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IL-15 Superagonist–Mediated Immunotoxicity: Role of NK
Cells and IFN-g
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Benjamin A. Fensterheim,* Antonio Hernandez,† and Edward R. Sherwood*,†

IL-15 is currently undergoing clinical trials to assess its efficacy for treatment of advanced cancers. The combination of IL-15 with

soluble IL-15Ra generates a complex termed IL-15 superagonist (IL-15 SA) that possesses greater biological activity than IL-15

alone. IL-15 SA is considered an attractive antitumor and antiviral agent because of its ability to selectively expand NK and

memory CD8+ T (mCD8+ T) lymphocytes. However, the adverse consequences of IL-15 SA treatment have not been defined. In

this study, the effect of IL-15 SA on physiologic and immunologic functions of mice was evaluated. IL-15 SA caused dose- and

time-dependent hypothermia, weight loss, liver injury, and mortality. NK (especially the proinflammatory NK subset), NKT, and

mCD8+ T cells were preferentially expanded in spleen and liver upon IL-15 SA treatment. IL-15 SA caused NK cell activation as

indicated by increased CD69 expression and IFN-g, perforin, and granzyme B production, whereas NKT and mCD8+ T cells

showed minimal, if any, activation. Cell depletion and adoptive transfer studies showed that the systemic toxicity of IL-15 SAwas

mediated by hyperproliferation of activated NK cells. Production of the proinflammatory cytokine IFN-g, but not TNF-a or

perforin, was essential to IL-15 SA–induced immunotoxicity. The toxicity and immunological alterations shown in this study are

comparable to those reported in recent clinical trials of IL-15 in patients with refractory cancers and advance current knowledge

by providing mechanistic insights into IL-15 SA–mediated immunotoxicity. The Journal of Immunology, 2015, 195: 2353–2364.

I
nterleukin-15 is a four a-helix bundle cytokine produced
constitutively by multiple cell types including dendritic cells,
monocytes, macrophages, and epithelial cells of various ori-

gins (1, 2). IL-15 can be induced by stimulation with endotoxin,
type I (IFN-a/b) and type II (IFN-g) IFNs, dsRNA (3), and in-
fection with viruses (4). It is a pluripotent cytokine that facili-
tates the generation, proliferation, and function of NK, NKT, and
memory CD8+ T (mCD8+ T) cells as well as intestinal intra-
epithelial lymphocytes, as evidenced by the deficiency of those
cells in IL-152/2 and IL-15Ra2/2 mice (5, 6). Administration of
exogenous IL-15 facilitates the expansion of both NK and CD8+

T cell populations, both of which play important roles in anticancer

and antiviral immunosurveillance (6–9). The target cell specificity
of IL-15 provides the possibility of it being superior to other
cytokines as an agent to enhance antitumor and antiviral immunity
(7, 9, 10). As such, IL-15 has been used to augment the efficacy
of HIV vaccines and as an anticancer agent (7, 11, 12). Treatment
with IL-15 alone, or as an adjuvant in antitumor vaccines, has
shown efficacy in several experimental cancer models (13–16).
Also, IL-15 administration has been shown to enhance bone marrow
repopulation after allogeneic bone marrow transplantation (17). In
cancer clinical trials, IL-15 has been administered alone and in
combination with tumor-infiltrating lymphocytes (18). A recent
first-in-human trial of recombinant human IL-15 in cancer patients
showed clearance of lung lesions in patients with malignant mel-
anoma (19). The toxicity profile for IL-15 was also defined and
included fever, grade 3 hypotension, and liver injury. The authors
reported expansion of peripheral blood NK cell numbers and a spike
in plasma IFN-g concentrations in patients receiving IL-15 treat-
ment. However, the mechanisms by which IL-15 mediates toxicity
were not provided and are difficult to determine in human models.
IL-15 uses a unique mechanism of action referred to as trans-

presentation. As opposed to other cytokines that are secreted in
soluble form, most IL-15 is transported to the surface of IL-15–
producing cells (i.e., dendritic cells and monocytes) in complex
with a unique high-affinity receptor, IL-15Ra. The IL-15/IL-15Ra
complex is trans-presented to opposing NK, NKT, and mCD8+

T cells expressing IL-2/IL-15Rb and the common g-chain (20–
24). In light of this mechanism of delivery, Rubinstein et al. (25)
discovered that the combination of IL-15 with the IL-15Ra subunit
in solution produced a compound with significantly longer half-
life and greater biological activity than native IL-15. The resulting
IL-15/IL-15Ra complex has been termed IL-15 superagonist (IL-15
SA). Recent preclinical studies showed that IL-15 SA is more
effective than IL-15 in causing regression of established mela-
noma and pancreatic cancer in mice (26, 27). IL-15/IL-15Ra
fusion proteins and IL-15 SA–expressing adenovirus expression
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systems have also been efficacious in experimental tumor models
(28–30). These promising preclinical studies have generated ro-
bust interest in the application of IL-15 SA as an anticancer
agent. However, little is known about the in vivo toxicity and dose
limitations of IL-15 SA.
In the current study, the dose- and time-dependent effects of

IL-15 SA treatment on physiological and immunological functions
were examined in mice. Systemic administration of IL-15 SA
caused significant hypothermia, weight loss, liver injury, and
mortality. The immunotoxicity induced by IL-15 SAwas mediated
by systemic expansion of NK cells, which exhibited an activated
phenotype characterized by upregulation of CD69, IFN-g, gran-
zyme B, and perforin. IL-15 SA–induced immunotoxicity was
dependent on production of IFN-g, a proinflammatory cytokine
predominantly produced by NK cells after IL-15 SA treatment.
This study provides new insights into the mechanisms of IL-15
SA–induced immunotoxicity that will be important to consider as
IL-15 and IL-15 SA advance through clinical drug development.

