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Recombinant human heterodimeric IL-15 complex displays
extensive and reproducible N- and O-linked glycosylation
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Abstract Human interleukin 15 (IL-15) circulates in blood as
a stable molecular complex with the soluble IL-15 receptor
alpha (sIL-15Rα). This heterodimeric IL-15:sIL-15Rα com-
plex (hetIL-15) shows therapeutic potential by promoting the
growth, mobilization and activation of lymphocytes and is
currently evaluated in clinical trials. Favorable pharmacoki-
netic properties are associated with the heterodimeric forma-
tion and the glycosylation of hetIL-15, which, however, re-
mains largely uncharacterized. We report the site-specific N-
and O-glycosylation of two clinically relevant large-scale
preparations of HEK293-derived recombinant human
hetIL-15. Intact IL-15 and sIL-15Rα and derived glycans
and glycopeptides were separately profiled using multiple
LC-MS/MS strategies. IL-15 Asn79 and sIL-15Rα Asn107
carried the same repertoire of biosynthetically-related
N-glycans covering mostly α1-6-core-fucosylated and

β-GlcNAc-terminating complex-type structures. The two po-
tential IL-15 N-glycosylation sites (Asn71 and Asn112) locat-
ed at the IL-2 receptor interface were unoccupied. Mass anal-
ysis of intact IL-15 confirmed its N-glycosylation and sug-
gested that Asn79-glycosylation partially prevents
Asn77-deamidation. IL-15 contained no O-glycans, whereas
sIL-15Rαwas heavilyO-glycosylated with partially sialylated
core 1 and 2-type mono- to hexasaccharides on Thr2, Thr81,
Thr86, Thr156, Ser158, and Ser160. The sialoglycans
displayed α2-3- and α2-6-NeuAc-type sialylation.
Non-human, potentially immunogenic glycoepitopes (e.g.
N-glycolylneuraminic acid and α-galactosylation) were not
displayed by hetIL-15. Highly reproducible glycosylation of
IL-15 and sIL-15Rα of two batches of hetIL-15 demonstrated
consistent manufacturing and purification. In conclusion, we
document the heterogeneous and reproducible N- and
O-glycosylation of large-scale preparations of the therapeutic
candidate hetIL-15. Site-specific mapping of these molecular
features is important to evaluate the consistent large-scale pro-
duction and clinical efficacy of hetIL-15.
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Abbreviations
ACN Acetonitrile
cGMP Current good manufacturing practices
CID Collision induced dissociation
EIC Extracted ion chromatogram
ESI Electrospray ionization
ETD Electron transfer dissociation
GlcNAc N-acetylglucosamine
HexNAc N-acetylhexosamine
HILIC Hydrophilic interaction liquid chromatography
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HEK293 Human embryonic kidney 293
hetIL-15 Heterodimeric IL-15:sIL-15Rα complex
IL-2R Interleukin 2 receptor
IL-15 Interleukin 15
IL-15Rα Interleukin 15 receptor alpha
sIL-15Rα Soluble interleukin 15 receptor alpha
LacdiNAc N,N-diacetyllactosamine
LC Liquid chromatography
MALDI Matrix assisted laser desorption ionization
MS/MS Tandem mass spectrometry
NeuAc N-acetylneuraminic acid
PGC Porous graphitized carbon
QTOF Quadrupole time-of-flight
RP-HPLC Reversed-phase high performance liquid

chromatography
SPE Solid phase extraction
TFA Trifluoroacetic acid
TOF Time-of-flight

Introduction

The γ chain cytokine interleukin 15 (IL-15) plays a key role in
lymphocyte development, survival, proliferation, and activa-
tion [1–5]. These characteristics have been associated with the
anti-cancer effects of IL-15 demonstrated in several preclini-
cal cancer models [6–8]. Thus, IL-15 is considered as a prom-
ising therapeutic candidate in cancer immunotherapy [9–11].

IL-15 functions by binding to the beta and gamma subunits
of the interleukin 2 receptor complex (IL-2Rβ:IL-2Rγ also
called CD122/CD132) presented on responding cells [12].
Co-expression of the IL-15 receptor alpha (IL-15Rα) subunit
is a requirement for the efficient production and secretion of
IL-15 under physiological conditions [13–15]. Mechanistically,
this requirement is explained by the intracellular association
and the resulting stability enhancement of IL-15 and
IL-15Rα. This bioactive heterodimeric complex is efficiently
transported to the cell surface where it is rapidly cleaved and
released into circulation as a stable bioactive cytokine com-
posed of two polypeptide chains, IL-15 and soluble IL-15Rα
(sIL-15Rα) [16–18]. This soluble complex was named hetero-
dimeric IL-15 (hetIL-15). Due to its therapeutic potential, we
recently developed robust methods for the recombinant produc-
tion and purification of soluble bioactive hetIL-15 [19]. The
heterodimer was synthesized, processed, and secreted by a sta-
ble, clonal human embryonic kidney 293 (HEK293) cell line.
This optimized expression method allowed molecular charac-
terization of hetIL-15 confirming Gly170-His171 of IL-15Rα
as the single proteolytic cleavage site facilitating cell membrane
release, and enabled evaluation of its pharmacokinetics and
in vivo bioactivity [19]. Importantly, hetIL-15 was found to be
heavily N- and O-glycosylated, and these post-translational
modifications and the heterodimer formation were shown to

affect the physicochemical properties and enhance the bioactiv-
ity of IL-15 [19]. Nonetheless, the exact glycan structures, their
sites and distribution of the hetIL-15 complex remain to date
uncharacterized.

Since a growing body of literature documents the modula-
tory effects of glycosylation on cytokine function [20–24], we
performed a detailed site-specific characterization of the N-
and O-linked glycosylation of HEK-derived IL-15 and
IL-15Rα using multiple analytical LC-MS/MS-based ap-
proaches including glycoprofiling of released glycans, glyco-
peptides and intact glycoproteins of two clinically relevant
large-scale preparations of hetIL-15. Our results contribute
to the characterization of the structure and function of this
heterodimeric cytokine, important for the homeostasis of the
immune system.

Materials and methods

Production and purification of two large-scale
preparations of human hetIL-15

Human hetIL-15 was expressed as previously described [19].
In brief, RNA/codon optimized genes encoding the two poly-
peptide chains of hetIL-15, IL-15 and full-length IL-15Rα
(see Table 1 for sequences) were expressed in a stable clonal
HEK293 cell line using endotoxin-free DNA plasmids
(Qiagen Endofree Giga kit, Hilden, Germany). Cells were
adapted to and grown in serum-free media.

Large-scale production and purification of hetIL-15 was
performed by Xcellerex, Inc. (Marlborough, MA). Samples
of the final purified bulk drug substance from two
large-scale production and purification lots were obtained for
our analysis. The first lot (EN627-01-13-001) was the “engi-
neering lot” (hereafter referred to as the “EN lot”) that was
used in previous toxicology studies. The second lot
(627-01-13-002) was manufactured by the same procedure
under current good manufacturing practices (cGMP) (hereaf-
ter referred to as the “cGMP lot”) for the manufacture of
biotechnology drug substances. The cGMP lot was approved
for investigational human use. The facilities and equipment
used for the cGMP lot are qualified with regular calibration
and maintenance programs in place. The manufacturing pro-
cess took place in the Xcellerex FlexFactory in which, as far as
is practical, all product contact surfaces are disposable, and
each unit operation within the FlexFactory is self-contained in
its own controlled environment module.

