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Interferon (IFN)-y—Ilike the well-known antitumor biotherapeutic IFN-a—is a powerful antiproliferative and
immune modulatory cytokine, but mixed results from clinical trials, together with issues of systemic toxicity,
have dampened enthusiasm for its use in the treatment of cancer. We suggest that at least 2 factors reduce the
antitumor efficacy of IFN-y: (1) poorly understood survival mechanisms that protect most tumor cells from IFN-
v-induced direct cytotoxicity, and (2) the short half-life of IFN-y in serum. In this review, we outline avenues to
overcome both these limitations. First, we have identified the transcription factor nuclear factor-kappa B (NF-«B)
as a protective mechanism against IFN-y-induced necrosis, and disabling NF-kB allows IFN-y to trigger RIP1
kinase-dependent programmed necrosis (or necroptosis) in otherwise resistant cells. Second, we propose that
fusing IFN-y to tumor-specific antibodies will stabilize IFN-y in serum and target this cytokine to tumor cells. We
expect that such IFN-y—antibody chimeras (called immunocytokines), when combined with agents that neu-
tralize tumor-intrinsic survival signals such as NF-xB, will exert potent tumoricidal activity with minimized
systemic side effects. Although this review will focus on exploiting IFN-y-induced necrosis for treatment of renal
cell carcinoma, these approaches are also directly applicable to several human cancers in which IFNs have

shown therapeutic potential.

Introduction

HE INTERFERONS (IFNs) are a family of cytokines classi-

fied into type I (predominantly «/f), type II (y), and type
III (1), based primarily on the cell surface receptors they use,
the stimuli that trigger their production, and the cells that
produce them. All types of IFNs, however, activate very
similar Jak-/STAT-dependent signaling cascades down-
stream of their structurally distinct receptors. Originally
discovered as antiviral cytokines over 50 years ago, the IFNs
also possess potent growth suppressive and immunomodu-
latory properties. The antitumor potential of these properties
was recognized early in the history of IFN research, resulting
in recombinant IFN-o. becoming the first ever biological
agent approved for the treatment of cancer (Borden and
others 2007).

As IFN-y—the lone type II IFN—exerts many of the same
biological effects as IFN-o, several clinical trials with re-
combinant IFN-y (mainly IFN-y1b; Actimmune) were carried
out in the mid-1980s to determine its potential against a
variety of cancers and other diseases. As a consequence of
these trials, Actimmune was approved by the Food and Drug
Administration in 1991 for reducing the frequency and se-
verity of recurrent microbial infections in chronic granulo-
matous disease, and (in 2000) for delaying progression of

disease in patients with malignant osteopetrosis, an inherited
disorder characterized by osteoclast defects and diminished
phagocyte oxidative capacity. In both cases, the ability of
IFN-y to trigger superoxide generation via induction of a
respiratory burst in phagocytes is thought to underlie its
therapeutic effects [reviewed in (Miller and others 2009)].
The results from the use of IFN-y in cancer trials were
mixed. In many of these trials, IFN-y showed significant
clinical benefit, either as a monotherapy, or when combined
with other agents. Other trials, however, showed no ad-
vantage to using IFN-y, or had to be terminated prematurely
because of toxicity arising from the combined use of IFN-y
with chemotherapeutic drugs [for examples, see (Foon and
others 1985; Kurzrock and others 1985; Bennett and others
1986; Muss and others 1986, Vadhan-Raj and others 1986;
D’Acquisto and others 1988; Lane and others 1989; Ab-
bruzzese and others 1990; Yoshida and others 1990; Jett and
others 1994); reviewed in (Miller and others 2009)]. The
outcomes of clinical trials employing IFN-y as an experi-
mental therapy for advanced renal cell carcinoma (RCC)
highlight the benefits and limitations of this cytokine as an
anticancer agent, for which reason we will focus this review
on IFN-y and RCC. We will outline advances from our
groups and from other laboratories that lend new insight
into the mechanism of IFN-y cytotoxic action and offer
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compelling next-generation possibilities for the revival of
IFN-y as a therapeutic approach for RCC and other cancers.
In particular, we will describe (1) the identification of a novel
necrotic cell death mechanism induced by IFN-y; (2) a nu-
clear factor-kappa B (NF-«B)-dependent survival program
that protects cells from IFN-y; and (3) our ongoing efforts
to induce tumor-selective necrosis by targeting IFN-y to
tumors.

IFN-y and RCC

Kidney cancer is among the top 10 most-frequent cancers
in Western countries, and the 13th most-common malig-
nancy worldwide. Globally, about 270,000 cases of kidney
cancer are diagnosed every year, with ~116,000 annual
deaths. Approximately 90% of all kidney cancers are RCCs
(Ljungberg and others 2011). Although early-stage RCC can
be effectively controlled by surgical and other interventions,
RCC is largely asymptomatic, and 20%-30% of patients have
metastatic disease at the time of presentation. Unlike early-
stage disease, metastatic RCC is a chemotherapy-resistant
cancer that is usually lethal (Chen and Uzzo 2011; Ljungberg
and others 2011).