Materials and Methods
Mice

Female, 8- to 12-wk-old C57BL/6Tac and Rag2/IL-2rg double knockout
(KO) mice (Rag22/2gc2/2) were purchased from Taconic Farms (Hudson,
NY). Female, 8- to 12-wk-old homozygous CD8 null mice (B6.129S2-
Cd8atm1Mak/J, CD8KO), homozygous IFN-g null mice (B6.129S7-Ifngtm1Ts/J,
IFN-g KO), homozygous CD1d null mice (B6.129S6-Cd1d1/Cd1d2tm1Spb/J,
CD1d KO), homozygous Perforin null mice (C57BL/6-Prf1tm1Sdz/J, Pfn
KO), homozygous TNF-a null mice (B6.129S6-Tnftm1Gkl/J), and wild type
C57BL/6J (WT) mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). WT C57BL/6J mice served as controls in experiments using
the KO strains. NK and NKT cells were depleted in mice by i.p. injection
with anti-asialoGM1 IgG (50 mg/mouse; Cedarlane Laboratories, Hornby,
ON, Canada) or anti-NK1.1 IgG (clone PK136, 50 mg/mouse; eBioscience,
San Diego, CA) at 24 h prior to initiation of IL-15SA treatment. CD8
T cells were depleted by treatment with anti-CD8a IgG (clone 53-6.7,
50 mg/mouse; eBioscience) at 24 h prior to IL-15 SA treatment. Isotype-
specific or nonspecific IgG served as control in all Ab-induced leukocyte
depletion experiments. All studies were approved by the Institutional An-
imal Care and Use Committee at Vanderbilt University and complied with
the National Institutes of Health’s Guide for the Care and Use of Experi-
mental Animals.

IL-15 SA preparation

Recombinant mouse IL-15 was purchased from eBioscience (catalog
number 34-8151-85). Mouse IL-15 Ra subunit Fc chimera (IL-15 Ra) was
purchased from R&D Systems (Minneapolis, MN; catalog number 551-
MR-100). For preparation of IL-15 SA, 20 mg IL-15 and 90 mg IL-15Ra
were incubated in 400 ml sterile PBS at 37˚C for 20 min to form the IL-15/
IL-15 Ra complex. The complex was then diluted with sterile PBS to reach
a concentration of 2 mg IL-15/ml, then aliquoted, and frozen. The IL-15
SA doses reported in the study are based on the amount of IL-15 present in
the IL-15 SA complex.

IL-15 SA treatment protocols

In dose finding studies, mice received i.p. injections of IL-15 SA at doses of
0, 0.5, 1, or 2 mg for 4 d (days 0–3). Rectal temperature and body weight
were measured at 24 h after the fourth injection. In time course studies,
mice were treated with 2 mg IL-15 SA for 4 d. Rectal temperature and body
weight were measured daily throughout the treatment period. On day 4,
spleen and liver were harvested for measurement of leukocyte numbers
and activation. Blood was obtained in heparinized syringes after carotid
artery laceration in anesthetized mice breathing 2% isoflurane in oxygen
by nose cone. Arterial blood gases were measured using i-Stat CG4+
cartridges (Abaxis, Union City, CA). For serum preparation, supernatant was
obtained from nonheparinized whole blood after centrifugation (2000 3 g
for 10 min) to remove the blood clots. Serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) concentrations were mea-
sured as indices of acute liver injury. Blood urea nitrogen (BUN) and
creatinine concentrations were measured as indices of renal injury. ALT,
AST, BUN, and creatinine concentrations were measured in the Transla-
tional Pathology Core Laboratory at Vanderbilt University using an ACE
Alera Chemistry Analyzer (Alfa Wassermann West Caldwell, NJ).

Flow cytometry

Splenocytes and hepatic leukocytes were isolated as described previously.
Briefly, spleens were harvested, placed in 35-mm dishes containing RPMI
1640 medium with 10% FBS, and homogenized by smashing with the
plunger from a 10-ml syringe. The homogenatewas passed through a 70-mm
cell strainer, and erythrocytes were lysed with RBC Lysis Buffer (Sigma-
Aldrich, St. Louis, MO). The remaining cells were counted using TC20
Automated Cell Counter (Bio-Rad, Hercules, CA) and centrifuged (300 3 g
for 5 min), and the cell pellet was resuspended in PBS. Livers were
harvested after perfusion, which was achieved by cutting of the hepatic
portal vein, insertion of a 25-g needle into the left ventricle of the heart and
perfusion with 10 ml PBS. Harvested livers were smashed with the plunger
from a 10-ml syringe and passed through a 70-mm cell strainer. The he-
patic homogenate was washed, resuspended with 10 ml 37.5% Percoll Plus
(GE Healthcare Life Sciences), and centrifuged (680 3 g for 12 min at
room temperature). The supernatant containing hepatocytes was discarded,
erythrocytes were lysed, and the resulting mononuclear cells were counted
using TC20 Automated Cell Counter (Bio-Rad).

For surface marker staining, cells were suspended in PBS (13 107 cells/ml)
and incubated with anti-mouse CD16/32 (1 ml/ml; eBioscience) for 5 min
to block nonspecific FcR-mediated Ab binding. One million cells were then
transferred into polystyrene tubes. Fluorochrome-conjugated Abs or iso-
type controls (0.5 mg /tube) were added, incubated (4˚C) for 30 min, and
washed with 2 ml cold PBS. After centrifugation (300 3 g for 5 min), cell
pellets were fixed with 250 ml 1% paraformaldehyde. Abs used for surface
marker labeling included CD3-Alexa Fluor 488, NK1.1-PE-Cy7, CD8-
FITC, CD4-FITC, CD44-PE-Cy5, CD19-PE, CD69-PE, TCRg-PE, NKG2D-
PE, NKp46-PE, CD49a-PE, Trail-PE, DX5-allophycocyanin, CD11b-PE,
and CD27-allophycocyanin (eBioscience; BD Biosciences, San Diego).
CD1d/a-Galcer tetramers were provided from the National Institutes of
Health Tetramer Core Facility (Emory University, Atlanta, GA). Appro-
priate isotype-specific Abs were used as controls.

