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ABSTRACT
The role of T cells in controlling human cancers is well known. Their success requires continued 
persistence in vivo and efficient trafficking to tumor sites, requirements shared by other effectors such 
as Natural Killer (NK) cells. To date, cytokine IL2 remains the only clinically approved cytokine therapy 
available to expand, maintain, and activate these effector lymphoid cells, but toxicities can be severe. 
Cytokine IL15 offers similar T cell proliferation and activation properties, but without the unwanted side- 
effects seen with IL2. Several IL15-cytokine fusion proteins have been developed to improve their in vivo 
function, typically exploiting the IL15Rα to complex with IL15, to extend serum half-life and increase 
affinity for IL15β receptor on immune cells. Here we describe a novel IL15 complex incorporating the full- 
length IL15Rα to complex with wild type IL15 to form spontaneous trimers of dimers (6 IL15 + 6 IL15Rα) 
during co-expression, resulting in a substantial increase in serum half-life and enhancement of in vivo 
cytokine effect on IgG or T cell engaging antibody-dependent cell-mediated cytotoxicities, when com
pared to alternative strategies.
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Introduction

Despite the enormous advances in the therapeutic application 
of innate and adaptive immunities to human cancer, the hur
dles preventing effective anti-tumor responses in solid tumors 
remain daunting.1 Tumors like neuroblastoma downregulate 
their class I and class II HLA antigens to evade the afferent and 
efferent arms of adaptive immunity,2 partly explaining the 
paucity of tumor-infiltrating lymphocytes (TILs) in these 
“cold” tumors.3 For neuroblastoma, innate immunity is the 
only clinically approved anti-tumor treatment so far, where 
anti-disialoganglioside GD2 monoclonal antibodies success
fully exploit immune effector cells expressing Fc-receptors.4,5

Recently, T cells have emerged as one of the most promising 
approaches to eradicate certain types of leukemia and solid 
tumors. Immune checkpoint blockade therapies have assumed 
center stage, where removing the “brakes” in T cells has achieved 
unprecedented clinical responses among patients with metastatic 
cancers.6,7 Such immune checkpoint blockade antibodies can 
also play a role in natural killer (NK) cell-mediated anti-tumor 
cytotoxicity.8 However, one major limit to these successes is the 
insufficient preexisting immunity and tumor-infiltrating lym
phocytes (TILs). Since tumor-specific T cells are rare in patients 
with high-risk neuroblastoma,3 chimeric antigen receptors (anti- 
GD2) have been developed to “educate” T cells to recognize 
tumor surface antigens,9 although their persistence and exhaus
tion in vivo after adoptive transfer are recurrent hurdles. 
Another strategy currently in clinical development uses bispeci
fic antibodies (BsAb) to redirect polyclonal T cells to achieve 
durable tumor response (NCT03860207).10 However, other than 

IL2, there is no clinically available pharmaceuticals that will 
expand, maintain and activate these redirected T cells.

Cytokine interleukin-15 (IL15) has diverse immunologic 
effects, and plays an important role in the development, home
ostasis and function of memory CD8+ T cells, NK cells, and 
other immune cells (reviewed in11). IL15 is a 14–15 kDa glyco
protein that binds to a heterotrimeric receptor, composed of 
a unique alpha subunit (IL15Rα) that confers receptor specifi
city, and the IL2R/IL15Rβ (CD122) and the common gamma 
(γc) chain (CD132) shared with the IL2 receptor.12 However, 
unlike IL2, IL15 does not (i) activate T regulatory cells (Tregs),13 

(ii) induce activation-induced cell death (AICD) among CD8(+) 
T cells,14 (iii) cause vascular capillary leak,15 and (iv) IL15 can 
sustain the survival of NK, effector CD8(+) and memory phe
notype CD8(+) T cells. IL15Rα contains three protein domains: 
(i) a 175 amino acid extracellular domain, (ii) a single 23 amino 
acid transmembrane region, and (iii) a 39 amino acid cytoplas
mic domain, and is widely expressed in humans and mice 
independently of IL2R/IL15Rβγc.14 IL15Ra binds to IL15 with 
extremely high affinity (Kd <10–11 M) allowing it to retain IL15 
on the cell surface. Through this, IL15Rα can trans-present IL15 
to IL2R/IL15Rβγc on neighboring NK and T cells through 
immunological synapses.16 This synapse mechanism limits 
exposure to circulating IL15, thereby decreasing the risk of 
autoimmunity. IL15 can also persist for days in a membrane- 
bound form by recycling as complex with IL15Rα through 
endosomal vesicles.16 IL15 was ranked 1st among a list of agents 
with high potential to serve as immunotherapeutic drugs by the 
NCI immunotherapy agent workshop.17
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One common strategy to extend serum half-life uses Fc- 
fusion proteins based on IgG Fc domains, resulting in usually 
dimeric proteins with MW between 100 and 160 kDa. This 
half-life extension has been proven in many Fc fusion systems, 
with a TNF-α receptor Fc-fusion extending serum half-life 
5-fold, and improving antagonistic potencies 1000-fold.18 

Previous attempts to develop IL15-Fc-Fusion proteins have 
exploited the minimal IL15 binding domain of the IL15Ra, 
named the sushi-binding domain (aa 1–66), to improve half- 
life and potency.19 More recently, others have modified the 
IL15 sequence itself, mutating a single amino acid (N72D) to 
increase binding to IL15Rβ, and combining this in an Fc-fusion 
complex with an IL15Ra sushi domain (ALT-803), showing 
potent pre-clinical activity to warrant patient trials.19,20 

Besides, full-length IL15Ra-IgG1-Fc fusion protein has been 
shown to enhance anti-tumor activity through NK and CD8 
+ T Cells proliferation and activation when premixed with 
IL15.21

In this report, we describe a novel IL15/IL15Ra Fc fusion 
protein (WT-FL) using the full-length IL15Rα that multi
merizes into a trimers of dimers (6 IL15 + 6 IL15Rα) during co- 
expression, resulting in substantial increases in serum half-life 
and in vivo anti-tumor efficacy, compared to fusion proteins 
using the truncated sushi domain. This WT-FL protein syner
gizes with both IgG and BsAb therapies in vivo, using either 
xenograft or syngeneic tumor models, as proof of principle for 
its potential combination with antibodies in clinical 
development.

