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ABSTRACT

Interleukin-15 (IL-15) is a cell growth-factor that regulates lymphocyte function
and homeostasis. Its strong immunostimulatory activity coupled with an apparent lack
of toxicity makes IL-15 an exciting candidate for cancer therapy, somehow limited
by its short half-life in circulation. To increase IL-15 bioavailability we constructed a
recombinant adeno-associated vector expressing murine IL-15 (AAV-mIL15) in the
liver. Mice injected with AAV-mIL15 showed sustained and vector dose-dependent
levels of IL-15/IL-15Ra complexes in serum, production of IFN-y and activation of
CD8+ T-cells and macrophages. The antitumoral efficacy of AAV-mIL15 was tested
in a mouse model of metastatic colorectal cancer established by injection of MC38
cells. AAV-mIL15 treatment slightly inhibits MC38 tumor-growth and significantly
increases the survival of mice. However, mIL-15 sustained expression was associated
with development of side effects like hepatosplenomegaly, liver damage and the
development of haematological stress, which results in the expansion of hematopoietic
precursors in the bone marrow. To elucidate the mechanism, we treated IFN-y
receptor-, RAG1-, CD1d- and pMT-deficient mice and performed adoptive transfer of
bone marrow cells from WT mice to RAG1-defcient mice. We demonstrated that the
side effects of murine IL-15 administration were mainly mediated by IFN-y-producing
T-cells.

Conclusion: IL-15 induces the activation and survival of effector immune cells
that are necessary for its antitumoral activity; but, long-term exposure to IL-15 is
associated with the development of important side effects mainly mediated by IFN-
v-producing T-cells. Strategies to modulate T-cell activation should be combined
with IL-15 administration to reduce secondary adverse events while maintaining its
antitumoral effect.

INTRODUCTION metastatic renal cell carcinoma. However, despite its
antitumoral activity in some patients, IL-2 often produces

Interleukin 15 (IL-15) is a y-chain (yc) cytokine serious side effects that compromise the treatment, or even
similar to Interleukin 2 (IL-2) [1, 2]. IL-2 is a cytokine result in the patient’s death. IL-15, has been proposed as
with strong antitumoral effect that has been used in the a promising candidate to replace IL-2 for cancer therapy
clinic for the treatment of metastatic melanoma and [3, 4]. IL-15 is a potent immunostimulatory cytokine.
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Multiple cell types, like monocytes/macrophage, dendritic
cells or endothelial cells produce IL-15 in response to
different stimuli [5-7]. IL-15 induces the proliferation,
differentiation and activation of CD8+ T-cells [8], and
the maintenance of CD8+ memory T-cells. Interestingly,
IL-15 inhibits the activation-induced cell death (AICD)
of T-cells and is not involved in the maintenance of
CD4+CD25+ regulatory T (Treg) cells while IL-2 has
been shown to induce AICD and is required for Treg
proliferation and survival [9]. IL-15 is an essential factor
for the development, survival [10-12] and also to promote
increased killer-function of NK and NKT cells activity.
Furthermore, IL-15 induces B cells proliferation, antibody
production [13] and promotes antibody-dependent cellular
cytotoxicity (ADCC) [14, 15]. In addition, IL-15 activates
also the secretion of other immunostimulatory cytokines
such as IFN-y and TNF-a [14, 16].

All these functions together with animal testing
demonstrating the ability of IL-15 to mediate therapeutic
effects in murine transplanted tumors [17, 18] has
generated a great deal of interest in bringing this agent
to clinical testing in cancer patients [19, 20]. In fact, IL-
15 was ranked first among different agents with high
potential as antitumoral drug [21] and clinical trials in
which this cytokine is given systemically are currently
ongoing (NCT01369888, NCT01385423, NCT01021059,
NCTO01572493, NCTO0196789, NCT02099539,
NCTO01885897). A report containing the data from the
first in human clinical trial of recombinant-IL15 (rIL-
15) has been recently published, showing a moderate
antitumoral efficacy. However, hematological side effects
and liver damage, particularly, at the highest dose (3 pg/
kg) were reported [22]. In order to avoid rIL15-mediated
side effects the investigators proposed alternative dosing
strategies such as continuous intravenous infusion.

Drawbacks of recombinant protein include that
bolus administration of IL-15 might result in multiple
“peaks and valleys” pharmacokinetics. Furthermore, IL-15
as a soluble molecule undergoes rapid renal clearance and
has to be administrated daily in clinical trial. This could
easily result in both toxicity and suboptimal efficacy. In
addition, for effective signaling, IL-15 needs to be bound
to IL-15 receptor a subunit (IL-15Ra), a high affinity
receptor, which allows IL-15 to interact with the IL-2RBy,_
heterodimeric intermediate affinity receptor present on the
responder immune cells [23].

Trying to overcome these limitations we have
taken advantage of the use of gene transfer strategies.
Among the viral-based vectors employed in gene therapy,
recombinant adeno-associated virus (rAAV) is one of
the most promising since it has many attractive features
including demonstrated safety, efficacy and long term
expression in humans [24-26]. rAAV can stably transduced
different types of cells and organs. In this work we have
developed an AAV serotype 8 vector carrying the native
form of interleukin-15 cDNA (AAV-mIL15) under the

control of a liver specific promoter [27].

Metastatic liver cancer is a life-threatening
condition frequently observed in a significant percentage
of colorectal cancer patients. Hepatic lesions are found
in 10 to 25% of colorectal cancer patients at the time
of diagnoses [28]. In addition, recurrence after surgical
removal of the colorectal tumor occurs mainly in the
liver, with a 20-25% rate of liver metastases. Surgical
resection is potentially curative only in the most favorable
cases, whereas chemotherapy and regional treatments
achieve local control, but a significant increase in long-
term survival is not guaranteed [29]. It is clear that new
therapeutic options are needed to improve the clinical
management of hepatic metastases from colon cancer.

We have evaluated the antitumoral activity
of prolonged hepatic expression of IL-15, using a
recombinant AAV vector as a gene delivery vehicle, in a
mouse model of liver metastasis derived from colorectal
cancer by intrahepatic injection of MC38 cells in C57BL/6
syngeneic mice. We found that in hepatocytes IL-15 is
synthesized along with IL15-Ra and its expression results
in the activation of T cells and macrophages. Interestingly
while we observed a continuous expansion of CD8+ T
cells, NK cells after a transient increase, immediately
disappear from all the organs analyzed. Treatment with
AAV-mIL15 of MC38 tumor-bearing mice results ina T
cell independent moderate anti-tumoral effect. However,
we also found that long-term exposure to mIL-15 is
associated with the development of hepatosplenomegaly
and hematological toxicity mainly mediated by IFN-y
producing T cells.