The clarified raw harvest of the hetIL-15 lots were concen-
trated through ultrafiltration/diafiltration and subjected to ion
exchange chromatography and viral inactivation in low pH
buffers. After a second ultrafiltration/diafiltration step, the puri-
fied hetIL-15 complexwas subjected to ceramic hydroxyapatite
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chromatography, viral filtration (Planova) and a final
ultrafiltration/diafiltration step.

Separation and detection of human IL-15 and sIL-15Rα
of hetIL-15 preparations

The two polypeptide chains of the hetIL-15 complex (IL-15 and
sIL-15Rα) were separated by reversed-phase high performance
liquid chromatography (RP-HPLC) under non-reducing condi-
tions. Slightly different conditions were used to separate the two
examined hetIL-15 preparations (i.e., EN and cGMP lots): The
EN lot of hetIL-15 was separated at a flow rate of 5 ml/min on a
preparative PLRP-S polymeric C18 RP-HPLC column (i.d.,
50 mm, length, 150 mm, Agilent). Solvent A was 0.1 % (vol:
vol) trifluoroacetic acid (TFA) inwater. The gradient of solvent B
(0.1 % TFA in acetonitrile (ACN)) was: 15–60 % (vol:vol),
280 min; and isocratic at 60 %, 10 min. The cGMP lot of
hetIL-15 was separated at a flow rate of 5 ml/min on a prepara-
tive μBondapak C18 Radial-Pak RP-HPLC column (i.d.,
40 mm, length, 100 mm, Waters). The gradient of solvent B
(0.1 % TFA in ACN) was: 13.8 % − 70 %, 130 min; and
70 %, 10 min. For both samples a Dionex HPLC system
equipped with Ultimate 3000 binary pumps model
#HPG-3400A, Ultimate 3000 photodiode array detector model
#PDA-3000, Ultimate 3000 column compartment model
#TCC-3000, Ultimate 3000 solvent rack and degasser model
#SRD-3400, Isco fraction collector model #Foxy 200 were used.
Proteins eluted from the column were analyzed by SDS-PAGE,
immunoblot analysis and N-terminal sequencing. The
SDS-PAGE analyses of IL-15 and sIL-15Rα were performed
under native and denaturing conditions on polyacrylamide gra-
dient gels (4–20 %), and visualized by Coomassie Blue staining.
The identity of IL-15 and sIL-15Rα was confirmed by Western
immunoblotting using anti-human IL-15 or anti-human IL-15Rα

polyclonal goat IgG antibodies (product #AF315 and #AF247,
respectively, R&D Systems).

Release and handling ofN- andO-glycans of human IL-15
and sIL-15Rα

The N- and O-glycans of purified and separated IL-15 and
sIL-15Rα from the EN and cGMP lots of hetIL-15were released
and handled as previously described [25]. In brief, IL-15 and
sIL-15Rα (approximately 60 pmol of each protein per prepara-
tion) were immobilized in separate spots on a primed 0.45 μm
Immobilon-PSQ PVDF membrane (Millipore). The spots were
stained with Direct Blue (Sigma-Aldrich), excised andwashed in
separate wells in a flat bottom polypropylene 96-well plate
(Corning Incorporated, Corning, NY). N-glycans were exhaus-
tively released using 2.5 U N-glycosidase F (Flavobacterium
meningosepticum, Roche) per spot in 10 μl water by allowing
incubation for 16 h at 37 °C. The released N-glycans were col-
lected and reduced to alditols by treatment with 1 M NaBH4 in
50 mM potassium hydroxide (aq) (final concentration stated if
not stated otherwise) for 3 h at 50 °C. The de-N-glycosylated
spots were washed in water and O-glycans were subsequently
quantitatively released by reductive β-elimination by incubation
with 10μl 0.5MNaBH4 in 50mMpotassium hydroxide (aq) for
16 h at 50 °C. The N- and O-glycans were desalted as described
[25], dried and redissolved in 10 μl water for LC-MS/MS
glycome profiling.

Proteolysis of human IL-15 and sIL-15Rα

Purified and separated IL-15 and sIL-15Rα of the
clinical-grade cGMP lot of hetIL-15 were reduced by incuba-
tion for 1 h at 50 °C in 15 mM dithiothreitol (aq) and carba-
midomethylated by incubation for 30 min in the dark at 25 °C

Table 1 Overview of the full length and mature amino acid sequences
and numbering (subscript) and the identifiedN- andO-glycosylation sites
(occupied sites in bold, red; unoccupied sites in bold, black) of human IL-

15 and sIL-15Rα. The same amino acid sequences of IL-15 and sIL-
15Rα were used for the two large-scale preparations of hetIL-15 (i.e.
the cGMP and EN lots)

Protein                    
(UniProt)

Engineered sequences and observed glycosylation sites of human IL-15 and sIL-15Rαα
(deleted/truncated sequences in the secreted/soluble hetIL-15 complex)

Human IL-15 
(P40933)                  
- cGMP lot
- EN lot

(MRISKPHLRSISIQCYLCLLLNSHFLTEAGIHVFILGCFSAGLPKTE)N1WVNVISDLKKIE
DLIQSMHIDATLYTESDVHPSCKVTAMKCFLLELQVISLESGDASIHDTVENLIILAN71

NSLSSNGN79VTESGCKECEELEEKNIKEFLQSFVHIVQMFIN112TS114

Human sIL-15Rαα
(Q13261) 
- cGMP lot
- EN lot

(MAPRRARGCRTLGLPALLLLLLLRPPATRG)I1T2CPPPMSVEHADIWVKSYSLYSRERYI
CNSGFKRKAGTSSLTECVLNKATNVAHWTTPSLKCIRDPALVHQRPAPPSTVT81TAG
VT86PQPESLSPSGKEPAASSPSSN107NTAATTAAIVPGSQLMPSKSPSTGTTEISSHESS
HGTPSQTTAKNWELT156AS158AS160HQPPGVYPQG170(HSDTTVAISTSTVLLCGLSAVSLL
ACYLKSRQTPPLASVEMEAMEALPVTWGTSSRDEDLENCSHHL)
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in 50 mM iodoacetamide (aq). The alkylation reaction was
quenched by the addition of 50 mM dithiothreitol. The sam-
ples were adjusted to pH 8 with 50 mM ammonium bicarbon-
ate (aq). The sIL-15Rα protein component was digested for
10 h at 37 °C using two additions (1 h interval) of 1 % (w/w)
sequence-grade porcine trypsin (Promega) in 50 mM ammo-
nium bicarbonate (aq). IL-15 was digested firstly with trypsin
as described above and then for another 4 h at 37 °C using 2%
(w/w) of sequence-grade Staphylococcus aureus V8
endoproteinase GluC (Promega). The resulting peptide mix-
tures were aliquoted and dried for storage. For LC-MS/MS of
the non-enriched peptide mixtures, aliquots were taken up into
0.1% (vol/vol) formic acid (aq) and used for multiple LC-MS/
MS injections. Separate aliquots were used for glycopeptide
enrichment as described below.

