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ABSTRACT: Human Interleukin 2 (IL-2) has already achieved
impressive results as a therapeutic agent for cancer and
autoimmune diseases. However, one of the limitations associated
with the clinical application of IL-2 is its short half-life owing to
rapid clearance by the kidneys. Modification with fatty acids, as an
albumin noncovalent ligand with the advantage of deep
penetration into tissues and high activity-to-mass ratio, is a
commonly used approach to improve the half-life of native
peptides and proteins. In this investigation, we attempted to extend
the half-life of IL-2 through conjugation with a fatty acid using
sortase A (srtA). We initially designed and optimized three IL-2
analogues with different peptide linkers between the C-terminus of
IL-2 and srtA recognition sequence (LPETG). Among these, analogue A3 was validated as the optimal IL-2 analogue for further
modification. Next, six fatty acid moieties with the same fatty acid and different hydrophilic spacers were conjugated to A3 through
srtA. The six bioconjugates generated were screened for in vitro biological activity, among which bioconjugate B6 was identified as
near-optimal to IL-2. Additionally, B6 could effectively bind albumin through the conjugated fatty acid, which contributed to a
significant improvement in its pharmacokinetic properties in vivo. In summary, we have developed a novel IL-2 bioconjugate, B6,
modified with fatty acids using srtA, which may effectively serve as a new-generation long-acting IL-2 immunotherapeutic agent.

■ INTRODUCTION

Human interleukin 2 (IL-2) was originally identified more than
40 years ago as an immunoregulatory factor produced by
activated helper T cells.1 IL-2 can maintain T lymphocytes and
natural killer (NK) cell growth in vitro and stimulate the
proliferation and activation of T cells in vivo, by activating
Janus kinase (JAK)-signal transducer and activator of tran-
scription 5 (STAT5) signaling pathway through interactions
with IL-2 receptor complexes containing alpha (IL-2Rα,
CD25), beta (IL-2Rβ, CD122), and common gamma chain
receptors (γc, CD132).2−5 Based on the significant efficacy of
high-dose IL-2 as tumor immunotherapy in clinical trials in the
1980s, a high-dose recombinant IL-2 formulation (Aldesleukin,
125-L-serine-2-133-interleukin 2) was approved by the U.S.
Food and Drug Administration (FDA) for metastatic renal
cancer in 1992 and metastatic melanoma in 1998.6 Recent
studies have also validated the significant potential of low-dose
IL-2 as a therapeutic agent for autoimmune diseases, such as
systemic lupus erythematosus (SLE), type 1 diabetes (T1D),
and chronic graft-versus-host disease (GvHD).7−10

Although IL-2 has impressive results as a therapeutic agent
for cancer and autoimmune disease, the short half-life of IL-2
(13 to 85 min in human) limit the clinical usefulness of this
protein.11 Due to the extensive renal clearance and lack of

recycling processes mediated by the neonatal fragment
crystallizable receptor (FcRn), maintaining drug concentra-
tions within the therapeutically effective range is difficult.12

Consequently, IL-2 needs to be frequently administered, which
has a significant adverse effect on overall treatment adherence
of patients.13

Several attempts have been made to generate long-acting IL-
2 derivatives. For instance, poly(ethylene glycol) (PEG)
conjugation has been used to extend the circulating half-life
of IL-2 since 1987, but causing several low-bioavailability,
immunogenicity, and nonbiodegradability issues.2,14−17 Genet-
ic fusion and covalent conjugation of human serum albumin
(HSA) and fragment crystallizable (Fc) region have been
additionally employed for generation of long-acting modified
IL-2.11,18−20 However, reduced expression, low biological
activity, complications of the process, and high cost remain
major drawbacks.21
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Modification with long-chain fatty acids, as an albumin
noncovalent ligand, is another commonly used approach to
improve the half-life of native peptides and proteins; it has
never been used on IL-2.22 Compared with direct conjugation
of HSA, conjugation with fatty acids has several advantages
including a shorter production cycle, lower production cost,
deeper penetration into tissues, and higher activity-to-mass
ratio, showing great promise to prolong the half-life of
therapeutic peptides and proteins.21,23 The fatty acid forms a
noncovalent bond with albumin presenting in the circulation
with slow dissociation rates, consequently increasing the
residence time of the therapeutic agent in vivo.24 Several
therapeutic formulations exploiting this strategy have been
approved by the FDA, such as Levemir (Insulin detemir),
Tresiba (Insulin degludec), Victoza (Liraglutide), and
Ozempic (Semaglutide).25 These drugs have been developed
through chemical conjugation of fatty acids to lysine residues
of peptide and exhibit similar activity to the unmodified parent
drugs. However, chemical conjugation to lysine residues is not
suitable for IL-2, since the presence of multiple lysine residues
is expected to complicate the homogeneous conjugation onto
the protein, necessitating cumbersome separations and
characterization.23,26 In addition, multiple lysine residues lead
to several modifications of fatty acids, causing much hydro-
phobic and low activity of bioconjugate.23,26,27