For intracellular staining, spleens were harvested at 4 h after the last
injection of IL-15 SA. Cell suspensions were labeled with fluorochrome-
conjugated Abs to surface markers as described above. Cells were then
fixed and permeabilized with Cytofix/Cytoperm Plus (BD Biosciences,
250 ml/tube) for 20 min at 4˚C. After washing with BD Perm/Wash so-
lution, anti–IFN-g-PE (clone XMG1.2; eBioscience) was used to detect
intracellular IFN-g production. Intracellular granzyme B and perforin
were stained with anti–granzyme B-PE (clone FGB12; Invitrogen) and
anti–mouse perforin-PE (eBioscience). Fluorochrome-conjugated isotype-
specific IgGs served as controls. All samples were analyzed using an Accuri
C6 flow cytometer (BD Biosciences). Data were analyzed using Accuri C6
software.

Immunohistochemistry

Immunohistochemical (IHC) staining of NK, NKT, and T lymphocytes as
well as macrophages in the marginal zone of spleen was performed on 5mM
cryosections of tissue. Primary Abs included polyclonal goat anti-mouse
NKp46 (catalog number AF2225; R&D Systems), biotinylated rat anti-
metallophilic macrophages Ab (clone MOMA-1; catalog number CL89149B;
Cedarlane Laboratories) and biotinylated hamster anti-TCRb Ab (clone
H57-597, catalog number 553169; BD Biosciences). Isotype IgG Abs or
donkey serum was used as controls to stain serial frozen sections. For pri-
mary biotinylated Ab staining, avidin-biotin complex alkaline phos-
phatase (ABC-AP Complex, catalog number AK-5000; Vector Laboratories,
Burlingame, CA) was added for 1 h and then developed with Vector Red Kit
containing Alkaline Phosphatase Substrate (catalog number SK-5100; Vector
Laboratories). For goat anti-mouse NKp46 staining, the secondary Donkey
anti-goat-biotin was added followed by incubation with avidin-biotin
complex peroxidase (ABC-Standard Complex, catalog number PK-6100;
Vector Laboratories) and development with DAB-Solution (SK-4100;
Vector Laboratories). Sections were counterstained in Meyer’s hematoxylin,
and slides were mounted with Permount.

Adoptive cell transfer

Splenic leukocytes were harvested as described previously. Splenic NK
cells were isolated using mouse NK isolation kit II (Miltenyi Biotec).
Briefly, splenocytes were incubated with a biotin–Ab mixture that binds
macrophages/monocytes, dendritic cells, erythrocytes, B cells, and CD3+

T cells. Anti-biotin magnetic microbeads were added to bind Ab-bound
cells. The suspension was passed through columns in a magnetic field that
bind iron microbead Ab–laden cells and prevent their passage. NK cells,
which do not bind the specified Abs, were washed through columns and col-
lected. The enriched cell preparation was resuspended in sterile PBS followed
by retro-orbital injection (1.0 3 106 cell/mouse) into Rag22/2gc2/2 mice.
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Statistics

All data were analyzed using GraphPad Prism software. All values are
presented as the mean6 SEM, except for body temperature, ALTand AST,
for which median values are designated. A Student t test was used to
examine the difference between paired vehicle and IL-15 SA groups. Data
from multiple group experiments were analyzed using one-way ANOVA,
followed by a post hoc Tukey’s test to compare groups. A p value , 0.05
was considered statistically significant for all experiments.

Results
Treatment with 2 mg IL-15 SA for 4 d causes toxicity in mice

In a dose escalation study, WT mice were treated with 0, 0.5, 1, or
2 mg IL-15 SA for 4 consecutive days (days 0–3). Body temper-
ature was measured on days 0–4. Significant hypothermia was
observed on days 3 and 4 in mice that received 2 mg IL-15 SA but
not in mice that received the 0-, 0.5-, or 1-mg doses (Fig. 1A).
Mice treated with 2 mg IL-15 SA showed 20% mortality (8 of 10
surviving) on day 4 (Fig. 1A). There was significant weight loss in
mice treated with 2 mg IL-15 SA, beginning on day 2 of treatment
and progressing out to day 4 (Fig. 1B). IL-15 SA treatment also
caused elevation of liver enzymes (ALT and AST) in serum, in-
dicative of acute hepatocellular injury (Fig. 1C). However, IL-15
SA treatment did not trigger significant acute kidney injury or lung
injury because plasma BUN and creatinine concentrations and

blood PaO2/FiO2 ratios were not altered in IL-15 SA–treated mice
(data not shown). Spleen weight more than doubled in IL-15 SA–
treated mice compared with control (Fig. 1D). Liver weight was
not different between groups (data not shown).
The toxicity and lymphocyte expansion caused by IL-15 SA

treatment was transient. Body temperature recovered to normal
levels within 2 d after stopping treatment (day 5) (Fig. 1E).

