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Abstract

This review provides an in-depth description of the preclinical and clinical studies demonstrating
the effectiveness and limitations of IL-15 and IL-15 analogs given as an exogenous immuno-
oncology agent. IL-15 is a cytokine that primarily stimulates the proliferation and cytotoxic
functions of CD8 T cells and NK cells leading to enhanced anti-tumor responses. While initially
showing promise as a cancer therapeutic, the efficacy of IL-15 was limited by its short in vivo
half-life. More recently, various approaches have been developed to improve the in vivo half-life
and efficacy of IL-15, largely by generating IL-15/IL-15Ra. conjugates. These new IL-15 based
agents renew the prospect of IL-15 as a cancer immunotherapeutic agent. While having some
efficacy in inducing tumor regression as a monotherapy, IL-15 agents also show great potential in
being used in combination with other immuno-oncological therapies. Indeed, IL-15 used in
combination therapy yields even better anti-tumor responses and prolongs survival than IL-15
treatment alone in numerous murine cancer models. The promising results from these preclinical
studies have led to the implementation of several clinical trials to test the safety and efficacy of
IL-15-based agents as a stand-alone treatment or in conjunction with other therapies to treat both
advanced solid tumors and hematological malignancies.
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1. Introduction

Over the past decade, the use of immunotherapy has emerged as a promising approach to
treat a broad range of human cancers. Cancer immunotherapy attempts to harness the power
of the immune system to kill malignant tumors while leaving healthy tissues intact. The
immune system has an inherent ability to find and eliminate malignancies; however, tumors
have developed mechanisms to escape immune surveillance by interfering with the
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development and function of anti-tumor immune responses. The challenge of
immunotherapy is to develop strategies that effectively and safely augment anti-tumor
responses. Several current cancer immunotherapies that have been investigated for their
efficacy include cytokine therapy, adoptive cell transfer, cancer vaccines, and monoclonal
antibodies (mAbs). The most promising of these approaches are those stimulating tumor-
specific T cell responses that are highly-specific and possess the potential to develop long-
lived tumor immunity.

Therapy with recombinant IL-2, a T cell and NK cell growth factor, was one of the earliest
forays in immunotherapy that yielded some successes [1-3]. Subsequently, IL-2 was also
used in conjunction with adoptive T cell therapy, the combination significantly improved the
treatment efficacy [4-6]. While impressive tumor regression was observed with 1L-2 therapy
and adoptive T cell therapy, these responses are limited to small percentages of patients and
carry with it a high level of toxicity. Nonetheless, these successes validated the concept that
stimulating T cell and NK cell responses could yield effective and durable responses. 1L-15
is a cytokine that has many overlapping functions as IL-2 including the ability to promote
anti-tumor responses but with distinct advantages over IL-2. These attributes made 1L-15
attractive enough to be ranked first as having the greatest potential for use in cancer
immunotherapy by US National Cancer Institute in 2008 [7]. Since that time, the successes
of monoclonal antibodies targeting checkpoint blockade molecules have revolutionized the
field of immuno-oncology, not just for their ability to induce effective tumor regression but
also induce long-term durable responses in a subset of patients [8~10]. Now the focus lies in
increasing the response rate of checkpoint blockade and extending their utility to all cancer
types. While in the shadows of checkpoint blockade, research on IL-15 as a component of
immunotherapy has grown and new approaches have been realized that keep it in the game
as a tool to enhance anti-tumor responses. In this review, we will provide an in-depth
description of the preclinical and clinical studies that have demonstrated the effectiveness
and limitations of IL-15 as an immuno-oncology agent, the different approaches taken to
improve the efficacy of IL-15, and the potential of IL-15 therapies to be used as part of a
combination therapy with other immuno-oncological treatments. Herein, we will focus on
the utility of IL-15 given as an exogenous agent, even though its application can extend
beyond this.

2. Mechanisms mediating IL-15 responses

IL-15 is a four-a-helix protein belonging to a family of cytokines consisting of interleukins
IL-2, IL-4, IL-7, IL-9, and IL-21. IL-15 signals through a receptor complex composed of the
IL-2/1L-15 receptor B (IL-15RB) (CD122) subunit, which is shared with IL-2 and the
common gamma chain (yC) (CD132) receptor subunit, which is also utilized by all of the
additional family members. While it does not have a crucial direct role in IL-15 signaling
per se, IL-15Ra is a critical component of the IL-15 cytokine-receptor complex. IL-15Ra is
a transmembrane protein with very high affinity for IL-15 that facilitates IL-15 trafficking
from the endoplasmic reticulum (ER) through the cytoplasm and presentation of IL-15/
IL-15Ra complexes on the cell surface. In addition to remaining associated throughout
cytoplasmic and cell surface expression, IL-15/IL-15Ra can also be cleaved as a complex
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into the extracellular space. These peculiarities of IL-15 and IL-15R subunits lend itself to
unique mechanisms of cytokine delivery.