SortaseA (SrtA), a membrane protein expressed in Staph-
ylococcus aureus, is widely used for protein conjugation and
modification.28−33 Compared with chemical conjugation, the
use of srtA has the advantage of a single modification site,
homogeneous composition, mild reaction conditions, and
environmental protection.34 Some studies believed that
cytokines like IL-2 with a four-helix bundle are suitable for
modification by srtA, because the receptor contacts the sides of
the helical bundles and moves the N-terminus and C-terminus
of the protein away from the receptor.26

In this study, we used srtA for fatty acid modification to
extend the half-life of IL-2. Since natural IL-2 has limited
solubility at neutral pH, the fatty acid modification will further
enhance hydrophobicity, resulting in low bioavailability and
poor druggability.14 Here, we designed an IL-2 analogue
modified via srtA at the C-terminus, by adding a peptide linker
between the C-terminus of IL-2 and srtA recognition sequence
(LPETG) to reduce hydrophobicity while retaining maximal
biological activity. Additionally, several fatty acid moieties with
the same fatty acid and different hydrophilic spacers were
synthesized, containing the −GGG motif at the N termini
recognized by srtA. The introduction of a hydrophilic spacer
can improve the hydrophobicity of the fatty acid moiety which
is also conducive to the reaction of srtA at neutral pH. We
validated the utility of sortase-mediated ligation through
oriented conjugation of fatty acid moieties to the IL-2
analogue to generate a series of IL-2 bioconjugates and
obtained a bioconjugate with better hydrophilic, similar
biological functions as IL-2 in vitro and significantly extended
half-lives in vivo.

■ RESULTS AND DISCUSSION
Design, Expression, and Purification of IL-2 Ana-

logues. Three IL-2 analogues (A1: IL-2-(GGGGS)3-
LPETGG-His6, A2: IL-2-(PA)6-LPETGG-His6, and A3: IL-2-
(ED)6-LPETGG-His6) containing the srtA recognition se-
quence (LPETG) and different peptide linker were designed.
(GGGGS)3, the most commonly used flexible linker (FL), is

generally rich in small or polar amino acids such as glycine and
serine to enhance flexibility and solubility.35 The flexible linker
employed when the connected domains require a certain
degree of movement or interaction. (PA)6 is a representative
rigid linker (RL) that enlarges spatial separation between
domains.35 (ED)6 is a fusion protein linker developed by
Bristol-Myers Squibb Company (NY, US) mainly used to
prevent protein aggregation and increase solubility.36 The
success of expression of three IL-2 analogues was confirmed via
mass spectrometry (Figures S1−S3, Supporting Information),
with a close agreement between the theoretical and measured
molecular weights (Table 1). The sequence of the IL-2 part
used in three analogues is consistent with aldesleukin (125-L-
serine-2-133-interleukin 2; Figure 1A). Correct formation of
the only one disulfide bond between the cysteines at positions
58 and 105, which is essential for IL-2 analogue activity, was
assessed via SDS-PAGE (Figure 1B).37 The disulfide bonds in
the purified proteins can be reduced by dithiothreitol (DTT),
showing a slight migration of protein bands to higher mass.
The purity and hydrophobicity of analogues were further
examined using reversed-phase high-performance liquid
chromatography (RP-HPLC; Figure 1C). The purity of the
three analogues was ≥90%, and the relative retention time
(RRT) with IL-2 of three analogues was <1. Under the same
elution conditions of RP-HPLC, the more hydrophilic the
protein was, the lower the value of RRT with IL-2. All three
analogues had better hydrophilicity than IL-2, and the diverse
linker had different effects on hydrophilicity, of which A3 with
(ED)6 was shown to be the best.

