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Cytokines that control the immune response were shown to have efficacy in preclinical
murine cancer models. Interferon (IFN)-α is approved for treatment of hairy cell leukemia,
and interleukin (IL)-2 for the treatment of advancedmelanoma andmetastatic renal cancer. In
addition, IL-12, IL-15, IL-21, and granulocyte macrophage colony-stimulating factor (GM-
CSF) have been evaluated in clinical trials. However, the cytokines as monotherapy have not
fulfilled their early promise because cytokines administered parenterally do not achieve
sufficient concentrations in the tumor, are often associated with severe toxicities, and
induce humoral or cellular checkpoints. To circumvent these impediments, cytokines are
being investigated clinically in combination therapy with checkpoint inhibitors, anticancer
monoclonal antibodies to increase the antibody-dependent cellular cytotoxicity (ADCC) of
these antibodies, antibody cytokine fusion proteins, and anti-CD40 to facilitate tumor-spe-
cific immune responses.

Cytokines are major regulators of the innate
and adaptive immune systems that allow

cells of the immune systems to communicate
over short distances in paracrine and autocrine
fashion. They control proliferation, differentia-
tion, effector functions, and survival of leuko-
cytes. In light of the ability of the immune sys-
tem to recognize and destroy cancer cells,
cytokines have been explored in the treatment
of cancer (Goldstein and Laszlo 1988; Dranoff
2004; Lee and Margolin 2011; Nicholas and Le-
sinski 2011; Ardolino et al. 2015). In recent
years, a number of cytokines, including interleu-
kin (IL)-2, IL-12, IL-15, IL-21, granulocytemac-
rophage colony-stimulating factor (GM-CSF),
and interferon (IFN)-α have been shown to
have efficacy in preclinical murine cancer mod-

els (Fig. 1). This preclinical work has supported
the evaluation of these cytokines in clinical tri-
als. IFN-αwas the first cytokine approved for the
treatment of a human cancer (hairy cell leuke-
mia [HCL]) in 1986. IL-2 was approved for the
treatment of metastatic renal cell cancer in 1992
and advanced melanoma in 1998. Nevertheless,
cytokines as monotherapy have not fulfilled the
initial excitement they induced.

Soluble cytokines normally act over short
distances in a paracrine or autocrine fashion
(Rochman et al. 2009). Therefore, when cyto-
kines are administered parenterally, large quan-
tities must be administered or there is a failure
to achieve effective concentrations of cytokine
within the tumor. These large quantities are of-
ten associated with severe toxicities, especially
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flu-like symptoms that include fever, malaise,
hypotension, fatigue, nausea, anorexia, neutro-
penia, and neuropsychiatric symptoms. In the
case of IL-2, a major additional impediment is
the induction of the capillary leak syndrome. An
additional impediment is that, for a number of
cytokines, the positive actions are paralleled by
the cytokine induction of immunological check-
points that include the secretion of inhibitory
factors such as IL-10 and transforming growth
factor (TGF)-β, the expression of inhibitors such
as triosephosphate isomerase (TIM) on the cell
surface, the induction of regulatory cells, includ-
ing regulatory T (Treg) cells, and myeloid sup-
pressor cells, as well as one of the intracellular
suppressors of cytokine signaling (SOCS) pro-
teins that terminate signaling (Alexander et al.
2004). Furthermore, although cytokines such
as IL-15 dramatically augment the number
and activation of natural killer (NK) cells, such
cells are inhibited by the interaction of self-class
I-A,B recognition with killer-cell immuno-
globulin (Ig)-like receptors (KIRs) and of ma-
jor histocompatibility complex (MHC) self-
class I-E with NKG2A.

These impediments are being addressed
with new strategies to augment theirmodest suc-
cess. Because monotherapy may not be optimal,
combination therapies are being evaluated with
cytokines to achieve meaningful tumor re-
sponses. These approaches include cytokine en-
gineering to augment cytokine activity, perile-
sional injection of cytokines, antibody–cytokine
fusion proteins, infusion of cytokines along with
antibodies to checkpoint proteins, the use of cy-
tokines with anticancer vaccines, and cytokines
associated with anticancer monoclonal antibod-
ies to increase the antibody-dependent cellular
cytotoxicity (ADCC) of these antibodies, there-
by augmenting their efficacy (Becker et al. 1996;
Carter 2001; Boyman et al. 2006; Schrama et al.
2006; Boder 2012; Levin et al. 2012; Young et al.
2014; Spangler et al. 2015). The goal of this paper
is to review the cytokines involved in cancer im-
munotherapy and to discuss their biology and
clinical application. The paper will also empha-
size combinations of biological agents, novel
delivery mechanisms, and directions for future
investigation.

INTERLEUKIN-2

IL-2 is a 15.5-kDa globular glycoprotein of 133
amino acids (Waldmann 1986; Taniguchi and
Minami 1993; Liao et al. 2011a; Boyman and
Sprent 2012). It consists of four antiparallel am-
phipathicα helixes. The three subunits of the IL-
2 receptor include the γ chain (γc) (CD132)
shared with IL-4, IL-7, IL-9, IL-15, and IL-21,
IL-2Rβ (CD122) shared with IL-15, and the
(CD25) IL-2Rα chain (Fig. 2). Three different
IL-2R complexes exist and consist of combina-
tions of the three receptor subunits (Waldmann
1991; Noguchi et al. 1993; Taniguchi and Mi-
nami 1993; Damjanovich et al. 1997; Rochman
et al. 2009; Liao et al. 2011a). IL-2Rα alone
binds IL-2 with low-affinity Kd10

−8
M and does

not transduce a signal. The heterodimeric IL-
2Rβγ that binds IL-2 with intermediate affinity
Kd10

9
M can transduce an intracellular signal,

and the heterotrimeric IL-2Rα, β, and γ binds
IL-2 with high affinity. The IL-2 receptor signals
through the Janus kinase (JAK)1, JAK3, and sig-
nal transducers and activators of transcription
(STAT)5 molecules (Wang et al. 2005). IL-2
has paradoxical functions. It both acts as a T-
cell growth factor during the initiation of the
immune response, and has a crucial role in ter-
minating T-cell responses for the maintenance
of self-tolerance. IL-2 promotes the clonal ex-
pansion of antigen-activated CT8 T cells, and
is a growth factor for CD4+ T cells as well as
NK cells (Boyman and Sprent 2012). IL-2 facil-
itates the production of Ig synthesis by B cells
that have been stimulated with anti-Ig M (IgM)
or byCD40 ligation. As noted above, IL-2 plays a
crucial role in the negative regulation of T-cell
responses. Although IL-2 signals are not essen-
tial for Treg-cell development in the thymus,
they are critical for maintenance of Tregs in the
periphery (Sakaguchi et al. 1995). IL-2 and all
three IL-2 receptor chains (α, β, and γ) are re-
quired for high-affinity IL-2 binding and for
Foxp3 (forkhead boxp3) transcription. In addi-
tion, IL-2 plays a pivotal role in Fas-mediated
activation-induced cell death (AICD) of CD4 T
cells (Leonardo 1996). In the phenomenon of
AICD, receptor-mediated stimulation of CD4
T cells by antigen at high concentrations induces
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the expression of IL-2 and the IL-2 receptor that,
in turn, interact to yield T-cell activation and
cycling. Antigen stimulation of the cycling T
cells at this stage through the T-cell antigen re-
ceptor increases the transcription and surface
expression of the death effector molecule Fas
ligand (FasL) and suppresses the inhibition of
Fas signaling FLIP (FLICE inhibitory protein)
leading to T-cell death.

The conclusions concerning the negative
regulatory role of IL-2 derived from ex vivo func-
tional studies were supported by analysis of
mice with disruptive cytokine–cytokine recep-
tor genes. IL-2−/− and IL-2Rα−/−-deficient
mice developmassive enlargement of peripheral
lymphoid organs associated with polyclonal T-
and B-cell expansion owing to the impairment
ofAICDandTregs (Sadlack et al. 1994). IL-2Rα-
deficient mice develop autoimmune diseases
such as hemolytic anemia and inflammatory
bowel disease.

