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Abstract

Cardiovascular disease is the leading cause of death in Western countries. A major limitation of
current treatments is the inability to efficiently repair or replace dead myocardium. Recently, stem
cell based therapies have been explored as an avenue to circumvent current therapeutic limitations.
Overall, these therapies appear to result in small improvements in the contractile function of the
heart. The exact mechanism(s) of action that underlie these improvements remain unknown and it
is believed that paracrine effects play a significant role. Previously, we had reported that an extract
derived from bone marrow cells (BMC), in the absence of any live cell, contained cardio-
protective soluble factors. In this study, we identify IL-15 as a putative cardio-protectant within
the BMC paracrine profile. Using an in vitro culture system, we assessed the ability of IL-15 to
protect cardiomyocytes under hypoxic conditions. For the first time, we have identified IL-15
receptors on the surface of cardiomyocytes and delineated the signaling system by which hypoxic
cardiomyocytes may be protected from cellular death and rescued from oxidative stress with IL-15
treatment.
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INTRODUCTION

Cardiovascular disease is the leading cause of death in Western countries.! Despite major
therapeutic advances, the global burden remains substantial. A major limitation of current
treatments, particularly in ischemic heart disease, is the inability to efficiently repair or
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replace dead myocardium. Currently, heart transplantation remains the ultimate approach to
treating end-stage heart failure. More recently, stem cells have given hope that cell based
therapies may hold therapeutic potential; however, experimental studies in both animals and
humans have shown variable results when adult stem cells are injected into the infarcted
heart. Overall, these therapies appear to result in small improvements in the contractile
function of the heart. The potential mechanism(s) of action that underlie these cell therapies
remain controversial and include several reported possibilities: cardiomyocyte (CM)
regeneration,? cell fusion,3 enhanced neo-vascularization,* and paracrine mechanisms.5-9

Previously, we have shown that paracrine secretion is an underlying mechanism of
successful cell therapy. We demonstrated that bone marrow (BM) derived cell extract, in the
absence of any live cells, could improve cardiac function post-Ml, resulting in smaller left
ventricular systolic and diastolic volumes and limiting the extent of the infarct scar,
enhancing vascularity and reducing CM apoptosis.® One of these factors in the extract is the
immunostimulatory cytokine interleukin-15 (IL-15).

IL-15 is a cytokine that is expressed in both immune and non-immune cells 1013, It induces
proliferation, inhibits apoptosis, and initiates cellular differentiation in hematopoietic cells.
Additionally, it has been shown to protect against cell death in several hon-immune cell
types.12 14 |L-15 inhibits TNF-alpha mediated apoptosis within L929 murine fibroblasts,1°
and functions as a pro-survival autocrine factor in renal epithelial cells'# and murine
microglia.12 To reduce apoptosis I1L-15 signals though the IL-15 receptor system.16

The IL-15 receptor is a multimeric complex comprised of three subunits: IL-15 receptor
alpha (IL-15Ra), IL-2 receptor beta (IL-2R[), and the I1L-2 receptor gamma (IL-2Ry)
common chain.! Each subunit chain has a unique binding specificity and signaling
capacity. Moreover, all three subunits mediate survival, anti-apoptotic, and proliferative
pathways. They function in concert to enhance survival, and a variety of other responses, in
both immune and non-immune cell types.16

The effects of IL-15 on cardiomyocytes are unknown. The present study is the first to
characterize the 1L-15 system in cardiac cells. In this report, we demonstrate that 1L-15 and
its receptors are present on CMs. Furthermore, we show that administration of supplemental
IL-15 increases the survival of CMs under oxidative stress. Lastly, we report on the specific
pro-survival and anti-apoptotic pathways through which IL-15 results in the rescue of CMs
under hypoxic conditions.

METHODS

Materials

Recombinant murine IL-15 was obtained from PeproTech (Rocky Hill, NJ), wortmannin
from Sigma-Aldrich (St. Louis, MO) and WP1066 from EMD Millipore (Billerica, MA).
Antibodies directed against phosphorylated ERK and STAT3 were purchased from Cell
Signaling Technology (Danvers, MA). Anti-GAPDH was obtained from Stressgen
(Farmingdale, NY). Biotinylated goat anti-1L-15Ra was obtained from R&D Systems
(Minneapolis, MN), rabbit polyclonal anti-1L-2Rf and IL-2Ry (M-20) were obtained from
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Santa Cruz Biotechnology (Santa Cruz, CA), rabbit polyclonal anti-1L-2Rf from Sigma-
Aldrich (St. Louis, MO) and rat monoclonal anti-1L-2Rp (clone A95-1) from BD
Pharmingen (San Jose, CA).

