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Long-term treatment of mouse cancer cells with interferon-α (IFN-α) converts parental B16 melanoma cells to 
B16α vaccine cells. Inoculation of syngeneic mice with UV-irradiated B16α vaccine cells triggers immunity to the 
parental B16 tumor that is mediated by host macrophages, T cells, and NK cells. Lymph node cells from mice 
inoculated with irradiated B16α vaccine cells, but not with irradiated parental cells, proliferate when cultured 
in vitro, suggesting long-term in vivo activation of lymphoid cells. Both IL-15 mRNA and IL-15 protein are highly 
induced in B16α vaccine cells. The bulk of the induced IL-15 is shown to be cell-associated, either cytoplasmic 
or membranous. The current study investigated the feasibility of applying the B16α vaccination protocol to 
generate a cancer vaccine against murine RM-1 prostate carcinoma. In comparison to B16α vaccine cells, long-
term IFN-α–treated RM-1 cells (RM-1α vaccine cells) showed signifi cant IL-15 mRNA induction but relatively 
low IL-15 protein up-regulation. When UV-irradiated, a 3-fold increase in intracellular IL-15 was observed in 
RM-1α vaccine cells, suggesting UV damage may have negated a possible control mechanism for IL-15 synthe-
sis. Effi cacy of in vivo vaccination of syngeneic mice with UV-irradiated RM-1α and B16α vaccine cells showed 
correlation between high IL-15 level and high vaccine effi cacy in B16α cells compared to low IL-15 level and low 
vaccine effi cacy in RM-1α cells. This supports the concept that the induction of IL-15 in tumor cells can be useful 
for creating whole-cell cancer vaccines.

Introduction

Cancer is a major cause of morbidity and mortality 
around the world. Despite the best treatment regimens 

of surgery, radiation therapy, chemotherapy, and biological 
therapy, ~50% of all cancer patients will die of their dis-
ease. Clearly, new therapeutic approaches are needed. One 
promising new area involves inoculation with killed, whole 
tumor cells as vaccines. Working with murine B16 melanoma 
as a tumor model for human cancers, we have shown that 
parental cancer cells induced to express intracellular inter-
leukin-15 (IL-15) by long-term (2 weeks) in vitro IFN-α treat-
ment can become potent vaccine cells (B16α cells) (Wu and 
Fleischmann 1998; Wu and Fleischmann 2001; Fleischmann 
and Wu 2004; Fleischmann and Wu 2005; Wu and others 

2007). When lethally irradiated and inoculated into mice, 
IL-15-containing vaccine cells activate the host immune 
system to develop tumor immunity. The tumor immunity 
protects mice from challenge with parental tumor, protects 
mice from metastases, and even cures mice with preexist-
ing parental tumors. The development of tumor immunity 
in response to B16α vaccination is dependent upon the 
function of CD8+ T cells, NK cells, IL-12, and, particularly, 
CD4+ T cells (Wu and Fleischmann 2001). Lymph node cells 
harvested from mice inoculated with the vaccine cells spon-
taneously proliferate when established in tissue culture as 
long as 5 weeks after the last vaccine inoculation (Wu and 
others 2007), suggesting that vaccinations with the vaccine 
cells trigger a potent and long-lasting stimulation of T cells.
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its similar level of biological activity on cells from a variety 
of different animal species (Kramer and others 1983). Stock 
IFN-α preparations (106 units/mL) contained no detectable 
endotoxin by Limulus amebocyte lysate test (<0.5 ng/mL of 
endotoxin; Sigma Diagnostics, St. Louis, MO).

IFN-α titers were determined by plaque reduction assay 
in microtiter plates (Campbell and others 1975) in compar-
ison with the mouse IFN-α/β international reference stan-
dard Gu02-901-511 and were expressed as International 
Reference Units/mL (IU/mL).

Real-time reverse transcriptase-polymerase 
chain reaction

Induction of IL-15 mRNA was quantifi ed by two-step 
real-time reverse transcriptase-polymerase chain reaction 
(real-time RT-PCR). Cells were grown for various durations 
on 100-mm tissue culture dishes in growth media with or 
without 3,000 IU/mL IFN-α treatment. Three days after 
the last passage, the cells were given fresh media with or 
without IFN-α treatment. At 24 h after the last fl uid change, 
total RNA was isolated from sets of cells with the RNeasy 
kit (Qiagen, Valencia, CA) according to the manufacturer’s 
protocol and quantifi ed by spectrophotometry using the 
BioMate 3 spectrophotometer (Thermo Electron, Waltham, 
MA). Equal quantities of mRNA (2 μg) were added to each 
RT-PCR. Random hexamer-primed reverse transcription 
with TaqMan® Reverse Transcription Reagents (Applied 
Biosystems, Foster City, CA) was performed at 25°C for 10 min 
followed by 48°C for 30 min and 95°C for 5 min. Quantitative 
PCR was performed with 1/10th of the RT product for pros-
tate cancer samples. For melanoma samples, quantitative 
PCR was performed with 1/5th of the RT product in order to 
obtain consistent amplifi cations in the parental samples that 
carried very low background levels of IL-15 mRNA (Wu and 
others 2007). The PCR primer set used included the sequences 
5′-GAAACAGTAAGAAACGTGCTCTACCTT-3′ for for-
ward priming and 5′-TCACATTCCTTGCAGCCAGAT-3′ 
for reverse priming and was purchased from BioSynthesis 
(Lewisville, TX) (Wu and others 2007). The primers were 
designed to span exon–exon junctions in order to avoid 
detecting genomic DNA. The TaqMan® MGB probe had 
the sequence 5′-CACTCTGTCTTCTAACAAG-3′ and was 
labeled with 6FAM™ (Applied Biosystems) (Wu and oth-
ers 2007). All primers and probe sequences were searched 
against the Celera database to confi rm specifi city. The PCR 
reactions were performed with Ampli Taq Gold (Applied 
Biosystems) under the following cycling conditions on an 
iCycler with Real-Time PCR Detection System (Bio-Rad 
Laboratories, Hercules, CA): 1 cycle at 50°C for 2 min and 
95°C for 10 min; 45 cycles at 95°C for 15 sec and 60°C for 1 
min (Wu and others 2007).