THE RESULTS OF TREATMENT OF
PATIENTS WITH METASTATIC RENAL
CELL CARCINOMA AND MALIGNANT
MELANOMAWHO RECEIVED
HIGH-DOSE RECOMBINANT IL-2
THERAPY

Rosenberg and coworkers use high doses of IL-2
(720,000 IU/kg/q every 8 h for up to 14 doses
over 5 days) (Rosenberg et al. 1989). Such high-
dose IL-2 therapy resulted in clinical responses
in metastatic renal carcinoma (Rosenberg et al.
1989; Fyfe et al. 1995; Atkins et al. 1999). Based
on this clinical study, the overall objective re-
sponse was 14%, with 5% complete responses
and 9% partial responses. The responses ob-
served were of long-term duration with com-
plete remissions (CRs) in patients who were still
in response many months after therapy.

High-dose IL-2 therapy activates not only
the IL-2-specific high-affinity α, β, and γ re-
ceptors but also activates cells expressing inter-

IL-2/15RβIL-2/15Rβ

IL-2Rα

Monocyte or
dendritic cell

IL-2

IL-2

IL-15

IL-15Rα

T cell

γc γc

Cell surface

Figure 2. Model of interaction of interleukin (IL)-2 and IL-15 with their receptors. IL-2 is predominantly a
secreted cytokine that binds to preformed high-affinity heterotrimeric receptors. In contrast, IL-15 is a mem-
brane-associatedmolecule that signals as part of an immunological synapse between antigen-presenting cells and
natural killer (NK) cells, γΔ, and CD8 T cells. IL-15Rα on the surface of activated monocytes or dendritic cells
(DCs) presents IL-15 in trans to cells that express IL-2/IL-15Rβ and γ chain (γc), thereby allowing signaling
through these complexes. (Based on figures in Waldmann 2006.)
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mediate affinity IL-2Rβ and γc (e.g., NK cells,
T cells, monocytes/macrophages, and B cells).
This global activation of IL-2Rβ and γc results
in secondary proinflammatory cytokine re-
lease, and therefore is presumed responsible
for the severe life-threatening side effects asso-
ciated with high-dose IL-2, which include hy-
potension and the capillary leak syndrome
(Dutcher et al. 2014). At least grade 3 toxicities
in at least 20% of patients included nausea and
vomiting, mental status changes, and oliguria.
Given the long duration of the IL-2 therapy
responses, high-dose IL-2 therapy represents
a meaningful addition to the therapeutic arma-
mentarium for patients in intensive care hos-
pital settings.

LOW-DOSE IL-2 THERAPY TARGETING
THE HIGH-AFFINITY IL-2Rα, β, γ RECEPTOR-
BEARING CELLS

Trials were designed by Soiffer et al. (1992, 1996)
and extended by Caligiuri et al. (1993) and Feh-
niger and coworkers (2000) based on the known
affinity of the IL-2Rα, β, γ receptor. One basis
for this IL-2 therapy was derived from studies
showing that the CD56bright NK cells expressed
the high-affinity IL-2 receptor. Low-dose IL-2
therapy provided via continuous intravenous
(i.v.) infusion over the course of 90 days was
associated with a significant expansion of
CD56+ CD3− NK cells (450%–900% increase)
(Caligiuri et al. 1993). Although such prolonged
low-dose IL-2 therapy was successful in expand-
ing the number of NK cells, these NK cells were
not activated but required higher amounts of IL-
2 in vivo to kill tumor cells. Therefore, low-dose
IL-2 to expandNK cells has been combinedwith
intermediate pulses of IL-2 to provide activation
of the expanded NK cell pool.

A number of approaches have been used to
augment the efficacy of cytokines such as IL-
2. Structure-based cytokine engineering has
opened new opportunities for cytokines as
drugs with the focus on the immunotherapeutic
cytokines, IL-2, IFN, and IL-4 (Wang et al.
2005). Using in vitro evolution, the Garcia Lab-
oratory (Levin et al. 2012) eliminated the func-
tional requirement of IL-2 for IL-2Rα (CD25)

expression by engineering an IL-2 “superkine”
with increased binding affinity for IL-2Rβ (Fig.
3). The evolved mutations were principally in
the core of the cytokine that stabilized IL-2,
reducing the flexibility of a helix in the IL-
2Rβ-binding site into an optimized receptor-
binding confirmation resembling that when
bound to CD25. The mutations in the IL-2
superkine recapitulated the functional role of
CD25 by eliciting potent phosphorylation of
STAT5. When compared to IL-2, the superkine
induced augmented expression of cytotoxic
T cells, leading to improved antitumor re-
sponses in murine models with proportionately
less expansion of Treg cells and reduced pul-
monary edema (Levin et al. 2012; Spangler et al.
2015).

An alternative approach to augment IL-2 ac-
tion was provided by Boyman et al. (2006). They
induced selective stimulation ofT cellswith anti-
IL-2 immune complexes (Fig. 3). Certainmono-
clonal antibodies directed toward IL-2 inhibited
its action. However, other antibodies coupled
with IL-2 causedmassive (>100-fold) expansion
of CD8 cells in vivo, whereas others selectively
stimulated CD4+ Tregs. These actions were a
result, in part, of increasing the survival T1/2
of IL-2. Thus, different cytokine–antibody com-
plexes selectively boost or inhibit the immune
response.

Yet another approach to augment the ac-
tion and to increase the specificity of activity-
involved antibody–cytokine fusion proteins
(Becker et al. 1996; Reisfeld and Gillies 1996;
Lode and Reisfeld 2000; Penichet and Morri-
son 2001; Jin et al. 2008). Becker et al. (1996)
used an antibody–IL-2 fusion protein to erad-
icate established tumors by augmenting acti-
vated host-immune cells, particularly CD8+ T
cells. Young et al. (2014) also used antibody–
cytokine fusion proteins containing IL-2, IL-
12, IL-21, tumor necrosis factor (TNF)-α,
and IFN-α, -β, and -γ to guide cytokines spe-
cifically to tumor sites where they stimulated
an antitumor response while avoiding the sys-
temic toxicities of free cytokine therapy. These
antitumor cytokine fusion proteins have shown
antitumor activity in preclinical and early-
phase clinical studies.
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INTERFERONS

IFNs were first identified in 1957 by Alick Isaacs
and Jean Lindenmann (Isaacs and Lindenmann
2015). The IFNs are classified by their ability to
bind to specific receptors for type I (IFN-α and
-β ), type II (IFN-γ), and more recently de-
scribed type III IFNs.

Type I IFNs

Type I IFNs comprise a family of cytokines that
are synthesized by a variety of cells in response
to viral infection, immune stimulation, and cer-
tain chemical inducers. IFN-α and -β are en-
coded on chromosome 9 (Goldstein and Laszlo
1988). Twenty IFNs have been identified in hu-
mans. Most of the subtypes belong to the IFN-α
group. There are two subtypes of β (I and II) and
only one type II IFN-γ. The type I IFNs signal
through a common pair of receptors, IFN-α re-
ceptors IFNAR1 and IFNAR2 (Constantinescu
et al. 1994; Muller et al. 1994a,b). The IFN re-

ceptors principally signal through receptor-as-
sociated Tyk2 and JAK1 to initiate the multiple
STAT1 and STAT2 phosphorylation cascades.
Hundreds of genes associated with antiviral
and antiproliferative functions are induced in
response to different IFNs. Type I IFNs induce
the expression of MHC class I molecules on
tumor cells, mediate the maturation of a subset
of dendritic cells (DCs), have antiangiogenic
properties, activate B and T cells, increase cyto-
toxic cell numbers, and induce apoptosis of
tumor cells.