IL-15 SA treatment expands NK, NKT, and mCD8 T cells in
spleen and liver

Further studies were undertaken to fully characterize IL-15 SA–
mediated lymphocyte expansion. After 4 d of 2 mg IL-15 SA
treatment, splenic NK cells (CD32NK1.1+) increased ∼16.3-fold;
NKT cells (CD3+NK1.1+) expanded ∼13.1-fold; mCD8+ T cells
(CD8+CD44high) were increased ∼11.5-fold, respectively, com-
pared with vehicle-treated mice (Fig. 2A–C). However, naive
CD8+ T (CD8+CD44low), CD4+ T, and B cells in spleen showed
a decrease in percentage and no change in total numbers following
IL-15 SA treatment (Fig. 2B, 2C). A similar expansion of hepatic
NK, NKT, and mCD8+ T cells was observed in IL-15 SA–treated
mice (Fig. 2D–F).
H&E staining of spleen sections showed that the red pulp was

filled with leukocytes in response to IL-15 SA treatment (Fig. 2G).
IHC staining identified the majority of leukocytes in red pulp as

FIGURE 1. IL-15 SA treatment cau-

ses systemic toxicity and the study of

kinetics of IL-15 SA toxicity. (A) In

dose escalation studies, WT C57BL/6

mice received i.p. injection of 0, 0.5, 1,

and 2 mg IL-15 SA for 4 consecutive

days (days 0–3). Body temperature and

mortality were recorded daily on days

0–4. (B) To assess the temporal effect of

IL-15 SA, WT mice received daily ad-

ministration of 2 mg IL-15 SA for 4 d.

Untreated WT mice served as control.

Body weight was measured daily from

days 0 to 4. Values represent body weight

changes compared with the initial day 0

measurements. (C) Serum AST and ALT

concentrations were measured at 24 h af-

ter the fourth i.p. injection of 2 mg IL-15

SA. Vehicle-treated mice served as control.

(D) Upon 4 d of 2 mg IL-15 SA treatment,

spleens were harvested from WT mice.

Untreated WT mice were included as

control. Spleen weights were measured

in the two groups. (E) To study the ki-

netics of IL-15 SA toxicity, WT mice

were treated with 2 mg IL-15 SA treat-

ment for 4 d. Body temperature was

measured at 24 and 48 h as well as 1, 2,

3, 4, and 7 wk after the last treatment of

IL-15 SA. n = 8–10 mice/group. Data

are representative of two to four separate

experiments. *p , 0.05 compared with

designated control.
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NKp46+ (Fig. 2G). In liver, increased numbers of leukocytes were
present in liver sinusoids and especially accumulated around the
central vein in IL-15 SA–treated mice (Fig. 2H). IHC staining of
NK (NKp46+), NKT (NKp46+TCRb+), and T (TCRb+) lympho-
cytes showed a substantial number of NK (brown), NKT (brown
and pink), and T (pink) cells were located in the liver sinusoids
and around the central vein in response to treatment with IL-15
SA (Fig. 2H). Of note, NK and NKT cell numbers decreased to the
baseline level by 7 d after cessation of IL-15 SA treatment
(Supplemental Fig. 1). mCD8+ T cells also declined after stopping

IL-15 SA treatment but remained elevated at 7 wk after cessation
of treatment (Supplemental Fig. 1).

IL-15 SA treatment promotes NK and NKT subset expansion
and activation

NK cell subsets were characterized based on CD11b and CD27
expression and classified as immature (I, CD11lowCD27high),
proinflammatory (II, CD11bhighCD27high), or cytotoxic (III,
CD11bhighCD27low). IL-15 SA treatment promoted expansion
of all subsets but preferentially expanded the proinflammatory

FIGURE 2. IL-15 SA treatment elicits expansion of NK, NKT, and memory phenotype CD8+ T lymphocytes in vivo. WT mice were treated with vehicle or

2 mg IL-15 SA for 4 d. At 24 h following the last treatment, splenic and liver NK (CD32NK1.1+), NKT (CD3+NK1.1+), and memory CD8+ T (CD8+CD44high)

lymphocyte numbers were determined using flow cytometry. Dot plots (A and D) are representative of results obtained from 9 to 15 mice/group. The bar graphs

show the relative (B and E) and total numbers (C and F) of splenic and hepatic NK, NKT, and memory CD8 T as well as naive CD8+ T (CD8+CD44low), CD4

(CD4+), and B (CD32CD19+) lymphocytes in IL-15 SA–treated (n) and vehicle-treated groups (N). Data are representative of three to four separate experi-

ments. n = 9–15 mice/group. *p, 0.05 compared with vehicle control. WT mice received daily administration of vehicle or 2 mg IL-15 SA for 4 d. Spleens (G)

and livers (H) were then harvested on the next day for H&E (top panels, original magnifications 3100 in spleen sections and 3400 in liver sections) and IHC

(bottom panels, original magnifications3100 in spleen sections and3400 in liver sections) staining. In IHC-stained sections of spleen, NK and NKT cells were

identified by NKp46 expression and are stained brown; macrophages in the marginal zone stained with anti–MOMA-1 and are shown in pink. In IHC staining of

liver sections, NK (NKp46 positive, brown), T (TCR-b positive, pink), and NKT (NKp46 and TCR-b double positive, brown and pink) cells are shown,

respectively. Olympus BX43 microscope and Olympus digital color camera DP73 were used for acquisition of the images.
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CD11bhighCD27high subset (∼23.9-fold increase in spleen and
∼115-fold increase in liver) (Fig. 3A–F). In liver, there are two
recently identified NK populations, classical NK cells (CD32