RESULTS

AAV-mIL15 administration is associated with
the presence of IL-15/IL-15Ra complex in serum
and IFN-y production in a vector dose-dependent
manner

We constructed and produced a recombinant AAV
serotype 8 expressing mIL-15 bearing the native long
signal peptide under the regulation of a chimeric liver-
specific promoter composed of the human al-antitrypsin
promoter (AAT) with regulatory sequences from the
albumin enhancer (Ealb) AAV-mIL15 (Figure 1A) [27].
To test the functionality of the vector C57BL/6 male mice
(n = 8) were intravenously injected with three different
doses of AAV-mIL15: 1.5x 10", 1.5 x 102, and 1.5 x 10"
viral genomes (vg)/kg. A control group was injected with
1.5 x 10" vg/kg of an AAVS expressing luciferase under
the control of the same promoter (AAV-Luc). mIL-15 and
IFN-y expression was analyzed in serum by ELISA, 7, 14,
and 21 days after AAV administration. No mIL-15 was
detected in serum when the determination was performed
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using a commercial ELISA recognizing IL-15 (data not
shown), however, dose dependent mIL-15 levels were
determined using an ELISA that detects the complex
IL-15/IL-15Ra, indicating that the recombinant mIL-15
expressed by hepatocytes is present in the blood bound
to the IL-15Ra subunit (Figure 1B). As shown in Figure
1C, IFN-y production correlates with IL-15/IL-15Ra
expression levels.

mlL-15 hepatic expression changes the
composition of lymphocyte populations in
different organs and tissues

Flow cytometry analysis at day 21 of the
lymphocyte populations in the liver of animals treated
with 1.5 x 10" vg/kg of AAV-mIL15 revealed a significant
increase in absolute numbers of CD8+ and CD4+ T cells
and a significant decrease of NK1.1+ cells in the liver
(Supplementary Figure S1A). AAV-mIL15 treatment
inverted the CD4/CD8 T-cell ratio (Supplementary Figure
S1B). Since IL-15 induces NK and NKT cell proliferation
and survival, the reduction of NK 1.1+ cells was surprising.
Thus, 3, 7, 14 and 21 days after the administration of
AAV-mIL15 or AAV-Luc we analysed the absolute
numbers of CD4, CD8 and NK positive cells in the liver,
spleen, peripheral blood, bone marrow and lymph nodes.

A

We observed a significant and sustained increase in the
absolute numbers of both CD4+ and CD8+ T cells in the
liver and in the spleen (Figure 2A and 2B), while NK
cells showed a moderate increase at day 3 in both organs
abruptly and significantly decreasing thereafter (Figure
2C). In peripheral blood absolute CD8+ T cells numbers
decreased immediately after the treatment reaching stable
levels at day 7, while CD4+ T cells initially decreased
(day 3) and then increased at day 7 reaching normal levels
(Figure 2A and 2B). NK cells slightly increased at day
3 but immediately decreased as observed in the liver
and in the spleen (Figure 2C). In the bone marrow we
observed an increase in CD8+ T cells, a non-significant
reduction of CD4+ T cells and a significant reduction of
NK1.1+ cells, while in the lymph nodes all three cell types
increased at day 3, decreasing thereafter below normal
levels (Supplementary Figure S1C). Taking together all
these data we can conclude that long-term IL-15 exposure
induces a dramatic reduction of NK1.1+ cells in all the
compartments analysed.

Since CD8+ T cells significantly increased in the
liver we analysed the proliferation of CD8+ CD69+
(considered as resident CD8 cells) and CD8+CD69- cells
by Ki67 staining. As shown in Figure 2D, we observed
a high proliferation in both subsets. Furthermore, a
significant increase in activated CD8+ T cells (CD8+
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Figure 1: In vivo characterization of AAV-mIL15. A. Schematic diagram of adeno-associated viral (AAV) vectors used in this study.
al-anti-trypsin (AAT) promoter, Albumin enhancer (Ealb); inverted terminal repeat (ITR); Woodchuck Hepatitis Virus Posttranscriptional
Regulatory Element (WPRE); SV40 poly-A fragment containing the early and late polyadenylation signals (pA). For in vivo characterization
C57BL/6 male mice received 1.5 x 10", 1.5x 102, 1.5 x 10" vg/kg of AAV-mIL15 or 1.5 x 10" vg/kg of AAV-Luc (n = 6-8). IL-15/IL-15Ra

complexes B. and IFN-y C. concentration was measured in serum by enzyme-linked immunosorbent assay (ELISA) every week for three
weeks after AAV administration. Results are expressed as the mean + SD of 6-8 animals per group.
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Figure 2: Analysis of lymphocyte subsets in liver, spleen and blood after administration of AAV-mIL15. A-C. 3,7, 14, and
21 days after AAV-mIL15 or AAV-Luc administration mice were sacrificed and the number of CD8 A. CD4 B. and NK C. cells obtained
from the liver, spleen and blood was analyzed by flow cytometry. D. At the same time points the numbers of CD8+ CD69+ (resident cells)
and CD8+ CD69- proliferating cells (Ki-67+) were determined in the liver. E. Activation status of CD8+ was determined by analyzing the
expression of the activation marker CD44. For each panels the results are expressed as the mean + SD of the values obtained from 6-8 mice

per group.
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days after vector injection

www.impactjournals.com/oncotarget

49011

Oncotarget



CD44") was observed in the liver of AAV-mIL15
treated mice (Figure 2E and Supplementary Figure
S1D). Moreover, we analysed IFN-y production by liver
intrahepatic lymphocytes obtained from mice 21 days after
the administration of 1.5 x 10" vg/kg of AAV-mIL15 or
AAV-Luc in an Elispot assay and found that the number
of IFN-y producing cells was significantly higher in mice
receiving mIL15 than in AAV-Luc treated mice (Figure
3A). Additionally, we analysed IFN-y production by
CD8+ T cells obtained from the liver 3, 14 and 21 days
after the administration of AAV-mIL15 or AAV-Luc by
intracellular staining followed by flow cytometry analysis

A

100+

ELISPOT IFN-y

- AAV-Luc

59488

SFU/ 3x10°
intrahepatic lymphocytes

AAV-IL15 AAV-Luc

C AAV-mIL15

. AAV-mIL15

and as shown in Figure 3B, 3C we observed a significant
increase of IFNy-producing CD8+ T cells in the liver of
mice treated with IL-15.

AAV-mediated mIL-15 expression in MC38 tumor
results in a prolonged survival with no reduction
in tumor burden

After testing the capacity of AAV-mIL15 to induce
CDS8 T cell expansion and activation we tested the
antitumoral activity of this vector in MC38 tumor-bearing
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Figure 3: Analysis of IFN-y production by liver lymphocytes obtained from AAV-mILS treated mice. A. 21 days after
AAV-mIL15 or AAV-Luc administration, mice were sacrificed and liver lymphocytes were isolated. The number of cells producing IFN-y
was determined using an Elispot assay. B. 3, 14 and 21 liver lymphocytes were isolated from AAV-mIL15 and AAV-Luc treated mice and
IFN-y production by CD8+ T cells was analysed after PMA + lonomycin stimulation by intracellular staining and flow cytometry analysis.
C. Representative images of flow cytometry analysis of CD8+ T cells producing IFN-y.
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mice. MC38 cells were subcutaneously or intrahepatically
injected in C57BL/6 mice (n = 8-12) and in both cases
AAV-mIL15 or AAV-Luc was administered intravenously
at a dose of 1.5x10" vg/kg one week after tumor cell
injection. The size of subcutaneously implanted MC38
tumors was measured every three days after vector
injection, and the size of intrahepatic tumors was measured
10 days after vector injection by ecography. Survival was
checked daily and mice were euthanized if general status
was deteriorated or subcutaneous tumors exceeded 20 mm
in diameter.
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1200~
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In the case of subcutanecous MC38 tumor injection,
no difference in tumor growth was observed between the
groups receiving AAV-mIL15 or AAV-Luc, indicating that
mlIL-15 produced in the liver failed to inhibit or delay
tumor growth (Figure 4A). However, when the tumor was
implanted intrahepatically, a slight reduction in tumor
growth was observed at day 10 after vector injection in
the animals receiving AAV-mIL15 in comparison to AAV-
Luc treated mice (AAV-Luc-group: 116.1 +41.02 mm?® vs
AAV-mIL-15-group: 77.08 + 42.36 mm?*). Furthermore,
thirty days after cell implantation all the animals from
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Figure 4: Analysis of the antitumoral effects of AAV-mIL15 on MC38 tumor. A. Tumor volume follow-up of the subcutaneous
MC38 tumor model. Results are expressed as the mean + SD. 10-12 mice per group. B. Kaplan-Meier survival analysis of C57BL/6 WT
mice with established MC38 tumors after treatment is assessed (**p <0.01). 8 mice per group. C. Kaplan-Meier survival analysis of RAG1-
/- mice with established MC38 tumors after treatment is assessed (ns). D. IFN-y concentration was measured in serum by enzyme-linked
immunosorbent assay (ELISA) in RAG1-/- mice every week for three weeks after AAV administration. Results are expressed as the mean