RCC comprises several distinct histological varieties, of
which clear-cell (cc) RCC represents the dominant subtype
and accounts for up to 85% of all RCC cases (Kovacs and
others 1997; Storkel and others 1997). The best-recognized
genetic hallmark of ccRCC is inactivation of the von Hippel
Lindau (VHL) tumor suppressor gene (Linehan and others
2010). Somatic VHL gene mutations occur in ~20%-70% of
cases of sporadic ccRCC, with promoter hypermethylation of
the VHL gene seen in up to 20% of patients (Sufan and others
2004; Nyhan and others 2008; Linehan and others 2010). The
VHL gene product, pVHL, operates in a degradative E3
ubiquitin ligase complex necessary for controlling the protein
levels of the alpha-subunits of hypoxia-inducible factor
(HIF), a master regulator of the cellular response to hypoxia
(Sufan and others 2004; Greer and others 2012). There are 3
HIF-o. family members, HIF-lo, HIF-20, and HIF-30, of
which HIF-2o appears to be especially important in VHL-
defective renal carcinogenesis (Kondo and others 2003;
Gordan and others 2008; Kaelin 2008). pVHL functions by
directly interacting with HIF-o to mediate its degradation.
The interaction between pVHL and HIF-u requires the hy-
droxylation of HIF-o. on 2 conserved prolyl residues, an
event that occurs in the presence of oxygen. The enzymes
that mediate prolyl hydroxylation of HIF-o are inhibited
under hypoxic conditions, resulting in loss of interaction
between pVHL and HIF-o and consequent stabilization of
HIF-o.. Once stabilized, HIF-o interacts with its partner HIF-
1B to form a heterodimer that binds specific DNA sequences
and transactivates target genes involved in the cellular ad-
aptation to low-oxygen conditions. When pVHL expression
is lost, HIF-o. accumulates even under normoxic conditions
and inappropriately transactivates expression of its target
genes. As the genes required for the hypoxic stress response
(eg, angiogenic factors, growth factors, and glycolytic en-
zymes) are also potently tumorigenic, misexpressed HIF-o
target genes are considered the primary orchestrators of
VHL-deficient ccRCC tumor progression (Sufan and others
2004).

Significant improvements have been made in the treat-
ment of advanced RCC over the last decade with the intro-
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duction of new small-molecule therapies that target
angiogenesis and nutrient-sensing pathways (eg, the kinase
inhibitor sunitinib and the rapamycin analog temsirolimus).
Although most patients will temporarily benefit from these
agents, such small-molecule-based approaches have 2 major
shortcomings: (1) they require continuous administration,
exposing patients to significant side effects, and (2) tumor
cells rapidly become resistant to these agents: virtually all
patients on small-molecule regimens will eventually relapse
and succumb to metastatic disease within 2-5 years. Ad-
vanced RCC is therefore still in a desperate need of new
therapeutic interventions [reviewed in (Hudes 2009; Jemal
and others 2010; Pal and Figlin 2010; Pirrotta and others
2011)].

Before the introduction of these targeted pharmacological
approaches, cytokine-based immunotherapy—interleukin-2
(IL-2) and IFN-o in particular—was the primary treatment
modality for advanced RCC (Wirth 1993; MRCCC 1999;
Motzer and others 2002; Coppin and others 2005). Based on
its similarity to IFN-o, IFN-y was subsequently evaluated in
several clinical trials as a candidate immunotherapy for RCC
[for examples, see (Rinehart and others 1986; Quesada and
others 1987; Garnick and others 1988; Otto and others 1988)].
An important such phase I/1II trial was conducted by Huber
and colleagues (1989). This study took advantage of 2 ob-
servations: (1) that previous unsuccessful trials with IFN-y in
other cancers pursued a more-is-better ideal and used doses
of IFN-y close to the maximum tolerated dose for this cyto-
kine, and (2) that immune modulation by IFN-y in vivo fol-
lowed a Gaussian (ie, bell-shaped) dose-response curve,
such that low-to-moderate doses were more biologically ac-
tive than higher doses. Based on these observations, an initial
phase I dose-finding study on patients with metastatic RCC
was performed to identify an optimal low-to-moderate dose
of IFN-y, and this dose [100 pg/patient, administered sub-
cutaneously (s.c.) once weekly] was employed in a subse-
quent phase II efficacy trial. The results of this trial were very
promising: IFN-y was reasonably well tolerated, and pro-
duced overall response rates of 30% and complete response
rates of 10% in patients with advanced RCC (Aulitzky and
others 1989). A subsequent independent phase II trial with
low-dose IFN-y in metastatic RCC also yielded positive re-
sults (overall response rates of 15%) (Ellerhorst and others
1994). Based on these encouraging findings, a much larger
randomized phase III trial employing low-dose IFN-y
(60 ug/m?, s.c. once-weekly) as a monotherapy for RCC was
conducted (Gleave and others 1998). Disappointingly, this
placebo-controlled multicenter trial did not find any signifi-
cant effect of IFN-y on overall response rates (4% for IFN-v,
compared to 7% with placebo alone), time to disease pro-
gression (1.9 months in both cases), or median survival (12.2
months with IFN-y vs. 15.7 months with placebo). As a re-
sult, it was concluded that the successful outcomes seen in
the earlier phase I/1II trials may be attributable to biases in-
herent in uncontrolled studies, and consequently IFN-y was
not pursued much further as an anti-RCC therapy.

