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Abstract

The two known isoforms of IL-15 contain either a long signal peptide (LSP) or a short signal
peptide (SSP), and are produced by alternatively spliced transcripts. It has been proposed that SSP
IL-15 remains exclusively intracellular, and its function is unclear. In this study, we show that,
similar to LSP IL-15, the SSP IL-15 is stabilized and secreted efficiently upon coexpression of
IL-15Ra. Coinjection of SSP IL-15- and IL-15R a-expressing plasmids into mice resulted in
increased plasma levels of bioactive heterodimeric IL-15 and mobilization and expansion of NK
and T cells. Therefore, SSP IL-15 is secreted and bioactive when produced as a heterodimer with
IL-15Ra in the same cell. The apparent £, of this heterodimer is lower compared with LSP
IL-15/IL-15Ra, due to different intracellular processing. Coexpression of both LSP IL-15 and SSP
IL-15 in the presence of IL-15Ra results in lower levels of bioactive IL-15, indicating that LSP
and SSP IL-15 compete for the binding to IL-15Ra when expressed in the same cell. Because the
SSP IL-15 interaction to IL-15Ra leads to a complex with lower apparent stability, SSP IL-15
functions as competitive inhibitor of LSP IL-15. The data suggest that usage of alternative splicing
is an additional level of control of IL-15 activity. Expression of both SSP and LSP forms of IL-15
appears to be conserved in many mammals, suggesting that SSP may be important for expressing a
form of IL-15 with lower magnitude or duration of biological effects.

Interleukin-15 is a pleiotropic cytokine of the four a-helix bundle family. IL-15 mRNA is
expressed by different cell types, but it has been concluded that many primary cells that
express 1L-15 mRNA do not release detectable amounts of this cytokine. The discrepancy
between IL-15 transcription and IL-15 secretion is explained by the fact that IL-15
production is controlled at the levels of transcription, translation, protein trafficking, and
stability (1-8). All these limiting steps contribute to the tightly controlled activity of IL-15.
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IL-15 pre-mRNA is alternatively spliced to produce two distinct isoforms of pre-IL-15,
which differ only in the length of their signal peptides, the 48-aa long signal peptide (LSP)3
or the 21-aa short signal peptide (SSP; see Fig. 1A) (6, 8-11). SSP appears to affect both
stability and localization of SSP IL-15 because lower levels of the SSP isoform were
detected when the two isoforms were expressed from similar vectors (5, 8, 12). Although the
mature cytokine portion after cleavage of the corresponding signal peptide is identical, the
two isoforms of IL-15 show different cellular localization. The SSP IL-15 remains
exclusively cell associated (8, 12, 13), whereas the LSP IL-15 is localized in the
endoplasmic reticulum and Golgi apparatus and can be detected in the supernatant of
transfected cells, even though secretion is reported to be inefficient. The combination of two
approaches, namely mRNA optimization (14) of the IL-15 coding sequences and
substitution of the signal peptide with other secretory signals, resulted in greatly improved
expression and secretion of bioactive IL-15 (2, 5, 14).

SSP IL-15 transcript was first identified in a human lung cancer cell line, in human
lymphocyte cell lines (6, 9, 10), and in a human testicular cDNA library (8). Analysis of
different tissues reported high expression of SSP IL-15 mRNA in heart, thymus, and
appendix. Weak expression was also seen in gall bladder, pancreas, and testis (7, 8). A
variety of human lymphocyte cell lines revealed the presence of both SSP and LSP IL-15
MRNA. Lymphoma-derived L591 and HuT102 cells expressed mostly the LSP I1L-15
isoform; thymocyte-derived Cole cell line expressed mostly SSP IL-15 isoform (6). The
pattern of expression of SSP and LSP IL-15 is different in different tissues, suggesting
differential regulation of the two IL-15 isoforms.

Several experiments have suggested that the simultaneous expression of IL-15Ra in the
same cell is necessary for the production and secretion of I1L-15 under physiological
conditions (15-24). We have previously shown that intracellular interaction between IL-15
and IL-15Ra results in the generation of a stable complex that can #rans-locate to the cell
membrane, be cleaved, and released as bioactive heterodimeric cytokine (23, 25). Thus, the
reported requirement for expression of IL-15 and IL-15Ra in the same cells reflects the
necessity for an intracellular complex formation for efficient secretion. Therefore, IL-15Ra
can be viewed as part of the heterodimeric IL-15 cytokine rather than part of the receptor.
Recent results suggest that the IL-15/IL-15Ra complex, either on the surface of the cells or
as a soluble heterodimer, is the most active form of IL-15 (3, 25-30).