Materials and Methods

Cell lines

Human neuroblastoma cell line IMR32 and mouse lympho
blast cell line CTLL-2 were purchased from ATCC (Manassas, 
VA). Human melanoma cell line M14 was obtained from 
UCLA, and murine melanoma cell line B78/D14 from 
Dr. Kenneth Lloyd, MSK.22 All cells were authenticated by 
short tandem repeat profiling using PowerPlex 1.2 System 
(Promega), and periodically tested for mycoplasma using 
a commercial kit (Lonza). The luciferase-labeled tumor cell 
lines IMR32-Luc and M14-Luc were generated by retroviral 
infection with an SFG-GFLuc vector.

Cloning, co-expression and purification of IL15/IL15Rα-Fc 
complexes

Full-length ectodomain of IL15Rα (aa1-175) was fused to the 
CH2-CH3 of human IgG1 Fc region. Wild type (WT) and 
N72D mutated IL15 (MUT), in complex with either full length 
(FL) or Sushi domain (SU, aa1-66) of IL15Rα were made for 
comparison. These genes were synthesized by Genscript with 
appropriate flanking restriction enzyme sites, subcloned into 
a single two-segment mammalian expression vector, and used 
to transfect CHO-S cells (Invitrogen) for stable co-expression 
of protein complex and selection of high producers. 1 × 106 

cells were transfected with 2.5 µg of linearized plasmid DNA by 
Nucleofection (Lonza) and then recovered in CD OptiCHO 
media supplemented with 8 mM L-glutamine (Invitrogen) for 

2 days at 37°C in 6-well culture plate. Stable pools were selected 
first with 500 ug/ml hygromycin for approximately 2 weeks, 
single clones were then selected out with limited dilution. IL15/ 
IL15Rα-Fc titer was determined by ELISA, where plates were 
coated with anti-human IL15 polyclonal goat IgG (R&D 
Systems) to capture the complex, and then detected with sec
ondary goat anti-human IgG (Fc specific) (Southern Biotech). 
High expression clones with strong binding signals were 
selected for further subcloning. The complexes were purified 
using Protein A affinity chromatography.

Biochemical characterization of IL15/IL15Rα-Fc complexes

Ten micrograms of the protein was analyzed by SDS-PAGE 
using 4–15% Tris-Glycine Ready Gel System (Bio-Rad). 
Invitrogen SeeBlue Plus2 Pre-Stained Standard, or Life 
Technologies BenchMark Unstained Protein Ladder was used 
as the protein MW marker. After electrophoresis, the gel was 
stained using Coomassie G-250 (GelCode Blue Stain Reagent; 
Pierce). The size and purity of complexes was also evaluated by 
size-exclusion high-performance liquid chromatography (SE- 
HPLC). Approximately 20 µg of protein was injected into 
a TSK-GEL G4000SWXL 7.8 mm x 30 cm, 8 µm column 
(TOSOH Bioscience) with 0.4 M NaClO4, 0.05 M NaH2PO4, 
pH 6.0 buffer at flow rate of 0.5 mL/min, and UV detection at 
280 nm. Ten microliters of gel-filtration standard (Sigma) was 
analyzed in parallel for MW markers.

In vitro cell proliferation assays

For cell proliferation, mouse lymphoblast CTLL-2 cells (15,000 
cells/well) plated using RPMI-1640 supplemented with 10% 
FBS in a 96 well plate were incubated with IL15 complexes at 
the specified concentration for 72 hrs at 37°C. Cell prolifera
tion was determined using the cell counting WST-8 kit 
(Dojindo Molecular Technologies) following the manufac
turer’s instructions.

Cytotoxicity Assays (51chromium release assay)

Cell cytotoxicity was performed by standard 4-hour 51Cr 
release assay as previously described.10 Effector peripheral 
blood mononuclear cells (PBMC) were isolated from buffy 
coats purchased from the New York Blood Center. PBMCs 
were cultured in vitro in medium either without (Medium) or 
with soluble IL15 or different IL15/IL15Rα complexes. After 
72 hr of culture, the PBMCs were harvested, re-adjusted in 
numbers and tested for cytotoxicity against M14 human mel
anoma cells either in the absence or presence of different 
antibodies.

In vivo therapy studies

All animal procedures were performed in compliance with 
Institutional Animal Care and Use Committee (IACUC) 
guidelines. For in vivo therapy studies, BALB-Rag2-/-IL2R- 
γc-KO (DKO) mice (from Taconic as CIEA BRG mice)10 or 
C57BL/6 mice (The Jackson Laboratory) were used. Effector 
PBMCs were prepared as described above. Prior to every 
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experimental procedure, PBMCs were analyzed by flow cyto
metry for relative percentage of CD3, CD4, CD8 and CD56 
cells to ensure consistency. Subcutaneous (sc) xenografts were 
created by implanting the tumor cells suspended in Matrigel 
(Corning Corp) in the flank of mice. Treatments were started 
when sc tumor size was reached 50–100 mm3 in general, or 
once successful iv tumor engraftment was confirmed by biolu
minescence. Treatment schedules were marked on the figures, 
and doses of IL15 complexes, antibodies and effector cells were 
detailed in the Results section. Tumor size was measured 
using 1) hand-held TM900 scanner (Pieira, Brussels, BE), 2) 
Calipers, or 3) Bioluminescence. Bioluminescence imaging was 
conducted using the Xenogen In Vivo Imaging System (IVIS) 
200 (Caliper LifeSciences). Briefly, mice were injected intrave
nously (iv) with 0.1 mL solution of D-luciferin (Gold 
Biotechnology; 30 mg/mL stock in PBS). Images were collected 
1 to 2 minutes after injection using the following parameters: 
a 10- to 60-second exposure time, medium binning, and an 8 f/ 
stop. Bioluminescence image analysis was performed using 
Living Image 2.6 (Caliper LifeSciences).