Clinical Application of IFN-α

IFN-α was approved for the treatment of some
hematological malignancies, AIDS-related Ka-
posi sarcoma, HCL, chronic myelogenous leu-
kemia (CML), and adjuvant therapy for patients
with high-risk stage II and stage III melanoma,
and has been used in the treatment of renal cell
cancer (Gutterman et al. 1980; Kirkwood and
Ernstoff 1984; Chronic Myeloid Leukemia

WT
IL-2IL-2 after

antibody
bindingS4B6

IL-2R

JAK JAK JAK JAK

IL-2R

IL-2 superkine

Strength signaling

Treg cell

pSTAT5 pSTAT5

Teff cell

Figure 3. Different approaches to change interleukin (IL)-2 conformation to favor effector over negative regu-
latory function. One strategy for selectivelymodulating the effects of IL-2 is the development of cytokine-directed
antibodies that bias activity toward specific T-cell subsets. The anti-IL-2 antibody S4B6 blocked the IL-2:IL-2Rα
interaction while also conformationally stabilizing the IL-2:IL-2Rβ interaction, thus stimulating all IL-2-respon-
sive immune cells, particularly IL-2Rβhi effector cells favored over IL-2Rα expressing regulatory T (Treg) cells.
The right side shows a different mutational approach to generate a distinct IL-2R superkine variance, which uses
mutations to stabilize IL-2, including a flexible helix in the IL-2Rβ-binding site, into an optimized receptor-
binding confirmation resembling that when bound to CD25 (IL-2Rα) (Levin et al. 2012). The evolved mutations
in super-2 recapitulated the functional role of CD25 by eliciting potential phosphorylation of signal transducers
and activators of transcription 5 (STAT5) and vigorous proliferation of T cells irrespective of CD25 expression.
Compared to IL-2, super-IL-2 induced superior expansion of cytotoxic T cells, leading to improved antitumor
responses in vivo and eliciting proportionally less expansion of Treg cells and reduced pulmonary edema. WT,
Wild type.
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Trialists’ Collaborative Group 1997; Windbich-
ler et al. 2000; Tagliaferri et al. 2005; Lange et al.
2011). However, in many cases, IFN has been
replaced or relegated to therapy in second-line
treatment by the development of novel reagents
or combinations (Goldman et al. 2003).

IFN-α treatment resulted in substantial and
sustained improvement in granulocyte, platelet
counts, and hemoglobin levels in 77% of treated
patients with HCL and at least some improve-
ment in minor responses occurred in 90%
(Ratain et al. 1985). The percentage of patients
with HCL who required blood cell or platelet
transfusions decreased significantly during
treatment. Themedian time to relapse estimated
using the Kaplan–Meier method was earlier in
an observation group compared to an IFN-α-
treated group. Although IFN-α is approved for
the treatment of patients with HCL, it has been
relegated to second-line treatment because nu-
cleoside analog drugs have replaced it as primary
therapy.

AIDS-Related Kaposi Sarcoma

IFN-α was evaluated in clinical trials in 144 pa-
tients with AIDS-related Kaposi sarcoma. A
dose of 30 million units/M2 was administered
subcutaneously three times a week. 44% of
asymptomatic patients responded versus 7% of
symptomatic patients. The median time to re-
sponse was approximately 2 mo and 1 mo, re-
spectively, for asymptomatic and symptomatic
patients. The median duration of response was
approximately 3 mo and 1 mo, respectively, for
the two groups of patients.

Follicular Lymphoma

In a randomized control trial 130 patients re-
ceived CHVP (cyclophosphamide, doxorubicin,
teniposide, and prednisone) chemotherapy and
135 patients received CHVP therapy plus IFN-
α at 5 million units/M2 subcutaneously three
times a week for the duration of 18 months.
The group receiving a combination of IFN-α
therapy and CHVP had a significantly longer
progression-free survival than the CHVP-alone
group of 2.9 years versus 1.5 years ( p < 001).

Malignant Melanoma

One hundred and forty-three patients received
IFN-α at 30million IU/M2

five times aweek for 4
weeks, followed by 10 million IU/M2 subcutane-
ously three times aweek for 48weeks (Kirkwood
et al. 2001). IFN-α therapy was begun ≤56 days
after surgical resection (Kirkwood et al. 1996).
The remaining 137 patients were observed. IFN-
α therapy produced a significant increase in the
relapse-free and overall survival. Median time
to relapse for the IFN-α-treated patients versus
observation patients was 1.72 years versus 0.98
years ( p < 0.01). In an analysis of multiple stud-
ies, there was a significant improvement in dis-
ease-free survival in 10 of 17 comparisons and
overall survival in four of 14 comparisons. In a
meta-analysis of seven randomized trials, IFN-α
produced a statistically significantly better sur-
vival than those involving either hydroxyurea
or busulfan. IFN-α produced variable results in
patients with metastatic renal cell carcinoma
(Amato 1999; Gollob et al. 2000; Flanigan et al.
2001). However, sunitinib produced longer pro-
gression-free survival, and response rates were
higher in patients receiving sunitinib versus
those receiving IFN-α. In addition to its use in
malignancy, IFN-α was shown to be of value in
condylomata acuminata.

Bazarbachi et al. (2010) reported that azido-
thymidine (AZT) and IFN-α plus or minus ar-
senic therapy was associated with a response in
the majority of patients with human T-cell lym-
photropic virus 1 (HTLV-1)-associated adult
T-cell leukemia/lymphoma (ATLL). In a meta-
analysis, 100% of patients with smoldering and
chronic forms of this leukemia survived 5 years,
whereas 82% of patients with acute leukemia
survived 5 years when treated primarily with
this combination. However, for patients with
lymphomatous ATLL, those who received prior
intensive chemotherapy and manifested muta-
tions of p53 or high levels of IRF4 in the malig-
nant cells didnot respond toAZTIFN-γ therapy.

Attempts have been made to enhance IFN
antiviral activityusingDNAshuffling. Forexam-
ple, DNA sequences from all IFN-α subtypes
were combined to generate a shuffled library
that was screened for function based on antipro-
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liferative and antiviral activity (Stemmer 1994;
Brideau-Andersen et al. 2007; Spangler et al.
2015). This screening identified two shuffled
proteins, B9X25 and B9X14, with a 20- to 70-
fold improvement in antiviral potencies com-
pared to IFN-α2. The shuffled proteins had 9-
to 100-fold increases in IFNARcomplex affinity,
respectively, compared to wild-type IFN-α2.
Unfortunately, this and other shuffled IFNs did
not advance into the clinic because of immuno-
genicity resulting from the numerous mutations
found in the shuffled IFN products, which gen-
erated many new potential T-cell epitopes.

Toxicity

There was considerable toxicity and morbidity
associated with IFN use (Quesada et al. 1986;
Zaidi and Merlino 2011). Acute symptoms
with IFN administration involved flu-like con-
stitutional symptoms, including fever, fatigue,
headaches, gastrointestinal symptoms, and my-
algias. IFN-α also produced increases in hepatic
enzymes, particularly during high-dose i.v. ad-
ministration. Thrombocytopenia, leukopenia,
and neutropenia were common and can require
a dose reduction. Quite serious were neuropsy-
chiatric issues, including depression (45%), con-
fusion (10%), and mania (less than 1%). IFN-α-
induced depressionwas highly significant and in
some cases suicides were reported. Diffuse elec-
troencephalographic slowing has been shown.
Thus, patients treated with high-dose IFN
should be treated with antidepressants.

INTERLEUKIN-12

IL-12 is a four-bundle α-helix heterodimeric cy-
tokine encoded by two separate genes: IL-12A
(p35) and IL-12B (p40) (Trinchieri 1995, 2003).
The active heterodimer referred to as p70 is
formed following protein synthesis. The func-
tional high-affinity IL-12R is comprised of the
units IL-12Rβ1 and IL-12Rβ2. IL-12 p40 binds
primarily to the IL-12Rβ1 subunit, whereas IL-
12 p35 interacts with IL-12Rβ2 representing the
signaling transducing component. IL-12 acti-
vates both innate (NK) and adaptive cytotoxic
(T-lymphocyte) immunity and inhibits angio-

genesis. IL-12 is involved in the differentiation
of naïve T helper (Th)0 cells into Th1 cells and
stimulates the production of IFN-γ from plas-
mocytoid DCs and T cells. IL-12 augments
the activity of cytotoxic T cells and enhances
B-cell survival. IL-12 induces the production
of the chemokine-inducible protein-10 (IP-10
or CXCL10), which mediates its antiangiogene-
sis effect (Chan et al. 1992; Lee and Margolin
2011). Because of its ability to induce innate and
adaptive immune responses and its antiangio-
genic activity, there has been considerable inter-
est in evaluating IL-12 as a potential anticancer
drug (Lasek et al. 2014). Limitations in its use
are its induction of negative immunoregulatory
IL-10 and TIM3.

