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IL-15 is an important cytokine for the
function of the immune system, but the
form(s) of IL-15 produced in the human
body are not fully characterized. Coex-
pression of the single-chain IL-15 and the
IL-15 receptor alpha (IL-15R«) in the same
cell allows for efficient production, sur-
face display, and eventual cleavage and
secretion of the bioactive IL-15/IL-15R«
heterodimer in vivo, whereas the single-
chain IL-15 is poorly secreted and un-
stable. This observation led to the hypoth-

esis that IL-15 is produced and secreted
only as a heterodimer with IL-15Ra. We
purified human IL-15/IL-15Ra complexes
from overproducing human cell lines and
developed an ELISA specifically measur-
ing the heterodimeric form of IL-15. Ana-
lysis of sera from melanoma patients
after lymphodepletion revealed the pres-
ence of circulating IL-15/IL-15Ra com-
plexes in amounts similar to the total
IL-15 quantified by a commercial IL-15
ELISA that detects both the single-chain

and the heterodimeric forms of the cyto-
kine. Therefore, in lymphodepleted can-
cer patients, the serum IL-15 is exclu-
sively present in its heterodimeric form.
Analysis of the form of IL-15 present in
either normal or lymphodepleted mice
agrees with the human data. These re-
sults have important implications for de-
velopment of assays and materials for
clinical applications of IL-15. (Blood. 2012;
120(1):e1-e8)

Introduction

IL-15 is a member of the common <y-chain family of cytokines and
was initially characterized as a T-cell proliferation factor.!> IL-15 is
a growth, mobilization, and activation factor for important lympho-
cyte populations, including NK, CD8, and intraepithelial
lymphocytes.¢ IL-15 and IL-2 share the same IL-2/IL-15Bvy
receptor (IL-2/IL-15RBv),” but their biologic effects at the level of
organism are different, as shown by studies in knockout mice. The
lack of IL-15 in vivo results in severe defects in the development
and function of the immune system.?? Although lymphocytes from
IL-2 knockout mice fail to proliferate in response to polyclonal
T-cell mitogens in vitro,'? the common features developing in these
mice are lymphocyte activation and autoimmunity.!! In humans,
IL-2-receptor o (IL-2Ra) deficiency has been linked to a paradoxi-
cal combination of immunodeficiency and autoimmunity in
2 patients.!>13

The biologic differences of IL-2 and IL-15 are determined by
their different production sites,>!* their strength of association with
the membrane proteins IL-2Ra and IL-15Ra," respectively, and
the regulation of these receptor molecules. IL-2 is produced by
activated lymphocytes, whereas IL-15 is produced by stromal cells
of several tissues, and by antigen-presenting cells. IL-15Ra has a
high affinity for IL-15 (K4 ~ 10~''"M).!3 In contrast, IL-2Ra has
lower affinity for IL-2 (K4 ~ 1078M) and is expressed mainly on
activated T cells and persistently on Treg.

IL-15 is known to act on the surface of the cell in complex with
IL-15Ra to engage the IL-2/IL-15RBy complex in nearby cells, a
process termed trans-presentation.!® Genetic and cell transfer

experiments have shown that IL-15 and IL-15Ra need to reside in
the same cell for appropriate function.!”-?* We previously demon-
strated that coexpression of the 2 molecules in the same cell leads
to rapid intracellular association of IL-15 and IL-15Ra in the
endoplasmic reticulum, stabilization of both molecules, and the
generation of a stable complex that can translocate to the cell
membrane, where it is bioactive.?l?? In addition, the surface
heterodimer is rapidly cleaved and released in the plasma as
bioactive cytokine.?> Our experiments using IL-15 complexed to a
C-terminal deletion of IL-15Ra containing only the soluble
extracellular fragment demonstrated that this complex is bioactive
in vivo in the absence of any membrane-bound form of IL-15.2
These results explain the necessity for the coordinate expression of
IL-15 and IL-15Ra in the same cell for physiologic function,!’-1
and predict that the circulating form of IL-15 in biologic fluids is in
complex with soluble IL-15Ra (sIL-15Ra).

Although these results suggested that the main bioactive form
of IL-15 is in a complex with IL-15Ra,?!-? the actual form of IL-15
produced in humans has not been identified. The levels of IL-15 in
normal human serum are close to the limit of detection of the
existing assay (~ 1 pg/mL). Therefore, we studied the nature of the
circulating form of IL-15 in sera of metastatic melanoma patients
shortly after lymphodepleting treatment. Such patients are known
to have increased plasma levels of the homeostatic cytokines IL-7
and IL-15,% facilitating accurate determinations. Development of a
new heterodimer-specific ELISA allowed distinguishing between
the single-chain IL-15 and the IL-15 in complex with the IL-15Ra
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and revealed that the IL-15 is indeed found in the heterodimeric
form in human sera.

