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ABSTRACT 

IL-15 is a multifunctional cytokine and plays a key role in activating various types of 

cells including NK and CD8
+
 T cells. It also serves as an endocrine involved in the regulation of 

metabolic homeostasis. The goals of this dissertation study are to demonstrate IL-15 activity in 

blocking and reversing high-fat diet-induced obesity and obesity-associated metabolic diseases, 

and to explore its therapeutic potential for treatment of lung cancer metastasized in the liver and 

kidneys. Gene transfer approach using hydrodynamic-based procedure was employed to achieve 

over-expression of IL-15 in the form of either IL-15, or IL-15/sIL-15Rα complexes in high-fat 

diet-fed mice or mice carrying Lewis lung carcinoma. The results show that the method of 

hydrodynamic gene transfer is effective in delivering Il-15 gene to mouse liver, generating high 

levels of IL-15 in the blood. An elevated protein level of IL-15 is able to block high-fat diet-

induced obesity, insulin resistance, and development of fatty liver. Similarly, transfer of the Il-

15/sIl-15Rα gene in obese mice results in reduction of body weight and improvement of insulin 

sensitivity and glucose homeostasis. The beneficial effects of IL-15 obtained are associated with 

up-regulation of transcription of genes involving lipolysis in the adipose tissue and skeletal 

muscle, and decreased mRNA levels of genes responsible for lipogenesis in the liver. 



Hydrodynamic transfer of the Il-15/sIl-15Rα gene into mice carrying the Lewis lung tumor in the 

lungs, liver, and kidneys prolongs the survival time of the animals. These results demonstrate the 

therapeutic potential of IL-15 and provide direct evidence in support of its applications to the 

treatment of obesity and obesity-associated metabolic diseases, and to lung metastasis in the liver 

and kidneys.  

 

INDEX WORDS: Interleukin 15, Interleukin 15 receptor, Gene therapy, Hydrodynamic 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 INTERLEUKIN-15 (IL-15) BIOLOGY 

1.1.1 IL- 15 

Interleukin-15 (IL-15) is a cytokine that shares conserved coding sequence among 

different species 
1, 2

. In humans, the IL-15 gene is encoded on the 34 kilo-base pair (kbp) region 

of chromosome 4q31 and is made of nine exons and eight introns 
1, 3

. Among animal species 

examined, simian exhibits highest identity (97%) with human IL-15 coding sequences 
4
, whereas 

the coding sequence of porcine and mouse IL-15 shows 82% and 73% identity match with 

human IL-15 
1, 2

. The mature IL-15 protein (14–15 kilo-Dalton, kDa) contains 114 amino acids 

(AA) and is encoded by three introns and four exons (exon 5 to 8) 
3
. Analysis of the IL-15 

secondary structure reveals four α-helix bundle structures at positions 1 to 15, 38 to 57, 65 to 78, 

and 94 to 112 AAs 
5
. Two disulfide links are identified in the mature IL-15 protein at positions 

Cys35–Cys91 and Cys42– Cys88 
4
, and two N-linked glycosylation sites, Asn79, and Asn112, 

are found at C-terminus 
6, 7

. 

IL-15 has two isoforms that are encoded with different length of the signal peptide (SP) 

(Figure 1.1). One isoform of IL-15 comprises a long signal peptide (LSP) of 48-AA and an 114-

AA mature IL-15 protein 
4
. It is translated from IL-15 cDNA that contains a 316 bp 5’-

untranslated region (5’-UTR), a 486 bp open reading sequence, and a 400 bp 3’ noncoding 

region 
4
. This IL-15LSP mRNA is present as 1.6 kb in length and encoded by exons 3 to 5 of the 

human IL-15 gene 
8
. In comparison, the other IL-15 isoform has a 21-AA short signal peptide 
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(IL-15SSP), which consists of 11-AA encoded by exon 5 and an alternative sequence encoded by 

exon 4a 
9
. Even though both IL-15 mRNA isoforms generate an identical IL-15 mature protein, 

the two isoforms show distinct patterns of endosomal localization, intracellular trafficking, and 

protein secretion 
8
. The IL-15LSP is made for the secretory pathway, where it passes through the 

endoplasmic reticulum (ER) and Golgi apparatus and finally leads to deposition of IL-15 out of 

the cell 
10, 11

. Different from the secreted IL-15 isoform, IL-15SSP stays intracellularly in the 

cytoplasm and is not secreted to circulation 
10, 11

. As such, the signal peptide may play a major 

role in controlling IL-15 transcription and production 
12, 13

. 

The expression of IL-15 shows the discrepancy between its mRNA level and protein 

level 
8
. The IL-15 mRNA is detected in various cell types, including epithelial cells, fibroblasts, 

macrophages, monocytes, dendritic cells (DCs), keratinocytes and nerve cells, and multiple 

tissues, such as the lung, heart, skeletal muscle, and kidneys 
8, 14

. However, the IL-15 protein is 

primarily found in monocytes, dendritic cells, and macrophages 
15, 16

. In fact, IL-15 has a 

complex expression regulation mechanism that controls the transcription and translation of IL-15 

7
. The transcription of IL-15 is mainly controlled by multiple conserved binding motifs for 

regulatory transcription factors, including the consensus-binding sites within the promoter 

regions of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), the gamma 

interferon response element (γIRE), and the interferon regulatory factor binding element (IRF-E) 

7, 17, 18
. Meanwhile, the translation of IL-15 is largely regulated through three primary 

checkpoints. This includes the presence of multiple start codons (AUG) in the 5’-UTR (12 in 

humans, 5 in mice) that reduce the translational initiation at the actual translation start site; the 

long signal peptide (IL-15 LSP) shows low translational efficacy; and the presence of several 

regulatory components at C-terminus decreases the translational termination and secretion 
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efficiency 
14

. Therefore, elimination of these translation checkpoints will significantly enhance 

the production and secretion of bioactive IL-15 
19

. 

 

1.1.2 IL-15 Receptor 

The IL-15 receptor complex is made of three subunits: an IL-15 specific α subunit (IL-

15Rα); a β chain also known as cluster of differentiation 122 (CD122, IL-2R/15Rβ) and shared 

with the IL-2 receptor; and a common γ subunit (γc), known as CD132 and shared with different 

cytokines, including the IL-2, IL-4, IL-7, IL-9, and IL-21 
20

. 

The IL-15 β subunit (IL-2R/15Rβ, CD122) consists of a signal peptide of 26-AA, a 

214-AA extracellular fragment, a transmembrane domain of 25-AA, and a 286-AA cytoplasmic 

region 
21

. The IL-15 γ subunit (γc, CD132) consists of a 22-AA signal peptide and a 347-AA 

mature protein, which includes an extracellular segment of 233-AA, a 28-AA transmembrane 

domain, and a 86-AA cytoplasmic domain 
22

. 

The IL-15 specific α subunit (IL-15Rα) is a glycosylated protein and is preceded by a 

32-AA signal peptide, an extracellular domain of 173-AA containing a Proline/Threonine-rich 

region, a 21-AA transmembrane domain, and a cytoplasmic segment of 37-AA 
23

. The 

expression of IL-15Rα mRNA has been identified in various cell types, which include the 

effector T cells, nature killer (NK) cells, neutrophils, monocytes, dendritic cells, macrophages, 

epithelial cells, myocytes, and adipocytes 
23, 24

. The IL-15Rα gene is encoded on human 

chromosome 10 and is made of seven exons (exons 1-7) 
25

. Additionally, a common motif 

known as the Sushi domain, which is identified in the extracellular region and encoded on exon 

2, is required for the IL-15 binding and signaling 
20, 25

. To date, eight different isoforms of IL-

15Rα have been identified due to the nature of splicing of IL-15Rα exons 
25

. These include the 
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alternative usage of exon 7 or 7’, alternative splicing of exon 3, and deletion of exon 2 
25

. 

Isoforms without exon 2 show the inability of IL-15 binding 
25

. Exon 2 has a putative nuclear 

localization signal and is responsible for the post-translational routing of IL-15Rα 
8, 25

. Deletion 

of exon 2 leads IL-15Rα isoforms to the non-nuclear membranes 
8, 25

. 

Other than the membrane-bound form, IL-15Rα could be naturally cleaved from the 

transmembrane receptor, generating a soluble form, known as sIL-15Rα 
26

. The rate of IL-15Rα 

proteolytic cleavage can be induced by phorbol 12-myrisrate 13-acetate (PMA) and ionomycin 

26
. With an N-linked glycosylation, the molecular mass of human sIL-15Rα is about 42 kDa, 

whereas murine sIL-15Rα is about 30 kDa in size 
26

. The presence of the soluble form of IL-

15Rα indicates its functional importance in mediating the IL-15 response. 

 

1.1.3 The IL-15/IL-15 Receptor System 

Intracellular signaling of IL-15 is activated through its receptor system 
8
. Binding of IL-

15 to the IL-2R/15Rβ and γc subunits is essential to exert its functions and to lead a series of 

signaling events 
8
. At the cell membrane, the IL-2R/15Rβ and γc subunits are presented as a 

heterodimeric form (IL-2/IL-15Rβγc) and interact with IL-15 with an intermediate affinity 

(Ka~10
9 

M
-1

) 
27

. The major signaling event of IL-15 involves the activation of the Janus kinase 

(JAK) and the signal transducer, and the activation of the signal transducer and activator of the 

transcription (STAT) pathway 
28

. For activation, IL-15 interacts with the IL-2/IL-15Rβγc on the 

cell membrane, and then recruits JAK1 and JAK3 into close proximity to activate and 

phosphorylate STAT3 and STAT5 
28

. The phosphorylated STAT3 and STAT5 then form either 

homo- or heterodimers and traffic from the cytoplasm to the nucleus, and regulate the 

downstream gene expression through the binding of regulatory elements on target DNA 
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fragments in the nucleus 
28

. Other than the JAK/STAT signaling pathway, the IL-15 receptor 

system is also capable of inducing the B-cell lymphoma 2 (Bcl-2) and the proto-oncogene Src-

related tyrosine-protein kinase, stimulating the RAS/mitogen-activated protein kinase (MAPK) 

signaling event and activating the proto-oncogenes, such as Fos/Jun 
7, 29

. 

Given that low levels of IL-15 can be found in serum, IL-15 performs multiple 

biological functions through its cell membrane-associated form, the IL-15/IL-15Rα complex. IL-

15 and IL-15Rα are co-expressed intracellularly, form the IL-15/IL-15Rα complex with a high 

binding affinity (Ka~10
11 

M
-1

) 
20

, and then translocate to the cell membrane and remain anchored 

30, 31
. The exceptionally high affinity of the IL-15/IL-15Rα complex is due to the intracellular 

interaction between IL-15 and IL-15Rα, which leads to an ionic network interaction via the Sushi 

domain 
32

. The cytoplasmic domain of IL-15Rα contributes to the intra-cellular signaling 
33

 and 

plays an essential role for the endosomal recycling of the IL-15/IL-15Rα complex 
34

. As such, 

formation of the IL-15/IL-15Rα complex stabilizes the IL-15 in circulation and decreases the 

elimination rate of IL-15 
35

.  

At the cell membrane, the IL-15/IL-15Rα complex can enhance the activation and 

proliferation of neighboring cells that express the receptors IL-2/15Rβ and the γc via cell-to-cell 

contact (“trans-presentation”) 
31, 34

 (Figure 1.2). Additionally, the crystal structure of IL-15Rα 

reveals a threonine/proline-rich region, which confers flexibility between the transmembrane 

domain and the IL-15 binding domain 
36

. This indicates that the IL-15/IL-15Rα complex can also 

present IL-15 on the same cell by binding to its IL-2/15Rβ and the γc subunits (“cis-

presentation”) 
37

 (Figure 1.2). However, the trans-presentation system has proven to be the most 

important mechanism of IL-15 action and augments overall IL-15 bioactivity. IL-15Rα binding 

stabilizes the conformation of IL-15, resulting in an increase of binding affinity of IL-15 and IL-
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2Rβ by 150-fold, and enhancing the efficiency to stimulate cells bearing the receptor of IL-

2/15Rβ and the γc subunits 
38

. Moreover, the IL-15/IL-15Rα complex could be cleaved from the 

cell surface by proteolytic cleavage and generates the soluble form of IL-15/IL-15Rα complex 

(IL-15/sIL-15Rα) (Figure 1.2). The IL-15/sIL-15Rα extends the half-life of IL-15 by increasing 

its molecular size over the renal filtration threshold 
39

. Therefore, the complex IL-15/IL-15Rα 

may present the true biological form of IL-15. 

 

1.1.4 IL-15 in Immune Cell Biology 

1.1.4.1 IL-15 and T cells 

IL-15 was first identified by two independent groups in 1994 as a T cell growth factor 
4, 

40
. Subsequent studies have expanded the knowledge of IL-15’s role in the development and 

maintenance of different types of T cells 
7
. In vitro, IL-15 is able to stimulate the proliferation of 

naïve CD8
+
 human T cells and human memory CD4

+
 and CD8

+
 T lymphocytes 

41
. Moreover, IL-

15 supports the survival of CD44
hi

CD8
+
 memory T cells due to the high expression of IL-2/15Rβ 

42
. In comparison, IL-15 shows minimal effect on naïve CD4

+
 T cells 

41
. In vivo, IL-15 transgenic 

mice induce the homeostatic proliferation of memory CD44
hi

 CD8
+
 T cells and support their 

long-term survival 
43

. Conversely, a significant loss of naïve CD8
+
 T lymphocytes and activated 

memory CD44
hi

 CD8
+
 T cells has been identified in mouse spleen and peripheral lymph nodes 

when IL-15 and IL-15Rα are genetically deleted 
44, 45

. IL-15 blocks apoptosis mediated by the 

TNF-related apoptosis-inducing ligand (TRAIL) pathway on antigen-specific CD8+ T 

lymphocytes, which in turn mediates their cytotoxic activity towards pathogens and stimulates 

immune activity 
42, 46

. Moreover, IL-15 shows minimal effects on CD4
+
CD25

+
 regulatory T cells 
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(Treg) expressing the FOXP3 gene, which play critical roles in suppressing immune responses by 

inhibiting the effector T cell subtypes 
47

. 

IL-15 also plays a major role in inhibiting the T-cell apoptosis and activation-induced 

cell death (AICD) process, which results in the programmed death of activated T lymphocytes 
48

. 

Meanwhile, IL-15 has been shown to upregulate the anti-apoptotic factors, such as the Bcl-2 

family proteins, and downregulate the pro-apoptotic proteins on CD8+ memory T cells, which 

lead to the proliferation and long-term maintenance of this particular cell type 
49, 50

.  

As well, the chemotactic activity of IL-15 has been identified in T cells isolated from 

blood 
51

. Defects in T-cell homing activity to peripheral lymph nodes are observed in IL-15Rα 

knockout mice, which suggests the physiologic role of IL-15 in mediating the T-cell trafficking 

in vivo 
45

. As the indirect mechanism to regulate T-cell trafficking, IL-15 induces the production 

of CC-, CXC-, and C-type chemokines in T lymphocytes, and activates human endothelial 

hyaluronan expression, which ultimately promotes the activated T cell extravasation 
52, 53

. 

 

1.1.4.2 IL-15 and NK cells 

Nature killer (NK) cells are one type of cytotoxic lymphocytes that are derived from 

large granular lymphocytes and engaged in the innate immune defense system 
54

. IL-15 plays 

major roles in NK cells’ differentiation, development, and survival 
54

. In support of NK cell 

differentiation, IL-15 is constitutively expressed at transcript and protein levels in the bone 

marrow (BM) stromal cells 
55

.  In BM, IL-15 is essential to stimulate the hematopoietic precursor 

cell differentiation to the NK cells through the upregulation of the stem cell growth factors, such 

as FMS-like tyrosine kinase 3 (FLT3) 
56, 57

.  
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The signaling transduction pathways of IL-15 are critical for NK cell development 
54

. 

Even though NK cells are not the major site for IL-15 production, the IL-15 receptors, including 

IL-15Rα and the IL-2/IL-15Rβγc complex are constitutively expressed on resting NK cells 
58

. In 

experimental animals, mice with genetic deletion of IL-15, IL-2/IL-15Rβ, and IL-15Rα show 

reduced NK cell count or an absence of NK cells 
44, 45, 59

. Therefore, the IL-15 receptor system is 

required for NK cells’ development 
54

. Upon trans-presentation, IL-15 upregulates the NK cell 

receptors and enhances NK cell differentiation 
60

. Deletion of the IL-15 receptor downstream 

signals, such as JAK3 and STAT5 pathway, significantly impair the activity of NK cells 
61, 62

. 

Conversely, animals administered or overexpressed with IL-15 show an increased number and 

induced proliferation and survival time of NK cells 
58, 63

. Additionally, the presence of IL-15 can 

induce the secretion of immunoregulatory cytokines from NK cell subsets, including 

Granulocyte-macrophage colony-stimulating factor (GM-CSF) protein, tumor necrosis factor 

alpha (TNF-α), and interferon gamma (IFN-γ) 
64, 65

. As such, IL-15 stimulates the cytolytic 

activity and antibody-dependent cellular cytotoxicity (ADCC) of NK cells through the 

upregulation of cell surface receptors, including the MHC class I polypeptide-related sequence A 

(MICA) and the killer cell lectin-like receptor subfamily K, member 1 (NKG2D); induction of 

cytotoxic effector molecules, granzyme B and perforin; and enhancement of signaling 

molecules’ phosphorylation, such as extracellular-signal-regulated kinases (ERK1/2) and STAT 

63, 66
. 
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IL-15 also regulates the proliferation and survival of NK cells 
67

. Upon transient 

stimulation, administration of IL-15/IL-15Rα complexes significantly increases the number of 

NK cells and their effector activities in experimental animals 
68

. Similarly, sustained stimulation 

results in a remarkable expansion of activated NK cells in the presence of preformed IL-15/IL-

15Rα complexes 
68

. 

 

1.1.4.3 IL-15 and B lymphocytes 

IL-15 was initially identified as having no role or at most a limited role in B cell 

biology, since animals with genetic disruption of IL-15 or IL-15Rα show minimal impact on B 

lymphocytes 
44

. However, with accumulating evidence, it has become more apparent that IL-15 

is essential for the B lymphocyte functions 
8
. In fact, compared to the direct impact of IL-15 on T 

and NK cells, IL-15 shows indirect effects on B lymphocytes 
8
. IL-15 combined with CpG 

oligonucleotides increases the proliferation rate of differentiated memory B lymphocytes 
69

. In 

combination with anti-immunoglobulin (Ig) and CpG, IL-15 is able to enhance the proliferation 

of naïve B lymphocytes 
69

. Another study also showed that in the presence of phorbol ester or 

immobilized anti-human IgM, IL-15 co-stimulated the proliferation and activity of B cells 
70

. 

Additionally, combined with recombinant CD40 ligand, IL-15 induces the secretion and 

production of polyclonal immunoglobulin A (IgA), IgG1, and IgM, but does not change the level 

of IgE and IgG4 
70

. In studies using the follicular DCs as the specialized component of the 

germinal center B lymphocytes’ survival and proliferation, IL-15 produced by follicular DCs 

went through the trans-presentation process and induced the proliferation of associated germinal 

center B cells 
71

. It ultimately led to an enhancement of high-affinity antibody production from 

the B cells to fight against the invasion of pathogens 
71

. 
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1.1.4.4 IL-15 and monocytes/macrophages and dendritic cells 

IL-15 is constitutively expressed by the monocytes, macrophages, and dendritic cells at 

the mRNA and protein levels 
8
. In monocyte and macrophage cell lineages, IL-15 stimulates 

their phagocytic activity through promoting the secretion of monocyte chemotactic protein 1 

(MCP-1) and IL-8 
72

. The membrane-associated IL-15 on monocytes also stimulates the 

proliferation of T lymphocytes and leads to the release of TNF-α, IL-6, and IL-8 
73, 74

. Moreover, 

the up-regulation of IL-15 and its receptor component, IL-15Rα, on macrophages are critical for 

their differentiation and proliferation 
75

. Upon activation, IL-15 augments the anti-infectious 

immune responses in macrophages, including the induction of phagocytic activity through the 

induction of IL-12 
76

. Therefore, IL-15 is important in fighting against pathogens as an innate 

immune regulator cytokine. 

In DCs, IL-15 and its receptor system are essential for their functional maturation, 

differentiation, and survival 
8
. In the presence of IL-15, DCs show maturation with induced co-

stimulatory molecules expressing on the cell surface, such as CD40, CD86, and MHC class II 

molecules, and increased IFN-γ production 
77

. Conversely, there is a significant reduction in total 

numbers of DCs in animals genetically deleted with IL-15, while overexpression or 

administration of IL-15 can partially compensate the loss of DCs in the IL-15 knockout mice 
78

. 

Therefore, these observations provide the evidence that IL-15 is essential for DCs’ survival 
78

. 

Moreover, DCs incubated with IL-15 demonstrate enhanced abilities to stimulate the 

proliferation and activation of CD8
+
 T cell and NK cells 

8
. IL-15 combined with GM-CSF 

stimulates the monocytes’ differentiation towards DCs, where the DCs are acting as the antigen 

presenting cells and then induce the functional activity of CD8
+
 T and NK cells with the 

increased production of type 1 (Th1) cytokines 
79, 80

. Mechanistically, IL-15 and its receptor 
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system are able to generate an autocrine signaling loop on DCs, which can be used to stimulate 

the differentiation, proliferation and activation of targeting CD8
+
 T cells and NK cells 

81, 82
. IL-

15 and IL-15Rα form the IL-15/IL-15Rα complexes intracellularly and translocate to the surface 

of DCs, where they remain anchored, and then deliver the stimulating signals to the CD8+ T 

cells and NK cells through the cell-cell trans-presentation 
81, 83

. 

 

1.1.4.5 IL-15 and neutrophils/eosinophils 

IL-15 is capable of modulating the phagocytic activity and inducing the secretory 

activities of neutrophils and eosinophils, as well as protecting them from apoptosis 
84, 85

. In 

human neutrophils, IL-15 induces the release of the IL-1R antagonist and IL-8, and enhances 

their phagocytosis against invading pathogens 
86

. Moreover, IL-15 prevents the loss of 

neutrophils via increasing the level of anti-apoptotic molecules, such as myeloid leukemia cell 

differentiation protein (Mcl-1) expression, and inhibiting the vimentin cleavage through 

downregulating the caspases-3 and -8 activities 
87

. In human eosinophils, IL-15 upregulates the 

production and activity of growth factors, such as GM-CSF and NF-κB, to reduce the apoptosis 

rate of eosinophils 
85

. 

