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IL-15 is a proinflammatory cytokine that plays an essential role
in the development and activation of natural killer (NK) cells.
Adipose tissue acts as an endocrine organ that secretes cyto-
kines and is an important reservoir for lymphocytes. We hy-
pothesized that activation of the IL-15 signaling in adipose tis-
sue will activate and expand the NK cell population and control
tumor growth. We recently developed an adipocyte-targeting
recombinant adeno-associated viral (rAAV) vector with mini-
mal off-target transgene expression in the liver. Here, we
used this rAAV system to deliver an IL-15/IL-15Ra complex
to the abdominal fat by intraperitoneal (i.p.) injection. Adipose
IL-15/IL-15Ra complex gene transfer led to the expansion of
NK cells in the adipose tissue and spleen in normal mice
without notable side effects. The i.p. injection of rAAV-IL-
15/IL-15Ra complex significantly suppressed the growth of
Lewis lung carcinoma implanted subcutaneously and exerted
a significant survival advantage in a B16-F10 melanoma metas-
tasis model. The antitumor effects were associated with the
expansion of the NK cells in the blood, spleen, abdominal fat,
and tumor, as well as the enhancement of NK cell maturity.
Our proof-of-concept preclinical studies demonstrate the
safety and efficacy of the adipocyte-specific IL-15/IL-15Ra
complex vector as a novel cancer immune gene therapy.

INTRODUCTION
Natural killer (NK) cells are part of the innate immune system and
play an essential role in cancer immune surveillance by killing malig-
nant cells and suppressing tumor growth.1,2 NK cells are dependent
on the presence of the cytokine interleukin (IL)-15, which supports
their development and triggers their proliferation, motility, activa-
tion, and cytotoxic effector molecule expression.3–5 In addition,
IL-15 maintains the survival of CD8 memory cells and induces the
proliferation, survival, and function of effector CD8 T cells.6,7 IL-15
shares many structural features with IL-2 that include the use of
the two common receptor (R) subunits (IL-2/IL-15Rb and IL-2/IL-
15Rg) and similar intracellular signaling. The high-affinity form of
the IL-15R is a cytokine-specific Ra subunit, IL-15Ra.8 The primary
mechanism by which IL-15 exerts its effect on NK and T cells is by
trans-presentation of the IL-15/IL-15Ra complex expressed on the
922 Molecular Therapy Vol. 27 No 5 May 2019 ª 2019 The American S
membrane of activated monocytes and dendritic cells to the IL-2R/
IL-15Rb and -g heterodimer expressed on effector T, B, and NK
cells.9

Increasing evidence from basic research and clinical studies has
demonstrated promising antitumor effects of NK-cell-based immu-
notherapy. Hence, IL-15 signaling may be a tool for cancer immuno-
therapy by enhancing the antitumor response of NK and CD8 T cells.
The use of IL-15, alone or in combination with vaccines and drug
treatments, has proven effective in treating tumors in animal
models.10 However, the IL-15 protein has shown several limitations,
such as the short half-life and low biological activity in vivo,11,12

possibly contributing to modest antitumor responses in patients.13

To address this limitation, IL-15/IL-15Ra complex or IL-15/IL-
15Ra complex derivatives such as ALT-803 have been developed14,15

and have been shown to be superior to IL-15 alone due to their
extended half-life; longer persistence in tissues; and enhanced anti-
tumor effect in cancer models of murine multiple myeloma,16 rat
bladder cancer,14 murine glioblastoma,17 murine breast and colon
cancer,18 and human ovarian cancer.19

Recombinant adeno-associated virus (rAAV) vectors are attractive
gene delivery vehicles for both basic research and clinical gene ther-
apy of genetic and acquired diseases due to their gene delivery effi-
cacy, lack of pathogenicity, and strong safety profile.20 We developed
a dual-cassette AAV vector system which, when packaged to the en-
gineered hybrid serotype Rec2, selectively transduces adipose tissues
with minimal off-target transgene expression in the liver. A single
intraperitoneal (i.p.) injection of the adipose-targeting AAV vector
ociety of Gene and Cell Therapy.
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Figure 1. Adipocyte Gene Transfer of the IL-15/

IL-15Ra Complex Shows No Notable Toxicity

(A) Schematic of AAV vectors. (B) mRNA expression

level of the IL-15/IL-15Ra complex in VAT adipocytes.

(C) Protein level of the IL-15/IL-15Ra complex in serum.

(D) Weight change. (E) Food intake. (F) Body temperature.

(G) Concentration of ALP, ALT, AST, and GGT in serum.