The expression of 1L-2/15Rp and yC is believed to be the major attribute conferring I1L-15
responsiveness. These receptors are present on many hematopoietic cells; however, the
IL-2/15Rp expression is highest on CD8 T cells and NK cells. Upon ligand binding, the
IL-2/15Rp and -yC subunits stimulate Janus kinase (Jak)1, Jak3, and signal transducer and
activator of transcription (STAT)-5 pathway. After phosphorylation, STAT5 homo-dimerizes,
translocates to the nucleus, and promotes the transcription of target genes. Additionally,
IL-15 stimulates both the PI3K-AKT and RAS-MAPK pathways [11]. Altogether, 1L-15
signaling stimulates an array of downstream pathways leading to increased cellular growth,
decreased apoptosis, and enhanced immune cell activation and migration. At a low static
level, these responses have a crucial role in the development, function, and survival of CD8
T cells, NK cells, NKT cells and intestinal intraepithelial lymphocytes; this is reflected by
the major deficiency of these populations in both 1L-157~ and IL-15Ra. ™/~ mice [12,13].
The similar phenotype between these knockout strains shows the reliance of IL-15Ra. for
IL-15-mediated effects. While endogenously-expressed I1L-15 mediates lymphocyte
homeostasis, IL-15 delivered exogenously at supra-physiological levels induces the selective
activation and proliferation in CD8 T cells and NK cells, the very cell types most amenable
to mediating anti-tumor responses. The cellular specificity of 1L-15 is one attribute that
makes it so attractive for immunotherapy.

In contrast to the selective expression of the signaling subunits for IL-15, the cytokine itself
and IL-15Ra are widely expressed by most cell types, including both hematopoietic and
non-hematopoietic cells but are highest among myeloid cells. Once expressed on the cell
surface, IL-15/IL-15Ra complexes can stimulate neighboring or opposing cells in trans
through the IL-15Rp/yC. This type of cytokine stimulation requires cell-cell contact and is
referred to as transpresentation. Under steady-state conditions, trans-presentation is believed
to be the primary mode of action for IL-15-mediated development and homeostasis of CD8
T cells, NK cells, NKT cells and intraepithelial lymphocytes [14,15]. Trans-presentation
offers a tighter regulation than that of a secreted cytokine by providing cell-directed delivery
of IL-15 to specific cell types. Nonetheless, soluble (s) IL-15/IL-15Ra complexes are also
cleaved from the cell surface in response to a variety of inflammatory signals, such as TLR
ligation, type I Interferons, and CD40 ligation [14,16,17]. This production of sIL-15
complexes is generally transient in nature and may provide a short-lived, but strong burst of
IL-15 activity to support early immune responses. In both of these circumstances, IL-15Ra
binding of 1L-15 is not only a platform for IL-15 delivery but also increases the half-life of
IL-15 and may also increase the affinity of IL-15 for IL-15RB/yC. Indeed, sIL-15 complexes
have been found to be superior in their ability to stimulate IL-15 responses compared to
unassociated rlL-15 [18,19]. This sparked a surge in the generation of multiple formulations
of slIL-15 complexes that are now being examined for therapeutic efficacy and have reignited
the interest in IL-15. In the literature, stimulation using slIL-15 complexes is sometimes
referred to as a method of mediating trans-presentation. However, since “trans” by definition
is a prefix defined as “across, opposite sides, or on the other side”, we suggest the
terminology of trans-presentation be reserved for situations involving a cell—cell contact,
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while sIL-15Ra/IL-15 complexes and their variants be referred to as IL-15 agonists or
superagonists.

As research on IL-15 has grown in recent years, our perspective of IL-15 has evolved from
one that was originally thought of simply as a secreted soluble factor to a more complicated
scenario with multiple modes of actions. Some consider IL-15Ra a chaperone protein rather
than a receptor while others argue that the physiological cytokine is actually a heterodimeric
protein composed of both IL-15 and IL-15Ra. [20]. While both concepts are accurate,
IL-15Ra may also serve other functions that are yet to be identified. In particular, IL-15Ra
is expressed by T cells and NK cells but its expression by those cells is not required for
stimulating 1L-15 responses [21-23]. On the contrary, /n vivo responses to IL-15 are
completely dependent on the expression of IL-15Ra by cell types other than the cells that
ultimately respond to IL-15, thus providing evidence that trans-presentation is an important
mechanism utilized [21,24]. The diverse roles of IL-15Ra are a testament to the unique
biology of IL-15, which has not yet been fully revealed.

3. rIL-15 as a monotherapy

As mentioned, IL-2 was an early candidate for the immunotherapy of cancer and was
approved for use in 1992 by the US Food and Drug Administration to treat metastatic renal
cell carcinoma and malignant melanoma [1-3,25,26]. Unfortunately, high-dose IL-2 therapy
was associated with life-threatening toxicities in patients, which included arrhythmias, heart
failure and capillary leak syndrome [27,28]. In addition, I1L-2 displayed not only immune-
enhancing but also immune-suppressive activities through the induction of activation-
induced cell death of T cells and the expansion of immunosuppressive regulatory T cells
(Tregs) [29]. While IL-15 has similar immune enhancing properties as I1L-2, it does not share
the immune-suppressive activities. Specifically, treatment with 1L-15 induces the
proliferation and survival of T cells, promotes the proliferation and differentiation of NK
cells, and induces the generation of cytotoxic lymphocytes [30,31,21]. In contrast to IL-2,
IL-15 actually suppresses activation-induced cell death, has no marked effects on Treg cells,
and does not cause capillary leak syndrome in mice or nonhuman primates (NHPs) [32,33].
Preclinical studies showed that 1L-15 also induced prolonged expansion and activation of
NK cells and CD8 memory T cells [34,33]. These observations led to the study of IL-15 as a
better option for therapeutic use in the treatment of cancer.