 

1.1.5 IL-15 Functions in Non-Immune Cells 

In addition to its significant impacts on immune cells, IL-15 is also widely recognized 

as a potent modulator on various non-immune cells. The effects of IL-15 on both immune and 

non-immune cells are summarized in Figure 1.3.  
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1.1.5.1 IL-15 and adipocytes 

IL-15 exhibits an anti-adipogenic role on adipocytes. Adipocytes express IL-15 

receptors, including IL-15Rα, IL-2R/15Rβ, and γc subunits 
88

. Using murine and human 

adipocyte cell lines, IL-15 decreases lipid deposition in differentiating and mature adipocytes 
89-

91
. In experimental rodents, administration of recombinant IL-15 resulted in the reduction of 

white adipose tissue and cell shrinkage of adipocytes, with no change in food intake 
88, 92

. 

Moreover, obese Zucker rats showed a reduced mRNA level of IL-2R/15Rβ and γc subunits in 

adipose tissue, suggesting that IL-15 has direct impacts on adipose tissue 
88

.  

IL-15 is a key regulator of lipid metabolism in adipose tissue. In cultures of primary pig 

adipocytes, IL-15 dose-dependently stimulated lipolysis and showed more potent lipolytic 

activity than TNF-α, IL-6, or lipopolysaccharides (LPS) 
93

. Additionally, this study revealed an 

inhibitory effect on lipogenesis after IL-15 administration. In rat white adipose tissue, IL-15 

administration induced significant reduction in lipoprotein lipase activity (LPL) and the rate of 

lipogenesis 
92

. Moreover, a recent study demonstrated that the effects of IL-15 on adipose tissue 

were associated with the alteration of mitochondrial function 
89

. Using mature 3T3-L1 cells and 

IL-15 transgenic mice, IL-15 significantly increased the mitochondrial membrane potential and 

induced the activity of mitochondria in adipocytes, suggesting the role of IL-15 in regulating the 

lipolysis and fatty acids oxidation in adipose tissues 
89

. As such, IL-15 is acting as a potential 

anti-obese agent in regulating body composition. 
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1.1.5.2 IL-15 and myocytes 

IL-15 mRNA and protein is constitutively expressed in skeletal muscle and have been 

identified in primary human myogenic cultures 
94

, rat clonal myogenic cell line 
95

, and mouse C2 

skeletal myogenic cell line 
96

. At the mRNA level, IL-15 is the most expressed of all measured 

cytokines in human skeletal muscle 
97

. At the protein level, IL-15 is released from human muscle 

fibers following whole-body resistance exercise, indicating that release of IL-15 may regulate the 

beneficial events of physical activity 
98

.  

IL-15 is considered as an anabolic factor for myocytes 
99

. In primary bovine skeletal 

myogenic cell lines, IL-15 is able to accumulate contractile proteins in differentiated muscle 

fibers and myocytes and increase the muscle-specific myosin heavy chain  
100

. In mouse C2C12 

cell lines, overexpression of IL-15 leads to muscle fiber hypertrophy and induced muscle mass, 

indicating that IL-15 is important for muscle fiber development 
96

. However, it is important to 

differentiate the anabolic activity of IL-15 on myocytes from the well-recognized hypertrophic 

action of muscle cells, where the proliferation and differentiation of skeletal myoblasts are 

mainly stimulated by insulin-like growth factor-I (IGF-I) 
101

. Instead, IL-15 acts directly on 

differentiated myotubes by increasing protein synthesis, decreasing protein degradation and 

inducing myofibrillar protein accumulation, and ultimately leads to the hypertrophic morphology 

96
. Furthermore, IL-15 could decrease the proteolytic rate in skeletal myogenic cells, indicating 

that IL-15 may also play roles in the alleviation of muscle wasting 
102

. In fact, in tumor-bearing 

rats, IL-15 administration partially suppressed the process of cancer-related progressive muscle 

loss and protein degradation 
103

. This process is seen in cancer patients where tissue proteins, 

particularly in the skeletal muscles, are over-catabolized, resulting in a clear muscle wasting 

condition known as cachexia 
103

. 
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In addition to the anabolic effect, IL-15 also plays a catabolic role in skeletal muscle. 

Evidence suggests that IL-15 may activate the transcription factor peroxisome proliferator-

activated receptors delta (PPAR-δ), resulting in the regulation of various gene expression for 

protein metabolism in C2C12 cells, and may also enhance the rate of palmitate oxidation 
104

. In 

line with cell cultures, recombinant IL-15 administration induces a significant elevation in the 

PPAR-δ mRNA level and enhances oxidation of fatty acid in skeletal muscle, followed by the 

administration of triglyceride in the form of [
14

C]-triolein in experimental animals 
105

. This 

indicates the significant role of IL-15 in lipid metabolism.  

Further evidence suggests that IL-15 modulates glucose uptake in muscle cell cultures, 

indicating an anti-diabetic effect of this cytokine since skeletal muscle is the most significant 

glucose-utilizing organ 
106

. In animal studies, administration of IL-15 increased glucose 

transporter 4 (GLUT-4) in muscle cells, resulting in an induced uptake of 2-deoxyglucose in 

skeletal muscle 
106

. Furthermore, overexpression of IL-15 showed improved glucose metabolism 

in high-fat diet-induced obese animals, suggesting a role of IL-15 in inhibiting diabetic 

development 
107

. Taken together, these studies establish the potential of IL-15 to prevent muscle 

waste and mediate metabolic homeostasis. 

 

1.1.5.3 IL-15 and endothelial cells 

IL-15 has a direct impact on endothelial cell biology 
99

. Endothelial cells sustainably 

express the IL-15 receptor complexes, including IL-15Rα, IL-2R/15Rβ and γc subunits, and bind 

to IL-15 with high affinity 
108

. Stimulating the endothelial cells with IL-15 induces the 

expression of endothelial hyaluronan, which binds to effector T cells through the T-cell surface 

glycoprotein CD44 
53

. In fact, interactions between hyaluronan and CD44 are important to 
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recruit activated T cells to the blood vessel and to promote T cells’ extravasation 
53

. 

Additionally, IL-15 mRNA and protein are identified in human umbilical vein endothelial cells, 

indicating another direct impact of IL-15 on endothelial cell biology 
109

. IL-15 derived from 

endothelial cells is able to increase T-cell motility and transendothelial migration activity via the 

induction of integrin adhesion molecules’ binding capacity, such as lymphocyte function-

associated antigen 1 (LFA-1) (CD11a/CD18) 
109

. These studies signify the importance of IL-15 

on endothelial cells in mediating the extravasation and immune activity of effector T cells. 

 

1.2 INTERLEUKIN-15 AS A DRUG 

1.2.1 IL-15 in cancer immunotherapy 

The ability of IL-15 to activate antitumor immune responses makes IL-15 a promising 

candidate for cancer immunotherapy. Both cytotoxic NK and CD8
+
 T cells are engaged in 

eliminating tumor cells through granule- or FAS-mediated pathways 
110

. In multiple tumor 

animal models with different experimental designs, IL-15 shows significant therapeutic activity 

on various tumor types 
111

. Many strategies have been employed to induce the anti-tumor activity 

of IL-15.  

One of those strategies is to improve the biological activity of IL-15. By introducing an 

aspartic acid substitution of asparagine at the amino acid residue 72 of the mature protein, the 

modified IL-15 improves its binding affinity to the human IL-2/15Rβ receptor and induces its 

biological activity by 4- to 5-fold compared with the wild-type IL-15, including enhanced anti-

apoptotic activity and increased JAK1 and STAT5 phosphorylation 
112

. According to the trans-

presentation mechanism, the biological activity of IL-15 can be significantly induced by pre-

forming the IL-15 with its IL-15Rα as IL-15/IL-15Rα 
39, 113

 or IL-15/IL-15Rα-IgG1-Fc complex 
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114
. Both forms demonstrate enhancement of activation and proliferation of cytotoxic NK and 

CD8
+
 T cells to promote the destruction of established tumors. 

The combination of IL-15 with other cytokine-based immunotherapy, such as IL-7, IL-

12, and IL-21, is another strategy to strengthen its antitumor activity 
115

. In animals bearing 4T1 

mammary carcinoma, IL-15 combined with IL-7 inhibited the tumor development and lung 

metastasis by inducing the specific immune response against breast cancer 
116

. Using a 

methylcholanthrene-induced fibrosarcoma mouse model, the IL-15 and IL-12 combination 

augmented cytotoxic NK and CD8
+ 

T cells activity, resulting in a synergistic anti-tumor effect 

117
. Similarly, this combination induced the cytolytic activity of NK cells and was accompanied 

by an increase of IFN-γ production in a mouse melanoma model 
118

. Combined administration of 

plasmids carrying the IL-15 and IL-21 genes separately into animals bearing lymphomas resulted 

in synergistic antitumor activity with 80% complete response 
119

. The synergistic effects are 

mainly caused by the expansion of cytotoxic CD8
+
 T lymphocytes in tumor-bearing animals and 

do so without changing the number of Treg cells 
120, 121

. Additionally, the IL-15 and IL-21 

combination induced the production of IFN-γ and augmented cytolytic activity of NK and T cells 

on tumor cells 
119, 122

.  

IL-15 has also been shown to induce an anti-tumor effect as a chemotherapy agent 
115

. 

In mice bearing rhabdomyosarcoma, IL-15 induced the anti-tumor activity of cyclophosphamide 

by stimulating the effector T and NK cells against tumors, leading to a prolonged survival rate 

and a complete cure of 32% of the tumor-bearing animals 
123, 124

. In colorectal cancer-bearing 

rats, the IL-15 administration potentiated the anti-tumor activity of 5-fluorouracil and diminished 

the gastrointestinal side effects induced by the chemotherapy agent 
125

. In comparison, 
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administration of IL-2 with 5-fluorouracil showed only minimal enhancement of anti-tumor 

activity associated with chemotherapy-related toxicities 
125

. 

Moreover, IL-15-based anti-tumor activity can be significantly induced by utilizing the 

agents to stimulate antigen presentation cells and to reactivate the effector NK and CD8
+ 

T cells 

from the “helpless state” 
115

. The agonistic anti-CD40 antibody is one agent used to trigger 

CD40-mediated signaling events and recruit cytotoxic immune effector cells into the tumor 

microenvironment 
126, 127

. IL-15 combined with agonistic anti-CD40 demonstrates stronger 

therapeutic effects in mice bearing renal adenocarcinoma or colorectal cancer compared to the 

anti-CD40 antibody or IL-15 monotherapy 
126, 127

. Mechanistically, the IL-15 and anti-CD40 

agonistic antibody combination increases the IL-15Rα expression on NK cells and enhances the 

antigen presentation ability of dendritic cells, leading to the potentiated cytolytic activity of NK 

cells and improved antitumor activity 
127

. Similarly, combination of IL-15 and CpG-A 

oligonucleotides to activate DCs shows stronger cytolytic activity of effector CD8
+ 

T and NK 

cells than using either agent alone 
128

. 

Efforts have also been made to induce the anti-tumor effect of IL-15 by relieving the 

inhibitory checkpoints on the immune system. When the cytotoxic T-lymphocyte antigen 4 

(CTLA-4) and programmed death ligand 1 (PD-L1) antibody were used to diminish the negative 

T-cell signaling pathways, tumor-bearing mice receiving IL-15 and the combination of both PD-

L1 and CTLA-4 antibodies demonstrated a remarkably prolonged survival rate 
129

. Together, 

these observations support further investigations into combination therapy of IL-15 with multiple 

immune checkpoint inhibitors or other agents to enhance anti-tumor activity. 
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1.2.2 IL-15 as a vaccine adjuvant 

Vaccination is a process that occurs by introducing an immune booster to enhance a 

long-lived immune response against invasion pathogens 
130

. To date, various strategies have been 

developed or are under development to fend off infectious agents, such as the hepatitis virus, 

malaria, influenza and human immunodeficiency virus (HIV) 
130

. During vaccination, cytokines 

are usually used as adjuvants to help to induce the immune response in humans and animals with 

diverse genetic backgrounds 
130, 131

. Multiple techniques have been utilized to deliver IL-15 as an 

adjuvant to enhance immune response 
131

. In mice bearing Brucella abortus, co-administration of 

plasmid DNA encoding IL-15 (DNA-IL-15) and Brucella abortus S19 vaccine predominantly 

stimulated the CD8
+
 T cell activity and partially enhanced the CD4

+
 T cell response 

132
. 

Similarly, a combination of DNA-IL-15 and Trypanosoma cruzi trans-sialidase DNA vaccine 

prolonged the duration of the protective effect against the infectious challenge, mainly through 

the induction of memory CD8
+
 T cells’ production and activity 

133
. Furthermore, with co-

administration of IL-15 and two vaccines against smallpox and anthrax, the treated mice showed 

enhanced immune activities of effector T cells against malaria, tuberculosis, and influenza 
134

. 

IL-15 also demonstrates advantages over other cytokines in effectively inducing 

immune activity against infectious pathogens 
131

. Compared to IL-2, the combination of IL-15 

with the HIV gp160 vaccine shows a predominant effect in prolonging the survival time of 

effector CD8
+
 T cells, whereas IL-2 adjuvant only demonstrates short-term immune response 

135
. 

Similarly, IL-15 demonstrates superior effects over IL-2 in stimulating the long-lived memory 

effector CD8
+
 and CD4

+
 T lymphocytes in animals injected with influenza and tetanus toxoid 

vaccines 
136

. Compared to IL-12, IL-15 combined with the simian immunodeficiency virus (SIV) 

vaccine stimulates the proliferation of antigen-specific memory CD8
+
 and CD4

+
 T lymphocytes 



 

19 

 

in rhesus macaques, whereas IL-12 as a molecular adjuvant only induced CD8+ effector memory 

T cells 
137

. Taken together, these studies demonstrate the great potential of IL-15 as a vaccine 

adjuvant against infectious diseases. 

 

1.2.3 IL-15 as an anti-obesity agent 

Considering the impacts of IL-15 on skeletal muscle and adipose tissue, IL-15 shows 

potential for the treatment of obesity. Clinical investigations provide direct evidence supporting 

the activity of IL-15 in mediating fat deposition. One study demonstrated that the plasma level of 

IL-15 is negatively associated with body mass indices (BMI), and the mass of total, limb, and 

trunk fat in human subjects 
138

. Additionally, the level of IL-15 mRNA expression in skeletal 

muscle is negatively associated with obesity markers 
138

. A similar finding was reported in 

another study, in which obese patients had lower circulating levels of IL-15 than normal subjects 

90
. 

The potential of IL-15 in mediating metabolic homeostasis has been evaluated in 

animals as well. Administration of recombinant IL-15 (rIL-15) protein into lean rats led to a 33% 

reduction in white adipose tissue (WAT) and a 20% reduction in circulating triacylglycerols 

without changing the rats’ food consumption 
92

. These observations were also accompanied by a 

47% decrease in the hepatic lipogenic rate and a 36% reduction of very-low-density lipoprotein 

(VLDL) in plasma 
92

. Using an electroporation technique to overexpress IL-15 in murine muscle 

resulted in reduced trunk fat mass in IL-15-transfected mice, compared to controls in both the 

normally fed group and the high-fat fed group 
138

. Similarly, administration of an adenoviral 

vector expressing the IL-15 gene resulted in ~10% body weight loss was in obese mice without 

altering food consumption 
138

. The body weight reduction is correlated with decreased fat pad 
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size and smaller adipocytes. Furthermore, administration of IL-15 into obese or lean mice 

showed an improvement in insulin sensitivity and glucose homeostasis 
107

. Together, these 

studies provide compelling evidence for the utilization of IL-15 in the treatment of obesity and 

obesity-associated metabolic complications. 

 

1.2.4 IL-15 toxicology 

The safety profile of IL-15 has been assessed in animal studies, including experimental 

mouse and non-human primate studies. The major dose-limiting side effect of cytokine-based 

immunotherapy is vascular leak syndrome (VLS), which is defined by the induction of vascular 

permeability and increased extravasation of fluids and proteins into tissues. The VLS causes an 

increase in body weight and fluid retention, and can even lead to peripheral/pulmonary edema, as 

well as pleural and cardiovascular failure 
139

. In comparison, IL-15 treatment shows fewer VLS 

effects than IL-2 based therapies. Using radiolabeled bovine serum albumin, pulmonary VLS 

levels were evaluated in C57BL/6 mice receiving the same amounts of rIL-2 or rIL-15 
140

. In this 

study, the minimal dose of IL-2 required to induce VLS was 1200 μg/kg. In contrast, the mice 

administered with 7200 μg/kg IL-15 showed only a minimal level of VLS effects, indicating that 

VLS is not a dose-limiting factor for IL-15 treatment. 

Following studies further assessed the toxicity of IL-15 in non-human primates with 

different dosing and administration strategies 
14

. Using SIV-infected rhesus macaques, 

recombinant rhesus macaque IL-15 (rMamu IL-15) was given at doses of 10 or 100 μg/kg via 

twice weekly subcutaneous injections for four weeks 
141

. The study animals demonstrated a 

significant induction of CD8
+
CD3

–
 NK cells by nearly 3-fold and a 2-fold increase in CD8

+
 T 

cells 
141

. Importantly, animals injected with IL-15 did not show any sign of adverse events 
141

. 
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These include no body weight changes, no observed abnormalities, and no changes in most 

clinical laboratory tests, such as serum chemistries, white/red cell counts, leukocyte counts, and 

liver function in study animals 
141

. The only exception was a non-statistically significant increase 

of platelets in animals treated with high dose IL-15 
141

. In another study, recombinant human IL-

15 (rhIL-15) was administered to macaques at a daily dose of 15 μg/kg for 14 days and led to a 

sustained IL-15 plasma level 
47

. However, transient toxicities were identified, including weight 

loss, skin rash, anemia, and reversible neutropenia, although discontinuing the IL-15 injections 

causes rapid recovery from these events 
47

. In comparison, a daily low-dose IL-15 administration 

(<5 μg/kg) or intermittent IL-15 administration (<10 μg/kg for every three days) was found safe 

with minimal adverse events, including skin rash and low-grade fever 
47

. Two more studies 

conducted in rhesus macaques from U.S. National Cancer Institute (NCI) showed similar effects 

after IL-15 administration 
142, 143

. Overall, daily intravenous injection of recombinant human IL-

15 for 12 days did not induce severe adverse events at doses of 10, 20, or 50 μg/kg 
142, 143

. The 

most severe side effect was transient neutropenia (grade 3/4), which was identified in three out of 

six rhesus macaques that were administered with either 20 μg/kg or 50 μg/kg IL-15. However, 

discontinuing the IL-15 administration restored the neutrophils back to normal range within 72 

hours 
142, 143

. Additionally, no animals were identified as developing antibodies against IL-15, 

positive autoimmune markers, renal failure, or VLS 
142, 143

. Together, IL-15 administration shows 

minimal toxicities in preclinical studies, and it warrants further investigations in human clinical 

trials. 
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1.2.5 Clinical Trials of IL-15 

IL-15 has been extensively studied in the clinic as an immunotherapeutic agent to treat 

cancer and HIV infections. To date, a total of fourteen clinical trials are either under 

investigation or completed, all of which have focused on the safety and therapeutic efficacy of 

IL-15 (Table 1). Eleven trials are focused on cancer therapy, and three trials are for HIV 

treatment. In four of the cancer trials, the recombinant human IL-15 is either administered to the 

patients alone (ClinicalTrials: NCT01727076 and NCT01021059) or combined with the 

engineered haploidentical NK cells (ClinicalTrials: NCT01385423 and NCT01385423). The 

primary objective of these trials is to evaluate the toxicity profile of IL-15, including the dose-

limiting side effects and the maximum tolerable dose of intravenous or subcutaneous rhIL-15 

administration. The secondary objectives are focused on the evaluation of the 

pharmacokinetics/pharmacodynamics (PK/PD) profiles after rhIL-15 administration and to 

assess the biological activity, immunogenicity, and anti-tumor effects of rhIL-15 in humans. In 

another trial, rhIL-15 is introduced ex vivo and used as an anticancer vaccine to stimulate the 

antigen presentation activities of DCs against tumor development (ClinicalTrials: 

NCT01189383). Other than using the rhIL-15, six trials have been conducted to assess the anti-

tumor effect of IL-15/IL-15Rα by pre-forming the IL-15 and IL-15Rα or IL-15Rα-IgG1-Fc 

complexes (ClinicalTrials: NCT01946789, NCT02452268, NCT02099539, NCT02138734, 

NCT02384954 and NCT01885897). Altor BioScience Corporation has launched several clinical 

trials in patients with different cancer types using ALT-803. ALT-803 is the super-agonist form 

of IL-15 with N-to-D substitution at position 72 in IL-15Rα Sushi domain. The primary 

objectives of these trials are to determine the minimum efficacious and maximum tolerated dose 

(MED/MTD) and to study the anti-tumor efficacy of IL-15/sIL-15Rα complexes in cancer 
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patients. In HIV trials (ClinicalTrials: NCT00775424, NCT00528489, and NCT00115960), 

DNA-rIL-15 is used as an adjuvant and co-administered with genetic HIV vaccine expressing 

HIV antigens against HIV infection. In these trials, the objectives are to determine the impact of 

IL-15 on the enhancement of HIV vaccine immunogenicity since the vaccine showed limited 

immunogenicity when used alone. 

To date, only one clinical trial using rIL-15 as an immunotherapeutic agent for various 

metastatic cancers has been published 
144

. In this trial, patients were divided into three dosing 

groups (3.0 μg/kg: five patients; 1.0 μg/kg: four patients; 0.3 μg/kg: nine patients), and received 

daily intravenous administration of rIL-15 for 12 days. Unexpectedly, a transient reduction in 

circulating NK and memory CD8
+
 T cells was observed within 20 minutes after rhIL-15 

administration. However, the circulating NK cell numbers were slowly normalized within 24 

hours and ultimately increased by 10-fold in two days. In comparison, the memory CD8
+
 T cells 

finally showed an 8-fold expansion. The pharmacokinetic results demonstrated that rhIL-15 had 

an average half-life of ~2.5 hours in three dosing regimens, and the IL-15 plasma level rapidly 

declined after reaching the maximum plasma concentration. The toxicity data reveals that rhIL-

15 is safe to be given at a low dosage. Only patients receiving 1.0 or 3.0 μg/kg of rhIL-15 

showed dose-limiting side effects, including thrombocytopenia, hypotension, and liver enzyme 

elevations. In comparison, patients receiving 0.3 μg/kg of rhIL-15 showed only minimal toxicity, 

and four patients even completed the second round of treatment. Importantly, patients 

administered with rhIL-15 had only limited VLS and showed no sign of development of rhIL-15 

antibodies. Additionally, the anti-tumor activity of rIL-15 was determined according to 

computed-based radiographic scans and the Response Evaluation Criteria in Solid Tumors 

(RECIST) criteria. Even though a stable form of the disease is considered as the best response 
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after IL-15 treatment, five patients revealed a reduction of tumor size by 10% to 30%, and two 

patients have experienced clearing of their lung lesions. In summary, this first set of clinical trial 

demonstrates that administration of rhIL-15 is safe at a low dose. IL-15 treatment induces the 

proliferation and activation of cytolytic NK and CD8
+
 T lymphocytes, which results in a modest 

anti-tumor activity.   