Male C57BL/6J mice (20-25 g) were purchased from Jackson Laboratories (Sacramento,
CA). All studies were approved by the Institutional Animal Care and Use Committee of the
San Francisco Veterans Affairs Medical Center. This investigation conforms with the Guide
for the Care and Use of Laboratory Animals published by the U.S. National Institutes of
Health (NIH Publication No. 85-23, revised 1996).

Adult mouse CM isolation and culture

Adult mouse CMs were isolated and cultured using a modification of the collagenase
dissociation method of Zhou et al.13 as previously described in our laboratory.17-12 Mice
were treated with heparin (50 units) and anesthetized by intraperitoneal injection with
pentobarbital sodium (200 mg/kg). The heart was quickly excised, and the aorta was
cannulated for retrograde perfusion in a Langendorff apparatus at a constant flow rate of 3
ml/min at 37°C. The heart was perfused for 2 min with isolation buffer [120 mM NaCl, 5.4
mM KCI, 1.2 mM MgSQy, 1.2 mM NaH,POy, 5.6 mM glucose, 5 mM NaHCO3, 10 mM
HEPES, 50 uM CaCl,, 10 mM 2, 3-butanedione monoxime (BDM) and 5 mM taurine],
followed by digestion for 9 min with collagenase 1l (1.5 mg/ml; Worthington, Lakewood,
NJ) with 50 pM Ca?" in isolation buffer. After digestion, the soft and flaccid heart was
removed, and myocytes were suspended in isolation buffer. A series of four centrifugations
(40 x g, 1 min) and resuspensions were used for stepwise Ca2* reintroduction from 50 uM to
1.0 mM, which was the final medium Ca2* concentration. Isolated CMs were plated on 35
mm tissue culture dishes or 12 well tissue culture plates coated with laminin for 2 h. The
cells were suspended in minimum essential medium (MEM) with Hanks’ buffered salt
solution (HBSS), 10 pg/ml penicillin, 1.5 pM vitamin By, 10 mM BDM and 5% bovine calf
serum. After this period of myocyte attachment, the medium was changed to MEM-HBSS
containing 10 pg/ml penicillin, 1.5 uM vitamin B15, and 1 mM BDM and was incubated
overnight at 37°C in a humidified atmosphere of 2% CO, and air. The culture protocol
yielded an average of 80% rod-shaped myocytes at a plating density of 50 cells/mm? that
were viable at pH 7 for 72 h. Experiments were performed the day following isolation and
culture.

Hypoxia-reoxygenation protocol

On the day after isolation and culture, cardiomyocytes were rinsed and medium changed to
MEM-HBSS containing 10 pg/ml penicillin, 1.5 uM vitamin B1» and no BDM. Cells were
subsequently changed to serum-free, glucose-free MEM with HBSS and no BDM. This
medium had been pre-equilibrated overnight in an anaerobic chamber containing 1% CO,
and 99% N,. The myocytes were then incubated in a Bactron | anaerobic chamber
containing a humidified atmosphere of 1% CO, and 99% N, for 3 h. This procedure
produced a pO, of 4 Torr. Normoxic experimental medium also was pre-equilibrated
overnight in a water-jacketed incubator in a humidified atmosphere of 1% CO, and air.
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After 3 h the media of both normoxic cells and cells in the hypoxia chamber were changed
to glucose containing, serum-free MEM with HBSS and were incubated in normoxia for 22
h.

Measurements of CM survival

CM survival was measured by staining cells in tissue culture dishes with trypan blue
solution (Sigma Chemical, St. Louis, MO) diluted to a final concentration of 0.04% (wt/vol)
as previously described.18 Myocytes were visualized using bright-field microscopy at 100x
magnification. The number of viable (unstained) and nonviable (blue stained) CMs in 10
random microscopic fields was recorded, and at least 300 cells were counted in each dish.
Percent survival was defined as the number of unstained myocytes counted in each hypoxic
treatment dish divided by the number of unstained myocytes counted in each corresponding
normoxic control dish. This calculation accounted for the detachment and loss of nonviable
cells during the experimental hypoxia protocols.

Immunoprecipitation of receptor proteins

Immunoprecipitation was performed with the following modifications as previously
described.20 Fresh adult mouse CMs were lysed in buffer containing 137 mM NaCl, 1%
Triton X-100, 20 mM Tris, pH 8.0, 2 mM EDTA with complete mini protease and
phosphatase inhibitor cocktails (Roche Applied Science, Indianapolis, IN).