In vivo lymphocyte expansion studies

The lymphocyte expansion studies were conducted in healthy 
C57BL/6 mice injected sc one time with 5 µg WT-FL, or 
equimolar amount of MUT-SU (as positive control). 
Peripheral blood was collected on day 5 after the dosing, and 
CBC and FACS analysis were performed. Absolute cell count 
was calculated by multiplying the white blood cell count from 
CBC and percentage of positive cells from FACS.

Pharmacokinetics studies

Blood was collected by retro-orbital bleeding of DKO mice at 
time 0.5, 1, 2, 4, 8, 12, 24, 48 and 72 hr after a single sc injection 
of 50 ug of WT-FL or equimolar amount of other complexes. 
Concentrations of IL15 complexes in mouse sera were quantified 
by ELISA as described in the Cloning section. Pharmacokinetic 
analysis was carried out by non-compartmental analysis of the 
serum concentration-time data using Phoenix WinNonlin soft
ware program (Certara, Princeton, NJ).

Statistical analysis

Differences between samples were tested for significance by 
two-way ANOVA using Prism 7.0. p< .05 was considered 
statistically significant and indicated with * in the figures; 
p > .05 was considered not statistically significant and indicated 
with ns in some figures as well.

Results

Construction of IL15/IL15Rα-Fc complex

In order to most effectively compare the role of full-length 
IL15Rα (compared to the truncated sushi domain) or affinity 
matured IL15 (N72D, compared to the wildtype sequence), we 
prepared four different IL15/IL15Rα Fc-fusion proteins 

(Figure 1a): WT-FL which kept the wildtype IL15 sequence 
and full-length IL15Rα; MUT-FL which combined the N72D 
mutated IL15 with a full-length IL15Rα; WT-SU which com
bined the wildtype IL15 with the truncated sushi domain of 
IL15Rα; and MUT-SU which combined N72D IL15 and 
IL15Rα sushi domains (exact same amino acid coding 
sequence as ALT-803). All four proteins were fused the 
IL15Rα domain directly to the CH2-CH3 of human IgG1 Fc 
domain. After co-expression in CHO-S cells, all four com
plexes (WT-FL, MUT-FL, WT-SU and MUT-SU) were puri
fied using Protein A affinity chromatography, with high 
protein yield (0.3–1.2 g/L).

In vitro biochemical characterization of IL15/IL15Rα-Fc 
complex

Under reducing conditions, WT-FL and MUT-FL complex 
gave rise to two major bands on Tris-glycine SDS-PAGE: 
~60-90 KDa (IL15Rα-Fc) and ~16 KDa (IL15) (Figure 1b). 
The diffuse band pattern of IL15Rα-Fc was secondary to the 
heterogeneity of glycosylation of the full-length IL15Rα ecto
domain in mammalian cells,23 since it collapsed to the cor
rect size of a single band at ~60 KDa after removal of sugar 
side chains by deglycosylation (Figure 1b). Similarly, the 
broad IL15 band also became more homogeneous (~13 
kDa) with deglycosylation. In contrast, WT-SU and MUT- 
SU complexes migrated as two distinct bands, unaffected by 
deglycosylation because of their lower carbohydrate content 
(Figure 1b). To estimate the molecular size of the WT-FL 
complex more precisely, a BenchMark Unstained Protein 
Ladder was used for SDS-PAGE. Under reducing conditions, 
the WT-FL complex separated into monomers of around 100 
KDa total (85 KDa for IL15Rα-Fc + 16 KDa for IL15, Figure 
1c); under non-reducing conditions where the disulfide 
bonds between Fc remained intact, the WT-FL complex 
separated into dimers of ~200 KDa total (170 KDa for 
dimeric IL15Rα-Fc + 2 × 16 KDa for two monomeric IL15, 
Figure 1c).

SEC-HPLC analysis of purified WT-FL complexes 
showed a major peak at 600 KDa, with some minor aggre
gates removable by gel filtration (Figure 1d). The peak also 
appeared wide, consistent with the heterogeneous glycosy
lation. The size of 600 KDa of the WT-FL complex 
(19.0 minutes) was calculated based on high MW standard 
markers (Figure 1e), including a separately run 2000 KDa 
marker (run separate to reduce interference with the migra
tion of other standards) (figure 1f). Given the 200 kDa size 
of WT-FL dimer on SDS-PAGE, the 600 KDa size sug
gested that each dimeric IL15/IL15Rα-Fc dimer was trimer
izing, forming a hexameric WT-FL complex (Figure 1g). In 
contrast, WT-SU and MUT-SU complexes formed stable 
dimeric Fc fusion complexes as expected (~120 KDa, 
Figure 1d), implicating regions in the full length IL15Rα 
other than sushi domain are responsible for formation of 
the stable hexamer. This trimeric formation was also sup
ported by the known crystal structure of IL15/IL15Rα com
plex (aa1-102, including sushi domain and adjacent linker 
region) forming a rod-like dimer, where the contact was 
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Figure 1. In vitro characterization of IL15/IL15Rα-Fc complexes. (a) Schematic diagrams of all four IL15/IL15Rα-Fc complexes in theoretical dimeric Fc fusion formats. 
(b) All four complexes were shown on reduced SDS-PAGE, before and after deglycosylation treatment, using Invitrogen SeeBlue Plus2 Pre-Stained Standard as the 
protein molecular weight (MW) marker. (c) WT-FL complex on SDS-PAGE under reduced and non-reduced conditions, using Life Technologies BenchMark Unstained 
Protein Ladder as the protein MW marker (the size of selected bands was shown), with IL15Rα-Fc and IL15 bands were marked with arrows. (d) SE-HPLC chromatography 
using G4000SW column. Major peak of WT-FL (19.0 minutes) corresponding to MW around 600 kDa, and SU complexes (22.3 minutes) corresponding to around 120 kDa, 
and salt buffer peak (26.5 minutes). (e) SE-HPLC results of the 6 standard MW marker (Sigma Gel Filtration Markers Kit) mixed together. Each MW marker was also run 
separately to confirm the position, except for the 150 and 66 kDa markers which did not separate in the mixture. (f) The fitted curve for WT-FL complex MW calculation. 
The size of 600 kDa of the WT-FL complex was calculated based on the fitted curve derived from the top three high MW standard markers that was run separately. (g) 
Schematic diagram of WT-FL complex in hexameric format, and accelerated stability test of WT-FL at 37°C over 4 weeks; monomer % represents the percentage of 
monomers in HPLC profile for each time point, based on AUC analysis excluding buffer peak. (h) In vitro cell proliferation assays using mouse lymphoblast cell line CTLL- 
2. Mean + SD (n = 3). * p < .0001 when FL-complexes treatment groups were compared with SU-complexes treatment groups at indicated concentration, respectively.
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between the two IL15Rα molecules.24 Protein purity of all 
four complexes was determined to be over 90% by SEC- 
HPLC (WT-FL at 94%, MUT-FL at 95%, WT-SU at 92%, 
and MUT-SU at 90%). These complexes remained stable by 
SDS-PAGE and HPLC after multiple freeze and thaw cycles, 
and extended incubations at 37°C (HPLC data for WT-FL 
shown in Figure 1g).