+ SD of of the values obtained from 6-8 mice per group.
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the control group were dead as a consequence of tumor
progression, in contrast, 50% of the mice receiving AAV-
mlIL15 were alive (Figure 4B). At day 40 after AAV
injection all mice receiving mIL-15 had to be sacrificed
due to clear signs of ill health. To determine the role of T
cells in the antitumoral effect of AAV-mIL15 we repeated
the experiment implanting MC38 tumors in RAG1-/- mice
and tumor growth and survival was evaluated as previously
indicated. Although a reduction in tumor growth was
observed at day 7 after vector injection in animals having
received AAV-mIL15 (data not shown), no differences
in survival was observed (Figure 4C), indicating that the
initial antitumoral effect is T cell independent while the
maintenance of the effect requires the presence of T cells.
Interestingly, contrary to the sustained IFN-y expression
observed in C57BL/6 mice, in RAG1-/- mice it reached
a peak at day 14 and declined thereafter (Figure 4D),
indicating that sustained IFN-y expression depends on the
presence of T cells.

Sustained IL-15/IL-15Ro expression induces
hepato- and splenomegaly

When the C57BL/6 animals of the tumor experiment
were sacrificed we observed that the group treated with
AAV-mIL15 developed hepatomegaly and splenomegaly.
To further investigate the effects of long-term exposure to
mlL-15 we performed a more extensive characterization.
C57BL/6 male mice (n = 8) were injected intravenously
with three different doses of AAV-mIL15 1.5 x 10", 1.5 x
102, and 1.5 x 10" vg/kg or 1.5 x 10" vg/kg of AAV-Luc.
Twenty-one days after AAV injection mice were sacrificed.
Macroscopically we observed a significant increase in the
size of the liver and spleen in the animals having received
AAV-mIL15 compared to AAV-Luc-treated mice. In
Figure 5A representative images of liver and spleen of a
mouse having received the highest dose of AAV-mIL15
are shown in comparison to the same organs obtained
from an AAV-Luc control animal. Both liver and spleen
were weighed in all the animals, and, as shown in Figure
SA, there is a significant and dose-dependent increase in
the size of both organs in the AAV-mIL15-treated group.
The analysis of liver histology shows the presence of an
abundant leukocyte infiltrate in the liver of IL-15-treated
mice that was dose-dependent (Supplementary Figure
S2A). Furthermore, immunohistochemistry analysis of
liver macrophages by anti-F4/80 staining indicated that IL-
15 expression induced macrophage expansion and clusters
formation (Figure 5B and Supplementary Figure S2B),
suggesting macrophage activation that was confirmed
by CD80 and MHC class I up-regulation (Figure 5C and
Supplementary Figure S2C). In a previous paper IL-15
was described as a proliferation factor for hepatocytes
[30], that might be one of the reason for hepatomegaly,
however, Ki-67 expression analysis showed that IL-15

induced leucocyte- (CD45 positive cells) but no hepatocyte
proliferation (Figure 5D). Serum biochemical analysis at
day 21 revealed an increase in liver transaminases in the
group of animals having received the highest doses of the
AAV-mIL15 vector indicating a moderate liver damage
(Supplementary Figure S2D).

Long-term  mlIL-15  expression induces
hematological stress and consequently the
expansion of bone marrow hematopoietic
precursors

To further characterize the side effects associated
with high and sustained mIL-15 hepatic expression, we
analyzed its effect on the hematopoietic system. Blood
cell counts were evaluated weekly in animals treated as
previously described. We found that sustained mIL-15
expression induced a reduction of leucocytes, platelets
and red blood cells (Figure 6A). Homeostasis of blood
cells is dependent on bone marrow hematopoietic
stem cells (HSCs) possessing long-term self-renewal
capacity. To determine the impact of IL-15 treatment on
hematopoietic precursors, 21 days after treatment animals
having received the highest dose of AAV-mIL15 were
sacrificed and bone marrow (BM) was isolated from tibia
and femur of each mouse and the number of HSCs was
determined by flow cytometry. HSCs are cells expressing
the stem cell markers c-kit and Sca-1 while lacking the
canonical marker of lineage differentiation Lin (so-
called LSK cells). The LSK cell population significantly
increased in mIL-15-treated mice in comparison to Luc-
treated mice (Supplementary Figure S3). However as we
and others have previously demonstrated [31, 32], Sca-
1 is an interferon-responsive molecule that is aberrantly
up-regulated by IFN-a or IFN-y on all hematopoietic
progenitors preventing the use of this marker for HSC
characterization. Using Lin- c-kit+ (LK) as identification
markers for hematopoietic progenitor cells, our analysis
revealed an increase of LK population in mice treated
with AAV-mIL15 compared to AAV-Luc treatment (Figure
6B). The analysis of LK cells with anti-CD48 and anti-
CD150, which discriminates between immature (LT: LK,
CD48-, CD150+) and more mature progenitor cells (ST:
LK, CD48-, CD150-) and multipotent progenitors (MPPs:
LK, CD48+, CD150-), or restricted progenitor cells (LK,
CD48+, CD150+) revealed a significant increase of all
three populations in animals treated with AAV-mIL15
(Figure 6C). To determine the functionality of these
hematopoietic progenitor cells we performed a colony
forming unit (CFU) assay using bone marrow cells from
AAV-mIL15 and AAV-Luc treated mice. As shown in
Figure 6D, CFU numbers are significantly higher in AAV-
mlIL15 treated mice.
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Figure 5: AAV-mIL15 administration is associated with the development of hepatosplenomegaly. A. Twenty-one days
after vector administration mice were sacrificed and the liver and spleen were weighed. The ratio between liver and spleen weight and body
weight has been represented. Results are expressed as the mean + SD. 6-8 mice per group. B. Livers were harvested immunohistochemical
staining for F4/80 was performed. Representative images of the liver of one of the animals receiving the highest dose of each treatment were
shown. C. Intrahepatic leucocytes were purified and CD80 an MHC-II expression was analyzed by flow cytometry on F4/80+ cells. Results
are expressed as the mean + SD of 6-8 animals per group. D. Immunofluorescence staining for Ki-67 and CD45 was performed; cell nucleus
was stained using DAPI. Representative images of the liver of one of the animals receiving the highest dose of each treatment were shown.
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IFN-y is the main mediator of mIL-15-induced
side effects

IL-15 acts on CD8- and NK cells inducing IFN-y
production [33, 34]. To analyze the role of this cytokine
in the side effects associated to IL-15 exposure, mice
deficient for the IFN-y receptor (IFNyR-/-) were treated
with 1.5 x 10%3, 1.5 x 10" or 1.5 x 10" vg/kg of AAV-
mIL15 or 1.5 x 10" AAV-Luc. Twenty one days after
injection animals were sacrificed and liver and spleen