 

1.3 RESEARCH OBJECTIVES 

The overall goal of this dissertation research was to investigate the potential of IL-15 in 

the maintenance of metabolic homeostasis and the suppression of tumor growth. The study is 

designed to achieve the following specific objectives: 

1) Determine the preventive effect of IL-15 against high-fat diet-induced obesity, fatty liver, 

and diabetes. 

2) Assess the anti-obese activity of IL-15/sIL-15Rα. 

3) Investigate the anti-tumor activity of IL-15/sIL-15Rα against Lewis lung carcinoma 

growing in the lungs, liver, and kidneys. 

  



 

25 

 

 

1 3 4 4a 5 72 6 8

2i

5’ UTR

IL-15 LSP

3’ UTR

1

5’ UTR

IL-15 Gene

IL-15 mRNA

Exons

LSP

(48-AA)

SSP

(21AA)

IL-15

(114AA)

COOHNH3

C

IL-15 Mature Protein

14-15 kDa

2 5 6 7 8

IL-15 SSP

83 4 53

Cys 35

IL-15

(114AA)

5 6 7 8 82i 3 4a 54

3’ UTR

Cys 42 Cys 88

Cys 91

Asn 79 Asn 112

 

 

 

  

Figure 1.1 IL-15 gene, mRNA, and protein structure. The human IL-15 is located on 

chromosome 4q31 and is comprised of nine exons. There are two isoforms of IL-15 mRNA: 

the classical IL-15LSP and alternative IL-15SSP, which are differentiated by the signal 

peptide length. Both isoforms produce the same mature protein of 114 AAs, which contains 

two disulfide bonds and two N-linked glycosylation sites. However, the two isoforms have 

distinct intracellular trafficking (see text for details). 2i indicates intron 2. [Modified based 

on Figure 1 from Fehniger TA, et al. (Blood 2001; 97(1): 14-32) and Figure 1 from 

Bamford R.N, et al. (J. Leukoc. Biol. 1996; 59(4): 476-480)] 
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Figure 1.2 Interaction of IL-15 and its receptor (IL-15R). The IL-15 receptor (IL-15R) 

composed of the common cytokine receptor  subunit (c), a β subunit (IL-2R/IL-15Rβ), and 

a private α subunit (IL-15Rα). Receptor specificity is conferred by α subunit (IL-15Rα) and 

signal transduction is mediated through IL-2R/IL-15Rβ and c. Little IL-15 appears to be 

expressed in a free soluble state. Instead, IL-15 is secreted in the form of soluble IL-15/IL-

15Rα complex. The IL-15/IL-15Rα complex interacts with IL-2R/IL-15Rβ and c by two 

presentation types. 1) Trans-presentation: IL-15Rα and IL-15 are synthesized in the same 

cell and transported to the cell surface where the membrane bound IL-15/IL-15Rα complex 

or soluble form of IL-15/IL-15Rα complex can stimulate neighboring cells through the IL-

15Rβγc; 2) Cis-presentation: IL-15 is presented by IL-15Rα on the same cell. [Modified 

based on Figure 2 from Steel JC, et al. (Trends Pharmacol. Sci. 2012; 33(1): 35-41.)] 
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Figure 1.3 Functional properties of IL-15. Schematic diagram demonstrated the IL-15-

mediated effects in different cell types. [Modified based on Figure 2 from Jakobisiak M et 

al. (Cytokine Growth Factor. Rev. 2011; 22(2): 99-108.). The cell images are generated 

using the ScienceSlides Software] 
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Table 1.1. Clinical trials with IL-15 (Assembled from data available at clinicaltrials.gov)* 

Trial Name/ID Number Study Objectives Disease Agents Study Design Sponsor 

Number 

of Centers 

Involved   

Status 

Haploidentical Donor NK Cell 

Infusion With IL-15 in AML 

(NCT01385423) 

Primary: 

MTD/MED for rhIL-15 (i.v.) 

Secondary:  
1) Treatment related mortality 

2) NK cell expansion 

AML rhIL-15 Purpose: Treatment  

Endpoint: Safety/Efficacy 

Study 

Model: Single Group 

Assignment 

Masking: Open Label 

Masonic 

Cancer 

Center 

Single 

clinical 

center (US) 

Phase 1 

(Completed) 

MT2014-25: Haplo NK With 

SQ IL-15 in Adult Relapsed or 

Refractory AML Patients 

(NCT02395822) 

Primary: 

Potential efficacy of NK cells and 

IL-15 to achieve complete 

remission of AML while 

maintaining safety 

Refractory or 

Relapsed 

AML  

 

rhIL-15 Purpose: Treatment  

Endpoint: Efficacy Study 

Model: Single Group 

Assignment 

Masking: Open Label 

 

Masonic 

Cancer 

Center 

Single 

clinical 

center (US) 

Phase 2 

(Recruiting) 

 

Recombinant Interleukin-15 in 

Treating Patients With 

Advanced Melanoma, Kidney 

Cancer, Non-small Cell Lung 

Cancer, or Squamous Cell Head 

and Neck Cancer 

(NCT01727076) 

Primary: 

MTD of rhIL15 (s.c.) 

Secondary:  

3) Effect on the PBMCs 

4) Tumor response rate 

5) PK/PD  

Advanced 

Solid 

Tumors 

 

rhIL-15 

 

Purpose: Treatment  

Endpoint: Safety Study 

Model: Single Group 

Assignment 

Masking: Open Label 

 

NCI Four clinical 

centers (US) 

Phase 1 

(Recruiting) 

 

A Phase I Study of Intravenous 

Recombinant Human IL-15 in 

Adults With Refractory 

Metastatic Malignant 

Melanoma and Metastatic 

Renal Cell Cancer 

(NCT01021059) 

Primary: 

DLT and MTD of rhIL15 (i.v.) 

Secondary:  
1) Effect on the NK and T cells 

2) Antitumor effects 

3) PK/PD  

Metastatic 

Melanoma or 

Renal Cell 

Carcinoma 

rhIL-15 Purpose: Treatment  

Endpoint: Safety Study 

Model: Single Group 

Assignment 

Masking: Open Label 

Allocation: Non-Randomized 

NCI Single 

clinical 

center (US) 

Phase 1 

(Completed) 

 

IL15 DCs Vaccine for Patients 

With Resected Stage III (A, B 

or C) or Stage IV Melanoma 

(NCT01189383) 

Primary: 

Evaluate the immune and clinical 

efficacy of DC-IL-15 vaccine 

using in melanoma patients 

High Risk 

Melanoma 

IL15- 

DCs 

Vaccine 

Purpose: Treatment  

Endpoint: Safety/ Efficacy 

Study 

Model: Single Group 

Assignment 

Masking: Open Label 

Baylor 

Research 

Institute, 

NIH and 

NCI 

Single 

clinical 

center (US) 

Phase 

1/Phase 2  

(Initialed) 

A Phase 1 Study of the Clinical 

and Immunologic Effects of 

ALT-803 in Patients With 

Advanced Solid Tumors 

(NCT01946789) 

Primary: 

Assess the effect of ALT-803 

(i.v.) 

1) Safety  

2) Immunogenicity, 

3) Immunomodulatory 

properties, 

4) Clinical benefits  

Advanced 

Solid 

Tumors  

 

ALT-803  

(IL-15/sIL-

15Rα-Fc) 

Purpose: Treatment  

Endpoint: Safety/ Efficacy 

Study 

Model: Single Group 

Assignment 

Masking: Open Label 

Altor -

Bioscience 

Corp. and 

NCI 

Six clinical 

centers (US) 

Phase 1 

(Recruiting) 
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A Study of ALT-803 in Patients 

With Relapsed or Refractory 

Multiple Myeloma 

(NCT02099539) 

Primary: 

MTD and MED of ALT-803 (i.v.) 

Secondary:  

1) Effect on the NK and T cells 

2) Immunogenicity 

3) PK/PD 

Relapsed or 

Refractory 

Multiple 

Myeloma  

ALT-803 Purpose: Treatment  

Endpoint: Safety/ Efficacy 

Study 

Model: Single Group 

Assignment 

Masking: Open Label 

Altor -

Bioscience 

Corp. and 

NCI 

Four clinical 

centers (US) 

Phase 

1/Phase 2  

(Recruiting) 

A Study of Intravesical BCG in 

Combination With ALT-803 in 

Patients With Non-Muscle 

Invasive Bladder Cancer 

(NCT02138734) 

Primary: 

MTD of ALT-803 and RD of 

ALT-803+BCG (Intravesical 

instillation.) 

Secondary:  
1) Immunogenicity 

2) PK/PD 

Non-Muscle 

Invasive 

Bladder 

Cancer  

 

ALT-

803+BCG 

(Bacillus 

Calmette-

Guerin) 

Purpose: Treatment  

Endpoint: Safety/ Efficacy 

Study 

Model: Factorial Assignment 

Masking: Open Label 

Allocation: Non-Randomized 

Altor -

Bioscience 

Corp. 

Six clinical 

centers (US) 

Phase 

1/Phase 2  

(Recruiting) 

ALT-803 in Patients With 

Relapse/Refractory iNHL in 

Conjunction With Rituximab  

(NCT02384954) 

Primary: 

MTD and MED of ALT-803 

(i.v/s.c) and Rituximab (i.v) 

Secondary:  
1) Immunogenicity 

2) PK/PD 

3) Immune cells and 

biomarkers 

Relapse or 

Refractory 

iNHL  

 

ALT-803 

+ 

Rituximab  

 

Purpose: Treatment  

Endpoint: Safety/ Efficacy 

Study 

Model: Single Group 

Assignment 

Masking: Open Label 

Altor -

Bioscience 

Corp. 

Single 

clinical 

center (US) 

Phase 

1/Phase 2  

(Recruiting) 

IL-15 Super Agonist ALT-803 

to Treat Relapse of 

Hematologic Malignancy after 

Allogeneic Stem Cell 

Transplant 

(NCT01885897) 

Primary: 

MTD and MED of ALT-803 (i.v) 

Secondary:  

Antitumor activity 

Relapse of 

Hemato-

logic 

Malignancy  

ALT-803 Purpose: Treatment  

Endpoint: Safety/ Efficacy 

Study 

Model: Single Group 

Assignment 

Masking: Open Label 

Masonic 

Cancer 

Center 

Three 

clinical 

centers (US) 

Phase 

1/Phase 2  

(Recruiting) 

A Study of Subcutaneous 

Recombinant Human hetIL-15 

in Adults With Metastatic 

Cancers 

(NCT02452268) 

Primary: 

DLT and MTD of hetIL-15 (s.c.) 

 

Metastatic 

Cancers  

 

hetIL-15 

 

Purpose: Treatment  

Endpoint: Safety Study 

Model: Single Group 

Assignment 

Masking: Open Label 

Admune 

Therapeutics 

LLC. and 

NCI 

Single 

clinical 

center (US) 

Phase 1 

(Recruiting) 

Safety and Effectiveness of 

PENNVAX-B Vaccine Alone, 

With IL-12, or IL-15 in Healthy 

Adults 

(NCT00528489) 

Primary: 

Assess safety, tolerability, and 

immune response to the DNA 

HIV vaccines (DNA-IL-15 and 

PENNVAX-B 

HIV/AIDS  

 

IL-15 

Plasmid 

DNA+PE

NNVAX-

B  

Purpose: Prevention  

Endpoint: Safety/ Efficacy 

Study 

Model: Parallel Assignment 

Masking: Double Blind 

Allocation: Randomized 

NIAID 

 

Six clinical 

centers (US) 

Phase 1 

(Completed) 

PENNVAX-B With or Without 

IL-12 or IL-15 as a DNA 

Vaccine for HIV Infection 

(NCT00775424) 

Primary: 

Safety and optimal doses of 

DNA-IL-15+ PENNVAX-B 

Secondary:  
1) Immunological responses 

2) Antibody response 

3) CD8 cell 

HIV/AIDS  

 

IL-15 

Plasmid 

DNA+PE

NNVAX-

B 

Purpose: Treatment  

Endpoint: Safety Study 

Model: Parallel Assignment 

Masking: Double Blind 

Allocation: Randomized 

University of 

Pennsylvania 

and Drexel 

University 

 

Single 

clinical 

center (US) 

Phase 1 

(Completed) 
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Safety of and Immune 

Response to an HIV Preventive 

Vaccine (HIV-1 Gag DNA 

Alone or With IL-15 DNA) 

Given With or Without 2 

Different Booster Vaccinations 

in HIV Uninfected Adults 

(NCT00115960) 

Primary: 

Assess the safety and immune 

response to HIV vaccine with and 

without an IL-15 DNA adjuvant 

Secondary:  
1) Safety  

2) Immune response 

HIV/AIDS  

 

HIV 

Vaccine, 

IL-15 

Plasmid 

DNA 

Endpoint: Safety Study 

Model: Parallel Assignment 

Masking: Double Blind 

Allocation: Randomized 

NIAID Six clinical 

centers in US 

and one 

clinical 

center in 

Brazil 

Phase 1 

(Completed) 

 

*Abbreviations: NK, Natural Killer; AML, Acute Myelogenous Leukemia; MTD, Maximum Tolerated Dose; MED, Minimum Efficacious Dose; i.v, Intravenous Injection; 

PK/PD, Pharmacokinetic/Pharmacodynamic, rhIL-15, Recombinant Human Interleukin-15; SQ/s.c, Subcutaneous Injection; PBMCs, Peripheral Blood Mononuclear Cells; NCI, 

National Cancer Institute; DLT, Dose Limiting Toxicity; DCs, Dendritic Cells; NIH, National Institutes of Health; Corp., Corporation; RD, Recommended Dose; BCG, Bacillus 

Calmette-Guerin; iNHL, Indolent B Cell Non-Hodgkin Lymphoma; hetIL-15, IL-15/sIL-15Rα; LLC., Limited Liability Company; HIV/AIDS, Human Immunodeficiency Virus 

and Acquired Immune Deficiency Syndrome; NIAID, National Institute of Allergy and Infectious Diseases.  
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CHAPTER 2 

HYDRODYNAMIC DELIVERY OF INTERLEUKIN 15 GENE PROMOTES RESISTANCE 

TO HIGH FAT DIET-INDUCED OBESITY, FATTY LIVER AND IMPROVES GLUCOSE 

HOMEOSTASIS 
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2.1. ABSTRACT 

The objective of this study is to examine the effect of hydrodynamic delivery of 

plasmid containing Il-15 gene on high fat dietinduced obesity and obesity-associated metabolic 

disorders. We demonstrate that Il-15 gene transfer results in multiple beneficial effects, including 

blockade of weight gain, alleviation of fatty liver and improvement in glucose homeostasis in 

mice. These effects are accompanied by suppressed expression of genes involved in lipogenesis 

and gluconeogenesis including Scd-1, Fas, Pdk4, Pepck and G6p, and enhanced expression of 

genes responsible for lipolysis and glucose metabolism such as Cpt1-α, Cpt1-β, Acadm, Acadl 

and Glut-4. Collectively, our results suggest that Il-15 gene transfer is an effective approach in 

preventing diet-induced obesity and obesity-associated complications. 

 

2.2. INTRODUCTION 

Obesity is a major risk factor in the development of several diseases including diabetes, 

cardiovascular diseases, metabolic disorders and cancer 
145, 146

. With an increasing prevalence of 

obesity, physical exercise is often recommended as a means of effectively preventing weight 

gain or losing weight for people who are obese 
147

. At the molecular level, muscle contraction is 

associated with release of cytokines such as interleukin 6 (IL-6), IL-8 and IL-15 that work to 

send signals to the liver and adipose tissue for glycolysis and lipolysis, generating glucose to 

support muscle activities. While the detailed mechanism on how these cytokines work remains 

illusive and controversial, exercise-induced IL-6 is believed to suppress inflammation by 

increasing cytokine inhibitors such as IL-1 receptor antagonist and soluble tumor necrosis factor-

α receptors, and triggering the release of the major anti-inflammatory cytokine IL-10 
148

. 

Exercise induced IL-8, on the other hand, serves as a potent angiogenic factor that signals the 
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need for building more blood vessels in muscle 
149

. Different from IL-6 and IL-8, muscle-

released IL-15 works by interacting with transcription factor such as peroxisome proliferator 

activated receptor to enhance lipolysis and reduce the adipose tissue size 
150

.  

In the past, IL-15 has been considered an anti-obesity cytokine although its therapeutic 

potential has not been demonstrated 
151

. Evidence supporting the role of IL-15 in lipid 

metabolism and obesity is accumulating. Yang et al. have shown that IL-15 level is markedly 

lower in obese than control rats 
152

. Studies of Il-15 knockout mice showed a higher fat mass 

than wild-type animals 
90

. Similarly, Il-15 transgenic mice exhibit lower body weight and 

resistance to high fat diet (HFD)-induced obesity 
150

. In addition, Il-15 transgenic mice ran twice 

as long as littermate control in a run-to-exhaustion trial and preferentially used fat for energy 

metabolism 
153

.  

In this study, we assessed the activity of IL-15 in blocking HFD-induced obesity, 

insulin resistance and fatty liver development. Using a well-established gene transfer technique 

to overexpress Il-15 gene in mice fed a HFD, we demonstrate that Il-15 gene transfer results in 

sustained Il-15 expression and blocked HFDinduced obesity and obesity-associated metabolic 

diseases. Our results suggest that Il-15 gene transfer is an effective approach in blocking HFD-

induced obesity, and development of insulin resistance and liver steatosis. 

 

2.3. MATERIALS AND METHODS 

2.3.1. Plasmid vectors  

The pLIVE plasmid vector was purchased from Mirus Bio (Madison, WI), and either 

mouse IL-15 (mIl-15) or secreted embryonic alkaline phosphatase (SEAP) gene was cloned into 

the pLIVE vector. Il-15 gene fragment was inserted into multi-cloning sites of the pLIVE vector 
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created by restriction digestion of Sac Ι and Xho Ι. Plasmid constructs were confirmed by DNA 

sequencing (University of Georgia Genomics Facility). The plasmids were isolated using the 

method of cesium chloride density gradient centrifugation (spun twice) and kept in saline at − 80 

°C until use. Lack of endotoxin in plasmid preparation was confirmed by enzyme-linked 

immuno sorbent assay (ELISA) using the ELISA kit from eBioscience, Inc. (San Diego, CA, 

USA). Optical density determination (260 and 280 nm) and 1% agarose gel electrophoresis were 

conducted to verify the purity of the plasmid preparations. 

 

2.3.2. Animals and animal procedure  

Male C57BL/6 mice (9 weeks old, 24~26 g) were purchased from Charles River 

Laboratories (Wilmington, MA) and housed under standard conditions with a 12 h-12 h light-

dark cycle. The HFD (60% kcal from fats, 20% from carbohydrates and 20% from proteins) was 

purchased from Bio-Serv (Frenchtown, NJ; #F3282). Mice were fed continuously for 9 weeks 

and body weight, body composition, and food intake were measured weekly. Blood and various 

tissue samples were collected after sacrificing the mice for biochemical and histological 

examinations. All animal experiments were approved by the Institutional Animal Care and Use 

Committee at the University of Georgia, Athens, Georgia (protocol number, A2011 07-Y2-A3). 

Hydrodynamic gene delivery of either pLIVE-SEAP plasmid (control) or pLIVE-IL-15 

plasmids was performed on days 1 and 31 when animals were fed a selected diet. Briefly, 9% 

body weight of saline solution containing 10 μg of plasmid DNA was injected into mouse tail 

vein within 5-8 seconds 
154

. Mouse IL-15 levels in serum were quantified using IL-15 Duoset 

ELISA kit (R&D Systems, Minneapolis, MN, USA). 
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2.3.3. Gene expression analysis by real time PCR  

Total RNA was isolated from the mouse liver and muscle using TRIzol reagents from 

Invitrogen (Carlsbad, CA). Reverse transcription polymerase chain reaction (RT-PCR) was 

conducted using commercial kits from OriGene (Rockville, MD). Real time PCR (qPCR) was 

performed using SYBR Green as detection reagent on the ABI StepOne Plus Real-Time PCR 

system
155

. GAPDH mRNA was used as an internal control, and all primers (Table 2.1) were 

ordered from Sigma (St. Louis, MO, USA). A melting curve analysis of all quantitative PCR 

products was performed and showed a single DNA duplex.  

 

2.3.4. Determination of plasma concentration of alanine transaminase (ALT) and aspartate 

transaminase (AST)  

Blood samples were collected from heart cavities immediately after euthanizing mice. 

Serum was isolated by centrifugation at 5,000 r.p.m for 5 min. ALT and AST concentrations 

were determined using commercial kits from Thermo Scientific (Middletown, VA, USA), 

following the manufacture’s instruction.  

 

2.3.5. Determination of liver TG level  

The procedure was performed according to the Folch method 
156

. Briefly, liver samples 

(~ 150 mg) were homogenized in a mixture of chloroform and methanol (2:1, volume ratio). 

Tissue homogenates were incubated at 4°C overnight and centrifuged at 12,000 r.p.m for 20 min. 

The supernatants were air dried and re-dissolved in 3% Triton-isopropanol. The amounts of liver 

TG were determined using a commercial kit from Thermo-Scientific. 
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2.3.6. Evaluation of glucose homeostasis  

Intraperitoneal glucose tolerance test (IPGTT) and insulin tolerance test (ITT) were 

carried out 1 week before the end of the experiments. For IPGTT, mice were fasted for 6 h and 

glucose in 0.9% saline was injected (i.p.) at 2 g kg
− 1

, with the time point was set as 0 min. Blood 

glucose levels were measured at 0, 30, 60, and 120 min using glucose test strips and glucose 

meters. The same group of animals was allowed to rest for 2 days after IPGTT. For ITT, animals 

were fasted for 4 h and insulin (Humulin) from Eli Lilly (Indianapolis, IN, USA) was injected 

(i.p.) at a dose of 0.75 U kg
− 1

, and blood glucose was measured in a time course identical to 

IPGTT. Insulin levels in the blood were measured using a commercial ELISA kit (Mercodia 

Developing Diagnostics, Winston Salem, NC, USA). Insulin resistance (HOMA-IR) was 

calculated using the following formula: HOMAIR = (fasting insulin (ng ml− 1) × fasting plasma 

glucose (mg dl − 1)/405). 