Resurrecting IFN-y as an Antitumor Agent

Given new developments in our understanding of the
biology of IFN-y, we believe that this cytokine merits re-
consideration as an antitumor agent for RCC and other
cancers, and offer the following reasons for resurrecting
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IEN-y. First, the prevalent view of IFN-y as an immune
modulator fails to take into consideration the direct tumor-
icidal properties of this cytokine. In particular, IFN-y dosage
parameters for the trials described above were calculated
based on the conventional wisdom that IFN-y operates pri-
marily as an indirect immune modulatory cytokine; one that
functions mainly to reactivate the antitumor immune re-
sponse, rather than directly on the tumor (Gleave and others
1998; Younes and Amsden 2002; Miller and others 2009).
Given the short half-life of IFN-y, systemic administration of
low doses may thus upregulate serum biomarkers without
concomitant bioavailability of the cytokine at the tumor. We
have identified a novel process of necrosis activated by IFN-
y—as well as a targetable mechanism of resistance in tumor
cells—which now allows this cytokine’s direct tumoricidal
properties to be exploited (Thapa and others 2011).

Second, none of the current small-molecule agents cur-
rently used to treat metastatic RCC are curative, and only
delay disease progression. In contrast IFN-y—like other cy-
tokine-based approaches—has the potential to provide last-
ing remission in occasional patients with metastatic RCC, an
observation that cannot be easily ignored. In large part, the
ability of IFN-y to provide durable remission may stem from
its pleiotropic nature: not only does IFN-y activate a pow-
erful immune response to the tumor, but it is also actively
antiangiogenic, and directly tumoricidal to susceptible tumor
cells (Borden and others 2007; Miller and others 2009; Thapa
and others 2011). Concurrent deployment of this antineo-
plastic triad represents the primary advantage of IFN-y over
small-molecule approaches.

Third, the poor half-life of IFN-y of ~25-35min in serum
(Younes and Amsden 2002) can now potentially be overcome
by fusing it to antibodies. This advance in itself will have the
triple advantage of stabilizing IFN-y in serum, targeting it to
the tumor where its direct tumoricidal properties can be
exploited, and greatly minimizing toxic side effects arising
from system-wide activity of this cytokine. A number of
groups have demonstrated that it is possible to stabilize and
target cytokines to tumors or to tumor-associated vascula-
ture by chemically conjugating the cytokine to an antibody
or by constructing fusion proteins consisting of a cytokine
and an antibody-based molecule [for a complete review, see
(Pasche and Neri 2012)].

Mechanism of IFN-y-Induced Necrosis

Virtually, all cells (including most tumor cell types) ex-
press the IFN-y receptor and respond to this cytokine by
activating the transcription of hundreds of genes, called IFN-
stimulated genes (ISGs). The dominant signaling cascade
downstream of the IFN-y receptor requires the tyrosine ki-
nases Jakl and Jak2 and culminates in the activation and
nuclear translocation of STAT1 homodimers. These STAT1
dimers associate with gamma-activated sequence elements in
the promoters of target genes and drive the transcription of
such genes. Although the Jak/STAT signaling axis is re-
sponsible for the expression of most ISGs, alternate STAT-
independent signaling pathways (eg, NF-xB and PI-3
kinase/AKT) are also activated by IFN-y and contribute to
its downstream effects. In this manner, IFN-y mediates its
many antiviral, antiproliferative, and immune modulatory
activities [reviewed in (Stark and others 1998; Taniguchi and
Takaoka 2002; Platanias 2005; Pfeffer 2011)].
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IFN-y is generally nontoxic to cultured cells, and is often
used by our laboratory to dissect innate immune signaling
pathways (Balachandran and others 2004; Basagoudanavar
and others 2011). During the course of such studies, we
unexpectedly observed that dividing (ie, subconfluent and
nonarrested) primary murine embryo fibroblasts (MEFs)
lacking the NF-kB subunit RelA (rela~/~ MEFs) succumbed
to IFN-y at doses that left control cells largely unharmed
(Thapa and others 2011). The possible antitumor therapeutic
ramifications of these observations were readily apparent to
us, although why cells must be cycling for IFN-y to fully
exert its toxic effects is still unclear.