(H) Absolute number of splenocytes. (I) Complete blood

count with differentials. Data represent mean ± SEM;

n = 5 per group. *p < 0.05; ***p < 0.001.
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containing leptin at a low dose completely rescues the metabolic syn-
dromes of leptin-deficient ob/obmice.21Whether adipose tissue could
be targeted for cancer therapy has yet to been assessed. Previous
studies have shown that adipocyte IL-15 plays an essential role in
regulating NK cell development locally and systemically.22 We hy-
pothesized that increasing the expression of the IL-15/IL-15Ra com-
plex in the adipose tissue, using gene therapy for cancer control, could
be an alternative to other forms of IL-15 delivery, resulting in less
toxicity and lowering the peak dose of serum IL-15. To test this hy-
pothesis, we synthesized an IL-15/IL-15Ra complex transgene linking
IL-15 and IL-15Ra with a 2A sequence23–25 and packaged this with
the novel adipose-targeting rAAV vector. Two cancer models—a sub-
cutaneous implantation of Lewis lung carcinoma (LLC) and a meta-
static model with i.p. injection of B16-F10 melanoma26—were used in
the proof-of-concept studies.
M

RESULTS
rAAV-Mediated Gene Delivery of IL-15/

IL-15Ra Complex to Visceral Fat Shows No

Notable Toxicity

Wehave previously reported that a dual-cassette
AAV serotype Rec2 vector system achieved
highly selective transduction of visceral fat while
severely restricting off-target transduction of
liver via i.p. injection.21 As shown in Figure 1A,
this AAV vector harbors two expression cas-
settes: one using the chicken b-actin (CBA) pro-
moter to drive transgene expression and the
other using the liver-specific albumin promoter
to drive a microRNA-targeting the WPRE
sequence that only exists in this AAV vector.
We cloned the IL-15 and IL-15Ra cDNA
sequence to this vector using a 2A sequence to
express these two proteins from one transcript
to form a functional complex. Empty vector
containing identical backbone without the
transgene was used as a control. The mice
received either Rec2-IL-15/IL-15Ra complex
or Rec2-empty (2 � 1010 viral genome [vg] per
mouse, i.p. injection) and were monitored for
5 weeks. Adipocytes from visceral adipose tissue
(VAT) exhibited an�200-fold increase of IL-15
mRNA in IL-15/IL-15Ra-complex-treated mice
(Figure 1B). The IL-15/IL-15Ra complex protein level in serum was
65% higher in IL-15/IL-15Ra-complex-treated mice than in control
mice (Figure 1C). Bodyweight and food intake weremeasured weekly,
and no differences were observed (Figures 1D and 1E). Rectal temper-
atures were recorded at 5 weeks and showed no difference (Figure 1F).
At 5 weeks post-rAAV injection, mice were sacrificed, blood and
serumwere collected, and liver function tests were obtained.No signif-
icant changes were found in the liver function panel (Figure 1G),
spleen weight (data not shown), absolute number of splenocytes (Fig-
ure 1H), or complete blood count with differentials (Figure 1I).

Adipose Gene Transfer of the IL-15/IL-15Ra Complex Expands

NK Cells in Spleen and VAT

Further studies were undertaken to characterize the IL-15/
IL-15Ra-complex-mediated lymphocyte profile. In spleen, the
olecular Therapy Vol. 27 No 5 May 2019 923
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Figure 2. Adipocyte Gene Transfer of the IL-15/IL-15Ra Complex Expands NK Cells in Spleen and VAT

(A) Representative flow cytometry of NK cells and T cells in spleen. (B) Percentage of NK cells and T cells in spleen. (C) Percentage of CD4 or CD8 T cells in spleen. (D) Percent

CD69 expression overall and subsets of splenic NK cells. (E) Representative flow cytometry of IFN-g level within splenic NK cells. (F) IFN-g expression on NK, CD4, and CD8

cells in spleen after 6 h in vitro stimulation. (G) Percentage of T cells and NK cells in VAT. (H) Percentage of CD4 and CD8 T cells in VAT. (I) CD4/CD8 ratio in VAT. Data