Methods

Human serum collection

Serum samples collected after lymphodepleting treatment were stored at
—80°C and thawed at the time of IL-15 assay. The patient population and
cytokine levels have been reported previously.?’ Collection of human
samples was approved by the National Cancer Institute ethical review
board.

Purification and analysis of human glycosylated IL-15/sIL-15R«
complexes

DNA vectors optimized for the efficient expression of human IL-15 and
IL-15Ra have been previously described.?>? HEK293-derived human cell
lines expressing high levels of secreted IL-15/IL-15Ra heterodimers were
generated after stable transfection, hygromycin selection, and maintenance
in serum-free media in a hollow fiber system (FiberCell System). The
glycosylated IL-15/sIL-15Ra complexes were separated by denaturing
RP-HPLC chromatography. Briefly, samples were disrupted in 8M
Guanidine-HCl (Pierce Chemical), under nonreducing conditions, and
fractionated by HPLC performed at a flow rate of 300 wL/min on
2.1 X 100 mm Poros R2/H narrow bore column (Boehringer Mannheim),
using aqueous acetonitrile/trifluoroacetic acid solvents. A temperature of
55°C was maintained during HPLC separation. Peaks were detected by UV
absorption at 280 nm. Quantitation of purified proteins was performed by
amino acid analysis using a Hitachi L-8800 Amino Acid Analyzer. Purified
IL-15 and sIL-15Ra subunits were mixed at molar ratio 1:1 to allow
complex reassociation. IL-15/IL-15Ra heterodimer analysis was performed
in both denaturing and nondenaturing conditions. Protein samples were
dissolved in a buffer with or without SDS, loaded on polyacrylamide gels
(12% and 4%-20% gradient, respectively), and visualized by Coomassie
blue staining. Formation of the complexes was confirmed by Western
immunoblot analysis, after proteins were transferred onto Immobilon-P
membrane (Millipore) using anti-human IL-15 or IL-15Ra antibodies
(AF315 and AF247, respectively; R&D Systems).

IL-15 and IL-15/IL-15Ra ELISA

The concentration of IL-15 in serum of cancer patients was evaluated using
a chemiluminescent immunoassay (Quantiglo Q1500B; R&D Systems),
according to the manufacturer’s recommendations. This ELISA can detect
both single-chain IL-15 and IL-15/IL-15Ra heterodimers. To measure
exclusively the heterodimers, an ELISA specific for the heterodimeric
IL-15/IL-15Ra was developed as follows: ELISA plates were precoated
with the same monoclonal anti-human IL-15 antibody used in the
Quantiglo Q1500B assay (R&D Systems). Bound heterodimers were
detected after incubation with biotin-conjugated polyclonal anti-human
IL-15Ra antibody (0.1 pg/mL; BAF847; R&D Systems). HRP-streptavidin
(R&D Systems) was added at a dilution of 1:200. After washes to remove
unbound reagents, an enhanced luminol/peroxide substrate solution (Quan-
tiglo; R&D Systems) was added to the wells and relative light units (RLUs)
emitted were measured using a Dynex Technologies MLX luminometer.
The reference standard for the heterodimeric IL-15/IL-15Ra ELISA was
3-fold serial dilutions of purified human IL-15/IL-15Ra heterodimers
quantified by amino acid analysis. The standard curve was determined by
cubic-spline curve fit, using a Prism 4.0a software package. Intra-assay
precision was evaluated by testing 6 samples of known quantity in
triplicate. Interassay precision was evaluated by testing 6 samples of known
quantity in 5 independent assays.

Mice and cytoreductive regimens

C57BL/6 mice were obtained from Charles River Laboratory. IL-15Ra "~
mice were purchased from The Jackson Laboratory. Cyclophosphamide

BLOOD, 5 JULY 2012 - VOLUME 120, NUMBER 1

(CTX; Sigma-Aldrich) was dissolved in pyrogen-free saline solution at a
concentration of 20 mg/mL. Six- to 8-week-old female mice were treated
with PBS or with CTX at 200 mg/kg of body weight intraperitoneally.
Alternatively, lymphopenia was induced by sublethal whole-body irradia-
tion (6 Gy; x-ray source; 1.29 Gy/min, 137-cesium chloride irradiator). All
animal experiments were approved by the National Cancer Institute Animal
Care and Use Committee.

IL-15 measurements in mice

Mice were bled at different time points after CTX treatment (days 1, 3, 7, 8,
12, and 19) or whole-body irradiation (days 1, 3, 4, 7, and 14). Serum levels
of murine IL-15/IL-15Ra heterodimers were measured in untreated and
lymphopenic mice by ELISA, using the Mouse IL-15R/IL-15 Complex
ELISA Ready-SET-Go (eBioscience). In some experiments, serum samples
were incubated with recombinant mouse IL-15Ra-Fc (R&D Systems)
before IL-15R/IL-15 Complex ELISA evaluation. Detection of single-chain
murine IL-15 was evaluated using Mouse ELISA Ready-SET-Go
(eBioscience).