NK1.1+DX5+CD49a2Trail2), resembling those in spleen, and
tissue-resident NK cells (CD32NK1.1+DX5-CD49a+/Trail+) with
a “memory-like” phenotype. In the experiment, a combination of
anti-CD49a and anti-Trail Abs conjugated with the same fluoro-
chrome was used to distinguish classical (double negative) and
tissue-resident NK cells (CD49a or Trail positive). Both hepatic
NK subsets were expanded by IL-15 SA treatment, but the
classical hepatic NK cell population showed greater expansion
than tissue-resident NK cells (Fig. 3G–I).
NKT cells are also heterogeneous and composed of two major

subsets: type I (invariant TCR, CD1d/a-Galcer reactive) and type
II (variant TCR, not reactive to CD1d/a-Galcer). Both type I
(CD3+NK1.1+/2 a-Galcer-CD1d tetramer+) and type II NKT
subsets (CD3+NK1.1+a-Galcer-CD1d tetramer2) were examined
by flow cytometry. The treatment with IL-15 SA significantly
increased the number of two NKT subsets in spleen and liver
(Fig. 3J–O).
The impact of IL-15 SA treatment on NK cell activation and

function was determined by examining expression of the early
surface activation marker CD69 and production of IFN-g, gran-
zyme B, and perforin (Fig. 4A). Treatment with IL-15 SA induced
increased expression of CD69 (Fig. 4A) on splenic NK cells.
IL-15 SA treatment also elicited IFN-g, granzyme B, and perforin
production by NK cells (Fig. 4A). However, IL-15 SA did not
upregulate CD69 expression or IFN-g production by NKT cells
(Fig. 4B). There is no augmented CD69 expression and slight
increase in IFN-g production by mCD8+ T cells upon IL-15 SA
treatment (Fig. 4C).

Depletion of NK cells reverses IL-15 SA–mediated toxicity in
mice

Depletion of NK and NKT cells by treatment with anti-asialoGM1
or anti-NK1.1 prior to IL-15 SA treatment prevented development
of hypothermia (Fig. 5A) but not the induction of liver injury
evidenced by increased ALT and AST levels (Fig. 5B). To un-
derstand the specific contribution of invariant NKT cells to the
toxicity of IL-15 SA, invariant NKT cell–deficient CD1d KO mice
were treated with 2 mg IL-15 SA for 4 d. CD1d KO mice were not
protected from IL-15 SA–induced hypothermia (Fig. 5C). Further
studies were undertaken to determine the effect of CD8+ T cell
depletion on IL-15 SA–induced toxicity. Total CD8+ T cells were
depleted because it is not currently possible to selectively deplete
mCD8+ T cells. Mice depleted of CD8+ T cells by treatment with
anti-CD8a showed significantly more hypothermia in response to
treatment with IL-15 SA compared with mice treated with non-
specific IgG (Fig. 5D). Likewise, CD8 KO mice showed signifi-
cantly more hypothermia after IL-15 SA treatment than WT
control mice (Fig. 5D). Upon IL-15 SA treatment, AST levels in
WT mice treated with anti-CD8a were comparable to untreated
mice and mice treated with nonspecific IgG. However, CD8
T cell–deficient mice showed an elevation of ALT levels in re-
sponses to IL-15 SA treatment, which was comparable to mice
treated with IgG (Fig. 5E). Treatment of CD8 KO mice with anti-
asialoGM1 reversed IL-15SA–induced hypothermia (Fig. 5F).
Analysis of splenic lymphocyte populations showed that treat-

ment with anti-asialoGM1 or anti-NK1.1 nearly ablated IL-15
SA–induced NK and NKT cell expansion whereas mCD8 T cell
expansion was unaffected (anti-asialoGM1) or enhanced (anti-
NK1.1) (Fig. 5G–I). Treatment with anti-CD8a greatly attenu-
ated IL-15 SA–induced expansion of CD8+ T cells and CD8+

T cells were absent in CD8 KO mice (Fig. 5L). Expansion of NK

or NKT cells was not affected by anti-CD8a treatment and in CD8
KO mice (Fig. 5J, 5K).

Adoptive transfer of NK cells into Rag22/2gc2/2 mice
re-establishes IL-15 SA toxicity

The contribution of NK cells to IL-15 SA–mediated toxicity was
further demonstrated by adoptive transfer of NK cells from WT
mice into Rag22/2gc2/2 mice (Fig. 6). Treatment of Rag22/2gc2/2

mice with IL-15 SA after adoptive transfer of WT NK cells elicited
significant hypothermia and weight loss and showed 22% mortality
(seven of nine surviving) (Fig. 6A, 6B). Rag22/2gc2/2 mice that
were treated with IL-15 SA but did not receive NK cell adoptive
transfer did not develop hypothermia or lose weight (Fig. 6A, 6B).
Likewise, Rag22/2gc2/2 mice that received WT NK cell adoptive
transfer and were treated with vehicle did not develop hypothermia
or weight loss (Fig. 6A, 6B).
Livers from Rag22/2gc2/2 mice that received adoptive transfer

of NK cells and IL-15 SA treatment exhibited altered gross
morphology and histology (Fig. 6C). The livers of Rag22/2gc2/2

mice that were treated with IL-15 SA but did not receive NK cell
adoptive transfer as well as Rag22/2gc2/2 mice that received NK
cell transfer and vehicle treatment had normal hepatic architecture
(Fig. 6C). IL-15 SA–treated Rag22/2gc2/2 mice that were en-
grafted with NK cells exhibited hepatic inflammation and H&E-
stained liver sections showed accumulation of leukocytes and
destruction of normal liver sinusoidal architecture (Fig. 6C). He-
patocellular injury was present in those mice as evidenced by
elevation of serum ALT and AST levels (Fig. 6D).
The number of NK cells in spleens and livers of engrafted

Rag22/2gc2/2 mice significantly increased upon IL-15 SA treat-
ment when compared with the other experimental groups (Fig. 6E,
6H). IL-15 SA treatment induced activation of engrafted NK cells
as indicated by increased CD69 expression (Fig. 6F, 6G, 6I, 6J).