 

2.3.7. H&E staining 

The samples from livers, WATs and BATs, were fixed in 10% neutral buffered 

formalin and then underwent gradient dehydration, paraffin embedding and tissues sectioning (5 

μm). The sections were dried at 37 °C for at least one hour and stained with hematoxylin and 

eosin (H&E) with a commercial kit (BBC Biochemical, Atlanta, GA). The diameters of 

adipocytes in WATs were measured using the NIS-Elements imaging platform (Nikon 

Instruments Inc, Melville, NY). 
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2.3.8. Oil-red O staining 

Fresh liver samples were immediately harvested from killed animals and frozen in 

liquid nitrogen. Frozen sections were made at eight μm using a cryostat, fixed in 10% neutral 

buffered formalin for 30 min and rinsed with phosphate-buffered saline solutions. The tissue 

sections were then stained with the freshly prepared Oil-red O working solution (Electron 

Microscopy Sciences, Hatfield, PA, USA) for 30 min and hematoxylin for 1 min, accompanied 

by a washing step (60% isopropanol for 5 min) before each staining. Microscopic examination 

(Nikon Instrument Inc.) was performed on tissue slides, and selected structures were 

photographed. 

 

2.3.9. Statistical Analysis  

All statistical analyses were performed using GraphPad Prism (GraphPad Software, La 

Jolla, CA, USA). Data were expressed as mean ± s.d. (n = 5). Results were analyzed using one-

way analysis of variance, with a P-value of below 0.05 (P<0.05) considered as statistically 

different. 

 

2.4. RESULTS 

2.4.1. Hydrodynamic gene transfer resulted in elevated mRNA levels of Il-15 in the liver and 

increased serum concentrations of IL-15 protein in HFD feeding mice 

Two hydrodynamic tail vein injections of pLIVE-mIL-15 or pLIVE SEAP plasmids 

were performed on days 1 and 31, respectively, on C57BL/6 mice on a HFD. Relative mRNA 

levels at the end of the 9-week feeding period were examined and showed ~ 54-fold higher in the 

liver, but not in the muscle (Figure 2.1a), confirming the liver specificity of the hydrodynamic 
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procedure of gene delivery 
154, 157

. The IL-15 protein level was ~ 420 pg ml− 1 in the blood 

(Figure 2.1b). No significant increase in serum concentrations of liver-specific enzymes either 

ALT (Figure 2.1c) or AST (Figure 2.1d) was observed, indicating absence of liver damage. 

 

2.4.2. Il-15 gene transfer blocked HFD-induced obesity in mice 

The effect of Il-15 gene delivery on diet-induced obesity was examined. Mice that 

received secreted SEAP gene transfer showed a significant increase in body weight as early as 3 

weeks when fed a HFD, compared with animals fed a HFD and injected with the Il-15 gene 

(Figure 2.2a). At the end of the 9-week HFD feeding, the SEAP gene injected control mice 

showed an average body weight of 39.8 ± 2.0 g, about 10 g higher than mice injected with Il-15 

gene (29.0 ± 2.4 g), almost identical to mice fed a regular chow (29.4 ± 1.8 g). The size 

difference among the three groups of mice is visually differentiable (Figure 2.2b). Body 

composition analysis using the EchoMRI-100 system (EchoMRI, Houston, TX, USA) showed 

that Il-15 gene transfer, compared with chow-fed regular mice, blocked the fat mass gain without 

changing lean mass (Figures 2.2c and d). No significant difference was seen in average energy 

intake among the animals (Figure 2.2e). Together, these results demonstrate that hydrodynamic 

delivery of Il-15 gene completely blocked HFD-induced obesity. 

 

2.4.3. Il-15 gene transfer suppressed hypertrophy in adipocytes 

To explore the impact of Il-15 gene transfer on morphological change in adipocytes, we 

collected adipose tissue from the control and IL-15-treated mice. The average size of adipocytes 

(Figure 2.3a) and weight of fat pads (Figure 2.3b) were measured and showed a significant 

difference in epididymal, inguinal, and perirenal white adipose tissues, and brown adipose tissue 
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(BAT) between HFD-fed control and IL-15-treated mice. Compared to control mice injected 

with pLIVE-SEAP plasmid, hematoxylin and eosin (H&E) staining of white adipose tissue 

shows Il-15 gene transfer significantly suppressed HFD-induced enlargement of adipocytes in 

epididymal, perirenal, and inguinal white adipose tissues, and fat accumulation, judging by size 

and number of vacuoles in BAT (Figure 2.3c). The average diameter of adipocytes in HFD-fed 

control mice is 89.8 ± 9.9 μm, compared to 52.5 ± 8.6 μm in IL-15-treated mice and 44.7 ± 6.3 

μm in mice fed a regular chow (Figure 2.3d). No significant difference was observed between 

animals fed a regular chow and HFD with Il-15 gene transfer. 

 

2.4.4. Il-15 gene transfer prevented HFD-induced fatty liver 

Excessive fat deposition in the liver is one of the major physiological changes 

associated with obesity. Therefore, we examined the effect of Il-15 gene delivery on lipid 

accumulation in the liver. Mice transferred with the Il-15 gene showed lower liver weights 

compared with those of HFD-fed control (Figure 2.4a). Histological images showed more 

vacuoles in liver sections of HFD-fed control mice (Figure 2.4b). Oil-red O staining confirmed a 

significant presence of lipid droplets (Figure 2.4b) in HFD-fed control mouse liver and Il-15 

gene transfer blocked HFD-induced lipid accumulation in the liver. Biochemical quantitation 

showed lower levels of TG in the liver of IL-15-treated mice (Figure 2.4c). Again, there is no 

statistical difference between IL-15-treated mice and those fed a regular chow. 

 

2.4.5. Il-15 gene transfer modulates transcription of genes involved in lipid metabolism 

To investigate how Il-15 gene transfer reduced excessive lipid accumulation in HFD-

fed animals, we measured mRNA levels of genes in the liver and the muscle involved in de novo 
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lipogenesis and lipolysis. We first compared mRNA levels of genes with known functions for 

lipogenesis including Scd-1, Fas and Acc-1. HFD feeding increased the expression of Scd-1 and 

Fas in muscle by ~ 8.6- and ~ 3.1-folds, respectively (Figure 2.5a). Il-15 gene transfer 

significantly reduced mRNA levels of the same set of genes in the muscle by ~ 58.6% and ~ 

51.1%, as well as ~ 63.7% and ~ 49.4% in the liver (Figures 2.5a and b). mRNA levels of Acc-1 

did not change in the muscle or liver. Next, we evaluated mRNA levels of critical genes for fatty 

acid β oxidation in both muscle and liver. HFD-fed mice received Il-15 gene transfer showed a 

slight, but significant increase in mRNA levels of Cpt1-α (~2.2-fold), Cpt1-β (~2.1-fold), Acadm 

(liver: ~ 1.7-fold; muscle: ~ 1.4-fold) and Acadl (liver: ~ 1.8- fold; muscle: ~ 1.4-fold) compared 

with HFD-fed control mice received control plasmid (Figures 2.5c and d). 

 

2.4.6. Il-15 gene transfer protected mice from HFD-induced hyperinsulinemia and 

hyperglycemia 

Obesity is a known risk factor in developing insulin resistance, one characteristic of 

type-2 diabetes. We then conducted an IPGTT and ITT to investigate whether mice transferred 

with the Il-15 gene show an improvement in glucose metabolism. Il-15 gene transfer decreased 

fasting glucose (~148mg dl− 1) levels compared with HFD-fed control mice (~222 mg dl− 1) 

(Figure 2.6a). Mice fed a HFD for 8 weeks become glucose intolerant judging by IPGTT (Figure 

2.6b). The calculated area under the curve (AUC) of IPGTT showed that HFD fed mice 

transferred with the Il-15 gene exhibited normal glucose sensitivity comparable to that of control 

animals fed a regular diet (Figure 2.6c). Blood insulin levels in mice fed a chow diet, HFD with 

injection of control plasmids, and those fed a HFD with Il-15 gene transfer were ~ 2.2, ~ 6.2 and 

~ 1.6 ng ml− 1, respectively (Figure 2.6d). Similarly, results from ITT showed HFD-fed control 
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mice developed insulin resistance (Figure 2.6e) and in contrast, ITT and calculated homeostasis 

model assessment of insulin resistance (HOMA-IR) suggested that IL-15-treated mice have 

normal insulin sensitivity comparable to animas fed a regular chow (Figures 2.6e and f). 

 

2.4.7. Il-15 gene transfer affects the expression of critical genes involved in glucose 

metabolism 

To investigate how Il-15 gene transfer maintained glucose homeostasis, we measured 

the mRNA levels of genes involved in glucose metabolism in the liver and the muscle. 

Expression of Pdk4, a key gene involved in repressing glucose oxidation, was increased in HFD-

fed control mice in the liver, while Il-15 gene transfer significantly reduced its mRNA levels by 

~ 33.5% (Figure 2.7a). Expressions of genes involved in gluconeogenesis, such as Pepck and 

G6p, were decreased in IL-15-treated mice by ~ 29.8% and 41.8%, respectively (Figure 2.7a). 

Expression of Glut-4, a critical gene involved in glucose transportation, was reduced in HFD fed 

control mice in muscle. However, mice transferred with the Il-15 gene slightly, but significantly 

enhance the mRNA levels of Glut-4 by ~ 1.8 folds (Figure 2.7b). 

 

2.5. DISCUSSION 

Exercise associated factors, including IL-15, have remarkable roles in glucose and lipid 

metabolism and energy expenditure 
151, 158

. Our group has previously shown that hydrodynamic 

injection of the FGF-21 gene alleviated obesity and fatty liver in mice fed a HFD 
159

. In the 

present work, we demonstrate that Il-15 gene transfer generates a higher serum concentration of 

IL-15 during the 9-week experimental time period (Figure 2.1), resulting in a blockade of HFD-

induced obesity and alleviation of obesity-related hepatic fat accumulation and glucose 
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intolerance (Figures 2.2-2.4 and 2.6). Mechanistically, these beneficial effects were accompanied 

with suppressed expression of genes involved in de novo lipogenesis and gluconeogenesis, as 

well as increased expression of genes involved in lipolysis and glucose transport (Figures 2.5 and 

2.7). 

Accumulating evidence suggests IL-15 has direct effect on adipose tissue. A previous 

study by Carbo et al.15 demonstrates that 7 days administering IL-15 to adult rats led to a 33% 

decrease in white adipose tissue, suggesting an anti-adipogenic role of the IL-15 
92

. These 

observations were confirmed using different types of mammalian adipogenic cell lines, including 

human derived cells 
90, 91, 93

. Moreover, IL-15 administration was able to inhibit pre-adipocyte 

differentiation and lipid deposition
91, 160-162

. In agreement with previous reports, we observed that 

Il-15 gene transfer blocked HFD-induced weight (Figure 2.2a) and fat mass gain (Figure 2.2c). 

Meanwhile, results from a histological analysis revealed a smaller diameter of adipocytes in the 

white adipose tissue and less lipid accumulation in the liver (Figures 2.3c and 2.4b). These 

results suggest that the function of IL-15 involves a blockade of adipogenesis.  

Previous studies identified IL-15 as a key regulator for enhancing lipid oxidation and 

suppressing de novo lipogenesis. Using a primary pig model, Ajuwon et al. have shown that IL-

15 directly targeted adipocytes through lipolysis and lipogenesis 
93

. Similarly, Lopez-Soriano et 

al. demonstrated that daily injections of IL-15 reduced activity of lipogenic enzyme, such as 

ACC and FAS, leading to decreased lipogenic rate and carcass fat 
163

. Consistent with these 

findings, we observed Il-15 gene transfer repressed expression of Scd-1 and Fas genes in the 

liver and the muscle, which are involved in de novo lipogenesis (Figures 2.5a and b). However, 

we did not observe a significant change in Acc gene expression. Moreover, Il-15 gene transfer in 

mice fed a HFD increased transcription of several key genes for lipid oxidation, including Cpt1-
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α, Cpt1-β, Acadm, Acadl (Figures 2.5c and d), leading to a corresponding alleviation of 

adipocyte deposition and fatty liver (Figures 2.3 and  2.4). 

IL-15 also plays important roles in maintaining glucose homeostasis by facilitating 

glucose uptake in skeletal muscle. Previous studies by Busquets et al. demonstrate that IL-15 

stimulates glucose uptake in skeletal muscle by increasing Glut-4 expression both in vivo and in 

vitro 
106

. Barra et al. provided compelling evidence showing IL-15 treatment is able to improve 

glucose homeostasis and insulin sensitivity in diet-induced obese mice 
107

. Consistent with these 

previous reports, our data clearly show that Il-15 gene transfer markedly reduced insulin 

resistance and improved glucose tolerance in mice fed an HFD (Figure 2.6). In addition, 

expression of the genes involved in glucose metabolism including Pdk4, Pepck, and G6p was 

decreased in the liver of mice with over expression of Il-15 (Figure 2.7a). Glut-4, a critical gene 

involved in glucose transportation was upregulated in muscle (Figure 2.7b). 

In summary, in this study, we demonstrate that hydrodynamic delivery of Il-15 gene 

brought a variety of beneficial effects in diet-induced obesity and its complications, including 

suppression of adiposity, alleviation of fatty liver and improvement of insulin resistance. Our 

findings indicate that Il-15 gene transfer could be an effective approach in preventing HFD-

induced obesity and obesity-associated fatty liver and insulin resistance.  
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Figure 2.1. Assessment of Il-15 gene expression after hydrodynamic delivery. 

Mice were hydrodynamically injected with pLIVE-IL-15 or pLIVE-SEAP plasmids 

and fed with selected diet for 9 weeks and IL-15 mRNA level in different organs and 

blood concentration of IL-15 protein were determined. (a) mRNA levels of IL-15 in 

the liver and muscle; (b) blood concentration of IL-15 protein; (c) blood 

concentration of alanine aminotransferase (ALT); and (d) blood concentration of 

aspartate aminotransferase (AST). (☐) Mice fed a chow diet injected with pLIVE-

SEAP; ( ) Mice fed a HFD and injected with pLIVE-SEAP; (■) Mice fed a HFD 

and injected with pLIVE-IL-15. Data represent mean ± SD (n=5). * P<0.05 

compared with chow diet group, # P<0.05 compared with HFD-fed mice injected 

with pLIVE-SEAP plasmids.  
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Figure 2.2. Il-15 gene transfer blocked HFD-induced weight gain in mice. (a) Time 

dependent growth curve; (b) Representative images of regular diet-fed animals injected 

with pLIVE-SEAP (left), HFD-fed animals injected with pLIVE-SEAP (middle), and 

HFD-fed animals injected with pLIVE-IL-15; (c) Time dependent fat mass; (d) Time 

dependent lean mass; and (e) Time dependent energy intake. (●) Animals fed a regular 

chow injected with pLIVE-SEAP plasmid. () Animals fed a HFD and injected with 

pLIVE-SEAP plasmid; (▲) Animals fed a HFD and injected with pLIVE-IL-15. Data 

represent mean ± SD (n=5). * P<0.05 compared with animals fed a chow diet; # P <0.05 

compared with mice fed a HFD and injected with pLIVE-SEAP.   
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Figure 2.3. Il-15 gene transfer suppressed hypertrophy in adipose tissue. (a) A 

representative image of different adipose tissues; (b) Weight of fat pads; (c) Images of 

H&E staining of IWAT, EWAT, PWAT and BAT; (d) Average diameter of adipocytes 

in WAT calculated from 500 randomly selected cells from 5 tissue slides. IWAT: 

inguinal white adipose tissue; EWAT: epididymal white adipose tissue; PWAT: 

perirenal white adipose tissue; BAT: brown adipose tissue. (☐) Mice fed a chow diet 

and injected with pLIVE-SEAP; ( ) Mice fed a HFD and injected with pLIVE-SEAP; 

() Mice fed a HFD and injected with pLIVE-IL-15. Data represent mean ± SD (n=5). 

* P<0.05 compared with animas fed a chow diet, # P<0.05 compared with mice fed a 

HFD and injected with pLIVE-SEAP plasmids.  
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Figure 2.4. Il-15 gene transfer prevented HFD-induced fatty liver. (a) Liver 

weight; (b) Representative images of H&E and oil-red O staining of the liver 

sections; (c) Relative triglyceride level in the liver. TG: triglyceride. (☐) Mice fed 

a chow diet and injected with pLIVE-SEAP; ( ) Mice fed a HFD and injected 

with pLIVE-SEAP; () Mice fed a HFD and injected with pLIVE-IL-15. Data 

represent mean ± SD (n=5). * P<0.05 compared with animals fed a chow diet 

group, # P<0.05 compared with mice fed a HFD and injected with pLIVE-SEAP 

plasmid. 
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Figure 2.5. Il-15 gene transfer modulates transcription of genes involved in lipid 

metabolism. (a) Relative mRNA levels of genes involved in de novo lipogenesis in 

muscle; (b) Relative mRNA levels of genes involved in de novo lipogenesis in liver; 

(c) Relative mRNA levels of genes involved in fatty acid β oxidation in the muscle; 

(d) Relative mRNA levels of genes involved in fatty acid β oxidation in the liver. (☐) 

Mice fed a chow diet injected with pLIVE-SEAP plasmids; ( ) Mice fed a HFD 

injected with pLIVE-SEAP plasmids; () Mice fed a HFD and injected with pLIVE-

IL-15. Data represent mean ± SD (n=5). * P <0.05 compared with animals fed a chow 

diet group, # P <0.05 compared with mice fed a HFD and injected with pLIVE-SEAP 

plasmids. 
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Figure 2.6. Il-15 gene transfer protected mice from HFD-induced 

hyperinsulinemia and hyperglycemia. (a) Fasting blood glucose level; (b) Time 

dependent change of blood glucose concentration in IPGTT; (c) AUC of IPGTT; (c) 

Fasting blood insulin level; (d) Time dependent change of blood glucose 

concentration in ITT; (e) Results of HOMA-IR analysis for insulin resistance. IPGTT: 

intraperitoneal glucose tolerance test, AUC: area under curve, ITT: insulin tolerance 

test, HOMA-IR: Homeostasis model assessment of insulin resistance. (●) Animals fed 

a regular chow and injected with pLIVE-SEAP plasmid. () Animals fed a HFD and 

injected with pLIVE-SEAP plasmids; (▲) Animals fed a HFD and injected with 

pLIVE-IL-15 plasmids. (☐) Mice fed a chow diet and injected with pLIVE-SEAP; (

) Mice fed a HFD and injected with pLIVE-SEAP; () Mice fed a HFD and 

injected with pLIVE-IL-15. Data represent mean ± SD (n=5). * P<0.05 compared 

with animals fed a chow diet, # P<0.05 compared to mice fed a HFD and injected 

with pLIVE-SEAP plasmids. 
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Figure 2.7. Il-15 gene transfer affects the expression of critical genes involved in 

glucose metabolism (a) Relative mRNA levels of genes involved in glucose 

metabolism in liver; (b) Relative mRNA levels of Glut-4 gene in muscle. (☐) Mice 

fed a chow diet and injected with pLIVE-SEAP plasmids; ( ) Mice fed a HFD and 

injected with pLIVE-SEAP; () Mice fed a HFD and injected with pLIVE-IL-15 

plasmids. Data represent mean ± SD (n=5). * P<0.05 compared with animals fed a 

chow diet, # P<0.05 compared with animals fed a HFD and injected with pLIVE-

SEAP plasmids. 
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 Table 2.1. Primer sequences for real time PCR analysis of gene expression 

 

 

  

Gene Forward primer sequence Reverse primer sequence 

Acadm GGGTTTAGTTTTGAGTTGACGG CCCCGCTTTTGTCATATTCCG 

Acadl TCTTTTCCTCGGAGCATGACA GACCTCTCTACTCACTTCTCCAG 

Acc-1 ATGGGCGGAATGGTCTCTTTC TGGGGACCTTGTCTTCATCAT 

Cpt1α CTCCGCCTGAGCCATGAAG CACCAGTGATGATGCCATTCT 

Cpt1β GCACACCAGGCAGTAGCTTT CAGGAGTTGATTCCAGACAGGT 

Fas GGAGGTGGTG ATAGCCGGTAT TGGGTAATCCATAGAGCCCAG 

G6p CGACTCGCTATCTCCAAGTGA GTTGAACCAGTCTCCGACCA 

Glut4 GTGACTGGAACACTGGTCCTA CCAGCCACGTTGCATTGTAG 

IL-15 AAAGCTTTATACGCATTGTCCAAAT CATGCAGTCAGGACGTGTTGAT 

Pdk4 AGGGAGGTCGAGCTGTTCTC GGAGTGTTCACTAAGCGGTCA 

Pepck CTGCATAACGGTCTGGACTTC CAGCAACTGCCCGTACTCC 

Scd1 TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT 
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CHAPTER 3 

IL-15/sIL-15Rα GENE TRANSFER INDUCES WEIGHT LOSS AND IMPROVES GLUCOSE 

HOMEOSTASIS IN OBESE MICE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

______________________________________________________________________________ 

Hao Sun, Yongjie Ma, Mingming Gao and Dexi Liu. (2016).  

Gene Therapy, 23: 349-356. 

Reprinted here with permission of publisher. 



 

53 

 

3.1. ABSTRACT 

Obesity and its associated metabolic problems are a major public health issue. The 

objective of the current study is to investigate the therapeutic effect of IL-15/sIL-15Rα on high 

fat diet induced obesity and obesity-associated metabolic disorders. We demonstrate that the 

multiple hydrodynamic delivery of 2 μg IL-15/sIL-15Rα plasmid results in numerous beneficial 

effects, including a reduction of body weight and fat mass, an alleviation of fatty liver, an 

improvement in glucose homeostasis, and insulin sensitivity in obese mice. These effects are 

accompanied by a suppressed mRNA level of genes involved in lipid accumulation and 

lipogenesis,  including Pparγ, Cd36, Fabp4, Mgat1, Scd-1 and Fas, and an elevated gene 

expression for adaptive thermogenesis and fatty acid β oxidation, such as Ucp1, Ucp3, Pgc-1α, 

Pgc-1β, Pparα, Pparδ, Cpt1-α and Cpt1-β in obese animals. These results suggest that the 

overexpression of the Il-15/sIl-15Rα gene is an effective approach in treating diet-induced 

obesity and its associated metabolic complications. 