In the present work, we tested expression vectors encoding the SSP IL-15 isoform in the
presence or absence of IL-15Ra. Our results show that, similar to LSP IL-15, coexpression
of IL-15Ra leads also to stabilization and secretion of SSP IL-15, previously proposed to
remain exclusively intracellular. We further show that the secreted SSP IL-15 in the
heterodimeric form with IL-15Ra is bioactive. These results are important for the
understanding of the complex regulation and function of I1L-15.
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Materials and Methods

DNA plasmids

The parent vector used for the generation of all constructs, pPCMVkan, contains the human
CMV promoter, the bovine growth hormone (BGH) polyadenylation site, and the
kanamycin-resistance gene (31, 32). The RNA-optimized expression vectors for the human
LSP IL-15 and for the human IL-15Ra have been described elsewhere (14, 25). An
additional expression plasmid producing the RNA-optimized isoform of SSP IL-15 was also
constructed. The C-terminal hemagglutinin (HA)- and FLAG-tagged forms of SSP 1L-15
and LSP IL-15 were generated for the immunofluorescence studies. Tagged plasmids
express bioactive forms of IL-15. For the in vivo studies, highly purified, endotoxin-free
DNA plasmids were produced using Qiagen EndoFree Giga Kit.

In vitro transient transfection and protein analysis

Expression of IL-15 from the different plasmids was tested after transient transfection of
human 293 cells using the calcium phosphate coprecipitation technique. Cells were
transfected using 0.1 zg of either the SSP IL-15 or the LSP IL-15 expression plasmids alone
or in combination with 0.1 xg of the IL-15Ra expression plasmid. Cotransfection of 0.05 /g
of the GFP expression vector pFRED143 (33) served as internal control. GFP levels of the
cell extracts were measured using the SpectraMax Gemini EM fluorometer, giving less than
50% variability between different samples. After 48 h, culture supernatants were collected
and cells were harvested and lysed in 0.5% Triton X-100 buffer. Protein stability analysis
was performed by treating the transfected cells with 25 gg/ml cycloheximide. Culture
supernatants and cells were harvested from 0 to 80 min after treatment. Human IL-15
protein levels were measured by ELISA using the human IL-15 Quantikine colorimetric kit
(R&D Systems). This ELISA measures human IL-15 in both monomeric form and also as a
complex with the IL-15Ra. Protein degradation was studied by treating the transfected cells
with the mix of proteasome inhibitors (lactacystein (5 xM), MG132 (5 tM), and
epoxomycin (1 xM)). After 18 h, cells were harvested and IL-15 expression was tested by
Western blot, using the polyclonal goat anti-human IL-15 Ab (AF315; R&D Systems).

Localization of IL-15/IL-15Ra complexes

Twenty-four hours after transfection, human 293 cells were harvested, stained with PE-
conjugated anti-human IL-15 (1C2471P; R&D Systems), and analyzed by flow cytometry
using the LSR (BD Biosciences). For confocal microscopy, Hela cells were transfected by
Superfect (Invitrogen) with either 0.5 g of SSP IL-15 HA or 0.1 xg of LSP IL-15 FLAG
plasmids in the presence or absence of 1 1g of the IL-15Ra plasmid. Forty-eight hours later,
the cells were either fixed and permeabilized or directly surface stained using either rabbit
anti-HA (1:500; Sigma-Aldrich) or mouse anti-FLAG (1/2000 dilution; Sigma-Aldrich), and
visualized using Alexa-594-labeled goat anti-rabbit 1gG and Alexa-488-labeled goat anti-
mouse 1gG (1/500 dilution; Molecular Probes, Invitrogen), respectively.
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RNA analysis

After transfection of 293 cells, cytoplasmic polyadenylated mMRNA was isolated and
analyzed, as described previously (34, 35). RNA was transferred onto Duralon-UV
membranes (Stratagene) using the standard capillary transfer method and hybridized using
the QuikHyb hybridization solution (Stratagene), according to the manufacturer’s
instructions. A DNA probe for the BGH polyadenylation region was synthesized using the
Prime-It 11 Random Primer Labeling kit (Stratagene) and was used to detect IL-15 and
IL-15Ra. A probe specific for cellular GAPDH mRNA was used to detect this mRNA in the
same blots as internal control.