Loss of NF-«B revealed a novel, progressive form of cas-
pase-independent cell death that was morphologically and
molecularly distinct from apoptosis. Recently, Yuan and
colleagues (2008) reported that IFN-y, when combined with
the synthetic dsRNA mimetic poly(I:C), induces a form of
regulated necrotic death (sometimes termed necroptosis) that
relies on the activity of the serine-threonine kinase RIP1.
Given that aspects of IFN-y-induced death in rela~/~ MEFs
were reminiscent of RIP1-dependent necrosis [eg, caspase
independence and overproduction of reactive oxygen species
(ROS), as described later|, we tested if the allosteric RIP1
kinase inhibitor Necrostatin-1 (Nec-1) could inhibit IFN-y-
activated cell death in rela~/~ MEFs. Indeed, we found that
Nec-1 was able to rescue rela~/~ MEFs from IFN-y, demon-
strating that IFN-y induces RIP1-dependent necrosis when
NF-kB survival signaling is lost (Thapa and others 2011).

In subsequent experiments, we have determined that cells
lacking the adaptor protein FADD are also susceptible to
IFN-y-induced RIP1-activated necrosis, and the use of fadd -/=
and rela~~ MEFs has allowed us to unmask some of the
molecular determinants of IFN-y-induced necrotic death. In
addition to RIP1, we have found that IFN-y requires the ki-
nase RIP3 to execute necrosis, but activates these kinases by
mechanisms that appear to differ from the better-studied
tumor necrosis factor-o. (TNF-o)-activated necrosis pathway.
During TNF-a-induced pronecrotic signaling, RIP1 and RIP3
are brought together by cytoplasmic (ie, nontranscriptional)
signals into a kinase complex called the necrosome (Vande-
nabeele and others 2010). The necrosome then impinges on
mitochondria by as-yet poorly defined mechanisms to alter
their metabolic rates and trigger their dysfunction (Zhang
and others 2009; Wang and others 2012). We find that IFN-y
also induces necrosome formation, but does so by mecha-
nisms requiring Jak-/STAT-dependent transcription. Likely,
IFN-y induces the expression and/or activation of ISG-
encoded signaling proteins that drive various aspects of
RIP1-RIP3 assembly, activation, and consequent mitochon-
drial perturbation (Fig. 1). In this regard, it is noteworthy that
several known effectors of necrosis and/or IFN-y-induced
cytotoxicity (such as RIP1 itself, the recently discovered ne-
crosome adaptor molecule MLKL, and the kinases PKR and
DAPK1) are encoded by ISGs (Deiss and others 1995;
Balachandran and others 2000; Thapa and others 2011; Sun
and others 2012; Zhao and others 2012).

FADD appears to function as an antinecrotic molecule by
preventing IFN-driven association of RIP1 and RIP3 (manu-
script in preparation). NF-kB, on the other hand, mediates cell
survival by activating a transcriptional program that buff-
ers mitochondria to prevent a late step of the necrotic pro-
gram (Thapa and others 2011). How NF-kB mediates its cell
survival effects during IFN-y signaling are described next.
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FIG. 1. Schematic of interferon (IFN)-y-activated prone-

crotic and prosurvival signaling pathways. IFN-y utilizes
classical Jak/STAT signaling downstream of the IFN-y re-
ceptor (IFNGR) to induce expression of pronecrotic genes
(such as those encoding RIP1, PKR, and MLKL proteins) and
activate R1P1/RIP3 kinase-dependent necrosis. The IFN-y-
induced necrotic pathway is held in check by the adaptor
protein FADD, and can be inhibited by the RIP1 kinase
blocker Necrostatin-1. In parallel, IFN-y also activates NF-xB
via canonical IkB kinases (IKK)-B-dependent signaling to
induce expression of prosurvival genes such as sod2. As NF-
kB target genes protect against IFN-y-activated necrosis,
disabling NF-«kB signaling (by bortezomib, for example)
sensitizes cells to IFN-y-induced necrotic death that proceeds
via accumulation of mitochondrial reactive oxygen species
(ROS).