A

were weighed (Figure 7A and Supplementary Figure S4).
Although the size of both organs significantly increased
in IFNyR-/- after IL-15 treatment, the fold increase was
significantly lower in IFNyR-/- than in wild-type mice
(Figure 7A). At the highest dose of AAV-mIL15 the size
of the liver increases 80% in wild-type mice but only
30% in IFNyR-/- mice and the spleen size increases 620%
in WT mice and only 170% in IFNyR-/- mice pointing
towards IFN-y as the main mediator of IL-15-induced
hepatomegaly and splenomegaly, although other factors
induced by IL-15 seems to be involved. The histological
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Figure 6: Analysis of hematological toxicity induced by long-term expression of mIL-15. A. Blood cell counts analysis was
performed at the indicated time points after the administration of different doses of AAV-mIL15 vector. Results are expressed as the mean
+ SD. B. Twenty-one days after vector administration, mice treated with a dose of AAV-mIL15 1.5x10" vg/kg were sacrificed and bone
marrow cells were examined for surface expression of Lin- and c-Kit to determine the number of LK cells per femur. Absolute number
of LK cells in BM per femur was determined. Results are expressed as the mean + SD. C. The numbers in the graph show immature (LT:
LK, CD48-, CD150+) and more mature hematopoietic progenitor cells (ST: LK, CD48-, CD150-) and multipotent progenitors (MPPs: LK,
CD48+, CD150-), or restricted progenitor cells (LK, CD48+, CD150+). Results are expressed as the mean = SD of 4 mice per group. D.
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analysis of the liver revealed no increase in inflammatory
infiltrate in the liver of IFNyR-/- receiving mIL-15 (Figure
7B). Moreover, serum biochemical analysis at day 21
revealed normal levels of liver transaminases indicating
the absence of damage in IFNyR-/- mice (Figure 7C).
Furthermore, blood cell count analysis revealed no
reduction of leucocytes, platelets and red blood cells in
IFNyR-/- indicating that mIL-15 hematological toxicity
is IFN-y-dependent (Figure 7D). Interestingly an increase
on leucocyte number was observed (Figure 7D left). The
analysis of hematopoietic progenitor cell populations in
the BM of IFNyR-/- mice treated with AAV-mIL15 reveals
that in the absence of IFN-y receptor there is no expansion
of these populations (Figure 7E).

mlL-15 mediated side effects are mainly mediated
by IFN-y producing T cells

To analyze the cells involved in mIL15-mediated
side effects RAG1-/-, CD1d-/-, and uMT-/-, were injected
with AAV-Luc or AAV-mIL15 at a dose of 1.5 x 103 vg/
kg, and 21 days after treatment liver and spleen size was
analyzed and cell blood counted. As shown in Figure
8A and 8B, in CD1d-/- and mMT-/- the liver and spleen
weight increased like in wild-type mice after AAV-mIL15
treatment, thus demonstrating that neither NKT- nor
B-cells are responsible for the increase in organ size.
However, RAG1-/- treated with AAV-mIL15 presented
with a less pronounced hepatosplenomegaly in comparison
to wild-type mice (Figure 8C), indicating that IFN-y-
producing T cells but not NK cells are the main cell type
responsible for liver and spleen enlargement.

Furthermore, analysis of blood cell counts showed
that while CD1d and pMT-deficient mice had a significant
reduction of blood cell populations as observed in wild-
type mice (Figure 8D and 8E), no reduction in blood
cell counts were observed in RAG1-/- mice, indicating
together with the results obtained in IFNyR-/- that the
hematological stress caused by mIL-15 is mediated by the
action of IFN-y producing T cells (Figure 8F). Analysis of
HSC in the BM of CD1d-/- and uMT-/- mice revealed an
increase in the LK population in mice treated with AAV-
mlL15 as shown in WT mice (Supplementary Figure
S5A and B). Instead RAG1-/- mice showed that in the
absence of T cells there is no expansion of LK population
(Supplementary Figure S5C). These data further indicate
that the expansion of hematopoietic progenitors is more
likely due to the hematological stress induced by mIL-15
rather than to a direct effect of mIL-15 on hematopoietic
precursor cells.

To further confirm the role of T cells in IL-15
mediated side effects we transferred bone marrow cells
from C57BL/6 CD45.1+ mice to RAGI1-/- CD45.2+
mice. After confirming CD45.1 T cells engraftment in
RAGI1-/- mice, mice were treated with AAV-mIL15 or

AAV-Luc (Figure 9A). Blood cell counts were evaluated
weekly starting at day 7. We found that sustained IL-15
expression induced a reduction of leucocytes, platelets and
red blood cells in RAG1-/- mice that had received WT
bone marrow and AAV-mIL15 but no AAV-Luc (Figure
9B). Interestingly, at day 21 only 1 of the RAGI1-/- that
have received BM cells from WT mice and AAV-mIL15
remained alive indicating a strong toxic effect of mIL-15
administration in these mice (Figure 9C). Furthermore, we
observed hepatomegaly and splenomegaly in the animals
receiving mIL15 (data not shown) and as observed in WT
mice mIL-15 induced liver injury in animals receiving
BM transplant as evidenced by the elevation of liver
transaminases (Figure 9D).

DISCUSSION

IL-15 has been proposed as an alternative to the use
of IL-2 in cancer therapy. Although both cytokines share
many biological properties, IL-15 shows some interesting
functional particularities, such its capacity to activate
T-cells [8], to inhibit activated induced cell death (AICD)
of T-cells [9] and protect T effector cells from the action
of T regulatory cells [35]. These properties suggest a better
capacity of IL-15 to induce antitumoral immune responses
than IL-2. Furthermore, IL-15 has been demonstrated to
be less toxic than IL-2 in different preclinical animal
models, demonstrating a better efficacy versus toxicity
profile [36]. For these reasons several clinical trials are
ongoing testing its antitumoral activity [22]. However,
there is limited information regarding the antitumoral
efficacy and the safety of the native version of mIL-15
in mice, since most of the studies have been performed
using human IL-15 (hIL-15) or a modified version of the
cytokine in which the natural IL-15 signal peptide has
been replaced by a more efficient signal peptide enhancing
its secretion. Although hIL-15 is active on murine cells,
the aminoacid identity between hIL-15 and just mIL15 is
of 73%. In fact, while the binding affinity of hIL-15 and
mlL-15 to murine IL-15Ra subunit is very similar they
significantly differ in the binding affinity to the IL-2RBy,
subunits, and mIL-15 was reported to be 200-fold more
active than hIL-15 in vitro [37]. These data suggest that
the studies performed using hIL-15 in mice are far to be
predictive of the activity and toxicity of this cytokine in
humans. The small number of studies performed to test
the antitumoral activity of the recombinant murine IL-15
protein showed only marginal tumor effects [17, 38]. This
could be due to several reasons, one of them being the
improper presentation of the cytokine (unbound to the IL-
15Ra), or the short half-life of IL-15 in serum. To solve
both issues we have developed an AAV vector expressing
murine IL-15, carrying its native signal peptide, from the
hepatocytes in which IL-15Ra subunit is expressed.

Here we present that mice treated with AAV-mIL15
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showed sustained and vector dose-dependent levels of the
IL-15/IL-15Ra complex in serum, which is associated
with the production of IFN-y. Moreover, long-term
mlL-15 expression determines a strong activation and
expansion of CD8 T cells in both, the liver and in the
spleen. Thus, our data indicate that AAV-mediated long-
term mIL-15 expression induces a potent activation of the
immune system. Interestingly, we observed a reduction
of NK cells from all the organs/tissues analyzed that we
believe is associated to the sustained presence of mlIL-
15, more experiments should be performed to clarify
this unexpected observation. Interestingly, transgenic
mice overexpressing IFN-y shows impaired NK cell
development and a profound reduction of NK cells in
spleen supporting our data and suggesting a role for IL15-

A

Bone marrow

induced IFN-y production in the disappearance of NK
cells [39].