IL-15 expression and function in vivo upon hydrodynamic DNA delivery

Six-week-old female BALB/c mice were obtained from Charles River Laboratories.
Hydrodynamic injection of the IL-15 and IL-15Ra expression plasmids into mice was
performed, as previously described (36—38). Briefly, the IL-15 plasmids alone or in
combination with IL-15Ra plasmid in 1.6 ml of sterile 0.9% NaCl were injected into mice
through the tail vein within 7 s using a 27.5-gauge needle. Mice were bled at days 1 and 3
after injection, and the plasma levels of IL-15 were measured using human IL-15
chemiluminescent immunoassay (QuantiGlo; R&D Systems). This ELISA measures human
IL-15 in both monomeric form and also as a complex with the IL-15Ra, whereas it does not
cross-react with mouse IL-15. Three days after injection, mice were sacrificed, and spleen
and lungs were collected and analyzed. For splenocyte purification, spleens were gently
squeezed through a 100-zm cell strainer (Thomas Instruments) and washed in RPMI 1640
(Life Technologies) to remove any remaining organ stroma. The cells were resuspended in
RPMI 1640 containing 10% FCS and counted using Acridine Orange (Molecular Probes)/
ethidium bromide (Fisher Scientific) dye. To isolate lymphocytes from lungs, the tissues
were minced and incubated with 200 U/ml collagenase (Sigma-Aldrich) and 30 U/ml DNase
(Roche) for 1 h at 37°C, and then single cells were collected and resuspended in complete
RPMI 1640 with 10% FCS. For phenotyping, the cells were incubated with the following
mix of directly conjugated anti-mouse Abs (BD Pharmingen): CD3 allophycocyanin Cy?7,
CD4 PerCP, CD8 PECy7, CD44 allophycocyanin, CD49b FITC, and CD62L PE. Before
flow cytometry, the samples were stained with 4”,6”-diamidino-2-phenylindole to exclude
dead cells. The samples were acquired in a LSR 11 flow cytometer (BD Biosciences), and the
data were analyzed using FlowJo software (Tree Star).

Statistical analysis

The pvalues for all of the in vivo analyses were determined by unpaired Student’s #test.
Correlation of serum IL-15 levels with IL-15 biological effects in vivo was determined by
nonlinear regression curve fit.

Results

Coexpression of IL-15Ra increased the production of SSP IL-15

Human IL-15 contains a LSP of 48 aa, which has been implicated in its inefficient secretion.
In addition, an alternative form of IL-15, containing a SSP of 21 aa, is generated by
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alternative splicing of the primary transcript (Fig. 1A) (4, 6, 8). Alternative splicing leading
to two I1L-15 isoforms appears to be conserved in several mammals, suggesting a conserved
functional requirement for the two isoforms (Fig. 1, B and C). To study the two different
IL-15 forms, we generated optimized expression vectors for mammalian cells having the
different leader peptides LSP and SSP. We have previously shown that coexpression of LSP
IL-15 with IL-15Ra leads to intracellular complex formation, stabilization, and increased
secretion of both molecules (25). To test more specifically whether this effect was applicable
to the SSP isoform of I1L-15, we compared SSP IL-15 expression to LSP IL-15 in the
presence or absence of IL-15Ra-producing plasmid upon transient transfection of human
293 cells. Production of both SSP IL-15 (Fig. 2A) and LSP IL-15 (Fig. 2B) was increased 5-
fold by IL-15Ra coexpression. In agreement with previous reports, we also found ~40-fold
lower IL-15 levels produced from the SSP IL-15 plasmid compared with LSP IL-15, most
likely due to the difference in the leader peptide (5, 8). Interestingly, we found that this
difference was maintained in the presence of the IL-15Ra (Fig. 2). In the case of LSP IL-15,
upon cotransfection with IL-15R a, approximately half of the produced IL-15 was cell
associated, and half was secreted in the supernatant (Fig. 2B). Note that the cell-associated
material in the presence of IL-15Ra is concentrated on the plasma membrane (see below;
Fig. 3). In the case of SSP IL-15, we noticed a remarkable switch in the cell-associated vs
extracellular fractions, resulting in the secretion of ~70% of the total produced IL-15 in the
presence of IL-15Ra (Fig. 2A). These results show that the SSP isoform of IL-15,
previously thought to be exclusively intracellular, is efficiently produced and secreted upon
coexpression with IL-15Ra.

The different signal peptides do not alter IL-15 mRNA level

To exclude the possibility that the different protein levels of LSP IL-15 and SSP IL-15
resulted from different mMRNA levels, we performed Northern blot analyses (Fig. 2C). LSP
IL-15- and SSP IL-15-producing plasmids were expressed in human 293 cells in the
presence or absence of IL-15Ra. The cytoplasmic transcripts were visualized using a probe
for the BGH portion, which detects the mRNAs for both IL-15 isoforms and IL-15Ra
expressed in our vectors. As a loading control, the GAPDH mRNASs were probed on the
same membrane. No significant differences in the IL-15 mRNA levels were found between
LSP IL-15- and SSP IL-15-transfected cells. The presence of IL-15Ra did not affect the
SSP IL-15 mRNA accumulation. As expected from previous studies (14, 25), the
coexpression of IL-15Ra did not alter the LSP IL-15 mRNA levels. These results show that
protein trafficking and stability rather than mRNA stability are responsible for the difference
in the production of LSP IL-15 and SSP IL-15 in either absence or presence of IL-15Ra.