NF-kB as a Survival Factor Against IFN-y

The NF-kB family of transcription factors is composed of
dimeric combinations of 5 subunits: RelA, RelB, c-Rel, p50/
NF-xB1, and p52/NF-xB2. All 5 subunits share a Rel ho-
mology domain in their N-termini, while RelA, RelB, and
c-Rel additionally possess a C-terminal transactivation do-
main. In a simplified model, classical NF-xB signaling (the
dominant mechanism in most cell types) proceeds mainly via
activation of RelA:p50 heterodimers. Normally, RelA:p50
dimers are held inactive in the cytoplasm of unstimulated
cells via binding to the IkB class of inhibitory proteins. In
response to upstream stimuli, IkBs are phosphorylated on
distinct serines by IxB kinases (IKKs), after which they are
targeted for degradative ubiquitylation and rapidly pro-
cessed by the proteasome. Degradation of IkB results in
translocation of NF-xB to the nucleus, where it activates
transcription of genes containing kB sites in their promoters
[reviewed in (Hayden and Ghosh 2004; 2008; Gilmore 2006)].

NF-«B signaling as a mediator of cell survival is best de-
scribed downstream of the TNF-o receptor. In that paradigm,
the TNF-o signal bifurcates downstream of the receptor into
at least 2 axes, one of which activates NF-«xB to transactivate
a potent cell survival response (Chen and Goeddel 2002). If
this axis is inactivated (eg, in NF-kB-deficient cells or when
transcription is inhibited), then a parallel proapoptotic axis
triggers cell death (Beg and Baltimore 1996; Chen and
Goeddel 2002). To test if IFN-y, like TNF-o, stimulates an NF-
kB dependent transcriptional response, we first confirmed
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that IFN-y was capable of activating RelA:p50 dimers (al-
though to a lesser degree than TNF-a) in a manner requiring
IKK-B (Thapa and others 2011). How IKK-p is activated by
the IFN-y receptor is still unclear, but data suggest that the
mechanism involved appears to be STAT1-independent and
proceed via a direct (ie, transcription-independent) signaling
intermediates such as the kinases Jakl or PKR (Deb and
others 2001).

We next employed whole-genome DNA microarray
technology to identify (1) the contribution of NF-kB signaling
to the overall IFN-y transcriptional response, and (2) poten-
tial prosurvival genes among NF-kB targets. From this
analysis (performed on IFN-y-treated rela*/* and rela™/~
MEFs), we identified a total of ~250 genes whose expression
was induced at least 2-fold after 6 h of IFN-y treatment. Most
(~85%) of these genes were induced to approximately the
same extent in both rela*/* and rela~/~ MEFs, and are likely
direct STAT1I targets. Of the remaining differentially induced
genes, a total of 22 ISGs were found to be critically depen-
dent on RelA for their expression. Among these obligate
RelA-dependent targets was sod2, the gene encoding the
mitochondrial antioxidant enzyme manganese superoxide
dismutase (MnSOD). Subsequent chromatin immunopre-
cipitation analyses showed that RelA associated with an NF-
kB-responsive element in the murine sod2 gene (Jones and
others 1997) after IFN-y treatment. IFN-y also induced a 2-3-
fold increase in MnSOD protein expression in wild-type, but
not rela~’~, MEFs. These results identify sod2 as a bona fide
NF-kB-dependent ISG (Thapa and others 2011).

As MnSOD is an established scavenger of mitochondrial
ROS, we next examined if IFN-y triggered RIP1-dependent
ROS accumulation in rela~’~ MEFs. We found that IFN-y
induced progressive ROS accrual in rela ™/~ (but not rela*’")
MEFs, leading to loss of mitochondrial membrane potential
and eventual cell death. Overexpression of MnSOD (or in-
cubation of cells with small-molecule antioxidants) was lar-
gely able to protect rela~’~ MEFs from IFN-y-induced
necrosis, whereas acute RNAi-mediated ablation of sod2 ex-
pression rendered HeLa cells as susceptible to IFN-y as loss
of RelA itself. Collectively, these findings are consistent with
a model in which IFN-y activates an NF-kB-dependent
transcriptional cell survival pathway that upregulates ex-
pression of antioxidant genes (such as sod2, but likely others
as well) to quench mitochondrial ROS. When this pathway is
disabled, exposure to IFN-y results in necrotic death result-
ing from gradual accumulation of toxic ROS in mitochondria
(depicted schematically in Fig. 1).