represent mean ± SEM; n = 5 per group. *p < 0.05; ***p < 0.001.
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percentage of NK cells was approximately 2-fold higher in the IL-
15/IL-15Ra-complex-treated mice than in the control-treated mice.
The absolute number of NK cells was significantly increased in the
spleen by 2-fold in the IL-15/IL-15Ra-complex-treated mice versus
924 Molecular Therapy Vol. 27 No 5 May 2019
the control group (2.62 ± 0.22 [versus 1.24 ± 0.14] � 106 NK cells,
p < 0.01). In contrast, the overall T cell percentage was reduced by
4% (Figures 2A and 2B), yet there was no change in the percentage
of CD4 or CD8 T cells (Figure 2C). No significant change in CD69
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expression was observed in NK cells in the IL-15/IL-15Ra-com-
plex-treated mice (Figure 2D). Mouse NK cell subsets are defined
by the surface density of CD27 and CD11b and classified as precur-
sor (I, CD11blowCD27low), immature (II, CD11blowCD27high),
proinflammatory (III, CD11bhighCD27high), or cytotoxic (IV,
CD11bhighCD27low).27 IL-15/IL-15Ra complex treatment pref-
erentially decreased the stage II NK cell subset and increased the
stage IV NK cell subset (Figure 2D). An in vitro stimulation exper-
iment showed that treatment with the IL-15/IL-15Ra complex had
no effects on interferon (IFN)-g secretion from NK, CD4, or CD8
cells (Figures 2E and 2F). Moreover, no changes in the splenic reg-
ulatory T cells or in the VAT were observed (data not shown). In
VAT, the IL-15/IL-15Ra-complex-treated mice showed a doubling
of the percentage of NK cells and a 3-fold increase in the absolute
number of NK cells (150 ± 16.7 [versus 47 ± 7.3] � 103 NK cells,
p < 0.01), while it had no significant effect on the percentage of
total T cells or the CD4/CD8 ratio (Figure 2G).

Adipose IL-15/IL-15Ra Complex Gene Therapy Suppresses LLC

Growth

To investigate the effect of IL-15/IL-15Ra complex gene transfer into
VAT on the growth of a distant tumor, LLC cells were implanted
subcutaneously on the flank 5 weeks after i.p. injection of Rec2-IL-
15/IL-15Ra complex or Rec2-empty. The IL-15/IL-15Ra-complex-
treated mice showed an approximately 50% reduction in tumor
weight and tumor size (Figures 3A–3C). The immune profile was
characterized in tumor, spleen, and VAT. In the tumors of IL-15/
IL-15Ra-complex-treated mice, the tumor-infiltrating lymphocytes
(TILs) showed an approximately 25% increase in the percentage of
NK cells, whereas there was no change in the percentage of T cells
(Figures 3C and 3D). There was no change in the percentage of
CD4 or CD8 T cells within the tumors (Figure 3E). In the spleen,
IL-15/IL-15Ra-complex-treated mice selectively increased NK cell
percentage by 2-fold but showed no change in total percentage of
T cells (Figure 3F). The absolute number of splenic NK cells was
significantly increased in the IL-15/IL-15Ra-complex-treated group
compared to that in the control group (2.72 ± 0.26 [versus 1.11 ±

0.08] � 106 NK cells, p < 0.001). Of note, IL-15/IL-15Ra-complex-
treated mice showed a significantly reduced percentage of CD4
T cells and increased CD8 T cells within the spleen, thereby reducing
the CD4/CD8 ratio (Figure 3G). Furthermore, IL-15/IL-15Ra-com-
plex-treated mice showed a decrease in the percentage of stage I,
II, and III splenic NK cells but an increase in stage IV NK cells (Fig-
ure 3H), which have the highest cytotoxic capacity.28 In the VAT, IL-
15/IL-15Ra-complex-treated mice also showed an increase in the
percentage and absolute number of NK cells (absolute numbers:
235 ± 24 [versus 93 ± 5.4] � 103, p < 0.01), and a reduced CD4/
CD8 ratio (Figures 3I–3K).

Adipose IL-15/IL-15Ra Complex Gene Therapy Prolongs

Survival in a Mouse Model of B16-F10 Metastatic Melanoma

To determine whether IL-15/IL-15Ra complex gene therapy could
exert survival benefit, B16-F10 melanoma cells were intraperitoneally
implanted 5 weeks after the i.p. injection of Rec2- IL-15/IL-15Ra
complex. Treatment with the IL-15/IL-15Ra complex significantly
extended the median survival by approximately 40% (18 days for con-
trol-treated mice and 25 days for IL-15/IL-15Ra-complex-treated
mice, p < 0.001; Figure 4A).

Adipose IL-15/IL-15Ra Complex Gene Therapy Elicits Antitumor

and Immune Responses in a Model of Metastatic Melanoma

To examine the tumor burden, immune profiles, and survival in the
preclinical model of metastatic melanoma, we repeated the i.p.
Rec2-IL-15/IL-15Ra complex gene therapy and measured the tumor
burden by luciferase imaging 10 days after melanoma implantation.
The luciferase signal intensity was 60% lower in IL-15/IL-15Ra-com-
plex-treated mice when compared to vector-control-treated mice
(Figures 4B and 4C). Multiple large tumors were observed in all of
the control-treated mice on day 10 (Figure 4D). In contrast, signifi-
cantly smaller tumors were found in all of the IL-15/IL-15Ra-com-
plex-treated mice (all mice were shown in Figure 4D). The adipocyte
overexpression of the IL-15/IL-15Ra complex was confirmed by
qRT-PCR (Figure 4E).