SSP IL-15 localization in the presence of IL-15Ra

To investigate the role of IL-15Ra in the intracellular trafficking of SSP IL-15, we
performed flow cytometric and confocal microscopy analysis in cells transfected with IL-15
expression plasmids alone or in combination with IL-15Ra expression plasmid (Fig. 3).
Flow cytometric analysis of cells transfected with either SSP or LSP IL-15 expression
vectors in the presence or absence of IL-15Ra expression plasmid revealed high levels of
IL-15 at the cell surface only when IL-15Ra was coexpressed (Fig. 3A). Transfected Hela
cells were also examined for SSP I1L-15 and LSP IL-15 localization in the presence or
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absence of IL-15Ra by confocal microscopy (Fig. 3B). The use of DNAs expressing C-
terminally tagged SSP IL-15-HA and LSP IL-15-FLAG allowed for the sensitive
visualization of the two IL-15 isoforms. Due to the lower expression of 1L-15 SSP, 5 times
more of the SSP IL-15-encoding plasmid than of the LSP IL-15-encoding plasmid was used
in the transfections. In the absence of IL-15Ra, SSP IL-15 and LSP IL-15 did not localize at
the plasma membrane and had a diffusely cytoplasmic distribution. In addition, SSP IL-15
localized also in the nuclei of some transfected cells, whereas LSP IL-15 is excluded from
this compartment, as previously reported (8) (Fig. 3B). The coexpression of IL-15Ra
resulted in a dramatic distribution shift of both molecules, because both SSP and LSP IL-15
colocalized predominantly at the plasma membrane in the presence of IL-15Ra (Fig. 3B).
Taken together, these results show that SSP IL-15 reaches the plasma membrane and is
secreted only in a complex with IL-15Ra.

IL-15Ra coexpression increased the t1» of both SSP and LSP IL-15 isoforms

To evaluate and compare the in vitro £, of both isoforms of IL-15 in absence or presence of
IL-15Ra, we transfected human 293 cells with the vectors expressing these molecules and
inhibited protein synthesis after 24 h by the addition of cycloheximide. Measurement of total
IL-15 levels during the first 80 min after cycloheximide addition revealed that SSP IL-15 has
a tp of 20 min (Fig. 4A, A) and it is less stable than LSP IL-15 that shows a £, of ~80 min
(Fig. 4B, O0). This difference can account for the difference in the IL-15 total protein
production after transient transfection of SSP IL-15 and LSP IL-15 DNAs in 293 cells (Fig.
2). Coexpression of IL-15Ra leads to a great increase in the stability of both SSP and LSP
IL-15 (Fig. 4, A and B, A and H, respectively). Interestingly, even in the presence of
IL-15Ra, SSP IL-15/IL-15Ra complex has a &, of 50 min, which is lower than LSP 1L-15
expressed alone. These findings suggest that SSP IL-15 may have some distinct biological
functions compared with LSP IL-15.

IL-15Ra. inhibits IL-15 degradation through the proteasome

To analyze the mechanisms involved in IL-15 degradation in the presence and absence of
IL-15Ra, transfected 293 cells expressing either SSP IL-15 (Fig. 4C) or LSP IL-15 (Fig.
4D) alone or in the presence of IL-15Ra were treated with a mix of three different
proteasome inhibitors for 18 h, and IL-15 levels were assessed by Western immunoblots.
Blocking of proteasomes resulted in a great increase in both SSP and LSP IL-15 intracellular
accumulation, suggesting that, in the absence of IL-15Ra, a large portion of I1L-15 is rapidly
degraded immediately after synthesis through the proteasome (Fig. 4, C and D, left lanes), as
previously suggested (3, 4, 25, 30). In contrast, upon cotransfection with IL-15Ra-
expressing DNA (Fig. 4, C and D, right lanes), no significant differences in the amount of
either SSP or LSP IL-15 were found between untreated and treated samples. These data are
consistent with a model in which IL-15 is degraded in the proteasome after retrograde
transport in the cytoplasm. IL-15Ra binding to IL-15 early after synthesis prevents the rapid
movement of unbound, unstable IL-15 to the proteasome degradation pathway and promotes
trafficking of the complex to the cell surface.
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In vivo bioactivity comparison of SSP IL-15 and LSP IL-15 in combination with IL-15Ra

