events work coopera-
tively to induce NKG2D ligand expression.

Regulation at the Protein Level

In addition to the other regulatory mechanisms dis-
cussed, NKG2D ligands are also regulated at the posttrans-
lational level. Ourlaboratory showed that, in normal mouse
cells in culture, the cytoplasmic tail of the MULTI
NKG2D ligand is polyubiquitinated, resulting in MULT1
degradation (Niceetal.2009). Upon cellular stress induced
by UV irradiation or heat shock, however, MULT | wasless
ubiquitinated and therefore stabilized, resulting in induc-
tion of the protein at the cell surface. In a later study, we

showed that MULT1 degradation was in part mediated by
two specific transmembrane ubiquitin ligases, MARCH4
and MARCH9, which also regulate turnover of other cell-
surface proteins with roles in the immune system (Nice
etal. 2010).

THE LINK BETWEEN INTRINSIC TUMOR
SUPPRESSION MECHANISMS AND THE
IMMUNE RESPONSE AGAINST TUMORS

We have recently been interested in understanding the
link between intrinsic tumor-suppressor mechanisms and
the regulation of innate immune activation leading to the
control of tumors. This recent work is based on studies
that suggested a key role for p53 in promoting the immu-
nogenicity of cells undergoing malignant transformation
and viral infections. The tumor suppressor p53 plays a
central role in regulating apoptosis, DNA repair, cell cy-
cle arrest, and other cellular events. pS3 also plays a cen-
tral role in the induction of cellular senescence, a process
that suppresses tumorigenesis (Zilfou and Lowe 2009).
We recently investigated the relation between this prima-
ry barrier to tumor development and the NK-dependent
immune response against tumors.

Cellular senescence is a complex biological program in
which cells lose theirability to divide. The two major types
of cellular senescence are replicative senescence, which is
linked to telomere shortening occurring in normally divid-
ing cells, and oncogene-induced senescence (OIS), which
is associated with oncogene activation (Stewart and Wein-
berg 2006; Collado and Serrano 2010). Oncogenic stress,
mediated by activation of p53/p21 and p16/Rb tumor-
suppressor pathways, can trigger senescence by transacti-
vating genes that arrest cell cycle progression and promote
the senescent state (Serrano et al. 1997; Narita et al. 2003;
Braig et al. 2005; Michaloglou et al. 2005; Ventura et al.
2007). Itis now well accepted that OIS is a key mechanism
occurring at the early steps of the tumorigenesis process
that prevents the development of malignant tumors from
premalignant cells (Braig and Schmitt 2006; Collado and
Serrano 2010).

Accumulating evidence suggests that immune-mediat-
ed destruction of senescent cells may play a role in tumor
surveillance as well as in the resolution of fibrotic injury to
tissues (Xue et al. 2007; Krizhanovsky et al. 2008; Kang
et al. 2011). Innate immune cells such as NK cells, mac-
rophages and granulocytes as well as CD4™ T cells have
been implicated in mediating these effects. In a model of
hepatocellular carcinoma, Xue et al. (2007) previously
showed that the restoration of p53 expression in premalig-
nant cells in vivo induced a senescence program that re-
sulted in tumor elimination mediated by innate cells
including NK cells, macrophages, and granulocytes. A
study by Kang et al. (2011) reported that elimination of
premalignant senescent hepatocytes depends on the adap-
tive immune response mediated by CD4" T cells. The
latter group also reported that the clearance of the prema-
lignant senescent hepatocytes involved the cooperative
activity of T cells and monocytes/macrophages.
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While the mechanism of tumor elimination in these
studies probably involves the previously known killing
mechanisms mediated by these immune cells, a recent
study suggests that the adaptive immune response may
conversely trigger senescence in tumor cells (Braumuller
et al. 2013). Hence, an immune response to senescent
tumor cells may reinforce its effects by promoting sen-
escence of additional tumor cells in the tumor bed.