Lymphocyte analysis

Mice were killed at different time points after CTX treatment (days 1, 7, and
12) or whole-body irradiation (days 3, 7, and 14), and spleens and blood
were collected. For splenocyte purification, organs were gently squeezed
through a 100-pm cell strainer (Thomas) and washed in RPMI (Invitrogen)
to remove any remaining organ stroma. The cells were resuspended in
RPMI containing 10% FCS and counted. For phenotyping, the cells were
incubated with the following mixture of directly conjugated anti-mouse
antibodies (BD Biosciences PharMingen): APCCy7-CD3 (145-2C11),
PerCP-CD4 (RM4-5), Pacific Blue-CD8 (53-6.7), FITC-CD49b (DXS5).
Splenocytes were evaluated in a LSR II Flow Cytometer (BD Biosciences),
and data were analyzed using FlowJo 8.8.7 software (TreeStar). Complete
blood counts were obtained using a Hemavet Multispecies Hematology
Analyzer.

Statistical analysis

Correlation of circulating IL-15 and IL-15/IL-15Ra levels in serum was
determined by linear regression, using Prism 4.0a software package.

Results

IL-15 ELISAs for the detection of human IL-15 single-chain and
IL-15/sIL-15Ra heterodimer

For the quantification of IL-15 levels, we used a commercial
ELISA (R&D Systems; Quantiglo Q1500B), in which both the
capture and detection antibodies are mouse monoclonal antibodies
against 2 distinct regions in human IL-15 (Figure 1A). This ELISA
does not distinguish between the single-chain IL-15 and its
heterdimeric form with the IL-15Ra, as verified by assays using
pure IL-15 monomer or heterodimer (see “Results”). To distinguish
the 2 forms, in addition, we established an ELISA detecting only
the IL-15/IL-15Ra heterodimer using an anti—IL-15 antibody to
bind IL-15 to the plate and an anti-IL-15Ra antibody to detect
heterodimers (Figure 1B).

The development of the assay detecting exclusively the IL-15
heterodimer required a suitable IL-15/IL-15Ra standard for calibra-
tion, similar to the heterodimer produced in the body. Both IL-15
and IL-15Ra are glycosylated.?>* These modifications, as well as
the masking of the IL-15/IL-15Ra interaction sites resulting from
the heterodimer formation, may affect the ability of antibodies
generated against Escherichia coli, yeast, or insect cell-derived
IL-15 monomers to recognize antigenic epitopes on human IL-15
compared with the heterodimeric complex, resulting in inaccurate
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Figure 1. Schematic representation of ELISAs for detection of human IL-15.
(A) Total IL-15 was detected by a commercially available IL-15 ELISA (R&D Systems,
Quantiglo kit). The capture and detection monoclonal anti-human IL-15 antibodies
target different accessible regions of IL-15 molecule. (B) IL-15/IL-15Ra heterodimers
were detected using a monoclonal anti-human IL-15 as capture antibody and a
polyclonal anti-human IL-15Ra as detection antibody. Single-chain IL-15 or purified
slL-15Ra tested separately were not detected by this heterodimeric IL-15/IL-15Ra
ELISA.

measurements. Therefore, we purified the authentically glycosy-
lated human IL-15/IL-15Ra heterodimer from human overproduc-
ing cell lines as an improved standard for IL-15 assays. High-level
production of IL-15 in mammalian systems has been challenging in
the past. We have previously described methods to develop
efficient expression vectors for IL-15, combining mRNA optimiza-
tion (RNA/codon optimization) of the IL-15 coding sequences and
substitution of the signal peptide with other efficient secretory
signals.”® We also produced vectors expressing IL-15 in combina-
tion with IL-15Ra, which resulted in stable, secreted IL-15/IL-
15Ra heterodimers, with a final improvement in secreted IL-15 of
more than 1000-fold compared with vectors expressing the wild-
type IL-15 ¢cDNA.?? Taking advantage of these optimized vectors,
we developed cell lines based on human HEK-293 clones that can
produce up to 200 mg/L of IL-15/IL-15Ra (C.B. and G.N.P,
unpublished data). Secreted IL-15/sIL-15Ra complexes are cor-
rectly processed and glycosylated and are suitable as IL-15/IL-
15Ra ELISA reference standard. Human IL-15 and sIL-15Ra,
purified by HPLC from supernatants of such cell lines (purity,
98%-99%), were quantified by amino acid mass analysis, mixed in
a molar ratio 1:1 and allowed to reassociate. IL-15/IL-15Ra
complexes were analyzed by electrophoresis on polyacrylamide
gels and visualized by Coomassie blue staining (Figure 2A) and by
Western immunoblot using anti—IL-15Ra (Figure 2B) or anti—
IL-15 antibodies (Figure 2C). Under denaturing conditions, 2 bands
were visible, corresponding to sIL-15Ra and IL-15 of approxi-
mately 50 and approximately 15 kDa, respectively. Western immu-
noblot analysis confirmed that the 2 bands correspond to human
IL-15Ra and IL-15, respectively (Figure 2A-C top panels). Under
native conditions, both anti-human IL-15Ra and anti-human
IL-15 antibodies detected the same approximately 140 to 160 kDa
form, compatible with the size of the authentically glycosylated,
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IL-15/sIL-15Ra heterodimers (Figure 2B-C bottom panels). No
single bands for IL-15 or IL-15Ra were present, indicating that all
the IL-15 and IL-15Ra proteins were in complexes.