 

3.2. INTRODUCTION 

The high prevalence of obesity in children and adults represents a major public health 

problem worldwide
146, 164

. Regular exercise and physical activities are common strategies to 

manage obesity and its associated chronic conditions, including hypertension, coronary heart 

disease, type 2 diabetes mellitus, and age-related muscle wasting 
165

. The molecular basis for an 

exercise-based strategy is that following physical activity several “myokines,” most notably 

interleukin (IL)-6, IL-10, IL-15 and fibroblast growth factor (FGF)-21, are released from skeletal 

muscle resulting in a positive endocrine effect on body composition 
99, 166, 167

. IL-6 and FGF-21 

are shown to enhance adaptive thermogenesis in adipose tissue by consuming energy as heat 
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through uncoupling adenosine triphosphate production, and thus exert a beneficial effect on body 

fat utilization 
159, 168

. IL-10, an anti-inflammatory cytokine, works to modulate obesity-induced 

low-grade inflammation and to regulate metabolic homeostasis 
169

. IL-15, originally 

characterized as a stimulator for T and nature killer (NK) cell development 
4, 170

, functions as a 

circulating regulator of body composition. In a recent study, Nielsen et al. showed a negative 

association between circulating IL-15 levels and body-mass index, total fat, trunk fat, and limb 

fat mass in humans 
138

. In pre-clinical studies, mice with targeted deletion of IL-15 showed 

higher level of body fat than did wild-type mice 
90

. Whereas, IL-15 transgenic mice, engineered 

for elevated plasma concentrations of IL-15, exhibited lower body fat and resistance to diet-

induced obesity 
150

. Using adipogenic cell cultures, several studies have shown activity of IL-15 

in inhibiting lipogenesis and increasing lipolysis 
89-91, 93

.  

Different from other myokines, such as IL-6 that are secreted directly from skeletal 

muscle into blood circulation, IL-15 and soluble IL-15 receptor alpha (IL-15Rα) interact 

intracellularly with high affinity forming IL-15/sIL-15Rα complexes that are subsequently 

secreted into blood circulation 
171

. IL-15 stays in blood circulation as a complex with increased 

stability and circulation half-life 
172, 173

. The signal transduction of IL-15 is achieved through 

interactions of receptor complexes consisting of IL-15Rα, IL-2Rβ, and IL-2Rγ 
174

. The IL-2Rβ 

and IL-2Rγ subunits are expressed on various cell types and responsible for signal transduction, 

while IL-15Rα has a high binding affinity to the receptor complexes 
174

. At a molecular level, IL-

15/sIL-15Rα complexes are the biologically active form of IL-15. 

Our previous study successfully demonstrated the activity of IL-15 in blocking high fat 

diet (HFD)-induced obesity, insulin resistance and fatty liver development using the well-

established hydrodynamic gene transfer technique 
175

. Here, using the same technique, we 
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assessed the effect of IL-15/sIL-15Rα on reducing the body weight of obese mice and obesity-

associated metabolic disorders. We demonstrated that Il-15/sIl-15Rα gene transfer is effective in 

inducing weight loss of obese mice and improves glucose homeostasis and insulin sensitivity. 

 

3.3. MATERIALS AND METHODS 

3.3.1. Plasmids 

AG209 DP muIL-15sRα+IL-15 plasmids carrying mouse IL-15/sIL15-Rα genes were 

provided from Dr. Barbara K Felber (NCI) 
171

. The plasmid was constructed with pCMV-kan 

backbone, which contains simian and human dual CMV promoters, the bovine growth hormone 

(BGH) polyadenylation site, and the kanamycin resistance gene 
176-178

.
 
The expression of mouse 

IL-15 gene was driven by simian CMV promoter and the IL-15 sequence was codon-optimized 

by removing RNA processing and instability sequences and substituted with the leader sequence 

from the mouse granulocyte-macrophage colony-stimulating factor (GM-CSF). The soluble form 

of mouse IL-15Rα (sIL-15Rα, amino acids 1–205) was expressed from the human CMV 

promoter and sIL-15Rα sequence was codon-optimized by introducing multiple silent point 

mutations, which resulted in enhanced stability of mRNA. All coding sequences were verified by 

sequencing. The mouse IL-15 and sIL-15Rα proteins are corresponding to GenBankTM 

accession number and NP-032383 and NP-032384. The DNA plasmids were isolated using 

endotoxin free preparation procedures through cesium chloride-ethidium bromide gradient 

ultracentrifugation and kept in saline at −80°C until use. Purity of the plasmid preparations was 

determined by optical density (260 and 280 nm) and 1% agarose gel electrophoresis. 
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3.3.2. Animals and animal treatments  

The animal studies were under the surveillance of Institutional Animal Care and Use 

Committee (IACUC, University of Georgia, Athens, GA) and were performed according to the 

experimental protocol (# A2014 07-008-Y1-A0). Male C57BL/6 mice (8-9 weeks old, 24~26 g) 

were used for all experiments (Charles River Laboratories, Wilmington, MA). The study animals 

were kept in a pathogen-free environment under a standard light-dark cycle condition. Obese 

mice (52 ± 2 g) were developed by feeding animals with a high fat diet (HFD) (60% kcal from 

fats, Bio-Serv Frenchtown, NJ; #F3282) for 20 weeks. Age-matched lean mice were kept on a 

regular chow diet (60% kcal from carbohydrates, LabDiet, St Louis, MO). The food 

consumption was measured by the difference between the amount provided and the amount left 

in three days. EchoMRI-100 system (EchoMRI, Houston, TX, USA) was used to measure the 

mouse body composition. 

The hydrodynamic gene delivery was performed according to an established procedure 

with some modifications 
159, 168

. Briefly, 2.0-2.5 ml saline solution (equivalent to 8% lean mass 

of a mouse) containing either 2 μg of AG209 DP muIL-15sRα+IL-15 plasmid or empty vector 

was injected through tail vein within 5-8 s. Mice were continuously fed a predetermined diet. 

Blood, body weight, body composition, and food intake were measured at the desired time 

points. Blood was collected using a Microvette-CB300-LH from Fisher Scientific (Pittsburgh, 

PA) at the desired time points and mouse IL-15/sIL-15 complex levels in serum were determined 

using ELISA kit (eBioscience, San Diego, CA). Mouse serum and various tissue samples were 

collected after euthanizing the mice for biochemical and histological examinations. 
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3.3.3. Histochemical, Oil Red O and Nile Red Examination  

For histochemical examination using hematoxylin and eosin (H&E) staining, tissue 

samples from the liver, WAT and BAT were collected from the euthanized mice, fixed in 10% 

neutrally buffered formalin and embedded into paraffin. H&E staining was performed using 

tissue sections at a thickness of 5 μm with a commercial kit purchased from BBC Biochemical 

(Atlanta, GA). For Oil-red O and Nile red staining, frozen liver sections were made at 8 μm 

using a Cryostat and fixed in 10% neutrally buffered formalin for 30 min. These sections were 

stained with either 0.2% Oil Red O working solution (Electron Microscopy Sciences, Hatfield, 

PA) for 15 min, or Nile red working solution (Sigma, St. Louis, MO) for 5 min. Microscopic 

examination was performed using the NIS-Elements imaging platform from Nikon Instruments 

Inc. (Melville, NY).  

 

3.3.4. Hepatic lipid analysis  

A quantitative determination of hepatic lipids was performed using the Folch procedure 

156
. Two to three hundreds micrograms of liver samples were homogenized in a 2:1 volume 

mixture of chloroform and methanol, and centrifuged at 4°C, 12,000 r.p.m. for 20 min. The 

lower phase was collected, and air dried. The lipids were then dissolved by the triton-isopropanol 

solution (3%). The hepatic triglyceride and cholesterol levels were further measured by a 

commercial kit (Thermo-Scientific, Middletown, VA) 

 

3.3.5. Evaluation of glucose homeostasis and insulin sensitivity 

The glucose response and insulin sensitivity were determined by insulin tolerance test 

(ITT) and intraperitoneal glucose tolerance test (IPGTT). The IPGTT is performed one week 
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before the end of the experiments, and mice were intraperitoneally (i.p.) injected with 2 g/kg
 

glucose after hours fasting. Similarly, the ITT is carried out by injecting 0.75 U/kg insulin 

(Humulin from Eli Lilly, Indianapolis, IN) intraperitoneally to animals bearing 4 hours fasting. 

Blood glucose levels for both tests were determined using glucose test strips and glucose meters 

(Nipro Diagnostics Inc, Fort Lauderdale, FL) at the time of 0, 30, 60, and 120 min. Blood insulin 

level was determined using a commercial Insulin ELISA kit (Mercodia Developing Diagnostics, 

Winston Salem, NC). The HOMA-IR values were expressed based on the fasting glucose and 

insulin levels: HOMA-IR = (fasting insulin (ng/ml) × fasting plasma glucose (mg/dl)/405). 

 

3.3.6. Gene expression analysis by real-time PCR  

The mRNA level of target genes expression in mouse liver, muscle, WAT, and BAT 

was determined by the ABI StepOne Plus Real-Time PCR system. Briefly, TRIzol reagents 

(Invitrogen, Carlsbad, CA) and RNeasy kit (QIAGEN, Valencia, CA) were used to extract total 

RNA from the tissue samples. Then one μg of isolated RNA was reverse transcribed to cDNA by 

using a commercial kit (OriGene, Rockville, MD). Quantification of target gene expression was 

achieved by the real-time PCR (qPCR) and using SYBR Green as the detection reagent. ΔΔCt 

method and melting curve analysis were performed for all quantitative PCR products. The results 

were presented by normalizing the mRNA level of target genes with the internal control GAPDH 

mRNA. All primers used in this study were ordered from Sigma (St. Louis, MO) and sequences 

are summarized in Table 3.1. 
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3.3.7. Statistical Analysis 

Student’s t-test was used for all statistical analyzes. The data were considered as 

statistically significant when P value <0.05. No animals were excluded from data analysis. 

Researchers were not blinded for performing experiments and data analysis. Data were presented 

as mean ± s.d.  

 

3.4. RESULTS 

3.4.1. Il-15/sIl-15Rα gene transfer induces weight loss in obese mice 

The time dependent IL-15/sIL-15Rα expression after hydrodynamic delivery of 2 μg of 

AG209 DP muIL-15sRα+IL-15 plasmids was examined in obese mice (Figure 3.1a). A total of 

six hydrodynamic tail vein injections of AG209 DP muIL-15sRα+IL-15 or pcDNA3.1 plasmids 

were performed on days 0, 10, 20, 48, 58 and 68. Circulating IL-15/sIL-15Rα protein reached the 

peak level, ~100 ng/ml, one day after each injection and declined to the baseline in 10 days. 

Blood chemistry analysis showed no significant increase in serum concentrations of liver specific 

enzymes (AST, ALT) at the end of experiments, indicating that the procedures are safe (Figure 

3.1b). These results prove that Il-15/sIl-15Rα gene expression can be successfully achieved and 

peak level regained through repeated hydrodynamic gene delivery. 

The therapeutic effect of Il-15/sIl-15Rα gene expression on obese mice was shown in 

Figure 3.1c-f. Mice showed a significant reduction in body weight starting as early as day 6 after 

receiving the first Il-15/sIl-15Rα gene transfer, and reached a steady state with an average body 

weight of 44 g in 18 days (Figure 3.1c). Due to the absence of Il-15/sIl-15Rα gene expression, 

animals previously injected with IL-15/sIL-15Rα plasmids started to regain body weight 27 days 

after the initial treatment. Additional gene transfers were performed when the animals regained 
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body weight previously lost (53 ± 1.8g). Obese mice injected with IL-15/sIL-15Rα plasmids 

started weight loss and reached an average body weight of 48 ± 1.9 g, about 6 g lower compared 

to the control mice (54.1 ± 1.8g) at the end of experiment. The size of the two groups of mice is 

visually differentiable (Figure 3.1d). Body composition analysis using the EchoMRI-100 system 

(EchoMRI, Houston, TX, USA) revealed that the Il-15/sIl-15Rα gene transfer is fully correlated 

with time-dependent fat mass reduction without changing lean mass (Figures 3.1e and 3.1f). 

Reduction of body weight did not change the average food intake of the animals (Figure 3.1g). 

However, a transient increase of food intake is seen in the animals when they regain the body 

weight and the IL-15/sIL-15Rα is low. 

To examine whether Il-15/sIl-15Rα gene transfer affects body weight only in obese 

mice, we performed the same set of experiments using age-matched lean mice fed with a chow 

diet. Three hydrodynamic tail vein injections of AG209 DP muIL-15sRα+IL-15 or pcDNA3.1 

empty plasmids were performed every 10 days. Each injection generates similar IL-15/sIL-15Rα 

expression profile without inducing an increase of serum concentration of AST and ALT in age-

matched lean mice (Figures 3.7a and 3.7b). However, the Il-15/sIl-15Rα gene transfer did not 

induce weight loss in age-matched mice fed a regular chow compared to the control mice 

injected with empty plasmids (Supplementary Figure 3.7c-f). In addition, the Il-15/sIl-15Rα gene 

transfer did not change food intake in age-matched lean mice (Supplementary Figure 3.7g). 

Together, these results demonstrate that the activity of Il-15/sIl-15Rα in reducing body weight is 

specific to obese mice. 
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3.4.2. Il-15/sIl-15Rα gene transfer reduced hypertrophy in adipocytes 

In order to explore the impact of Il-15/sIl-15Rα gene transfer on body fat reduction, we 

collected different types of adipose tissues from the control and IL-15/sIL-15Rα treated mice. 

Compared to the control mice injected with empty plasmid, Il-15/sIl-15Rα gene transfer resulted 

in significant reduction of average size and weight of fat pads including inguinal (IWAT), 

epididymal (EWAT), perirenal (PWAT) white adipose tissues, and brown adipose tissue (BAT), 

by ~ 1.6, ~ 0.6, ~ 1.8 and ~ 0.1 g, respectively (Figures 3.2a and 3.2b). Accordingly, H&E 

staining results showed that Il-15/sIl-15Rα gene transfer significantly reduced the size of 

adipocytes in IWAT, EWAT, and PWAT, and increased the density of cellular matrix in BAT 

(Figure 3.2c). Quantification analysis using the imaging system confirmed that the average 

diameter of adipocytes in control mice is 149.5 ± 13.3 μm, compared with 78.7 ± 5.1 μm in mice 

transferred with Il-15/sIl-15Rα gene (Figure 3.2d). 

To investigate how Il-15/sIl-15Rα gene transfer affects the energy utilization in obese 

mice, we measured the mRNA levels of genes in IWAT and BAT involved in adaptive 

thermogenesis. Obese mice transferred with the Il-15/sIl-15Rα gene showed a marked increase in 

the mRNA level of uncoupling protein 1 (Ucp-1) (BAT: ~1.6 fold; IWAT: ~8.1 fold) and Ucp-3 

(BAT: ~1.4 fold; IWAT: ~1.9 fold), compared to mice injected with control plasmids (Figure 

3.3a). In addition, Il-15/sIl-15Rα gene transfer increased the expression of peroxisome 

proliferator-activated receptor gamma coactivator-1α (Pgc-1α) and Pgc-1β in IWAT by ~2.4 and 

~1.5 folds, respectively (Figure 3.3b). Taken together, these data suggest that Il-15/sIl-15Rα gene 

transfer reduces the hypertrophy and enhances the energy expenditure in adipose tissues. 
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3.4.3. Il-15/sIl-15Rα gene transfer alleviates obesity associated fatty liver 

Since fatty liver is commonly associated with obesity, we evaluated the impact of Il-

15/sIl-15Rα gene transfer on lipid levels in the liver. Histological images showed extensive 

vacuoles in liver sections in obese mice, indicating a higher level of fat accumulation (Figure 

3.4a). In comparison, the transfer of the Il-15/sIl-15Rα gene in obese mice noticeably reduced the 

total amount of vacuoles. Oil-red O and Nile red staining also showed significant reduction of 

lipid droplets in the liver sections, suggesting alleviation of hepatic steatosis in mice with Il-

15/sIl-15Rα gene transfer. Consistently, Il-15/sIl-15Rα gene transfer greatly reduced the liver 

weight, and hepatic triglyceride and total cholesterol levels in obese mice (Figures 3.4b-d). In 

addition, age-matched lean mice with Il-15/sIl-15Rα gene transfer showed a reduction in hepatic 

triglyceride level, indicating the improvement of lipid metabolism in the liver (Figure 3.8a-c). 

Collectively, these data demonstrate that Il-15/sIl-15Rα gene transfer alleviates HFD-induced 

hepatic steatosis. 

 

3.4.4. Il-15/sIl-15Rα gene transfer alters transcription of genes involved in lipid metabolism 

Real time PCR analysis was performed to investigate how Il-15/sIl-15Rα gene transfer 

modulated the transcription of genes involved in lipid accumulation, lipogenesis, and fatty acid β 

oxidation in the liver and muscle. In the liver (Figures 3.5a and 3.5b), Il-15/sIl-15Rα gene 

transfer markedly suppressed the expression of key genes involved in lipid accumulation and 

lipogenesis in obese mice, including peroxisome proliferator-activated receptor gamma  (Pparγ-

1, 38%), Pparγ-2 (59%), cluster of differentiation 36 (Cd36, 51%), fatty acid binding protein 

(Fabp4, 40%), monoacylglycerol O-acyltransferase 1 (Mgat1, 71%), stearoyl-CoA desaturase-1 

(Scd1, 88%), and fatty acid synthase (Fas, 43%). Different from that of obese mice, Il-15/sIl-
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15Rα gene transfer in age matched mice only repressed the mRNA levels of Scd1 (41%) and Fas 

(37%) without significantly change in other genes (Figures 3.9a and 3.9b). In contrast, Il-15/sIl-

15Rα gene transfer slightly, but significantly, increased the mRNA level of Pparα (~1.3 fold) 

and carnitine palmitoyl-transferase 1 (Cpt1α, ~1.3 fold), both of which are key genes involved in 

fatty acid β oxidation (Figures 3.5a and 3.5b). In addition, Il-15/sIl-15Rα gene transfer slightly 

increased mRNA levels of genes critical for fatty acid β oxidation, such as Pparδ (~1.2 fold), 

Pgc-1α (~1.3 fold), and Cpt1β (~1.4 fold) and suppressed the expression of genes responsible for 

lipogenesis, including Scd1 (57%) and Fas (39%) in muscle (Figures 3.5c and 3.5d). 

 

3.4.5. Il-15/sIl-15Rα gene transfer improves glucose homeostasis and insulin sensitivity 

Glucose intolerance and insulin resistance are characteristics of type-2 diabetes and 

commonly associated with obesity. As such, we performed an intraperitoneal glucose tolerance 

test (IPGTT) and insulin tolerance test (ITT) to assess the impact of Il-15/sIl-15Rα gene transfer 

on glucose homeostasis and insulin sensitivity in obese mice. IPGTT showed that transfer of the 

Il-15/sIl-15Rα gene lead to a lower peak level and a markedly improved glucose profile (Figure 

3.6a). Consistently, the calculated area under the curve (AUC) of IPGTT showed a much higher 

clearance rate after i.p injection of glucose (Figure 3.6b). Compared to the control, ITT revealed 

that mice with Il-15/sIl-15Rα gene transfer were more sensitive in response to insulin injection 

(Figure 3.6c). In addition, obese mice transferred with Il-15/sIl-15Rα gene showed larger 

decreases of their fasting blood glucose (control: ~224 mg/dL, IL-15/sIL-15Rα: ~130 mg/dl) and 

fasting blood insulin (control: ~7.9 ng/ml, IL-15/sIL-15Rα: ~3.6 ng/ml) (Figures 3.6d and 3.6e). 

Similarly, a reduction in calculated HOMA-IR suggests that Il-15/sIl-15Rα gene transfer 

improved the insulin sensitivity compared to the control (Figure 3.6f). In age-matched lean mice, 
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Il-15/sIl-15Rα gene transfer also showed a slight improvement of glucose metabolism (Figure 

3.8d-g). A real time PCR analysis reveals a ~40% reduction of the mRNA level of glucose 6-

phosphotase (G6p) in the liver, indicating Il-15/sIl-15Rα gene transfer reduced the 

gluconeogenesis (Figure 3.6g). Taken together, these results demonstrate that Il-15/sIl-15Rα 

gene transfer improves glucose homeostasis and insulin sensitivity. 

 

3.5. DISCUSSION 

In this study, we evaluated the therapeutic effects of Il-15/sIl-15Rα gene transfer on 

HFD-induced obesity and its associated metabolic symptoms. Our results demonstrate that Il-

15/sIl-15Rα gene transfer via hydrodynamic tail vein injection in obese mice induces weight loss 

and fat mass reduction (Figures 3.1 and 3.2), alleviates obesity associated fatty liver (Figure 3.4), 

and improves glucose homeostasis and insulin sensitivity (Figure 3.6). Mechanistically, these 

beneficial effects are associated with an increased expression of genes for adaptive 

thermogenesis in adipose tissue (Figure 3.3). Moreover, Il-15/sIl-15Rα gene transfer suppressed 

the expression of genes involved in lipid accumulation and lipogenesis, and increased the 

expression of genes important for fatty acid β oxidation in liver and muscle (Figure 3.5). 

Induction of weight loss in obese mice is dependent on the IL-15/sIL-15Rα level in 

circulation (Figures 3.1a and 3.1c). This conclusion is in agreement with a previous study that 

delivered the human Il-15 gene into obese B6 mice 
90, 107

. In addition, evidence suggests that IL-

15 has a direct impact on adipose tissue without altering the food intake in animals 
88, 90, 175

. Our 

data showed that the hydrodynamic delivery of the Il-15/sIl-15Rα gene reduced fat mass in obese 

animals (Figure 3.1c-f) without changing food intake (Figure 3.1g and 3.7g). However, there is a 

transient induction of food intake accompanied with ascending bodyweight gain in animals when 
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we temporally suspended the IL-15/sIL-15Rα treatment (Figures 3.1a and 3.1g). This 

observation may be partially due to the changes of circulating peripheral hormones which are 

involved in appetite regulation following weight loss 
179

.  

Our results in Figure 3.1c showed that Il-15/sIl-15Rα gene transfer induced a maximum 

of ~15% body weight loss in obese mice 18 days after the initial treatment. This result is in 

agreement with previous studies where approximately 12% body weight loss in obese mice was 

achieved by IL-15 overexpression 
90, 107, 180

. These observations are also in agreement with 

clinical studies where high intensity and frequency exercise induced and maintained the 

magnitude of weight loss by 10-14% in obese patients 
181-183

. The maintenance of body weight 

may partially be explained by adjustment in homeostatic feedback system, where energy 

utilization shifts to a preference for carbohydrate use and spares dietary fat for deposition 
179, 184

. 

Several lines of evidence indicate that IL-15 has direct effects on regulating adiposity.  