Western blot and signhaling analysis

On the day after isolation and culture, CMs were treated with pharmacological inhibitors for
15 min before addition of 5 ng/ml 1L-15 for 10 min under normoxic conditions for the
indicated times. For whole cell extraction, cells were lysed in buffer containing 150 mM
NaCl, 1% NP-40, 0.25%, deoxycholate, 0.1% SDS, 50 mM Tris (pH 8.0), complete mini
protease inhibitor cocktail and 0.5% phosphatase inhibitor cocktails (Sigma). Protein
concentration was determined using the bicinchoninic acid assay. Equal amounts of protein
were resuspended in 1x Laemmli sample buffer, boiled for 5 min, and subjected to sodium
dodecyl (lauryl) sulfate-polyacrylamide gel electrophoresis. After transfer to a
polyvinylidene difluoride membrane, the extract was blocked in 3% BSA in Tris-buffered
saline (TBS) plus 0.1% Tween 20 for 1 h. The membranes were probed overnight with
primary antibodies, washed three times with TBS Tween 20 for 5 min, and probed with
secondary antibodies for 1 h. The membranes were rinsed three times, and the signal was
detected using enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ)
according to the manufacturer's instructions.

RT-PCR and Real-time RT-PCR

Total RNA from cultured CMs was isolated using the TRIzol reagent (Invitrogen). cDNA
was generated from 1.5 ug of total RNA by using SuperScript 111 First-Strand Synthesis kit
(Invitrogen). RT-PCR was performed using 0.5 pl of cDNA and Advantage 2 PCR kit
(Clontech, Mountain View, CA) with the following program: 95°C 3 min, (95°C 30 s--
68°C-- 2 min) x 35 cycles, 68°C 10 min. PCR products were separated on 2% agarose gel.
Each pair of PCR primers was designed to span one or several introns to distinguish the

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yeghiazarians et al.

Page 5

signals amplified from genomic DNA contamination. The primer sequences of IL-15Ra,
IL-2Rp, IL-2Ry and internal control hypoxanthine phosphoribosyltransferase (HPRT) are
from previous publications. 1221

Real-time PCR experiments were performed in duplicate on an ABI 7900 instrument
(Applied Biosystems) using Tagman Master Mix (Applied Biosystems). The average
threshold cycles (CT) of the duplicates were used to calculate the relative value of IL-2Rp in
CMs. The primers and probes for murine IL-2Rp and HPRT were purchased from Applied
Biosystems; 0.5 pl of cDNA per reaction was used. The CT for HPRT was used to
normalize the samples. Expression of IL-2Rp mRNA relative to HPRT mRNA was
calculated based on the CT, ACT)_orp= CT 2rg-CTHprT. The relative values of IL-2Rf
were calculated as 27ACTIL-2RB,

Statistical analysis

RESULTS

Data are means + SE. Mean values were compared using one-way analysis of variance and
post hoc Student-Newman-Keuls testing. P < 0.05 was considered statistically significant.

IL-15 receptors are present in mouse CMs

To examine the effects of IL-15 on the heart we used primary mouse CMs as a model
system. From gene expression data (http://bgee.unil.ch/bgee/bgee) we knew that IL-15
receptors are expressed in mouse hearts but previously there were no data documenting the
presence of these receptors on CMs specifically. Our first step was to determine the
expression of the three IL-15 receptors: IL-15Ra, IL-2Rp and IL-2Ry on primary CMs.
Cultured CMs were harvested as described and the 1L-15 receptors were analyzed by
immunoblotting except for the IL-2Rp where the receptor was immunoprecipitated prior to
immunoblotting due to low abundance (Figure 1A). The mRNA expression of IL-15Ra and
IL-2Ry in cultured CMs was verified by RT-PCR (Figure 1B). However, IL-2RB mRNA in
CMs was only detected by real time RT-PCR due to its low expression level (0.0002 relative
to HPRT, Figure 1C). For the first time, we have identified all three of these receptors in
CMs at the mRNA and protein levels.