The shared use of IL-2/15Rp and yC by IL-15 and IL-2 explains their similar activities
whereas their divergent activities are principally due to differences in the mechanisms
utilized and cellular responsiveness of these two cytokines. In large part, the responsiveness
of IL-15 and IL-2 is dictated by the differential expression profile and affinity of their
respective a chain receptor subunits. IL-15Ra has a much higher affinity for 1L-15 than that
of the IL-2/15Rp/yC complex and the IL-15Ra is nearly ubiquitously expressed [35-37].
As such, upon treatment with rlL-15, free rIL-15 likely binds cell surface bound IL-15Ra or
soluble IL-15Ra that subsequently stimulates IL-15-responsive cells. The extent to which
riL-15 is transpresented or delivered by extracellularly-formed sIL-15 complexes is not
clear. In mice, the cells stimulated by rIL-15 are primarily effector and memory CD8 T cells
and NK cells, as these cell types express the highest levels of the IL-2/158/yC receptor
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complex [38]. However, in NHP and humans, both CD8 and CD4 T cells are responsive to
riL-15 [39,40,34,41]. Among T cell subsets, effector memory and tissue resident memory
cells are more responsive to rlL-15 than naive T cells and central memory T cells [42]. In
contrast to IL-15, high affinity binding of 1L-2 requires the heterotrimer composed of the
IL-2Ra, IL-2/15RpB, and yC receptor subunits [43]. Therefore, responses mediated by rlL-2
are primarily geared towards cells that express IL-2Ra, which is transiently expressed by
activated T cells and NK cells and constitutively expressed by Tregs. Even among the same
cell types, IL-15 and IL-2 can generate different responses as the intensity/duration of these
signals can be different even though each cytokine stimulates similar intracellular signaling
pathways. Altogether, rIL-2 binds pre-formed high-affinity heterotrimeric receptors at the
surface of activated cells, while rIL-15 likely binds membrane bound IL-15Ra that is
transpresented to NK cells and memory T cells. Hence, there is overlap in the type of
responses stimulated by these two factors but the lack of stimulation of Tregs by IL-15
makes it a more attractive candidate for cancer immunotherapy than IL-2. Despite these
advantages, there are drawbacks to treating with rIL-15 including its short /n vivo half-life
and possibly its potential reliance on trans-presentation by other cell types; however, the use
of IL-15/1L-15Ra complexes overcomes these problems, which will be discussed in the next
section.

The ability of IL-15, as well as IL-2, to stimulate CD8 T cells and NK cells is the main
mechanism attributing to its ability to promote anti-tumor responses. Indeed, the anti-tumor
functions of IL-15 have been demonstrated in model systems involving systemic treatment
with IL-15 as well as cell specific engineering of IL-15. Several studies have demonstrated
systemic treatment with rIL-15 can promote tumor regression, decrease metastasis, and
increase survival in transplantable experimental murine tumor models, such as LA795 lung
adenocarcinoma, melanoma (B16, B78-H1), MC38 colon carcinoma, and lymphoma [44—
47]. The increased anti-tumor activity observed in mice was associated with enhanced CD8
T cell/NK cell cytotoxicity, which was found to be more significant in IL-15-treated mice
than in IL-2-treated mice. In some IL-15-treated mice, the tumors were eradicated and the
mice remained tumor-free after re-challenge, indicating long-lasting anti-tumor immunity
had developed.

Potential toxicity of using therapeutic levels of IL-15 are a concern because of its
overlapping activities with 1L-2, its association with autoimmune diseases, and the findings
that transgenic overexpression of IL-15 leads to leukemia [48,49]. Safety of rIL-15 in
primates has been examined using both macaque and human rIL-15, which are 97%
identical in amino acid sequence and exhibit similar binding affinities to IL-15 receptors
[50]. Most of studies examining toxicities in NHP have used rIL-15 derived from E. coli,
which lacks the glycosylation present on mammalian-derived rlL-15. Although not
compared side by side, glycosylated rIL-15 was effective at low doses suggesting it may be
potent than the unglycosylated version (Table 1). Among these studies, significant expansion
of CD8 T cells, NK cells, and in some circumstances CD4 T cells could be observed with all
doses and routes of 1L-15 treatment; however, while higher doses and continuous delivery of
riL-15 could yield more impressive responses, clinical toxicities, such as reduced appetite,
diarrhea, weight loss with transient grade 3—-4 neutropenia became apparent (Table 1).
Despite the transient toxicities, none of the animals died during the study and there was no
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evidence of autoimmune diseases or infections. Overall treatment with rIL-15 was well
tolerated when given intermittently or given subcutaneously (Table 1). So based on the
observations from studies in murine tumor models and NHP, the use of 1L-15 was supported
as an alternative treatment in patients with metastatic malignancies.