IL-12 showed efficacy in a series of preclin-
ical studies in experimental models in mice. A
series of clinical trials were initiated with IL-12
(Gollob et al. 2000). In a phase I trial, the max-
imum tolerated dose (MTD) was 500 ng/kg/d.
In a phase II trial, severe side effects of treatment
developed in 12 of 17 enrolled patients leading
to the death of two patients (Lasek et al. 2014).
This resulted in the immediate halting of all
trials with IL-12 by the U.S. Food and Drug
Administration (FDA). An explanation for the
different tolerability in phase I versus the phase
II trial was a change in the dosing schedule. In
the phase I trial, a single dose of IL-12 was ad-
ministered before the multidose regimen. This
priming dose was found to be critical for pro-
tection from the severe toxicity. After several
months of suspension, clinical trials were re-
sumed in several centers. In small nonrandom-
ized trials, IL-12 showed modest efficacy in cu-
taneous T-cell lymphoma (CTCL), Hodgkin
and non-Hodgkin lymphoma, and Kaposi sar-
coma. More recently, alternative strategies have
been attempted, including intraperitoneal ad-
ministration of an IL-12 plasmid, tumor injec-
tions of an IL-12-expressing adenovirus vector,
the combination of IL-12 with a vaccine con-
taining tumor cells fused with DCs, adoptive
immunotherapy with IL-12-engineered lym-
phoid cells, as well as IL-12 in conjunction
with an anticancer monoclonal antibody to in-
crease its ADCC (Lasek et al. 2014). In some
trials, IL-12 was used with anticytotoxic T-lym-
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phocyte antigen 4 (CTLA-4) and anti-PD1
checkpoint inhibitors. The value of IL-12 in
the treatment of cancer will await the results of
these studies.

INTERLEUKIN-21

IL-21 is composed of four α-helical bundles. IL-
21 is amember of the common γ IL-2, IL-4, IL-7,
IL-9, IL-15, IL-21 family of cytokines and uses
the common γc as well as its cytokine-specific
IL-21Rα chain (Spolski and Leonard 2008). IL-
21 regulates both innate and adaptive immune
responses. IL-21 has a major role in B-cell dif-
ferentiation into plasma cells and in the devel-
opment of T-follicular helper (Tfh) cells. It in-
duces a program of CD8+ T cells that leads to
enhanced survival, antiviral activity, and antitu-
mor activity (Ma et al. 2003; Wang et al. 2003;
Zeng et al. 2005; Cappuccio et al. 2006; Skak
et al. 2008; Spolski and Leonard 2014). IL-21
has a major role in the development of Tfh cells
and can promote the development of Th17 cells.

In light of its ability to enhance cytotoxic
activity of CD8+ T cells and NK cells, IL-21
has been evaluated in the treatment of cancer
(Skak et al. 2008). In studies in mice, IL-21 in-
hibited the growth of melanomas and fibrosar-
comas (Wang et al. 2003). IL-21 has been eval-
uated in phase I/II clinical trials as a single agent
for melanoma, renal cell cancer, and metastatic
colorectal cancer (Bhatia et al. 2014). IL-21 was
combined with cetuximab (Erbitux), an anti-
body targeting epidermal growth factor recep-
tor (EGFR) in targeting ADCC against tumors
(Steele et al. 2012). In phase I trials, the combi-
nation of IL-21 and cetuximab against stage IV
colorectal cancer stable disease was achieved in
60% of patients, but the clinical trial was termi-
nated when IL-21 was shown to have a role in
chronic inflammatory bowel disease and that IL-
21 appears to have amajor role in promoting the
inflammation-induced development of colon
cancer (Steele et al. 2012).

IL-21R has been shown to be expressed in
diverse hematopoietic malignancies. In chronic
lymphocytic leukemia (CLL), follicular lympho-
ma, diffuse large B-cell lymphoma (DLBCL),
andmantle cell lymphoma, the apoptotic effects

of IL-21 make it a candidate for use as a single
agent, as well as in combination with tumor-
specific antibodies. IL-21 has been used in com-
bination with the anti-CD20 rituximab in phase
I clinical trials with clinical responses seen in
eight of 19 patients (Timmerman et al. 2012).
In contrast, the growth-promoting effects of IL-
21 in multiple myeloma and Hodgkin lympho-
ma suggest that blocking the IL-21 signaling
pathway using IL-21R-specific antibodies and
an IL-21R-Fc fusion protein or via JAK inhibi-
tors might be of therapeutic value in these he-
matopoietic malignancies (Spolski and Leonard
2014).

GRANULOCYTE MACROPHAGE COLONY-
STIMULATING FACTOR

GM-CSF is a 23-kDa glycoprotein that has a
four-α-helical bundle structure that binds to a
heterodimeric receptor composed of subunits
belonging to the type 1 cytokine receptor fami-
ly. GM-CSF is the product of activated T lym-
phocytes, fibroblasts, endothelial cells, macro-
phages, and stromal cells. GM-CSF stimulates
the survival of hematopoietic colony-forming
cells of neutrophil, eosinophil, macrophage,
megakaryocyte, and erythroid linages. GM-
CSF stimulates antigen presentation to the im-
mune system. It does this by its direct effects on
DCs and macrophage production, with induc-
tion of the expression of the class IIMHC and Fc
receptors on macrophages and DCs. GM-CSF
stimulates the capacity of neutrophils, mono-
cytes, and macrophages to mediate ADCC.
GM-CSF has been evaluated in the immuno-
therapy of melanoma (Mach and Dranoff
2000; Li et al. 2006; Kaufman et al. 2014). In a
seminal study, a panel of recombinant retroviral
vectors expressing various cytokines, costimula-
tory molecules, or adhesion molecules was used
to infect murine B16 melanoma cells. Infected
cells were irradiated and injected subcutaneous-
ly into immunocompetent hosts, followed by a
subsequent challenge with wild-type B16 cells
(Dranoff et al. 1993; Mach and Dranoff 2000).
The GM-CSF-secreting tumor vaccines con-
veyed 90% protection, whereas in vaccines ex-
pressing IL-2, IFN-γ failed tomediate antitumor
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protection. Analysis of the vaccination site re-
vealed an influx of dividing monocytes and
granulocytes, as well as an increase in lympho-
cytes in tumor-draining lymph nodes, suggest-
ing direct augmentation of antigen presentation
and T-cell priming against the tumor. In light of
the evidence of antitumor activity in preclinical
models of melanoma, GM-CSF has been evalu-
ated in completely resected stage III/IV melano-
ma patients; however, data from these studies
have not shown consistent efficacy. GM-CSF
was evaluated as intratumoral monotherapy
with only modest effects—with only one partial
response in two small studies but with reduced
lesion size in six of seven patients and a reduc-
tion in cutaneous metastases in five of seven
patients in another study. Given the evidence
from preclinical studies, GM-CSF has been eval-
uated as an adjunct to cancer vaccines in a num-
ber of clinical studies (Dranoff 2002; Gupta and
Emens 2010). In contrast to the data from mu-
rine studies, the adjuvant effect of GM-CSF in
human trials was inconsistent. Two randomized
perspective trials suggested that the addition of
GM-CSF tomelanomavaccines did not improve
cellular immune responses and indeedmay have
had negative effects. The inconsistent effects
may be caused by contrasting effects of GM-
CSF, inducing DC maturation on the one hand
and induction ofmyeloid suppressor cells on the
other (Kaufman et al. 2014).

INTERLEUKIN-15

IL-15 is a 14- to 15-kDa member of the four-α-
helix bundle family of cytokines. IL-15 ex-
pression is controlled at the levels of transcrip-
tion, translation, and intracellular trafficking. In
particular, IL-15 is posttranslationally regulated
by multiple controlling elements that impede
translation, including 13 upstream AUGs of
the 50-UTR, two unusual signal peptides, and
the carboxyl terminus of the mature protein
(Bamford et al. 1998). The IL-15 receptor in-
cludes the γc subunit shared with IL-2, IL-4,
IL-7, IL-15, and IL-21, and IL-2Rβ shared with
IL-2 as well as an IL-15-specific subunit IL-
15Rα. This receptor signals through the JAK1/
3 and STAT5/STAT3 system.