In our recent work, we investigated how p53-express-
ing senescent tumors mobilize the NK cell response and
how NK cells recognize the senescent tumors (Iannello
et al. 2013). We were able to dissect one of the specific
mechanisms that link the senescence program to NK-cell-
mediated surveillance of tumors. Using the model of
hepatocellular carcinoma developed by Xue et al. we ob-
served that NKG2D-mediated recognition is largely
responsible for NK-cell-dependent surveillance of sen-
escent liver tumors. Tumor rejection did not occur in
NKG2D-deficient hosts, and was blocked by administer-
ing NKG2D antibodies in mice that express NKG2D. In-
terestingly, however, the tumor cells expressed robust
amounts of the NKG2D ligand RAE-1¢ before p53 resto-
ration, and the amounts of NKG2D ligands were not in-
creased after p53 restoration (Iannello et al. 2013). These
findings are in line with the aforementioned studies sug-
gesting that mouse NKG2D ligands are induced by a va-
riety of other events, such as E2F transcription factors, PI3
kinase signaling, RAS oncogene signaling, and an acti-
vated DNA damage response, but not by p53 (Gasser et al.
2005; Tokuyama et al. 2011; Jung et al. 2012; Liu et al.
2012). Nevertheless, it was surprising that p53 restoration
caused elimination of tumor cells in an NKG2D-depen-
dent fashion but did not influence NKG2D ligand expres-
sion. It remained possible that p53 restoration regulated
the sensitivity of the tumor cells to recognition by NK
cells, perhaps by regulating adhesion molecules. This
was not the case, however, because we found that tumor
cells with restored p53 expression were if anything slight-
ly less sensitive than p53-deficient tumor cells to being
killed by NK cells in vitro. Consequently, although p53
restoration did not induce or increase the expression of
NKG2D ligands or the sensitivity of the cells to lysis by
NK cells, the elimination of pS3-restored tumor cells was
dependent on NKG2D recognition by NK cells in vitro
and in vivo (Iannello et al. 2013).

A clue to how p53 was influencing tumor elimination
came from the finding that p53 restoration in tumor cells
and the resulting senescence program caused a dramatic
infiltration of NK cells (as well as many myeloid cells)
in the tumor mass. The NK cell infiltration was not
NKG2D-dependent, suggesting that p53 caused NK cell
infiltration independently of NK recognition of the tumor
cells (Iannello et al. 2013). It had previously been shown
that senescent tumor cells remain biologically active
and undergo a set of phenotypic alterations, commonly
named the “senescence-associated secretory phenotype”
(SASP) (Campisi 2013; Tchkonia et al. 2013). The SASP
is marked by secretion of numerous proinflammatory
cytokines and chemokines, and is involved in the main-
tenance of the senescent state, the regulation of the im-

mune response, and other biological processes (Campisi
2013).

Our study revealed a potent induction of various im-
portant cytokines and chemokines in liver tumor cells as
tested ex vivo after p53 restoration in vivo, or after p53
restoration in cells cultured in vitro. The chemokines in-
duced as a result of p53 restoration include CCL2, CCL3,
CCL4, and CCL5, as well as CXCL1 and CXCL2, all of
which are known to recruit immune cells. Among the
cytokines produced after p53 restoration are several that
are known to activate NK cell activity against tumor cells,
including IL-12, IL-15, and IL-18 (Iannello et al. 2013).

CCL2, CCL3, CCL4, and CCLS5 have all been impli-
cated in the recruitment of NK cells in various contexts
(Walzer and Vivier 2011), and all were induced to some
extent by p53 restoration. We therefore tested their roles in
the recruitment of NK cells into the tumor in vivo. Anti-
body-mediated neutralization of CCL2 prevented NK-cell
recruitment to the senescent tumors, and accordingly re-
sulted in a decrease in NK-dependent elimination of the
tumors. In contrast, simultaneous neutralization of CCL3,
CCL4, and CCLS did not prevent NK-cell recruitment
into senescent tumors and did not affect tumor elimination
(Tannello et al. 2013). These data suggested a nonredun-
dant role for p53-induced CCL2 expression in recruiting
NK cells into senescent tumors in vivo. Published chro-
matin immunoprecipitation experiments show a direct as-
sociation of p53 with the Ccl2 gene regulatory sequences
consistent with the possibility that pS3 directly transacti-
vates Ccl2 (Hacke et al. 2010; Tang et al. 2012). Our new
results suggested that induction of CCL2 production by
p53 is a necessary event leading to the elimination of the
senescent tumors by NK cells that recognize NKG2D li-
gands on the tumor cell surface (Fig. 2).