IL-15 protects CMs from cell death after hypoxia/reoxygenation (Hx/Rx) through STAT3
and ERK1/2 pathways

To determine if IL-15 administration acts directly on CMs, we exposed cultured adult
murine CMs to 3 h hypoxia and 22 h reoxygenation (Hx/Rx, Figure 2A). Control cells
incubated under normoxic conditions for the duration of the experiment were assigned a
survival of 100%. Survival of untreated cells exposed to Hx/Rx was reduced to 58%
compared to normoxic controls, while treatment with IL-15 at 5 ng/ml during the 22 h
reoxygenation period following 3 h of hypoxia improved survival to 84% (p< 0.05 vs.
hypoxic controls) (Figure 2A). The concentration of I1L-15 we used was based on initial
concentration-response experiments in which in which the measured response was cell
survival during hypoxia/reoxygenation. There was a steep increase in survival between 1
and 5 ng/ml which plateaued thereafter up to 80 ng/ml.
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IL-15 activates the transcription factor STAT3. Addition of the STAT3 inhibitor WP1066 at
1 uM reduced the survival of CMs close to the levels of untreated Hx/Rx (Figure 2A). Under
normoxic conditions neither this concentration of WP1066 nor IL-15 at 5 ng/ml had any
adverse effect on myocyte viability. Western blot analysis of IL-15 stimulated STAT3
phosphorylation in normoxia was two-fold over untreated CMs controls (Figure 2B).
WP1066 administered 15 min before IL-15 addition blocked activation of STAT3
phosphorylation (Figure 2B). These results demonstrate that under conditions of oxidative
stress, IL-15 promotes survival in CMs through STAT3 phosphorylation.

Additionally, we explored whether the PI3K-ERK1/2 pathway was involved in myocyte
survival in Hx/Rx (Figure 3). In these experiments, the viability of untreated CMs was 60%
of normoxic controls after Hx/Rx and IL-15 treatment improved survival to 81%. The PI3K
inhibitor wortmannin reduced CM viability close to levels of untreated CMs exposed to
Hx/Rx. IL-15 increased ERK1/2 phosphorylation over four-fold by Western Blot analysis
while wortmannin reduced phosphorylation signals to control levels (Figure 3B). These
results demonstrate that 1L-15 protects CMs from oxidative stress through the PI3K to
ERK1/2 pathway.

DISCUSSION

We have demonstrated for the first time that CMs express IL-15Ra, IL-2Rp and IL-2Ry.
Additionally, we have shown that administration of supplemental IL-15 can rescue in vitro
cultures of CMs subjected to oxidative stress. We have demonstrated that the I1L-15 system
within CMs signals via PI3K-ERK1/2 and STAT3 pathways. Lastly, we have determined
that this system can be activated and employed to protect CMs under hypoxic conditions.

The IL-15 signaling cascade is versatile and can induce a multitude of cellular responses
depending on the cell type. For example, previous reports indicate that endothelial cells
express IL-15 receptors and that IL-15 signaling is involved in the formation of new
vasculature.22: 23 |_-15 has also been shown to exhibit anabolic influences over skeletal
muscle cells in vitro.24 Moreover, IL-15 signaling has been shown to function as a
protective agent against cell death in several immune and non-immune cell types.11. 14
These studies indicate that the protective capacity of IL-15 is underpinned by the ability of
the 1L-15 receptor complex to activate pro-survival pathways.2> To this end, each receptor
subunit within the IL-15R complex has a distinct binding and signaling capacity. IL-15R-
alpha binds IL-15 with high affinity and functions as a chaperone to facilitate the binding of
IL-15 to the signal transducing subunits of the receptor complex: IL-2/15R-beta and the
gamma chain.1 1L-2/15R-beta is known for stimulating JAK3-, STAT5-, and Akt-
dependent signaling pathways that support cellular survival and proliferation.11 And, the
gamma common chain, which completes the IL-15 receptor triad, is known to stimulate
MAP kinase and P13 kinase pathways that lead to mitogenic and anti-apoptotic signals.1!
Therefore, in light of these findings, the presence of all three of these receptors potentiates
the ability of IL-15 to activate pro-survival mechanisms in stressed CMs. We have shown
that supplemental IL-15 can protect CMs from cell death under hypoxic conditions. Since
IL-15Rs exist on the surface of other cells, the physiologic relevance of IL-15Rs may
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depend on their density on different cells. Future studies should explore this possibility
especially if IL-15 is to be used clinically to treat patients with ischemic cardiac conditions.

Additionally, we have determined that the IL-15 system utilizes STAT3 and PI3K-ERK1/2
pro-survival pathways to protect stressed CMs from cell death (Figure 4). Both STAT3 and
PI3K-ERK1/2 pathways are mediators of cardio-protection that support several cardiac pre-
conditioning phenomena. For example, mammalian hearts pre-conditioned with isoflurane
have been shown to protect CMs from oxidative stress via activation of the PI3K-ERK1/2
pathway.28 Additionally, sphingosine-1 phosphate (S1P), a biologically active
lysophospholipid and reported cardioprotectant, has been shown to guard hypoxic CMs from
cell death by stimulating the PI3K-ERK1/2 pathway.2’ These data indicate that STAT3 and
PI3K-ERK1/2 pathways are mechanisms which many cardio-protective agents utilize to
protect CMs. Likewise, IL-15 functions as a cardio- protective agent in hypoxic CMs by
engaging the STAT3 and PI3K-ERK1/2 pathways (Figure 4).