IL-15 and IL-2 have several similar functions
as a consequence of their sharing of receptor
components IL-2/IL-15Rβ and γc and their use
of common JAK1/3 STAT3/5 signaling mole-
cules (Fehniger and Caligiuri 2001; Waldmann
et al. 2001; Fehniger et al. 2002; Waldmann
2006, 2015; Steel et al. 2012). These functions
include stimulating the proliferation of activated
T cells and their differentiation into defined
effector T-cell subsets following antigen-medi-
ated activation. Furthermore, the two cytokines
facilitate the production of CTLs and Ig synthe-
sis by B cells that have been stimulated with IgM
and specific antibodies or by agonistic anti-
CD40. The two cytokines also stimulate the gen-
eration and proliferation of NK cells (Carson
et al. 1994, 1997). In addition to these similari-
ties, there are distinctions between the functions
of IL-2 and IL-15 in the adaptive immune re-
sponse. IL-2 acts as a T-cell growth factor during
initiation of a murine response but it also has a
crucial role in the termination of T-cell immune
responses by AICD and by the action of Tregs
(Sakaguchi et al. 1995; Leonardo 1996). In con-
trast with IL-2, IL-15 has no major net effect on
the maintenance of the fitness of Foxp3 express-
ing T regs. IL-2 and IL-15 also have distinct roles
in AICD. IL-2 is a critical determinant in the
choice between proliferation and death (Leonar-
do 1996). In contrast, IL-15 is an antiapoptotic
factor in several systems, in particular, in IL-15
transgenic mice, IL-2-induced AICD is inhibit-
ed (Marks-Konczalik et al. 2000). Furthermore,
IL-15 promotes the maintenance of CD8+

CD44hi T cells memory phenotype cells.
These observations from ex vivo functional

studies were supported by the analysis of mice
with disrupted cytokine and cytokine-receptor
genes. As noted above, IL-2-, IL-2Rα-, and IL-2/
IL-15Rβ-deficient mice developed a marked en-
largement of peripheral lymphoid organs that
was associated with polyclonal expansions of
T- and B-cell populations (Sadlack et al. 1994).
A dysregulated proliferation reflects the im-
pairment of Treg fitness in AICD. In contrast,
mice that were deficient in IL-15 or its private
receptor, IL-15Rα, did not develop lymphoid
enlargement, increased serum Ig concentra-
tions, or autoimmune disease (Kennedy et al.
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2000). Instead, such mice had a marked reduc-
tion in the number of thymic and peripheral NK
cells, NK T (NKT) cells, γ/δ T cells, and intesti-
nal intraepithelial lymphocytes.

A most critical factor in the functional dif-
ferences between IL-2 and IL-15 involves the
fact that IL-2 is predominantly a secreted mole-
cule, which in its soluble form or when linked to
an extracellular matrix binds to preformed high-
affinity heterotrimeric receptors at the surface of
activated cells. In contrast, IL-15 is only secreted
along with IL-15Rα in small quantities and is
membrane-bound (Fig. 2) (Dubois et al. 2002).
IL-15 induces signaling in the context of cell–
cell contact at an immunological synapse. Stim-
ulation of monocytes or DCs with IFN together
with activation of NF-κB through ligation of
CD40 or TLR4 induces the coordinate simulta-
neous expression of IL-15 and IL-15Rα. The IL-
15 and IL-15Rα expressed by monocytes and
DCs then become associated on the cell surface
with IL-15 presented by IL-15Rα in trans to cells
that express IL-2/IL-15Rβ and γc but not IL-
15Rα (Dubois et al. 2002). Such targets of IL-
15/IL-15Rα trans-presentation include NK cells
and CD8 memory T cells. The distinctions be-
tween IL-15 and IL-2, including the fact that IL-
15 does not yield a net stimulation of Tregs,
AICD, or extensive capillary leak syndrome,
suggests that IL-15 may be superior to IL-2 in
the treatment of malignancy.

IL-15 AS AN IMMUNOTHERAPEUTIC
AGENT: IL-15 IN PRECLINICAL
IMMUNOTHERAPY MODELS

IL-15 proved of value in the therapy of neoplasia
in a number of murine models (Munger et al.
1995; Evans et al. 1997; Fehniger and Caligiuri
2001; Fehniger et al. 2002; Klebanoff et al. 2004;
Roychowdhury et al. 2004; Kobayashi et al.
2005; Waldmann 2006; Dubois et al. 2008; Bes-
sard et al. 2009; Zhang et al. 2009; Steel et al.
2012; Yu et al. 2012; Zhang et al. 2012). In par-
ticular, whereas following i.v. administration of
MC38 syngeneic colon carcinoma cells wild-
type mice died of pulmonary metastases within
6 wk, IL-15 transgenic mice survived for more
than 8 mo following infusions of the tumor cells.

Furthermore, Klebanoff and coworkers (2004)
showed that IL-15 enhanced the in vivo activity
of tumor-related CD8+ T cells in the T-cell re-
ceptor transgenic mouse (pmel-1) whose CD8+

T cells recognized an epitope derived from the
melanoma antigen gp100. In our studies, IL-15
was shown to prolong the survival of mice with
established DC26 and MC38 colon cancers and
with the TRAMP-C2 prostatic cancer (Zhang
et al. 2009, 2012). On the basis of animal and
laboratory trials, great interest was generated
among leading immunotherapeutic experts par-
ticipating in theNational Cancer Institute (NCI)
Immunotherapy Agent Workshop 2007 that
ranked IL-15 as the most promising unavailable
immunotherapeutic agent to be brought to ther-
apeutic trials.

TOXICITY, PHARMACOKINETICS,
IMMUNOGENICITY, AND IMPACT ON
ELEMENTS OF THE NORMAL IMMUNE
SYSTEM OF RECOMBINANT IL-15 IN
RHESUS MACAQUES

The safety of IL-15 was evaluated in rhesus ma-
caques (Mueller et al. 2005; Berger et al. 2009;
Lugli et al. 2010;Waldmann et al. 2011). Human
IL-15 was administered to rhesus macaques by
subcutaneous (s.c.) injection for up to 14 days.
Daily administration of IL-15 for 14 days caused
reversible severe neutropenia, anemia, weight
loss, generalized skin rash, and a massive expan-
sion of T cells. Recombinant human (rh)IL-15
(produced in Escherichia coli) produced by
the Biopharmaceutical Development Program,
NCI was administered at a dosing schedule of
12 daily i.v. bolus infusions at doses of 10, 20,
and 50 mcg/kg/d to rhesus macaques (Lugli
et al. 2010; Waldmann et al. 2011). The only
biological meaningful laboratory abnormality
was a grade 3/4 transient neutropenia. This
neutropenia was shown to be secondary to a
redistribution of neutrophils in that bone mar-
row examination showed increased marrow
cellularity, including cells of the neutrophil
series. A 12-d bolus of i.v. administration of
20 mcg/kg/d of IL-15 to rhesus macaques was
associated with a four- to eightfold increase in
the number of circulating NK, stem, central, and
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effector memory CD8 T cells. Subsequently, al-
ternative routes of administration were evaluat-
ed, including continuous i.v. (c.i.v.) infusion and
s.c. administration of IL-15 (Sneller et al. 2011).
The administration of IL-15 by c.i.v. at 20 mcg/
kg/d for 10 days led to an approximately 10-fold
increase in the number of circulating NK cells
and a massive 80- to 100-fold increase in the
number of circulating effector memory CD8 T
cells. s.c. infusions at 20 mcg/kg/d for 10 days
led to a more modest 10-fold increase in the
number of circulating effector memory CD8 T
cells. No vascular leak syndrome, hemodynamic
instability, or renal failure was observed in these
studies.