The first in-human phase I clinical trial of daily intravenous infusions of £ coli-produced
rhlL-15 in adults with metastatic malignant melanoma and metastatic renal cell cancer was
recently completed (Table 2). Similar to studies in murine models, a dramatic efflux of NK
and memory CD8 T cells in the circulating blood was observed 30 min after IL-15
administration in all four patients sampled [42]. Changes in T cell subset proportions were
more evident in patients receiving 3 pg/kg of rhlL-15 than for those receiving the lower
doses of 1 and 0.3 pg/kg/per day. More than 3 days after infusion of rhiL-15, hyper-
proliferation (Ki-67) and increases in circulating NK cells occurred. Absolute NK cell
counts increased > 10-fold with the high dose (3 pg/kg per day) but only two-to-three-fold
with the lowest dose of rhIL-15. Significant increases in the number of CD8 T cells and 6
T cells were also observed after rhlL-15 administration. Pharmacokinetic studies revealed
the half-life for rh1L-15 of about 2.5 h. The administration of rhlL-15 resulted in a clearance
of lung lesions in patients with malignant melanoma but there were also significant IL-15
mediated toxicities at the higher doses. There were marked elevations in the pro-
inflammatory cytokines IL-6, IL-8, IFN-y, tumor necrosis factor a (TNF-a), and IL-1p,
which coincided with acute clinical toxicities such as fever, chills, and blood pressure
changes. Ultimately, it was concluded that to reduce toxicity, alternative dosing strategies
such as continuous intravenous infusions or subcutaneous administration of IL-15 should be
considered in future studies to reduce toxicity.

With its anti-tumor immune capabilities, rIL-15 is a promising immunotherapeutic agent that
has several limitations that need to be addressed to make it applicable in clinical settings.
These include its short half-life and the high doses needed to achieve functional responses /in
vivo, which result in clinical toxicities and limited anti-tumor responses in patients. To
address these problems, new formulations of IL-15 have been developed that possess
enhanced half-life, increased bioavailability /n vivo, and limited toxicity. In the next section,
these various IL-15 formulations and their functional activities will be described, which
show promise for the utility of IL-15 in the immunotherapy of cancer.

4. IL-15 super-agonists

As previously described, the efficacy of rIL-15 as a treatment is limited by the availability of
IL-15Ra, which plays an integral part in stabilizing and increasing the biological activity of
IL-15. Since unassociated IL-15 isn’t found naturally /7 vivo [52], IL-15 bound to IL-15Ra
resembles the physiological form of IL-15 and has a higher affinity for IL-15Rp/yC than
free IL-15 [51]. As a soluble version, IL-15/IL-15Ra. complexes have the advantage of not
being dependent on trans-presentation or a cell-cell interaction. Naturally-produced sIL-15
complexes are referred to as heterodimeric IL-15 by G.N. Pavlakis’ group [20,53,54] (Fig.
1). Their in vitro production system [47] has been licensed to Novartis for commercial
production and heterodimeric human IL-15 is being tested in clinical trials (Table 2). Several
other approaches have been used to generate sIL-15/IL-15Ra complexes that employ
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different strategies to further enhance IL-15 responses, which will be discussed below and
are depicted in Fig. 1. Overall, in multiple models systems, regardless of formation, the
sIL-15/1L-15Ra complexes have been shown to be significantly more potent than native
IL-15 in both /n vitroand /n vivo studies [18,55,19,54]. Furthermore, these IL-15 agonists
can also be applied to ex vivo stimulation of tumor-specific lymphocytes (TILs) and NK
cells [67] or be engineered for cellular expression and viral vector expression but are not
discussed herein for space consideration.

One strategy of generating sIL-15 complexes combines rIL-15 with recombinant soluble
murine IL-15Ra. (sIL-15Ra.) linked to the Fc portion of the human IgG1 antibody (IL-15/
IL-15Ra-Fc complex). The fusion of the Fc domain of 1gG has been widely used to enhance
the plasma half-life of many proteins [56]. Whereas half-life of rIL-15 alone was ~1 h, the
half- life of sIL-15/IL-15Ra-Fc complexes ~20 h. In addition to possessing an increased
half-life, this complexed version of 1L-15 is also more potent. Administration of sIL-15/
IL-15Ra-Fc complexes /n vivo induces a strong expansion of memory CD8 T cells, NK
cells, and NK T cells that is enhanced ~50 fold compared to rIL-15 alone[18,19,57,58].
Surprisingly, IL-15/IL-15Ra-Fc also induced T cell activation and effector function in naive
CD8 T cells. CD4 T cells demonstrated a milder proliferative response along with increased
CD44 expression, indicative of T cell activation. Importantly, the level of activity obtained
by the receptor-complexed rIL-15 could not be achieved by a higher dose of rIL-15 alone
[19]. We suspect that the upper limit of rIL-15 activity is restricted by the amount of
endogenous IL-15Ra available. More importantly, IL-15/IL-15Ra-Fc complexes can
promote anti-tumor responses [19,58,55]. In mice injected systemically with B16 melanoma
cells, treatment with IL-15/15Ra-Fc complexes prevented the formation of tumors whereas
riL-15 alone had no effect on tumor engraftment compared to untreated controls [19]. In
another study, systemic injection of IL-15/IL-15Ra-Fc complexes led to CD8 T cell-
mediated regression of solid tumors in RIP1-Tag2 pancreatic and B16F10 melanoma murine
tumor models without significant toxicities [58].