Effects of IL15/IL15Rα-Fc complexes on in vitro cell 
proliferation

The biological activity of these complexes was evaluated 
with cell proliferation assays using mouse lymphoblast cell 
line CTLL-2, which is known to respond to human IL15.20 

After incubating with IL15/IL15Rα-Fc complex for 3 days, 
CTLL-2 cell proliferation was measured using WST-8 kit. 
Although all four complexes were able to promote the 
growth of CTLL-2 cells in a dose-dependent manner, WT- 
SU and MUT-SU showed superior potency over WT-FL 
and MUT-FL (Figure 1h).

Binding of hu3F8 and hu3F8-BsAb to IL15/IL15Rα- 
stimulated lymphocyte subsets

To address whether IL15/IL15Rα complexes can potentiate 
anti-tumor effects of hu3F8 antibodies, first we need to test if 
in vitro stimulation of human PBMCs with IL15/IL15Rα com
plexes could enhance binding of these antibodies to NK cells or 
T cells in the presence of tumor cells. When PBMC from 
healthy donors were incubated in the presence of GD2(+) 
M14 tumor cells, CD3+CD56− T cells and CD3−CD56+ NK 
cells could be clearly defined by FACS analysis (Figure 2a, left 
panel); here hu3F8-IgG1 (wild type Fc) and hu3F8-BsAb (Fc- 
silenced by N297A + K322A) bound equally well to tumor cells 
(Figure 2a, right panel). CD16 expression on NK cells was 
increased after culture at 37°C for 72 hrs in the presence of 
WT-FL complex (Figure 2b), resulting in increased binding of 
hu3F8-IgG1 via FcγRIII to CD16-expressng NK cells (Figure 
2c). On the other hand, binding of hu3F8-BsAb via CD3 to 
CD3-expressing T cells remained high irrespective of whether 
PBMCs were cultured with WT-FL complex or not (Figure 2d). 
In summary, hu3F8-IgG1 could engage Fc-expressing NK cells 
which increased in the presence of WT-FL complex, while 
hu3F8-BsAb could engage CD3-expressing T cells.

Stimulation of PBMC with IL15/IL15Rα-Fc complex 
augmented in vitro tumor cytotoxicity

To test if in vitro stimulation of human PBMCs with soluble 
IL15 or IL15/IL15Rα complexes could augment anti-tumor 

cytotoxicity, fresh PBMCs were primed for 72 hrs in increasing 
concentrations of soluble IL15, or IL15/IL15Rα complexes, 
followed by a 4-hour in vitro cytotoxicity assay against GD2 
(+) human melanoma cell line M14. As shown in Figure 3a, at 
highest concentration (1 nM), all five formats (free IL15 or four 
different IL15/IL15Rα complexes) were equally potent in acti
vating lymphocytes to mediate M14 tumor lysis; however, at 
lower concentrations, there was a significant enhancement in 
lymphocyte activation by MUT-SU and MUT-FL complexes 
versus WT-SU and WT-FL complexes. Such results were 
anticipated since improved binding of mutant IL15 to 
IL2Rβγc should result in stronger signaling, making PBMC 
derived T- and NK cells more cytolytic. The absence of sig
nificant difference between soluble IL15 versus WT-FL or WT- 
SU complexes could be explained by the presence of native 
IL15Rα on accessory cells (non-T, non-NK) within the PBMC 
population that presented IL15 to T- and NK cells.

Next, we tested if IL15-primed PBMC could potentiate anti
body-dependent cell-mediated cytotoxicity (ADCC) in the pre
sence of hu3F8-IgG1 (naxitamab) or antibody-dependent 
T cell-mediated cytotoxicity (ADTC) in the presence hu3F8- 
BsAb. As shown in Figure 3b, cytotoxicity by IL15-stimulated 
PBMC (Figure 3a) was substantially improved in the presence 
of anti-tumor antibodies, an effect that was antibody concen
tration-dependent, even at low concentrations (0.001 nM) of 
the complex. Consistent with the antibody-independent data
set, incubation with MUT-FL or MUT-SU complexes resulted 
in greater cytotoxicity compared to WT-FL or WT-SU com
plexes or soluble IL15. Furthermore, since there was no sub
stantial difference between FL and SU platforms (either MUT- 
FL vs MUT-SU or WT-FL vs WT-SU), we focused our com
parison between WT-FL and MUT-FL complexes. To see how 
priming with IL15 impacted cytotoxicity at low numbers of 
effectors, E:T ratios was titrated down while keeping the con
centrations constant for IL15 complexes at 1 nM and antibo
dies at 0.01 ug/mL. Consistent with the previous data, MUT-FL 
stimulated cytotoxicity in PBMC better than WT-FL (Figure 
3c), both in the absence of antibodies, and in the presence of 
hu3F8, or hu3F8-BsAb. Similar patterns of activation were seen 
with five different PBMC donors (Supplemental Figure S1). In 
summary, MUT-FL and MUT-SU complexes provided better 
stimulation to naïve PMBCs and augmented tumor cytotoxi
city than WT-FL or WT-SU complexes in vitro.