For quantifi cation, the comparative cycle threshold (Ct) 
method was used (Livak and Schmittgen 2001). The amount 
of target was obtained by normalizing to an endogenous 
reference, murine glyceraldehyde-3-phosphate dehydro-
genase (Applied Biosystems), and calibrated against unin-
duced parental tumor cells as fold increase in expression. 
When visualized on 2% agarose gel with ethidium bromide 
staining, the relative intensities of PCR products amplifi ed 
by real-time RT-PCR matched the relative levels of mRNA 
expression calculated by the comparative Ct method (Wu 
and others 2007).

While sharing some characteristics with IL-2 (Grabstein 
and others 1994), IL-15 is thought to be essential for NK and 
T-cell development (Dubois and others 2008) and is known 
to increase the antitumor activity of tumor-specifi c T cells 
(Klebanoff and others 2004). IL-15 is unique in its ability to 
promote proliferation, long-term survival, and activation 
of CD8+ memory T cells (Berand and others 1994). In addi-
tion, IL-15 is also a T-cell chemoattractant (Wilkinson and 
Liew 1995), so it plays multiple roles in T-cell activation and 
survival. Unlike IL-2, whose production is restricted to T 
lymphocytes, IL-15 mRNA is constitutively expressed in a 
variety of tissues including macrophages, monocytes, epi-
thelial cells, fi broblasts, heart, lung, liver, kidney, placenta, 
and skeletal muscle (Grabstein and others 1994; Bamford 
and others 1996). However, it has been diffi cult to demon-
strate IL-15 in the lysates or supernatants of many cells that 
express such mRNA (Grabstein and others 1994; Bamford 
and others 1996). As previously reported, IL-15 transcrip-
tion and translation are signifi cantly enhanced in IFN-α–
treated B16α vaccine cells when compared to the untreated 
parental cells (Wu and others 2007). Induced IL-15 protein 
accumulates mostly inside the cytoplasm and, to some 
extent, on the cell membrane, but no secretory IL-15 is 
detectable in the tissue culture fl uid of B16α cells (Wu and 
others 2007).

In this study, the relative IL-15 induction levels and vac-
cine effi cacies for IFN-α–treated murine B16α melanoma 
and RM-1α prostate cancer vaccines are evaluated and 
compared.

Materials and Methods

Tumor cells

Murine B16-F1 melanoma cells (B16 cells, C57Bl/6 back-
ground) (Fidler 1973) were grown in plastic tissue culture 
dishes (Corning, Corning, NY) in a growth medium con-
sisting of Eagle’s Minimal Essential Medium (MEM, Earle’s 
base; Gibco, Grand Island, NY) supplemented with 10% fetal 
bovine serum (FBS; HyClone, Logan, UT), 100 units/mL 
penicillin (Gibco), 100 μg/mL streptomycin (Gibco), and 11 
μg/mL gentamicin (Sigma-Aldrich, St. Louis, MO). Murine 
RM-1 prostate carcinoma cells (C57Bl/6 background) (Baley 
and others 1995) were maintained in DMEM (Gibco) supple-
mented with 10% FBS, 10 mM HEPE (Gibco), and the antibi-
otics mentioned earlier. The cells were grown in an incubator 
(National Appliances Company, Winchester, VA) at 37°C in 
a humidifi ed atmosphere containing 5% CO2 and were rou-
tinely passaged every 3–4 days.

For passaging cells, parental cells and IFN-α–treated 
vaccine cells were released from plastic culture dishes with 
trypsin (0.25%)–EDTA (1 mM) solution (Gibco) for 5 min. The 
cells were pelleted in a clinical centrifuge (Fisher Scientifi c, 
Hampton, NH), washed with 10 mL growth medium, and 
resuspended to the desired concentration in growth medium 
with or without IFN-α.

Interferon

The IFN-α employed in this study was recombinant 
DNA-derived HuIFN-αA/D and was obtained from PBL 
Biomedical Laboratories (rHuIFN-αA/D; Piscataway, NJ). 
rHuIFN-αA/D is called “universal interferon” because of 
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was used. Equal numbers of untreated parental cells and 
IFN-treated α-cells were seeded in duplicate into 96-well 
microtiter plates suitable for cell adherence (Falcon). Since 
RM-1 cells detached easily from the microtiter plates, the 
plates were washed 2 times with PBS after removal of cul-
ture media followed by a 30-min heat fi xing at 80°C. The 
plates were then incubated with biotin-conjugated anti-IL-15 
detection antibody (400 ng/mL) at room temperature for 2 h. 
Serial dilutions of recombinant IL-15 were assayed simulta-
neously on plates with capturing antibodies. The whole-cell 
ELISA plates were washed 3 times again with PBS followed 
by a 20-min incubation in the dark at room temperature 
with streptavidin–horseradish peroxidase. The plates were 
washed 3 more times followed by a 20-min incubation in the 
dark at room temperature with the substrate solution. The 
reactions were stopped and analyzed as described earlier. 
Since the whole-cell assay did not involve the use of cap-
turing antibodies as the sandwich assay did for the detec-
tion of IL-15 standards and harvested IL-15 from cell lysates 
and culture supernatants, relative comparisons of IL-15 
surface expression in fold enhancement instead of absolute 
titers were inferred from the standard curve (Wu and others 
2007).