A second strategy set out to further enhance the potency of IL-15 and simplify production by
developing a fusion protein, consisting of the NH»-terminal (amino acids 1-77, sushi+)
cytokine-binding domain of human IL-15Ra coupled to human IL-15 via a 20-amino acid
flexible linker. This fusion protein, referred to as protein receptor-linker-1L-15 (RLI) acts as
an IL-15 superagonists that has an increased serum half-life and biological activity similar to
complexed IL-15/IL-15Ra-Fc [51]. Additionally, RLI demonstrated a strong anti-tumor
effect in two different tumor models. In the B16 melanoma murine tumor model, RLI
exhibited a higher efficiency in reducing lung and liver metastasis and enhancing survival
than rhiL-15 or rhlL-2 [59]. Moreover, RLI reduced growth and metastasis of human colon
carcinoma cells in an orthotopic nude mouse model [59], providing evidence that even in the
absence of T cells, IL-15 stimulation can mediate anti-tumor effects likely through its effects
on NK cells. Presently, RLI is being produced and tested by Cytune Pharmaceuticals.

Another IL-15 fusion protein, ALT-803 has been developed by Altor Biosciences to address
the limitations of 1L-15-based therapies. ALT-803 was engineered by combining a mutated
version of IL-15-(N72D), which has superagonistic properties with the sushi domain of
IL-15Ra fused to the Fc portion of human 1gG1 [60]. In the IL-15 N72D superagonist
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(IL-15SA), replacing the asparagine with an aspartic residue enhances the affinity for
CD122-expressing immune cells and promotes stronger cytoplasmic signals for activation
and proliferation of NK cells and CD8 T cells at lower doses. Compared with native 1L-15,
ALT-803 exhibits a longer serum half-life and retention in lymphoid organs, which was
consistent with its more potent immunostimulatory and anti-tumor activities /n vivo [60].
Similar to the other sIL-15 complexes, ALT-803 induces expansion of effector NK cells
(CD11b*, CD127M) and memory (CD122*, CD44%) CD8 T cells. While marked elevations
of the cytokines IFN-y, TNF-a, and IL-10 were observed with ALT-803 treatment in mice,
no toxicities were seen [61]. ALT-803 significantly reduced tumor burden and prolonged
survival in an impressive number of animal models of cancer, namely, murine multiple
myeloma [60], glioblastoma [62], 4T1 breast cancer [61], B16 melanoma [61], CT26 colon
carcinoma [63] rat bladder cancer [64], ovarian cancer [65], murine mastocytoma, and B cell
lymphoma[66]. In side-by-side comparison with rhiL-15, ALT-803 induced superior anti-
tumor responses in the B16F10 melanoma and CT26 colon carcinoma models [61,63].
Interestingly, ALT-803 treatment increased the percentage of CD8 T cells in the tumor
microenvironment in the glioblastoma and rat bladder models [62,64] suggesting I1L-15
stimulation may also promote lymphocyte infiltration.

The safety, pharmokinetics, and immunological effects of ALT-803 has been assessed in
nonhuman primates. Healthy cynomolgus monkeys were administered a multidose i.v.
treatment of the fusion protein at 0.1 and 0.03 mg/kg. The pharmokinetic analysis estimated
the half-life of ALT-803 between 7.2-8 h. Treatment with ALT-803 induced dose-dependent
increases in peripheral blood lymphocytes, primary NK, CD8 and CD4 memory T cells, as
well as lymphocytic infiltration in the liver, kidneys, and lungs. No significant treatment-
dependent effects were seen with other blood cell types. These results contrast with previous
studies of rhlL-15 administration in rhesus macaques where the major toxicity reported was
grade 3/4 transient neutropenia [33,34]. More importantly, the administration of ALT-803
did not stimulate the release of the cytokines TNF-a,, IL-4, or IL-10, suggesting that
ALT-803 might not trigger a cytokine storm in clinical settings. The results from murine and
nonhuman primate studies of ALT-803 supported the phase I clinical evaluation of weekly
dosing of ALT-803, which has been initiated in patients for the treatment of advanced solid
tumors, multiple myeloma, and relapsed hematologic malignancy following allogenic stem
cell transplant (Table 2).

Overall, ALT-803 and the other IL-15 superagonists show superior immunostimulatory and
anti-tumor activity compared to treatment with rlIL-15 alone in preclinical models. Presently,
it is not clear how different these various I1L-15 agonists will act in the clinical setting.
Elucidating differences may be a challenge as commercial agencies will not have access to
the other IL-15 agonists to perform side-by side comparisons. In general, there is the
assumption that all the IL-15 agonists mediate the same basic responses but with different
strengths and potencies. With increased strength of signal may come preferential stimulation
by specific lymphocytes subsets or extend the actions of I1L-15 to cell types that typically are
only minimally stimulated by IL-15 (ie. Naive T cells). Furthermore, more intense IL-15
signaling may lead to the lymphocyte exhaustion or increased toxicities. Fig. 1 depicts the
speculated differences in the strength of IL-15 signal mediated by each agent. Overall, while

Immunol Lett. Author manuscript; available in PMC 2018 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Robinson and Schluns Page 9

increased strength of IL-15 signal and potency is thought to translate into increased clinical
efficacy, this assumption needs to be tested.