CLINICAL TRIALS USING IL-15 IN THE
TREATMENT OF CANCER

Five clinical trials were initiated using E. coli
rhIL-15 in the treatment of cancer. The primary
goal of our published trial: “A phase I study of
recombinant IL-15 in adults with refractory
metastatic malignant melanoma and metastatic
renal cancer” was to determine the safety, ad-
verse event profile, dose-limiting toxicity (DLT),
andMTD of IL-15 administered as a daily bolus
infusion for 12 days (Conlon et al. 2015). The
initial patient receiving 3 µg/kg/d developed
grade 3 hypotension and another patient devel-
oped grade 3 thrombocytopenia. Therefore, the
protocol was amended to add lower doses of 1.0
and 0.3 µg/kg/d. Two of the four patients given
the 1.0 µg/kg/d had persistent grade 3 alanine
aminotransferase and aspartate aminotransfer-
ase elevations that were dose limiting. All nine
patients with IL-15 administered at 0.3 µg/kg/d
received all 12 doses without DLT. Thus, the
MTD of IL-15 was determined to be 0.3 µg/kg/
d. Posttreatment in patients given 3 µg/kg/d
doses of IL-15 resulted in fever and rigors begin-
ning 2.5 to 4 h after the start of IL-15 infusions
and blood pressure drops to a nadir of∼20 mm/
Hg below pretreatment levels 5 to 9 h after the
infusion. These changes were concurrent with a
maximum of 50-fold elevations of circulating
IL-6 and IFN-γ concentrations. Flow cytometry
of peripheral blood lymphocytes revealed a dra-
matic efflux of NK and effector memory T cells

from the circulating blood within minutes of IL-
15 administration followed by influx and hyper-
proliferation, leading to a 10-fold expansion of
NK and γ/δ T cells that ultimately return to
baseline. Furthermore, there were significant in-
creases in the number of CD8 memory pheno-
type T cells. In this first-in-human phase I trial
there were no responses, with stable disease as
the best response. However, five patients mani-
fested a decrease between 10% and 30% of their
marker lesions and two patients had clearing of
lung lesions. Subsequently, alternative dosing
strategies were used, including c.i.v. and s.c. in-
fusions, so that a lower Cmax would be achieved
in trials that have been completed (Waldmann
2015).

When rhIL-15 was administered subcutane-
ously Monday–Friday for 2 weeks for a given
dose, the Cmax was approximately 10-fold less
than that observed with bolus infusion. In gen-
eral, the administration was well tolerated with
the MTD of 3.0 mcg/kg/d, which was 10-fold
greater than that observed with bolus infusions
(unpubl.). Among 22 patients, there was one
serious adverse event at 2.0 mcg/kg/d: grade 2
pancreatitis in a patient withmetastatic melano-
ma 3 days after completing cycle one. The mean
fold increase in the circulating NK cells was
11.8-fold in the cohort receiving a 3.0 mcg/kg
dose. In contrast, the mean fold increase in the
circulating CD8 T cells was relatively modest
with 3.2-fold for the 3.0 mcg/kg dose cohort.

In patients receiving rhIL-15 by continuous
i.v. infusion for 10 days, the MTD was 2.0 mcg/
kg (K Conlon and TAWaldmann, unpubl.). The
patientsmanifested amarked reduction in num-
bers of circulating NK cell numbers early during
the infusion followed by a return to normal and
5- to 10-fold increased levels. Interestingly, in
addition, they showed a phenomenon character-
ized by a major burst in the number of NK cells
that occurred 1 to 2 days following cessation of
the 10-day i.v. infusionwith a 30-fold increase in
the circulating total NK numbers andmore than
a 350-fold increase in the number of CD56bright

NK cells. In a correlative study, the latter cells
were shown to be effective as cytotoxic agents in
diverse assays, including ADCC (S Dubois and
TA Waldmann, unpubl.). These latter results
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support the use of continuous i.v. infusion of
IL-15 with anticancer monoclonal antibodies
to augment their ADCC and efficacy as antican-
cer agents (see below).

IL-15 has been engineered to exert both in-
creased agonistic and inhibitory effects. Mortier
and colleagues (2006) designed a truncated ver-
sion of IL-15Rα extracellular domain fused to
IL-15 that activated IL-15Rα-deficient cells by
stabilizing the signaling-complex formation
analogous to the effects of IL-2 superkine on
cells that lack IL-2Rα. The IL-15 fusion gener-
ated by Mortier and colleagues enhanced the
proliferative and antiapoptotic effects of IL-15.
Zhu et al. (2009) generated IL-15 agonists by
increasing the affinity of the cytokine for IL-
2Rβ, thereby impacting interface stability. An-
other focus of IL-15 engineering has been to
produce antagonists to counteract its immuno-
stimulatory activity. Pettit and colleagues (1997)
identified the Q108 residue of IL-15 critical for
γc interaction, so that when this residue is delet-
ed, one thereby abrogates cytokine-mediated
proliferation. Thus, engineered examples of IL-
2 and IL-15 could have therapeutic utility in
many aspects of immune regulation.

IL-15/IL-15Rα

Although IL-15 may show efficacy in the treat-
ment of patients with metastatic malignancy, it
is not optimal when used in monotherapy for
cancer. A particular challenge is that there is
only low-level expression of IL-15Rα on resting
DCs (Chen et al. 2012a). Physiologically, IL-15
is produced as a heterodimer in association with
IL-15Rα following stimulation of antigen-pre-
senting cells with IFN, agonistic anti-CD40, or
Toll-like receptor signaling (Schluns et al. 2004;
Mortier et al. 2008). In mice, it is only the het-
erodimer that is stably produced and trans-
ported to the surface of the cell. On cleavage
from the cell surface, minor quantities of IL-
15Rα/IL-15 were associated in the serum as
the sole form of circulating IL-15. To address
the issue of deficient IL-15Rα, both IL-15/IL-
15Rα and IL-5Rα IgFc had been produced and
entered into clinical trials that evaluated patients
with metastatic malignancy (Tinhofer et al.

2000; Chertova et al. 2013; Pharmaceutical Busi-
ness Review 2013).

It is clear from the results of clinical trials
with IL-15 or IL-15/IL-15Rα that to make a ma-
jor impact for cancer therapy, IL-15 must be
administered in combination therapy where it
optimizes the action of agents that already have
an action, albeit inadequate, in the treatment of
cancer.

AGENTS TORELIEVECHECKPOINTSONTHE
IMMUNE SYSTEM TO OPTIMIZE IL-15

IL-15 is associated with the expression of immu-
nological checkpoints, including IL-10, TIGIT,
and the expression of PD1 on CD8 T cells
(Yu et al. 2010). In addition, IL-15 was shown
to be critical in the maintenance of CD122+

CD8+ Tregs. To address the issue of induced
checkpoints, IL-15 was administered with
agents to remove such checkpoints with anti-
bodies directed toward CTLA-4 and pro-
grammed death ligand-1 (PD-L1) (Yu et al.
2010, 2012). In the CT26, MC38 colon carcino-
ma, and TRAMP-C2 prostatic cancer syngeneic
tumor models, IL-15 alone provided only mod-
est antitumor activity. The addition of either
anti-CTLA-4 or anti-PD-L1 alone in association
with IL-15 did not augment the action of IL-15.
However, tumor-bearing mice receiving IL-15
in combination with both anticheckpoint anti-
bodies together manifested a marked prolonga-
tion of survival.

COMBINATION THERAPY USING IL-15
WITH ANTICANCER MONOCLONAL
ANTIBODIES TO AUGMENT THEIR
ANTIBODY-DEPENDENT CELLULAR
CYTOTOXICITY

The predominant approaches involving cyto-
kines when used alone are based on the hypoth-
esis that the host is making an immune response
albeit inadequate to their tumor, and this action
can be augmented by the administration of the
cytokine. However, these cytokines could also
be used in drug combinations where an addi-
tional coadministered drug provides specificity
directed toward the tumor. In particular, IL-15
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could be used with anticancer vaccines, cellular
therapy, or with tumor-directedmonoclonal an-
tibodies (Sondel and Hank 1997; Moga et al.
2008; Roberti et al. 2011). Given the capacity
of IL-15 to dramatically increase the number
and activation state of NK cells and monocytes,
a very attractive antitumor combination strategy
would be to use the optimal IL-15 agent in
conjunction with an antitumor monoclonal an-
tibody to augment its ADCC. Vincent and col-
leagues (2014) reported highly potent anti-
CD20-RIL-I immunocytokine targeting of es-
tablished human B-cell lymphomas in severe
combined immune deficiency (SCID) mice.
Clinical trials have been initiated to evaluate
this strategy. Rituximab in association with IL-
15 is being used in the treatment of relapsed
and refractory follicular lymphoma. Further-
more, we have initiated a clinical trial using
alemtuzumab (CAMPATH-1/anti-CD52) along
with rhIL-15 in the treatment of patients with
HTLV-1-associated adult T-cell leukemia
(ATL), a disorder in which alemtuzumab alone
has provided responses.