Using murine 3T3-L1 adipocytes cell line, IL-15 treatment was able to decrease lipid deposition 

in differentiated and mature adipocytes in vitro 
89-91

. Treatment with IL-15 in adult mice and rats 

led to reduced size in white adipose tissue and shrinkage of adipocytes, suggesting an anti-

adipogenic role of the IL-15 
92, 180

. In line with previous reports, Il-15/sIl-15Rα gene transfer 

dramatically reduced the size (Figure 3.2a) and weight (Figure 3.2b) of fat pads. Meanwhile, 

histological analysis revealed a smaller diameter of adipocytes in the adipose tissue (Figures 3.2c 

and 3.2d), indicating that Il-15/sIl-15Rα gene transfer promotes adipose tissue shrinkage, which 

contributes to the whole body weight loss (Figures 3.1c and 3.1d). Furthermore, Almendro et al. 

demonstrated that IL-15 treatment up-regulated the expression of Ucp1 and Ucp3 in rat BAT, 

suggesting the potential role of IL-15 in mediating uncoupling of adenosine triphosphate 

production as a mechanism to dissipate energy 
185

. In addition, previous studies have shown that 
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IL-15 targeted adipocytes, through inhibition of lipogenic enzyme expression and activity, 

resulted in a decrease in the lipogenic rate and carcass fat 
93, 175, 186

. In line with these studies, our 

data showed that obese mice with Il-15/sIl-15Rα gene transfer exhibited an increase in the 

transcription of thermogenic genes including Ucp1, Ucp3, Pgc1α and Pgc1β in BAT and IWAT 

(Figures 3.3a and 3.3b). As well, Il-15/sIl-15Rα gene transfer in obese mice suppressed the 

transcription of Scd-1 and Fas, the key genes for lipogenesis in the liver and muscle (Figures 

3.5b and 3.5d). These results suggest that Il-15/sIl-15Rα gene transfer reduces adipocyte 

deposition, at least in part, through increasing adaptive thermogenesis in adipose tissue, and 

repressing lipogenesis in the liver. 

Members of the nuclear receptor superfamily PPARs, play various physiological roles 

in regulating lipid accumulation and fatty acid catabolism 
187-189

. PPARγ plays a central role in 

mediating adipogenesis and insulin sensitivity 
187-189

. Evidence suggests that the development of 

hepatic steatosis is correlated with Pparγ up-regulation n in the liver, and that the inhibition of 

the hepatic PPARγ pathway is responsible for the alleviation of liver steatosis 
190-192

. Our results 

show that the transfer of the Il-15/sIl-15Rα gene markedly suppressed the mRNA level of Pparγ 

and its target genes in obese mice, but not in age-matched lean mice, suggesting that activation 

of the hepatic PPARγ pathway is important for liver steatosis development (Figures 3.4, 3.5a and 

3.9a). In addition, Almendro et al. demonstrated that part of IL-15 activity on lipid oxidation is 

mediated by means of up-regulation of PPARα and PPARδ in the liver and muscle 
105

. A 

subsequent study by the same group also showed an increase in Pparα and Pparδ mRNA levels 

in BAT after IL-15 administration, which resulted in up-regulation of genes that code for 

enzymes for β oxidation 
185

. Consistent with these findings, our results show that Il-15/sIl-15Rα 

gene transfer increased the expression of Pparα and Pparδ genes in the liver and muscle, leading 
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to a corresponding increase of the mRNA level of their target genes involved in β oxidation, 

including Cpt1-α, Cpt1-β and Pgc1-α (Figure 3.5). 

Studies have shown the beneficial role of IL-15 in mediating glucose intolerance and 

insulin resistance. By stimulating glucose uptake in skeletal muscle with the administration of 

IL-15, improved glucose homeostasis and insulin sensitivity are achieved 
106, 107

. Our previous 

study provided direct evidence demonstrating that Il-15 gene transfer protects mice from HFD-

induced hyperinsulinemia and hyperglycemia 
175

. Consistent with this previous study, the results 

of current study clearly show that Il-15/sIl-15Rα gene transfer markedly reduces obesity-induced 

high blood glucose level and insulin resistance, as reflected by an improved IPGTT and ITT 

profile, and reduced HOMA-IR (Figure 3.6). A small, but significant improvement of insulin 

sensitivity and glucose homeostasis is also seen in age-matched lean mice (Figure 3.8d-g). Taken 

together, our study suggests that Il-15/sIl-15Rα gene transfer improves obesity-associated 

glucose homeostasis and insulin sensitivity. 

In summary, we demonstrate in this study that the hydrodynamic delivery of the Il-

15/sIl-15Rα gene in obese mice enhances lipid and glucose metabolism, consequently leading to 

bodyweight reduction, alleviation of fatty liver, and improvement of glucose homeostasis. These 

findings suggest that Il-15/sIl-15Rα gene transfer could be an effective approach in treating 

HFD-induced obesity and its associated metabolic complications. Further studies need to focus 

on evaluation of the long-term effect of Il-15/sIl-15Rα gene transfer due to the profound 

immunomodulatory properties of IL-15 in regulating the activity of natural killer cells and CD4
+
 

and CD8
+
 T cells. The fact that repeated gene transfer needs to be performed to sustain 

therapeutic level of IL-15 in blood would suggest additional effort in achieving regulated Il-15 

gene expression. Repeated gene transfer is less desirable as far as gene therapy is concerned. 



 

68 

 

 

 

 

 

 

 

 

0 20 40 60 80
40

45

50

55

60
pcDNA3.1

IL-15/sIL-15R

* **
*

** **
* * *

* **
**

*****

*
***

Time (d)

B
o

d
y
 W

e
ig

h
t 

(g
)

AST ALT
0

20

40

60

80

100

120
pcDNA3.1

IL-15/sIL-15R

S
e

ru
m

 C
o

n
c

e
n

tr
a

ti
o

n

 (
U

/L
)

0 20 40 60 80
15

20

25

30

35
pcDNA3.1

IL-15/sIL-15R

****
*** ***

***
* **

* ** **************

Time (d)

F
a

t 
M

a
s

s
 (

g
)

0 20 40 60 80
10

20

30

40

50
pcDNA3.1

IL-15/sIL-15R

Time (d)

L
e

a
n

 M
a

s
s

 (
g

)

0 20 40 60 80
1

2

3

4

5
pcDNA3.1

IL-15/sIL-15R

* **

Time (d)

F
o

o
d

 I
n

ta
k

e

(g
/m

o
u

s
e

/d
a

y
)

IL-15/sIL-15Rα

ba

pcDNA3.1

d e f g

c

0 20 40 60 80
100

102

104

106

108

pcDNA3.1

IL-15/sIL-15R

Time (d)

IL
-1

5
/s

IL
-1

5
R


 S
e

ru
m

C
o

n
c

e
n

tr
a

ti
o

n
 (

p
g

/m
l)

Figure 3.1. Effects of gene transfer on body weight, fat mass and food intake of 

obese mice. Obese mice were hydrodynamically injected with 2 μg of plasmid carrying 

IL-15/sIL-15Rα genes or pcDNA3.1 empty vector. (a) Serum concentration of IL-15/sIL-

15Rα as a function of time; (b) Plasma concentrations of aspartate aminotransferase 

(AST) and alanine aminotransferase (ALT) at the end of experiments; (c) Time dependent 

body weight of obese mice; (d) Representative images of obese mice injected with 

pcDNA3.1 empty vector (left) or plasmid carrying IL-15/sIL-15Rα genes (right); (e) Time 

dependent fat mass; (f) Time dependent lean mass; and (g) Time dependent food intake. 

(●) Animals injected with pcDNA3.1 empty vector, (■) Animals injected plasmid 

carrying IL-15/sIL-15Rα genes. Results represent mean ± SD (n=5). * P<0.05 compared 

with control obese mice injected with empty vector. Arrows indicate the time of gene 

transfer.   
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Figure 3.2. Il-15/sIl-15Rα gene transfer reduced hypertrophy of adipocytes in obese 

mice. Obese mice were sacrificed at the end of experiment and different fat pads were 

collected and examined. (a) Representative image of inguinal white adipose tissue 

(IWAT), epididymal white adipose tissue (EWAT), perirenal white adipose tissue 

(PWAT) and brown adipose tissue (BAT), bar represents 1 cm (b) Weight of different fat 

pads; (c) Images of H&E staining of IWAT, EWAT, PWAT and BAT. Bars represent 100 

µm; (d) Average diameter of adipocytes in WAT (calculated from 400 randomly selected 

cells from 5 tissue slides). Data represent mean ± SD (n=5). * P<0.05 compared with 

control mice injected with empty plasmids.  
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Figure 3.3. Impact of Il-15/sIl-15Rα gene transfer on mRNA levels of genes 

involved in thermogenesis in adipose tissues. Relative mRNA levels of genes 

involved in thermogenesis were determined in (a) BAT and (b) IWAT through q-PCR. 

Each data point represents mean ± SD (n=5). * P<0.05 compared with control mice. 
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Figure 3.4. Il-15/sIl-15Rα gene transfer alleviates fatty liver. (a) Representative 

images of H&E, oil-red O and Nile red staining of the liver sections; Bars 

represent 100 µm; (b) Liver weight; (c) Hepatic triglyceride (TG) level; and (d) 

total cholesterol (TC) level in the liver. Results represent mean ± SD (n=5). * 

P<0.05 compared with control mice injected with empty plasmids. 
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Figure 3.5. Il-15/sIl-15Rα gene transfer alters the mRNA level of genes involved 

in lipid metabolism. (a-b) Relative mRNA levels of genes involved in metabolic 

homeostasis in liver; (c-d) Relative mRNA levels of genes involved in lipogenesis 

and fatty acid β oxidation in muscle. Data represent mean ± SD (n=5). * P<0.05 

compared with control mice. 
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Figure 3.6. Il-15/sIl-15Rα gene transfer improves glucose homeostasis and insulin 

sensitivity. (a) Time dependent change of blood glucose concentration in IPGTT; (b) 

AUC of IPGTT; (c) Time dependent change of blood glucose concentration in ITT; 

(d) Fasting blood glucose level; (e) Fasting blood insulin level; (f) Results of HOMA-

IR analysis for insulin resistance; and (g) Relative mRNA levels of genes involved in 

glucose metabolism in liver. IPGTT: intraperitoneal glucose tolerance test, AUC: area 

under curve, ITT: insulin tolerance test, HOMA-IR: Homeostasis model assessment 

of insulin resistance. (●) Mice injected with pcDNA3.1 empty plasmids; and (■) Mice 

injected with IL-15/sIL-15Rα plasmids. Results represent mean ± SD (n=5). * P<0.05 

compared with control mice. 
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Figure 3.7. Il-15/sIl-15Rα gene transfer didn’t induce weight loss in age-matched 

mice on a regular chow diet. Age-matched lean mice were hydrodynamically 

injected with 2 μg of IL-15/sIL-15Rα or pcDNA 3.1 empty plasmids. (a) Circulating 

IL-15/sIL-15Rα level as a function of time; (b) Plasma AST and ALT levels at the 

end of experiment; (c) Time dependent change of body weight; (d) Representative 

images of lean mice injected with empty plasmids (left) or IL-15/sIL-15Rα plasmids 

(right); (e) Time dependent change of fat mass; (f) Time dependent change of lean 

mass; and (g) Food intake. (●) Animals injected with empty plasmids; and (■) 

Animals injected with IL-15/sIL-15Rα plasmids. Data represent mean ± SD (n=5). * 

P<0.05 compared with control mice injected with empty plasmids. 
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Figure 3.8. Il-15/sIl-15Rα gene transfer slightly improves lipid and glucose 

metabolism in age-matched mice. (a) Images of liver sections stained with H&E, 

oil-red O or Nile red, Bars represent 100 µm; (b-c) Relative TG and TC level in the 

liver; (d) Time dependent change of blood glucose concentration in IPGTT; (e) Time 

dependent change of blood glucose concentration in ITT; (f) Fasting blood glucose 

level; and (g) Fasting blood insulin level. (●) Mice injected with empty plasmids; and 

(■) Mice injected with IL-15/sIL-15Rα plasmids. Results represent mean ± SD (n=5). 

* P<0.05 compared with control mice. 
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Figure 3.9. Il-15/sIl-15Rα gene transfer alters the mRNA level of genes involved 

in thermogenesis and lipid metabolism in age-matched normal mice. (a) Relative 

mRNA levels of nuclear receptor and their target genes in liver; and (b) Relative 

mRNA levels of genes involved in lipogenesis and fatty acid β oxidation in liver. 

Each data point represents mean ± SD (n=5). * P<0.05 compared with control mice 

injected with empty plasmids. 
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Table 3.1. Primer sequences for real time PCR analysis of gene expression 

Gene Forward primer sequence Reverse primer sequence 

Acc-1 ATGGGCGGAATGGTCTCTTTC TGGGGACCTTGTCTTCATCAT 

Cd36 CCTTAAAGGAATCCCCGTGT TGCATTTGCCAATGTCTAGC 

Cpt1α CTCCGCCTGAGCCATGAAG CACCAGTGATGATGCCATTCT 

Cpt1β GCACACCAGGCAGTAGCTTT CAGGAGTTGATTCCAGACAGGT 

Fas GGAGGTGGTG ATAGCCGGTAT TGGGTAATCCATAGAGCCCAG 

Fabp4 AAGGTGAAGAGCATCATAACCC TCACGCCTTTCATAACACATTCC 

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 

G6p CGACTCGCTATCTCCAAGTGA GTTGAACCAGTCTCCGACCA 

Mgat1 TGGTGCCAGTTTGGTTCCAG TGCTCTGAGGTCGGGTTCA 

Pdk4 AGGGAGGTCGAGCTGTTCTC GGAGTGTTCACTAAGCGGTCA 

Pepck CTGCATAACGGTCTGGACTTC CAGCAACTGCCCGTACTCC 

Pgc-1α GAAGTGGTGTAGCGACCAATC AATGAGGGCAATCCGTCTTCA 

Pgc-1β TTGTAGAGTGCCAGGTGCTG GATGAGGGAAGGGACTCCTC 

Pparα TGTCGAATATGTGGGGACAA AATCTTGCAGCTCCGATCAC 

Pparγ-1 GGAAGACCACTCGCATTCCTT GTAATCAGCAACCATTGGGTCA 

Pparγ-2 TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT 

Pparδ TCCATCGTCAACAAAGACGGG ACTTGGGCTCAATGATGTCAC 

Scd1 TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT 

Ucp1 AGGCTTCCAGTACCATTAGGT CTGAGTGAGGCAAAGCTGATTT 

Ucp2 GCGTTCTGGGTACCATCCTA GCTCTGAGCCCTTGGTGTAG 

Ucp3 ATGAGTTTTGCCTCCATTCG GGCGTATCATGGCTTGAAAT 
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CHAPTER 4 

IL-15/sIL-15Rα GENE TRANSFER SUPPRESSES LEWIS LUNG CANCER GROWTH IN 

THE LUNGS, LIVER AND KIDNEYS 
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4.1. ABSTRACT 

Nearly 40% of people with lung cancer have tumor growth in other organs at the time 

of diagnosis. Current treatment strategies for patients with late-stage lung cancer are primarily 

palliative and only showed modest efficacy. The current study takes advantage of the 

hydrodynamic gene delivery technique to evaluate the antitumor activity of interleukin (IL)-

15/sIL-15Rα on lung tumors growing in the lungs, liver and kidneys. We demonstrate that 

hydrodynamic tail vein injection of 2 μg of AG209 DP muIL-15sRα+IL-15 plasmid resulted in 

serum IL-15/sIL-15Rα reaching a peak level of ~ 10 μg ml
−1

 1 day after the injection and 

gradually declined to ~ 5 ng ml
−1

 within 3 days. Quantitative PCR analysis revealed that 

overexpression of IL-15/sIL-15Rα induced the activation of natural killer and T cells, evidenced 

by increased mRNA levels of marker genes including granzyme B, perforin, Ifn-γ, T-bet and Cd8 

in the lungs, liver and kidneys. Importantly, transfer of the Il-15/sIl-15Rα gene alone, or in 

combination with gemcitabine chemotherapy, significantly inhibited the tumor growth in these 

three organs and prolonged median survival time of treated mice by 1.7- and 3.3-fold, 

respectively. The therapeutic benefits are principally blockade and elimination of tumor growth 

in the liver and kidneys. Taken together, these results suggest that IL-15/sIL-15Rα-based gene 

therapy could be an effective approach to treat late-stage lung cancer with metastases in other 

organs. 

 

4.2. INTRODUCTION 

Lung cancer is a leading cause of death for cancer patients, both in men and in women 

worldwide 
193

. Approximately 30–40% of lung cancer patients developed tumor metastases in 

other organs at the time of diagnosis 
194

. Clinically, treatment for lung cancer with metastases is 
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primarily palliative involving systemic chemotherapy and/or radiation therapy 
195

. Limited 

progress has been made demonstrating modest efficacy of current treatments, with the overall 5-

year survival rate for stage-4 lung cancer at around 4% 
193

. Thus, there is an urgent need to 

develop therapies that are more effective for late-stage lung cancer patients. Emerging evidence 

supports a strategy of cytokine-based immunotherapy to enhance the immune response that 

targets cancer cells in patients with tumor metastasis 
196

. Modest successes have been achieved 

with interleukin (IL)-2 or interferon alpha (IFN-α) based immunotherapy in treating patients with 

metastatic melanoma and renal cell carcinoma 
197, 198

. Thus, IL-15, a cytokine sharing the 

common receptor components with IL-2 (IL-2R/15Rβ-γc), also becomes a potential candidate for 

cytokine-based cancer immunotherapy 
199

. 

IL-15 is a potent innate and adaptive immune stimulator for generation, proliferation 

and induction of cytotoxic T lymphocytes, natural killer (NK) cells and NKT cells 
200

. Compared 

with IL-2, IL-15 shows no obvious adverse effects in animals, including activation-induced cell 

death in T cells or expansion of T regulatory cells 
199

. Upon activation, IL-15 and IL-15Rα 

interact intracellularly with high affinity (Kd≈10
− 11

 M), resulting in formation of membrane-

bound IL-15/IL-15Rα complexes, which are found in activated monocytes and dendritic cells 
34, 

171
. The membrane-bound IL-15/IL-15Rα complexes induce the signal transduction primarily 

through the JAK1/JAK3 and STAT3/STAT5 pathways on neighboring effector T, B and NK 

cells through cell-to-cell contact (‘trans-presentation’) 
34

. Recent studies demonstrate that when 

IL-15/IL-15Rα complexes are cleaved from the cell surface, the soluble form of IL-15/IL-15Rα 

complexes (IL-15/sIL-15Rα) is released 
201

. This soluble form of IL-15/sIL-15Rα complexes 

increases the bioavailability and extends the circulation half-life of IL-15 in blood, resulting in 

enhanced activity in proliferation and activation of cytotoxic T, NK and NKT cells in vivo 
114, 201

. 
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Both membrane-bound and soluble forms of IL-15/IL-15Rα complexes have been 

tested for their antitumor activity in preclinical mouse models 
39, 113, 114, 202-205

. Using the 

genetically modified dendritic cells to express membrane-bound IL-15/IL-15Rα complexes, 

Steel et al. 
203

 showed enhanced immune responses against a neu (Erbb2)-positive mammary 

cancer in mice, and restored the impaired CD4+ T-helper functions. In addition, direct 

administration of preformed IL-15/sIL-15Rα protein or transfer of the Il-15/sIl-15Rα gene 

showed profound proliferation and activation of NK and cytotoxic CD8+ cells, leading to an 

inhibition of tumor growth in vivo 
113, 202, 204-207

. The therapeutic benefits of IL-15/sIL-15Rα for 

the treatment of lung cancer have yet to be assessed. 

In this study, we employed a well-established hydrodynamic gene transfer technique 

and assessed the antitumor activity of IL-15/sIL-15Rα for the eradication of lung tumor growth 

in multiple organs. We report that Il-15/sIl-15Rα gene transfer is effective in inhibiting lung 

tumor growth in the lungs, liver and kidneys. Our results suggest a possible application of Il-

15/sIl-15Rα gene transfer for treatment of late-stage lung cancer with metastasis. 

 

4.3. MATERIALS AND METHODS 

4.3.1. Plasmids 

The plasmid expressing the mouse IL-15/sIL-15Rα (AG209 DP muIL-15sRα+IL-15) 

complex was generously provided by Dr. Barbara K. Felber (NCI) 
171

. This plasmid consists of 

two expression compartments (Figure 1a), which drives the gene expression of mouse IL-15 and 

the soluble form of mouse IL-15Rα (sIL-15Rα, amino acids 1–205) separately. The GenBank 

accession numbers of mouse IL-15 and sIL-15Rα proteins are NP-032383 and NP-032384, 

respectively. The sequence of mouse IL-15 was optimized via the substitution of the signal 
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peptide with mouse GM-CSF and the elimination of instability elements that enhanced the 

mRNA stability. Similarly, the sequence of mouse sIL-15Rα was codon-optimized by 

introducing multiple silent point mutations to remove RNA instability sequences. The gene 

expression of mouse IL-15 and sIL-15Rα is driven by siman or human CMV promoter, and the 

optimized sequence was chemically synthesized and validated via sequencing 
171

. The plasmids 

were amplified by E. coli-based culture growth and purified by the cesium chloride-ethidium 

bromide gradient ultracentrifugation procedures. The prepared plasmids were stored in saline at 

− 80 °C until use and plasmids purity was determined by 1% agarose gel electrophoresis and 

measured via 260-280 nm optical density. 

 

4.3.2. Cells  

LL/2 cells (Lewis Lung Carcinoma) were purchased from ATCC (Manassas, VA). The 

luciferase-tagged LL/2 cells (LL/2-Luc) were created using Lenti viral vectors containing 

luciferase reporter gene. About 2 × 10
6
 LL/2-Luc cells were seeded into a 100 × 20 mm cell 

culture dish and cultured in DMEM (ATCC) with 10% FBS (Atlanta Biologics, Atlanta, GA) 

and 1% penicillin/streptomycin (Life Technologies, Grand Island, NY). At 80% confluence, the 

medium was removed and each plate was treated with 3 ml of 0.25% Trypsin/2.21 mM EDTA 

solution (Corning, Corning, NY) at room temperature for 8 min. Cell suspension was mixed with 

5 ml of serum containing medium. The mixture was passed through a membrane filter with an 

average pore size of 40 μm (BD Falcon, Franklin Lakes, NJ) and centrifuged for 3 min at room 

temperature at 1300 r.p.m. Cell pellet was re-suspended in a serum-free medium; and cell 

concentration was adjusted to the desirable level and confirmed by the method of 

hemocytometric cell counting. 
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4.3.3. Animals and animal treatments  

The IACUC approved all animal-related experiments in this study under the protocol of 

A2014 07-008-Y1-A0 (University of Georgia, Athens, Georgia). All experimental mice were 

housed in a light-dark 12-12 hour cycle without the contact of pathogens. Only female C57BL/6 

mice (7-8 weeks, 18-20g) were used and purchased from Charles River Laboratories 

(Wilmington, MA). 