Based on these and other findings, we speculate that IFN-y
utilizes the kinases RIP1 and RIP3 to boost mitochondrial
ATP output during host innate immune and inflammatory
responses. How RIP kinases link to increased mitochondrial
bioenergetics and increased ATP generation is currently
unclear, but ATP produced in this way serves the purposes
of (1) fueling antimicrobial enzymes such as NADPH oxi-
dase, myeloperoxidase, and nitric oxide synthase (Bours and
others 2006; Trautmann 2009), and (2) functioning as an in-
flammasome activator and alarmin to potentiate inflamma-
tory cell recruitment when released from dying cells into
surrounding tissue (Mariathasan and others 2006). The
process of ATP biogenesis by oxidative phosphorylation
however prematurely leaks electrons (mainly from com-
plexes I and III of the electron transport chain) into the ox-
ygen-rich mitochondrial intermembrane space, producing
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the highly reactive superoxide anion (Kowaltowski and
others 2009). Normally, these unstable superoxide anions are
rapidly eliminated by mitochondrial scavenging enzymes
such as MnSOD, and cellular respiration rates can be in-
creased without negative consequences. If, on the other
hand, superoxide anions remain unquenched and instead
accumulate in the intermembrane space, then they can oxi-
dize and inactivate integral membrane enzyme systems, re-
sulting in loss of mitochondrial membrane potential,
termination of ATP biogenesis, and eventual cell death
(Kowaltowski and others 2009).

NF-kB-mediated induction of sod2 thus ensures mito-
chondrial integrity by scavenging mitochondrial ROS to
protect cells during inflammatory responses (Sakon and
others 2003; Bubici and others 2006; Kowaltowski and others
2009). Notably, NF-«xB is thought to protect cells against
TNF-o-induced apoptosis by similar mechanisms (Sakon and
others 2003). In addition to sod2, the gene encoding the an-
tioxidant enzyme ferritin heavy chain (FHC), is an NF-xB
target downstream of TNF-o. (Pham and others 2004). FHC
functions by oxidizing the cation Fe?* to Fe®t, causing a
reduction in the levels of free intracellular Fe** that can
participate in the generation of free radicals through the
Fenton reaction (Theil 1987). Loss of either MnSOD or FHC
sensitizes cells to TNF-a-induced apoptosis, emphasizing the
critical importance of preventing free-radical buildup during
cytokine signaling (Sakon and others 2003; Pham and others
2004).

Exploiting NF-kB Survival Signaling in RCC

Although NF-kB-mediated survival signaling likely
evolved to protect cells from mitochondrial flux inherent to
normal physiological responses (eg, during cytokine-driven
antimicrobial responses as described above), several obser-
vations make it plausible that the NF-xB prosurvival re-
sponse has been usurped by tumor cells to promote their
own viability. For example, (1) the founding member of the
NF-«kB family—the avian retroviral gene v-Rel—is a bona fide
oncogene; (2) genes encoding NF-«kB subunits and signaling
components display activating mutations in several tumors;
(3) certain tumors contain inactivating mutations in genes
encoding negative regulators of NF-kB signaling; (4) tumor
cells frequently show high levels of constitutive NF-xB ac-
tivity; and (5) inhibiting NF-kB in tumor cells is often either
directly cytotoxic (ie, the tumors are addicted to NF-kB
survival signaling), or sensitizes these cells to chemothera-
peutic, radiological, and other interventions [reviewed in
(Baud and Karin 2009; Ben-Neriah and Karin 2011)]. To-
gether, these observations suggest that tumor cells, despite
their switch to aerobic glycolysis as a source of ATP (the
Warburg Effect), are nevertheless reliant on free-radical-
scavenging mechanisms to detoxify mitochondria during the
process of oxidative phosphorylation. In agreement, oxida-
tive phosphorylation is still thought to generate a significant
fraction (from 25% to over 90%, depending on the type of
malignancy) of the tumor cell’s ATP needs (Moreno-Sanchez
and others 2009; Mathupala and others 2010; Ramsay and
others 2011; Rodriguez-Enriquez and others 2011). NF-xB
prosurvival mitochondrial targets are not limited to antiox-
idant enzymes, and NF-kB-induced genes (such as the Bcl-2
family members Bcl-X; and Bfl-1) also actively prevent mi-
tochondria from inducing cell death during genotoxic and
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metabolic stresses inherent to the process of tumorigenesis
(Ben-Neriah and Karin 2011).

Several studies now suggest that constitutively elevated
NF-xB signaling may be a widespread feature of RCC as
well. Importantly, loss of pVHL has been causally linked to
increased NF-«B activity, suggesting that activation of NF-xB
may represent a common downstream consequence of VHL
deficiency (An and others 2005; An and Rettig 2005; Yang
and others 2007). Mechanistic understanding of how pVHL
controls NF-kB was provided by Kaelin and colleagues
(2007), who identified caspase recruitment domain-contain-
ing protein (CARD)9—an NF-kB adaptor protein—as a
pVHL-interacting partner in a proteomic screen. The authors
showed that pVHL, in a manner independent of HIF-a,
promoted the inhibitory phosphorylation of CARD9 by ca-
sein kinase 2 to negatively regulate NF-«xB signaling (Yang
and others 2007). In a parallel study, Rettig and colleagues
showed a role for the epidermal growth factor receptor
(EGFR)-signaling pathway in maintaining elevated NF-xB
function in RCC by demonstrating that (1) HIF-o0 accumu-
lation activated EGFR signaling after pVHL loss, and (2)
inhibiting EGFR signaling in RCC cells greatly reduced
constitutive NF-kB activity in these cells (An and Rettig 2005,
2007). Although it is currently unclear if CARD9 functions in
the same NF-«kB-stimulatory signaling axis as that initiated
by EGEFR, these studies provide preliminary molecular in-
sight into the mechanisms that cause elevated NF-«B activity
in RCC.