IL-15 PLUS AGONISTIC ANTI-CD40
ANTIBODY

It has been shown that the administration of γ
cytokines leads to the induction of intracellular
checkpoints, including cytokine-inducible SH2-
containing protein (CIS) and SOCS-3 (Sckisel
et al. 2015). This expression of SOCS3 in turn
leads to inadequate CD4 help and the induction
of “helpless”CD8 T cells. In a series of studies, it
was shown that an agonistic anti-CD40 or CD40
ligand can substitute for inadequate CD4 cells,
thereby leading to the generation of antigen-
specific CD8 cytotoxic T cells (Bennett et al.
1998; Ridge et al. 1998; Schoenberger et al.
1998; Sckisel et al. 2015). In the murine synge-
neic TRAMP-C2 tumor model, we showed that
either IL-15 alone or with an agonistic anti-
CD40 antibody (FGK 4.5) prolonged the sur-
vival of the TRAMP-C2 tumor-bearing mice
(Zhang et al. 2009, 2012). Moreover, we showed
that the combination of IL-15 with anti-CD40
produced markedly additive effects that were
curative in the majority of mice when compared

to either agent alone. This combination ap-
peared to circumvent the problem of “helpless”
CD8 T cells, whereas administration of IL-15 or
anti-CD40 alone did not augment the number
of tumor-specific tetramer-positive CD8 T cells
in the TRAMP-C2 model system; administra-
tion of the combination of IL-15 plus the ago-
nistic anti-CD40 antibody was associated with a
meaningful increase in the number of TRAMP-
C2 tumor-specific SPAS-1/SNC9-H8 tetramer-
positive CD8 T cells. It is hoped that with the
diverse approaches discussed IL-15 will take a
place in the combination treatment of cancer
(Zhang et al. 2009, 2012).

CYTOKINE DISORDERS ASSOCIATED
WITH MALIGNANCY

The studies that have just been discussed focus
on the use of cytokines to increase patient im-
mune responses to their tumor. Other efforts
have the opposite goal of diminishing cytokine
action in situations in which disorders of their
expression play a pathogenic role in the malig-
nancy. The γ cytokines and their signaling path-
way appear frequently disordered in lymphoid
malignancy. In the case of T-cell malignancy,
abnormal activation of the γ-cytokine receptor
JAK/STAT system in the presence and absence
of mutations of these proteins was shown to be
pervasive in a proportion of patients with di-
verse T-cell malignancies as assessed by pSTAT3
and pSTAT5 phosphorylation and nuclear
translocation (Chen et al. 2012b; Kucuk et al.
2015; TAWaldmann, unpubl). Activating mu-
tations predominantly of the SH2 domains of
STAT3 and STAT5 and the pseudokinase do-
mains of JAK1 and JAK3 were described in
some but not all cases with activation of the
signaling pathway. However, activating JAK
and STAT mutations were not sufficient to ini-
tiate leukemic cell proliferation but rather only
augmented signals from upstream in a cyto-
kine–cytokine receptor pathway. Even with mu-
tations of JAK and STAT, activation required the
full pathway, including the cytokine and cyto-
kine receptor acting as a scaffold and docking
site for the required downstream JAK/STAT
elements.
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The fundamental insight that disorders
of the γc/JAK/STAT system are pervasive in
T-cell malignancy suggests novel therapeutic
approaches discussed below. In addition to ac-
tivating mutations of the receptor and JAK/
STAT system, certain T-cell malignancies were
shown to have an increased expression of select
γc cytokines that led to augmented STAT/JAK
signaling. Such increases in γ cytokine produc-
tion were observed in HTLV-1-associated ATL
(Tendler et al. 1990; Migone et al. 1995; Chen
et al. 2008; Ju et al. 2011). ATL is an aggressive
T-cell lymphoproliferative disorder character-
ized by the presence of malignant CD4, CD25-
expressing cells in the peripheral blood and in
lymphoid and other tissues. Epidemiological
studies showed clear association of disease
with the presence of the retrovirus HTLV-1.
The retrovirus HTLV-1 encodes a 40-kDa pro-
tein Tax that transactivates two autocrine (IL-2/
IL-2Rα, IL-15/IL-15Rα) and one paracrine (IL-9)
γ cytokine. Associated with these two autocrine
andparacrine pathways, the ex vivo leukemic cells
proliferate spontaneously. These cytokine–cyto-
kine receptor loops lead to activation of the JAK1,
JAK3, and STAT5 signaling pathway, and the as-
sociated ex vivo spontaneous proliferation that
was inhibited by tofacitinib.

IL-15 has been reported to play a role in
CTCL (Dobbeling et al. 1998; Leroy et al.
2001). IL-15 expression was shown in CTCL tu-
mor tissues, and IL-15was stimulatory forCTCL
cells in vitro. Analysis ex vivo of Sézary cells and
CTCL cell lines by reverse transcription poly-
merase chain reaction (RT-PCR) indicated that
these cells expressed IL-15 in messenger RNA
(mRNA). In CTCL cells, there was down-regu-
lation of ZEB1, a candidate tumor suppressor
that normally inhibits IL-2 and IL-15 expression
(Nakahata et al. 2010). Furthermore, there was
a report of hypermethylation of the ZEB1-bind-
ing site in the promoter of IL-15 (Mishra et al.
2015). Thus, IL-15 appears to be a growth and
viability factor for CTCL cell lines, andmay play
an important role in CTCL biology.

Gene-expression analysis of human an-
gioimmunoblastic T-cell lymphoma (AITL), a
malignancy of Tfh cells, showed that essentially
all cases expressed elevated levels of transcripts

for IL-21, IL-21R, and a series of genes associ-
ated with Tfh cell development and function
(Jain et al. 2015).

THE CYTOKINE–CYTOKINE RECEPTOR
AND JAK/STAT SYSTEM AS TARGETS
FOR TREATMENT OF MALIGNANCY

As just noted, disorders of the γ cytokine, JAK/
STAT signaling pathway are pervasive in T-cell
malignancy, suggesting new molecular targets
and novel therapeutic opportunities that may
revolutionize the treatment of these tumors,
which are usually associated with a very poor
prognosis. Such therapeutic approaches include
targeting the γc cytokines directly, agents
that block cytokine receptor interactions, and
JAK kinase inhibitors (Fig. 4). Such diverse ap-
proaches include the use of neutralizing an-
tibodies to γc-receptor-dependent cytokines
(IL-2, IL-15, and IL-21 antibodies), blocking
antibodies to their receptors, small molecule in-
hibitors interdicting cytokine–cytokine receptor
interaction, and JAK kinase inhibitors (Ferrari-
Lacraz et al. 2001, 2004). Antibodies directed to
IL-15 have been evaluated in rheumatoid arthri-
tis andmay be of value in the treatment of CTCL
in which disorders of IL-15 have been identified.
The specific α chains of the γc cytokines and IL-
2/IL-15Rβ shared by IL-2 and IL-15 have been
shown to be valuable targets in the treatment of
select T-cell malignancies (Vincenti et al. 1998;
Waldmann et al. 2001, 2007; Berkowitz et al.
2014). Monoclonal antibodies directed toward
the specific IL-2 receptor subunit IL-2Rα have
been approved by the U.S. FDA for use in the
prevention of organ transplant rejection and in
the treatment of autoimmunity. Furthermore,
anti-IL-2Rα (daclizumab) anti-Tac (Zenapax/
Zinbryta) has been shown to be of value in the
treatment of patients with smoldering and chron-
ic ATL (Berkowitz et al. 2014). The rationale for
this target was that IL-2Rα was not expressed by
most normal resting cells with the exception of
Tregs but was expressed by various T-cell leuke-
mias, including ATL. An antibody to IL-2/IL-
15Rβ, Hu-Mikβ1 has been used to inhibit IL-15
action inpatientswith large granular lymphocytic
leukemia (LGL) (Waldmann et al. 2013).
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Recently, two modifications of IL-2 have
been generated that block binding of normal
IL-2 and IL-15 to IL-2/IL-15Rβ and γc, thereby
simultaneously inhibiting the actions of both IL-
2 and IL-15 (Fig. 5). BNZ-1 binds only to the γc
but not IL-2/IL-15Rβ (Nata et al. 2015). In par-
allel, the RETR mutant of H9 super-IL-2 (de-
noted H9-RETR) binds tightly to IL-2/IL-15Rβ
but not γc (Mitra et al. 2015). Both agents prevent
the heterodimerization of IL-2Rβ with γc that is
required for signaling. These agents are being
evaluated in murine xenograft models of ATL.