Confocal fl uorescence microscopy

Cells were set (105.0 to 105.7 cells/well) in Lab-tek CCG 
8-well cell culture plates (Fisher) in growth medium plus or 
minus IFN-α. After 24 h of incubation, the cells were fi xed by 
adding 0.3 mL/well of 2% paraformaldehyde (Nichols and 
others 2001). Following a 30-min incubation on ice, the form-
aldehyde was decanted. The cells were permeabilized by 
adding 0.3 mL/well of 0.1% Triton X-100. Following a 15-min 
incubation on ice, the Triton X-100 was decanted. The cells 
were washed once with room temperature PBS and once 
with PBS at 4°C. To block nonspecifi c binding of antibod-
ies, the cells were incubated for 10 min on ice with 0.4 mL/
well of 5% bovine serum albumin in PBS (BSA/PBS). After 
decanting the BSA/PBS, the cells were overlaid with 0.3 mL/
well PBS/BSA and 0.3 mL/well of 2.5 μg/mL polyclonal rab-
bit anti-mouse IL-15 antibody (primary antibody; eBiosci-
ence, San Diego, CA) and incubated for 30 min on ice. The 
fl uid was decanted and the cells were washed 3 times with 
PBS at 4°C. After decanting the PBS, the cells were overlaid 
with 0.3 mL/well BSA/PBS and 0.3 mL/well of 10 μg/mL 
goat [F(ab′)2] anti-rabbit IgG secondary antibody conjugated 
with FITC (fl uorescein isothiocyanate; Pierce, Rockford, IL) 
and incubated for 30 min on ice. After decanting the fl uid, 
the cells were washed 3 times with PBS at 4°C. The cell nuclei 
were stained on ice with 0.3 mL/well of 0.1 μg/mL DAPI 
(Molecular Probes, Eugene, OR) for 5 min. The cells were 
washed 3 times with PBS at 4°C. The cells were observed 
using a confocal microscope (Zeiss LSM 510 UV META laser 
scanning confocal microscope; Zeiss, Thornwood, NY).

UV inactivation of long-term IFN-treated RM-1α and 
B16α vaccine cells

RM-1 prostate cancer cells and B16 melanoma cells were 
grown in growth media with or without 3,000 IU/mL IFN-α 
treatment for 16 days. Three days after the last passage, cells 
were given fresh media with or without 3,000 IU/mL IFN-α 
treatment. One day after the last fl uid change, parental 

IL-15 enzyme-linked immunosorbent assays (ELISAs)

IL-15 protein levels in melanoma and prostate cancer cells 
were determined as released IL-15, as cytoplasmic IL-15, and 
as cell membrane-bound IL-15. Cells were grown for vari-
ous durations in growth media with or without 3,000 IU/mL 
IFN-α treatment. Three days after the last passage, the cells 
were given fresh media with or without 3,000 IU/mL IFN-α 
treatment. IL-15 determinations were made at 48 h after the 
last fl uid change.

To determine secretory IL-15, supernatant fl uids from 
cells grown on 100-mm tissue culture dishes were har-
vested, centrifuged to remove any fl oating cells, and con-
centrated 30-fold from 15 mL to 0.5 mL (Amicon Ultra 
Centrifugal Filter Devices; Millipore, Bedford, MA) (Wu 
and others 2007). The number of cells in each Petri dish was 
determined by enumeration. The levels of IL-15 in the sam-
ples were determined using a DuoSet Mouse IL-15 ELISA 
Development System (R & D Systems, Minneapolis, MN). 
ELISA plates (Falcon, Lincoln Park, NJ) were pre-absorbed 
with IL-15 capturing antibodies (4.0 μg/mL) overnight at 
room temperature. The plates were washed 3 times with PBS 
containing 0.05% Tween 20 and blocked with PBS contain-
ing 1% bovine serum albumin for 1 h at room temperature. 
Samples and serial dilutions of the recombinant DNA-
derived IL-15, included in the ELISA kit for generation of a 
standard curve, were applied to the plates in duplicate (100 
μL/well). Following a 2-h incubation at room temperature, 
the plates were washed 3 times followed by a 2-h incuba-
tion at room temperature with biotin-conjugated anti-IL-15 
detection antibody (400 ng/mL). The plates were washed 
3 times again and incubated in the dark at room tempera-
ture for 20 min with streptavidin–horseradish peroxidase. 
The plates were washed 3 more times, followed by a 20-min 
incubation in the dark at room temperature with tetrameth-
ylbenzidine substrate mixture. The reaction was stopped by 
adding 2 N H2SO4. The absorbance was measured at 450 nm 
with a reference wavelength of 595 nm using an ELISA plate 
reader (Bio-Rad Laboratories, Hercules, CA). According to 
the linear range of the standard curve constructed, the sen-
sitivity of the assay was estimated to be 6.25 pg. Results were 
expressed as picograms of IL-15 per 106 cells by comparison 
of the data from samples with the standard curve (Wu and 
others 2007).

For determining cytoplasmic IL-15, cell monolayers 
grown on 100-mm tissue culture dishes were washed 3 times 
with Hanks basal salt solution (HBSS; Gibco). The cells were 
removed from the Petri dishes with trypsin–EDTA solution, 
spun down in a clinical centrifuge, and resuspended in 10 
mL of HBSS. The number of cells in each tissue culture dish 
was determined by enumeration. The cells were pelleted 
again and resuspended in 0.5 mL of lysis buffer containing 
50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.1% NP-40, 1 mM 
PMSF (Sigma), and 0.2 U/mL aprotinin (Sigma) (Sugiura and 
others 2002; Wu and others 2007). The cell suspensions were 
sonicated at 2 W for 30 s in an icy water bath using a sonic dis-
membrator (Fisher Scientifi c). The lysates were centrifuged 
at 5,000g to remove cellular fragments before use in ELISA 
(Sugiura and others 2002; Wu and others 2007). Results were 
expressed as picograms of IL-15 per 106 cells by comparison 
of the data from samples with the standard curve.

To determine cell membrane-associated IL-15, a modifi ca-
tion of the Duoset Mouse IL-15 ELISA Development System 
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were treated in vitro with 3,000 U/mL IFN-αA/D for 24 h 
and 15 days to generate RM-1α 24 h cells and RM-1α vaccine 
cells, respectively. Simultaneously, B16α 24 h cells and B16α 
vaccine cells were generated the same way for comparison. 
RM-1 and B16 parental cells that had been identically treated 
(except for not being exposed to IFN-α) were employed as 
controls.