Glycopeptide enrichment

In a separate set of experiments, glycopeptide enrichments of
sIL-15Rα peptide mixtures of the clinical-grade cGMP lot of
hetIL-15 were performed using hydrophilic interaction liquid
chromatography (HILIC) in a micro-column solid phase ex-
traction (SPE) format prior to LC-MS/MS analysis. The dried
peptide mixtures were redissolved in 10 μl of HILIC loading
solvent consisting of 80 % (vol/vol) ACN in 0.1 % (vol/vol)
TFA (aq). The enrichments were carried out as described pre-
viously with minor modifications [26, 27]. In short, a station-
ary phase consisting of washed ZIC-HILIC resin (particle size,
10 μm; pore size, 200 Å) (Sequant/Merck) was used to pack a
HILIC SPE column (approximately length, 10 mm) in a
GeLoader tip (Eppendorf). The column was equilibrated in
20 μl loading solvent and the peptide mixtures were loaded
manually at low flow. The column was washed twice with
10 μl loading solvent before the retained glycopeptides were
eluted with 10 μl eluting solvent consisting of 0.1 % (vol/vol)
TFA (aq). The eluate was dried and taken up in 20 μl 0.1 %
(vol/vol) formic acid (aq) and used for multiple LC-MS/MS
injections.

LC-ESI-MS/MS of N- and O-glycans released
from human IL-15 and sIL-15Rα

Released N- and O-glycan alditols from the EN and cGMP
lots of hetIL-15 (from ~5 pmol protein/injection) were ana-
lyzed in separate experiments on a Hypercarb porous graphi-
tized carbon (PGC) column (particle size, 5 μm; i.d., 320 μm;
length, 100 mm, Thermo Scientific) on an Agilent 1100 cap-
illary LC (Agilent Technologies) connected to an Agilent
MSD 3D ion-trap XCT Plus mass spectrometer. Separations
were carried out at a constant flow rate of 2 μl/min using a
multi-segmented increasing linear gradients of solvent B
(10 mM ammonium bicarbonate in ACN) in solvent A
(10 mM ammonium bicarbonate (aq)): 2–16 % (vol/vol)

solvent B for 45 min, 16–45 % solvent B for 20 min, 45 %
solvent B for 6 min and re-equilibration in solvent A for
10 min. ESI-MS/MS was performed in negative ion polarity
mode with the following settings: drying gas temperature,
325 °C; drying gas flow, 7 l/min; nebulizer gas, 18 psi; skim-
mer, trap drive and capillary exit, −40 V, −99.1 Vand −166 V,
respectively; smart fragmentation was ramping in the interval
30–200 % amplitude with a maximum accumulation time of
200 ms and ICC ion target of 100,000 ions. Data acquisition
was performed with two scan events: An MS full scan (m/z
100–2,200) with a scan speed of 8,100 m/z/s and
data-dependent MS/MS scans after collision induced dissoci-
ation (CID) of the top two most intense precursor ions with a
minimum threshold of 30,000 and a relative threshold of 5 %
relative to the base peak. No dynamic exclusion was activated
to enable MS/MS triggering of closely eluting yet separated
N-glycan isoforms. Two separate LC-MS/MS injections and
analyses were performed for all glycome profiles.

LC-ESI-MS/MS of human IL-15 and sIL-15Rα peptides,
enriched glycopeptides and intact protein

Human IL-15 and sIL-15Rα peptides of the clinical-grade
cGMP lot of hetIL-15 (1–5 pmol/injection) were analyzed with
and without prior glycopeptide enrichment using LC-ESI-MS/
MS in positive polarity mode on an HCT 3D ion trap (Bruker
Daltonics) coupled to an Ultimate 3000 LC (Dionex). Samples
were loaded onto a ProteCol C18aq RP-HPLC column (i.d.,
300 μm; length, 100 mm; particle size, 3 μm and pore size,
300 Å) (SGE, Australia). The column was equilibrated in
100 % solvent A (0.1 % (vol/vol) formic acid (aq)), the sample
loaded and a gradient up to 50 % (0.8 %/min slope) solvent B
(0.1 % (vol/vol) formic acid in ACN) was applied before wash-
ing the column in 80% solvent B for 10min and re-equilibration
in the starting LC solvent condition. A constant flow rate of 5 μl/
min was used and the columnwas heated to 45 °C. Separate data
acquisition strategies were used to cover two fragmentation
modes: 1) LC-MS/MS analysis, where a MS full scan (m/z
400–2,200, scan speed: 8,100 m/z/s) was followed by
data-dependent fragmentation of the four most abundant precur-
sors in each full scan using CID (ICC target 200,000 ions, max-
imum accumulation time: 200 ms) and 2) the same LC-MS/MS
setup as in 1), but with electron transfer dissociation (ETD) using
the following settings of the top two most abundant precursor
ions in each full scan: ICC reactant target: 600,000, reactant
accumulation time: 7–20 ms (maximum 200 ms), reaction time:
100 ms.

Intact IL-15 of the clinical-grade cGMP lot of hetIL-15
(~1 μg protein/injection) was analyzed by LC-ESI-MS in pos-
itive ion polarity mode using a high resolution/high mass ac-
curacy quadrupole time-of-flight (QTOF) 6538 mass spec-
trometer (Agilent Technologies) coupled to a capillary LC
(Agilent 1260 Infinity) installed with a C4 RP-HPLC column
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(Proteocol C4Q, SGE; particle size, 3 μm; pore size, 300 Å; i.d.,
300 μm; length, 100 mm). The column was equilibrated in iden-
tical mobile phases as for the C18 column (described above) with
a gradient up to 60 % (2 %/min slope) of solvent B before
washing the column in 99 % solvent B for 10 min and
re-equilibration in the starting LC solvent condition. A constant
flow rate of 5 μl/min and 1 μl injections were used. The follow-
ingMS settings were used in high resolution (4 GHz) mode: MS
full scan (m/z 400–2,500); fragmentor potentials, 200 V; drying
gas temperature, 300 °C; drying gas flow rate, 8 l/min; nebulizer
pressure, 10 psig; capillary potential, 4,300V; skimmer potential,
65V. Themass accuracy of themass spectrometer was calibrated
using a tune mix (Agilent) prior to data acquisition. A mass
calibrant (Agilent) was infused continuously during the LC-MS
run to allow accurate and automated in-spectrum mass calibra-
tion. Generally, mass accuracies better than 2 ppm were
achieved.

Profiling of intact sIL-15Rα of the clinical-grade cGMP lot
of hetIL-15 was performed using matrix assisted laser desorp-
tion ionization (MALDI)-TOF MS on a MicroFlex (Bruker
Daltonics). In brief, 10 pmol reduced and alkylated human
sIL-15Rα was mixed with 6 mg/ml sinapinic acid in a 1:1
(vol:vol) mixture of 0.1 % (vol/vol) TFA (aq):ACN on a
MALDI target and dried. In total, 300–500 laser shots (20 Hz)
were accumulated with the lowest possible laser energy. Data
acquisition was performed in linear mode using positive ioniza-
tion polarity mode after a multi-point mass axis calibration using
a protein calibrant (Bruker). All mass spectra were viewed and
analyzed using DataAnalysis v4.0 (Bruker Daltonics).

Determination of monosaccharide compositions, glycan
structures, relative abundances, amino acid attachment
sites and site occupancies

The monosaccharide compositions and specific N- and
O-glycan structures of IL-15 and sIL-15Ra were manually
annotated from the PGC-LC-MS/MS glycomics data using
three analytical features including molecular mass, CID-MS/
MS fragmentation data and PGC-LC retention time as recent-
ly described [28]. Only species containing interpretable MS/
MS spectra with a qualitative match to previously recorded
spectra of validated N-glycan structures found in UniCarbKB
(http://unicarbkb.org) or in our recently published glycome
datasets [28, 29] were included in the study. Structural
ambiguity of the monosaccharide linkage types and branch
points remained for a subset of the glycans following PGC-
LC-ESI-MS/MS in particular for theO-glycan structures since
no common core exist. Such structures were left without
complete structural assignment. The N-glycans were partially
assigned using the knowledge and established constraints of the
human biosynthetic machinery. The relative molar abundances
of the N- and O-glycans were determined based on the relative
EIC areas of the observed charge states of all the identified

glycan species. This has been shown to be an accurate
method for profiling released glycans [30].