5. Using IL-15 in combination

The hope of finding a single agent therapy effective in mediating widespread complete
tumor regression and durable anti-tumor responses is challenging because of the multiple
immunological barriers present in tumors. As such, the field is focusing on the promise of
targeting multiple mechanisms to enhance the immune responses to tumors through the use
of combination therapies. Identifying the ideal combination therapy for all the various types
of cancers is the current challenge at hand. With its well-established abilities to promote
anti-tumor responses, 1L-15-based agents can be included among the arsenal. The goal is
that combining IL-15 agonists with other immunotherapies that stimulate distinct pathways
or deplete immunesuppressing cells may work synergistically to activate anti-tumor
immunity and generate improved clinical outcomes. Combinatorial approaches with IL-15
or IL-15 agonists that further enhance immune and anti-tumor responses have already been
examined. These approaches involve: 1) combining IL-15 with chemotherapy agents, 2)
combining IL-15 with immune checkpoint blockades, 3) augmenting IL-15Ra expression
with agonistic anti-CD40 Abs, or 4) fusing IL-15 or IL-15/IL-15Ra complexes to proteins
or antibodies that increase both immunostimulatory and antibody cytotoxicity functions.

The first approach combines IL-15 or IL-15 agonists with chemotherapy. Chemotherapy can
enhance anti-tumor responses by reducing tumor burden, inducing release of tumor antigens
upon tumor cell death, and reducing immunosuppressive populations. In multiple murine
tumor models, the combination of IL-15 stimulation plus chemotherapy results in increased
tumor regression, prolonged survival, and protection against tumor recurrence as compared
to chemotherapy alone [68—70]. Cyclophosphamide (CY) treatment can induce remission in
mice given 76-9 rhabdomyosarcoma cells locally. Treatment with rIL-15 prolonged this CY-
induced remission, which was associated with increased NK cell activity [68]. In addition,
CY + IL-15 enhanced the anti-tumor activity of adoptively transferred NK cells. Using this
same tumor line in a pulmonary metastasis model, complete eradication of experimental
pulmonary metastases could only be achieved by treatment with the combination of CY +
IL-15, but not with either agent alone [69]. In both model systems, NK and CD8 T cells
were required for successful combination therapy. Since IL-15 has been shown to induce the
production of TNF-a and IFN-y from T cells and NK cells [71,72], the administration of
IL-15 after CY injection may further promote the production of Thl-related cytokines
induced by CY. In addition to CY, IL-15 has also been shown to potentiate the anti-tumor
activity of other chemotherapeutic agents, such as 5-fluorouracil, leucovorin, and
gemcitabine [73,70]. Since gemcitabine induces a dramatic reduction in the number of
MDSCs [74,75], this may be an example of how IL-15 stimulation can be more effective
when immune suppression is removed. Taken together, these studies suggest that 1L-15
signaling potentiates the anti-tumor action of chemotherapy or vice versa that could be an
effective approach against tumor recurrence and metastasis.

A second approach that has demonstrated success in enhancing anti-tumor responses
combines IL-15 or IL-15/IL-15Ra with checkpoint blocking antibodies targeting either PD-
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L1 or CTLA-4. Two studies have demonstrated that blocking PD-L1 and CTLA-4 increases
the efficacy of rIL-15 in enhancing anti-tumor T cell responses in metastatic colon cancer
and prostate cancer models [76,47]. In a murine metastatic colon carcinoma model,
treatment with rIL-15 alone (daily treatment for 3 weeks) extended the survival of mice to
44 days compared to 19 days with PBS treatment [47]. Addition of aPD-L1 and aCTLA-4
mADbs further increased survival (median survival 74 days) while combination with either
aPD-L1 or aCTLA-1 mAbs did not. IL-15 treatment also dramatically reduced the number
of tumor lung nodules (~20 nodules in IL-15 treated mice/~ 130 nodules in control group),
which was further reduced with IL-15 plus aPD-L1/aCTLA-4 (< 5 nodules) treatment.
Whereas IL-15 alone increases IFN-y production and PD-1 expression by CD8 T cells, the
addition of IL-15 plus aPD-L1 decreased PD-1 expression and further increased IFN-y
secretion [47]. Combination therapy with I1L-15 superagonists (RLI and ALT-803) and
blocking antibodies against PD-L1 and CTLA-4 have also been shown to increase survival
and reduce tumor growth in colon and glioblastoma murine tumor models, as compared to
one of the treatments alone [67,61,62]. While aPD-L1 mAb alone was able to delay growth
of colon carcinomas and rarely induced remission, combined treatment with aPD-L1 mAb
plus RLI resulted in reduced tumor growth, longer survival, and tumor regression in 40% of
mice [67,61,62]. Among the combination-treated tumor-free mice, all mice remained tumor
free after second inoculation demonstrating the induction of an efficient adaptive memory
immune response. IL-15 superagonist ALT-803 also has an additive effect in combination
with aPD-L1 mAb on survival of glioblastoma tumor-bearing mice [62]. In the pulmonary
metastasis model of CT26 colon carcinoma cells, administration of ALT-803 plus aCTLA-4,
but not aPD-L1, synergistically increased the survival of CT26-bearing mice [67,61,62].
However, aPD-L1 in conjunction with both ALT-803 and a CTLA-4 further improved the
survival of CT26 mice. These preclinical findings have shown that checkpoint blockade
therapy in combination with IL-15 or IL-15/IL-15Ra complexes is a promising strategy to
induce anti-tumor immune responses /n vivo.

