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Abstract
IL-15 and IL-15 receptor alpha (IL-15Rα) play a significant role in multiple aspects of T cell
biology. However, given the evidence that IL-15Rα can present IL-15 in trans, the functional
capacity of IL-15Rα expressed on CD8+ T cells to modify IL-15 functions in cis is currently
unclear. In the current study we explore the functional consequences of IL-15Rα expression on T
cells using a novel method to transfect naive CD8+ T cells. We observed that RNA nucleofection
led to highly efficient, non-toxic, and rapid manipulation of protein expression levels in
unstimulated CD8+ T cells. We found that transfection of unstimulated CD8+ T cells with
IL-15Rα RNA led to enhanced viability of CD8+ T cells in response to IL-15. Transfection with
IL-15Rα enhanced IL-15 mediated phosphorylation of Stat5 and also promoted IL-15-mediated
proliferation in vivo of adoptively transferred naïve CD8+ T cells. We demonstrated that IL-15Rα
can present IL-15 via cis-presentation on CD8+ T cells. Finally, we showed that transfection with
a chimeric construct linking IL-15 to IL-15Rα cell autonomously enhances the viability and
proliferation of primary CD8+ T cells and cytotoxic potential of antigen-specific CD8+ T cells.
The clinical implications of the current study are discussed.
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Introduction
IL-15 is a cytokine that regulates many aspects of innate and adaptive immune cell
development and function. The roles of IL-15 in the adaptive immune response include the
co-stimulation, chemotaxis, survival, and proliferation of T cells [1-8]. IL-15 is especially
important for the generation and proliferation of CD8+ T cells [9,10]. IL-15 −/− (knockout)
mice have reduced numbers of CD44lo CD8+ naïve phenotype T cells and CD44hi CD8+
memory phenotype T cells [6,10]. These mice show impaired generation of antigen specific
CD8+ cells and impaired CD8+ memory T cell homeostasis following viral challenge [11].
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IL-15 stimulates T cells through the shared IL-15/IL-2 receptor beta and common gamma
chains (β/γc). β/γc binding activates JAK1 and JAK3 which in turn induces phosphorylation
of STAT3 and STAT5 transcription factors. JAK-STAT signaling via the β/γc complex is
critical for T cell survival and proliferation [12]. IL-15 also binds the IL-15 receptor alpha
chain (IL-15Rα, designated here as IL-15RA). IL-15RA contributes to IL-15 mediated
effects such as survival and proliferation of T cells, and the phenotypes of IL-15−/− mice
and IL-15RA−/− mice are nearly indistinguishable [6,13-16]. In contrast to the moderate
binding affinity of IL-15 by the β/γc complex, IL-15RA alone binds IL-15 with high
affinity.

Because IL-15RA and the β/γc complex are all expressed on the surface of T cells, it was
originally proposed that IL-15 signals by binding with high affinity to a heterotrimeric
IL-15Rα/β/γc complex on T cells [13-16]. However, it was subsequently demonstrated that
IL-15RA bound IL-15 could be found on the surface of multiple other cell types including
activated monocytes. These monocyte-bound complexes are able to signal T cell
proliferation in trans [17]. Many additional mouse studies have concluded that trans-
presentation of IL-15 by IL-15RA on both hematopoietic and non-hematopoietic cell types
is the dominant signaling mechanism for the survival and proliferation of memory T cells in
vivo [18-23]. In these reports, IL-15RA expression by non-T cells was considered critical
whereas T cell expression of IL-15RA was considered dispensable for memory T cell
homeostasis.

IL-15 administration via recombinant protein, viral vector, or plasmid has been shown to
enhance CD8+ T cell immune responses against a variety of pathogenic diseases and IL-15
modified vaccines are currently being evaluated in clinical trials (NCT00528489,
NCT00115960). In addition, modification of tumor antigen specific CD8+ T cells with
IL-15 represents one of the few promising candidates for the enhancement of adoptive
cellular therapies of tumors [24]. IL-15RA is expressed on the surface of activated and
memory CD8+ T cells. Given the intimate functional link between IL-15 and its high
affinity receptor IL-15RA, it is natural to assume that expression of IL-15RA on the surface
of CD8+ T cells would influence endogenous or adoptively transferred T cell responses to
natural, recombinant, or transduced IL-15. However, because of the evidence that IL-15Rα
can present IL-15 in trans, the functional capacity of IL-15Rα expressed on CD8+ T cells to
modify IL-15 functions in a cis fashion is currently unclear.

The contribution of IL-15RA expression on T cells to other aspects of T cell function should
also not be excluded [25]. Whereas soluble IL-15 is low to undetectable in the serum of
healthy individuals, the level of soluble IL-15 in disease or infection can reach very high
levels in local tissues. Up to 1200 ng/mL of IL-15 has been detected in synovial fluids from
rheumatoid arthritis patients [26]. In addition, synovial fluid levels of IL-15 from patients
were sufficient to contribute to migration and polarization of T cells. IELs from ceoliac
patients, which stained higher for levels of IL-15RA expression than IELs from healthy
patients, demonstrated increased proliferation, granzyme B and perforin dependent
cytotoxicity, and IFN-γ and TNF-α production upon IL-15 stimulation [27]. The interaction
of IL-15 with IL-15RA on T cells may also influence CTL avidity maturation. One study
reported that IL-15RA expression is higher on vaccine derived high avidity CTLs, which
correlates with their longer persistence in vivo compared to their lower avidity counterparts
[28].

Both memory and naive CD8+ WT T cells exhibited enhanced survival in culture at low
concentrations of IL-15 in comparison to IL-15RA knockout CD8+ T cells [4]. However in
these and other similar studies, the possibility remains that trans-presentation either in vivo
or in culture (i.e. T cell to T cell) was responsible for the indicated effects. A recent report
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provided structural and biochemical evidence that IL-15RA on a mast cell line can present
IL-15 in cis in vitro [29]. While this and other studies using cell lines suggest that IL-15RA
can function in cis in vitro, whether IL-15RA can function in cis on primary CD8+ T cells in
vitro or in vivo is still unknown.

In the current study, we use primary unstimulated T cells to study the cis effects of IL-15RA
expression in T cells. Primary unstimulated T cells provide an easily isolated, abundant,
stable population of cells that are functionally responsive to IL-15. Because T cell
activation, in addition to increasing IL-15RA expression levels, alters multiple other factors
in T cells, the use of unstimulated T cells rather than the use of activated T cells or T cell
lines allowed us to dissect out whether up-regulation of IL-15RA alone on T cells is
sufficient to enhance IL-15 mediated effects. We therefore studied the effect of IL-15RA on
CD8+ T cells by utilizing a novel method to transfect unstimulated murine T cells. We
found that with RNA nucleofection, we consistently observed 80-95% transfection
efficiency with negligible transfection toxicity of both purified unstimulated CD8+ cells
from naïve mice. Using this method, we demonstrate the cis effects of IL-15RA and an
IL-15/IL-15RA fusion on CD8+ T cell signaling, survival, and proliferation both in vitro and
in vivo. We demonstrate a potential translational application of our findings in the functional
modification of tumor antigen specific T cells with the IL-15/IL-15RA fusion construct for
immunotherapy.