The tumor cell suspension and plasmid solution were injected using a hydrodynamics-

based procedure 
154, 208

. Briefly, for cell delivery, 10
6
 LL/2-Luc cells suspended in 1.6–1.8 ml 

serum-free medium (equivalent to 9% body weight of a mouse) were injected through the tail 

vein within 5–8 s. Tumor-bearing mice were randomly divided into groups for different 

treatments. For gene delivery, the same volume of saline solution containing either 2 μg of 

AG209 DP muIL-15sRα+IL-15 or pCMV empty plasmids was injected via the tail vein 

following the previously established procedure 
154

. Gemcitabine (LC Laboratory, Woburn, MA) 

was diluted in saline and injected intraperitoneally at a dose of 120 mg kg− 1. Mice were killed 

for tissue collection, and biochemical and histological examinations. The mouse IL-15/sIL-15 

complex levels in the serum were determined using commercial ELISA kit (eBioscience, San 

Diego, CA). The investigators were not blinded for performing the experiments and for 

analyzing the data. 

 

4.3.4. Histochemical examination  

H&E staining was used to verify the existence of micro-tumor development in the lung, 

liver, and kidneys. The tissue samples were collected from the killed mice and fixed in the 

buffered formalin (10%) for at least 48 hours. Then the tissue samples underwent the gradient 
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dehydration process by using the increased ratio of ethanol/water (v/v) and embedded in paraffin 

for 16 h. The H&E staining used the five μm tissue sections and performed by a commercial kit 

(BBC Biochemical, Atlanta, GA). The micro-tumors were examined by using the NIS-Elements 

imaging platform microscopic (Nikon Instruments Inc. Melville, NY). 

 

4.3.5. Bioluminescence imaging 

IVIS Imaging Systems (Perkin-Elmer, Akron, OH) were used to detect the 

bioluminescence intensity stimulated by the firefly luciferin. The Firefly D-luciferin was 

purchased from Perkin-Elmer (Akron, OH) and stored in PBS at -20 °C in a concentration of 15 

mg ml
− 1

. The animals were anesthetized with isoflurane (Abbott Laboratories, Irving, TX), i.p. 

injected with firefly luciferin at a dose of 150 mg kg
− 1

, and then imaged with IVIS Imaging 

Systems after 15 min. The grayscale images were captured in a 24-cm view field and set as the 

background level. All bioluminescence images were then acquired using the fixed parameters 

(Exposure time: 60s; binning factor: 4; f/stop: 1.2; and filter: open). The total luminescent 

intensity for each mouse was calculated automatically by using the Living Image Software 

(Perkin-Elmer) and expressed as p s 
− 1

 cm
− 2

 sr 
– 1 

(photons per second per cm
2
 per steradian).  

 

4.3.6. Analysis of luciferase activity  

After the animals were killed, tissue samples from the assigned organs were harvested 

and kept at − 80 °C until use. The tissue samples (~150 mg) were homogenized in 1 ml of lysis 

buffer using a tissue homogenizer (Dremel, Racine, WI). Tissue homogenates were centrifuged 

at 12,000 r.p.m. using Microfuge (Beckman Coulter, Brea, CA) for 10 min at 4 °C, and the 
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supernatants were collected. Ten microliters of supernatant was taken for the luciferase assay 

according to the previously described procedure 
154

. 

 

4.3.7. Gene expression analysis by real-time PCR 

The samples from mouse lungs, liver and kidneys were homogenized using TRIzol 

reagents from Invitrogen (Carlsbad, CA) total RNA isolation. A commercial kit from OriGene 

(Rockville, MD) was used for reverse-transcription PCR (RT-PCR) to transcribe one microgram 

of extracted RNA to the same amount of cDNA. Quantitative PCR (qPCR) was then performed 

on the ABI StepOne Plus Real-Time PCR system, which was purchased from Applied 

Biosystems (Grand Island, NY), to quantify the mRNA level of target gene expression. SYBR 

Green is used as a detection reagent, and the data was normalized to the internal control 

(GAPDH mRNA) by ΔΔCt method. A melting curve was also included to verify all quantitative 

PCR products had a single DNA duplex. All primers sequence are summarized in Table 1 and 

synthesized by Sigma (St Louis, MO) 

 

4.3.8. Statistical Analysis 

One-way analysis of variance and student’s t-test (Graph Pad Prism Software, La Jolla, 

CA) were used to determine the statistical significance. The data were expressed as mean ± s.d. 

and considered as a statistical difference when the P-value is less than 0.05 (P<0.05) 
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4.4. RESULTS 

4.4.1. Hydrodynamic gene transfer results in a rapid increase in serum concentration of IL-

15/sIL-15Rα without inducing liver damage 

Hydrodynamic delivery of 2 μg of AG209 DP muIL-15sRα+IL-15 plasmids (Figure 

4.1a) was performed on C57BL/6 mice according to the established procedure 
154

. Serum 

concentration of IL-15/sIL-15Rα reached peak level at ~ 10 μg ml 
− 1

 1 day after the injection 

and gradually declined to ~ 5 ng ml
− 1

 within 3 days (Figure 4.1b). Three days after the injection, 

blood chemistry tests showed no significant increase in the serum level of liver-specific enzymes 

of AST or ALT, indicating no liver damage with the gene transfer (Figure 4.1c). Histochemical 

examination of the liver (Figure 1d) revealed no difference in the liver structure between mice 

with or without gene transfer. These results prove that a high level of Il-15/sIl-15Rα gene 

expression can be successfully achieved by hydrodynamic gene delivery. 

 

4.4.2. Il-15/sIl-15Rα gene transfer activates NK and T cells in the lungs, liver and kidneys. 

IL-15 has a major role in supporting and maintaining the activity of NK and T cells 
14

. 

To analyze the effects of IL-15/sIL-15Rα expression on NK and T cells, we measured the 

mRNA levels of marker genes for activated NK and T cells in the lungs, liver and kidneys. Three 

days after hydrodynamic injection of IL-15/sIL-15Rα plasmids, a significant increase in the 

mRNA level of granzyme B (lungs,~ 150-fold; liver, ~ 310-fold; kidneys, ~ 93-fold) and perforin 

(lungs, ~ 72-fold; liver, ~ 128-fold; kidneys, ~ 16-fold) was seen (Figure 4.2a and b). In addition, 

transcription of Ifn-γ, a type II interferon produced primarily by NK cells and cytotoxic T 

lymphocytes, and its dominant T-box transcription factor TBX21 (T-bet), was also significantly 

increased in the same organs (Figure 4.2c and d). Further, Il-15/sIl-15Rα gene transfer resulted in 
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an increase in CD8
+
 cytotoxic T cells, but not in CD4

+
 T-helper cells, in the lungs, liver and 

kidneys (Figure 4.2e and f). Together, these results suggest that Il-15/sIl-15Rα gene transfer is 

potent in inducing the NK and T cell activation in these three organs. 

 

4.4.3. Il-15/sIl-15Rα gene transfer significantly inhibits tumor growth in the lungs, liver and 

kidneys 

To evaluate the activity of IL-15/sIL-15Rα against Lewis lung tumor growth in 

different organs, we utilized the method of hydrodynamics- based cell delivery to seed and grow 

tumor cells in the lungs, liver and kidneys 
208

. Bio-imaging revealed efficient delivery and 

progression of tumor cells in the lungs, liver and kidneys (Figure 4.6a). Eight days after the 

initial tumor cell injection, all mice developed macroscopic tumor nodules (Figure 4.6b). Tumor 

growth in these organs was confirmed by the presence of tumor nodules identified from the 

surface of the lungs (mean, 17; range, 13–25), liver (mean, 35; range, 31–40) and kidneys (mean, 

3; range, 1–6) (Figure 4.6c). Assessment of luciferase activity in different organs 8 days after 

tumor cell injection concludes that tumor growth remained confined to the lungs, liver and 

kidneys (Figure 4.6d). 

The therapeutic effect of IL-15/sIL-15Rα on tumor growth in the lungs, liver and 

kidneys is shown in Figure 4.3. Two micrograms of AG209 DP muIL-15sRα+IL-15 plasmids 

was transferred into tumor bearing mice 3 days after tumor cell delivery. Ten days later, animals 

transferred with the Il-15/sIl-15Rα gene showed significantly lower tumor load on the surface of 

the lungs, liver and kidneys (Figure 4.3a). H&E staining of the tissue sections from these organs 

shows a smaller microscopic tumor (Figure 4.3b). The total number of tumor nodules in IL-

15/sIL-15Rα-treated mice is ~ 62% less than that of control in the lungs, ~ 89% less in the liver 
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and ~ 92% less in the kidneys (Figure 4.3c). These results suggest that Il-15/sIl-15Rα gene 

transfer is effective in suppressing tumor growth in the lungs, liver and kidneys. 

 

4.4.4. Combination of Il-15/sIl-15Rα gene therapy and gemcitabine chemotherapy enhances 

antitumor effects. 

We next examined the combined effects of Il-15/sIl-15Rα gene therapy and 

gemcitabine-mediated chemotherapy. For comparison purpose, individual treatment with 

gemcitabine or IL-15/sIL-15Rα plasmid was also included. Chemotherapy was conducted by 

intraperitoneal injection of gemcitabine (120 mg kg
− 1

) on days 3, 8 and 12 after hydrodynamic 

tumor cell inoculation. Gene therapy was carried out with hydrodynamic delivery of 2 μg per 

mouse of IL-15/sIL-15Rα plasmid on days 3 and 12. The treatment employed the combination of 

the two individual treatment procedures. Bioluminescent imaging 6 h after tumor cell injection 

showed successful seeding of tumor cells (Figure 4.4a). Compared with control mice with a rapid 

progression of cancer development, mice with gemcitabine treatment showed suppression of 

tumor growth as assessed on day 8 after tumor cell injection. Similarly, animals with Il-15/sIl-

15Rα gene transfer showed excellent antitumor activity in the liver and kidneys, but a moderate 

activity in the lungs. No luminescent signals were detected in animals receiving the combined 

treatment of gemcitabine and Il-15/sIl-15Rα gene transfer. 

Interestingly, luminescence reappeared in the lungs of animals with combined 

treatments starting on day 12 after cell injection, indicating growth of the tumor cells in the lungs 

(Figure 4.4b). The survival curve of all treated animals is shown in Figure 4.4c. Compared with 

control animals showing a median survival time of 10 days after hydrodynamic tail vein injection 

of tumor cells, animals with Il-15/sIl-15Rα gene therapy lived an average of 17 days. Similar 
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increase in median survival time was also seen in the gemcitabine-treated animals (17 days, 1.75-

fold longer than that of control animals). Combined treatment resulted in the best outcome, a 

median survival time of 33 days, 3.3-fold longer than that of control animals. 

 

4.4.5. IL-15/sIL15Rα-based therapies show predominant antitumor activity in the liver and 

kidneys. 

Further examination was carried out to confirm the antitumor efficacy of IL-15/sIL-

15Rα-based gene therapy. Animals in each treatment group were killed before their death, and 

organs were collected for tumor identification. Results in Figure 4.5a reveal that treatment with 

Il-15/sIL-15Rα gene transfer alone or in combination with gemcitabine was more effective in 

blocking tumor growth in the liver and kidneys, but failed to suppress tumor growth in the lungs. 

This conclusion is also supported by luciferase assay (Figure 4.5b). Taken together, these results 

suggest that IL-15/sIL-15Rα-based therapies are more effective in suppressing tumor growth in 

the liver and kidneys. 

 

4.5. DISCUSSION 

In the present work, we evaluated the effects of IL-15/sIL-15Rα gene therapy on Lewis 

lung tumors growing in the lungs, liver and kidneys. Our results demonstrated that transfer of the 

Il-15/sIl-15Rα gene using hydrodynamic delivery resulted in peak level of circulating IL-15/sIL-

15Rα and activation of NK and T cells in these organs (Figures 4.1 and 4.2). Il-15/sIl-15Rα gene 

transfer resulted in the suppression of tumor growth and enhanced antitumor activity of 

gemcitabine when gene therapy and chemotherapy were combined (Figures 4.3 and 4.4). 
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Mechanistically, we demonstrate that Il-15/sIl-15Rα gene transfer is effective in blocking tumors 

in the liver and kidneys, but not as effective in the lungs (Figure 4.5). 

Hydrodynamic delivery of codon-optimized IL-15/sIL-15Rα plasmid is effective and 

safe to achieve a high level of IL-15/sIL-15Rα expression (Figure 4.1). Previous reports 

demonstrated that a pharmacologic dose at 10 ng ml
− 1

 of IL-15 in the serum is the minimum 

requirement for rapid mobilization and activation of NK cells in peripheral organs such as the 

lungs 
171

. The AG209 DP muIL-15sRα+IL-15 plasmid was chosen for this study because of its 

optimized features of a strong CMV promoter, a better leader sequence of granulocyte-

macrophage colony-stimulating factor and optimized coding sequences (Figure 4.1a). Serum 

concentration peaked at ~ 10 μg ml 
− 1

 and was achieved with 2 μg of plasmid injection (Figure 

4.1b) with no liver toxicity detectable 3 days after the injection (Figure 4.1c and d). 

Transfer of the Il-15/sIl-15Rα gene induces the activation of NK and T cells in the 

lungs, liver and kidneys, resulting in effective suppression of tumor growth in these three organs 

(Figures 4.2 and 4.3). Indeed, a previous study has shown that hydrodynamic delivery of the Il-

15/sIl-15Rα gene induces a significant increase in NK, T and CD8
+
 memory T cell distribution in 

the lungs, liver and spleen
171

. In tumor-bearing animals, Cheng et al. 
202

 demonstrated that 

delivery of IL-15/sIL-15Rα containing DNA plasmid induces the expansion and infiltration of 

tumor-specific CD8
+
 T cells in tumor-bearing liver, where the cytotoxic function is enhanced. 

Chang et al. 
204

 also showed compelling evidence that administration of adeno-associated virus 

vector containing the Il-15/sIl-15Rα gene remarkably enhanced NK cell cytolytic activity in a 

liver metastatic model. In line with these studies, our results showed that Il-15/sIl-15Rα gene 

transfer significantly enhanced the NK and T cell activity in the environment of the lungs, liver 

and kidneys, as evidenced by increased mRNA levels of marker genes, including granzyme B, 
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perforin, Ifn-γ, T-bet and Cd8 (Figure 4.2a–e), leading to a significant inhibition of tumor growth 

(Figure 4.3). Furthermore, transfer of the Il-15/sIl-15Rα gene did not alter the transcription of 

Cd4 (Figure 4.2f). This result is in agreement with a previous study where treatment with IL-

15/sIL-15Rα did not significantly increase the overall number of total CD4
+
 population or 

regulatory CD4
+
 T cells 

171, 202
, indicating that Il-15/sIl-15Rα gene transfer activated an antitumor 

immune pathway without inducing immune suppressive pathways in the lungs, liver and kidneys. 

Results in Figure 4 show that combining Il-15/sIl-15Rα gene therapy with gemcitabine 

chemotherapy yields a better therapeutic outcome for tumors growing in multiple organs 

including the lungs, liver and kidneys. This finding is in line with a previous report that indicates 

that IL-15 administration increased the antitumor activity of chemotherapeutic agents, 

cyclophosphamide, in mice bearing rhabdomyosarcoma 
123, 178

. Moreover, as an Food and Drug 

Administration (FDA)-approved first-line chemotherapeutic agent for patients with early and 

advanced stage non-small cell lung cancer, gemcitabine administration also demonstrated 

enhanced antitumor activity when combined with IFN-β 
209, 210

. This may be partially due to the 

selective elimination of the myeloid-derived suppressor cells after gemcitabine administration, 

where the tumor-derived immunosuppressive environment was diminished and antitumor 

response, induced by immunotherapy, was improved 
211

. 

Assessments of tumor burden in the lungs, liver and kidneys of animals, immediately 

before being killed, due to tumor burden, reveal that Il-15/sIl-15Rα gene transfer reduced tumor 

load in the liver and kidneys, but not in the lungs (Figure 4.5a). The same level of luciferase 

activity was seen in the lungs of all the animals regardless of the type of treatment provided 

(Figure 4.5b). The differential treatment effects on the lungs and liver/kidneys suggest the 

existence of different, and organ specific, responses to the serum IL-15/sIL-15Rα. It has been 
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previously shown that cytokine-based immune therapy is superior in inducing the local 

infiltration and activation of CD8
+
 T and NK cells into the tumors in the liver and kidneys, 

leading to the destruction of established tumors in these two organs 
202, 212, 213

. In contrast, lung 

tumors tend to generate an immunosuppressive environment where tumor cells are able to recruit 

immunosuppressive factors to impair the cytotoxic T or NK cell function, thus resulting in 

continued tumor growth 
214

. Consistent with these studies, we observed an improved antitumor 

activity in the lungs at earlier time points with a combination therapy of gemcitabine and Il-

15/sIl-15Rα gene transfer (Figure 4.4a). It appears that the tumors in the lungs become resistance 

to the treatment later, leading to aggressive subsequent tumor growth (Figure 4.4b). In fact, 

gemcitabine resistant tumor growth in the lungs has been previously reported 
215

. Although 

modest success has been demonstrated in overcoming the tumor immune escape in the lungs 

using the PD-1 immune checkpoint inhibitor antibody 
216

, a different strategy is needed to cope 

with drug-resistant tumors in the lungs. 

In conclusion, we demonstrate in this study that hydrodynamic delivery of AG209 DP 

muIL-15sRα+IL-15 plasmid results in a high level of serum IL-15/sIL-15Rα and activation of 

NK and T cells in the lungs, liver and kidneys. Delivery of the Il-15/sIl-15Rα gene alone, or in 

combination with gemcitabine, showed remarkable therapeutic benefits in the treatment of 

tumors growing in the liver and kidneys. Our findings warrant further investigation for possible 

use of Il-15/sIl-15Rα gene transfer for treatment of late stage lung cancer where the tumor has 

already metastasized to the liver and kidneys. 
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Figure 4.1. Impact of hydrodynamic Il-15/sIl-15Rα gene transfer. Mice were 

hydrodynamically injected with 2 μg AG209 DP muIL-15sRα+IL-15 or pcDNA3.1 

plasmid. (a) Schematic representation of AG209 DP muIL-15sRα+IL-15 plasmid 

construct; (b) Serum concentration of IL-15/IL-15Rα protein post gene transfer; (c) 

Plasma aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels; and 

(d) Representative images of H&E staining of mouse liver. Samples in (b) and (c) were 

collected 3 days after hydrodynamic injection. Results represent mean ± SD (n=5). * 

P<0.05 comparing to control animals injected with pcDNA3.1 empty plasmid.   
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Figure 4.2. Il-15/sIl-15Rα gene transfer increases mRNA level of activation marker 

genes of NK and T cells. Animals were hydrodynamically injected with 2 μg AG209 DP 

muIL-15sRα+IL-15 or pcDNA3.1 control plasmid. Lungs, liver and kidneys were 

harvested 3 days later. Relative mRNA levels of marker genes for NK and T cell 

activation including (a) Granzyme B; (b) Perforin; (c) Ifn-γ; (d) T-bet; (e) Cd-8; and (f) 

Cd4 were determined using RT-PCR. Data represents mean ± s.d (n=5). * P<0.05 

comparing to control mice.  
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Figure 4.3. Il-15/sIl-15Rα gene transfer inhibited tumor growth in the lungs, liver 

and kidneys. Animals were hydrodynamically injected with LL/2-Luc cells (10
6
 

cells/mouse). Three days after tumor injection, animals received hydrodynamic 

injection of 2 µg/mouse of AG209 DP muIL-15sRα+IL-15 plasmid or pcDNA3.1 

control plasmid. All animals were sacrificed 10 days after tumor injection. (a) Tumor 

loads in the lungs, liver and kidneys. Right panel represents enlarged organ pictures of 

treated and control animals. (b) Representative H&E staining of tissue sections from 

the lungs, liver and kidneys. Bar represents 200 μm. (c) Number of nodules in the 

lungs, liver and kidneys. Results represent mean ± s.d (n=4). * P<0.05 comparing to 

control animals. Numbers of tumor nodules were counted under the dissecting 

microscope. Areas circled with dotted lines are microscopic tumor identified by H&E 

staining. 
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Figure 4.4. Antitumor activities of Il-15/sIl-15Rα gene therapy, chemotherapy, 

or in combination. Animals inoculated with LL2-Luc cells were treated with saline, 

gemcitabine (120 mg/kg/mouse), AG209 DP muIL-15sRα+IL-15 plasmid (2 

µg/mouse), or in combination at designated time. (a) Bioluminescence images taken 

at 0.25, 8.0, 12.0 and 25.0 days post tumor cell inoculation; (b) Time dependent 

bioluminescence intensity in different treatment groups; and (c) Survival curves of 

animals with different treatments (n=5, P <0.05 for pooled data, log-rank test). Data 

represent mean ± s.d (n=5). *P<0.05 comparing to control animal; # P<0.05 

comparing to animals treated with gemcitabine;  P<0.05 comparing to animals with 

Il-15/sIl-15Rα gene transfer. 
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Figure 4.5. Il-15/sIl-15Rα gene therapy showed predominant antitumor activity 

in the liver and kidneys. Selected animals in each treatment group were sacrificed 

prior to their death and organs collected. (a) Photos and images of H&E staining of 

tumor bearing lungs, liver, and kidneys. Bar represents 200 μm. (b) Relative 

luciferase activity per gram of tissue. Data represents mean ± s.d (n=5). * P<0.05 

comparing to control animal; # P<0.05 comparing to animals treated with 

gemcitabine; and  P<0.05 comparing to animals with Il-15/sIl-15Rα gene transfer. 

Areas surrounded by dotted lines are microscopic tumors identified by H&E staining. 
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Figure 4.6. Establishment of tumor growth in the lungs, liver and kidneys. Animals 

were hydrodynamically injected with luciferase tagged LL/2 cells (106 cells/mouse). 