The third approach utilizes IL-15 in combination with CD40 stimulation. CD40 ligation
leads to the stimulation of DCs resulting in a cascade of events including IL-12 production
as well as increased IL-15Ra expression [77]. Co-administration of murine rIL-15 with the
anti-CD40 mAb (clone FGKA4.5) resulted in reduced tumor burden and prolonged survival in
established TRAMP-C2 prostate cancer and two colon cancer models, compared to
treatment with either agent alone [78,79]. In the TRAMP-C2 model, the combination
regimen increased the numbers of tumor-specific CD8 T cells and induced protection from
tumor development upon challenge with tumor cells. NK cells also showed stronger
cytolytic activity in the presence of anti-CD40 mAb plus IL-15 than in the presence of either
alone. Furthermore, less efficacy was observed by the combination therapy in tumor-bearing
IL-15Ra ™~ mice, compared to wild-type mice suggesting anti-CD40 mAb-induced
expression of IL-15Ra. by DCs was critical for the synergistic effect of the combination
regimen on NK cell activation. However, other CD40-mediated signals may also contribute
to the synergistic effects of this combination treatment. CD40 stimulation also increases
production of endogenous sIL-15/IL-15Ra complexes [16].

The last approach involves fusing IL-15 or IL-15 complexes to proteins or antibodies that
specifically directs IL-15 to the tumor site and/or mediates an additional immunostimulatory
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function or cytotoxicity function. For example, a triple fusion protein was constructed by
Ochoa and colleagues that combines apolipoprotein A-I (Apo A-I), IL-15 and IL-15Ra’s
sushi domain [80]. Apo A-1 is the main protein component of the high-density lipoproteins
(HDL) that collects cholesterol from tissues and brings it to the liver. The combination
treatment delivered to the liver by hydrodynamic transfer was shown to dramatically
increase the numbers of NK and memory CD8 T cells in the liver, spleen, and lungs of
control wild-type mice. In addition, administration of this fusion protein resulted in the
successful treatment of BI60OVA melanoma lung and MC38 colon cancer liver metastatic
tumors [80]. In a second approach, the 1L-15 agonist, RLI is fused to the heavy chain of an
anti-GD2 ganglioside antibody, which targets several tumors of neuroectodermal origin and
is itself a promising cancer treatment [81]. This anti-GD2-RLI immunocytokine retains both
the cytotoxic effector functions of the antibody as well as the biological activity of the
cytokine. This reagent inhibited tumor development and increased survival in two murine
models of syngeneic cancers, namely, subcutaneous EL4 lymphomas and metastatic NXS2
neuroblastomas [81]. In addition to a two protein fusion, a three protein fusion has been
generated comprised of a tumor-specific antibody, IL-15/IL-15Ra, and the co-stimulatory
ligand 4-1BBL (also known as CD137). This trifunctional fusion was effective in reducing
metastasis in a melanoma (B16-FAP) tumor mouse model, which was mediated by an
increase in proliferation and activation of tumor-specific CD8 memory T cells [82]. Since
rhlL-15 increased B leukemic cell depletion in the presence of anti-CD20 antibodies [83], a
rationale emerged to fuse IL-15 to CD20 targeting proteins. The fusion product of the 1L-15
agonist, RLI to Rituximab (anti-CD20 Ab), which targets B cell lymphomas, was found to
be more effective in inducing long term survival of lymphoma-bearing SCID mice than
either RLI or Rituximab alone [84]. Additionally, a fusion of IL-15 agonist, ALT-803 with
single chain antibody chains of Rituximab also induced more robust anti-lymphoma
responses in mice and mediated depletion of B cells in cynomolgus monkeys [85,86].
Altogether, these studies demonstrate that fusing IL-15 analogs to various scaffolds/
antibodies can retain IL-15 activity as well as mediate more specific cell targeting.

Overall, combining IL-15 stimulation with other immune-based therapies can drive superior
anti-tumor immune responses, compared to the individual treatments alone, thus making this
a worthwhile approach to continue exploring in clinical settings.