Ablation of IFN-g reverses IL-15 SA–induced immunotoxicity

To determine the functional importance of IFN-g, TNF-a and
perforin/granzyme in the pathogenesis of IL-15 SA–induced
immunotoxicity, IL-15 SA–induced hypothermia was examined in
IFN-g–, TNF-a–, and perforin-deficient mice (Fig. 7). IFN-g KO
mice did not develop significant hypothermia in response to IL-15
SA treatment compared with WT control mice (Fig. 7A). Treat-
ment of TNF-a and Pfn KO mice with IL-15 SA induced hypo-
thermia at a level that was not significantly different from WT
mice (Fig. 7B, 7C).
Compared with WT control mice, there was no difference in NK

cell number in the spleens of IFN-g and TNF-a KO but more NK
cells in Pfn KO mice upon IL-15 SA treatment (Fig. 7D). However,
NK cells failed to be activated by IL-15 SA stimulation in IFN-g
KO mice as indicated by the absence of increased CD69 expression
(Fig. 7E, 7F). However, NK cell CD69 expression by NK cells
from TNF-a and Pfn KO mice treated with IL-15 SAwas increased
and not different from WT treated with IL-15 SA (Fig. 7E, 7F).
NKT cell numbers were higher in IFN-g and TNF-a KO mice

and not different in Pfn KO mice in response to IL-15 SA treat-
ment compared with WT mice. Upon IL-15 SA treatment, mCD8+

T cell numbers were higher in in IFN-g KO mice and not different
in TNF-a and Pfn KO mice in comparison with WT mice
(Supplemental Fig. 2A, 2D, 2G).
NKT and mCD8 T cells in IFN-g KO mice failed to be activated

by IL-15 SA stimulation as indicated by lack of CD69 upregula-
tion whereas activation of NKT and mCD8 T cells from TNF-a
and perforin-deficient mice was similar to that observed in WT
mice after IL-15 SA treatment (Supplemental Fig. 2B, 2C, 2E, 2F,
2H, 2I).
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FIGURE 3. Characterization of NK and NKT subsets following IL-15 SA treatment. Upon treatment with vehicle or 2 mg IL-15 SA for 4 d, spleens and

livers were harvested on day 5. In the representative histograms, splenic (A) and hepatic (D) NK cells are divided into four subpopulations based on

CD11b and CD27 expression, namely precursor (CD11blowCD27low), immature (I, CD11blowCD27high), mature proinflammatory (II, CD11bhighCD27high),

and mature cytotoxic (III, CD11bhighCD27low) NK cells. The percentage and total numbers of NK cell subsets in spleen and liver are shown graphically in

(B), (C), (E), and (F). n = 6–10 mice/group. In liver, NK cells are specifically classified into two separate subsets, namely classical (NK1.1+DX5+CD32

CD49a2Trail2) NK cells that resemble those in spleen and tissue-resident (NK1.1+DX52CD32CD49a+/Trail+) NK cells that mediate Ag-specific

memory-like responses. Of note, liver tissue-resident DX52CD49a+ NK cells express high levels of Trail, whereas classical DX5+CD49a2 NK cells

exhibit minimal expression of Trail. Thus, a combination of anti-CD49a and anti-Trail Abs conjugated with the same fluorochrome was used to dis-

tinguish classical (double negative) and tissue-resident NK cells (CD49a or Trail positive). The representative dot plot, percentage, and total numbers of

NK cell subsets in liver are shown in (G)–(I). n = 5 mice/group. In representative dot plots, type I (CD3+NK1.1+/2a-Galcer-CD1d tetramer+) and type II

NKT subsets (CD3+NK1.1+a-Galcer-CD1d tetramer2) in spleen (J) and liver (M) are shown in vehicle- and IL-15 SA–treated groups. The percentage

(K and N) and total numbers (L and O) of each subset are shown in bar graphs. Data are representative of two to three separate experiments. *p , 0.05

compared with vehicle control.
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Discussion
Cancer immunotherapy is a rapidly evolving field of basic and
clinical research. Recent advances show that deinhibition of
lymphocytes by blockade of coinhibitory receptors such as PD-1
is effective in treating advanced cancers, which recently resulted
in fast track approval of pembrolizumab for the treatment of
metastatic melanoma (31–33). Cytokine-based treatments also
hold promise for the treatment of cancer and viral diseases. IL-15
is an attractive drug candidate because of its selective actions on
NK and mCD8+ T cells, both of which mediate anticancer and
antiviral immunity (7, 9). Several papers have demonstrated the
efficacy of IL-15 in experimental models of melanoma, pancreatic
cancer, and multiple myeloma (29, 34). The recent paper by
Conlon et al. (19) reported clearance of pulmonary lesions in
patients with malignant melanoma that were treated with IL-15.
However, IL-15 administration may also have untoward con-
sequences. It has been implicated in the pathogenesis of acute
lymphoblastic leukemia (35) and large granular lymphocyte leu-
kemia (36). The administration of IL-15 also exacerbates graft-

versus-host disease after allogeneic bone marrow transplantation
(17). Thus, as IL-15 moves through drug development, it is im-
portant to understand its toxicity profile. IL-15 is known to cause
considerable toxicity in nonhuman primates at higher doses. Ad-
verse side effects included weight loss and skin rash (37–39).
Most recently, Conlon et al. (19) reported hypotension, throm-
bocytopenia, liver injury, fever, and rigors in cancer patients re-
ceiving IL-15. Unlike IL-2, IL-15 did not cause vascular leak
syndrome (40). In the current study, IL-15 SA treatment caused
marked hypothermia and weight loss and a modest increase in
liver enzymes in WT mice. Thus, the toxicity profile of IL-15
family immunobiologicals is similar among species. However,
the cellular and molecular mechanisms by which IL-15 and its
analogs mediate systemic toxicity had not been previously de-
fined. The present study advances current knowledge by showing
that NK cells and IFN-g are central to IL-15 SA–mediated
immunotoxicity.
Conlon et al. (19) reported expansion of NK and mCD8+ T cells

in blood and markedly increased plasma IFN-g concentrations in

FIGURE 4. Characterization of NK, NKT and memory CD8+ T cell activation following IL-15 SA treatment. Representative histograms show the

percentage of splenic NK cells (A) expressing CD69 on the surface as well as production of intracellular IFN-g, granzyme B, and perforin from vehicle