The site-specific glycosylation data of IL-15 and sIL-15Rα
weremanually annotated as described [31, 32]. For sIL-15Rα,
the LC-MS/MS data of the non-enriched tryptic peptide
mixtures were used to estimate the O-glycosylation
site-occupancies and the HILIC-enriched glycopeptide data
were used to determine the site-specific distribution of the
O-glycans. The ratios of the EIC area of the glycosylated
species to the sum of the EIC areas of both the
non-glycosylated and glycosylated species were used to esti-
mate the glycan occupancies. This has recently been shown to
be a reasonably accurate estimate when evaluating the occu-
pancy of small neutral glycans [33]. The site localization of
the O-glycans was, in part, performed using CID fragmenta-
tion of the individual glycopeptides to validate the
site-specific monosaccharide compositions and, in part, by
ETD fragmentation to determine the exact glycan attachment
sites. The assignment of c- and z-ions was aided by matching
the fragment ions to in silico fragmentation products using
GPMAW v.9.51 (Lighthouse, Odense, Denmark). For IL-15,
the localization of the single N-glycosylation site was per-
formed using non-enriched tryptic and GluC digested peptide
mixtures. The site distribution of IL-15 N-glycans was
assessed qualitatively on the glycoprotein and glycopeptide
level and quantitatively using the glycomics data, which could
be performed since only a single site was found to be occupied.
The N-glycosylation site occupancy of IL-15 was assessed
using the more quantitative SDS-PAGE and HPLC techniques.

Raw mass spectra of intact IL-15 were handled using
MassHunter workstation v.B.06 (Agilent). BioConfirm was
used to deconvolute the acquired spectra using default set-
tings. GPMAW v.9.51 was used to generate theoretical isoto-
pic distributions of intact IL-15 displaying different degrees of
Asn77-deamidation i.e. 0%, 25%, 75%, and 100%. The best
fit of the theoretical isotope distributions of IL-15 to the ex-
perimental data was manually assessed.

Mapping the spatial presentation
of the N- and O-glycosylation sites of hetIL-15

The identified N- and O-glycosylation sites of human
hetIL-15 were spatially mapped on a 3D structure of a quater-
nary complex of hetIL-15 with a heterodimeric surface recep-
tor complex human IL-2Rβ:IL-2Rγ using Open-source
Pymol v1.3. The crystal structure (PDB: 4GS7, resolution:
2.35 Å) covered the entire glycosylated region of IL-15, but
only the lightly O-glycosylated N-terminal region of the
sIL-15Rα polypeptide chain [34]. At present, no other 3D
structure or homology model covering a larger region of
sIL-15Rα is available. Water molecules and heterodimeric
atoms were removed upon visual presentation of the IL-15
and sIL-15Rα glycosylation sites on the quaternary complex.
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Results

Analysis of the purity of the EN and cGMP lots of hetIL-15
and isolation of IL-15 and sIL-15Rα

To facilitate a deep structural glycosylation-centric character-
ization of the hetIL-15, the engineered heterodimer was
expressed by a stably-transfected HEK293 cell clone and the
soluble complex purified from the culture medium, Fig. 1a.
SDS-PAGE analyses followed by Coomassie staining and
Western blotting were utilized to demonstrate that the two
clinically relevant large-scale preparations of hetIL-15 (i.e.,
EN and cGMP lots) were purified to high purity, Fig. 1b.
The EN lot of hetIL-15 was the “engineering lot”, which pre-
viously has been used for toxicology studies, and the cGMP
lot of hetIL-15 was manufactured the same way, but under
current good manufacturing practices (cGMP) to
obtain clinical-grade hetIL-15 in qualities allowing human
administration.

Under reducing and denaturing conditions, hetIL-15 pro-
duced two major bands of ~15–17 kDa and ~45 kDa. Western
blots confirmed that the two bands corresponded to IL-15 and
sIL-15Rα, respectively. Under native conditions, hetIL-15

migrated as a single high molecular mass band, showing that
all IL-15 protein components associate stably with the
sIL-15Rα components in the soluble heterodimeric complex.
No difference was observed between the EN and cGMP lots
of the hetIL-15 preparations. The purity and identity of the
two desired gene products making up the heterodimeric com-
plex were validated using N-terminal Edman sequencing (data
not shown). Subsequently, the hetIL-15 complex was separat-
ed into its individual polypeptide chains by non-reductive
RP-HPLC, Fig. 1c. The N- and O-linked glycosylation of
IL-15 and sIL-15Rα were then profiled separately using
LC-MS/MS-based glycan, glycopeptide and intact glycopro-
tein analysis.

Glycomics profiling illustrates extensive and reproducible
N- and O-glycan heterogeneity of IL-15 and sIL-15Rα
of the EN and cGMP lots of hetIL-15

Porous graphitized carbon (PGC)-LC-ESI-MS/MS was uti-
lized to profile and compare the N- and O-glycomes of the
EN and cGMP lots of hetIL-15. Extensive N-glycan hetero-
geneity was observed for IL-15 and sIL-15Rα by the charac-
terization of 29 individual glycan structures covering 16
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Fig. 1 Overview of the expression, cellular presentation, function and
analysis of the soluble human hetIL-15 complex. a. Engineered human
IL-15 and IL-15Rαwere co-expressed and secreted by HEK293 cells as a
soluble heterodimeric complex (hetIL-15) after proteolytic cleavage from
the cell surface. The complex binds to the IL-2Rβ/γ receptor complex
located on target cells, where it initiates a cellular response. b. The hetIL-
15 complex was isolated and its purity monitored using reducing (upper)
and native (lower) SDS-PAGE with Coomassie blue staining (left gels)

andWestern blotting using anti-IL-15 and anti-IL-15Rα antibodies (right
gels). The two clinically relevant preparations of hetIL-15 (i.e. the EN and
cGMP lots) are shown. c. IL-15 and sIL-15Rα were separated from their
heterodimeric complex by non-reductive RP-HPLC and individually
subjected to LC-MS/MS-based glycan (top), glycopeptide (bottom) and
glycoprotein (right) profiling in order to characterize their N- and O-
glycosylation in a detailed and site-specific manner
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monosaccharide compositions, Fig. 2a–b and Supplementary
Table S1. The N-glycans, some of which were found to be
isobaric variants, were characterized using the molecular mass
of the glycan, its response to CID-MS/MS fragmentation and
its relative PGC-LC retention time, see Fig. 2c and
Supplementary Fig. S1 for examples of CID fragment spectra.
TheO-glycome profiles of sIL-15Rα showed comparably less
micro-heterogeneity by the characterization of only eight gly-
can structures belonging to seven monosaccharide composi-
tions, Fig. 2d and Supplementary Table S2. No O-glycans of
IL-15 were detected for the two hetIL-15 preparations (data
not shown). The glycan distributions of IL-15 and sIL-15Rα
were established using label-free EIC-based relative quantita-
tion, which was previously found to yield accurate estimates
of the relative glycan abundances when evaluated against oth-
er glycan profiling techniques [30]. Comparison of the EN and

cGMP lots of hetIL-15 demonstrated that IL-15 and sIL-15Rα
were similarly N- and O-glycosylated across the two prepara-
tions (R2 = 0.815–0.982) indicating that reproducible glyco-
sylation was achieved during the production and purification
of the heterodimeric complex. The data also indicated that the
IL-15 and sIL-15Rα protein components of the complex were
similarly N-glycosylated (direct comparison not shown).