In Vitro Bioactivity of Purified IL-2 Analogues. Biolayer
interferometry (BLI) is used to analyze interactions between
IL-2 analogues and IL-2R.38 Interactions between biotinylated
human IL-2Rα captured on streptavidin-coated biosensors and
IL-2 analogues at six different concentrations were monitored
at 30 °C using BLItz. The overlay plot of individual
sensorgrams (Figure S18, Supporting Information) showed
that all IL-2 analogues bind human IL-2Rα in a concentration-
dependent manner. The binding rate (Ka), dissociation rate
(Kd), and equilibrium dissociation constant (KD, Kd:Ka ratio)
were automatically calculated with the aid of BLItz software
using a Langmuir 1:1 binding model with global fit analysis
(Table 2). Table 2 also revealed that all three IL-2 analogues
exhibited similar kinetic binding capabilities as IL-2 and their
KD values were in the same order of magnitude as the
theoretical value (KD ∼ 10−8 mol/L).39

To determine the biological activities of the purified
proteins, the cell viability assay was performed on CTLL-2
and NK-92 cells. CTLL-2 is a mouse T-lymphocyte cell line
expressing high levels of IL-2Rα that requires IL-2 for
growth.39 NK-92 is an IL-2-dependent human NK cell line
with the functional and phenotypic characteristics of activated
NK cells.40 After culturing, cells were washed, starved, and

Table 1. MS Data on IL-2 Analoguesa

analogue linker style
molecular mass
(MS) calculated

MS
observed

RRT
with
IL-2

A1 (GGGGS)3 FL 17652.15 17651.65 0.82
A2 (PA)6 RL 17715.47 17714.97 0.77
A3 (ED)6 N/A 18171.52 18170.99 0.76

aAbbreviations: FL, flexible linker; RL, rigid linker; RRT, relative
retention time.
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then treated with different concentrations of purified IL-2
analogues to examine stimulation of proliferation. The relative
viability of cells exposed to IL-2 analogues compared to IL-2 is
shown in Figure 2A,B. For both CTLL-2 and NK-92 cell lines,
A1 induced weaker proliferation ability than IL-2 while the
activities of A2 and A3 were stronger. Specifically, A3 was
significantly better than A2 in CTLL-2 cell proliferation while
no significant differences in NK-92 cell proliferation were
observed. Different linkers between the C-terminus of IL-2 and
srtA recognition sequence (LPETG) exert distinct stimulatory
effects on CTLL-2 and NK-92 cells in vitro. A3 with (ED)6
linker showed superior activity may be due to the capability of
this linker preventing protein aggregation.36

The ability of IL-2 analogues to stimulate signal transduction
was determined in CTLL-2 using a STAT A/B pY694/699
ELISA kit measuring activation of STAT5A and STAT5B via
phosphorylation (pSTAT5). As shown in Figure 2C, the EC50
value of IL-2 was 4.921 pM, which was 23.7 times smaller than
A1 (EC50 116.5 pM), 7.0 times smaller than A2 (EC50 34.5
pM), and 2.5 times smaller than A3 (EC50 12.3 pM). The
distinct rates of receptor-mediated internalization and
degradation of our IL-2 analogues and unmodified IL-2 can
lead to the differences between pSTAT5 activation and in
CTLL-2 proliferation. The C-terminal modification of IL-2 had
an impact on IL-2Rγ (CD132) binding attributable to the
distinct linkers of the three analogues and resulted in reduced
signal phosphorylation levels. A3 with the (ED)6 linker
displayed the closest biological activity to IL-2 and was
therefore selected for further modification by srtA.
Design, Synthesis, and Preparation of Fatty Acid