Next, we further characterized the immune profile. In blood, treat-
ment with the IL-15/IL-15Ra complex gene therapy increased the
percentage of NK cells by �2-fold without proportional change for
the total percentage of T cells (Figure 5A). There was no percent
change in CD4 or CD8 T cell subsets (Figure 5B). Consistent with
the findings in mice treated without tumor (Figure 2D) and in the
LLC mouse model (Figure 3H), treatment with the IL-15/IL-15Ra
complex gene therapy shifted the NK cell development toward the
most mature stage, with a reduction of stage II and an increase of
stage IV (Figure 5C). IL-15/IL-15Ra-complex-treated mice displayed
a significantly higher CD44 expression on CD4 and CD8 T cells
compared to vector-control-treated mice (Figure 5C), which is a
marker indicative of effector-memory T cells.29,30 The spleen im-
mune phenotype was similar to that of blood (Figures 5E–5G), and
the absolute number of NK cells was significantly increased in
the IL-15/IL-15Ra-complex-treated mice versus the control group
(2.55 ± 0.10 [versus 1.17 ± 0.11] � 106, p < 0.001). Of note, CD69
expression on NK cells in the spleen was significantly lower in IL-
15/IL-15Ra-complex-treated mice (Figure 5F). In vitro stimulation
with the IL-15/IL-15Ra complex showed a significant increase of
IFN-g secretion for NK, CD4, and CD8 T cells taken from the
mice treated with the IL-15/IL-15Ra complex compared to controls
(Figures 5H and 5I). Within the tumors taken from mice treated with
IL-15/IL-15Ra complex gene therapy, the percentages of T cells and
NK cells were significantly higher when compared with tumors from
vector-control-treated mice; NK cell percentage increased approxi-
mately 4-fold, whereas the T cell increase was restricted to the
CD8+ subset with a percentage increase of approximately 50% (Fig-
ures 6A–6C). Interestingly, VAT showed a significant increase in the
percentage and absolute number of NK cells in the IL-15/IL-15Ra-
treated group versus those of the control group (absolute numbers:
181 ± 11.2 [versus 106 ± 8.3] � 103, p < 0.001), but a significant
decrease in the percentage of T cells, restricted to the CD8+ subset
(Figures 6D–6F).
Molecular Therapy Vol. 27 No 5 May 2019 925

http://www.moleculartherapy.org


A B

C D E

F G H

I J K

Figure 3. Adipocyte IL-15/IL-15Ra Complex Gene Therapy Suppresses LLC Growth

(A) LLC tumors dissected out of sacrificed mice 19 days post-implantation. (B) Tumor mass. (C) Representative flow cytometry of NK cells and T cells in tumor. (D) The

percentage of NK cells and T cells in tumor. (E) The percentage of CD4 or CD8 T cells in the tumor. (F) Percentage of T cells and NK cells in the spleen. (G) Percentage of CD4

or CD8 T cells in the spleen. (H) The percentage of CD69 expression on splenic NK cells and the percentage of NK cell subsets in spleen. (I) Percentage of NK cells and T cells

in VAT. (J) Percentage of CD4 and CD8 T cells in VAT. (K) CD4/CD8 ratio in VAT. Data represent mean ± SEM; n = 10 per group. *p < 0.05; ***p < 0.001.
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A Figure 4. Adipocyte IL-15/IL-15Ra Complex Gene