With the exception of a single truncated structure of the
paucimannosidic type [35], the N-glycans, which all showed
a remarkable biosynthetic relatedness, were of the complex
type displaying α1-6-linked (core) fucosylation, Fig. 3. A sig-
nificant number of β-GlcNAc-terminating structures were ob-
served covering both β1-4-bisecting GlcNAcylated and β1-2/
4/6-linked mono-, bi- and triantennary structures (e.g. the
abundant N-glycans #3 and 5a). The remaining N-glycans
predominantly displayed α2-3- and α2-6-sialylation as well
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Fig. 2 Glycome profiling demonstrates extensive and reproducible N-
and O-glycosylation of IL-15 and sIL-15Rα in the large-scale
preparations of hetIL-15 (cGMP and EN lots). N-glycans of IL-15 (a)
and sIL-15Rα (b) were structurally characterized and quantitatively
profiled using PGC-LC-ESI-negative ion-CID-MS/MS. c. Several
isobaric N-glycan isomers were identified as exemplified by the
extracted ion chromatogram (EIC) of the abundant Man3GlcNAc5Fuc1
composition (m/z 832.9 [M – 2 H]2−, upper panel) and the corresponding
CID-MS/MS (bottom panel, see Fig. 3 for key to monosaccharide
symbols) demonstrating three isobaric GlcNAc-terminating N-glycan
isomers i.e. N-glycan structure 5a (shown), 5b and 5c (fragment spectra
for the two latter N-glycans are presented in Supplementary Fig. S1). ‘*’

represents a non-glycan signal interference. d. The O-glycome profiling
of sIL-15Rα showed lessmicro-heterogeneity. *Structure 2a/2b could not
be consistently separated and were thus combined for quantitation
purposes. No O-glycosylation was detected for IL-15 (data not shown).
The N- and O-glycosylation profiles of IL-15 and sIL-15Rα of the EN
(red bars) and cGMP (blue bars) lots of hetIL-15 were similar as
evaluated by their high correlation coefficients (R2 = 0.815–0.982). The
relative glycan quantities are averages of technical duplicates (see
Supplementary Table S1 and S2 for exact values). The corresponding
N- and O-glycan structures and their biosynthetic relationship are
depicted in Fig. 3
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as β1-4-galactosylation as terminal epitopes. The N-glycomes
ind ica ted lower leve l s of the more unusua l N ,
N-diacetyllactosamine (LacdiNAc) (#5c, 8c and 12b) and
sialyl-LacdiNAc (#10 and 14b) moieties. The most abundant
O-glycans were core 1 type structures (#2a/b and 5), whereas
core 2 type glycans (#1, 3, 4, 6 and 7) were of less abundance
albeit more heterogeneous. The smaller biosynthetic precur-
sors for the observed sIL-15Rα O-glycans i.e. Tn (GalNAcα)
and T (Galβ1-3GalNAcα) glycoepitopes, which were not ob-
served in the glycome profiling due to weak PGC retention,
were identified in the O-glycopeptide analysis.

Site-specific glycoprofiling of sIL-15Rα reveals multiple
O-glycosylation sites

The site-specific positions of theO-glycosylation of sIL-15Rα
isolated from the clinical-grade cGMP lot of hetIL-15 were
investigated using RP (C18) LC-ESI-MS/MS analysis of
HILIC-enriched and non-enriched tryptic peptides. Several
glycoforms were identified of the doubly O-glycosylated

74PAPPSTVTTAGVTPQPESLSPSGK97 peptide; the two
O-glycosylation sites (Thr81 and Thr86) and the structures of
the conjugated O-glycans were validated using CID and ETD
fragmentation, Fig. 4a. These orthogonal dissociation methods
also validated the unusual N-terminal proline residue of this pep-
tide formed by the cleavage of the usually trypsin-
resistant Arg-Pro peptide bond. In addition, O-glycosylation
was ident i f ied in the s IL-15Rα t e rmin i by the
characterization of the singly O-glycosylated N-terminal
peptide i.e. 1ITCPPPMSVEHADIWVK17 (Thr2) and
the triply O-glycosylated C-terminal peptide i .e.
152NWELTASASHQPPGVYPQG170 (Thr156, Ser158 and
Ser160), Fig. 4b–c. Characterization of these peptides simulta-
neously validated the termini of the mature sIL-15Rα
polypeptide chain. Similar to the N-terminal peptide, the
50ATNVAHWTTPSLK62 peptide was identified to display a sin-
gle GalNAc (Tn) epitope, but the site was not determined to
amino acid resolution, see Table 2 for complete overview of
the identified sIL-15Rα O-glycopeptides. The singly
O-glycosylated peptides showed partial occupancy by the
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Fig. 3 Structures and biosynthetic relationship of the observed IL-15 and
sIL-15Rα N- and O-glycans. The designated numbers of the individual
N-linked (left) and O-linked (right) glycans correspond to the numbering
used in Fig. 2, Fig. 5 and Supplementary Tables S1–S2. Their
biosynthetic interconnectivity is presented with arrows symbolizing
single glycosylation enzyme reactions. The most abundant N- and

O-glycans are shaded in dark grey. Monosaccharide symbols are
presented according to the Essentials of Glycobiology/Consortium for
Functional Glycomics nomenclature. Key: fucose (red triangle),
mannose (green circle), GlcNAc (blue square), sialic acid (NeuAc) (pur-
ple diamond), galactose (yellow circle) and HexNAc (unspecified
GlcNAc or GalNAc) (open square)
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identification of the non-glycosylated counterparts in the
non-enriched tryptic peptide mixture derived from
sIL-15Rα . The relative abundance of the multiple
O-glycosylated peptides showed limited heterogeneity of
sialylated and asialylated core 1 and 2-typeO-glycans in agree-
ment with the structures identified in the O-glycome profile of
sIL-15Rα. The polypeptide sequence of sIL-15Rα displayed
only a single putative N-glycosylation site (sequon) at Asn107.
The theoretical Asn107-containing tryptic glycopeptide (i.e.
K-]98EPAASSPSSNNTAATTAAIVPGSQLMPSK126-[S) was
not observed in any form in any LC-MS/MS analyses (with
or without glycopeptide enrichment) possibly because of heavy
O-glycosylation of this region. Thus, such modified tryptic

peptides would be very large, acidic and heterogeneous, fea-
tures that may suppress their ionization. DenseO-glycosylation
of this region was supported by the absence of
de-N-glycosylated and desialylated tryptic Asn107-peptides up-
on N-glycosidase F and sialidase treatments in separate
LC-MS/MS experiments (data not shown). Future experiments
combining the treatment of multiple endo- (N-glycosidase F)
and exoglycosidases (sialidase and galactosidase) may be re-
quired to lower the charge and molecular heterogeneity of this
region even further to increase the chances of observing this
heavily modified region of the polypeptide chain. The peptide
sequence coverage of sIL-15Rα is visualized in Supplementary
Fig. S2a.