When we tested the antitumoral efficacy of AAV-
mlIL15 in a murine model for colorectal metastasis (in
which CDS8 T cells play a major role in tumor growth
inhibition), we found a very moderate antitumoral effect
with a small reduction in tumor size despite a significant
increase in survival. Our results are consistent with
previous studies in mice showing a moderate antitumoral
activity of mIL-15 when is administered alone [40],
that can be improved if combined with other cytokines
[40, 41]. Moreover, IL-15 is known to activate negative
regulatory checkpoints so the combination with antibodies
to block cytotoxic T lymphocyte antigen 4 (CTLA-4)
and programmed death ligand 1 (PD-L1) resulted in an

transplant
DONOR Recipient-1
mice mice
CD45.1 CD45.2
C57BL/6 Transfer BM cells to Rag1-/- 3 weeks Evaluation of AAVs Animals
—_— —> | CD451 T cell | —> injection —> | follow up
Bone marrow engraftment
cells isolation @\
WBC RBC PLT
4 12-
o - -
A
3 ]
g 2 ER

-#- transfer CD45.1 + AAV-mIL15
-©- transfer CD45.1 + AAV-Luc

-#- transfer CD45.1 + AAV-mIL15
-©- transfer CD45.1 + AAV-Luc

-#- transfer CD45.1 + AAV-mIL15
-©- transfer CD45.1 + AAV-Luc

0 é 1‘0 15 0 é

1‘0 15

days after vector injection

804

60+

-#- transfer CD45.1 + AAV-mIL15

404
-©- transfer CD45.1 + AAV-Luc

e

Survival Percentage

204

uiL

0 5 10 15

days after vector injection

20

250+

200

1504

1004

50

days after vector injection

ALT

-=- transfer CD45.1 + AAV-mIL15
-©- transfer CD45.1 + AAV-Luc

u/iL

300+

200

5 10 15

days after vector injection

AST

-=- transfer CD45.1 + AAV-mIL15
-©- transfer CD45.1 + AAV-Luc

0 5 10

days after vector injection

days after vector injection

Figure 9: Bone marrow cell transfer from WT mice to RAG1-/- mice restores mIL-15 mediated side effects. A. Schematic
representation of the experimental design. B. Blood cell counts analysis was performed at the indicated time points after the administration
of AAV-mIL15 or AAV-Luc vector. Results are expressed as the mean + SD of 8 mice. C. Kaplan-Meier survival analysis of RAG1-/- mice
receiving bone marrow cells from C57BL/6 mice and AAV-mIL15 or AAV-Luc. (***p <0.001). D. Serum biochemical analysis of ALT and
AST. Results are expressed as the mean + SD, n = 8.

www.impactjournals.com/oncotarget

49020

Oncotarget



improvement of the antitumoral activity that should be
carefully evaluated [42].

However, what was very surprising to us was
the observation made regarding important secondary
effects developed in AAV-mIL15-treated mice, not
previously reported, except for a particular study in which
hydrodynamic injection of a plasmid expressing IL-15
bound to the sushi domain and stabilized by APOA1
molecules induces lethal acute lymphocytic pneumonitis
[43]. In the present study all the animals developed
splenomegaly and hepatomegaly in a vector dose-
dependent manner. The abnormal growth of both organs
was associated with massive infiltration of proliferating
lymphocytes and macrophages, cell hyperplasia and a
moderate liver damage. Interestingly, hepatosplenomegaly
was previously observed in rhesus macaques treated with
rhIL-15 for 12 days, where a significant liver leukocyte
infiltrate was observed [44].

Additionally we found that AAV-mIL15 treatment
was associated with the induction of significant
hematological stress. Mice developed anemia,
thrombocytopenia and leukopenia inducing the activation
of hematopoietic precursor proliferation in the bone
marrow in an effort to recover blood cell counts. Bone
marrow hypocellularity, anemia and severe neutropenia
have been observed in macaques treated daily with human
recombinant IL-15 by subcutaneous injection [45] and,
more importantly, recently similar side effects have been
observed in first in human clinical trial of recombinant-
IL15. All the patients treated with the highest dose of
rhIL15 developed liver damage and lymphopenia; in
some cases associated with thrombocytopenia, anemia or
neutropenia, indicating that our data somehow mimic the
effect of IL-15 in patients, probably being more dramatic
due to the sustained exposure to the cytokine.

Experiments performed in IFN-y receptor- and in
RAG1-deficient mice suggest that the main mediators of
IL-15-induced side effects are IFN-y-producing T cells.
Taking together the data obtained in the different KO
mice, the analysis of IFN-y expression in T cells and the
effect showed in RAG1-/- after receiving WT BM cells
and AAV-mIL15 provided convincing support to our
conclusion that T-cell-derived IFN-y play a prominent
role in IL-15 mediated toxicity. Regarding splenomegaly
and hepatomegaly other cytokines induced by IL-15 like
TNF-o or IL-18 might also be implicated [46]. Moreover,
first-in-man phase I clinical trial also showed that IL-6 is
markedly induced following IL-15 injection. This cytokine
is a major promoter of inflammation and can cause severe
toxicity. We cannot discard a role of this cytokine in the
pathology developed by AAV-mIL15 treated mice [22].

However, the hematological stress associated to IL-
15 was essentially mediated by IFN-y-producing T cells.
Furthermore, although it has been suggested that IL-15
might have a direct effect on bone marrow hematopoietic
stem cell [47], our data indicate that IL-15 itself fails to

induce more immature progenitor expansion and that this
effect is mediated by the hematological stress induced
by IFN-y producing T cells. It has been recently shown
that IFN-y plays a major role in LSK expansion [39, 48,
49], however, in our experimental system the fact that no
expansion was detected in T cell-deficient mice indicates
that this expansion is mainly due to the haematological
stress.

IL-15 is a cytokine subjected to an extraordinarily
strict control; its expression is controlled at different
levels: transcription, translation, and intracellular
trafficking [50]. The toxicity associated with long-term
exposure to IL-15 seen in our study highlight the necessity
for this tight control. Properties of IL-15, such as its
capacity to activate CD8 and NK cells or to inhibits AICD,
initially seen as beneficial for the use of this cytokine as
an antitumoral agent, can be detrimental when there are no
mechanism of down-regulation.

In summary, although IL-15 is not associated
with the undesirable features of IL-2 [3, 4], our data
demonstrated that sustained expression of high levels
of this cytokine induce important side effects involving
the hematopoietic system and also important organs like
liver and spleen. As shown in this work, all these effects
are mainly mediated by T cells producing IFN-y. Based
on these results we can conclude that for future clinical
applications of IL-15 the dose and the duration of the
cytokine should be carefully controlled and in the case
of the development of undesirable side effects IFN-y-
blocking agents might be useful. However, the use of
IFN-y-blocking agents could block or decrease the effector
functions of the CD8+ T and NK cells which are the major
anti-tumor effectors populations, for this reason the use
of inducible promoters might represent a more attractive
strategy for IL-15 immuno-gene-therapy applications
[51] to maintain the antitumoral activity and reducing the
negative effects of overexpression of this cytokine.

We believe our findings have important implications
for the design of future clinical trials using IL-15 as an
antitumoral agent.

MATERIALS AND METHODS

Animals and treatment

Female 8-weeks-old C57BL/6 mice were purchased
from Harlan Laboratories (Barcelona, Spain). IFN-y
receptor deficient mice (IFNyR-/-), B, T and NKT
deficient mice (RAG1-/-), NKT deficient mice (CD1d-/-)
and B cell deficient mice (uMT-/-) all of them in C57BL/6
background, were bred and maintained under pathogen-
free conditions in the animal facility of the University
of Navarra. All procedures were approved by the Ethical
Committee for Animal Testing of the University of
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Navarra.

Mice were injected intravenously with the AAV
viruses. Animals were anesthetized by intraperitoneal
injection of a mixture of xylacine (Rompun 2%, Bayer)
and ketamin (Imalgene 500, Merial) 1:9 v/v. Blood
collection was performed by bleeding from the retro-
orbital plexus, and serum samples were obtained by
centrifugation of total blood.

Viral construction, production and purification

The expression cassette contained in the AAV-
mlL15 vector consists of the murine interleukin-15 gene
(GenBank accession number DQ083237.1) carrying the
long (48 aa) signal peptide, under the regulation of a
chimeric liver specific promoter composed of the human
al-antitrypsin (AAT) promoter with regulatory sequences
from the albumin enhancer (Ealb) [27]. Control virus
expressed the reporter gene luciferase, AAV-Luc. rAAVS
vectors were produced as previously described [51]. Viral
titers in terms of viral genome per milliliter (vg/ml) were
determined by quantitative-PCR (Q-PCR).