Therapy Prolongs Survival in a Preclinical Mouse

Model of Metastatic Melanoma

(A) Kaplan-Meier survival curve analysis of mice treated

via i.p. injection with IL-15/IL-15Ra complex gene therapy

or with vector control, followed by i.p. injection of B16-

F10 melanoma cells. (B) In vivo bioluminescence imaging

of luciferase-expressing B16-F10 at day 10 post-tumor

implantation in a separate experiment. (C) Total biolumi-

nescence activity (photons per second). (D) Images of all

mice at sacrifice 11 days post-tumor implantation. White

arrowheads point to large melanoma tumors. (E) VAT

adipocyte IL-15/IL-15Ra complex expression. Data

represent mean ± SEM; n = 10 per group. ***p < 0.001.
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DISCUSSION
Adipose tissue is a multifunctional organ that regulates whole-body
metabolic homeostasis and produces scores of adipokines, cyto-
kines, and other endocrine substances. Although adipose tissue is
among the most abundant tissues and more accessible compared
to liver, gene therapies targeting adipose tissue are scarce, largely
due to the lack of efficient gene delivery vehicles. We have recently
developed a rAAV serotype vector system coupled with a dual-
cassette design that achieves high transduction of multiple visceral
fat depots by i.p. injection at a dose of 1 to 2 orders lower than
commonly used doses for systemic gene delivery with minimal
off-target transduction of the liver. This new rAAV vector system
paves the way to target adipose tissue for gene therapy of genetic
and acquired diseases.21 Our study demonstrated that rAAV-medi-
ated gene delivery of the IL-15/IL-15Ra complex to visceral fat at a
low dose effectively stimulated NK cells, suppressed tumor progres-
sion, and prolonged survival in preclinical animal models of cancer.
M

To our knowledge, this is the first attempt
to target adipose tissue for gene therapy of
cancer.

IL-15 plays an essential role in both the innate
and adaptive immunity and is co-expressed
with IL-15Ra to form a protein complex in an-
tigen-presenting cells, hence activating NK and
T cells by trans-presentation.8–10 Previous
studies have shown that the soluble IL-15/IL-
15Ra complex delivers a 50-fold more potent
immune stimulatory effect than IL-15 alone31

and is more efficacious in treating solid and
metastatic tumors in animal models.9,32,33 One
concern with IL-15 protein administration is
side effects such as neutropenia and hypoten-
sion, which are most likely due to the spike in
the serum concentration of IL-15.34,35 An IL-
15 superagonist is reported to induce weight
loss, hypothermia, and liver injury in mice
similar to those reported in humans.36 Several
reports using plasmids to overexpress IL-15 or
both IL-15 and IL-15Ra have shown no apparent liver toxicity but
have shown enlarged spleens due to an increase in splenocytes.15,37

In our study, adipose IL-15/IL-15Ra complex gene delivery resulted
in an �200-fold increase of IL-15 mRNA in the transduced adipose
depot, along with an approximately 2-fold increase of the IL-15/IL-
15Ra complex protein in the serum with no changes in behavior,
weight, body temperature, organ size, or liver toxicity. We achieved
elevated levels of the IL-15/IL-15Ra complex 5 weeks after a single
administration of the construct, resulting from continuous produc-
tion of the IL-15/IL-15Ra complex by the adipose tissue and without
measurable toxicity. The IL-15/IL-15Ra complex was capable of
inducing a significant percent increase of NK cells in the spleen,
VAT, tumor, and blood, as well as percent increase in CD8 and
CD4 memory T cells in the blood. Therefore, a single i.p. treatment
with the IL-15/IL-15Ra complex gene therapy targeting adipose tis-
sue appears as an effective way to target immune effector cells while
olecular Therapy Vol. 27 No 5 May 2019 927
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Figure 5. IL-15/IL-15Ra Complex Gene Therapy

Induces an Antitumor Immune Phenotype in a

Preclinical Mouse Model of Metastatic Melanoma

(A) Percentage of NK cells and T cells in blood. (B) The

percentage of CD4 or CD8 T cells in blood. (C) The per-

centage of NK cell subsets in blood. (D) The percentage of

CD44 expressed on CD4 or CD8 T cells in blood. (E) The

percentage of NK cells and T cells in spleen. (F) The

percentage of CD69 expression on splenic NK cells and

the percentage of NK cell subsets in spleen. (G) The

percentage of CD4 or CD8 T cells in spleen. (H) Repre-

sentative flow cytometry of IFN-g in splenic NK cells.

(I) IFN- g expression in NK, CD4, and CD8 cells from

spleen after 6 h in vitro stimulation. Data represent mean ±

SEM; n = 10 per group. *p < 0.05; ***p < 0.001.
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suppressing tumor growth and to prolong survival without any
apparent toxicity.

A transgenic mouse line overexpressing a high dose of endogenous
IL-15 is associated with tumor formation.38 This could be related to
chronic exposure to high levels of IL-15, the strain of mouse (FVB),
neither, or both.We have identified the humanNKT cell most suscep-
tible to chronic IL-15 stimulation39 and could monitor for the expan-
sion of this small subset under conditions of chronic IL-15/IL-15Ra
complex production resulting from selective expression of the com-
plex in adipocytes in future studies.

Treatment with the IL-15/IL-15Ra complex gene therapy induced an
increase in both the percentage and absolute number of splenic and
adipose NK cells when compared to vector-control-treated mice,
and there was a preferential percent increase in the cytotoxic
(CD11bhighCD27low) NK subset in the spleen. These increases, along
928 Molecular Therapy Vol. 27 No 5 May 2019
with a consistent increase in percent NK cells in
the tumor, were associated with an antitumor
effect in each of the tumor models that were
studied in this report; however, depletion of
the NK cell population to establish a cause
and effect was not pursued in this study.