a

cb

Fig. 4 Site-specific O-glycoprofiling of sIL-15Rα of clinical-grade
hetIL-15 (cGMP lot) using RP (C18)-LC-ESI-positive ion-CID/ETD-
MS/MS. a. The MS1 level profile (right) indicated multiple Thr81- and
Thr86 -g lycofo rms on the t ryp t i c O -g lycopep t ide R- ]7 4

PAPPSTVTTAGVTPQPESLSPSGK97[−E. ETD and CID
fragmentation (left spectra) confirmed the O-glycosylation sites and the
s t ruc ture of the two conjuga ted core 1- type O -g lycans
(HexHexNAcNeuAc, corresponding to structure 2b, Fig. 3), m/z 905.4
(4+). Additional examples of ETD-MS/MS fragment spectra of two

other s IL-15Rα t ryp t ic O -g lycopept ides i . e . b . The N-
terminal-1ITCPPPMSVEHADIWVK17-[S peptide conjugated with a
single HexNAc (corresponding to structure i, Fig. 3) m/z 728.9 (3+) and
c. the C-terminal peptide K-]152NWELTASASHQPPGVYPQG170[−
conjugated with two core 1-type O-sialoglycans (HexHexNAcNeuAc,
corresponding to structure 2a or 2b, latter shown) and one core 1-type
O- asialoglycan (HexHexNAc, structure ii, Fig. 3) m/z 930.8 (4+). Key
fragment ions for exact site localization are presented in red. See Fig. 3 for
monosaccharide key
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Further support for regions of sIL-15Rα containing un-
identified dense O-glycosylation was generated by low reso-
lution MALDI-TOF MS of intact sIL-15Rα displaying a het-
erogeneous molecular mass of 30 ± 9 kDa (data not shown).
This mass range was significantly higher than the theoretical
mass interval of the mature unmodified sIL-15Rα polypeptide
chain (~18 kDa) and indeed also the aggregate mass range of
the mature sIL-15Rα polypeptide chain modified with the
identified N- and O-glycosylation (~23–25 kDa). Thus, we
predict that at least eight to ten O-glycans, perhaps even more
glycan moieties, remain unaccounted for in the analysis of
sIL-15Rα. Alternatively, non-glycan modifications may con-
tribute to the large mass discrepancy observed here.
Systematic MS infusion of relatively large amounts of a wide
range of HPLC off-line separated tryptic sIL-15Rα peptides
covering these putatively dense O-glycosylated regions and
utilizing analytical strategies previously shown to be success-
ful for extremely challenging O-glycopeptides [36] did not
yield further insight into the site-specific O-glycan pattern of
sIL-15Rα (data not shown). Multiple attempts of profiling
intact sIL-15Rα using a high resolution Q-TOF platform with
and without LC conjugation were also unsuccessful. This
demonstrates the extreme analytical challenges still associated
with the site-specific mapping of denselyO-glycosylated pep-
tide regions.

Site-specific glycoprofiling of IL-15 documents
heterogeneous N-glycosylation of Asn79

The N-glycosylation of IL-15 from the clinical-grade cGMP
lot of hetIL-15 was site-specifically profiled using RP (C18)
LC-ESI-MS/MS analysis of non-enriched tryptic and GluC
digested peptides. The E-]65NLIILANNSLSSNGNVTE82]-S
glycopeptide showed multiple N-glycoforms; The conjugated
N-glycans could be site-specifically localized to the Asn79
residue using CID and ETD fragmentation, Fig. 5a. In fact,
neither Asn71 on the same peptide nor Asn112 on another
trypsin/GluC-derived peptide, both forming potential
N-glycosylation sites, were found to be occupied (data not
shown for the latter). The peptide sequence coverage of
IL-15 is visualized in Supplementary Fig. S2b. The composi-
tions of the Asn79-glycans agreed well with the N-glycans
initially mapped by the glycome profiling of IL-15. The ten-
tative identification of LacdiNAc and sialyl-LacdiNAc con-
taining structures were supported by the presence of CID
fragments at m/z 407 (HexNAc2) and m/z 495/698
(NeuAcHexNAc/NeuAcHexNAc2), respectively, in the gly-
copeptide LC-MS/MS data as have been reported to be infor-
mative diagnostic ions for such glycoepitopes [37].

Accurate mass analysis of intact IL-15 from the clinical-grade
cGMP lot of hetIL-15 using RP (C4) LC-ESI-QTOF-MS

Table 2 Overview of the identified sIL-15Rα tryptic O-glycopeptides.
The modified amino acid residues are underlined where known or listed
as NDwhere unknown. The theoretical glycopeptide masses are based on
carbamidomethylated cysteine residues. For peptides where the non-
glycosylated variants were observed, the non-enriched LC-MS/MS data

were used to establish the relative site-occupancy; otherwise
glycopeptide-enriched LC-MS/MS data were used to establish the
relative glycoform distribution. See Fig. 4 for examples of assigned
ETD/CID-MS/MS O-glycopeptide spectra

Peptide Obs. m/z
(Z)

Obs. mass
(M, Da)

Theo. mass
(M, Da)

Δmass (Da) Hex HexNAc NeuAc MS/MS # O-glycan
moieties

Modified
amino acid
residue

Rel.
abundance
(%)

1ITCPPPMSVEHADIWVK17[−S
660.7 (3+) 1979.1 1979.0 0.1 CID/ETD 0 None 87.9

728.4 (3+) 2182.2 2182.0 0.2 1 CID/ETD 1 2Thr 12.1

K-]50ATNVAHWTTPSLK62[−C
476.0 (3+) 1425.0 1424.7 0.3 CID/ETD 0 None ~100.0

543.6 (3+) 1627.8 1627.8 0.0 1 CID 1 ND Trace

R-]74PAPPSTVTTAGVTPQPESLSPSGK97[−E
905.4 (4+) 3617.6 3617.6 0.0 2 2 2 CID/ETD 2 81Thr/86Thr 12.0

956.1 (4+) 3820.4 3820.7 0.3 2 3 2 CID/ETD 2 81Thr/86Thr 14.8

978.2 (4+) 3908.8 3908.7 0.1 2 2 3 CID/ETD 2 81Thr/86Thr 24.5

996.8 (4+) 3983.2 3982.8 0.4 3 3 2 CID 2–3 ND 5.0

1029.0 (4+) 4112.0 4111.8 0.2 2 3 3 CID 2–3 ND 13.6

1051.0 (4+) 4200.0 4199.8 0.2 2 2 4 CID/ETD 2 81Thr/86Thr 18.5

1069.5 (4+) 4274.0 4273.9 0.1 3 3 3 CID 2–3 ND 11.5

K-]152NWELTASASHQPPGVYPQG170

929.9 (4+) 3715.6 3715.5 0.1 3 3 2 CID/ETD 3 156Thr/158Ser/160Ser 57.7

1002.7 (4+) 4006.8 4006.6 0.2 3 3 3 CID/ETD 3 156Thr/158Ser/160Ser 42.3
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confirmed that IL-15 carries a single N-glycan and indicated
that a proportion of IL-15 is not occupied by N-glycans,
Fig. 5b. Quantitative HPLC and densitometry after
SDS-PAGE analysis established that ~95 % of the population
of IL-15 molecules are N-glycosylated, Supplementary
Fig. S3. Interestingly, several additional, mostly sialylated,
IL-15 glycoforms, not observed in the glycan and glycopeptide
analysis, were detected in the intact protein profile (structure
#17–22, see Supplementary Table S1 for compositions). These