Immunophenotypic changes of PBMC induced by WT-FL 
versus MUT-FL complexes

To assess the changes in phenotype or function of T cells and 
NK cells following incubation with WT-FL or MUT-FL, 
PBMC were cultured in the presence of IL15/IL15Rα com
plexes between 24 and 168 hr. Both WT-FL and MUT-FL 

Table 1. WT-FL IL15 complex improves serum half-life in mice.

T1/2 (hr) Cmax (ug/mL) AUC (hr·ug/mL) Cl (mL/h) Vss (mL) MRT (h)

WT-FL 20.8 5.1 133.1 0.3 10.9 24.6
MUT-FL 20.8 5.3 139.6 0.3 10.5 25.2
WT-SU 10.5 11.0 90.5 0.4 5.2 10.2
MUT-SU 10.3 12.9 95.9 0.4 4.7 9.8
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stimulated time-dependent upregulation of death ligands 
FasL and TRAIL, on T and NK cells, however, a difference 
between WT-FL vs. MUT-FL complexes was observed only 
for FasL but not for TRAIL (Figure 4a and 4b). Activating 
receptors NKp46 and NKG2D both displayed upregulation in 
response to incubation with WT-FL or MUT-FL, however, no 
significant difference was seen between complexes. Consistent 
with previous reports, CD16 (FcγRIII) expression also 
increased with incubation, peaking at 72 hr followed by 
a drop by 168 hr25 (Figure 4c and 4d), a pattern consistently 
observed with PBMCs from five different donors. 
Interestingly, whereas no changes in KIR2DL1, KIR3DL1 
and NKG2A, the inhibitory receptors on NK cells, were 
observed even after extended (up to 168 hr) exposure to 
IL15/IL15Rα complexes (Supplemental Figure S2A), the 
inhibitory/exhaustion markers on CD3+ T cells (PD1, TIM3 
and LAG3) were strongly upregulated (Supplemental Figure 
S2B). This provides a rationale for future combination study 
of IL15 complex with immune checkpoint blockade. Besides, 
whereas WT-FL and MUT-FL induced strong proliferation 
for both CD8+ T cells and CD4+FoxP3- T cells over 168 hr 

period, almost no proliferation was observed for CD4+FoxP3 
+ Tregs cells, especially for WT-FL complex (Supplemental 
Figure S2C), consistent with the published data from the 
ALT-803 clinical trials.25 While naïve T cells displayed sub
stantial upregulation in granzyme-B following stimulation 
with WT-FL or MUT-FL, naïve NK cells markedly upregu
lated both perforin and granzyme-B above their already high 
baseline levels (Figure 4e and 4f). These results suggest that 
following stimulation via IL2Rβγc both T- and NK cells 
become activated as measured by upregulated expression of 
stimulatory receptors, cytotoxic proteins both intra- 
cytoplasmically and on the cell surface. In general, MUT-FL 
provides better stimulation to naïve PMBCs than WT-FL, 
which is consistent with the in vitro cytotoxicity.

WT-FL IL15 complex promotes in vivo lymphocyte 
expansion and improves serum half-life in mice

To determine the effect of WT-FL IL15 complex on lymphocyte 
expansion in vivo, we administered the complex one time sub
cutaneously in tumor-free C57BL/6 mice injected with 5 ug WT- 

Figure 2. In vitro binding of hu3F8 and hu3F8-BsAb to IL15-stimulated lymphocyte subsets. (a) Representative immunophenotypic appearance of normal PBMC- 
derived CD3+CD56− T cells and CD3−CD56+ NK cells (left panel). Representative flow cytometric appearance of PBMC and M14 tumor cells mixed together at 1:1 ratio 
(middle panel). Binding of hu3F8 and hu3F8-BsAb to M14 tumor cells (right two panels). (b) Expression of CD16 (FcγRIII) on T cells and NK cells. (c) Binding of hu3F8 IgG1 
via FcγRIII to CD16-expressing NK cells but not T cells. (d) Binding of hu3F8-BsAb via CD3 to CD3-expressing T cells but not NK cells. PBMCs were cultured in complete 
RPMI medium either without (Medium) or with 1 nM WT-FL complex for 72 hrs before FACS analysis. Numbers in right upper corner of each histogram box represent MFI 
ratios calculated as geo-MFI of antigen-specific staining (red-line histogram) divided by geo-MFI of isotype-control IgG staining (black filled peak).
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FL, or 4 ug MUT-SU (equimolar amount, as positive control).26 

Peripheral blood was collected on day 5 after the dosing, and CBC 
and FACS analysis were performed. Absolute cell counts were 
calculated by multiplying the white blood cell count from CBC 
and the percentage of positive cells from FACS. As shown in 
Figure 5a, WT-FL complex promoted both CD3+ T cell (mainly 
CD8+ T cells) and NK1.1+ NK cell expansion. Whereas WT-FL 
promoted a bit more NK cell expansion, T cell expansion was 
significantly greater with MUT-SU, which was consistent with the 
in vitro CTLL-2 cell proliferation results (Figure 1h).

Pharmacokinetics studies of all four complexes in mice were 
also performed. 50 ug of FL-complexes or 40 ug SU-complexes 
were injected subcutaneously into DKO mice, and concentra
tion of IL15 complexes in mouse sera were quantified by 
ELISA. Pharmacokinetics analysis was carried out by the non- 
compartmental model. As shown in Figure 5b and Table 1, 
when compared to SU-based complexes, FL-based complexes 
had lower peak serum levels (Cmax), longer serum half-life 

(T1/2), greater drug exposure (AUC), and longer mean resi
dence time (MRT). Since the in vivo effects of IL15 is not 
immediate following subcutaneous administration, the effect 
of a delayed drug exposure of IL15 complex beyond peak time 
(8 hrs) may be further amplified, based on AUC differences 
after peak time (8–72 hrs) between FL-complexes (~110 hr·ug/ 
mL) and SU-complexes (~30 hr·ug/mL).