The purified IL-15/IL-15Ra heterodimers were used in 3-fold
serial dilutions as reference standard for IL-15/IL-15Ra het-
erodimer ELISA. The ELISA showed a log-linear relation of RLU
to IL-15/IL-15Ra amounts from 27 to 2250 pg/mL (r> = 0.93,
P <.0001; Figure 3).

Control experiments using human IL-15, sIL-15Ra, and IL-15/
sIL-15Ra heterodimers purified from human cells verified the
specificity of the 2 described ELISAs. The commercial IL-15
ELISA is able to detect both single-chain IL-15 and heterodimeric
IL-15 complexed to the IL-15Ra, whereas the heterodimeric
IL-15/IL-15Ra ELISA detected exclusively the heterodimeric
form of IL-15. Purified single-chain IL-15 was quantified by amino
acid analysis and tested in the heterodimeric IL-15/IL-15Ra
ELISA. RLU readings for all the single-chain IL-15 concentrations
used (up to 20 000 pg/mL) were below the limit of the detection of
the assay (RLU < 10) and not dose-dependent (linear regression,
r2 = 0.32, P = .32; Figure 3 open squares). Similarly, sIL-15Ra
was not detected by the heterodimeric ELISA described herein,
even if used in high concentration up to 20 000 pg/mL (data not
shown). We used these 2 ELISAs to quantify the different forms of
IL-15 in human sera.
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Figure 2. Polyacrylamide gel analysis of IL-15/sIL-15Ra complex purified from
an overproducing human cell line. (A) HPLC-purified human IL-15 and sIL-15Ra
produced by a HEK293-derived cell line were mixed in a molar ratio 1:1, and
IL-15/IL-15Ra complexes were visualized in Coomassie blue-stained denaturing
SDS-polyacrylamide gel (top panel) and in Coomassie blue-stained nondenaturing
polyacrylamide gel (bottom panel). (B-C) IL-15/IL-15Ra shown in panel A was
detected by Western immunoblot. Complexes were analyzed under denaturing
condition (top panels) or under nondenaturing condition (bottom panels) using a goat
anti-human IL-15Ra antibody (B) or a goat anti-human IL-15 antibody (C).
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Figure 3. Soluble IL-15/IL-15Ra protein standard for the heterodimeric IL-15/IL-
15Ra ELISA. Standard curve for human heterodimeric IL-15/IL-15Ra ELISA.
HPLC-purified human IL-15 and slL-15Ra were quantified by amino acid mass
analysis and mixed in a molar ratio 1:1. Triplicates of 3-fold serial dilutions of
IL-15/IL-15Ra complexes were assayed in the heterodimeric IL-15/IL-15Ra ELISA.
Circles represent RLU average for each IL-15/IL-15Ra concentration tested from
5 independent assays; SD for the 5 assays is shown. The intra-assay variability was
3% to 12% coefficient of variation (CV), and the interassay variability was 18% to 33%
CV. Open squares represent RLU values of the indicated amounts of single-chain
IL-15 tested in the heterodimeric IL-15/IL-15Ra ELISA (negative control). Linear
regression analysis showed no significant correlation (12 = 0.32, P = .32)

Circulating IL-15 in serum of cancer patients is associated with
slL-15R«

We wished to study the molecular form of IL-15 in human serum.
In humans, the levels of circulating IL-15 under normal conditions
are low or undetectable (~ 1 pg/mL). However, lymphodepleting
chemoradiation regimens result in higher serum IL-15 levels in
metastatic melanoma patients.?” Therefore, we used sera from such
patients to investigate the form of the circulating IL-15. First, the
commercially available ELISA detecting all forms of IL-15 was
used (Figure 1A). Eight serum samples showed detectable IL-15
levels, ranging from 45.3 = 8 pg/mL to 242.4 = 26 pg/mL (Figure
4A filled bars). In 2 samples (S3, S6), the serum IL-15 levels were
low (~ 2 pg/mL).