Figure 1 shows that 24 h after in vitro IFN treatment, 
IL-15 mRNA increased about 76-fold in B16α 24 h cells but 
only 19-fold in RM-1α 24 h cells in comparison to parental 
controls. When a 15-day treatment schedule was employed, 
IL-15 mRNA increased about 750-fold in B16α vaccine cells 
but only 35-fold in RM-1α vaccine cells. These data suggest 
that IFN-α up-regulated IL-15 gene transcription in both cell 
lines as early as 24 h after the introduction of IFN, with a sig-
nifi cantly lower level of activation in RM-1α 24 h cells. IL-15 
mRNA induction in long-term IFN-treated B16α vaccine 
cells was about 10-fold stronger than in short-term treated 
B16α 24 h cells. However, a marginal increase (1.8-fold) was 

cell and vaccine cell monolayers in the culture media were 
lethally UV-irradiated or left alone without UV treatment 
and harvested as described below. UV-irradiated cells were 
exposed to a 15-W ultraviolet-light (UV-light) source deliver-
ing 4 erg × s−1 × m−2 for 25 min at a distance of 26 cm. Another 
24 h later, the remaining cell monolayers were washed 3 
times, detached from tissue culture plates by trypsin–EDTA 
solution, pelleted by centrifugation, resuspended, enumer-
ated, pelleted by centrifugation, resuspended (fi nal volume 
= 0.5 mL), and sonicated. The sonicates were assayed for the 
presence of IL-15 by ELISA.

In vivo RM-1α prostate cancer vaccine model

Parental RM-1 cells were treated for 2 weeks or more with 
300 units/mL or 3,000 units/mL of IFN-α to create RM-1α 
cancer vaccine cells. Three days after the last passage, the 
cells were given a fi nal fl uid change. One day later, RM-1α 
vaccine cell or RM-1 parental cell monolayers were exposed 
to a 15-W ultraviolet-light (UV-light) source as described ear-
lier. The UV-light-irradiated cells were washed 3 times with 
HBSS and removed from the plastic culture dishes with a 
5-min, 37°C treatment with trypsin–EDTA solution (Gibco). 
The cells were washed 1 more time in HBSS by pelleting 
and resuspension. The fi nal cell suspension was counted 
and adjusted to 107 cells/mL with HBSS. A volume of 0.1 mL 
was inoculated intraperitoneally (total inoculum = 106 cells) 
once a week for a total of 6 weeks.

For live tumor challenge, RM-1 parental cell monolayers 
were detached by incubation with trypsin–EDTA solution, 
washed once with fresh culture medium, centrifuged, and 
resuspended in fresh culture medium. Immediately after 
the last vaccination, mice were inoculated i.p. into the right 
mid-abdominal region with a RM-1 inoculum of 105 live cells 
in 0.1 mL.

Statistics

Data were evaluated by Student’s t-test and ANOVA 
using StatView (Abacus Concepts, Berkeley, CA) and by 
Fisher’s exact test.

Results

In vitro IL-15 mRNA expression in B16α and 
RM-1α cells

The method for the creation of effi cacious tumor vac-
cines involves the treatment of tumor cells for ≥2 weeks 
with rHuIFN-αA/D, a recombinant DNA-derived univer-
sal interferon. The long-term in vitro interferon treatment 
causes B16 tumor cells to become B16α vaccine cells (Wu 
and Fleischmann 1998; Wu and Fleischmann 2001; Wu 
and others 2007). As previously reported, 3,000 U/mL IFN-
αA/D is the optimal dosage for generating B16α vaccine 
cells (Wu and Fleischmann 1998). Since long-term in vitro 
IFN-α treatment induces substantial levels of IL-15 mRNA 
and cell-associated IL-15 protein in B16α cells, IFN-induced 
IL-15 was hypothesized to play a major role in antitumor 
immunity (Wu and others 2007). Thus, vaccine cells created 
for other tumor types such as RM-1 murine prostate can-
cer cells would be expected to express cell-associated IL-15. 
To test IL-15 induction in RM-1α cells, RM-1 parental cells 
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FIG. 1. Induction of interleukin-15 (IL-15) mRNA by 
interferon-α (IFN-α) treatment of B16α cells and RM-1α cells. 
Monolayers of B16α and RM-1α cells were grown in medium 
containing 3,000 units/mL of IFN-α for 1 day or for 15 days. 
Control monolayers of B16 parental cells were given me-
dium alone without IFN treatment. At 1 day after providing 
fresh medium with or without IFN-α, the cells were lysed 
and the RNA harvested was subjected to real-time RT-PCR. 
The levels of IL-15 mRNA and GAPDH mRNA were deter-
mined. After adjusting for the levels of GAPDH mRNA in 
each of the preparations, the level of IL-15 mRNA in parental 
cells grown in medium alone was set at 1 and the level of 
IL-15 mRNA in IFN-treated cells was expressed as fold en-
hancement. The data are expressed as fold enhancement 
(mean ± SE) in IL-15 mRNA level versus days of IFN treat-
ment. Student’s t-test analysis: day 1 B16 parental cells versus 
day 1 B16α cells: P < 0.0001; day 1 RM-1 parental cells versus 
day 1 RM-1α cells: P < 0.0001; day 15 B16 parental versus day 
15 B16α cells: P < 0.0001; day 15 RM-1 parental cells versus 
day 15 RM-1α cells: P < 0.0001; day 1 B16α cells versus day 15 
B16α cells: P < 0.0001; day 1 RM-1α cells versus day 15 RM-1α 
cells: P < 0.0018.
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treated with IFN for 48 h contained measurable amounts 
of IL-15, about 23 pg/million cells on average, representing 
no signifi cant increase in IL-15 expression over the parental 
controls (20 pg/million cells). Lysates from B16α cells treated 
with IFN for 2 weeks contained about 157 pg/million cells at 
48 h after addition of fresh media with IFN-α, correspond-
ing to a substantial 6.8-fold increase in IL-15 expression over 
the parental controls (23 pg/million cells). Contrarily, lysates 
from either parental RM-1 or RM-1α cells treated with IFN 
for only 48 h contained baseline levels of IL-15, also resulting 
in no  signifi cant increase over the parental controls. RM-1α 
vaccine cells treated with IFN for 15 days contained a low 
but measurable amount of 6.8 pg/million cells, correspond-
ing to a 3.2-fold increase in IL-15 induction from the RM-1 
parental cells, which contained a background level of 2.1 pg/
million cells.