Results
Highly efficient, non-toxic, and rapid manipulation of protein expression levels in primary
unstimulated CD8+ T cells using RNA nucleofection

Plasmid transfection and viral transduction protocols require T cell stimulation or addition
of cytokines to achieve high transfection efficiency and minimal transfection toxicity to
unstimulated primary T cells. We therefore chose to use Amaxa™ nucleofection of in vitro
transcribed RNA to study the role of IL-15RA in primary CD8+ T cells. In order to
determine the possibility of this novel approach, we isolated unstimulated CD8+ T cells
from the spleens of C57BL/6 mice and transfected them with in vitro transcribed RNA
encoding various constructs. As shown in Figure 1A, Amaxa nucleofection of in vitro
transcribed GFP RNA results in high transfection efficiency in CD8+ cells (86%). RNA
nucleofection also results in high co-transfection efficiency (79%) (data not shown).
Transfection efficiency obtained with GFP RNA was much higher than with GFP plasmid
(86% vs. 25% respectively). In addition, RNA transfected cells maintained a nearly
unimodal, tight expression pattern of GFP expression, which sharply contrasted the spread
out GFP expression pattern in plasmid-transfected cells (Figure 1B).

We also noted that transfected gene expression is highly RNA dose dependent, is detectable
by 3 hours, peaks at around 24 hours, and remains detectable up to 10 days post transfection
(Figure 1C). Furthermore, Figure 1D shows that there was no significant difference in the
percentage of viable CD8+ T cells either untransfected or transfected with increasing doses
of IL-15RA RNA at 24 hours post transfection. In separate experiments, we observed
similar viabilities at 24 hours post transfection with RNA encoding other genes (data not
shown). This shows that the viability of the cells is not significantly affected by the RNA
transfection. Taken together, our data indicate that RNA nucleofection can be employed to
generate highly efficient, non-toxic, and rapid manipulation of protein expression levels in
unstimulated primary T cells.

Rowley et al. Page 3

Eur J Immunol. Author manuscript; available in PMC 2010 December 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Transfection of primary unstimulated CD8+ T cells with IL-15RA RNA leads to enhanced
viability of CD8+ T cells in response to IL-15

Purified unstimulated CD8+ T cells die by neglect within a few days of in vitro culture
unless supplemented with growth factors such as IL-15 [4,30]. We noted that within 4 days
of in vitro culture >90% of unstimulated purified splenic CD8+ T cells undergo apoptotic or
necrotic cell death as determined by annexin V and 7-AAD and staining. In our experiments,
Annexin V staining was nearly completely overlapped by 7-AAD staining (Figure 2A), and
we used 7-AAD staining to analyze total T cell death in future assays. In order to determine
if over-expression of IL-15RA alone in unstimulated CD8+ T cells was sufficient to increase
their survival to death by neglect, we isolated CD8+ T cells from the spleens of naïve
C57BL/6 mice and transfected them with IL-15RA RNA, or THY1.1 RNA or no RNA as
controls. As shown in Figure 2B, without additional in vitro stimulation, IL-15RA was
undetectable by flow cytometry analysis in untransfected purified splenic CD8+ T cells.
However, IL-15RA could be over expressed by nucleofection of IL-15RA RNA (Figure
2B). Furthermore, CD8+ T cells transfected with increasing doses of IL-15RA RNA showed
correspondingly increased surface expression of IL-15RA (Supporting Information Figure
1A). We then plated IL-15RA RNA or control transfected CD8+ T cells in rIL-15 and
assessed viability after 4 days of culture. We observed that there was a statistically
significant increase in the percentage viability of CD8+ T cells transfected with IL-15RA
RNA compared to no RNA or THY1.1 RNA transfected cells (Figures 2C and D). The
extent of the survival response of CD8+ T cells to IL-15 appeared to be dependent on the
level IL-15RA expressed on the surface of the T cell (Supporting Information Figure 1B).
The effect was not dependent on endogenous IL-15RA since CD8+ T cells from IL-15RA
KO mice yielded similar results (data not shown).

The robust correlation of RNA dose with level of surface expression allowed us to match the
IL-15RA expression level in unstimulated T cells with the level found in memory phenotype
or activated cells. transfection of 2.5 μg of RNA into unstimulated CD8+ T cells resulted in
surface IL-15RA levels that were similar to or less than IL-15RA levels on T cells
stimulated for 2 days with CD3, CD28, and IL-2 or levels on memory phenotype (CD44hi)
T cells stimulated with IFN-γ and LPS for 3 days (Supporting Information Figure 1C). This
dose of IL-15RA RNA that reflected physiologic levels of IL-15RA in activated and
memory phenotype T cells significantly enhanced unstimulated T cell viability in response
to IL-15 (Supporting Information Figure 1B and C).

IL-15 has been shown to preferentially influence CD44hi memory phenotype cells. Even
after transfection of IL-15RA RNA and addition of IL-15 to culture, at the 5 ng/mL dose of
IL-15, only <40% of IL-15RA transfected cells survive a 4 day culture. We therefore
wondered if there was a preferential survival and resultant enrichment of CD44hi cells in the
remaining population of transfected cells after 4 days culture with IL-15. Surprisingly, at the
dose of IL-15 indicated, we did not observe a significant increase in the ratio of CD44hi
cells versus CD44lo cells after transfection with IL-15RA and 4 days culture in the presence
of IL-15 (Supporting Information Figure 2A). In contrast, we did observe an increase in the
ratio of C44hi cells to CD44lo cells after culture in the presence of LPS and IFN-γ or high
dose IL-15 (50 ng/mL) regardless of transfection with IL-15RA (data not shown). Thus
IL-15RA expression enhanced both memory phenotype and naïve phenotype CD8+ T cell
survival.

We next performed a short-term assay for CD8+ T cell survival using the glucocorticoid
analogue dexamethasone to accelerate cell death. Despite shorter culture conditions of 16
hours, we observed that CD8+ T cells transfected with IL-15RA and treated with IL-15
demonstrate higher % viability in the presence of dexamethasone compared to similarly
treated no RNA transfected cells (Figure 2E). We noted in this assay that in contrast to the
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longer term survival assay, in which cells required IL-15RA transfection for survival, at the
same dose of IL-15 tested, IL-15 enhanced cell survival regardless of IL-15RA transfection.
The difference in results between these two short and longer term survival assays may be
explained by the constitutive presence of the intermediate affinity β/γc receptor and the
known ability of IL-15RA to recycle and re-present IL-15 to the cell surface. Thus, because
of the ability of the β/γc receptor to signal survival in the absence of IL-15RA, IL-15RA
binding and recycling of IL-15 may prolong the effects of IL-15 in vitro, but is not essential
for IL-15 mediated short-term survival.

In order to confirm that the enhancement of viability by over-expression of IL-15RA is
specific to IL-15, we transfected CD8+ T cells with IL-15RA or IL-2RA and then treated the
cells with IL-15 or IL-2. We observed that IL-15RA overexpression led to significant
enhancement of IL-15-mediated survival, but not IL-2 mediated T cell survival. On the other
hand, IL-2RA overexpression led to significant enhancement of IL-2-mediated survival, but
not IL-15 mediated T cell survival (Supporting Information Figure 3). We confirmed by
CFSE dilution analysis that the pro-survival effect observed was independent of
proliferation. At the doses of IL-15 used in our survival assays (less than or equal to 5 ng/
mL IL-15), there was no significant proliferation by day 4 in any of the transfected groups
(data not shown). Taken together, our data indicate that overexpression of IL-15RA alone in
CD8+ T cells is sufficient to enhance survival responses to IL-15 in vitro.