Determination of murine IL-15 and IFN-y

Concentration of murine IL-15 was determined by
Mouse IL-15R/IL-15 Complex Elisa Ready-SET-GO!
(eBiosciences) and concentration of murine IFN-y was
determined by Mouse IFN-y ELISA Kits (BD Bioscience-
Pharmigen, San Diego, CA) according to manufacturer’s
instructions.

Histology and immunohistochemistry analysis

Liver sections were fixed in 4% paraformaldehyde
(Panreac), embedded in paraffin, sectioned (5 pm),
and stained with hematoxylin and eosin. Sections
were mounted and observed by light microscopy.
Immunohistochemical staining for Ki-67 (rabbit
monoclonal, clone SP6, 1:100; NeoMarkers, RM-
9106) and F4/80 (rat anti-mouse, 1:400; eBiosciences,
14-4801-82) was performed using the EnVision™+
System (Dako, Glostrup, Denmark) according to the
manufacture’s recommendations. Sections were revealed
with 3,3’-diaminobenzidine (DAKO, Barcelona, Spain),
counterstained with Harris’ hematoxylin and mounted
with DPX (Merck SL, Madrid, Spain) stained. Image
acquisition was performed on the Zeiss Axio Imager M1
microscope with the AxioCam ERC 5s camera using the
ZEN Pro software, all from Carl Zeiss Inc. (Thornwood,
NY).

Tumor models

For subcutaneous tumor formation, a total of
10° MC38 cells were injected in the right hind flank.
Hepatic tumor were established by direct implantation
of 5x105MC38 cells in the left liver lobe in isofluorane-
anaesthetized animals C57BL/6 mice following medial
laparotomy. Cells were resuspended in a total volume of
50 ul saline solution.

Tumor progression was monitored by direct
measurement using caliper for subcutaneous tumor and
using echography obtained images for intrahepatic tumor.
Volumes were calculated using the formula V. = 0.5 x
D x d?, where D and d are the maximum and minimum
tumor diameters respectively. Survival was checked daily
and when necessary, mice were euthanized using a mixture
of O, and CO,,.

Hemogram

Blood cell counts were analyzed using an
automated veterinary haematological analyser with a pre-
programmed murine calibration mode (Hemavet 950FS;
Drew Scientific, Waterbury, CT).

ALT and AST analysis

Serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) activities were analyzed in a
Hitachi Automatic Analyzer (Boehringer, Indianapolis,
IN).

Cells isolation

For bone marrow cell isolation bones were flushed
using a 23-gauge (femurs and tibias) or 26-gauge needle
(iliac crests) and the bones discarded. The cells were
obtained by mechanical disruption and washed by
centrifuging at 1300rpm for 5 minutes at 4°C, resuspended
in PBS, and then filtered through a 70-um filter. Red
blood cells were removed using a lysis buffer. Cell
concentrations were determined with an automatic cell
counter (Z1 Coulter Particle Counter, Beckman Coulter).
Splenocytes were washed in cell culture medium (RPMI
1640) and filtered through a 70um nylon cell strainer. Cell
concentrations were determined with an automatic cell
counter and splenocytes were adjusted to the desired final
concentration.

For the isolation of intrahepatic mononuclear
cells the abdomen of mice was opened and portal vein
was cannulated with a 24G intravenous catheters and
perfused with 10 ml of Ca*- and Mg**-free phosphate
buffer solution preheated to 37°C. After the perfusion
the cava vein was cut and liver extracted. The liver was
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incubated for twenty minutes in 10 mL of PBS solution
containing 1000 units of type II Collagenase (Gibco). The
liver was passed through a 70 um nylon cell strainer. The
cell suspension was centrifuged at 1200 rpm for 10 min
and the cell pellet was resuspended in 40% Percoll and
centrifuged at 1800 rpm for 10 min. RBC were removed
using a RBC lysis Buffer. Cell pellet was resuspended in
RPMI 1640 medium to the desired final concentration.

CDS8, CD4, NK staining

Single-cell suspensions were pretreated with FcR-
Block (anti-CD16/32 clone 2.4G2; BD Bioscience-
Pharmigen). Afterward, cells were stained for: CDS8a
(Pacific Blue-conjugated antimouse CDS. clone 53.6.7,
Biolegend), CD4 (APC/Cy7-conjugated antimouse CD4
cloneGK1.5; Biolegend), NK-1.1 (APC-conjugated
antimouse NKI1.1, clone PK136, Biolegend), CD69
(FITC conjugated antimouse anti-CD69 clone H1.2F3;
eBioscience).

Hematopoietic stem cell (HSC) staining

Whole bone marrow cells were isolated and stained
on ice with various antibody cocktails to identify each
progenitor compartment. Hematopitic stem cells (HSC)
also name LSK cells were stained for Lin (FITC or PE-
antimouse lineage antibody cocktail, Biolegend) (APC-
antimouse lineage antibody cocktail, BD Biosciences),
c-Kit" (PE- or APC/Cy7-antimouse CD117, Biolegend)
and Sca-1 (Pacific Blue-antimouse Sca-1. Biolegend).
To identify more primitive cells Long Term (LT: LK,
CD48-, CD150+), Short Term (ST: LK, CD48-, CD150-),
Multipotent progenitor cells (MPPs: LK, CD48+, CD150-
) and restricted progenitor cells (LK, CD48+, CD150+)
LSK cells were additionally analysed for CD48 (FITC-
antimouse CD48 from Biolegend) and CD150 (PE/Cy7-
antimouse CD150 from Biolegend) expression.

FACS

For flow cytometry analysis the 8-color BD FACS
Canto II or the 4-color FACSCalibur were used. Cells
were analyzed with FlowJo and DIVA software.
of

Automated analysis F4/80

immunohistochemistry

To analyse F4/80 expression digital images
were acquired with an Axiolmager.MI microscope
(Zeiss, Germany) using an in-house Metamorph macro
(Molecular Devices, USA). All images were stored in
uncompressed 24-bit colour TIFF format. Images were
automatically analysed using a plugin developed for Fiji,

Imagel.41.

CFU assay

CFU assays were performed according to the
manufacturer’s instructions (Stem Cell Technologies)
using Mouse Methylcellulose Complete Media (HSC007).
BM cells were plated at 7 x 10 cells in 6-well plates and
incubated at 37°C in a humidified atmosphere of 5% CO2.
Cells were cultured for 15 days and monitored by phase-
contrast microscopy.

Bone marrow transplantation

BM cells from CD45.1+ C57BL/6 (5 x 10° cells)
were isolated and transplanted by intravenous injection
into C45.2 RAG1-/- recipient mice.

Statistical analysis

The data are presented as mean values + standard
deviation and were analyzed for significance by the
Student ¢ test (p < 0.05 was considered significant).
Differences in parameters among groups were analyzed
with one-way ANOVA followed by Bonferroni multiple-
comparison test with the GraphPad Prism 6.0 software.
Survival curves data analysis was made by a Kaplan-
Meier test and statistical analysis was done with the log
rank test.
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Factor-a; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; HSCs, hematopoietic stem cell; MPP,
multipotent progenitor cells.