(blue)- and IL-15 SA (red)–treated mice. The gates were drawn based on isotype control staining (green). The bar graphs shown on the right quantify

representative data with 9–10 mice per group. The activation status of NKT and memory CD8+ T cell upon IL-15 SA treatment was also analyzed. The

representative histograms show expression of CD69 by splenic NKT (CD3+NK1.1+) (B) and mCD8+ (CD8+CD44high) T cells (C) from vehicle (blue)- and

IL-15 SA (red)–treated mice. IFN-g expression by NKT and mCD8+ T cells is also shown. Specific isotype staining (green) was determined as control. The

percentage of CD69+ and IFN-g+ cells in each group is shown in the figure. The bar graphs shown on the right quantify representative data with 8–10 mice/

group. Data are representative of two to three separate experiments. *p , 0.05 compared with vehicle. SA, IL-15 SA; V, vehicle.
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FIGURE 5. Effect of lymphocyte depletion on IL-15 SA–induced toxicity. Mice were treated with 2 mg IL-15 SA for 4 d; rectal temperature was

measured on day 5. (A) Mice were treated with anti-asialoGM1 or anti-NK1.1 IgG to deplete NK and NKT cells 1 d before initiation of 2 mg IL-15 SA

treatment. (B) Serum AST and ALT concentrations in mice treated with anti-NK1.1 or nonspecific IgG were measured at 24 h after the fourth i.p. injection

of 2 mg IL-15 SA. Vehicle-treated mice served as control. (C) CD1d KO mice were treated with 2 mg IL-15 SA. (D) CD8 T cells were depleted by treatment

with anti-CD8a IgG at 24 h prior to IL-15 SA treatment or CD8 KO mice were treated with IL-15 SA. (E) Serum AST and ALT levels in mice treated with

anti-CD8a IgG or nonspecific IgG were measured at 24 h after the last injection of IL-15 SA. (F) To deplete NK and NKT cells in CD8 KO mice, CD8 KO

mice were treated with anti-asialoGM1 1 d before IL-15 SA treatment. Isotype-specific or nonspecific IgG served as control in Ab-induced leukocyte

depletion experiments. WT mice served as control for experiments using genetically altered mice. NK (G and J), NKT (H and K), and mCD8+ T cells (I and

L) from spleens of WT mice were characterized in mice treated with anti-asiaoGM1, anti-NK1.1, or anti-CD8a IgG as well as in CD8 KO mice. Untreated

WT mice or WT mice treated with isotype matched IgG served as controls. n = 6–10 mice/group. Data are representative of two to three separate

experiments. *p , 0.05 compared with untreated WT control, +p , 0.05 compared with IgG group or WT control, #p , 0.05 compared to CD8KO treated

with IgG.
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FIGURE 6. Toxicity of IL-15 SA in Rag22/2gc2/2 mice receiving adoptive transfer of WT NK cells. WT NK cells (1.0 3 106 cells/mouse) were

injected i.v. into Rag22/2gc2/2mice 3 h before the initiation of IL-15 SA (2 mg) treatment. Rag22/2gc2/2 mice that received NK cell transfer and vehicle

treatment or IL-15 SA treatment without NK cell transfer served as control. (A) Body temperature was measured at 8 d after NK cell transfer and IL-15 SA

treatment. (B) Body weight was measured at the indicated time points. (C) Liver gross morphology and H&E-stained liver sections (original magnification

3400) at 8 d after treatment. Olympus BX43 microscope and Olympus digital color camera DP73 were used for acquisition of the H&E-stained images.

(D) ALT and AST concentrations in serum at 8 d after adoptive transfer and IL-15 SA treatment. Splenocytes and hepatic (Figure legend continues)
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cancer patient receiving IL-15 treatment. However, a cause and
effect relationship between increased NK cell numbers and IFN-g
production with IL-15–associated toxicity was not established.
The present study provides a direct link between NK cell expan-
sion and IFN-g production with the adverse responses caused by
IL-15 SA in mice. Of note, the dose of IL-15 SA applied to mice
in our study is higher than the highest dose of IL-15 administered
to patients in the cancer treatment trial (19). However, Conlon and
colleagues administered IL-15 to patients for 12 consecutive days,
whereas mice were treated for a period of 4 d in our study. Thus,
we administered a higher dose but over a shorter period of time.
Nevertheless, IL-15 SA induced physiologic dysfunction, weight
loss, and liver injury in mice, a toxicity profile that was similar to
that reported in humans. In addition, the toxicity observed in mice
was more severe and characterized by 20% mortality. Thus, al-
though species differences in sensitivity to IL-15 SA–induced
toxicity may exist, we were able to provide mechanistic insights
into IL-15 SA–mediated immunotoxicity that cannot be addressed
in human studies.
Rubinstein et al. (25) used a dose of IL-15 SA (1.5 mg) in mice

that was similar to the dose used in our study and was adminis-
tered for 2 d rather than 4 d. Rubinstein et al. (25) observed NK
and mCD8 T cell expansion that was similar to that reported in our
study but did not mention toxic signs in mice under their treatment
regimen. In our dose escalation study, we did not observe toxicity
when administering IL-15 SA at 1 mg/day but observed toxicity at
the 2-mg dose. Thus, it is likely that Rubinstein et al. (25) were
using a dose that was slightly less than the toxic dose observed in
our study and was administered over a shorter period of time

(2 versus 4 d). These observations indicate that IL-15 SA–induced
immunotoxicity is dose and time dependent.
IL-15 SA preferentially expanded the proinflammatory