IL-15RA enhances phosphorylation of Stat5
In order to determine the short-term downstream effects of IL-15 signaling, we studied the
effect of IL-15RA expression on Stat5 phosphorylation. We transfected CD8+ T cells with
IL-15RA RNA and stimulated them for 40 minutes with IL-15. We then stained the cells for
phosphorylated Stat5 (phospho Stat5) and analyzed them by flow cytometry analysis. Figure
3A and B show that IL-15 stimulation increases the staining intensity of phosphorylated
STAT5 in CD8+ T cells in a dose-dependant manner. Furthermore, IL-15RA transfected
cells stained even more intensely for phosphorylated STAT5 compared to no RNA
transfected cells in response to IL-15. Thus, our data suggest that over-expression of
IL-15RA alone on unstimulated CD8+ T cells augments short term effects of IL-15
signaling, i.e. IL-15 mediated phosphorylation of Stat5.

IL-15RA presents IL-15 via cis-presentation on CD8+ T cells
Two plausible modes of IL-15-mediated T cell signaling in T cell cultures are: cis-
presentation by IL-15 via IL-15RA on transfected T cells, or trans-presentation of IL-15 to
bystander T cells by IL-15RA on transfected T cells (Figure 4A). To confirm our hypothesis
that IL-15RA can present IL-15 via cis-presentation on CD8+ T cells, it was necessary to
rule out the possibility of trans-presentation occurring in our in vitro cultures. We thus
transfected CD8+ T cells with IL-15RA RNA or no RNA and plated them in 6 well plates to
minimize contact between the cells (Supporting Information Figure 4A). The T cells were
then stimulated with IL-15 for 4 days. As shown in Figure 4B, in spite of no observable cell-
cell contact, there was a significant increase in viability of CD8+ T cells transfected with
IL-15RA RNA compared to the no RNA transfected cells. As a second confirmation to rule
out trans-presentation, we performed a cell mixing experiment. Purified CD8+ T cells were
differentially labeled with or without CFSE to distinguish IL-15RA RNA or no RNA
transfected cells and mixed at a ratio of 1:1. These cells were then plated in 96 well plates
with IL-15 and centrifuged briefly to maximize potential cell contacts (Supporting
Information Figure 4B). As shown in Figures 4C and D, the control RNA transfected cells
did not demonstrate a significant increase in viability in the presence of IL-15, when mixed
with IL-15RA RNA transfected cells. The same results were observed when the labeling
was swapped. We also observed similar results when the differentially labeled and
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transfected cells were mixed in the shorter dexamethasone survival assay (data not shown).
Thus, our data indicate that IL-15RA can present IL-15 via cis-presentation on CD8+ T
cells.

Transfection with IL-15RA promotes IL-15-mediated proliferation of adoptively transferred
CD8+ T cells

In order to determine if transfection with IL-15RA can promote IL-15-mediated
proliferation of adoptively transferred unstimulated CD8+ T cells, we isolated CD8+ T cells
from THY1.1 congenic mice and labeled them with CSFE. We transfected these cells with
no RNA or varying doses of IL-15RA RNA and adoptively transferred them into THY1.2
mice. 24 hours later mice were injected i.p. with IL-15. 7 days later, splenocytes from the
recipient mice were isolated and analyzed by flow cytometry staining. Transferred cells
were distinguished from endogenous cells by first gating on CD8+ and 7-AAD negative
cells to exclude dead cells and subsequently gating on THY1.1 and CD8+ cells. Figure 5A,
far left panel is representative flow cytometry data demonstrating gating on Thy1.1+ and
CD8+ cells (transfected cell population). To determine in vivo kinetics of IL-15RA
expression on IL-15RA RNA transfected CD8+ T cells we stained cells for surface IL-15RA
and analyzed IL-15RA surface expression on the transfected cell population. We observed
that in the absence of injected IL-15, IL-15RA RNA transfected CD8+ T cells demonstrated
significantly higher IL-15RA surface expression than no RNA transfected cells for at least 7
days after adoptive transfer (unpublished observations). We then analyzed the transfected
cell population for proliferation by CFSE dilution. Figure 5A, right panels are
representative flow cytometry data demonstrating CFSE dilution of the transfected cell
population. The box in the upper left hand corner marks the population of cells that have
undergone at least one cell division. As shown in Figure 5A, right panels and Figure 5B,
IL-15RA transfected cells demonstrated significantly more proliferation than no RNA
transfected cells in response to injected recombinant IL-15 and the amount of cells
proliferating correlated with the amount of IL-15RA RNA transfected into the cell. As
shown in Figure 5C, IL-15RA transfected cells also demonstrated a dose-dependent
proliferation in the presence of increasing amounts of IL-15. We did not observe
enhancement of proliferation in cells transfected with irrelevant RNA used as controls (data
not shown). Thus, our data indicate that expression of IL-15RA on CD8+ T cells promotes
the IL-15-mediated proliferation of adoptively transferred primary CD8+ T cells.

Transfection with IL-15 + IL-15RA or a chimeric construct linking IL-15 to IL-15RA
autonomously enhances the viability and proliferation of CD8+ T cells