Second, the heterodimeric IL-15/IL-15Ra ELISA was used to
detect specifically the IL-15 associated with sIL-15Ra in the same
sera. In this assay, IL-15/sIL-15Ra complexes are bound to plate
through anti-IL-15 antibody and detected with anti-IL-15Ra
antibody (Figure 1B). The 8 patient samples revealed detectable
levels of sIL-15Ra—associated IL-15, ranging from 43.5 = 9 pg/mL
to 231.1 = 14 pg/mL. Two samples (S3, S6) were below the
detection limit of the assay (Figure 4A open bars). To establish the
fraction of circulating IL-15 that is associated with sIL-15Ra,
serum levels of IL-15 obtained by the commercial IL-15 ELISA
were compared with the serum levels of sIL-15Ra-—associated
IL-15 obtained by the heterodimeric IL-15/IL-15Ra ELISA.
Figure 4B shows the correlation of the values measured in both
ELISAs. The slope of the linear regression curve has an r? value of
0.92 = 0.11, supporting the model that essentially all of the IL-15
in human serum is present as heterodimeric complex with sIL-15Ra.

To further investigate whether any free single-chain IL-15
exists in human sera, the patient sera were preincubated with
excess of purified sIL-15Ra to allow the formation of heterodi-
meric complexes by any single-chain IL-15 potentially present in
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the sample. After a one-hour incubation at room temperature, the
heterodimer levels were quantified by the heterodimeric IL-15/IL-
15Ra ELISA. Comparisons with the measurements before addition
of sIL-15Ra showed that the values measured for each sample did
not increase on addition of excess of exogenous sIL-15Ra,
indicating that no single-chain IL-15 is present in the patient sera
(Figure 5). In control experiments, we showed that increasing
amounts of purified sIL-15Ra mixed with known amount of
purified single-chain IL-15 resulted in increasing heterodimer
values detected by this assay, as expected. These data suggest that
IL-15 is exclusively present in association with sIL-15Ra as
IL-15/sIL-15Ra heterodimers in sera from lymphodepleted patients.

Detection of IL-15/IL-15R« heterodimers in mouse serum

Additional supporting evidence for the presence of IL-15 in the
heterodimeric form came from our analysis of mouse sera. A newly
developed commercial ELISA (Mouse IL-15R/IL-15 Complex
ELISA Ready-SET-Go), using antibodies specific for murine
IL-15/sIL-15Ra complexes but unable to recognize the individual
molecules, was used to measure IL-15 in mouse sera. The basal
levels of IL-15/IL-15Ra detected in normal C57BL/6 mice were
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Figure 4. Detection of IL-15 and heterodimeric IL-15/IL-15Ra complexes in
human sera. (A) Total IL-15 (filled bars) and sIL-15Ra—associated IL-15 (open bars)
in sera of 10 lymphodepleted melanoma patients. Total IL-15 was evaluated using the
commercially available IL-15 ELISA (Quantiglo Q1500B). sIL-15Ra—associated IL-15
was detected by the heterodimeric IL-15/IL-15Ra ELISA using capture anti—IL-15
antibody and detection anti-IL-15Ra antibody, as described in “IL-15 and IL-15/IL-
15Ra ELISA.” Data are mean = SEM of 2 to 4 independent measurements. *Value
below the limit of detection of the assay. (B) Correlation of total IL-15 and
slL-15Ra—associated IL-15 levels in the sera of lymphodepleted patients. Graph
represents mean = SEM from 2 to 4 independent measurements for each sample.
Data were fitted to a linear regression curve using Prism 4.0a software package
(correlation coefficient r2 = 0.92; slope = 0.92).
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Figure 5. Circulating human IL-15 is exclusively present as heterodi-
meric IL-15/slL-15Ra complex. Serum samples from lymphodepleted
cancer patients were preincubated with exogenous slL-15R« to allow the
in vitro formation of IL-15/sIL.-15Ra complexes from any free IL-15
potentially present in the sample. Serum samples were next evaluated for
the amount of sIL-15Ra—associated IL-15 by ELISA. Serum sample S8,
S9, or S10 was preincubated with increasing slL-15Ra concentrations
(0-2250 pg/mL; left panel). Serum samples S1, S2, S4, S5, and S7 were
preincubated with a fixed amount of slL-15Ra (750 pg/mL; right panel).
The assay was repeated twice.