(CD11bhighCD27high) NK subset, which produces large amounts
of cytokines, such as IFN-g and TNF-a, and also possesses sig-
nificant cytotoxic functions (41). NK cell expansion and activation
appears to contribute to IL-15 SA-induced immunotoxicity since
NK cell depletion ablated IL-15 SA-induced hypothermia and
weight loss but did not modify the modest increase in liver
enzymes observed in wild type mice. Interestingly, adoptive
transfer of NK cells into Rag2gc KO mice followed by treatment
with IL-15 SA caused significant hepatotoxicity characterized by
gross pathology, marked hepatic leukocyte infiltration and liver
enzyme elevations. The more profound liver injury observed in
that model may reflect loss of the attenuating influence of CD8+

T cells, and possibly other lymphocyte populations, that are absent
in Rag2gC KO mice. Our results show that CD8-deficient mice
have an increased sensitivity to IL-15 SA-induced hypothermia,
which suggests that CD8+ cells are able to temper IL-15 SA-
induced injury.
IFN-g–deficient, but not TNF-a– and perforin-deficient, mice

were resistant to IL-15 SA–induced hypothermia and weight loss.
Moreover, IFN-g played an essential role in IL-15 SA–mediated
NK cell activation as indicated by attenuation of NK cell activa-
tion in IFN-g–deficient mice. Although TNF-a is also an impor-
tant proinflammatory cytokine that is secreted by NK cells, it does
not appear to play an important role in the immunotoxicity caused
by IL-15 SA. That contention is further supported by our obser-
vation that IL-15 SA–mediated NK cell activation is independent

leukocytes were harvested at 8 d after NK cell transfer and IL-15 SA treatment. The numbers of splenic and hepatic NK cells (E and H) and CD69 expression

by NK cells (F, G, I, and J) was determined using flow cytometry. n = 6–9 mice/group. Data are representative of two separate experiments. *p , 0.05

compared with mice that did not receive NK cell transfer and were treated with IL-15 SA, +p , 0.05 compared with mice that received NK cell transfer but

not IL-15 SA treatment.

FIGURE 7. Effect of IFN-g, TNF-a, or perforin deficiency on IL-15 SA–mediated immunotoxicity. IFN-g KO, TNF-a KO, Pfn KO mice, and WT

controls received 2 mg IL-15 SA treatment for 4 d. (A–C) Body temperature was measured at 24 h after the last IL-15 SA treatment. Untreated WT mice

were included as control. Splenic NK numbers (D) and CD69 expression (E and F) were measured using flow cytometry. n = 9–16 mice/group. Data are

representative of two to three separate experiments. *p, 0.05 compared with untreated WT control, +p, 0.05 compared with IL-15 SA–treated WT mice.
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of the presence of TNF-a. Taken together; our results indicate that
NK cell–derived IFN-g is an important mediator of IL-15 SA–
induced immunotoxicity. IL-15, in conjunction with the mono-
kines IL-12 and IL-18, is a potent inducer of IFN-g secretion by
NK cells (42). Previous studies have described a toxic role for
IFN-g during endotoxin-induced shock and polymicrobial sepsis
(43, 44). NK cells facilitate the activation of macrophages, den-
dritic cells, and other APC populations to amplify proinflamma-
tory responses through positive feedback mechanisms (45). The
enhanced inflammatory response results in heightened cytokine
secretion, leukocyte recruitment, and cytotoxic activity. However,
the cellular interactions underlying IL-15 SA–induced toxicity
remain to be fully defined.
The recent discovery of IL-15 SA advances the potential of IL-

15–based therapy. IL-15 SA has more potent and prolonged action
than native IL-15 and preliminary studies suggest enhanced effi-
cacy in experimental models of cancer (25, 28). The mechanisms
of IL-15 SA–mediated immunotoxicity and antitumor efficacy
may be mediated through different cellular mechanisms. Although
IL-15 SA–induced toxicity is mediated through expansion and
activation of NK cells, the antitumor efficacy is reportedly de-
pendent on expansion and activation of tumor resident mCD8+

T cells. Cheng et al. (30) reported that the efficacy of IL-15 SA in
models of liver cancer is mediated through activation of tumor
specific CD8+ T cell responses. Xu et al. (28) demonstrated the
importance of mCD8+ T cells in the antitumor efficacy of an
IL-15/IL-15Ra fusion protein in a murine model of multiple
myeloma. Chang et al. (29) delivered IL-15 SA–expressing ade-
novirus in a model of hepatocellular carcinoma. However, they
concluded that the antitumor effect of the IL-15 SA–adenovirus
construct was mediated by NK cells. Thus, there is some con-
troversy in the field. Last, the toxicity of IL-15 SA is transient. NK
and NKT cell numbers declined rapidly after conclusion of IL-15
SA treatment and returned to baseline value by 1 wk after IL-15
SA treatment. Although mCD8 T cell numbers also declined after
cessation of IL-15 SA treatment, levels of mCD8 T cells remained
above baseline at 7 wk after completion of IL-15 SA treatment.
Taken together, these findings provide new information regarding
the cellular and molecular mechanisms underlying IL-15 SA–in-
duced toxicity in vivo.
In conclusion, the current study demonstrates time- and dose-

dependent toxicity of IL-15 SA in mice. Toxicity is characterized
by systemic physiologic dysfunction reflected by the develop-
ment of hypothermia and weight loss. Acute liver injury was also
observed in IL-15 SA–treated mice. The toxic effects of IL-15
SA appear to be mediated primarily by expansion and activation
of NK cells and are dependent on the presence of IFN-g. Thus,
the current study provides significant characterization of spe-
cific systemic, cellular, and molecular alterations caused by IL-15
SA treatment.
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