We wondered if IL-15RA expressed on the surface of CD8+ T cells would influence the
functional response to IL-15 produced by the T cells themselves. Furthermore, to determine
if direct interaction of IL-15 with T cells, in the absence of soluble IL-15 interaction with
surrounding cells, is sufficient to drive in vivo proliferation, we generated an IL-15/IL-15RA
fusion construct. This construct would prohibit the release of free IL-15 by keeping IL-15
permanently bound to IL-15RA on the surface of the CD8+ T cell and allow expression of
IL-15 and IL-15RA from a single construct. We linked IL-15 to IL-15RA using a strategy
similar to one previously described [31]. We also replaced the IL-15 signal peptide with the
stronger IL-2 signal peptide [32], and called the construct IL-15/IL-15RA (Figure 6A). For
comparison, the signal peptide of unlinked IL-15 was also replaced with the signal peptide
for IL-2. As seen in Figure 6B, expression of IL-15RA was detected at similar levels on the
surface of CD8+ T cells transfected with either IL-15 RNA+ IL-15RA RNA or IL-15/
IL-15RA RNA. Surface expression of IL-15 was also detectable at comparable levels but the
staining intensity was low compared to IL-15RA staining. The low level of staining is likely
a result of interference of antibody binding to IL-15 by the IL-15RA interaction with IL-15
as has previously been suggested [33].
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We found that transfection of primary unstimulated CD8+ T cells with either IL-15 RNA +
IL-15RA RNA or IL-15/IL-15RA RNA induced significant levels of sustained STAT5
phosphorylation compared to IL-15RA RNA transfected cells (Supporting Information
Figure 5). This combined with data from Figure 3 indicates that intracellular signaling
generated by IL-15/IL-15RA fusion is similar to the signaling generated by normal IL-15.
Furthermore, as shown in Figure 6C, transfection of CD8+ T cells with either IL-15 RNA+
IL-15RA RNA or IL-15/IL-15RA RNA enhanced T cell survival to death by neglect in 7
days of culture, whereas transfection of IL-15 RNA or IL-15RA RNA alone did not. At the
same time, we also tested whether IL-15 RNA + IL-15RA RNA or IL-15/IL-15RA RNA
transfection could induce proliferation in vivo of primary unstimulated CD8+ T cells. We
mixed the CFSE labeled transfected CD8+ T cells with a CFSE unlabeled reference
population at a ratio of 1.5:1 and injected each group into THY1.2 mice. 7 days later, in vivo
injected cells were analyzed by flow cytometry for proliferation as previously described for
Figure 5. Accumulation was determined by comparing the transfected cell population with
the reference population. As shown in Figures 6D and 6E, we observed that transfection
with IL-15 RNA + IL-15RA RNA or IL-15/IL-15RA RNA led to significant proliferation
(Figure 6D middle boxes and 6E) of transferred CD8+ T cells compared to transfection with
IL-15 RNA alone or IL-15RA RNA alone. Interestingly, the IL-15/IL-15RA fusion
construct resulted in much more pronounced enhancement of proliferation (Figure 6D
middle boxes and 6E) and accumulation (Figure 6D bottom right numbers) than IL-15 +
IL-15RA. This dramatic increase in bioactivity of the IL-15/IL-15RA fusion construct
compared to mixed and transfected IL-15 + IL-15RA is consistent with a previous report
describing an IL-15/IL-15RA sushi domain recombinant fusion protein that exhibited a 10
fold increase in bioactivity in vitro compared to recombinant IL-15 mixed with recombinant
IL15RA [31]. We further analyzed the level of CD44 expression on IL-15/IL-15RA
transfected CD8+ cells 7 days after adoptive transfer. In contrast to our results comparing
the in vitro survival of CD44hi cells versus CD44lo cells after transfection, we observed that
CD44hi cells are seemingly enriched in the divided proportion of cells induced by
transfection with IL-15/IL-15RA RNA (Supporting Information Figure 2B). This may be a
result of preferential division of CD44hi cells or a result of induced differentiation of IL-15/
IL-15RA transfected cells into CD44hi cells. Because cells manipulated via our RNA
transfection procedure are not amenable to cell sorting, we have yet to establish which of
these is the case.

We performed a dye swapping experiment similar to that performed in Figure 4 to rule out
the possibility that T cell to T cell trans-presentation or trans-presentation by contaminating
other cell types was playing a role in the proliferation we observed in vivo. As shown in
Figure 6F, even when control transfected cells were mixed and co-injected in mice at a ratio
of 1:1 with IL-15/IL-15RA transfected cells, we only observed significant proliferation and
accumulation in the cells transfected with IL-15/IL-15RA. Thus, our data demonstrates that
IL-15RA can present IL-15 in cis to drive cell autonomous CD8+ T cell proliferation in
vivo.

Proliferation and IFN-γ response of E7 tumor antigen specific CD8+ T cells transfected
with IL-15/IL-15RA

It has been previously shown that transduction of tumor antigen specific T cells with IL-15
is one of the few strategies that effectively enhances anti-tumor effects of adoptively
transferred T cells [24]. To demonstrate a potential translational application of our findings,
we transfected an E7 tumor antigen specific CD8+ T cell line with IL-15/IL-15RA RNA and
analyzed their proliferation in the presence or absence of antigen stimulation in vitro. As
shown in Figure 7A and 7B, E7 tumor antigen specific T cells transfected with IL-15/
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IL-15RA RNA demonstrated enhanced proliferation 3 days after transfection and culture in
the presence or absence of antigen stimulation compared to no RNA transfected controls.

In other experiments, we have transduced TC-1 tumor cells with retrovirus encoding IL-15/
IL-15RA or empty vector and demonstrated that IL-15/IL-15RA transduced T cells express
high levels of surface IL-15/IL-15RA expression. We have seen that IL-15/IL-15RA
transduced TC-1 tumor cells enhance CD8+ T cell signaling, activation, and proliferation in
trans [34]. Stimulation of CD8+ T cells with IL-15 has been shown to prime CD8+ T cells to
produce higher levels or IFN-γ upon stimulation with antigen. We were interested in
knowing whether IL-15/IL-15RA expression in tumor cells or T cells could enhance IFN-γ
production in tumor antigen specific CD8+ T cells either in trans or in cis respectively.
Because we have observed that our continually cultured E7 T cell line produces already very
high levels of IFN-γ upon TC-1 stimulation, we reasoned that the use of ex-vivo T cells
from E7 antigen vaccinated mice would provide a more physiologically relevant mixed
population of IFN-γ producing CD8+ T cells. We therefore transfected ex-vivo CD8+ T
cells from E7 antigen vaccinated mice with IL-15/IL-15RA RNA or control RNA.
Following transfection, T cells were stimulated with vector transduced or IL-15/IL-15RA
transduced TC-1 cells. As shown in Figure 7C and 7D, primary CD8+ T cells from E7
tumor antigen vaccinated mice, produced higher levels of IFN-γ on a per cell basis, after ex-
vivo stimulation with IL-15/IL-15RA transduced TC-1 tumor cells compared to vector
transduced TC-1 cells. As shown in Figure 7E, CD8+ T cells transfected with IL-15/
IL-15RA RNA also demonstrated enhanced IFN-γ production following TC-1 tumor
stimulation compared to T cells transfected with control RNA. Thus expression of IL-15/
IL-15RA in either TC-1 tumor cells or antigen primed T cells enhances, in trans or in cis,
antigen stimulated IFN-γ production in CD8+ T cells. Therefore RNA transfection of tumor
antigen specific T cells with IL-15/IL-15RA RNA represents a potentially potent strategy
for the modification of cells for adoptive T cell transfer therapy.

Discussion
In the current study, we addressed the functional effects of IL-15RA expression on primary
unstimulated and tumor antigen specific CD8+ T cells. Our results suggest that IL-15RA
expression on CD8+ T cells is sufficient to confer enhanced signaling, survival, and in vivo
proliferative responses to IL-15 presented in cis. Furthermore, IL□15/IL□15RA expression
alone promotes cell autonomous primary unstimulated CD8+ T cell survival and
proliferation in vitro and in vivo and enhanced proliferation and production of IFN-γ in
antigen specific T cells in vitro.