slL-15Ra-associated IL-15,

Excess IL-15Ra: 0 27 83
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12.2 = 4.3 pg/mL (Figure 6). On CTX treatment, the mice
showed elevated level of IL-15/IL-15Ra, up to day 12 after a
single CTX administration, with a peak 5-fold increase at day
3 (53.9 = 4.4 pg/mL; Figure 6A). The same serum samples
tested negative in a different mouse IL-15 ELISA (Mouse
ELISA Ready-SET-Go; data not shown), suggesting the inability of
the mouse anti—IL-15 antibodies used in the latter assay to
recognize IL-15 in complex with sIL-15Ra. To investigate whether
all mouse IL-15 is bound to sIL-15Ra, serum samples from
untreated and CTX-treated mice were preincubated with excess
recombinant mouse IL-15Ra-Fc before IL-15/IL-15Ra het-
erodimer evaluation by ELISA, in a procedure similar to the one
described for human sera. The values measured for each sample did
not increase on addition of recombinant mouse IL-15Ra-Fc in
normal sera (Figure 6B) or on CTX treatment (Figure 6C),
suggesting that no single-chain IL-15 is detectable in mouse serum.
These results reinforce the conclusions that IL-15 is normally
produced in the body as heterodimeric IL-15/IL-15Ra complex
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Figure 6. Demonstration of IL-15/slL-15Ra heterodimers in normal and lym-
phodepleted mice. (A) Serum levels of IL-15/IL-15Ra heterodimer in normal mice
(@) and on CTX treatment (C]). Mice were bled at different time points (days 1-19)
after CTX or placebo administration. Circulating IL-15/IL-15Ra was assessed by
ELISA (eBioscience) and reported as mean = SEM of 6 to 33 mice per time point.
(B-C) Serum samples from 6 untreated (B) and 9 CTX-treated (day 3 after treatment;
C) mice were preincubated with exogenous recombinant mouse IL-15Ra-Fc (100-
1000 pg/mL, as indicated) to allow the in vitro formation of IL-15/sIL-15Ra complexes
with any free IL-15 potentially present in the sample. Serum samples were next
evaluated for the amount of sIL-15Ra—associated IL-15 by ELISA.

and indicates that lymphodepleting regimens affect the level but
not the form of circulating IL-15.

In addition, analysis of sera from CTX-treated IL-15Ra knock-
out mice using mouse IL-15 ELISA failed to detect any IL-15 (data
not shown), supporting previous conclusions that efficient IL-15
production requires simultaneous expression of IL-15Rq!6-19:21.22
and that the 2 molecules are associated in mouse serum.

Different kinetics of appearance of serum IL-15/IL-15R«
heterodimers after CTX administration or whole-body
irradiation

To investigate the mechanism(s) leading to elevated levels of
circulating IL-15/IL-15Ra heterodimeric complexes in lym-
phopenic conditions, we compared the effect of 2 different
cytoreductive regimens in mice: CTX treatment and whole-body
irradiation. Comparison of serum IL-15/IL-15Ra levels over time
revealed higher levels of IL-15/IL-15Ra for a prolonged period of
time after CTX treatment. Whereas irradiated mice have peak
serum IL-15/IL-15Ra levels at day 1 after treatment (3-fold
increase), CTX-treated mice have a higher peak at day 3 (5-fold
increase). IL-15/IL-15Ra levels declined to pretreatment values at
day 7 after irradiation, whereas CTX-treated mice showed persis-
tently elevated levels for up to 12 days after treatment (Figure 7A;
P = .007). Mice were killed at different time points after cytoreduc-
tive regimens, and the kinetics of lymphocyte depletion and
reconstitution were determined by multiparametric flow cytometry
and complete blood count. Both cytoreductive treatments had rapid
and profound effects, resulting in a severe reduction in the absolute
number of NK and CD8" T cells in spleen (Figure 7B and C,
respectively), as well as in the absolute number of lymphocytes in
blood (Figure 7D). Lymphocyte depletion was concurrent with the
increase in serum IL-15/IL-15Ra levels soon after cytoreductive
treatment, suggesting that elimination of cells that normally
consume circulating IL-15 is one of the causes for elevated
IL-15/IL-15Ra serum levels, as previously suggested.’!32 How-
ever, analysis at day 7 after treatment revealed that irradiated mice
were characterized by a persistent lymphopenia, which was as
severe as in CTX-treated mice, despite their lower levels of
circulating IL-15/IL-15Ra (similar to the ones observed in un-
treated mice; Figure 7).

Taken together, these data suggest that IL-15 bioavailability is
determined only partially by consumption, as additional mecha-
nisms may contribute to the higher and persistent IL-15/IL-15Ra
levels observed in CTX-treated mice. Differential induction of
IL-15/IL-15Ra production could explain the difference in IL-15/IL-
15Ra serum level observed after CTX treatment and whole-body
irradiation.
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Figure 7. Different kinetics of IL-15/IL-15Ra heterodimers after CTX administra-
tion or whole-body irradiation. Six- to 8-week-old C57BL/6 mice were treated with
CTX ([J) or exposed to 6 Gy of whole-body irradiation (A). Arrows indicate day 7 after
treatment. (A). Mice were bled at the indicated time points after treatment, and the
circulating IL-15/IL-15Ra heterodimers were measured by ELISA (eBioscience) and
reported as mean = SEM of 2 to 33 mice per time point. @ represents the average
level of circulating mouse IL-15/IL-15Ra from 10 normal mice. **P = .007. (B-C) Mice were
killed at the indicated time points after treatment, and spleens were collected for analysis.
Total number of NK cells (B) and CD8" T cells (C) per spleen over time was determined by
flow cytometry. (D) Absolute count of lymphocytes in blood at day 7 after cytoreductive
treatments. Three mice per group were analyzed. Hematologic profile on 10 untreated
mice was also performed as control. **P < .01. ns indicates not significant.