Secretory IL-15 in B16α and RM-1α cells

To determine the amount of secretory IL-15, superna-
tant fl uids from the cell monolayers described earlier were 
harvested 48 h after the last medium change, concentrated 
30-folds, and assayed for the presence of IL-15 by ELISA. 
IL-15 levels for both IFN-treated cells and parental cells were 
below the detection limit of the ELISA (6.25 pg) (data not 
shown). Thus, neither supernatant fl uids from short-term 
and long-term treated RM-1α and B16α cells nor supernatant 
fl uids from RM-1 and B16 parental cells contained a detect-
able level of IL-15.

Membrane-associated IL-15 in B16α and RM-1α 
vaccine cells

IL-15 naturally produced (Musso and others 1999) or syn-
thesized in cells transfected with the gene for IL-15 (Budagian 
and others 2004) has been reported to be membrane-associ-
ated. Thus, it was important to determine whether our vac-
cine cells expressed IL-15 on their membrane surface. To test 
this possibility, RM-1α and B16α cells that had been main-
tained for 15 days in 3,000 units/mL of IFN-α were assayed 
for the presence of membrane-bound IL-15 at 48 h after addi-
tion of fresh media containing IFN-α. B16 and RM-1 cells that 
had been identically treated (except for not being exposed to 
IFN-α) were employed as a control.

There were detectable amounts of IL-15 on the cell sur-
faces of B16α vaccine cells and B16 parental cells. Figure 3 
shows the summated results of 4 experiments with essen-
tially identical results. To obtain a relative quantifi cation, the 
data are expressed as percent of parental cell control. At 48 
h after fresh IFN-α treatment, B16α vaccine cells expressed 
1.6-fold more membrane-bound IL-15 than B16 parental cells. 
However, there was no signifi cant increase in membrane-
associated IL-15 on the cell surfaces of RM-1α vaccine cells.

Intracellular distribution of IL-15 in B16α and RM-1α 
vaccine cells

The intracellular distribution of IL-15 was monitored in 
long-term IFN-treated vaccine cells and in parental cells by 
confocal fl uorescence microscopy. Slides containing the vac-
cine cells and the parental cells were fi xed, permeabilized, 
reacted or not reacted with primary antibody to IL-15, and 
stained with secondary antibody conjugated to fl uorescein.

seen for long-term IFN-treated RM-1α vaccine cells over 
short-term treated RM-1α 24 h cells.

Cytoplasmic IL-15 in B16α and RM-1α cells

Since up-regulation of IL-15 mRNA does not necessarily 
correspond to successful translation of the protein, cellular 
IL-15 was analyzed in 3 different ways by ELISA. It was pos-
sible that IL-15 protein was induced and could be detected 
in the cytoplasm of the vaccine cells. To test this possibility, 
RM-1α and B16α cells that had been maintained for 48 h or 15 
days in 3,000 units/mL of IFN-α were harvested and counted 
48 h after addition of fresh medium containing IFN-α. B16 
and RM-1 cells that had been identically treated (except for 
not being exposed to IFN-α) were employed as a control. Cell 
lysates were tested by ELISA for the presence of IL-15.

Figure 2 shows the summated results of 2 experiments 
with essentially identical results. The data are expressed 
as IL-15 in picograms per 106 cells. Lysates from B16α cells 
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FIG. 2. Induction of intracellular interleukin-15 (IL-15) in 
interferon-α (IFN-α)–treated B16α cells and RM-1α cells. 
Monolayers of B16α and RM-1α cells were grown in medium 
containing 3,000 units/mL of IFN-α for 2 days or for 15 days. 
Control monolayers of parental cells were given medium 
alone without IFN treatment. At 2 days after providing fresh 
medium with or without IFN-α, the cells were harvested. 
The supernatant fl uids were decanted, spun to remove fl oat-
ing cells, concentrated 30-fold (fi nal volume = 0.5 mL), and 
assayed for the presence of IL-15 by ELISA. The cells were 
harvested for sonication, and the sonicates were assayed 
for the presence of IL-15 by ELISA. Standard curves of IL-15 
were run concomitantly with the samples. The ELISA had 
a sensitivity of 6.25 pg. The data are expressed as IL-15 in 
picograms per 106 cells (mean ± SE) versus days of IFN 
treatment. ANOVA analysis for intracellular IL-15: day 2 B16 
parental cells versus day 2 B16α cells: P = NS; day 2 RM-1 
parental cells versus day 2 RM-1α cells: P = NS; day 16 B16 
parental cells versus day 16 B16α cells: P < 0.0001; day 16 
RM-1 parental cells versus day 16 RM-1α cells: P < 0.0001; 
day 2 B16α cells versus day 16 B16α cells: P < 0.0001; day 2 
RM-1α cells versus day 16 RM-1α cells: P < 0.0001.

02-JIR-2008_0073.indd   723 10/22/2009   5:29:10 PM



WU ET AL.724

Thus, consistent with the ELISA data, IL-15 protein was 
present at higher levels in B16α vaccine cells than in RM-1α 
vaccine cells and was evenly distributed throughout the 
cytoplasm of both vaccine cell types.