Using a novel method of primary unstimulated T cell manipulation, Amaxa nucleofection of
RNA, we demonstrated the sufficiency of IL-15RA up-regulation in enhancing IL-15
mediated T cell survival and proliferation. Recently, others have also applied similar
electroporation based methods to manipulate T cells [35,36]. This approach allowed rapid
manipulation of negatively selected (untouched) primary T cells that maintained high
viability without post-transfection addition of cytokines—all necessary conditions for naïve
or unstimulated T cell survival studies. We showed that the IL-15RA gene expression level
dictates whether the CD8+ T cell will respond to IL-15 in a dose-dependent manner. In the
past, in order to generate CD8+ T cells with different levels of IL-15RA expression for our
study, we would have to perform laborious sorting or cloning of transduced or transfected
cells, which is highly difficult to perform on primary unstimulated cells. To our knowledge
we are the first to use simple transfection procedures to manipulate gene expression levels in
primary unstimulated T cells for subsequent in vivo function analysis.
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In our experiments, we demonstrated that IL-15RA expression on CD8+ T cells
predominantly presented exogenous or cell autonomous IL-15 in cis to promote T cell
survival and proliferation. A very recent compelling study has demonstrated that NK-DC
interaction and synapse formation was important for NK cell survival. Interestingly, this
study documented that IL-15RA expression on NK cells themselves, not on the trans-
presenting cell, likely contributed to synapse formation and signaling [37]. This finding is
consistent with our finding regarding IL-15RA expression on T cells and its contribution to
T cell survival. Other groups have clearly demonstrated that IL-15RA expressed on cell
types other than T cells, including dendritic cells and macrophages, present IL-15 in trans to
T cells [18-23]. We also confirmed that bone-marrow-derived dendritic cells (BMDCs) were
capable of presenting IL-15 to T cells in trans. We have performed trans-presentation cell
mixing experiments using IL-15RA transfected BMDCs instead of T cells using the same
transfection, culture, and assay conditions as used in our T cell-T cell trans-presentation
assays. Our data showed that BMDCs mixed with untransfected T cells were able to enhance
T cell survival in trans. Furthermore, transfection of either T cells or BMDC with IL-15RA
resulted in similar levels of survival of T cells responding in cis or in trans in response to
IL-15, although in the absence of IL-15 the baseline level of survival after 4 days culture in
the presence of BMDC (including IL-15RA−/− BMDC) was higher than in the absence of
BMDC (unpublished observations). Based on these data, the ability to trans-present IL-15
by IL-15RA may be cell type dependent. We can only speculate as to the reason we do not
see trans-presentation of IL-15 by IL-15RA bearing T cells to T cells bearing the β/γc
receptor. It is becoming increasingly appreciated that IL-15RA participates in an
immunological synapse between two cells [37]. A synapse between 2 smaller, unstimulated
T cells that potentially lack some of the membrane components necessary for a stable
synapse may not occur as efficiently as a synapse between a T cell and a larger professional
APC or tumor.

Our results give insight into the potential mechanisms of injected recombinant IL-15 or
vaccine derived IL-15 in boosting T cell responses. For example, our data demonstrate that
the level of IL-15RA on activated and memory T cells is sufficient to drive proliferation in
response to injected IL-15. This is consistent with a previous study that reported IL-15RA+/+

T cells, adoptively transferred into IL-15RA−/− hosts, preferentially proliferated in response
to injected recombinant IL-15 compared to endogenous IL-15RA−/− T cells [20]. We have
used IL-15RA+/+ cells to further enhance IL-15RA expression in these cells to demonstrate
that responses to IL-15 including STAT5 phosphorylation, survival, and proliferation are
graded responses depending on the level of IL-15RA expression, and are not an all or
nothing, i.e. IL-15RA plus or minus, phenomenon. Another important distinguishing
characteristic between this and our experiments is the use of IL-15RA−/−versus IL-15RA+/+

recipient mice. Our studies demonstrate that the level of IL-15RA expression on the T cell
influences in vivo proliferation to injected IL-15 even in the presence of IL-15RA+/+ cells
capable of trans-presentation. It is important to note that IL-15RA expression and trans-
presentation of IL-15 by surrounding cells may be contributing to the observed CD8+ T cell
proliferation in response to recombinant IL-15. However, in the presence of soluble IL-15,
further expression of IL-15RA on the CD8+ T cell itself becomes a distinguishing factor in a
T cell’s ability to proliferate. Thus our results indicate that therapeutically administered
IL-15 may preferentially affect CD8+ T cells according to the level of IL-15RA on the
surface of the cells. This finding may offer predictive value in assessing potential individual
responses to IL-15 based vaccines or therapies.

The co-administration of IL-15 with IL-15RA is a promising approach to enhance the in
vivo effects of IL-15 [38,39]. One study suggests that IL-15RA may mainly function to
prolong IL-15 signaling by retaining IL-15 intracellularly and on the cell surface [40]. Our
study demonstrates that in addition to prolonging IL-15 signals, IL-15RA influences early
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IL-15 mediated signals including STAT5 phosphorylation. Because IL-15RA does not itself
activate STAT5 phosphorylation, we reason that IL-15RA on T cells enhances STAT5
phosphorylation in cis by binding and presenting IL-15 to the β/γc complex on the same cell.
We predict that IL-15RA signaling in cis on T cells is β/γc dependent for 3 reasons; 1) the β/
γc complex has been shown to be indispensable for IL-15 function, 2) we observed that
transfection of IL-15RA with a nearly complete deletion of the cytoplasmic domain (32
A.A.) did not affect the ability of IL-15RA to enhance survival responses to IL-15 in vitro
(unpublished observations), and 3) we have performed transfection experiments using an
IL-15/IL-15RA construct that contains a single point mutation of an amino acid in IL-15
(designated IL-15 (Q108D)/IL-15RA) that is critical for IL-15 interaction with the γc chain
and IL-15 bioactivity in vitro [29,41]. We observed that despite similar levels of surface
expression between IL-15/IL-15RA and IL-15(Q108D)/IL-15RA after transfection, IL-15/
IL-15RA transfection significantly enhanced CD8+ T cell survival to culture in the absence
of added cytokines while IL-15(Q108D)/IL-15RA transfection did not significantly enhance
CD8+ T cell survival compared to controls (Supporting Information Figure 6). This
indicates that abolishment the interaction of IL-15 with the β/γc complex on CD8+ T cells
impairs the ability of IL-15 to signal in cis. We are currently performing further studies to
more fully characterize this mutant construct.

In our study we showed that while transfection of IL-15 alone did not significantly influence
T cell function, transfection of IL-15 + IL-15RA allowed T cells to survive and proliferate
cell autonomously. In human T cells, IL-15 has been detected in both CD4+ and CD8+ cells
by RT-PCR and flow cytometry. Interestingly, in the same study IL-15 was detected on the
surface of central memory T (TCM) cells which, like our T cells transfected with IL-15 and
IL-15RA, proliferated cell autonomously ex-vivo. Proliferation of TCM cells which
expressed detectable surface IL-15 was higher than proliferation of the naïve T cells (TN)
and effector memory T cell (TEM) subsets in which surface IL-15 was undetectable [42].
Thus, it is possible that T cell derived IL-15, in the presence of T cell expressed IL-15RA,
contributes to T cell function in certain situations.