ACKNOWLEDGMENTS AND FUNDING

This work was supported by grants; UTE
project CIMA, CIBERehd Instituto de Salud Carlos
III, Fundacion Fuentes Dutor, Fundaciéon Echebano,
SAF SAF2009-08524 and SAF2012-39578 (to G.
Gonzalez-Aseguinolaza) from the Spanish Department of
Science. MDS is in receipt of a fellowship from Fondo
de Investigaciones Sanitarias. IGF is in receipt of FPI
grant. The authors are grateful to Mirja Hommel for
critical revision of the manuscript, to Laura Guembe for
technical support, to Mikel Ariz Galilea for the help with
the automated analysis and to the animal facility staff for
animal care..

www.impactjournals.com/oncotarget

49023

Oncotarget



CONFLICTS OF INTEREST
No conflicts of interest to declare.

Author contributions

MDS, PF, GGA study concept and design; MDS,
IGF, CO, AV, LS performed experiments and acquisition
of data; CO, AV, DC, provided technical assistance;
MDS, GGA analysis and interpretation of data; drafting
of the manuscript; critical revision of the manuscript for
important intellectual content; GGA, obtained funding.

REFERENCES

1. Grabstein KH, Eisenman J, Shanebeck K, Rauch C,
Srinivasan S, Fung V, Beers C, Richardson J, Schoenborn
MA, Ahdieh M. Cloning of a T cell growth factor that
interacts with the beta chain of the interleukin-2 receptor.
Science (New York, N.Y.). 1994; 264: 965-968.

2. Burton JD, Bamford RN, Peters C, Grant AJ, Kurys G,
Goldman CK, Brennan J, Roessler E, Waldmann TA. A
lymphokine, provisionally designated interleukin T and
produced by a human adult T-cell leukemia line, stimulates
T-cell proliferation and the induction of lymphokine-
activated killer cells. Proceedings of the National Academy
of Sciences of the United States of America. 1994; 91:
4935-4939.

3. Waldmann TA. The biology of interleukin-2 and
interleukin-15: implications for cancer therapy and vaccine
design. Nature reviews.Immunology. 2006; 6: 595-601.

4. Fehniger TA, Cooper MA, Caligiuri MA. Interleukin-2
and interleukin-15: immunotherapy for cancer. Cytokine &
growth factor reviews. 2002; 13: 169-183.

5. Doherty TM, Seder RA, Sher A. Induction and regulation
of IL-15 expression in murine macrophages. Journal of
immunology (Baltimore, Md.: 1950). 1996; 156: 735-741.

6. Nishimura H, Hiromatsu K, Kobayashi N, Grabstein KH,
Paxton R, Sugamura K, Bluestone JA, Yoshikai Y. IL-15
is a novel growth factor for murine gamma delta T cells
induced by Salmonella infection. Journal of immunology
(Baltimore, Md.: 1950). 1996; 156: 663-669.

7. Mody CH, Spurrell JC, Wood ClJ. Interleukin-15 induces
antimicrobial activity after release by Cryptococcus
neoformans-stimulated monocytes. The Journal of
infectious diseases. 1998; 178: 803-814.

8. Schluns KS, Williams K, Ma A, Zheng XX, Lefrancois L.
Cutting edge: requirement for IL-15 in the generation of
primary and memory antigen-specific CD8 T cells. Journal
of immunology (Baltimore, Md.: 1950). 2002; 168: 4827-
4831.

9.  Dooms H, Van Belle T, Desmedt M, Rottiers P, Grooten J.
Interleukin-15 redirects the outcome of a tolerizing T-cell

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

stimulus from apoptosis to anergy. Blood. 2000; 96: 1006-
1012.

Mrozek E, Anderson P, Caligiuri MA. Role of
interleukin-15 in the development of human CD56+ natural
killer cells from CD34+ hematopoietic progenitor cells.
Blood. 1996; 87: 2632-2640.

Carson WE, Fehniger TA, Haldar S, Eckhert K, Lindemann
MJ, Lai CF, Croce CM, Baumann H, Caligiuri MA.
A potential role for interleukin-15 in the regulation of
human natural killer cell survival. The Journal of clinical
investigation. 1997; 99: 937-943.

Cooper MA, Bush JE, Fehniger TA, VanDeusen JB, Waite
RE, Liu Y, Aguila HL, Caligiuri MA. In vivo evidence for
a dependence on interleukin 15 for survival of natural killer
cells. Blood. 2002; 100: 3633-3638.

Armitage RJ, Macduff BM, Eisenman J, Paxton R,
Grabstein KH. IL-15 has stimulatory activity for the
induction of B cell proliferation and differentiation. Journal
of immunology (Baltimore, Md.: 1950). 1995; 154: 483-
490.

Carson WE, Giri JG, Lindemann MJ, Linett ML, Ahdieh
M, Paxton R, Anderson D, Eisenmann J, Grabstein K,
Caligiuri MA. Interleukin (IL) 15 is a novel cytokine that
activates human natural killer cells via components of the
IL-2 receptor. The Journal of experimental medicine. 1994;
180: 1395-1403.

Caligiuri MA, Zmuidzinas A, Manley TJ, Levine H,
Smith KA, Ritz J. Functional consequences of interleukin
2 receptor expression on resting human lymphocytes.
Identification of a novel natural killer cell subset with high
affinity receptors. The Journal of experimental medicine.
1990; 171: 1509-1526.

Ye W, Young JD, Liu CC. Interleukin-15 induces the
expression of mRNAs of cytolytic mediators and augments
cytotoxic activities in primary murine lymphocytes. Cellular
immunology. 1996; 174: 54-62.

Evans R, Fuller JA, Christianson G, Krupke DM,
Troutt AB. IL-15 mediates anti-tumor effects after
cyclophosphamide injection of tumor-bearing mice and
enhances adoptive immunotherapy: the potential role of
NK cell subpopulations. Cellular immunology. 1997; 179:
66-73.

Tang F, Zhao LT, Jiang Y, Ba de N, Cui LX, He W.
Activity of recombinant human interleukin-15 against
tumor recurrence and metastasis in mice. Cellular &
molecular immunology. 2008; 5: 189-196.

Jakobisiak M, Golab J, Lasek W. Interleukin 15 as a
promising candidate for tumor immunotherapy. Cytokine
& growth factor reviews. 2011; 22: 99-108.

Ochoa MC, Mazzolini G, Hervas-Stubbs S, de Sanmamed
MF, Berraondo P, Melero I. Interleukin 15 in Gene Therapy
of Cancer. Current gene therapy. 2013; 13: 15-30.

Cheever MA. Twelve immunotherapy drugs that could cure
cancers. Immunological reviews. 2008; 222: 357-368.

www.impactjournals.com/oncotarget

49024

Oncotarget



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Conlon KC, Lugli E, Welles HC, Rosenberg SA, Fojo AT,
Morris JC, Fleisher TA, Dubois SP, Perera LP, Stewart DM,
Goldman CK, Bryant BR, Decker JM, et al. Redistribution,
hyperproliferation, activation of natural killer cells and
CD8 T cells, and cytokine production during first-in-
human clinical trial of recombinant human interleukin-15
in patients with cancer. Journal of clinical oncology. 2015;
33: 74-82.

Stonier SW, Schluns KS. Trans-presentation: a novel
mechanism regulating IL-15 delivery and responses.
Immunology letters. 2010; 127: 85-92.

Mingozzi F, High KA. Therapeutic in vivo gene transfer for
genetic disease using AAV: progress and challenges. Nature
reviews.Genetics. 2011; 12: 341-355.

Nathwani AC, Tuddenham EG, Rangarajan S, Rosales
C, Mclntosh J, Linch DC, Chowdary P, Riddell A, Pie
AJ, Harrington C, O’Beirne J, Smith K, Pasi J, et al.
Adenovirus-associated virus vector-mediated gene transfer
in hemophilia B. The New England journal of medicine.
2011; 365: 2357-2365.

Bennett J, Ashtari M, Wellman J, Marshall KA, Cyckowski
LL, Chung DC, McCague S, Pierce EA, Chen Y, Bennicelli
JL, Zhu X, Ying GS, Sun J, et al. AAV2 gene therapy
readministration in three adults with congenital blindness.
Science translational medicine. 2012; 4: 120ral5.