It has been previously shown that IL-15Ra is essential for the I1L-15 bioactivity in vivo (15—
20, 22, 25-28). We investigated whether coexpression of IL-15Ra can also promote the
bioactivity of SSP IL-15 in vivo, and whether LSP IL-15 and SSP 1L-15 can exert different
functions in the presence of IL-15Ra in vivo. Mice were injected hydrodynamically with the
optimized plasmids encoding SSP IL-15 or LSP IL-15 either in the absence or in the
presence of IL-15R a-expressing plasmid. A GFP expression plasmid was injected as
negative control. Mice were bled at days 1 and 3 after injection to measure 1L-15 levels in
plasma. Fig. 5 shows that LSP IL-15 plasmid produced peak levels of 728 pg of human
IL-15/ml plasma (SD = 352, n=5), whereas the SSP IL-15 plasmid produced lower, but
detectable levels of 88 pg/ml plasma (SD = 42, n=15). Coinjection of IL-15Ra-expressing
DNA resulted in an increase of ~20- and ~100-fold in the amount of IL-15 in the plasma for
SSP and LSP IL-15 isoforms, respectively. We noticed that the plasma IL-15 level after
injection of LSP IL-15 plasmid by itself and the SSP IL-15 plus IL-15Ra DNASs were
similar, suggesting that even in the presence of IL-15Ra, SSP IL-15 is a less stable molecule
than LSP IL-15. This conclusion agrees with the results of the cycloheximide experiment
(see Fig. 4, A and B).

To study the bioactivity of IL-15, the mice were sacrificed at day 3 after injection, spleens
and lungs were harvested, and the lymphocytes contained in these organs were analyzed by
multiparametric flow cytometry. We detected a significant ~3-fold increase in the frequency
of NK cells (Fig. 6A) and ~2-fold increase in the frequency of CD8* CD44NMIhCD62L " cells
(Fig. 6B) in the lungs of animals receiving either SSP IL-15 or LSP IL-15 DNAs in
combination with IL-15Ra DNA, in comparison with mice receiving the corresponding
IL-15 expression plasmids alone. An increased frequency of NK cells and CD8*
CD44NighcDE2L~ cells was also found in spleen (data not shown). These results suggested
that both SSP IL-15/IL-15Ra and LSP IL-15/IL-15Ra heterodimeric complexes promoted
expansion and/or mobilization of IL-15-dependent cellular subsets to the peripheral organs,
where they can exert their functions. In addition, there is good correlation between the peak
IL-15 plasma values and the NK frequency in lung (/2 = 0.78; Fig. 6C).

Thus, coexpression of IL-15Ra is necessary for the secretion and bioactivity of both known
physiological isoforms of IL-15. Once IL-15 is secreted in the serum, no qualitative
difference was found between the LSP and SSP IL-15/IL-15R a-dependent actions, and
IL-15 effects correlate only with IL-15 plasma level, regardless of the isoform of IL-15
produced. Even in the presence of IL-15Ra, the apparent stability of SSP IL-15 is lower
than LSP IL-15, resulting in lower secretion and steady-state levels of SSP IL-15/IL-15Ra.
This may be a mechanism to produce lower levels of this powerful cytokine in specific
tissues, such as the thymus (see Discussion).

Coexpressed SSP IL-15 and LSP IL-15 compete for binding to IL-15Ra

SSP IL-15 has been proposed to have regulatory functions (8, 12, 13, 39, 40). To test
whether the coexpression of SSP and LSP IL-15 influences production and bioactivity, we
injected mice via hydrodynamic delivery with a fixed amount of LSP IL-15 and IL-15Ra
plasmids (0.1 1g) in the absence or presence of increasing amount of SSP IL-15 plasmid
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(from 0.1 to 10 1), and compared cytokine plasma levels at 1 and 3 days post-delivery.
Coexpression of LSP IL-15 and SSP IL-15 in complex with IL-15Ra in the same cells
resulted in lower level of plasma IL-15 at both days 1 and 3 after DNA delivery (Fig. 7A). In
addition, increasing ratio of delivered SSP/LSP IL-15 DNAs resulted in inferior bioactivity
and progressive reduction of spleen size at day 3 after DNA delivery (Fig. 7B). Reduction in
spleen size ranged from 10% in group receiving same amount of SSP and LSP IL-15 DNAs
to 40% in group receiving 10-fold more of SSP IL-15 DNA. Spleen size is a reliable
biomarker for IL-15 function (25, 26) and correlated very well with frequency of NK in
spleen and lung and with IL-15 plasma levels (data not shown). This experiment suggested
that, when coexpressed in the same cell, LSP IL-15 and SSP IL-15 compete for binding to
IL-15Ra. Although SSP IL-15 forms also a bioactive complex with IL-15Ra, the kinetics
and intracellular stability of this complex are different, resulting in a net decrease of
bioactive IL-15 in the plasma. Similar results demonstrating competition for binding to the
IL-15Ra were obtained in tissue culture experiments, after transfections of cells with equal
amounts of LSP IL-15 and IL-15Ra (0.1 g) DNAs in absence or presence of increasing
amount of SSP IL-15 DNA (range: 0.05-1 yg) (Fig. 7C). Inclusion of SSP IL-15 resulted in
a decrease of total IL-15. This is because of the SSP IL-15 complex formation to IL-15Ra,
which has a higher chance to be degraded, as shown in Fig. 4. Thus, SSP IL-15 acts as
competitive inhibitor for LSP IL-15, suggesting that usage of alternative splicing can be
considered an additional step of regulation of IL-15 activity.