Since IL-15 has multiple immune enhancing functions on CD8 T cells [1,4,7,28,43], IL-15
represents one of the few promising candidates for modification of tumor antigen specific T
cells for the use of adoptive cellular therapies [24]. Our data suggests that additional
expression of IL-15RA in T cells modified by IL-15, or the expression of the IL-15/
IL-15RA chimeric protein on T cells may further improve the anti-tumor effect of
adoptively transferred T cells. We show evidence in support of this hypothesis using human
papillomavirus type 16 (HPV-16) E7 tumor antigen-specific T cells. We found that the E7-
specific T cells transfected with the IL-15/IL-15RA chimeric protein demonstrated
significant proliferation in the presence of E7-expressing tumors in vitro compared to the
mock-transfected controls. In addition, IL-15/IL-15RA transfected cells demonstrated
enhanced IFN-γ production upon tumor stimulation compared to control transfected cells.
One intriguing study has suggested the potential importance of IL-15RA expression on T
cells used for adoptive transfer therapy. In this study, T cells that specifically demonstrated
high levels of IL-15RA expression were treated with IL-15 prior to transfer into leukemia
bearing mice. Treatment of T cells in this manner reversed their tolerance and demonstrated
increased therapeutic benefit [44]. We have preliminary evidence that transduction of E7
antigen specific T cells with IL-15RA provides prolonged and high levels of IL-15RA
expression in transduced T cells (unpublished observations). Because we have seen that
IL-15RA transfected T cells preferentially respond to injected IL-15 in vivo, we imagine
that we will be able to boost at will the response of such transduced adoptively transferred
cells, without affecting bystander cells, via injection of recombinant IL-15.
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In summary, our data suggest that IL-15RA can present IL-15 on T cells in cis to promote
STAT5 phosphorylation, survival, and proliferation of primary unstimulated CD8+ T cells.
Over-expression of IL-15RA alone in primary unstimulated CD8+ T cells confers enhanced
IL-15 mediated proliferation in vivo. Furthermore, expression of IL-15 linked to IL-15RA in
CD8+ T cells promotes cell autonomous survival and in vivo proliferation. We have
provided evidence that this strategy may potentially be used for the modification of T cells
for adoptive T cell immunotherapy.

Materials and Methods
Reagents

All antibodies were used according to manufacturer recommendations. The antibodies to
CD8A, Thy1.1, CD3ε, CD28, CD44, IFN-γ, phospho-STAT5, SA-PE, and annexin V and 7-
AAD were purchased from BD Biosciences, San Jose, CA. IL-15RA antibody was
purchased from R & D Systems, Minneapolis, MN. Amaxa™ murine T cell transfection kits
were purchased from Amaxa ™ Biosystems, Gaithersburg, MD. CFSE was purchased from
Molecular Probes, Carlsbad, CA. mMessage mMachine T7 ultra In vitro transcription kits
were purchased from Ambion, Inc., Austin, TX. Gel Extraction, RNeasy, and Endofree
Plasmid Maxi purification kits were purchased from Qiagen, Inc., Valencia, CA. CD4+ and
CD8+ negative purification kits were purchased from Miltenyi Biotec Inc., Auburn, CA.
PORF-IL-15 was purchased from Invivogen, San Diego, CA. IL-2 and rhIL-15 was
purchased from eBioscience, San Diego, CA. Dexamethasone was purchased from Sigma-
Aldrich, St. Louis, MO. Sterile filtered FACS buffer was made with .2% BSA in DPBS, pH
7.4.

Mice
THY1.1, CD45.1, IL-15RA KO, and B6129SF2/J mice were purchased from The Jackson
Laboratory, Bar Harbor, ME. The C57BL/6 mice were acquired from the National Cancer
Institute, Bethesda, MD, USA. All animals were maintained under specific pathogen-free
conditions, and all procedures were performed according to approved protocols and in
accordance with recommendations for the proper use and care of laboratory animals.

Plasmids
GFP and Luciferase-ires-Thy1.1 cDNA have been previously described [45] and were sub-
cloned into PCDNA3.1 using restriction enzyme cloning. IL-15RA was cloned from murine
splenocyte cDNA into PCDNA3.1 as previously described [46]. PORF IL-15 was subcloned
into PCDNA3.1. The signal peptide of IL-15 was replaced with IL-2 signal peptide using the
long primer Bamh1 – 5′ ACC GGA TCC GCC GCC ACC ATG TAC AGC ATG CAG CTC
GCA TCC TGT GTC ACA TTG ACA CTT GTG CTC CTT GTC AAC AGC AAC TGG
ATA GAT GTA AGA. IL-15 was linked to IL-15RA using a strategy similar to one
previously described linking human IL-15 to human IL-15 [31]. Recombinant PCR primers
IL-15RA F 5′ CGG AGG TGG TGG TTC CGG TGG TGG TGG TAG TGG AGG TGG
TAG TCT TCA GGG CAC CAC GTG TC and IL-15 R 5′ CAC CGG AAC CAC CAC
CTC CGG AAC CGC CTC CAC CGG AAC ACC GCC GGA GGA CGT GTT GAT G
were used, and the product was cloned into PCDNA3.1 using Bamh1/Ecor1 restriction sites.
The cytoplasmic domain of IL-15RA was deleted using primer Ecor1 5′ ACA GAA TTC
TTA CCT TGA TTT GAT GTA CCA GGC. Large-scale plasmid preps were purified using
Qiagen Endo Free Plasmid Maxi kits.
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mRNA production
In vitro transcription from restriction enzyme digested plasmid, subsequent DNAse
digestion, and poly A tailing was performed using Ambion mMessage Machine T7 ultra in-
vitro transcription kit (Austin, TX) following the manufacturer’s protocol. Each reaction was
purified using Qiagen RNeasy RNA purification kit and RNA was eluted with dH20 to a
final concentration of approximately 1 μg/mL. Eluted RNA was kept on ice during all
subsequent procedures. RNA was quantified using a wavelength of 260 nm on a
spectrophotometer and checked for quality of poly A tailed RNA by agarose gel
electrophoresis. Resultant capped, poly A tailed mRNA was immediately frozen at −80°C
for later use.

Primary T cell transfection
Preparation of mouse splenocytes generally followed the Amaxa protocol for splenocyte
preparation. Briefly, mice were sacrificed and spleens removed and immediately placed in
PBS with 5% FBS, ground using the back of a 10 ml syringe and passed through a 70 μm
nylon mesh filter. Cells were spun at for 10-15 min. at 950 rpm in a Beckman-Coulter GH
3.8 rotor and resuspended in PBS with 5% FBS buffer for magnetic purification. Cells were
purified using magnetic negative selection for CD8+ T cells following manufacturer
protocols. T Cells were spun as above at R.T. for 12-15 min. RNA was prepared by adding
no more than 15μl of RNA per transfection to a separate 1.5 ml eppendorf tubes for each
transfection. Amaxa transfection reagents were prepared according to manufacturer
directions. RNA was kept in Eppendorf tubes at room temperature (temperature is critical)
until transfection. Pelleted cells were resuspended in nucleofection solution at 1-3×106 cells/
100 μl/transfection. 100 μl of cells in nucleofection solution was added to the RNA in the
eppendorf tube and rapidly mixed by pipetting. Immediately the cells were transferred to a
cuvette and transfected using program x-01 (mouse T cell). Immediately after transfection,
cells were removed from the cuvette according to manufacturers directions and each
transfection was added to 1 mL supplied media/well in a 48 well plate. When duplicates or
triplicates were done, the transfections were alternated between groups.

IL-15 Stimulation and dexamethasone treatment
At 2-3 hrs post transfection 100μl (1×105 cells) of transfected cells were removed and plated
into a 96 well U-shaped plate or added to 5 ml media in a 6 well plate and where indicated,
recombinant mIL-15 was added to the wells at doses indicated. In some cases transfected
versus control transfected were mixed at time of re-plating. In some cases dexamethasone or
vehicle was added to wells to a final concentration of 10−8 M at time of IL-15 stimulation.
Cells were incubated at 37 °C in 5% CO2 incubator for 4 days. In case of in vivo injection,
rIL-15 was suspended in PBS at 2 μg or 10 μg/100μl and 100μl was injected into mice i.p.