Normal mice were used as control. (a) Bioluminescence images and quantification of 

photon level in tumor bearing mice after 0.25, 3 or 8 days of tumor cell injection. (b) 

Representative photo and images of H&E staining of the lungs, liver and kidneys. Bar 

represents 200 μm. (c) Number of nodules in the lung, liver and kidneys. (d) Relative 

luciferase activity in the selected organs. Samples in (b) to (d) were collected 8 days 

after hydrodynamic cell delivery. Each data represent mean ± s.d (n=5). * P<0.05 

comparing to control animals. Numbers of tumor nodules were counted under the 

dissecting microscope. Areas circled with dotted lines are microscopic tumor identified 

by H&E staining. 
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Table 4.1. Primer sequences for real time PCR analysis of gene expression 

Gene Forward primer sequence Reverse primer sequence 

Cd4 AGGTGATGGGACCTACCTCTC GGGGCCACCACTTGAACTAC 

Cd8 CCGTTGACCCGCTTTCTGT CGGCGTCCATTTTCTTTGGAA 

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 

Granzyme b CCACTCTCGACCCTACATGG GGCCCCCAAAGTGACATTTATT 

Ifn-γ ATGAACGCTACACACTGCATC CCATCCTTTTGCCAGTTCCTC 

Perforin AGCACAAGTTCGTGCCAGG GCGTCTCTCATTAGGGAGTTTTT 

T-bet AGCAAGGACGGCGAATGTT GGGTGGACATATAAGCGGTTC 
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CHAPTER 5 

PERSPECTIVES OF IL-15 THERAPEUTICS 

IL-15 was first classified as a T lymphocytes growth factor in 1994 by two laboratories 

4, 40
. Burton et al. first identified IL-15 as a 14 kDa lymphokine secreted by the leukemia virus-1 

infected human cell line (HuT-102), which could stimulate the proliferation and activation of T 

lymphocytes and large granular lymphocytes 
40

. Grabstein et al., on the other hand, isolated a 

14–15 kDa cytokine (named IL-15) from the epithelial cell line supernatant, which shows similar 

biological functions with IL-2 
4
. Since then, extensive studies have been conducted to investigate 

the biological function and therapeutic implications of IL-15, primarily focusing on cancer 

immunotherapy and, more recently, the treatment of metabolic disorders. 

 

5.1. IL-15 AND ITS APPLICATIONS IN CANCER THERAPY 

Numerous preclinical studies have been conducted demonstrating the therapeutic 

activity of IL-15 against cancer 
127, 129, 135, 140

. The earlier work showed that overexpression of IL-

15 in mice significantly suppresses tumor growth and prolongs the survival of animals to 8 

months compared to 6 weeks for control mice intravenously injected with MC38 colon 

carcinoma cells 
217

. A mechanistic study by Klebanoff et al. demonstrated that mice transferred 

with the IL-15 gene have stronger tumor-reactive CD8
+
 T cells 

218
. Studies by Yu et al. 

219, 220
 

and Zhang et al. 
127

 also reported strong tumor suppression activity of IL-15 in mice carrying 

PC26, MC38 colon cancer, or TRAMP-C2 prostate cancers. 
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Early successes in animal studies led to significant efforts in exploring the therapeutic 

potential of IL-15 and its toxicity in non-human primates 
47, 141-143, 221, 222

. Using virus-infected 

rhesus macaques as a model, Munger et al. reported a 3-fold induction of peripheral CD8
+
 and 

NK cells in animals with twice-weekly subcutaneous injections of 10 or 100 μg/kg rIL-15 for 

four weeks 
141

. Similar results were obtained using an intravenous bolus infusion 
142, 143

 and 

continuous infusion 
221

. Only transient neutropenia has been observed in these studies, without 

clinical chemistry test changes and induction of organ failure and VLS 
142

. In addition, no 

animals developed autoimmune disorders or antibodies to the administered IL-15.  

To date, E. coli-produced rhIL-15 has been used in five clinical trials for cancer 

immunotherapy (Table 1.1). The objectives of these trials are focused on assessing its toxicity 

profile, including the dose-related adverse events and maximum tolerance dose, and evaluating 

the anti-tumor activity after rIL-15 administration. In a published clinical study 
144

, rhIL-15 was 

designed to be infused intravenously (i.v) at a daily dose of 3 μg/kg/day for 12 days to patients 

bearing various metastatic cancers. Due to the development of unexpected side effects, such as 

grade-3 hypotension and thrombocytopenia, in two patients with a dose of 3 μg/kg/day, the study 

further adjusted its dosing strategies and included two lower doses at 1.0 and 0.3 μg/kg/day 
144

. 

The maximum tolerated dose of rhIL-15 was finalized as 0.3 μg/kg/day, since all nine patients 

receiving 12 doses showed no signs of toxicity 
144

. However, patients did show modest capillary 

leak 
144

. The pharmacokinetic results demonstrated that the maximum concentration (Cmax) after 

bolus i.v infusion of rhIL-15 was 43,800, 15,900 and 12,060 pg/ml at the dose of 3.0, 1.0 and 

0.3μg/kg/day, respectively 
144

. In addition, the half-lives (t1/2) for these three doses were very 

similar, at 2.4, 2.7 and 2.7 h 
144

. Importantly, administration of rhIL-15 showed a modest anti-

tumor activity 
144

. Five patients showed a reduction of their tumor lesions by 10% to 30%, and 
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two patients demonstrated clearance of tumors in the lung 
144

. However, a Cmax-related toxicity 

was observed with intravenous bolus injection of IL-15. When exceeding Cmax of 43,800 pg/ml, 

bolus infusion of rIL-15 showed a transient induction of pro-inflammatory cytokines release, 

which led to multiple adverse events 
144

. Compared to intravenous bolus injection, subcutaneous 

or continuous intravenous infusion (CIV) appears much better in avoiding high Cmax levels 
142, 221

. 

At the dose of 20 μg/kg/day, the Cmax for rhIL-15 bolus infusion was 720 ng/ml, whereas the 

Cmax for subcutaneous infusion and CIV of rhIL-15 were 50 ng/ml and 4 ng/ml, respectively 
142, 

221
. Moreover, comparing only 4-fold induction of memory CD8

+
 T cells obtained by bolus 

infusion, CIV administration of rhIL-15 was able to stimulate the proliferation of memory CD8
+
 

T cells by 80- to 100-fold, whereas subcutaneous IL-15 led to a modest proliferation of memory 

CD8
+
 T cells by 10-fold 

142, 221
. 

Some efficacy has been seen in human trials for the treatment of metastatic malignancy, 

but the overall outcome was less satisfactory 
144

. The major challenge seems to be the lack of a 

method that maintains a therapeutic level of IL-15 in the blood with optimal activity to stimulate 

the proliferation and differentiation of CD8
+ 

T and NK cells. Additionally, more studies have 

shown that monomeric IL-15 may not be the best choice for cancer treatment. IL-15 and sIL-

15Rα complexes seem to work better by showing a longer blood half-life and improved 

biological activity. Therefore, future research direction should be geared toward exploring the 

possibility of using a pre-associated IL-15/IL-15Rα complex as the therapeutic agent for IL-15-

based therapy. 
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5.2. IL-15 AND METABOLIC HOMEOSTASIS 

As early as 1995, Quinn et al. proposed that IL-15 plays an critical role in stimulating 

the differentiation of muscle fibers and myocytes for contractile proteins accumulation 
100

. Since 

then, studies have been conducted to investigate this activity of IL-15 in muscle and muscle-

related functions. 

About 40% of body weight is made up of skeletal muscle, and it is considered the 

largest organ in non-obese humans. Muscle cells are known for their capacity to produce high 

levels of several secreted factors 
223

. Pedersen et al. demonstrated in 2003 that muscle cells 

produce cytokines and other peptides that exert endocrine effects, which were later named 

“myokines” 
224

. Riechman et al. demonstrated that the blood concentration of IL-15 increased in 

young men and women during a 10-week period of physical training that focused on resistance 

endurance 
225

. Similarly, elevated expression of IL-15 in plasma and skeletal muscle was 

observed in a treadmill exercise with rats on a high-fat diet 
152

. 

Clinical investigations revealed that the level of circulating IL-15 was negatively 

associated with BMI and the mass of total fat, trunk, and limb fat in human subjects 
138

. IL-15 

knock-out mice showed a higher amount of body fat than the wild type.
90

 Conversely, mice 

transferred with the Il-15 gene showed lower levels of fat accumulation and were resistant to 

high-fat diet-induced obesity.
150

 These results suggest that IL-15 acts as a key reciprocal 

regulator, which influences the body weight and fat deposition by adjusting the protein synthesis 

and metabolic rate in the skeletal muscle and adipose tissue 
99

. 

The therapeutic potential of IL-15 as an anti-obese agent has been evaluated in several 

animal studies. Carbo et al. demonstrated that administration of recombinant IL-15 protein 

resulted in ~33% fat mass reduction, ~20% decrease in circulating triacylglycerols, ~47% 
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reduction of hepatic lipogenic rate, and ~36% decrease in plasma VLDL in rats 
92

. Furthermore, 

a study by Nielsen et al. revealed ~26% decrease in trunk fat mass in IL-15-transfected mice fed 

a high-fat diet 
138

. In agreement with these animal studies, results from the work summarized in 

this dissertation show that Il-15 gene transfer by hydrodynamic delivery blocks high-fat diet-

induced body weight gain (Chapter 2). The benefits generated also include ~67% reduction in 

total fat mass, alleviation of adiposity and fatty liver, and improvement of insulin resistance. 

Results in Chapter 3 further show that transfer of the Il-15/sIl-15Rα gene into obese mice 

induced ~15% body weight loss. Meanwhile, the fact that Il-15/sIl-15Rα gene transfer did not 

induce weight loss in regular mice fed a chow diet indicates that the activity of IL-15/sIL-15Rα 

in reducing body weight is specific to obese mice. It is also evident that transfer of the Il-15/sIl-

15Rα gene enhanced lipid and glucose metabolism, and consequently led to the alleviation of 

fatty liver, and improvement of glucose homeostasis.  

Similar to IL-15-based immunotherapy for the treatment of cancer, IL-15-based 

treatment of obesity and obesity-associated metabolic diseases may gain significant advances 

when monomeric IL-15 is replaced with IL-15/sIL-15Rα complexes, due to their superior 

circulation half-life in blood and higher biological activities. The challenge, however, is the 

regulation of the IL-15 level in a therapeutic window without inducing the toxic effects.   

 

5.3. FUTURE PERSPECTIVE 

The future direction of IL-15-based pharmaceutics may lie in the improvement of its 

biologic activity by coupling IL-15 with sIL-15Rα. The combination of sIL-15Rα with IL-15 

presents a number of advantages over monomeric IL-15. Mechanistically, IL-15/sIL-15Rα 

represents physiological form since IL-15 is produced as a heterodimer in association with sIL-
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15Rα 
31, 34

. In addition, IL-15/sIL-15Rα can be efficiently generated in mammalian cells and 

properly glycosylated 
226

. Due to the larger overall protein size and glycosylation, the IL-15/IL-

15Rα complex has a much longer T1/2 in the plasma compared to the monomeric IL-15 
226

. 

Significant evidence is available in support of such a notion. For example, cell culture studies 

have shown that inclusion of sIL-15Rα is able to increase the IL-15 mediated proliferation of NK 

and CD8
+ 

T cells, which could not be achieved with IL-15 alone at similar concentration 
114, 226, 

227
. In a human immune system (HIS) mouse model, administration of preformed rhIL-15 

covalently linked by the human IL-15Rα ‘sushi’ domain (IL-15/IL-15Rα-sushi) resulted in 

development of NK cells in HIS mice and CD8
+
 T cell proliferation which did not occur when 

IL-15 was used alone 
205, 228

. Moreover, administration of pre-formed IL-15/sIL-15Rα induced 

the preferential expansion of memory CD8
+
 T cells in B6 mice 

206
. 

Efforts have been made to demonstrate the therapeutic advantages of IL-15/sIL-15Rα in 

cancer therapy. Steel et al. reported that overexpression of membrane-bound IL-15/sIL-15Rα 

complexes in DCs is able to induce the immune activities to suppress the neu (Erbb2)-positive 

mammary tumor growth in animals 
203

. Bessard et al. demonstrated high anti-tumor activity 

using the IL-15 and sIL-15Rα fusion protein in mice bearing metastatic colorectal and melanoma 

cancer 
205

. In mice bearing B16 melanoma or TRAMP-C2 renal tumors, the IL-15/sIL-15Rα 

complex has shown greater efficacy in prolonging survival time of tumor-bearing mice 
206

. 

Consistently, the results presented in this dissertation confirm that transfer of Il-15/sIl-15Rα gene 

is effective in activating NK and T cells in the lungs, liver and kidneys, leading to an effective 

suppression of Lewis lung tumor growth in these organs and prolonged animal survival time 

(Chapter 4).  
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In contrast, less information is available in applying IL-15/sIL-15Rα to mediate 

metabolic homeostasis. This is likely due to the lack of a full understanding of the role that IL-

15Rα plays in controlling body composition and metabolic activity 
229

. However, studies in 

obese rats have reported lower expression of IL-15Rα mRNA and protein in adipose tissues 
152

, 

and treadmill running was able to restore IL-15Rα expression in adipose tissue, resulting in a 

reduction of body weight and elevation of plasma IL-15 concentration in diet-induced obese rats 

152
. Studies by O' Connell et al. showed that IL-15 directly induces the level of pro-oxidative 

gene expression in skeletal muscle through a mechanism that requires the interactions between 

IL-15 and IL-15Rα in vitro, suggesting the functional roles of IL-15Rα in supporting IL-15 

mediated metabolic activity 
230

. In this dissertation study, we are the first to use the IL-15/sIL-

15Rα combination to treat obesity and obesity-associated metabolic disorders (Chapter 3). Our 

results showed that transfer of the Il-15/sIl-15Rα gene in obese mice induces lipid and glucose 

metabolism, consequently leading to the body weight reduction, alleviation of fatty liver, and 

improvement of glucose homeostasis.  

It is worth noting that clinical trials have been or are being conducted to assess the 

therapeutic effect of IL-15 pre-association with sIL-15Rα or with sIL-15Rα IgG1-Fc (Table 1.1). 

Altor BioScience Corporation has launched several dose-escalation clinical trials in patients with 

different cancers using ALT-803, a combination of pre-associated mutant IL-15 and IL-15Rα 

sushi domain linked to a single Fc fragment of IgG1 (ClinicalTrials: NCT01946789, 

NCT02099539, NCT02138734, NCT02384954 and NCT01885897). Admune Therapeutics 

LLC, which is in conjunction with the NCI, is running a clinical trial by subcutaneously injecting 

the heterodimer IL-15/sIL-15Rα into patients with metastatic malignancy (ClinicalTrials: 
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NCT02452268). It is highly anticipated that these ongoing studies will provide valuable 

information regarding IL-15/sIL-15Rα therapy. 

Although direct injection of rIL-15 or pre-associated rIL-15/sIL-15Rα shows efficacy in 

the treatment of cancer and obesity, expression of IL-15 or IL-15/sIL-15Rα through gene transfer 

appears more desirable as it eliminates the procedures of protein production, formulation 

development, and repeated administration. In therapy, the gene therapy-based approach is a great 

advantage because the patients will be able to produce their proteins whenever needed. With a 

proper control of the level and persistence of gene expression, one would be able to maintain the 

therapeutic concentration of IL-15/sIL-15Rα without the risk of Cmax-associated toxicities.  

A critical aspect of gene therapy is gene delivery using either viral, nonviral, or physical 

methods. Yu et al. have explored the use of a recombinant adeno-associated virus (rAAV) vector 

carrying the hIl-15 gene to maintain the expression of the Il-15 gene in mice with experimental 

breast cancer 
231

. The results showed that administration of rAAV-constructed hIL-15 delayed 

the development of tumors and prolonged the survival rate. Similarly, Yiang et al. performed 

rAAV-mediated hIl-15 gene transfer into mice prior to tumor cell inoculation and reported 

suppression of development of human cervical cancer 
232

. Moreover, also employing rAAV 

vector (AAV-8), Chang et al. employed IL-15/sIL-15Rα to treat metastatic hepatocellular 

carcinoma in mice 
204

. The results demonstrated that overexpression of the Il-15/sIl-15Rα gene 

potentiated anti-tumor activity by increasing the expansion of hepatic NK cells 
204

. 

Other viral vectors to express the Il-15 gene in experimental animals have also been 

utilized. Using vesicular stomatitis virus (VSV), Stephenson et al. demonstrated that intravenous 

injection of a VSV vector with the hIl-15 gene (VSV-hIL-15) induced anti-tumor activity in 

animals bearing established colorectal carcinoma and pulmonary metastases 
233

. Moreover, Barra 
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et al. demonstrated that adenoviral vector-mediated Il-15 gene transfer induced weight loss in 

obese mice fed on a high-fat diet without altering food intake 
90

. Il-15 gene transfer reduced lipid 

deposition in adipocytes, and improved glucose homeostasis and insulin sensitivity in the 

response to oral glucose administration 
90, 107

. 

Non-viral gene transfer approaches have also been tested for IL-15 therapeutics. Using 

novel cationic nano gel, and heparin-polyethyleneimine (HPEI) complexed with plasmid 

carrying the hIl-15 gene, Zhou et al. showed that overexpression of Il-15 gene transfer 

significantly inhibited the growth of B16-F10 and CT26 tumor cells in mouse lung, while IL-15 

induced the infiltration of cytotoxic NK and T cells into tumor sites and was accompanied by 

increased TNF-α and IFN- production, and ultimately resulted in the apoptosis of tumor cells 

234
. In an orthotopic bladder cancer model inoculated with MBT-2 cells, Matsumoto et al. 

employed liposomal carrier for Il-15 gene delivery and reported higher CD8
+
 T cell infiltration 

into tumor sites and growth inhibition of subcutaneously injected MBT-2 cells 
235

. Similarly, 

using the approach of intra-tumor injection of plasmids carrying the hIl-15 gene coupled with 

electroporation, Ugen et al. showed an enhanced anti-tumor response in mice bearing B16-F10 

melanoma cells 
236

.  

Compared to the above-mentioned methods for gene transfer, the hydrodynamics-based 

procedure provides an effective means for convenient gene delivery 
157

. Using this method, 

combined gene transfer of plasmids carrying the Il-15 and Il-21 genes exerted a synergistic 

stimulation of NK cells and showed a potent anti-tumor effect against established metastatic 

lymphoma in liver 
122

. Similarly, hydrodynamic delivery of IL-15/sIL-15Rα-Fc plasmids showed 

therapeutic effects on both well-established metastatic and autochthonous liver tumor in mice 
202

. 

The work summarized in this dissertation also employed the hydrodynamics-based procedure to 
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achieve over-expression of IL-15 in the form of either IL-15 or IL-15/sIL-15Rα complexes. The 

results confirm that the method of hydrodynamic gene transfer is effective in delivering the Il-15 

or Il-15/sIl-15Rα gene to mouse liver, and generating high serum level of IL-15 or IL-15/sIL-

15Rα in the blood. Elevation in the protein level of IL-15 blocks high-fat diet-induced obesity, 

insulin resistance, and development of fatty liver (Chapter 2). Similarly, Il-15/sIl-15Rα gene 

transfer in obese mice results in the reduction of body weight and improvement in glucose 

homeostasis and insulin sensitivity (Chapter 3). In addition, hydrodynamic transfer of Il-15/sIl-

15Rα genes into mice carrying the Lewis lung tumor in the lungs, liver, and kidneys prolongs the 

survival time of tumor-bearing animals (Chapter 4). 

Collectively, the results from previous studies provide strong evidence in support of 

applying IL-15-based gene therapy to the treatment of cancer and metabolic diseases, such as 

obesity. Further studies need to focus on improving not only the methods of gene delivery, but 

also the gene expression system for sustained gene expression with potential for regulation. 

An alternative approach coupling IL-15 therapy with other strategies is worth 

considering. During tumor development, tumor cells tend to generate a tumor-derived 

immunosuppressive microenvironment, which inhibits the infiltration of effector T and NK cells 

into the tumor bed and suppresses their cytotoxic activity, and ultimately results in the “helpless 

state” of immune effector cells that thereby promotes the tumor progression 
213

. It is also 

recognized that the poor efficacy of IL-15-mediated immunotherapy might be due to the process 

known as tumor tolerization 
213

. The tumor cells can alter the level of effector immune mediators 

in response to IL-15-based therapy, including the change of co-stimulatory and -inhibitory 

molecule levels and the ratio of APCs and cytotoxic T and Treg cells 
213

. Alteration of these 

immune mediators could result in the development of the immunosuppressive environment in 
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tumor sites and the deactivation of the anti-tumor activity, including the suppression of APCs 

functions, inhibiting the T and NK cells cytotoxicity, and inducing the Treg activity 
237

. 

Additionally, tumor cells are capable of up-regulating inhibitory T cell surface ligands, such as 

program death-ligand 1 (PD-L1), to enhance the T-cell anergy and to suppress the T-cell activity 

237
.  Myeloid-derived suppressor cells (MDSCs) are also involved in tumor development by 

inducing multiple immunosuppressive compensates, including the releasing of IL-10, TGF-β, 

arginase and nitric oxide and induction of reactive oxidative species, to deactivate effector T and 

NK cells 
211

. 

In order to conquer the issue of tumor-derived immune-suppression environment, a 

strategy of combining IL-15 with additional approaches has been considered to remove the 

inhibitory checkpoints that mediate negative T-cell signaling pathways. The combination of IL-

15 treatment with PD-L1 or CTLA-4 antibodies significantly reduced the expression of PD-1 on 

CD8
+
 T cells’ surface, and significantly prolonged the survival rate of tumor-bearing animals 

when compared to single treatment alone 
129, 220

. In agreement with this conclusion, the study 

summarized in Chapter 4 of this dissertation showed combining Il-15/sIl-15Rα gene therapy with 

gemcitabine chemotherapy manifested a marked prolongation of animal survival, and yielded a 

better therapeutic outcome for tumors growing in multi-organs including the lungs, liver, and 

kidneys. The improved therapy is likely achieved through selective elimination of the myeloid-

derived suppressor cells by administered gemcitabine 
211

. Further studies appear necessary to test 

the possibility of combined therapy with IL-15 or IL-15/sIL-15Rα with additional cytokines, 

antibodies or chemicals with defined activities. Efforts are needed to develop strategies to couple 

the effect of IL-15-based therapy with a different approach that would enhance lipid metabolism, 
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or control of diet intake to accomplish the goal of maintaining energy homeostasis and 

preventing obesity. 

In conclusion, evidence collected from the cell culture, laboratory animal, and human 

studies of IL-15 and the IL-15/sIL-15Rα systems opens the possibility for the rational design of 

improved IL-15 pharmaceutics. The dissertation study has extended the current IL-15 

therapeutics and provided strong evidence in support of applying IL-15-based gene therapy to 

treatments of cancer and metabolic diseases. Although further studies are needed to optimize the 

forms of IL-15 and to modulate IL-15-related toxicity, the prospects are good that the goal of 

developing clinically applicable IL-15-based therapeutics will be achieved in the near future. 
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