In further studies, we observed that H-RasV12-induced
senescence in wild-type murine embryonic fibroblasts
(MEF) resulted in a fourfold increase in Cc/2 gene ex-
pression (Iannello et al. 2013). In contrast, H-RasV12
transduction induced much less Cc/2 mRNA in p53-de-
ficient MEFs, suggesting that p53 plays a critical role in
inducing Ccl2 gene expression in senescent MEFs. Ac-
cordingly, the amount of CCL2 protein secreted by H-
RasV12-transduced WT MEFs was much higher than the
amount secreted by H-RasV12-transduced p53-deficient
MEFs. In accord with our in vivo data, H-RasV12-trans-
duced, p53-expressing senescent MEFs strongly induced
the migration of IL-2-activated NK cells in vitro in a
CCL2-dependent fashion. Much less migration occurred
with H-RasV12-transduced, p53-deficient MEFs. These
data support the importance of p53 in the migration pro-
cess, by virtue of its activity in inducing CCL2 produc-
tion (Iannello et al. 2013).

An exciting aspect of our study was the indication that
different pathways activated in tumor cells cooperate to
result in NK-dependent tumor cell elimination. One set
of pathways, independent of p53, induces expression of
NKG2D ligands on the tumor cells. Although necessary
for efficient tumor cell elimination, this was not sufficient
for efficient tumor elimination, because NKG2D interac-
tions alone did not support migration of large numbers
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Figure 2. An extrinsic role for oncogene-induced senescence in mediating tumor elimination by NK cells. Cancer develops to some
extent in a stepwise manner. Generally, oncogene activation and proliferative signals generate a pool of premalignant cells. Prema-
lignant cells often activate p19 and are subject to DNA replication stress and DNA damage and therefore activation of the DNA
damage response (DDR). The action of the DDR, activated E2F, and other pathways summarized in Figure 1 can induce expression of
NKG2D ligands. p19 activation and the DDR activate the tumor suppressor p53, which imparts a potent barrier to transformation.
Activated p53 imparts cell cycle arrest and triggers the cellular senescence program (stream represented to the right-hand side of the
figure). These events constitute an intrinsic tumor-suppressor pathway, but senescent cells also mobilize a tumor surveillance pathway
mediated by immune cells. In one example, CCL2 production induced by p53 acts to recruit NK cells into the tumors, whereas
inflammatory cytokines IL-12 and IL-15, also expressed in senescent cells, can enhance the activity of the recruited NK cells.
Together, these events enable NK cells to kill the senescent tumor cells via recognition of NKG2D ligands displayed on the tumor
cell surfaces, and eliminate the potential for tumor advancement. In contrast, developing tumor cells with mutations in p53 bypass
these barriers and advance to malignancy (stream represented to the left-hand side of the figure). Although such tumor cells may
express NKG2D ligands, the inadequate recruitment and activation of NK cells and other immune cells, coupled with the rapid growth
of the tumor cells, result in failure to control the advancing tumors. Note that numerous other immune and nonimmune pathways
regulated by p53, oncogenes, and senescence also control tumor advancement, but the figure emphasizes the role of NK cells.
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of NK cells into the tumors. Infiltration of the tumors
by large number of NK cells depended on expression of
p53 by the tumor cells, or more specifically on the CCL2
that was produced in response to p53. p53 also induced
the expression of various cytokines, which may also en-
hance NK-cell activation within the tumors. The cooper-
ation of different pathways related to tumorigenesis to
mobilize NK-cell recruitment and activation, on the one
hand (via chemokines and cytokines), and recognition on
the other hand (via expression of NKG2D ligands), could
be seen as a means to ensure that NK cells target un-
healthy cells such as tumor cells, in which several aber-
rant pathways are activated.