Discussion

In this work, we took advantage of our purified, human cell-
produced IL-15/sIL-15Ra heterodimers to establish a reliable and
specific assay for the evaluation of the form of circulating IL-15 in
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human serum. The purified human heterodimers were used as
standards in an ELISA to facilitate specific quantification of
IL-15/sIL-15Ra heterodimers. The important conclusion from this
work is that IL-15 circulates in the plasma as heterodimer
associated with sIL-15Ra. Mixing experiments providing addi-
tional purified sIL-15Ra suggested that the single-chain IL-15 is
not present in detectable amounts in serum, reinforcing the
conclusion that IL-15Ra serves as a chaperone molecule rescuing
unstable single-chain IL-15 from intracellular degradation and
promoting its secretion.?!-?233:34 In agreement with the human data,
similar analysis performed in normal, lymphodepleted, or IL-15Ra
knockout mice revealed that all detectable IL-15 in mouse serum is
bound to sIL-15Ra. The absence of single-chain IL-15 both under
physiologic conditions or on lymphopenia induction in mice
suggests that lymphodepleting treatments only affect the level but
not the form of IL-15 produced in the body (ie, IL-15/IL-15Ra
complexes). These findings provide new insights into the mecha-
nism of regulation and action of IL-15 and will directly aid in the
development of novel methodologies for the detection and study of
human IL-15. At present, the only IL-15 international standard
available is a single-chain IL-15 produced in yeast (NIBSC).
Assays based on this standard may underestimate IL-15 levels in
biologic fluids because of masking by the interaction with IL-15Ra
or by glycosylation and other modifications. Therefore, we propose
that a standard human IL-15 heterodimer preparation, such as the
material used in this study, be used as an improved international
standard in IL-15 assays.

The size of the cellular compartment consuming IL-15 through
the binding to IL-2/IL-15RB3+ is important for the amount of the
free cytokine found in circulation.?'32 Analysis of lymphocyte
populations in correlation to IL-15/IL-15Ra serum levels on
2 different cytoreductive regimes in mice (CTX treatment and
whole-body irradiation) suggests that elimination of cellular “sinks”
contributes but is not the only mechanism leading to elevated level
of circulating IL-15/IL-15Ra. Additional mechanisms may also
determine the final plasma concentration of heterodimeric IL-15.
CTX therapy has been associated with the induction of a proinflam-
matory microenvironment involving factors, such as lipopolysac-
charide, monocyte chemotactic protein-1, and IFN-,* known to
up-regulate IL-15 and IL-15Ra expression.*® After CTX adminis-
tration, IL-15 RNA levels in spleen have been reported to increase
by 2-fold 2 days after the treatment and to go back to baseline level
at day 4,%7 suggesting that increased gene expression may also
contribute to the overall spike in circulating IL-15/IL-15Ra levels at day
3 after CTX administration. Alternatively, irradiation may result in the
elimination of cells producing IL-15/IL-15Ra. Increased shedding of
IL-15/IL-15Ra complexes from the cell surface can also contribute to
the elevated level of serum IL-15/IL-15Ra after lymphodepleting
treatment. Recently, a member of the polytopic membrane family of
proteins, iRhom?2, has been identified as the molecular regulator of the
ADAM family metalloprotease TACE (TNF-a—converting enzyme).
On inflammation, iRhom?2 binds TACE and promotes its trafficking
from the endoplasmic reticulum to the cell surface, the site of cleavage
of target transmembrane proteins, such as TNF-a, CD62L, and IL-6R.3
The regulation if IL-15Ra ectodomain shedding is still poorly under-
stood, but a similar mechanism may be involved. Further studies are
necessary to elucidate the mechanisms of IL-15/IL-15Ra regulation in
the body.