Discussion

In this study, we compare expression and function of the two endogenously produced forms
of IL-15, LSP and SSP, to further understand the function of SSP IL-15. The two isoforms
are produced from the same transcript via alternative splicing and have identical amino acid
sequence in the mature protein after the cleavage of the signal peptides, LSP or SSP. In
agreement with previous reports (8, 12, 13), we found that SSP and LSP IL-15 expressed
alone from optimized vectors have different localization and stability. Whereas the LSP
IL-15 can be detected efficiently in the extracellular compartment, the SSP IL-15 is strictly
found intracellularly and is detected both in the cytoplasm and the nucleus of DNA-
transfected cells in vitro. IL-15 expressed from the SSP cDNA has a significantly reduced
i/, compared with one expressed from LSP cDNA. We have previously shown that
coexpression of 1L-15Ra with LSP IL-15 increased the stability and extracellular levels of
produced IL-15, via the formation of a heterodimer in the endoplasmic reticulum (25). We
show in this study that IL-15Ra facilitates also the stability and secretion of SSP IL-15.
Coexpressed IL-15Ra acts as an intracellular chaperone interacting with either form of
IL-15 intracellularly and promoting their stability and progression through the secretory
pathway. The heterodimeric cytokine is rapidly transported to the plasma membrane, where
it is bioactive in fransand where it can be cleaved and released also in a soluble, bioactive
form (3, 25, 30).

In our study, coexpression of SSP IL-15 and IL-15Ra in mice resulted in high plasma levels
of bioactive 1L-15 and mobilization and/or expansion of NK and T cells in nonlymphoid
organs, such as lung. We also found low, but detectable plasma levels of SSP IL-15 after in
vivo delivery even in the absence of IL-15Ra (Fig. 5, A). This is the only report of
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monomeric SSP IL-15 able to be secreted. This discrepancy is explained by the fact that,
after efficient hydrodynamic delivery, the SSP IL-15 cDNA is expressed in many cells,
including cells expressing the endogenous IL-15Ra. Therefore, SSP IL-15 has the
opportunity to meet IL-15Ra in some cells after hydrodynamic delivery into normal mice
and be secreted as a complex. In this case, SSP IL-15 is proposed to compete with mouse
IL-15 and to replace endogenous mouse IL-15/1L-15Ra complexes, rather than increasing
them. In support of this hypothesis, the low SSP IL-15 levels detected in the plasma of mice
injected with only SSP IL-15 DNA do not show any bioactivity over the mice injected with
control vectors (Fig. 6, A and B).

Therefore, SSP IL-15 is secreted and bioactive when produced as a heterodimer with
IL-15Ra in the same cell in vivo and can exert the same function as LSP IL-15. Once IL-15/
IL-15Ra is secreted in the serum, no qualitative differences were found between the LSP
and SSP IL-15-dependent actions; 1L-15 effects correlate only with IL-15 plasma level,
regardless of the isoform of IL-15 produced.

The protein levels produced by our expression vectors are high for both the single chain and
the heterodimer IL-15. This is the result of careful optimization of multiple steps in gene
expression, including efficient promoter, mRNA stabilization, and efficient export. The
nature of the signal peptide also affects posttranslational steps, resulting in altered 1L-15
stability. Replacing the natural signal peptides of 1L-15 with that of tissue plasminogen
activator, IgE, or GM-CSF led to significant increase in extracellular IL-15 levels both in the
absence (2, 5, 14) and presence of IL-15Ra (25).