The effect of lethal UV irradiation on cytoplasmic 
expression of IL-15 in RM-1α vaccine cells

While there was a signifi cant induction of IL-15 mRNA 
in RM-1α vaccine cells, relatively little IL-15 protein was 
detected by ELISA or by confocal microscopy. It was hypoth-
esized that IL-15 synthesis in RM-1α vaccine cells was more 
vigorously regulated post-transcriptionally than in B16α 
vaccine cells. It should be noted that these RM-1α vaccine 
cells used in the in vitro assays described earlier were not 
lethally irradiated as was the vaccine inocula given to mice. 
It might be anticipated that lethal irradiation of RM-1α vac-
cine cells would prevent the activation of the putative trans-
lational regulatory mechanism and would enhance the level 
of translation of IL-15. To test this possibility, RM-1α vaccine 

Figure 4 shows representative areas of slides of the vac-
cine cells and the parental cells from 1 of 2 essentially iden-
tical experiments. As previously reported, IL-15-specifi c 
fl uorescence in B16 parental cells (Fig. 4A) was very low and 
very similar to background fl uorescence (negative control 
without primary antibody, data not shown), indicating that 
most of the fl uorescence observed with the B16 parental cells 
was nonspecifi c. IL-15-specifi c fl uorescence in B16α vaccine 
cells (Fig. 4B) was substantially higher than background 
fl uorescence and IL-15-specifi c fl uorescence in B16 parental 
cells (Fig. 4A). In B16α vaccine cells, punctate fl uorescence 
was observed in both the nucleus (as light blue color) and 
cytoplasm. Within the nucleus, the fl uorescence intensity 
was quite variable from cell to cell.

Results obtained from RM-1α vaccine cells were con-
siderably different from those obtained from B16α vaccine 
cells. IL-15-specifi c fl uorescence in RM-1 parental cells (Fig. 
4C) was, in parallel to B16 parental cells, very low and sim-
ilar to background fl uorescence. IL-15-specifi c fl uorescence 
in RM-1α cells (Fig. 4D), however, showed only a modest 
increase relative to background fl uorescence and IL-15-
specifi c fl uorescence in RM-1 parental cells. Again, IL-15-
specifi c fl uorescence in RM-1α cells was distributed in the 
nucleus as well as in the cytoplasm. When present, nuclear 
fl uorescence consisted of blue punctate bodies. Overall, IL-15 
fl uorescence in RM-1α cells was considerably less intense 
than in B16α cells.
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FIG. 3. Induction of membrane-associated interleukin-15 
(IL-15) in interferon-α (IFN-α)–treated B16α cells and RM-1α 
cells. Monolayers of B16α and RM-1α cells were grown in 
medium containing 3,000 units/mL of IFN-α for 15 days. 
Control monolayers of parental cells were given medium 
alone without IFN treatment. At 2 days after providing 
fresh medium with or without IFN-α, the cell monolayers 
were assayed for membrane-bound IL-15 using a whole-cell 
ELISA. Standard curves of IL-15 were run concomitantly 
with the samples. The data are expressed as IL-15 fold en-
hancement (mean ± SE) versus days of IFN treatment. 
ANOVA analysis for membrane-associated IL-15: day 16 B16 
parental versus day 16 B16α cells: P < 0.0001; day 16 RM-1 
parental cells versus day 16 RM-1α cells: P = NS.

A B

C D

FIG. 4. Subcellular distribution of interleukin-15 (IL-15) 
protein in B16α and RM-1α cells. Parental cells and inter-
feron (IFN)-treated α-cells were cultured in the absence or 
presence of 3,000 IU/mL of IFN-α for 2 weeks, respectively. 
The cells were fi xed, permeabilized, and incubated with or 
without (data not shown) primary antibody to IL-15 and 
subsequently incubated with secondary antibody to IgG 
conjugated with fl uorescein isothiocyanate (green fl uores-
cence). Nuclei were stained with DAPI (blue fl uorescence). 
Fluorescence was visualized with a Zeiss LSM510 UV META 
confocal microscope. The illustrations represent overlays of 
the blue and green fl uorescence images. All images have the 
same magnifi cation with the scale. (A) B16 parental cells in-
cubated with primary antibody to IL-15. (B) B16α cells in-
cubated with primary antibody to IL-15. (C) RM-1 parental 
cells incubated with primary antibody to IL-15. (D) RM-1α 
vaccine cells incubated with primary antibody to IL-15.

02-JIR-2008_0073.indd   724 10/22/2009   5:29:11 PM



IL-15 EXPRESSION IN B16𝛂 AND RM-1𝛂 VACCINE CELLS 725

to the vaccine’s antitumor effi cacy. To address this question, 
RM-1 prostate cancer cells were evaluated in comparison to 
B16 melanoma cells.

Interestingly, there are fundamental differences between 
B16 melanoma and RM-1 prostate cancer in IL-15 synthe-
sis and regulation. At the mRNA level, both B16 and RM-1 

cells and B16α vaccine cells were UV-irradiated 24 h after 
addition of fresh media containing IFN-α (as prepared for 
in vivo vaccine studies) and harvested 24 h after UV irra-
diation for ELISA. Parental cells were included as controls 
and assayed in the same manner as the RM-1α vaccine cells. 
Non-irradiated cells of both types were also harvested for 
comparisons.

Figure 5 shows the relative effects of UV irradiation on 
RM-1α cells as compared to B16α cells. For direct compara-
tive purposes, the data are plotted as fold increase relative to 
the time 0 parental cells. The data show that UV-irradiated 
RM-1α cells that would otherwise have limited IL-15 trans-
lation without UV irradiation (7 pg/million cells) exhibited 
a further 2.7-fold enhancement in IL-15 translation with UV 
irradiation (19 pg/million cells). In contrast, the UV-irradiated 
B16α cells that would otherwise have robust IL-15 translation 
without UV irradiation failed to show a signifi cant enhance-
ment in IL-15 translation with UV irradiation.