6. IL-15 clinical trials

The demonstration that IL-15 or IL-15 analogs mediates effective anti-tumor responses in
preclinical studies has led to the implementation of IL-15-based therapies in several
registered clinical trials. These involve the administration of rhIL-15 alone or in combination
with NK transfer or chemotherapy in patients with solid tumors and hematological
malignancies (Table 2). The most active initiatives being evaluated comprise the IL-15
superagonists, ALT-803 and heterodimeric IL-15 in Phase I/11 and 111 studies involving solid
and hematological cancers (Table 2). The primary goal of these studies is to evaluate the
safety and to determine both the maximum tolerated dose and the minimum effective dose.
The secondary objectives include determining the immunogenicity and pharmacokinetic
profiles of these IL-15 agonists. A recent study has described a case report of a patient with
BCG-unresponsive non-muscle invasive bladder cancer treated with intravesical ALT-803
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and BCG weekly for 6 weeks [87]. During treatment, only minor fatigue was experienced
and 19 months later, the patient is tumor free [87]. These findings exemplify the potential for
ALT-803 to be used locally to promote anti-tumor responses, its ability to be used in
combination with other therapeutics, and induce durable responses. Whereas recent
endeavors have addressed the problems of short /n vivo half-life of IL-15 and are close to
identifying the optimal dose and route, the future challenges of developing successful IL-15-
based therapies will be in determining the most effective combination therapy and the type
of tumors that will be most responsive to treatment. Lastly, the question lies in whether these
endeavors utilizing 1L-15 agents will be more effective as a cancer immunotherapy than the
numerous other combinational approaches that currently being explored.

7. Conclusions

IL-15 has evolved to become one of the most promising molecules for cancer
immunotherapy, due to its ability to stimulate the very immune effector cells that are so
well-equipped to target cancer cells, i.e. cytotoxic T cells and NK cells. Not only does IL-15
increase these effector cells but also enhances their cytotoxic functions. The IL-15-mediated
increases in numbers and functional abilities translates to enhanced anti-tumor responses in
several experimental animal models of cancers. Despite the promising preclinical responses
of rIL-15, success in the clinical setting was limited by its short /n vivo half-life until more
recently. To date, three main modifications of 1L-15 have been made to generate more potent
soluble I1L-15 agonists (Fig. 1): 1) combining IL-15 with a soluble IL-15Ra. or the sushi
domain of IL-15Ra; 2) fusing sIL-15Ra to the Fc portion of human IgG1; 3) mutating
IL-15 to increase its affinity to IL-2Rp/yC complexes. All formulations of IL-15 agonists
have demonstrated increased strength and duration of IL-15 receptor signaling and
subsequent enhanced anti-tumor immunity. Therefore, these I1L-15 based agents are
currently undergoing clinical trials in studies of numerous cancer types, therapeutic
applications, and in combination with other immunotherapy. The current challenges of
developing successful IL-15-based immune therapies for cancer are identifying the optimal
dose and route that achieves a maximize response with limited toxicity and distinguishing
functional differences between the various formulations. Uncontrolled responses to 1L-15
could exert potentially harmful effects by increasing the production of proinflammatory
cytokines or promoting autoimmune-like responses. Indeed, IL-15 expression is increased in
individuals with rheumatoid arthritis (RA), inflammatory bowel disease (IBD), systemic
lupus erythematosus (SLE), and inflammatory synovitis [48]. Similarly, certain lymphoid
malignancies are associated with aberrant 1L-15 expression [88,89]. Additional challenges
will be in identifying the type of tumors that will be most responsive to treatment and the
tumor attributes that dictate this.
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RLI ALT-803
rL-15 heterodimeric IL-15  (Receptor linked IL-15/IL-15R0 {mutated IL-15 (N72D)-
IL-15) -Fc complex IL-15Ru sushi domain-

Fc fusion protein

®
d R SE

Y %%

Transpresentation

IL-15 Signal Strength/Duration

Fig. 1.
IL-15 and IL-15 agonists used in immunotherapy. Cartoon depicts the multiple IL-15-based

agents that are used to stimulate cytotoxic T cell and NK cell responses. rlL-15 was the first
form of IL-15 to be examined /in vivo. When administered, rIL-15 is believed to
predominantly bind to cell surface IL-15Ra where it is transpresented to 1L-15 responsive
cells. Heterodimeric IL-15 is natural form of IL-15 that is cleaved from cells and can
stimulate responses independent of cell interactions. Heterodimeric hlL-15 is being
produced as a therapeutic by Novartis. RLI (Cytune Pharmaceuticals) is a fusion protein
consisting of IL-15 linked to the sushi (cytokine-binding) domain of the IL-15Ra that can
act as a soluble I1L-15 agonist. 1L-15/IL-15Ra.-Fc complexes are generated by mixing
commercially available IL-15Ra-Fc chimeric fusion protein with rIL-15 and have been used
extensively in preclinical studies. ALT-803 (Altor Pharmaceutical) is an IL-15 superagonist
consisting of mutated 1L-15 (asparagine replaced with an aspartic residue), which has an
increased affinity for CD122-expressing immune cells, linked to the sushi domain of the
IL-15Ra that is fused to an Fc fragment. The IL-15 signals mediated by these IL-15 agonists
is speculated to range in strength and duration as depicted by the bottom triangle. Signal
strength and duration increases with increased abundance of agonist, increased /in vivo half-
life (imparted by IL-15 binding to IL-15Ra and presence of an Fc fragment), dimerization
of the agonists, and increased affinity for the IL-2Rp/yC complex (imparted by 1L-15
binding to the sushi domain and the mutation present in ALT-803).
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