glycoforms will need further documentation to validate their
attachment to Asn79 of IL-15. In addition, by comparing the
isotopic distribution of the deconvoluted spectra of
isotopically-resolved intact IL-15 to the theoretical isotopic
distributions of IL-15, partial deamidation (Δm = +0.984 Da)
was indicated, Fig. 5b i-ii. The extent of the single deamidation
reaction, which could be localized to Asn77 by peptide frag-
mentation analysis, appeared to be dependent on the glycosyl-
ation status of the proximal Asn79. More complete

a

b

Fig. 5 Site-specific N-glycoprofiling of IL-15 of clinical-grade hetIL-15
(cGMP lot) using RP (C18)-LC-ESI-positive ion-CID/ETD-MS/MS. a.
The MS1 level profile (right, numbering corresponds to structures in
Fig. 3) indicated multiple glycoforms of the N-glycopeptide
65NLIILANNSLSSNGNVTE82. ETD- (left large spectrum, key site-
localizing c/z-ions shown in red) and CID- (inserted spectrum) based
fragmentation confirmed the N-glycosylation site on the Asn79 sequon
as opposed to the Asn71 sequon and confirmed the structure of the
conjugated complex- type GlcNAc- te rmina t ing N -g lycan
(Hex3HexNAc5Fuc, corresponding to structure 5a (shown), 5b or 5c,

Fig. 3), m/z 881.2 (4+). b. Accurate mass analysis of intact IL-15 using
RP (C4)-LC-ESI-positive ion-QTOF-MS confirmed the N-glycosylation
of IL-15 (glycoforms observed in the glycome profile shown in red,
numbering corresponds to structures in Fig. 3) and indicated some
under-glycosylation of IL-15. Zoom of deconvoluted MS spectra (right)
of the isotopic distribution of i) non-glycosylated and ii) glycosylated (N-
glycan #5) IL-15. Overlaid, a theoretical isotope distribution (red bars).
The ‘best fit’ showed partial Asn77-deamidation of IL-15, which
appeared to be dependent on the glycosylation status of Asn79, see also
Supplementary Fig. S4. See Fig. 3 for key to monosaccharide symbols
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Asn77-deamidation (~75 %) was observed for non-glycosylated
Asn79 in comparison to Asn79-glycosylated forms of IL-15, for
which relative little deamidation (~25 %) was observed,
Supplementary Fig. S4. This trend was site-specifically con-
firmed on the peptide level and no other asparagine residues of
IL-15 other than Asn77 were identified as being deamidated
(data not shown). The mass analysis also indicated minor oxida-
tion (+16 Da) and ammonia loss (−17 Da) of intact IL-15; how-
ever, further studies are needed to confirm that these modifica-
tions are not artificially introduced in the sample preparation and/
or during the MS analysis. Finally, the accurate mass analysis of
intact IL-15 confirmed the lack ofO-glycosylation and validated
the polypeptide termini of this component of the heterodimeric
complex.

Discussion

We previously optimized vectors for the coordinated recombi-
nant expression of the native form of the circulating human
IL-15 cytokine complex, hetIL-15 [11, 16, 17, 38], and demon-
strated its efficient expression and purification from a stably
transfected HEK293 human cell line [19]. IL-15 has been
shown to have anti-tumoral activity in a variety ofmouse cancer
models [6–8, 39]. Clinical experience with IL-15 is limited to
the administration of the monomeric, E.coli-produced
non-glycosylated IL-15 [40–42]. Although administration of
the monomeric IL-15 was overall well-tolerated, transient neu-
tropenia and hypotension were observed [42, 43]. These toxic
effects were mainly related to the transient spike in serum IL-15
levels. Several studies have demonstrated superior bioactivity
(e.g. lymphocyte stimulation capacity) and favorable pharma-
cokinetic and pharmacodynamics properties (e.g. prolonged
in vivo half-life) of hetIL-15 relative to E.coli-produced IL-15
and such beneficial features were, thus, related to the heterodi-
mer formation and the glycosylation status [8, 17, 19, 44].
These favorable characteristics warrant an evaluation of the
therapeutic potential of hetIL-15 in different clinical settings.
At present, hetIL-15 is in clinical trial for the treatment of a
range of metastatic tumors (i.e. skin, renal cell, non-small cell
lung, and head and neck squamous cell carcinoma) in adult
patients (trial number NCT02452268). Despite its extensive
functional and pharmacological characterization, the exact gly-
can structures and their glycosylation sites and occupancies of
hetIL-15 remain until now undetermined. To shed light on the
structural aspects of these functionally important modifications,
we performed a detailed LC-MS/MS-based site-specific glyco-
sylation analysis of two clinically relevant large-scale batch
preparations (i.e. EN and cGMP lots) of the bioactive
HEK293-derived hetIL-15 complex.

The combined glycan, glycopeptide and intact glycopro-
tein analysis of hetIL-15 were in general in excellent agree-
ment unlike our recent experience when using these multiple

analytical strategies to analyze unconventional (truncated)
N-glycoproteins [45] and, thus, confirmed the N- and
O-glycosylation of hetIL-15. The sIL-15Rα component car-
ried a single occupied N-glycosylation site at Asn107 and
multiple O-glycans at Thr2, Thr81, Thr86, Thr156, Ser158,
and Ser160. In contrast, IL-15 was only relatively lightly gly-
cosylated with only a single occupied N-glycosylation site at
Asn79. Interestingly, Asn79 of IL-15 and Asn107 of
sIL-15Rα were similarly N-glycosylated by the same reper-
toire of biosynthetically related complex type core fucosylated
structures. The similar N-glycosylation pattern is most likely
explained by the simultaneous processing of the two protein
components of the complex under exactly the same cellular
conditions (protein trafficking rate and availability of nucleo-
tide donors and glycosylation enzymes) in the HEK293 cells
thus eliminating variability in glycosylation arising from cel-
lular factors [46]. We have previously shown close correlation
between N-glycan processing and glycosylation site solvent
accessibility on maturely folded proteins and that this relation-
ship can explain the commonly observed feature of
subcellular-specific N-glycosylation [47, 48]. Thus, the simi-
larN-glycosylation of sIL-15Rα and IL-15 indicated that their
two glycosylation sites are equally accessible for the process-
ing glycosylation enzymes in the biosynthetic machinery and
supports their co-trafficking in the secretory pathway.
Extensive β-GlcNAc-branching and non-reducing-end termi-
nation of complex N-glycans including the abundance of
β1-4-bisecting GlcNAcylation and β1-2/4/6-GlcNAc
branching (bi- and triantenna formation) and core fucosylation
are commonly reported cell-specific features of the
HEK293 cell line [37, 49–51]. Lower levels of α2-3- and
α2-6-sialylation, as observed here for hetIL-15, have also
been reported for other glycoproteins produced by
HEK293 [50, 52]. In addition, both IL-15 and sIL-15Rα
carried interesting diHexNAc features presumably
GalNAcβ1-4GlcNAc-R (LacdiNAc) epitopes that were re-
ported to be characteristic features of HEK293 cells, and not
expressed in the widely used CHO cells due to lower
β4-GalNAc transferase and higher β4-Gal transferase activi-
ties in CHO cell cultures [37, 49, 50, 53, 54].