WT-FL IL15 complex potentiates anti-tumor effects of 
antibody immunotherapy against tumor cell line xenografts

To establish how WT-FL impacted in vivo anti-tumor function, 
we tested it in four separate tumor models: (i) an intravenous 
neuroblastoma xenograft model using immunodeficient mice 
(BALB-Rag2-/-IL2R-γc-KO, DKO) treated with BsAb, (ii) 
a subcutaneous neuroblastoma xenograft model using DKO 
mice treated with IgG, (iii) a subcutaneous melanoma xenograft 

Figure 3. In vitro cytotoxicity by IL15-stimulated PBMCs. PBMCs from one healthy donor was cultured in vitro in medium either without (Medium) or with soluble 
IL15 or different IL15/IL15Rα complexes. After 72 hrs of culture, the PBMCs were harvested, re-adjusted in numbers and tested in an in vitro cytotoxicity (51Cr-release) 
assay against M14 human melanoma cells either in the absence or presence of different antibodies. Results are presented as percentage of tumor cell lysis (Mean + SEM, 
n = 3). * p < .01 when WT-complexes treatment groups were compared with MUT-complexes treatment groups at indicated concentration or E:T ratio, respectively. (a) 
Antibody-independent cytotoxicity titrated by IL15 concentrations. E:T ratio at 10:1. (b) Antibody-dependent cytotoxicity titrated by hu3F8 (middle panel) or hu3F8- 
BsAb (right panel). IL15 complexes concentration at 0.001 nM, and E:T ratio at 10:1. (c) Cytotoxicity titrated by E:T ratios. IL15 complexes concentration at 1 nM, and 
antibodies concentration at 0.01 ug/mL.
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Figure 4. In vitro immunophenotype of IL15-stimulated PBMCs. PBMCs from healthy donors (n = 5) were cultured in vitro in medium either without (Medium) or 
with 1 nM WT-FL or MUT-FL complex. At 24, 72 and 168 hr cells were tested by flow cytometry for expression of different surface markers. Analysis is based on gating on 
T cells (CD3+CD56− lymphocytes) or NK cells (CD3−CD56+ lymphocytes). Results are presented as geo-MFI ratio of the marker of interest, individual for each donor. Lines 
represent Mean (n = 5) of those 5 individual values. * p < .01 when WT-FL treatment groups were compared with MUT-FL treatment groups at indicated time point, 
respectively. (a) Surface expression of FasL. (b) Surface expression of TRAIL. (c) Surface expression of CD16 and NKp46. (d) Surface expression of NKG2D. (e) Intracellular 
co-expression of Perforin and Granzyme-B. PBMCs from one healthy donor was used in this case. Results are presented as geo-MFI ratio of the marker of interest, at each 
time point of testing. To enable Perforin and Granzyme-B retention, Brefeldin-A was added to cultures for the last 6 hr of each time point. Representative FACS dot-plots 
at 72 hr time point were shown in (f).
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model using DKO mice treated with BsAb, and (iv) a C57BL/6 
immuno-competent mouse model bearing a subcutaneous GD2 
(+) melanoma treated with IgG.

To begin, we tested the impact of WT-FL on BsAb- 
mediated anti-tumor function using mice bearing intravenous 
tumors. 0.5 × 106 GD2(+) IMR32 neuroblastoma cells were 
infused intravenously to mice to model metastatic disease, 
which primarily resided and propagated in liver and lymph 
nodes, and treatment began once successful tumor engraft
ment was confirmed by bioluminescence. Hu3F8-BsAb has 
been shown to be effective at 40 ug dose previously.10 In order 
to see the potentiation effect of IL15 complexes, mice were 
treated with subtherapeutic doses of hu3F8-BsAb starting 

on day 12 (10 µg iv, 2x/wk x 3 wks), PBMCs were adminis
tered starting on day 14 (5x106 iv, q wk x 2 wks) and IL15 
complexes were administered sc on day 14 (10 ug of FL 
complexes or 8 ug of SU complexes, 2x/wk x 3 wks). Tumor 
bioluminescence was measured weekly. In contrast to the 
in vitro data, only WT-FL and MUT-FL treated mice were 
able to eradicate tumor growth, while mice treated with 
hu3F8-BsAb alone, or in combination with WT-SU or MUT- 
SU had a marginal impact on tumor growth (Figure 6a 
and 6b).

To test the role of IL15 complexes on solid tumors bearing 
infiltrated lymphocytes, we tested all formats in DKO mice 
bearing subcutaneous IMR32 neuroblastoma tumors mixed 

 T1/2 (hr) Cmax (ug/mL) AUC (hr·ug/mL) Cl (mL/h) Vss (mL) MRT (h) 

WT-FL 20.8 5.1 133.1 0.3 10.9 24.6 

MUT-FL 20.8 5.3 139.6 0.3 10.5 25.2 

WT-SU 10.5 11.0 90.5 0.4 5.2 10.2 

MUT-SU 10.3 12.9 95.9 0.4 4.7 9.8 

Figure 5. WT-FL IL15 complex promotes in vivo lymphocyte expansion and improves serum half-life in mice. (a) Lymphocyte expansion in healthy C57BL/6 mice. 
Absolute cell counts were calculated by multiplying the white blood cell count from CBC and percentage of positive cells from FACS. Mean ± SEM (n = 5). * p < .001 
when WT-FL treatment group was compared with either no treatment (PBS) group or MUT-SU treatment group, respectively; ns, p > .05 when WT-FL treatment group 
was compared with MUT-SU treatment group. (b) Pharmacokinetics of IL15 complexes. Quantitation of serum IL15 complexes was carried out by ELISA, and the data 
were depicted using GraphPad Prism software. Mean + SD (n = 5). Pharmacokinetic analysis was carried out by non-compartmental analysis of the serum concentration- 
time data using WinNonlin software program, and presented in the Table 1.
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with PBMCs (1:1, 5 × 106 cells each). Mice were treated with 
hu3F8-IgG1 starting on day 12 (50 ug iv, 2x/wk x 3 wks), plus 
iv IL15 complexes starting on day 8 (10 ug of FL complexes, 8 
µg of SU complexes or 2.25 ug of hIL15, 2x/wk for total 7 
doses). Both WT-FL and MUT-FL complex in combination 
with hu3F8-IgG1 were able to suppress tumor growth, and to 
a greater extent than either recombinant hIL15, WT-SU or 
MUT-SU complexes (Figure 6c).