A role of SSP IL-15 on IL-15 regulation has been proposed both because of its unexpected
nuclear/cytoplasmic localization and because of direct experimental evidence (7, 12, 39, 40).
Nishimura et al. (12, 39) proposed that SSP 1L-15 play a role on the negative feedback of
endogenous production of IL-15, controlling the transcriptional activation of IL-15 gene.
Transgenic mice expressing SSP I1L-15 were unable to produce high levels of bioactive
IL-15 and were more susceptible to Salmonella infection compared with wild-type mice.
Thus, in vivo, increased SSP IL-15 expression, such as in the reported transgenic mice, is
overall inhibitory. We also found that SSP IL-15 expression is antagonistic to LSP, in the
absence of any transcriptional regulation. Our expression vectors use the CMV promoter and
override all transcriptional control mechanisms; therefore, our results cannot formally
address the possibility of transcriptional regulation by SSP IL-15. Yet, coexpression of SSP
and LSP IL-15 and IL-15Ra in the same cells inhibited plasma levels and bioactivity of
IL-15, compared with LSP IL-15 coexpressed with IL-15Ra (Fig. 7). These results suggest
an additional explanation for the results of Nishimura et al. (39), namely, that transgenic
mice with constitutive SSP IL-15 expression may inhibit IL-15 expression due to
posttranslational regulatory mechanisms. We showed that when both LSP IL-15 and SSP
IL-15 are produced in the same cell, they compete for the binding to IL-15Ra, resulting in
lower levels of bioactive IL-15. Because both isoforms of 1L-15 may be produced in the
same cell by alternative splicing (6, 8, 10, 11), this would provide for an additional level of
regulation in vivo. Therefore, coexpressed SSP IL-15 acts as competitive inhibitor of LSP
IL-15 and may regulate the bioavailability of LSP IL-15 at the level of intracellular
trafficking through engagement of the IL-15Ra.
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The apparent stability of SSP IL-15/IL-15Ra complex both in vitro and in vivo is lower
compared with LSP IL-15/IL-15Ra complex, as revealed by direct comparisons (Fig. 2, A
and B; Fig. 4, A and B; and Fig. 5). This results in lower production of secreted bioactive
IL-15. Because SSP and LSP IL-15 have identical amino acid sequence after signal peptide
processing, the difference in stability measured experimentally is the result of the different
processing and trafficking of the two molecules. In addition, alternative splicing generating
different functional IL-15Ra variants has been described (41, 42). One possibility is that
SSP IL-15 might preferentially be coexpressed and/or interact with particular IL-15Ra
isoforms, resulting in a complex with different biochemical features. Thus, alternative
splicing may provide the cell with the ability to produce different levels of bioactive I1L-15/
IL-15Ra. It is interesting that SSP IL-15 mRNA is expressed at high levels in the thymus
and in thymus cell lines (6, 8, 10, 11). An interesting hypothesis is that SSP IL-15 is
important for intrathymic effects on lymphocytes. Perhaps thymocyte regulation requires
either low levels or short-acting 1L-15. SSP IL-15/IL-15Ra complexes can achieve this
objective by lower production and by competition with LSP IL-15/IL-15Ra complex
formation. Expression of both SSP and LSP forms of IL-15 appears to be conserved in many
mammals (Fig. 1), suggesting that SSP may be important for providing a form of IL-15 with
lower activity. Elucidation of IL-15 function is essential to harness the power of this
cytokine for promising immunotherapy applications. Our results assign a function to the
previously puzzling variant SSP IL-15, and suggest several testable hypotheses for further
work. It will be of interest to determine which cells express SSP and LSP IL-15 and at what
ratios, and how they regulate in vivo levels and activity of IL-15.
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FIGURE 1.
LSP and SSP IL-15 alternatively spliced mRNA is conserved in several mammals. A,

Alignment of the amino acid sequences of the LSP and SSP of human IL-15. B, Structural
organization of the two alternatively spliced transcripts of human, monkey, horse, dog, and
mouse IL-15. Exons are named differently in the mouse. The regions encoding LSP IL-15
prepeptide are shown as &, whereas regions encoding SSP IL-15 prepeptide are shown as .
The corresponding AUGs for LSP and SSP IL-15 are indicated. *, Indicates stop codons in
frame with LSP AUG. Coding regions of the mature IL-15 are indicated as l. C, Alignment
of amino acid sequences of SSP IL-15 of different species.
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FIGURE 2.
IL-15Ra stabilizes both LSP and SSP IL-15. A, Human 293 cells were transfected with 0.1

g of SSP IL-15 DNA alone or with 0.1 g of IL-15R a-expressing plasmid. Cell-associated
and extracellular IL-15 was measured by ELISA 2 days after transfection. Bars indicate
mean values of I1L-15 production; SD of three independent transfections is shown. B, Human
293 cells were transiently transfected with 0.1 g of LSP IL-15 DNA alone or with 0.1 g of
IL-15R a-expressing plasmids. Cell-associated and extracellular 1L-15 was measured by
ELISA 2 days after transfection. Bars indicate mean values of IL-15 production; SD of three
independent transfections is shown. C, Alternative splicing to generate SSP and LSP mRNA
does not alter IL-15 mRNA levels. Cytoplasmic RNA was isolated from cells transfected
with 0.1 pg of either LSP IL-15 or SSP IL-15 DNA alone or in the presence of the IL-15Ra-
expressing plasmid. Northern blot analysis was performed with probes detecting the IL-15
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and IL-15Ra. A GAPDH probe was included to detect cellular GAPDH mRNA as a loading
standard.
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FIGURE 3.
Expression of IL-15/IL-15Ra complex at the cell surface. A, Human 293 cells were