The interplay between IL-15 Asn77-deamidation and
Asn79-glycosylation demonstrated here is interesting and to the
best of our knowledge not previously reported. Glycosylation of
Asn79 clearly protected the proximal Asn77, albeit not entirely,
from deamidation. Asparagine deamidation is a spontaneous and
highly sequence-dependent non-enzymatic reaction formed un-
der physiological conditions and is associated with regulatory
functions [55, 56]. However, deamidation is usually unwanted
in protein therapeutics due to its association with protein degra-
dation [57] and cellular apoptosis [58]. Asn77 has been reported
as the main deamidation site of human IL-15 and efforts involv-
ing optimization of the protein processing, formulation and
targeted amino acid changes have been undertaken to
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minimize this chemical reaction [59]. It is possible that some of
the deamidation of Asn77, which is flanked by an N-terminal
serine and a C-terminal glycine residue, a sequence arrangement
that dramatically increase the deamidation rate [60], occurred
post-protein expression due to the experimental conditions (e.g.
low pH buffers) during the HPLC separation and molecular
characterization of hetIL-15. Further structure-function studies
are needed to validate the deamidation-glycosylation interplay
of the two proximal asparagine residues of IL-15, which may
also reveal in more detail, protective functions of specific volume
enhancing features of the observed Asn79-glycans. For example,
it may be speculated that features such as core fucosylation and
bisectingβ1-4-GlcNAcylation, which are known to dramatically
alter the conformation and the function of N-glycans [61], or
simply the sheer size/volume of the relatively large N-glycans
identified on Asn79 of IL-15, are mechanisms that serve the
purpose of regulating the rate of the spontaneous deamidation
of the proximal Asn77.

It is of interest to note the rather dramatic differences in
O-glycosylation between the two components of the heterodi-
mer. The sIL-15Rα component is heavily O-glycosylated by
core 1 and 2-type sialo- and asialoglycans, whereas IL-15
completely lacksO-glycosylation.Mechanistically, this differ-
ence may relate to the generally higher presence of proline,
serine and threonine residues in sIL-15Rα (10.1 %, 13.9 %
and 10.9 %) relative to IL-15 (1.9 %, 11.1 % and 4.9 %,
respectively) and the multiple ‘SS’ (5×) and ‘TT’ (5×) motifs
presented uniquely by sIL-15Rα, which are favorable sub-
strates for the 20 GalNAc-transferases that can add the first
mucin-type O-GalNAc residue to the polypeptide backbone
[62, 63]. In support, the neural network-based mucin-type
O-GalNAc site predictor NetOGlyc v4.0 (http://www.cbs.

dtu.dk/services/NetOGlyc/) predicted no O-glycosylation
sites for IL-15 (all scores were less than the 0.5 score thresh-
old), but predicted no less than 39mucin-typeO-glycosylation
sites for sIL-15Rα (mean score of 0.84, all six identified O-
glycosylation sites reported here were correctly predicted)
[64]. In addition to hosting the favorable Ser/Thr/Pro-rich mo-
tifs, intact IL-15Rα may also benefit from being membrane-
tethered and thereby in relative closer proximity to the
membrane-bound GalNAc-transferases during the ER/Golgi
transport than the IL-15 chain [62]. The presentation of core 1
and core 2-type O-glycans as observed on sIL-15Rα is a pre-
viously reported feature of HEK293 cells [49, 53].

It is also worth mentioning that no non-human glycoepitopes
were carried by the identified N- or O-glycans of IL-15 and
sIL-15Rα including the immunogenic N-glycolylneuraminic ac-
id [65] and α-galactose [66]. Such glycoepitopes, which may be
produced by the rodent CHO, SP2 and NS0 cells commonly
used as expression systems for recombinant human proteins
[67–69], are generally unwanted in therapeutic glycoproteins
for human use due to their xenoantigenic character, which may
provoke an undesired immune response upon administration in
patients.

Functionally, the soluble hetIL-15 as well as the
membrane-bound IL-15:IL-15Rα complex are known to engage
with the IL-2Rβ:IL-2Rγ (also known as CD122/CD132) com-
plex presented on neighboring target cells to initiate a ‘trans’-cel-
lular response [12] (see Fig. 1a for schematic illustration). IL-15
is the protein component that directly interacts with the IL-2Rβ:
IL-2Rγ receptor complex, whereas IL-15Rα appears to be
distal to the quaternary complex-interface, Fig. 6. Spatial map-
ping of the identified glycosylation sites onto the quaternary
complex showed that the two potential N-glycosylation sites

Fig. 6 Spatial map of the N- and O-glycosylation sites of hetIL-15 in its
quaternary complex with IL-2Rβ and IL-2Rγ. The three putative N-
glycosylation sites of IL-15 (green) are shown in blue. Only Asn79 was
found to be occupied; Asn71 and Asn112 found on the interface to IL-
2Rβ (cyan) and IL-2Rγ (magenta), respectively, were not utilized as N-
glycosylation sites when expressed in HEK293. The available crystal

structure (PDB: 4GS7) covered only the lightly O-glycosylated N-
terminal region of the sIL-15Rα polypeptide chain (yellow) [34]. The
occupied O-glycosylation site at Thr2 covered by this region is shown
in orange. See also Fig. 1a. for schematic illustration of the quaternary
complex
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(Asn71 and Asn112) of IL-15 are found directly on the inter-
face to IL-2Rβ and IL-2Rγ, respectively, which may explain
their unoccupied status in the bioactive hetIL-15 complex.
Voluminous complex-type N-glycans, in particular structures
rich in core fucosylation, LacdiNAcylation and bisected
GlcNAcylation characteristic of HEK293-derived hetIL-15,
would likely impede this interaction if conjugated to Asn71
and Asn112. The occupied Asn79, in contrast, appears to be
located in a surface-accessible position on IL-15 in sufficient
distance from the interface to IL-2Rβ:IL-2Rγ to avoid inter-
ference when occupied. The mechanism creating the differen-
tial occupancy of the three IL-15 N-glycosylation sequons i.e.
Asn71 (NNS), Asn79 (NVT) and Asn112 (NTS) may relate to
the nature of the two amino acid residues C-terminal to the
occupied asparagine residues, the location of the sequon in
the polypeptide chain or other protein or cellular factors [46].
It is interesting to note that the non-N-glycosylated IL-2 is
known to bind to IL-2Rβ:IL-2Rγ in a nearly indistinguishable
manner, but with different receptor affinities, relative to IL-15
[34]. This suggest that the glycosylation status of IL-15 may
play a role in defining the receptor affinities towards IL-2Rβ:
IL-2Rγ and perhaps even the interaction to sIL-15Rα as well
as its circulatory half-life [70]. Unfortunately, the heavily N-
and O-glycosylated region of IL-15Rα is not covered by the
available crystal structure. The biological relevance of the N-
and O-glycosylation of sIL-15Rα may be illuminated upon
further structure-function studies and when a crystal structure
covering the entire complex becomes available.

In summary, we report on the detailed and site-specific
glycosylation of the engineered hetIL-15 expressed in
HEK293 cells. We conclude that this soluble bioactive het-
erodimeric complex carries heterogeneous N- and
O-glycosylation that can be reproducibly expressed and
purified to clinical-grade quality in large quantities.
Considering the important modulatory role of glycosylation
affecting the physicochemical properties and therapeutic
efficacy of (glyco)protein therapeutics, it is likely that the
glycosylation of hetIL-15 has multiple and diverse in vivo
functions, including influencing the pharmacokinetic prop-
erties and the strength of interactions with the binding
partners in intricate ways. The site-specific N- and
O-glycosylation map provided here enable more advanced
structural-functional studies that may allow us to under-
stand the molecular design of this heterodimeric complex
and eventually enable us to manipulate and further improve
the therapeutic properties of hetIL-15.
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