IL-15 is known to act as a cell-associated cytokine. Dubois et al
demonstrated that IL-15Ra on the surface of bone marrow—derived
cells, such as dendritic cells and activated monocytes/macro-
phages, presents surface bound IL-15 to nearby cells expressing the
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IL-2/IL-15RBv.'® This process, called trans-presentation, directly
sustains maturation, survival, and proliferation of NK, CD8"
T cells and intraepithelial lymphocytes in mice and humans.3+3%-43
Several studies have also suggested that the simultaneous expres-
sion of IL-15Ra in the same cell is required for the production and
secretion of IL-15 under physiologic conditions.'6!® We have
previously demonstrated that co-production leads to intracellular
association of IL-15 and IL-15R« in the endoplasmic reticulum,
stabilization of both molecules, and efficient transport to the cell
surface. We showed that an additional critical step is the rapid
cleavage and release of the IL-15/IL-15Ra complex from the cell
surface, both in vitro and in vivo, resulting in a soluble, systemi-
cally active form of IL-15/IL-15Ra, in addition to the bioactive
complex on the cell surface.”? Our experiments using IL-15
complexed to a C-terminal deletion of IL-15Ra consisting only of
the soluble receptor-a extracellular fragment demonstrated that the
circulating heterodimer is also bioactive in vivo in the absence of
any membrane-bound form.?? These results are in agreement with
the reported ability of recombinant sIL-15Ra to act as potent
agonist of IL-15 function in vivo?*?° and provide the molecular
basis to explain some intriguing observations, including the
requirement of production of IL-15 and IL-15Ra from the same
cells for appropriate function in vivo.'$1° It has also been reported
that the cells expressing IL-15 also express IL-15Ra,'® further
supporting our findings of IL-15 production as a heterodimer in the
body. Interpretation of all data available to date suggests that, in
both human and mouse, the IL-15/IL-15Ra heterodimeric form,
either cell-associated or soluble, is responsible for IL-15 bioactiv-
ity. According to this model, the cell-associated IL-15 heterodimer
is the newly produced full complex displayed on the surface of the
cell, whereas cleavage of this complex leads to the circulating
bioactive form in the plasma, which can act distant to the
production site. It remains to be determined whether IL-15
heterodimers on the surface of the cells or in a soluble circulating
form act on different lymphocyte populations, deliver different
type of signals, or have different roles in physiologic or pathologic
conditions. Mortier et al have recently suggested that NK cells and
effector/memory CD8* T-cell subsets differentially use IL-15/IL-
15Ra signals delivered by either dendritic cells or macrophages in
mice.* The findings support the hypothesis that IL-15 exerts its
physiologic function in a cell-contact-dependent fashion and that
plasma membrane-bound IL-15/IL-15Ra signal may synergize
with different costimulatory signals specific for different lympho-
cyte subpopulations.3*# However, it is conceivable that under
certain conditions, such as lymphopenia, the soluble heterodimer
has the potential to transmit IL-15 signals at a distance (ie, bone
marrow or peripheral tissues), stimulating maturation and differen-
tiation of immature lymphocytes and activation and tissue redistri-
bution of NK cells or resting memory CD8* T cells. In humans
undergoing allogeneic stem cell transplantation, an elevated level
of IL-15 favors the engraftment of donor NK with elevated levels
of tumor-reactive activating receptors.>! Recent reports demon-
strated that human IL-15/sIL-15Ra boosts human T-cell reconstitu-
tion in a humanized mouse model.*> In addition, soluble IL-15
heterodimers were reported to support survival and proliferation of
immature human thymocyte subsets as well as to accelerate
thymopoiesis.*® Taken together, these findings suggest that in-
creased IL-15 bioavailability results in strong systemic growth and
mobilization signals for lymphocytes. Therefore, the ability of
IL-15 to form stable soluble heterodimers with sIL-15Ra that
circulate in the bloodstream and are transported to sites away from
the production makes IL-15 a hormone-like molecule, capable to
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act at distance, in addition to the membrane-bound heterodimeric
cytokine with locally restricted functions during cell-to-cell interac-
tion. This hypothesis suggests that the cell-associated form of
IL-15/IL-15Ra has local activity at the immunologic synapse,
probably in conjunction with codelivered signals, whereas the
soluble heterodimer found in the plasma can have systemic
functions, such as supporting lymphopenia-induced proliferation or
mobilization/trafficking of NK and T cells. We hypothesize that
serum IL-15/IL-15Ra can act at a distance also under physiologic
conditions. The ability to act at a distance is a function of the
superior stability of the IL-15/IL-15Ra complexes. The measured
circulating levels of IL-15 represent the small portion that remains
free after the interaction with the large number of cells having the
IL-2/IL-15RB7y, which form a “sink” as argued by many
investigators.3!-32

These results supported previous reports showing that IL-15Ro
is part of the active IL-15 cytokine,??> and have important
implications for development of assays and materials for clinical
application of IL-15. Although single-chain IL-15 was shown to be
bioactive in primates,*’° the use of IL-15 heterodimers may
provide additional advantages because IL-15/IL-15Ra is the natu-
ral IL-15 cytokine produced in human body and circulating in the
blood and is more stable and bioactive in vivo compared with
monomeric 1L-15.222425 The heterodimeric form of IL-15 may
allow simpler delivery of bioactive cytokine at appropriate levels
for in vivo activity and may minimize the possibility for adverse
events.
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