Kramer MG, Barajas M, Razquin N, Berraondo P, Rodrigo
M, Wu C, Qian C, Fortes P, Prieto J. In vitro and in vivo
comparative study of chimeric liver-specific promoters.
Molecular therapy. 2003; 7: 375-385.

Paschos KA, Majeed AW, Bird NC. Natural history of
hepatic metastases from colorectal cancer—pathobiological
pathways with clinical significance. World journal of
gastroenterology. 2014; 20: 3719-3737.

Choti
colorectal cancer. Current treatment options in oncology.
2014; 15: 456-464.

Suzuki A, McCall S, Choi SS, Sicklick JK, Huang J, Qi Y,
Zdanowicz M, Camp T, Li YX, Diehl AM. Interleukin-15
increases hepatic regenerative activity. Journal of
hepatology. 2006; 45: 410-418.

de Bruin AM, Demirel O, Hooibrink B, Brandts CH,
Nolte MA. Interferon-gamma impairs proliferation of

MA. Liver-directed treatments for metastatic

hematopoietic stem cells in mice. Blood. 2013; 121: 3578-
3585.

Di Scala M, Gil-Farina I, Vanrell L, Sanchez-Bayona
R, Alignani D, Olague C, Vales A, Berraondo P, Prieto
J, Gonzalez-Aseguinolaza G. Chronic exposure to
IFNalpha drives medullar lymphopoiesis towards T cell
differentiation in mice. Haematologica. 2015; 100: 1014-
22. doi: 10.3324/haematol.2014.115410.

Carson WE, Ross ME, Baiocchi RA, Marien MJ, Boiani
N, Grabstein K, Caligiuri MA. Endogenous production of
interleukin 15 by activated human monocytes is critical for

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

optimal production of interferon-gamma by natural killer
cells in vitro. The Journal of clinical investigation. 1995;
96: 2578-2582.

King JW, Thomas S, Corsi F, Gao L, Dina R, Gillmore
R, Pigott K, Kaisary A, Stauss HJ, Waxman J. IL15 can
reverse the unresponsiveness of Wilms’ tumor antigen-
specific CTL in patients with prostate cancer. Clinical
cancer research. 2009; 15: 1145-1154.

Josefowicz SZ, Rudensky A. Control of regulatory T cell
lineage commitment and maintenance. Immunity. 2009; 30:
616-625.

Munger W, DelJoy SQ, Jeyaseelan RS, Torley LW,
Grabstein KH, Eisenmann J, Paxton R, Cox T, Wick MM,
Kerwar SS. Studies evaluating the antitumor activity and
toxicity of interleukin-15, a new T cell growth factor:
comparison with interleukin-2. Cellular immunology. 1995;
165: 289-293.

Eisenman J, Ahdieh M, Beers C, Brasel K, Kennedy MK,
Le T, Bonnert TP, Paxton RJ, Park LS. Interleukin-15
interactions with interleukin-15 receptor complexes:
characterization and species specificity. Cytokine. 2002;
20: 121-129.

Teague RM, Sather BD, Sacks JA, Huang MZ, Dossett
ML, Morimoto J, Tan X, Sutton SE, Cooke MP, Ohlen C,
Greenberg PD. Interleukin-15 rescues tolerant CD8+ T cells
for use in adoptive immunotherapy of established tumors.
Nature medicine. 2006; 12: 335-341.

Shimozato O, Ortaldo JR, Komschlies KL, Young HA.
Impaired NK cell development in an IFN-gamma transgenic
mouse: aberrantly expressed IFN-gamma enhances
hematopoietic stem cell apoptosis and affects NK cell
differentiation. Journal of immunology (Baltimore, Md.:
1950). 2002; 168: 1746-1752.

Kishida T, Asada H, Itokawa Y, Cui FD, Shin-Ya M,
Gojo S, Yasutomi K, Ueda Y, Yamagishi H, Imanishi J,
Mazda O. Interleukin (IL)-21 and IL-15 genetic transfer
synergistically augments therapeutic antitumor immunity
and promotes regression of metastatic
Molecular therapy. 2003; 8: 552-558.

Zeng R, Spolski R, Finkelstein SE, Oh S, Kovanen PE,
Hinrichs CS, Pise-Masison CA, Radonovich MF, Brady
JN, Restifo NP, Berzofsky JA, Leonard WJ. Synergy of
IL-21 and IL-15 in regulating CD8+ T cell expansion and
function. The Journal of experimental medicine. 2005; 201:
139-148.

Yu P, Steel JC, Zhang M, Morris JC, Waitz R, Fasso M,
Allison JP, Waldmann TA. Simultaneous inhibition of two

lymphoma.

regulatory T-cell subsets enhanced Interleukin-15 efficacy
in a prostate tumor model. Proceedings of the National
Academy of Sciences of the United States of America.
2012; 109: 6187-6192.

Ochoa MC, Fioravanti J, Rodriguez I, Hervas-Stubbs S,
Azpilikueta A, Mazzolini G, Gurpide A, Prieto J, Pardo
J, Berraondo P, Melero I. Antitumor immunotherapeutic

WWW

.impactjournals.com/oncotarget

49025

Oncotarget



44,

45.

46.

47.

48.

and toxic properties of an HDL-conjugated chimeric IL-15
fusion protein. Cancer research. 2013; 73: 139-149.

Waldmann TA, Lugli E, Roederer M, Perera LP, Smedley
JV, Macallister RP, Goldman CK, Bryant BR, Decker JM,
Fleisher TA, Lane HC, Sneller MC, Kurlander RJ, et al.
Safety (toxicity), pharmacokinetics, immunogenicity,
and impact on elements of the normal immune system of
recombinant human IL-15 in rhesus macaques. Blood.
2011; 117: 4787-4795.

Berger C, Berger M, Hackman RC, Gough M, Elliott C,
Jensen MC, Riddell SR. Safety and immunologic effects of
IL-15 administration in nonhuman primates. Blood. 2009;
114: 2417-2426.

Verri WA,Jr, Cunha TM, Ferreira SH, Wei X, Leung BP,
Fraser A, Mclnnes IB, Liew FY, Cunha FQ. IL-15 mediates
antigen-induced neutrophil migration by triggering IL-18
production. European journal of immunology. 2007; 37:
3373-3380.

Fehniger TA, Suzuki K, VanDeusen JB, Cooper MA,
Freud AG, Caligiuri MA. Fatal leukemia in interleukin-15
transgenic mice. Blood cells, molecules & diseases. 2001;
27:223-230.

Baldridge MT, King KY, Boles NC, Weksberg DC, Goodell
MA. Quiescent haematopoietic stem cells are activated by
IFN-gamma in response to chronic infection. Nature. 2010;

49.

50.

51.

465: 793-797.

Huang S, Hendriks W, Althage A, Hemmi S, Bluethmann
H, Kamijo R, Vilcek J, Zinkernagel RM, Aguet M. Immune
response in mice that lack the interferon-gamma receptor.
Science (New York, N.Y.). 1993; 259: 1742-1745.

Waldmann TA, Tagaya Y. The multifaceted regulation of
interleukin-15 expression and the role of this cytokine in
NK cell differentiation and host response to intracellular
pathogens. Annual Review of Immunology. 1999; 17: 19-
49.

Vanrell L, Di Scala M, Blanco L, Otano I, Gil-Farina I,
Baldim V, Paneda A, Berraondo P, Beattie SG, Chtarto
A, Tenenbaum L, Prieto J, Gonzalez-Aseguinolaza G.
Development of a liver-specific Tet-on inducible system for
AAYV vectors and its application in the treatment of liver
cancer. Molecular therapy. 2011; 19: 1245-1253.

www.impactjournals.com/oncotarget

49026

Oncotarget