As NF-«B has multiple functions in the body, agents that
inhibit NF-kB have numerous toxic side effects, and (to the
best of our knowledge) no dedicated NF-«kB inhibitor has yet
been approved for antitumor therapy [reviewed in (Baud
and Karin 2009)]. Nevertheless, the proteasome inhibitor
bortezomib has been shown to mediate its anticancer effects
at least in part by inhibiting NF-«xB [and ostensibly does so
by preventing IxB degradation; reviewed in (Chen and oth-
ers 2011; Cvek and Dvorak 2011)]. Preclinical studies in RCC
cells show that inhibiting NF-xB signaling by bortezomib
renders them susceptible to the direct cytotoxic action of
multiple antineoplastic agents, including apoptosis by the
cytokine TRAIL and oncolysis by encephalomyocarditis vi-
rus (An and others 2004; An and Rettig 2007; Shanker and
others 2008; Brooks and others 2010; Roos and others 2010).
We took advantage of this observation to test if bortezomib
can sensitize cells to IFN-y-activated necrosis. In preliminary
experiments, we find that (1) bortezomib inhibits NF-«xB ac-
tivity in RCC cells, and (2) bortezomib renders a large panel
of RCC cell lines susceptible to IFN-y-induced necrosis at
doses of each agent that are physiologically very achievable
(manuscript in preparation).

These proof-of-principle experiments provide strong ra-
tionale for the combinatorial use of IFN-y with inhibitors of
NF-«xB survival signaling (such as bortezomib) in RCC and
other tumors, but the poor serum stability and significant
toxicity of IFN-y remain serious issues. To overcome these
limitations, one approach currently being undertaken by our
laboratories is the production of IFN-y fusion antibodies
(immunocytokines).

Immunocytokines

A potential solution to the problem of cytokine stability
and toxicity can be found in the recently developed class of
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molecules known as immunocytokines, or antibody-cyto-
kine fusions, in which a fully functional cytokine is chemi-
cally or genetically conjugated to an antibody molecule.
Immunocytokines not only provide a mechanism for tar-
geting the desired tissue of impact, but also enhance the
cytokine’s clinical utility by improving in vivo stability and
prolonging residence time in the circulation. The prolonged
half-life of intact antibodies—critical for exploitation of the
direct antitumor properties of IFN-y—is mediated by the
interaction of their Fc domains with the immunoglobulin
salvage receptor FcRn (Ghetie and Ward 2002).

Most advanced immunocytokines have been developed
by creating fusion proteins incorporating the desired cyto-
kine into the carboxyl terminus of the heavy chain of an
intact antibody molecule (see Fig. 2 for a schematic of a ge-
neric IFN-y immunocytokine). The carboxyl terminus of the
heavy chain is typically the preferred site, as this strategy
spatially locates the cytokine at the opposite end of the an-
tibody from the antigen-binding site, thus diminishing the
likelihood of the cytokine sterically hindering the antibody—
antigen interaction. As antibodies are composed of 2 identi-
cal light chains and 2 identical heavy chains, fusing cytokines
to the heavy chain results in an agent with 2 cytokine moi-
eties per antibody. The cytokine is typically separated from
the antibody heavy chain by a polypeptide linker that is (1)
flexible enough to allow engagement of the cytokine with its
receptor, and (2) resistant to serum proteases that would
otherwise release the cytokine before successful targeting.
Nagamune and colleagues (2001) demonstrated that the
distance between 2 domains of a fusion protein can be ef-
fectively controlled by the use of repetitive helical linkers,
thereby maintaining the independent function of each do-
main (in this case, antibody and cytokine) and suggesting
that linkers can be specifically designed to achieve these
goals. Immunocytokines have been developed that incorpo-
rate IFN-o, IFN-y, TNF-0, and several interleukins (eg, IL-2,
IL-10, IL-12, and IL-15) for a variety of applications, includ-
ing the treatment of cancer and autoimmune disorders. Of

Anti-tumor
antibody

(_ Flexible linker

& PNy

FIG. 2. Schematic of IFN-y fusion immunocytokine. IFN-y
is fused to the carboxyl terminus of the heavy chain of a
tumor-targeting antibody with a flexible, protease-resistant
linker. Fusion to an antibody not only targets IFN-y to tumor
cells, but also improves its stability in serum.
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these, immunocytokines containing TNF-o, IL-2, IL-10, and
IL-12 have been evaluated in early-phase clinical trials
(Pasche and Neri 2012).