Next, we assessed the role of IL15 complexes on the 
treatment of solid tumors where lymphocytes had to 
home to the tumor. Here 4 × 106 M14 melanoma cells 
were implanted subcutaneously into DKO mice. Once 
tumors were engrafted, mice began treatment with low 
doses of hu3F8-BsAb (10–20 ug iv, 2x/wk x 3 wks), 
PBMCs (5x106 iv, q wk x 2 wks) and sc IL15 complexes 
(10 ug of FL complexes or 8 ug of SU complexes, 2x/wk x 3 

Figure 6. WT-FL IL15 complex potentiates anti-tumor effects of antibody immunotherapy against tumor cell line xenografts. Treatment schedules were 
marked on the figures, and doses of IL15 complexes, antibodies and effector cells were detailed in the Results. Data shown as mean + SEM (n = 5); (a-b) iv tumor plus iv 
effector cells model: Bioluminescence changes of IMR32 neuroblastoma during treatment (a) and representative images at day 25 (b). * p < .05 when FL-complexes 
treatment groups were compared with all other four groups at indicated time point, respectively. (c) sc tumor plus sc effector cells (1:1 mixing) model: tumor volume 
changes of IMR32 neuroblastoma. * p < .05 when FL-complexes treatment groups were compared with No treatment group at indicated time point, respectively; ns, 
p > .05 when SU-complexes treatment groups were compared with No treatment group at indicated time point, respectively. (d) sc tumor plus iv effector cells model: % 
tumor growth (calculated as tumor volume at indicated time point divided by tumor volume at Day 8 before the treatment start) of M14 melanoma. * p < .0001 when 
FL-complexes treatment groups were compared with all other four groups at indicated time point, respectively. (e) C57BL/6 mice grafted with sc GD2(+) murine 
melanoma cells: tumor volume changes of B78/D14 melanoma. * p < .0001 when FL-complexes treatment groups were compared with SU-complexes treatment groups 
at indicated time point, respectively.
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wks). Tumor size was measured by calipers twice per week. 
Consistent with the intravenous tumor model, only WT-FL 
and MUT-FL treated mice eradicated tumors, while hu3F8- 
BsAb alone or in combination with WT-SU or MUT-SU 
only slowed tumor growth (Figure 6d).

To evaluate the effect of each IL15 complex in an immuno
competent model, C57BL/6 mice bearing 1 × 105 GD2(+) B78/ 
D14 melanoma tumor cells implanted subcutaneously were 
treated with anti-GD2 m3F8-IgG3 and sc IL15 complexes, 
starting on day 7 (50 ug iv, 2x/wk for total 7 doses), and day 
5 (2 ug of FL complexes, 1.6 µg of SU complexes or 0.45 ug of 
hIL15, 2x/wk for total 7 doses), respectively. In the presence of 
m3F8, both WT-FL and MUT-FL were able to strongly sup
press tumor growth, while WT-SU and MUT-SU only showed 
a modest anti-tumor effect. Importantly, neither m3F8 nor any 
of the IL15 complexes alone had any significant impact on 
tumor growth, suggesting WT-FL and MUT-FL were both 
synergizing with m3F8 (Figure 6e).

In summary, WT-FL and MUT-FL constructs consistently 
showed superior in vivo potency than the SU-based WT-SU 
and MUT-SU complexes. Although this was not predicted 
from the in vitro incubation data, it did correlate with the 
improved pharmacokinetic profile (see discussion below), sug
gesting that the unique multimerization of the WT-FL and 
MUT-FL formats has a role in improving activity.

Discussion

In this study, we described the successful engineering of a full- 
length Fc-dimerized IL15/IL15Rα complex (WT-FL) that 
formed spontaneous trimers of dimers (6 IL15 + 6 IL15Rα). 
The complex was able to stimulate PBMC-derived T cells and 
NK cells and increase their in vitro tumor cytotoxicity, and 
elicit expression of surrogate markers of activation and cyto
toxicity. Moreover, using MUT-SU (ALT-803) as our bench
mark, the hexameric WT-FL proved to be substantially more 
potent in vivo. In xenograft models, WT-FL demonstrated 
longer serum half-life, and enhanced anti-neuroblastoma and 
anti-melanoma cytotoxicity in the presence of NK cells + IgG 
antibodies, or T cells + BsAb.

In preclinical studies, ALT-803 was synergistic in ADCC 
with other therapeutic antibodies and immune checkpoint 
inhibitors, such as anti-CD20, anti-PD1, anti-PDL1 and anti- 
CTLA4 antibodies.26,27 ALT-803 could even be used as 
a scaffold when fused to single chains of the tumor-targeting 
monoclonal antibody rituximab, and demonstrated antigen- 
specific anti-tumor responses.28 ALT-803 has been proven 
safe and effective in human clinical trials (NCT01885897).25 

Other phase I/II trials of ALT-803 are ongoing for solid 
tumors, hematological malignancies and HIV, either as mono
therapy or in combination with other therapeutic antibodies, 
immune checkpoint inhibitors, or chemotherapy drugs. Most 
recently, ALT-803 (renamed as N-803) when combined with 
BCG showed promising responses in BCG-unresponsive non- 
muscle invasive bladder cancer, convincing the FDA to grant 
Breakthrough Therapy Designation in 2019.29 Here, we 
showed that WT-FL complex synergized with not only anti- 
tumor IgG antibodies but also T cell engaging bispecific 

antibodies, implicating potentially broad clinical applications. 
The complex could be used in combination with NK cells- 
engaging antibodies or T cell-engaging bispecific antibodies 
in cancer immunotherapy, and with probably other NK or 
T cell-based therapeutics, such as chimeric antigen receptor- 
modified T cells and immune checkpoint inhibitor. A formal 
GLP toxicology study of WT-FL IL15 complex in mice com
pleted recently confirmed the lack of biochemical and patho
logical toxicities of these constructs at clinically relevant 
dosages. Human toxicities will have to await phase I clinical 
trial.