transfected with plasmids expressing SSP IL-15 or LSP IL-15 alone or in combination with
IL-15Ra. The cells were analyzed for IL-15 surface expression by flow cytometry after
staining with PE-labeled anti-IL-15 Ab (1C2471P; R&D Systems). Cells transfected with
bluescript plasmid and stained with the same Ab served as negative control. B, Confocal
microscopy images of Hela cells transfected with either the SSP IL-15-HA- or LSP IL-15-
FLAG-expressing plasmids in presence or absence of IL-15Ra. Cells were either
permeabilized using 3.7% solution of formaldehyde or left intact for surface staining. After
fixation, the cells were stained with either a rabbit polyclonal anti-HA Ab or mouse anti-
FLAG mAb and visualized using Alexa 594-conjugated anti-rabbit 1gG or Alexa 488-
conjugated anti-mouse 1gG, respectively.
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FIGURE 4.
Aand B, Determination of IL-15 #, by cycloheximide treatment. Human 293 cells were

transfected with SSP IL-15 (A)- or LSP IL-15 (B)-expressing vectors either in the absence
or presence of IL-15Ra DNA. The total amount of IL-15 in the cells and medium was
measured by ELISA at the indicated times after addition of 25 pg/ml cycloheximide to
inhibit protein synthesis. The level of IL-15 at the start of drug treatment was set as 100%. C
and D, IL-15 degradation by the proteasome. A total of 108 human 293 cells was transfected
with SSP IL-15 (C)- or LSP IL-15 (D)-expressing vectors either in absence or presence of
IL-15Ra DNA. The cells were treated with a mix of proteasome inhibitors (lactacystein (5
4M), MG132 (5 M), and epoxomycin (1 zM)). IL-15 production was analyzed by Western
immunoblot of cell extracts after 18 h, using a goat anti-IL-15 Ab (R&D Systems; AF315).
One of 35 of SSP IL-15-transfected cells and 1 of 70 of LSP IL-15-transfected cells were
loaded per lane in the experiment shown. A GFP expression plasmid was included in the
transfection, and GFP was used as a loading standard. The relative GFP values for the
transfections in the figure were, for each lane: C, 30, 36, 35, and 32; D, 35, 30, 32, and 35.
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FIGURE 5.

Comparison of plasma levels of human IL-15 after hydrodynamic DNA delivery of SSP or
LSP IL-15 DNA in mice. Hydrodynamic DNA delivery using 0.5 wg of IL-15-expressing
plasmid (SSP or LSP), in the absence or presence of 1.5 g of IL-15Ra plasmid (five mice
per group). Blood samples were collected at days 1 and 3 postinjection, and plasma IL-15
levels were determined by ELISA (Quantiglo; R&D Systems). The mean SD of IL-15
plasma levels for each group of animals is shown.
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FIGURE 6.
Bioactivity comparison of LSP and SSP I1L-15 DNA in mice. Mice (five animals per group)

were injected hydrodynamically into the tail vein using 0.5 xg of the human IL-15 plasmids
(SSP or LSP) either in the absence or presence of 1.5 4g of human IL-15Ra plasmid.
Control mice were injected with a GFP plasmid (33). The mice were sacrificed at day 3
postinjection, and lung cells were analyzed using multicolor FACS. A, Frequency of lung
cells identified as CD3~ CD49b* cells. B, Frequency of lung CD8 T cells with an effector
memory phenotype (CD3* CD8" CD62L~ CD44M3M) Values of p obtained using Student’s ¢
test are shown. C, Correlation between the peak IL-15 plasma values and the NK frequency
in lung. Data were fitted to a sigmoidal dose-response curve using Prism software package;
correlation coefficient was /2 = 0.78.
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FIGURE 7.

SSP IL-15 competes with LSP IL-15 for binding to IL-15Ra. Mice were hydrodynamically
injected with 0.1 g of LSP IL-15 expression plasmid in combination with 0.1 xg of
IL-15Ra expression plasmid in the absence or presence of 0.1, 1, or 10 g of SSP I1L-15
DNA. A, IL-15 levels in plasma of injected mice were measured at days 1 and 3 by ELISA.
B, Spleen weight was measured for the different groups (p < 0.001). C, In vitro transfection
of 293 cells also shows competition of SSP and LSP IL-15 for binding to IL-15Ra. Cells
were transfected with 0.1 4g of LSP IL-15 plasmid and 0.1 g of IL-15Ra plasmid in the
presence or absence of 0.05, 0.1, 0.2, 0.5, and 1 xg of SSP IL-15 plasmid. Total amount of
produced cytokine was measured by ELISA.
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