IFN-y Immunocytokines

To date, a handful of IFN-y immunocytokines have been
developed. These constructs have included single-chain
variable fragment (scFv)-based IFN-y immunocytokines
(Xiang and others 1993; Ebbinghaus and others 2005),
dimerized antigen-binding fragment [F(ab’)2] IFN-y im-
munocytokines (Xiang and others 1996), and intact antibody-
based IFN-y immunocytokines (Sharifi and others 2002;
Mizokami and others 2003). While all these immunocytokines
exhibited in vitro function, their ability to actively target tu-
mor Xxenografts in vivo was not ubiquitous, likely due to a
phenomenon equivalent to the tail wagging the dog. In other
words, as both the antibody and the cytokine have an affinity
for their targets, the antibody’s in vivo targeting properties
compete (and can be nullified) by interactions between the
cytokine and its receptor on nonspecific tissues. This situa-
tion was encountered by Neri and colleagues (2005), with
their IFN-y-scFv molecule targeting fibronectin. In these
studies, the ability of the immunocytokine to efficiently tar-
get tumor xenografts was diminished in wild-type mice, but
significantly increased when the same studies were per-
formed in IFN-y receptor-deficient mice (Ebbinghaus and
others 2005). This issue may be addressed in 2 ways: (1) by
increasing the affinity of the antibody for the target antigen
(eg, by altering valence from a single scFv binding arm to a
divalent intact antibody), or (2) by decreasing the affinity of
IFN-y for its receptor via site-directed mutagenesis. Em-
ploying the former solution, Epstein and colleagues (2003)
have successfully targeted IFN-y immunocytokines to tumor
xenografts growing in mice using a high-avidity intact anti-
tumor antibody (TNT-3). The IFN-y-TNT-3 fusion was well
tolerated, had molar activity comparable to native IFN-y,
and manifested tumor-selective uptake and retention for up
to 7 days postinjection (Sharifi and others 2002; Mizokami
and others 2003). Encouragingly, our own unpublished re-
sults reveal that patient-derived RCC samples express higher
levels of IFN-y receptor mRNA than paired normal renal
tissue controls, suggesting that IFN-y immunocytokines tar-
geting RCC will be retained once at the tumor.

While the in vivo results of Epstein and colleagues (2003)
are promising, the TNT-3 antibody recognizes DNA released
from dead cells, and as such is not ideal for the exploitation
of the pronecrotic activity of IFN-y on live tumor cells. To
direct IFN-y to RCC cells, we are currently developing IFN-y
immunocytokines targeting the membrane-bound TNF
family member CD70. CD70 is expressed on ~100% of
metastatic ccRCC samples and RCC cell lines tested, but is
mostly undetectable in normal kidney tissue and highly re-
stricted in its expression in other normal tissues (Diegmann
and others 2005; Junker and others 2005; Law and others
2006; Boursalian and others 2009). We expect such IFN-y
immunocytokines to provide selective accumulation of IFN-y
at RCC sites, a necessary step for effective pronecrotic in-
teractions with bortezomib and other agents. Besides direct
exploitation of the pronecrotic activity of IFN-y, additional
therapeutic benefits from the use of IFN-y immunocytokines
can be expected from the ability of these fusions to actively
interact with the host immune system, both through the
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action of IFN-y and from the intrinsic ability of the antibody
molecule to direct the action of immune effector cells (such as
Natural Killer cells), specifically to the tumor (Weiner and
others 2010).

Concluding Remarks

Although the biotherapeutic approach described here is
focused on the use of IFN-y, the long-time RCC therapeutic
IFN-o. also induces cell death when survival signals—in-
cluding NF-kB—are absent (Maher and others 2007; Pfeffer
2011). The biotherapeutic strategies outlined in this review
therefore have ramifications beyond IFN-y and RCC, and are
broadly applicable to any of the aggressive cancers (eg,
malignant melanoma and AIDS-associated lymphomas) in
which IFNs have shown promise (Borden and others 2007).
Key areas for future research include (1) determining how
IFN-y activates NF-kB to find new targets for combinatorial
use with IFN-y; (2) utilizing bioinformatics and whole-
genome RNAIi approaches to identify further molecular de-
terminants of IFN-induced necrosis; and (3) employing similar
screening strategies to delineate additional resistance path-
ways in RCC. We also suggest that determining how NF-«xB
specifically mediates cell survival (ie, identifying druggable
prosurvival targets of NF-kB) is essential to the development
of next-generation NF-kB-targeted antitumor agents. Such
agents, by selectively blocking NF-kB prosurvival signaling
without affecting other NF-kB functions, will be expected to
minimize toxicity issues impacting current NF-kB inhibitors.
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