The spontaneous multimerization of the WT-FL fusion pro
tein to a hexamer was unexpected, but likely important property 
driving its enhanced activity in vivo. This is distinct from the 
MUT-SU format (ALT-803), which only dimerizes (2 IL15 + 2 
IL15Rα), or the full-length heterodimeric IL15/IL15Rα complex 
(hetIL15),30 which has no Fc domain and only forms a monomer 
(1 IL15 + 1 IL15Rα). How this hexamer of WT-FL forms is not 
yet clear, but it seems that both Fc-Fc interaction and IL15Rα- 
IL15Rα interaction beyond sushi domains are required. This 
hexameric complex may even provide enhanced stability over 
other multimers, analogous to the hexameric formation of IgG- 
Complement complex on the cell surface.31 More importantly 
with a prolonged half-life, the WT-FL could also be administered 
less frequently which could be conducive to better compliance.

Previous studies have suggested that the soluble full-length 
ectodomain IL15Rα was antagonistic while the Sushi domain 
was not.32 Another important and unexpected finding from the 
current study relates to the role of the N72D mutation in IL15. 
Our data showed that complexes carrying the mutated form of 
IL15 (MUT-SU and MUT-FL) had stronger in vitro potency 
over complexes carrying the wild-type IL15 (WT-SU and WT- 
FL) (Figure 3 and Figure 4), yet did not translate into super
iority in vivo, where the WT-FL and MUT-FL consistently 
demonstrated the most potent activity (Figure 6). This could 
partly be explained by the differential pharmacokinetics in 
mice, where the FL-based complexes displayed longer serum 
half-life, higher AUC, and longer mean residence time com
pared to the SU-based complexes (Figure 5b and Table 1). 
Additionally, while MUT-SU complex was indeed better than 
WT-SU as previously reported, the difference between MUT- 
FL and WT-FL was less obvious. This discordance between 
in vitro potency and in vivo efficacy suggest a more complex 
biology that likely involve the differential effects of IL15 con
structs on effector cell homing and cooperation with other cell 
types. In fact, the recent report using potency-reduced IL15 
complex (XmAb24306 from Xencor) to improve in vivo efficacy 
over the WT counterpart33 supported the advantage of 
a prolonged half-life. If we used in vitro proliferation as 
a criteria of in vitro potency as was done with XmAb24306, 
our FL-based complexes could be considered as potency- 
reduced (Figure 1h). The finding that WT-FL and MUT-FL 
performed similarly in vivo (no statistically significant differ
ence) was also unexpected, given the previous data suggesting 
IL15 N72D enhanced cell binding. Since mutations can create 
new epitopes for both T cells and B cells thereby risking immu
nogenicity of a therapeutics, their avoidance in WT-FL has at 
least a theoretical advantage. Plus, MUT-FL induced mild Tregs 
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proliferation whereas WT-FL did not (p < .01, Supplemental 
Figure S2C), which gives WT-FL another important advantage 
over MUT-FL for future clinical development.

In this manuscript, we chose GD2 and neuroblastoma as 
a tumor model.5 GD2 is an adhesion molecule abundantly 
expressed on neuroblastoma. It is also widely expressed on mel
anomas, small cell lung cancers, bone or soft tissue sarcomas, 
retinoblastomas and certain brain tumors. At least three anti- 
GD2 monoclonal antibodies underwent extensive clinical testing, 
i.e. murine 3F8 (m3F8),34 chimeric 14.18 (ch14.18, 
dinutuximab)35 and humanized 3F8 (naxitamab).36,37 In a phase 
III randomized clinical trial led by the Children’s Oncology 
Group, dinutuximab in combination with interleukin-2 (IL2) 
and GM-CSF produced a statistically significant improvement in 
overall survival (OS).38,39 Chimeric antigen receptor-modified 
effectors, e.g. anti-GD2 CART5,40 and CAR-NKT,41 are active 
areas of clinical investigation where cell persistence in vivo has 
been major challenges. As a pro-survival growth factor, IL15 is 
well suited to sustain adoptive NK cell and T cell 
immunotherapy,42 where poor effector cell persistence has been 
one of the major limitations. IL15/IL15Rα complex increases 
proliferation of both NK and CD8+/CD44high T cells in vitro 
and NK killing in vivo,43 suppresses established murine solid 
tumors,44 and induces specific anti-tumor immunity when 
injected intratumorally45 and in neuroblastoma, IL15 can rescue 
cells from M2 macrophage-induced cell death.46 Recent work 
using a premixed murine IL15/IL15Rα complex was also shown 
to enhance anti-GD2 antibody therapy in patient-derived neuro
blastoma xenografts.47

In summary, we demonstrated that a WT-FL IL15/IL15Rα-Fc 
fusion complex increased serum half-life and enhanced the anti- 
tumor effect of FcR-dependent and T cell-based immunothera
pies in vivo. This enhancement appears related to its hexameric 
form, an unexpected consequence of using the fully wild-type 
IL15 and IL15Rα sequences. While previous studies suggested 
the soluble full-length ectodomain IL15Rα be inhibitory instead 
of stimulatory on immune cells,32 our findings proved that not 
only was WT-FL stimulatory, but it showed enhanced anti- 
tumor activity over the MUT-SU format. These results support 
continued study of this complex for clinical development.
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