There are several explanations for the increase
of NK cells in the spleen in the absence of tumor
implantation. One is the increase in the circu-
lating level of the IL-15/IL-15Ra complex that
can promote the survival, proliferation, and dif-
ferentiation of mouse NK cells toward the most
potent cytotoxic subset with a longer life-
span.38,40,41 The other possibility is that the in-
crease of IL-15/IL-15Ra complex in the adipose
tissue supports the development and prolifera-
tion of adipose resident NK cells that can leave
the adipose tissue and populate other organs
such as the spleen.22 Of note, in the absence of
cancer, adipose IL-15/IL-15Ra complex gene
therapy expanded the NK population in the spleen modestly
(�2 fold) without toxicity, compared to four repeated i.p. infusions
of IL-15/IL-15Ra complex protein, which induced a 16-fold increase
in NK cells associated with toxicity and organomegaly,36 or hepatic
IL-15/IL-15Ra complex gene therapy delivered intravenously (i.v.),
which induced a 46.9-fold increase in NK cells associated with orga-
nomegaly.15,37 Furthermore, the mice in our study that did not have
tumors but were treated with IL-15/IL-15Ra complex gene therapy
had NK cells that were not activated, as evidenced by the absence
of an increase in NK cell IFN-g production upon stimulation when
compared to mice treated with the empty vector control. In contrast,
when challenged by a tumor, mice treated with IL-15/IL-15Ra com-
plex gene therapy displayed a robust immune response characterized
by a relative expansion of NK cells in the spleen, adipose tissue, blood,
and tumor; a relative increase in the percentage of CD8 and CD4
memory cells in the blood; and a significant increase in the expression
of IFN-g when compared to vector-control-treated mice. In addition,
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Figure 6. IL-15/IL-15Ra Complex Gene Therapy Regulates Tumor and VAT Immune Cells in Melanoma-Bearing Mice

(A) Representative flow cytometry illustrating the percentage of NK cells and T cells in tumor. (B) Percentage of NK cells and T cells in tumor. (C) Percentage of CD4 and CD8

T cells in tumor. (D) Representative flow cytometry illustrating percentage of NK cells and T cells in VAT. (E) The percentage of NK cells and T cells in VAT. (F) The percentage of

CD4 and CD8 T cells in VAT. Data represent mean ± SEM; n = 10 per group. *p < 0.05; ***p < 0.001.
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our study was consistent with other studies in which the treatment of
IL-15/IL-15Ra complex did not alter the overall number of regulatory
T cells.6,42

Encouraged by the promising results of this proof-of-concept study,
we are expanding the adipose IL-15/IL-15Ra complex gene therapy
to additional solid tumor and leukemiamodels and assessing the ther-
apeutic efficacy in established cancer models of implantation as well
as oncogene-induced cancer models.

Obesity is linked to an increased risk of numerous types of cancers43–45

and to a poorer prognosis. Obesity is also associated with adipose
dysfunction, including disturbance of adipose resident immune cells,
whichmay partially underlie the linkwith cancer. Thus, it will be inter-
esting to investigate the immune, metabolic, and anticancer effects of
adipose IL-15/IL-15Ra complex gene therapy in the context of obesity.

This proof-of-concept study does not address whether the selective
expression and continuous release of the IL-15/IL-15Ra complex
by adipocytes may or may not have advantages over daily subcutane-
ous administration of the IL-15/IL-15Ra complex in humans.
However, the two approaches would likely have distinct clinical con-
sequences for patients. For example, the daily subcutaneous adminis-
tration of the complex relies on patient compliance because of self-
administration, and that could impact anti-tumor efficacy, whereas
this would not be an issue with IL-15/IL-15Ra production resulting
from selective expression of the complex in adipocytes; local pain,
redness, and swelling at the sites of subcutaneous injection of the
IL-15/IL-15Ra complex could lead to poor compliance with admin-
istration, and this would not be an issue with IL-15/IL-15Ra produc-
tion resulting from selective expression of the complex in adipocytes;
pharmacokinetics could be distinct between the twomethods of deliv-
ery and result in clinically meaningful differences in anti-tumor effi-
cacy; and preferential expansion of adipose NK cells as the result of
IL-15/IL-15Ra production from selective expression of the complex
in adipocytes could lead to differences in therapeutic uses and effi-
cacy. Acute toxicities could be easily managed bymore readily by sub-
cutaneous administration, while this may be difficult with IL-15/IL-
15Ra production resulting from selective expression of the complex in
adipocytes. Moreover, a recent study indicated that continuous
in vitro and in vivo treatment of NK cells with IL-15 alone resulted
in decreased NK cell viability and a NK cell-cycle arrest gene expres-
sion pattern.46 No studies were conducted with the IL-15/IL-15Ra
complex, and similar findings of NK cell exhaustion were not re-
ported in the first-in-human phase 1 clinical study of the IL-15 super-
agonist complex ALT-803 to treat relapse after transplantation.47 It
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will be interesting to see whether similar patterns of NK cell exhaus-
tion are seen with chronic administration of the IL-15/IL-15Ra com-
plex or with the IL-15 superagonist complex ALT-803, and, if seen,
this would certainly limit the use of IL-15/IL-15Ra therapy resulting
from selective expression of the complex in adipocytes. Future studies
are required to evaluate the translational potential of the adipose-tar-
geting IL-15/IL-15Ra gene therapy.