Cell staining, viability, and transfection efficiency
Cells were stained according to directions and antibody concentration given by supplier.
Analysis was performed on a Becton-Dickinson FACScan with CELLQuest software
(Becton Dickinson Immunocytometry Systems, Mountain View, CA).

T cell Stimulation
For CD3 stimulation, 2 × 106 purified CD8+ T cells were added to 1 mL of media in 24 well
plates that were pre-coated for 90 minutes with 5 μg/mL anti-CD3ε antibody. 1 μg/mL anti-
CD28 and 100 U/mL IL-2 were added at time of stimulation. Cells were stimulated for 2
days before flow cytometry analysis. The E7 specific CD8+ T cell line was maintained as
previously described [47]. Irradiated TC-1 cells were prepared as previously described [48].
For E7 specific T cell stimulation, E7 T cells from day 5 after the previous stimulation were
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labeled with CFSE. Cells were transfected as above. Following transfection, cells were
mixed with irradiated TC-1 cells at a ratio of 5:1 and cultured in 96 well plates for 3 days
prior to analysis. High numbers of ex-vivo CD8+ T cells from E7 vaccinated mice were
generated from C57BL/6 mice via a gene gun prime vaccinia boost regimen as has
previously been described [49]. Briefly, mice were vaccinated intradermally via gene gun
with DNA vaccine, Sig/E7/LAMP-1. Mice were boosted one week later with intraperitoneal
injection of SigE7/LAMP-1-expressing vaccinia. 7 days after the last vaccination, CD8+ T
cells were isolated from the spleens of vaccinated mice. Following transfection with RNA,
E7 specific T cells were mixed at a ratio of 5:1 with TC-1 tumor cells transduced with either
empty vector or IL-15/IL-15RA. Cultures were centrifuged briefly and incubated for 4 hours
in the presence of golgi plug. Following incubation, cells were stained for intracellular IFN-
γ as has been previously described [49].

CFSE labeling and adoptive transfers
Splenocytes were labeled with CFSE before magnetic purification as previously described.
[50] Labeled or unlabeled cells were transfected as described above. 3-4 hours after
transfection, media was gently removed from the top of the cells. 1 mL of HBSS was added
to each well and cells were transferred to 15 mL tubes containing 10 mL of HBSS. Cells
were centrifuged at 950 rpm for 15 minutes at 4 °C. Cells were brought to a concentration of
1×106 cells/100μl in HBSS and 100μl/mouse was injected intravenously into tail veins of
recipient mice. In the case where a reference population was used, cells were mixed 1:1 or
1.5:1, depending on the experiment, with the reference population, and brought to a final
concentration of 1×106 cells/100μl before i.v. injection.

Statistical analysis
Statistics were performed in most cases using a one-sided student T test. In some cases
where indicated, a two-sided student T test was used. All p values shown are unadjusted p
values. Statistical significance was determined at α= 0.05 after bonferroni adjustment for the
number of statistical comparisons made.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of RNA nucleofection method used to transfect primary unstimulated
CD8+ T cells
CD8+ T cells were isolated from naïve C57BL/6 mice. 1 × 106 CD8+ cells were transfected
with indicated in vitro transcribed RNA or plasmid. A) Flow cytometry analysis of GFP
expression at 24 h post transfection (with control RNA or GFP RNA) in CD8+ T cells. B)
Histograms of GFP expression at 24 h post transfection in CD8+ T cells transfected with
control RNA and GFP RNA (top panel) and CD8+ T cells transfected with control and GFP
plasmid (bottom panel). C) Mean fluorescent intensity (MFI) of THY1.1 expression at
different time points (mean ± SE) after transfection of CD8+ T cells with different doses of
LUC-THY1.1 RNA. D) Percentage of viable CD8+ T cells at 24 h post transfection with
different doses of IL-15RA RNA. Cell viability was determined with 7-AAD (mean ± SE).
Data shown are of one representative experiment of two performed with transfections in
triplicate.
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Figure 2. Effects of IL-15RA expression on the viability of primary unstimulated CD8+ T cells
CD8+ T cells were isolated from naïve C57BL/6 mice. 1 × 106 cells were transfected with
no RNA, THY1.1 or IL-15RA RNA. A) Representative flow cytometry data demonstrating
7-AAD and annexin V staining of CD8+ T cells prior to culture (left panel) and after 4 days
of culture (right panel) in media alone (mean ± SE of triplicate cultures). B) Representative
flow cytometry data of IL-15RA expression at 24 hours after RNA transfection. C)
Representative flow cytometry data of CD8+ T cell viability following IL-15RA RNA-
transfection or control RNA-transfection. The transfected cells were cultured for 4 days post
transfection in the presence of 5 ng/mL IL-15 and then analyzed by 7-AAD staining. D)
Percentage viability of CD8+ T cells cultured for 4 days post transfection in the presence of
5 ng/mL IL-15 (mean ± SE). The data shown here are representative of three experiments
performed. P values were determined using the student’s t-test and were adjusted for 3
comparisons. E) Percentage viability of transfected CD8+ T cells treated with or without 10
uM dexamethasone in the presence or absence of 5 ng/mL IL-15 (mean ± SE). 16 hours after
treatment with dexamethasone, cells were stained with CD8 and 7-AAD to determine
viability. Data shown are representative of two experiments performed.
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Figure 3. Characterization of the effect of IL15RA expression on STAT5 phosphorylation
CD8+ T cells were isolated from naïve C57BL/6 mice. 1 × 106 cells were transfected with
no RNA, or IL-15RA RNA. 24 hours after transfection, CD8+ T cells were cultured with
increasing doses of IL-15 for 40 minutes. Transfected cells that were not cultured with IL-15
were used as a control. Cells were stained for intracellular phospho-STAT5 and analyzed by
flow cytometry. A) STAT5 phosphorylation in cells transfected with no RNA versus
IL-15RA RNA treated with 0.1 (upper panel) or 1 ng/mL IL-15 (lower panel). B) Mean
fluorescence intensity of phospho-STAT5 in IL15RA RNA or no RNA transfected cells
treated with increasing doses of IL-15. The data represent three experiments performed at
the 1 ng/mL dose with transfections and treatments in duplicate. P value for comparison at 1
ng/mL dose was determined using the student’s t-test.
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Figure 4. Characterization of the presentation of IL-15 by IL-15RA on CD8+ T cells
A)Schematic diagram to demonstrate two possible modes (cis vs. trans) of IL-15
presentation by IL-15RA on CD8+ T cells in the presence of IL-15. B) Percentage of viable
CD8+ T cells transfected with IL-15RA or no RNA (mean ± SE). CD8+ T cells were isolated
from naïve C57BL/6 mice. 1 × 106 cells were transfected with IL-15RA or no RNA. 1 ×105