Studies from other laboratories suggest alternate mech-
anisms whereby p53 expression favors elimination of un-
healthy cells by immune cells. Kang et al. (2011) recently
reported that mouse livers harboring premalignant senes-
cent hepatocytes showed an inflammatory reaction with
large clusters of immune cells surrounding senescent he-
patocytes. This study correlated the presence of these
soluble factors with immune surveillance and infiltration
by immune cells, but direct evidence for their participa-
tion was not provided. Lujambio et al. (2013) recently
reported that pS3-restored senescent stellate cells secreted
IL-1a, IL-6, and IFN-v, skewing macrophage polariza-
tion toward a tumor-inhibiting M1-state, whereas stellate
cells lacking p53 secreted IL-3, IL-4, and IL-5, stimulat-
ing polarization of macrophages into a tumor-promoting
M2-state. M1-polarized macrophages were able to kill
senescent cells in culture, whereas M2-state macrophages
enhanced the proliferation of premalignant cells.

CONCLUSIONS

Taken together, the studies we have discussed herein
have revealed mechanisms that enable NK cells to elimi-
nate unhealthy cells. The ability of NK cells to respond
rapidly through the engagement of activating receptors by
ligands expressed by unhealthy cells allows these cells to
carry out immune defense in an efficient fashion. Depend-
ing on the nature of the insults that accrue in unhealthy
cells, multiple intrinsic cellular pathways seem to be in-
volved in the regulation of these ligands. Moreover, the
regulation and the control of NKG2D ligand expression
seems to be regulated at several levels of NKG2D biogen-
esis, suggesting that optimal ligand expression requires
several simultaneous stress signals or pathways, which
separately regulate the transcription, translation, and sta-
bilization of the mRNA or protein, and/or cell-surface
display of the ligand. The multiple regulatory steps reveal
the complexity ofthe system (Fig. 1). Much work is clearly
needed to discern the synergy between the mechanisms for
expression of a given ligand, and the extent to which dif-
ferent ligands are regulated by distinct stresses or path-
ways. Understanding the regulation of NKG2D ligands
may help to elaborate therapeutic strategies for enhancing
NKG2D-mediated immune responses against tumors or
viral diseases, or potentially for dampening the responses
in the context of inflammatory diseases.

The extrinsic role mediated by p53 and its impact on
immune surveillance is highlighted by our recent studies,
showing that p53-induced CCL2 production is a key event
for NK recruitment into senescent tumors and NK-medi-
ated tumor elimination (Iannello et al. 2013). Our inves-
tigations revealed the importance of NK cells at the early
stages of tumorigenesis before p53 is lost or inactivated
due to mutation. Conversely, these results provide new
understanding of why the loss of p53 function, which
occurs in the majority of advanced tumors, can impair
immune surveillance of tumors by decreasing the anti-
tumor functions mediated by NK cells. These immune
functions of p53 represent an additional layer of tumor
suppression on top of the role of p53 in providing an
intrinsic barrier to tumorigenesis, by imposing a cell cycle
block or inducing direct apoptosis of the cells (Fig. 2).
Developing strategies to restore pS3-mediated functions
might therefore be fruitful in promoting the antitumor
immune response and tumor elimination. Because a major
role of p53 expression and activation is to cause immune
infiltration, not all the tumor cells within the tumor need to
express pS3 for it to be beneficial to the host. Hence,
therapeutic restoration of p53 in only a fraction of the
tumor cells may provide therapeutic benefit. Further in-
vestigations will be required to understand additional
mechanisms of senescence surveillance related to p53
expression and the SASP. These lines of investigations
are likely to provide a better understanding of immune
surveillance mechanisms and may, at the same time, un-
cover new strategies for therapeutic augmentation of im-
mune responses against cancers.
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