Vaccination efficacy of RM-1α vaccine cells

It was possible that the levels of cell-associated IL-15 
induced in our vaccine cells might not correlate to vaccine 
effi cacies. Therefore, the comparative vaccine effi cacies of 
B16α vaccine cells and RM-1α vaccine cells were determined. 
A 60% survival rate has been previously reported for mice 
vaccinated 4 times at weekly intervals with UV-irradiated 
B16α vaccine cells followed by a live tumor challenge of a 
million B16 parental cells (Wu and Fleischmann 1998; Wu 
and Fleischmann 2001). Since the initial range fi nding exper-
iments (data not shown) indicated that 4 vaccinations with 
inactivated RM-1α vaccine cells did not induce signifi cant 
tumor immunity, 6 vaccinations were employed for the vac-
cination experiments depicted in Figure 6. To test the IFN-α 
dosage effect in generating effi cacious RM-1α vaccines, 
RM-1 parental cells were untreated, treated in vitro for about 
2 weeks with 300 IU/mL IFN-α, or treated for the same dura-
tion with 3,000 IU/mL IFN-α. The data show that 6 vaccina-
tions gave no protection to mice vaccinated with inactivated 
RM-1 parental cells. A modest, but signifi cant, 30% protec-
tion was observed with inactivated RM-1α vaccine cells gen-
erated by the 300 IU/mL IFN-α treatment. A signifi cantly 
greater 60% protection was observed with RM-1α vaccine 
cells generated by the 3,000 IU/mL IFN-α treatment. These 
results were similar to our previous observations with 4 
vaccinations with B16α vaccine cells (Wu and Fleischmann 
1998; Wu and Fleischmann 2001; Fleischmann and Wu 
2004; Fleischmann and Wu 2005), in which the 300 IU/mL 
IFN-α treatment (21%) was less effective than the 3,000 IU/
mL IFN-α treatment (60%) in generating an effi cacious vac-
cine. Overall, the more limited vaccination effi cacy of RM-1α 
vaccine cells (6 vaccinations) correlated with the low level of 
IL-15 expression. This was in contrast to the higher vaccina-
tion effi cacy of B16α vaccine cells (4 vaccinations) that corre-
lated with a higher IL-15 expression.

Discussion

In our attempts to generate general principles for creating 
effective, IL-15-based whole-cell vaccines against a garden 
variety of cancers, it was imperative to know whether mouse 
tumor types other than B16 melanoma were IL-15 inducible 
and whether the amount of IL-15 induced would correlate 
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FIG. 5. Relative levels of enhancement of interleukin-15 
(IL-15) translation in UV-irradiated RM-1α and B16α vac-
cine cells. Monolayers of RM-1α cells and B16α cells were 
grown in medium containing 3,000 units/mL of interferon-α 
(IFN-α) for 15 days. Control monolayers of parental cells 
were given medium alone without IFN treatment. At 24 h 
after providing fresh medium with or without IFN-α, cell 
monolayers were subjected to lethal UV irradiation, left 
alone without UV treatment, or harvested for sonication. 
Another 24 h later, the remaining cell monolayers were har-
vested for sonication. The sonicates were assayed for the 
presence of IL-15 by ELISA. Standard curves of IL-15 were 
run concomitantly with the samples. The data are plotted 
as percent of untreated control cells. Data for non-irradiated 
and UV-irradiated B16 and B16α melanoma cells are also 
plotted. The data are expressed as percent of no UV 0 h con-
trol (RM-1 cells or B16 cells) divided by 100. ANOVA analysis 
for intracellular IL-15 in the RM-1 and RM-1α prostate cancer 
cell groups: no UV 0 h RM-1 parental cells versus no UV 24 h 
RM-1 parental cells versus UV 24 h RM-1 parental cells: P = 
NS; no UV 0 h RM-1 parental cells versus no UV 0 h RM-1α 
cells: P = NS; no UV 24 h RM-1 parental cells versus no UV 
24 h RM-1α cells: P < 0.0001; UV 24 h RM-1 parental cells 
versus UV 24 h RM-1α cells: P < 0.0001; no UV 0 h RM-1α 
cells versus no UV 24 h RM-1α cells: P < 0.0001; no UV 24 h 
RM-1α cells versus UV 24 h RM-1α cells: P < 0.0001. ANOVA 
analysis for intracellular IL-15 in the B16 and B16α mela-
noma cell groups: no UV 0 h B16 parental cells versus no UV 
24 h B16 parental cells versus UV 24 h B16 parental cells: P = 
NS; no UV 0 h B16 parental cells versus no UV 0 h B16α cells: 
P < 0.0001; no UV 24 h B16 parental cells versus no UV 24 h 
B16α cells: P < 0.0001; UV 24 h B16 parental cells versus UV 
24 h B16α cells: P < 0.0001; no UV 0 h B16α cells versus no 
UV 24 h B16α cells: P = 0.021; no UV 24 h B16α cells versus 
UV 24 h B16α cells: P= NS.
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already expressed about 23 pg/million cells cytoplasmic 
IL-15 protein. Long-term IFN treatment further increased 
that intracellular content of IL-15 protein 6.8-fold to 157 pg/
million cells, as seen with 2-week treated B16α vaccine cells. 
On the cell surface, 2-week treated B16α vaccine cells also 
expressed 1.6-fold more membrane-bound IL-15 than B16 
parental cells. The evidence suggests that B16α cells possess 
a lower threshold for IL-15 induction by IFN-α treatment 
than RM-1α cells at both transcriptional and translational 
levels. Further, the data also suggest that IL-15 transcrip-
tional up-regulation in B16α cells, whether treated with IFN 
for short term or long term, correlates nicely with transla-
tional up-regulation in IL-15 expression. Confocal micros-
copy performed on long-term treated RM-1α vaccine cells 
confi rmed the ELISA results that a substantially less amount 
of intracellular IL-15 was expressed by these cells than by 
long-term treated B16α vaccine cells.

It was challenging to explain why 19-fold and 35-fold lev-
els of transcriptional up-regulation in short-term and long-
term IFN-treated RM-1α cells, respectively, failed to generate 
more substantial IL-15 translation. One possible explanation 
is that cell types other than dendritic and monocytic lineage 
(the primary producers of IL-15) are not specialized in IL-15 
synthesis and may require activation of additional genes to 
promote IL-15 translation. A second possible explanation 
is that synthesis of a potent immunostimulant like IL-15 is 
down-regulated by regulatory proteins when induced in 
non-immune cell types. There is some support for such reg-
ulation, as it has been shown that IL-15 expression is post-
transcriptionally regulated by elements such as 12 upstream 
AUGs of the 5′ untranslated region (UTR), a 48-aa signal 
peptide, and the C-terminus of the mature protein (Bamford 
and others 1996; Bamford and others 1998).