As noted above, a subset of patients with
virtually all forms of T-cell malignancies require
the activation of JAKs for malignant T-cell pro-
liferation, thus providing the scientific basis for
the use of JAK inhibitors in the treatment of
patients with T-cell malignancy (Koskela et al.
2012; Crescenzo et al. 2015). The JAK1/2 inhib-
itor ruxolitinib and the JAK1/2/3 inhibitor tofa-
citinib diminished the proliferation of malig-
nant T-cell lines and of ex vivo malignant
leukemic cells supporting the use of such inhib-

itors (Leonard and O’Shea 1998; Ju et al. 2011;
O’Shea et al. 2013). A clinical trial using the
JAK1/2 inhibitor ruxolitinib is underway in pa-
tients with smoldering and chronic ATL where-
in HTLV-1 Tax transactivates IL-2, IL-15, and
IL-9 systems (Chen et al. 2008; K Conlon and
TAWaldmann, unpubl.). With rare exceptions,
T-cell malignancies are associated with activa-
tion of γc cytokine, JAK1/3, STAT3/5 signaling
but not activation of JAK2. However, both tofa-
citinib and ruxolitinib inhibit JAK2 in addition
to the desired JAK1 and JAK3. This off-target
JAK2 inhibition interferes with the signaling
mediated by thrombopoietin, erythropoietin
IL-3, IL-5, and GM-CSF, leading to thrombocy-
topenia, anemia, and neutropenia, which in turn
are associated with an increased incidence of
infections, including herpes zoster and tubercu-
losis. In light of the toxicities caused by JAK2
inhibition, agents with greater JAK specificity
are being developed. Filgotinib, which preferen-
tially inhibits JAK1 is in the clinic. However,
JAK1 activates and inhibits cytokines, including
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Figure 4. A series of approaches has been developed to block γ chain (γc) cytokine, Janus kinase/signal trans-
ducers and activators of transcription (JAK/STAT) signaling in T-cell malignancies and autoimmune disorders.
Such therapeutic approaches include targeting the γc cytokines directly, agents that block cytokine receptor
interactions, and JAK kinase inhibitors. H9-RETR, the RETR mutant of H9 super-IL-2. (This figure was previ-
ously published as Figure 4 in Waldmann et al. 2017. It is now reproduced with permission.)
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IFNs, in addition to γc cytokines. JAK3 is an
alternative attractive target because its expres-
sion is restricted to cells of the hematopoietic
lineage and is exclusively associated with the
common γ chain. Mutations of JAK3 in humans
or mice resulted in abnormalities restricted to
SCID (Noguchi et al. 1993; Macchi et al. 1995;
Russell et al. 1995; Liao et al. 2011b).

Nevertheless, Haan and coworkers (2011)
have reported that JAK1 has a dominant role
over JAK3 in signal transduction through γc-
containing cytokine receptors and conclude
that a selective adenosine triphosphate (ATP)
competitive JAK3 kinase inhibitor would not
be effective as a therapeutic agent. In contrast,
Smith et al. (2016) showed that a selective cova-
lent inhibitor of JAK3 (JAK3i) blocked IL-2-stim-
ulated proliferation with great selectivity. This ob-
servation reflected the temporal disassociation of

IL-2 signaling, whereas JAK3i revealed a basic
biphasic role for JAK3 catalytic activity in CD4+

T cells. The JAK3i blocked a second wave of IL-2-
mediated signaling. Thus, the results of Smith
et al. contradict the conclusions of Haan et al.
and reveal the preferential requirement for JAK3
kinase activity in a second wave of IL-2-mediated
signaling, indicating that it would be a very attrac-
tive target in the treatment of T-cell malignancy.

CONCLUSIONS AND FUTURE DIRECTIONS

Cytokines play pivotal roles in the actions of the
innate and adaptive immune system that nor-
mally are directed toward eliminating invading
pathogens and the prevention of the develop-
ment of neoplasia. Cytokines acting in autocrine
and paracrine fashion regulate the immune sys-
tem and play important roles in the control of
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Figure 5.Modified interleukin (IL)-2 to simultaneously inhibit IL-2 and IL-15 action. Twomodifications of IL-2
have been generated that block binding of normal IL-2 and IL-15 to IL-2/IL-15Rβ and γ chain (γc), thereby
simultaneously inhibiting the actions of both IL-2 and IL-15. BNZ-1 (left) binds only to the γc but not IL-2/IL-
15Rβ (Nata et al. 2015). In parallel, the RETRmutant of H9 superkine IL-2 (H9-RETR, right) binds tightly to IL-
2/IL-15Rβ but not γc (Mitra et al. 2015). Both agents prevent the heterodimerization of IL-2Rβ with γc, which is
required for signaling.
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this system. Currently, IFN-α, IFN-β, IL-2, and
GM-GSF are approved for various clinical in-
dications, including anticancer treatment, and
others, such as IL-12, IL-15, and IL-21, are un-
dergoing clinical evaluation. Despite efforts to
develop systemic monotherapy with cytokines
for cancer, this approach has several limitations
that must be overcome for cytokines to play a
dominant role in the immunotherapy of cancer.
There is a failure to achieve adequate concentra-
tions of cytokines at the immune cells in the
tumor bed. To address this limitation, antibody
cytokine fusion proteins have been generated to
deliver the cytokine primarily to the tumor bed.
Also, the cytokines often elicit immune check-
points; for example, IL-2 stimulates the survival
of Tregs. One strategy that has been used is ge-
netic engineering tomodify the IL-2molecule so
that it binds tightly to the β and γ chain and does
not require the presence of the α chain that is
expressed byTregs.Analternative strategymight
be to use IL-2 with an antibody to CCR4 (e.g.,
mogamulizumab) that is expressed predomi-
nantly byTregs amongnormal cells.A limitation
of GM-CSF is the elicitation of granulocyte-sup-
pressive cells. Most of the cytokines, including γ
cytokines, rapidly elicit the intracellular expres-
sion of one of the eight SOCS family of proteins
that dephosphorylate JAKs and STATs (Sckisel
et al. 2015). This yields inadequate helper CD4
cells yielding “helpless” antigen-nonspecific
CD8 T cells. In the case of IL-15, this is being
addressed by the administration of IL-15 with
anti-CD40 that eliminates the requirement for
CD4 helper cells (Sckisel et al. 2015). Cytokines
such as IL-2 and especially IL-15 dramatically
augment the number and state of activation of
NK cells. However, the action of these cells is
aborted by the interaction of an inhibitory KIR
andNKG2A receptor with self-class 1MHCand
A or B and E, respectively, which is expressed on
the tumor cells. To address this impediment, cy-
tokines, including IL-15, are being coadminis-
tered with antitumor monoclonal antibodies to
augment the NK-mediated ADCC of the anti-
cancer monoclonal antibodies.

It is hoped that with novel combination ap-
proaches, cytokines will ultimately play a major
role in cancer immunotherapy.
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