In summary, our study demonstrated that i.p. administration of a sin-
gle dose of the adipose-targeting rAAV vector selectively transduced
the visceral fat depots to overexpress the IL-15/IL-15Ra complex,
leading to a relative expansion of NK cells, inhibition of tumor pro-
gression, and a significant survival benefit in a preclinical model of
cancer, without demonstrable toxicity. The potent antitumor effect
and lack of toxicity in mouse models of cancer validate the concept
of IL-15/IL-15Ra complex gene therapy targeting the adipose tissue
and provide a strong rationale for further testing in combination
with other treatment modalities.

MATERIALS AND METHODS
Mice

Male C57/BL6 mice (6 weeks old) were purchased from Charles River
Laboratories (Wilmington, MA, USA) and housed in temperature-
controlled (22–23�C) and humidity-controlled rooms with food
and water ad libitum. The mice were fed a normal chow diet
(NCD; 11% fat; caloric density, 3.4 kcal/g; Envigo Teklad). All animal
experiments were performed in accordance to the guidelines
approved by The Ohio State University Institutional Laboratory An-
imal Care and Use Committee.

AAV Vector Construction and Package

Mouse IL-15 cDNA (GenBank: NM_001254747.4) and IL-15Ra
(GenBank: NM_001271497.1) were synthesized by Integrated DNA
Technologies (IDT). The stop codon was removed from the IL-15
cDNA sequence; subsequently, viral 2A sequence (GGC AGT GGA
GAG GGC AGA GGA AGT CTG CTA ACA TGC GGT GAC
GTC GAG AAT CCT GGC CCA) was inserted between the IL-15
and IL-15Ra genes. The synthesized DNA fragment contains XhoI
(CTCGAG) and SacI (GAGCTC) sequences at the 50 and 30 termini,
respectively. After cloning into the rAAV vector, the sequence of the
insert was verified by sequencing. The cDNA was subcloned into a
novel AAV plasmid of dual cassettes that restricts off-target transduc-
tion in liver.21 The rAAV plasmid contains a vector expression
cassette consisting of the cytomegalovirus (CMV) enhancer and
CBA promoter, woodchuck posttranscriptional regulatory element
(WPRE) enhancing transgene expression, and bovine growth hor-
mone (bGH) poly(A) flanked by AAV2 inverted terminal repeats. En-
gineered hybrid serotype Rec2 vectors were packaged and purified as
described previously.48 The control vector contained the identical
backbone with no transgene and was termed Rec2-empty.

Measurement of the IL-15/IL-15Ra Complex

The amount of IL-15/IL-15Ra complex in serum was measured using
the IL-15/IL-15Ra Complex Mouse ELISA Kit (Invitrogen).
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LLC Experiment

Male C57BL/6mice, 6 weeks of age, were randomized to receive Rec2-
IL-15/IL-15Ra complex or Rec2-empty (2 � 1010 vg per mouse, i.p.
injection in 100 mL AAV dilution buffer). After 5 weeks of AAV in-
jection, LLC cells (ATCC) were subcutaneously implanted (3 � 105

cells per mouse; n = 10 per group). The mice were sacrificed on day
19 after tumor implantation.

B16-F10 Melanoma Experiment and Survival Study

Male C57BL/6mice, 6 weeks of age, were randomized to receive Rec2-
IL-15/IL-15Ra complex or Rec2-empty (2 � 1010 vg per mouse, i.p.
injection). Five weeks after AAV injection, luciferase-tagged B16-
F10 melanoma cells (Imanis Life Sciences) were intraperitoneally im-
planted (1 � 105 cells per mouse, n = 10 per group). The luciferase
imaging was performed on day 10 after tumor implantation, and
the mice were sacrificed on day 11 for immune profiling. For the sur-
vival study, the same experiment was repeated, and the mice were
kept until moribund, at which time they were sacrificed.