When UV-inactivated, RM-1α vaccine cells that have a 
modest induction of IL-15 translation in the absence of UV 
irradiation showed a 2.7-fold increase in their cytoplasmic 
IL-15 protein content compared with non-UV-inactivated 
RM-1α cells. B16α cells that have a robust induction of IL-15 
translation failed to show an increase in the level of IL-15 
translation when UV-irradiated. It appeared that cell dam-
age, such as that rendered by UV light, blocked the induction 
of the mechanism responsible for down-regulation of IL-15 
translation in RM-1α cells. Thus, the data from UV-inactivated 
RM-1α vaccine cells support the second possibility.

It has been hypothesized that IL-15 expression induced in 
the long-term IFN-α–treated cells plays a major role in acti-
vating antitumor immunity (Wu and others 2007). In vitro 
observations with RM-1α vaccine cells, even after UV inac-
tivation, had suggested that they would be relatively less 
effi cacious in inducing antitumor immunity in mice when 
compared to B16α vaccine. The evidence from RM-1α vacci-
nation experiments supports this original hypothesis. The 
vaccination effi cacy of an IL-15-containing whole-cell vac-
cine does correlate to the amount of its IL-15 content.

As evidenced in this study, IL-15 induction in mouse 
tumor cell vaccines by in vitro IFN-α treatment varies greatly 
from one tumor type to another. Thus, extending these stud-
ies to human tumor cell vaccines will most probably require 
transfection of the human tumor cells with an IL-15 construct 
that overcomes translational and/or post-translational regu-
latory controls, causing the tumor cells to accumulate high 
levels of cell-associated IL-15 and enabling them to serve as 
an effi cacious vaccine.

parental cells treated with IFN-α for 24 h (B16α 24 h and 
RM-1α 24 h cells) had a signifi cant up-regulation in IL-15 
mRNA although the degree of up-regulation in B16α 24 h 
cells was 3.5-fold greater than in RM-1α 24 h cells (67-fold 
vs. 19-fold). The data suggest that RM-1 cells have a consid-
erably higher threshold for IL-15 mRNA induction by IFN-α 
treatment. This is further evident in the long-term IFN-
α–treated cells. While IL-15 mRNA induction in long-term 
treated B16α vaccine cells was about 10-fold stronger than in 
short-term treated B16α 24 h cells, only a marginal increase 
(1.8-folds) was seen for long-term treated RM-1α vaccine 
cells over short-term treated RM-1α 24 h cells, indicative of a 
21-fold greater induction (750-fold vs. 35-fold).

Although IL-15 mRNA is known to be constitutively 
expressed in several cell types, IL-15 translation in these 
cells is usually tightly controlled (Grabstein and others 1994; 
Bamford and others 1996). IL-15 translation in RM-1α cells 
seems to follow that suit. While there were 19-fold and 35-fold 
up-regulation in IL-15 mRNA expression in short-term and 
long-term IFN-treated RM-1α cells, respectively, only long-
term treated RM-1α vaccine cells contained a measurable 
amount (6.8 pg/million cells) of cytoplasmic IL-15 protein 
by ELISA. In addition, no up-regulation of membrane asso-
ciate IL-15 was detected with long-term treated RM-1α vac-
cine cells. Contrarily, short-term treated B16α 48 h cells had 
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FIG. 6. Effi cacy of lethally inactivated RM-1α vaccine cells. 
Mice were inoculated intraperitoneally (i.p.) on days –35, –28, 
–21, –14, –7, and 0 with 106 inactivated RM-1α vaccine cells. 
The inactivated RM-1α vaccine cells were pretreated for 
>2 weeks with 300 or 3,000 IU/mL of interferon-α (IFN-α). 
Control mice were mock inoculated with the carrier (HBSS). 
On day 0, all mice were challenged i.p. with 105 live RM-1 pa-
rental cells. The graph plots the combined data of 2 experi-
ments (10 mice per group in each of 2 experiments) as percent 
survival (mean ± SE) versus types of vaccine. Fisher’s exact 
test for HBSS-treated versus vaccinated vaccine cells treated 
with 300 IU/mL of IFN-α: P = 0.01; HBSS-treated versus 
vaccinated with vaccine cells treated with 3,000 IU/mL of 
IFN-α: P < 0.0001; vaccinated with vaccine cells treated with 
300 IU/mL of IFN-α versus vaccinated with vaccine cells 
treated with 3,000 IU/mL of IFN-α: P = 0.043.
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The development of human cancer vaccines would be envi-
sioned as follows. Cancer cells harvested by biopsy would be 
expanded in vitro and transfected with a genetically manip-
ulated IL-15 gene construct. Studies are currently underway 
to develop a genetically manipulated IL-15 construct that 
would permit a high level of IL-15 translation and would 
cause the sequestration of the IL-15 within the cytoplasm of 
IL-15-transfected cancer vaccine cells. The IL-15-transfected 
cancer vaccine cells would become, in essence, “bags” con-
taining high concentrations of IL-15 and expressing tumor 
antigens. After lethally irradiation and inoculation back into 
the patient, the cancer vaccine cells would survive for a few 
days before undergoing lysis. During the few days between 
the inoculation of the cancer vaccine cells and the lysis of the 
cancer vaccine cells, tissue-infi ltrating lymphocytes would 
be expected to gather at the site of the inoculation. These 
tissue-infi ltrating lymphocytes would recognize tumor anti-
gens on the surface of the cancer vaccine cells but would be 
initially tolerant to the tumor antigens. As the cancer vaccine 
cells lyse, they would release their IL-15. The released IL-15 
would activate the tumor-infi ltrating lymphocytes to break 
their tolerance to the tumor antigens expressed on the sur-
face of the cancer vaccine cells, initiating tumor immunity. 
The activated tumor-infi ltrating lymphocytes would then 
travel through the body, recognizing and killing cancer cells 
wherever they might be present, thus curing the patient.
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