In addition to our understanding of the IL-15 system within CMs, the present study also
provides insight into one of the potential cardio-protective mechanisms of BMC treatment
post-MlI. Previously, we had demonstrated that the extract derived from BMCs results in
decreased CM apoptosis under hypoxic conditions.* In the present study, we extend those
findings and report that IL-15 is one of the factors present within the BMC extract that has a
cardio-protective role which might contribute to the paracrine benefits of cell based
therapies post-MI. Whether in vivo treatment of animals or patients post-MI with 1L-15
alone would result in a decrease in CM apoptosis and ultimately lead to a smaller infarct size
is unknown and remains the focus of on-going investigation.

CONCLUSIONS

In conclusion, we have shown for the first time that IL-15 mediated signaling provides a
novel avenue by which hypoxic CMs may be protected from hypoxia-induced cell death, via
activation of STAT3 and PI3K-ERK1/2 pathways.
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Figure 1.
A. Western blots of I1L-15 receptor proteins in adult mouse cardiomyocytes (CMs) from cell

lysates (IL-15Ra and IL-2Ry) or after immunoprecipitation (IL2R). B. RT-PCR analysis
showed that IL-15Ra and IL-2Ry are expressed in the CMs. C. IL-2Rp was only detected in
the CMs by real time RT-PCR. HPRT: hypoxanthine phosphoribosyltransferase.

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yeghiazarians et al.

Page 11

A

100
80 1

60 |

% Survival

40 !
Con — IL15 — L5
— — WP WP

NXx Hx/Rx
(3h/22h)

B
PSTAT3 s S W —
lotal STATS 4. - — —

3 1 *

Ratio pSTAT3
to total STAT3

Con IL-15 WP IL_T_15
WP

Figure2.
IL-15 increases cardiomyocyte survival after Hx/Rx and activates the transcription factor

STATS3. These effects can be blocked with WP1066 (a STAT3 inhibitor). A. Addition of
IL-15 (5 ng/ml) improves survival of CMs during Hx/Rx. WP1066 inhibits this benefit.
WP1066 (1 uM) was added to cultures of adult cardiac myocytes after 3 h of hypoxia and
just prior to treatment with 1L-15 (5 ng/ml) at the onset of 22 h of re-oxygenation. B.
Western blot analysis of IL-15 stimulated cardiomyocytes revealed increased STAT3
phosphorylation during normoxia. Activation was two-fold over untreated cardiomyocyte
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controls. WP1066 added 15 min prior to stimulation with IL-15 (5 ng/ml) for 10 min
blocked activation of STAT3 phosphorylation.

Nx, normoxia; Hx/Rx, hypoxia/re-oxygenation; Con, control; WP, WP1066. A: n =5 per
group. *P < 0.05 vs. control and IL-15. B: n =5 per group. *P < 0.05 vs. IL-15.
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IL-15 Wort

IL-15
+
Wort

IL-15 increases ERK1/2 phosphorylation in cardiomyocytes which can be blocked by
wortmannin, a PI3 kinase inhibitor. A. Wortmannin inhibits the beneficial effects of IL-15
on CM survival. Wortmannin (100 nM) was added to cultures of adult cardiac myocytes
after 3 h of hypoxia and just prior to treatment with IL-15 (5 ng/ml) at the onset of 22 h of

re-oxygenation.

B. Western blot analysis of IL-15 stimulated ERK1/2 phosphorylation in normoxia was 3.3-
fold over untreated cardiomyocyte controls. Wortmannin (100 nM) was added 15 min prior

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yeghiazarians et al.

Page 14

to addition of IL-15 (5 ng/ml) for 10 min, which blocked activation of ERK1/2
phosphorylation.

Nx, normoxia: Hx/Rx, hypoxia/re-oxygenation: Con, control: Wort, wortmannin. A: n =5
per group. *P < 0.05 vs. control and IL-15. B: n =7 per group. *P < 0.05 vs. IL-15.
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Figure4.
The cartoon depicts IL-15 mediated activation of the PI3K/ERK1/2 and JAK1/STAT3

pathways. The addition of wortmannin inhibits the activation of PI3K and the addition of
WP1066 inhibits the activation of STAT3. Note that the binding affinity of IL-15 to each
receptor is unknown.
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