transfected cells were diluted in 6 well plates to minimize cell-cell contact and cultured ±
IL-15 (5 ng/ml). Four days after transfection, cells were stained with 7-AAD and CD8α and
analyzed by flow cytometry. C & D. Flow cytometry analysis for the viability of CFSE-
labeled and -unlabeled CD8+ T cells. Splenocytes isolated from naïve C57BL/6 mice were
labeled with or without CFSE. 1 × 106 labeled or unlabeled CD8+ T cells were transfected
with either IL-15RA RNA or no RNA. Within 2 hours post transfection, CFSE labeled cells
were mixed with unlabeled cells at a 1:1 ratio. The mixed cells were plated in 96-well U-
shaped plates and centrifuged briefly to enhance cell-cell contact. The mixed cells were
cultured ± IL-15 (0.5 ng/ml). Four days after transfection, cells were stained with 7-AAD
and CD8α and analyzed by flow cytometry. C) Representative flow cytometry data of the
viability of CFSE labeled and unlabeled CD8+ T cells as determined by 7-AAD staining. D)
Percentage of viable CFSE labeled and unlabeled CD8+ T cells at 4 days post transfection
(mean ± SE). Data shown are from one representative experiment of two performed.
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Figure 5. Characterization of the proliferation of adoptively transferred IL-15RA transfected
CD8+ T cells in response to injected recombinant IL-15
Splenocytes isolated from naïve C57BL/6 THY1.1 congenic mice were labeled with CFSE.
CD8+ T cells were transfected with no RNA, 10 μg, or 30 μg IL-15RA RNA. 1 × 106 /
mouse of the transfected cells were transferred i.v. into C57BL/6 THY1.2 mice (2 mice per
group). 24 hours later, mice were injected with indicated doses of IL-15 or PBS. 7 days
later, splenocytes were analyzed by flow cytometry for 7-AAD, CD8α, and THY1.1.
expression. 7-AAD− gated cells and further gated on THY1.1+ and CD8+ (transfected cell
population) and analyzed for CFSE dilution. A) Representative flow cytometry analyses of
CFSE dilution of adoptively transferred IL-15RA transfected CD8+ T cells. The left panel
demonstrates gating of THY1.1+, CD8+ cells. Right 2 panels demonstrate flow cytometry
analyses of CFSE dilution of transferred cells transfected with different amounts of
IL-15RA RNA. Box represents % of transferred cells that had undergone one or more
divisions (means ± SD). B) Bar graph depicting the percentage of transfected cells that had
undergone one or more divisions at day 7 after 10 μg IL-15 treatment at varying doses of
IL-15RA RNA (mean ± SE). C) Bar graph depicting the percentage of cells transfected with
30 μg IL-15RA RNA, which had undergone one or more divisions at day 7 after treatment
with varying doses of IL-15 (mean ± SE). Data shown are from one representative
experiment of two performed. p-values adjusted for 2 comparisons determined by pairwise
student’s t-test.
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Figure 6. Effect of IL-15 + IL-15RA or a chimeric construct linking IL-15 to IL-15RA on
viability and proliferation of transfected CD8+ T cells
Splenocytes isolated from naïve C57BL/6 THY1.1 congenic mice were differentially labeled
with or without CFSE. CD8+ cells were transfected with no RNA, IL-15RA, IL-15, IL-15 +
IL-15RA, or IL-15/IL-15RA RNA. A) Schematic diagram of the chimeric IL-15/IL-15RA
construct composed of IL-2 signal peptide fused to IL-15 and linked to IL-15RA via a 26
a.a. poly-proline linker. B) Representative flow cytometry data demonstrating IL-15RA
(left) and IL-15 (right) surface expression level on CD8+ T cells at 24 hours after
transfection. C) Viability in vitro of transfected CD8+ T cells cultured for 7 days post
transfection in the absence of IL-15 (mean ± SE). Cells were stained with 7-AAD to
determine viability. p-value adjusted for 2 comparisons determined by student’s t-test. D &
E. 5 × 105 (per mouse) of transfected CFSE labeled CD8+ T were mixed with the reference
population and transferred into THY1.2 mice as described in the Materials and Methods. 7
days later, lymph node cells were analyzed by flow cytometry for 7-AAD, CD8α, and
THY1.1 expression. D) Representative flow cytometry data depicting the CFSE dilution of
the 7-AAD− gated THY1.1+CD8+ T cells. Numbers represent %-transfected cells of the
total transferred cells (mean ± SD). The middle box represents the population of cells that
had undergone proliferation. E) Bar graph depicting the percentage of RNA transfected cells
that had undergone at least one cell division, 7 days after transfer (mean ± SE). F)
Representative flow cytometry data of CFSE dilution of gated THY1.1+CD8+ T cells (top
panels) and percentage of CFSE labeled or unlabeled cells of the total gated THY1.1+CD8+

T transferred cells at 7 days after transfer (bottom graphs) (mean ± SE). 5 × 105 (per mouse)
of untransfected CFSE labeled cells were mixed with CFSE unlabeled IL-15/IL-15RA
transfected cells at a 1:1 ratio or CFSE labeling was swapped between the untransfected
cells and the IL-15/IL-15RA transfected cells. Mixed cells were transferred i.v. into C57BL/
6 THY1.2 mice (2 mice per group). 7 days later, splenocytes were analyzed by flow
cytometry. Numbers represent % of total gated THY1.1+CD8+ T cells (transferred cells).
The data shown here are representative of two experiments performed. p-values were
determined by student’s t-test.
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Figure 7. Characterization of the proliferation and IFN-γ production of IL-15/IL-15RA
transfected E7 tumor antigen specific CD8+ T cells in the presence or absence of TC-1 tumors
A&B) CFSE labeled T cells from an E7 specific T cell line were transfected with indicated
RNA followed by stimulation with irradiated TC-1 tumor cells (5:1 T cell: tumor cell). 3
days later, cells were analyzed by flow cytometry for proliferation by CFSE dilution. A.
Flow cytometry data representing CFSE dilution of no RNA or IL-15/IL-15RA RNA
transfected E7 specific T cells in the presence or absence of TC-1 stimulation. Numbers
represent % of CD8+ T cells that had undergone at least on CFSE dilution (mean ± SD). B.
Percentage of E7-specific T cells that had undergone at least one CFSE dilution 3 days after
transfection with no RNA or IL-15/IL-15RA RNA and culture ± TC-1 (mean ± SE). C-E)
CD8+ T cells were isolated from mice vaccinated with E7 antigen as described in the
Materials and Methods. 1 × 106 cells were transfected with control RNA or IL-15/IL-15RA
RNA, cultured for 4 hours at a ratio of 5:1 with TC-1 tumor cells transduced with IL-15/
IL-15RA or empty vector and analyzed by flow cytometry. C. Representative flow
cytometry data demonstrating gating of intracellular IFN-γ+ cells in control RNA transfected
CD8+ T cells either unstimulated or stimulated with empty vector or IL-15/IL-15RA
transduced TC-1 tumor cells. D. MFI (mean ±SE) of IFN-γ staining in IFN-γ+ gated control
RNA transfected CD8+ cells stimulated with empty vector or IL-15/IL-15RA transduced
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TC-1 tumor cells. E. MFI (mean ±SE) of IFN-γ staining in empty vector transduced TC-1
stimulated and IFN-γ+ gated CD8+ T cells transfected with control RNA or IL-15/IL-15RA
RNA. The data shown here are representative of two experiments performed with
transfections and stimulations performed in triplicate. p-values determined by student’s t-
test.
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