Luciferase Imaging

D-luciferin was administered via i.p. injection into each mouse at a
dose of 150 mg/g body weight. After 70 min, the mice were anesthe-
tized in an isoflurane chamber and then placed in a warm and light-
tight scan chamber. The bioluminescence imaging was generated
using the IVIS Lumina II from Caliper Life Sciences (Small Animal
Imaging Core Facility of Ohio State University [OSU]) and presented
by total flux (photons per second).

Isolation of Leukocytes and Flow Cytometry

Mice were anesthetized with 2.5% isoflurane followed by decapita-
tion, and then truncal blood was collected. The spleen, tumor,
and VAT were dissected and weighed. The blood sample was
treated twice with ammonium chloride solution (Stem Cell Tech-
nologies) to lyse the red blood cells (RBCs), washed, and then
suspended in fluorescence-activated cell sorting (FACS) buffer
(1% fetal bovine serum [FBS] in PBS). Spleens were mechanically
dissociated through a 70-mM strainer to obtain single-cell sus-
pension, and RBCs were lysed with ammonium chloride solution
and then washed and resuspended in FACS buffer. The VAT
was dissected and minced into small pieces in Kreb-Ringer HEPES
buffer (pH 7.4). Collagenase (1 mg/mL, Sigma C6885) was added
to all tissues and incubated for 45 min at 37�C with shaking.
The mixture was centrifuged to separate the floating adipocytes
from the adipose stromal vascular fraction (SVF). The SVF pellet
was treated with ammonium chloride solution to lyse the
RBCs, washed, and resuspended in FACS buffer. To obtain leuko-
cytes from the tumor, LLC or melanoma tissue samples were
minced into small pieces. Collagenase type II (1 mg/mL, Sigma)
was added to all tissues and incubated for 45 min at 37�C with
shaking. Cells were filtered using a 70-mM strainer and washed
twice with RPMI, and ammonium chloride solution was added
to lyse the RBCs. Leukocytes were pre-enriched using density
gradient centrifugation. The interlayer cells were collected, washed
with RPMI, and resuspended in FACS buffer. Cells were counted
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using the Cellometer Auto 2000 (Nexcelom Bioscience). For sur-
face staining, cells were stained with a fluorescent-dye-conjugated
antibody with the appropriate surface markers for 20 min. The an-
tibodies used for flow cytometry immunophenotyping are listed in
Table S1.

For the analysis of IFN-g production by NK and T cells, 2 � 106

splenocytes were stimulated for 6 h in RPMI medium containing
phorbol 12-myristate 13-acetate (PMA) (81 nM), ionomycin
(eBioscience, 1.34 mM), IL-2 (NIH, 150 U/mL), and Brefeldin A
(BD Biosciences) at 37�C. Cells were first stained for surface
markers. After fixation and permeabilization using a Foxp3 stain-
ing buffer set (eBiosciences), cells were stained for intracellular
IFN-g and its corresponding isotype control, immunoglobulin G
(IgG)1k.

Cell events were acquired using BD LSR II flow cytometry (BD Bio-
sciences), and the results were analyzed using FlowJo software, v10
(Tree Star).

In Vivo Toxicity Analysis

Male C57BL/6 mice (6 weeks of age) were randomized to receive
Rec2-IL15/IL15Ra complex or Rec2-empty (2 � 1010 vg per mouse,
i.p. injection) and weremonitored for 5 weeks. Throughout that inter-
val, the mice were assessed for clinical and behavioral changes, body
weight, and food intake on a weekly basis. Rectal temperatures of
mice at various time points after i.p. administration of Rec2 vectors
were measured with a microprobe thermometer (Physitemp, model
BAT-12) topped with lubricant. At 5 weeks after AAV injection,
blood was collected for complete blood count and liver function panel
by the Comparative Pathology and Mouse Phenotyping Shared Re-
sources at The Ohio State University. Alkaline phosphatase (ALP),
alanine transaminase (ALT), aspartate transaminase (AST), and
gamma-glutamyltransferase (GGT) concentrations were measured
as indices of liver injury.

Statistical Analysis

Values are expressed as mean ± SEM. All data obtained were analyzed
on GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA). Ka-
plan-Meier survival curves were generated using GraphPad Prism,
and statistical differences were assessed via log-rank and Wilcoxon
analyses. Student’s t test was utilized for group comparison, and sig-
nificance was defined as *p < 0.05, **p < 0.01, and ***p < 0.001.
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