Moieties. We designed fatty acid moieties containing the
−GGG motif at the N-terminus. The −GGG motif needs to be
recognized for site-specific modification by srtA. The fatty acid

moieties designed introducing 8-amino-3,6-dioxaoctanoic acid
(AEEA) and glutamic acid as hydrophilic spacers to improve
the hydrophobicity and octadecanedioic acid to increase
affinity for human serum albumin. Fatty acid moieties were
synthesized by application of the lysine orthogonal protection
scheme in a solid-phase synthesizer (Figure 3) and
subsequently purified and identified via preparative RP-
HPLC and mass spectrometry (Figures S5−S10, Supporting
Information). As shown in Table 3, molecular weights of all
the fatty acid moieties were consistent with the theory.

Preparation and Purification of IL-2 Bioconjugates.
Conjugation with fatty acids is an important modification of
proteins and peptides commonly applied to increase the half-
life in the circulation through the formation of a noncovalent
bond with albumin, thus avoiding rapid clearance in the spleen,
liver, and kidney.25,41 Because A3 has the best hydrophilicity
and the closest biological activity to IL-2, here we selected it
for fatty acid modification by srtA. Through the srtA-mediated
transpeptidation reaction, The −GGG motif of the fatty acid
moiety at the N-terminus was coupled with A3 containing
−LPETG at the C-terminus to form an IL-2 bioconjugate.
Cysteine 184 in srtA serves as a nucleophile that attacks the
carbonyl carbon of the threonine residue (T-G), which ejects
the C-terminal fragment and simultaneously develops an acyl-
enzyme intermediate. Subsequently, the transient acyl-enzyme
intermediate and fatty acid moiety comprising N-terminal
glycine reacts and forms a new peptide bond between the
threonine residue and N-terminus of the fatty acid moiety
(Figure 4A). The reaction was monitored using RP-HPLC. In
our initial research, we use 80× excess of fatty acid moieties
and reaction in 37 °C for 2 h, and approximately 20% transient
acyl-enzyme intermediates were found. To reduce the potential
formation of transient acyl-enzyme intermediates and the
impact on the analogues, we carried out the reaction at 4 °C
and increased the reaction time and fatty acid moieties to shift
the equilibrium and achieve a higher yield. As a result, after an
overnight reaction under excess fatty acid moieties (160-fold)
at 4 °C, no transient acyl-enzyme intermediate was detected
(data not shown).
All IL-2 bioconjugates prepared by RP-HPLC were

confirmed via mass spectrometry (Table 3; Figures S12−S17,
Supporting Information), their hydrophobicity was assessed by
RP-HPLC (Figures 4B). By modification of fatty acid moieties,
all bioconjugates were more hydrophobic than A3. When it
contains more than one AEEA, the bioconjugate had stronger
hydrophilicity than IL-2. Although all the bioconjugates were
eluted since the RP-HPLC gradient starts at 40% acetonitrile,
which seemed quite hydrophobic, they showed better solubility
at neutral pH than IL-2 except for B1. This is mainly due to the
introduction of the (ED)6 linker and the increase in the
hydrophilic interval to assist in the neutral dissolution of the
coupling. The purity of the IL-2 bioconjugates was further
evaluated using SDS-PAGE (Figure 4C). All bioconjugates
exhibited a single electrophoretic band. Besides, we analyzed

Figure 1. (A) Sequence of IL-2 part used in three analogues. Cysteine
58 and cysteine 105 can form only one disulfide bond (red). (B) IL-2
analogues purified and denatured IL-2 analogues via a final
concentration of 100 mM dithiothreitol (DTT) were subjected to
15% SDS-PAGE and were assessed by Coomassie blue staining. 1, A1;
2, A1+DTT; 3, A2; 4, A2+DTT; 5, A3; 6, A3+DTT; 7, IL-2; M,
marker. (C) Hydrophobicity of three analogues and IL-2 monitored
by RP-HPLC ultraviolet absorbance chromatograms at 215 nm.

Table 2. BLI Analysis of IL-2 Analogues to Human IL-2Rα

compound KD (M) Ka (1/Ms) Kd (1/s) R2

IL-2 (1.952 ± 0.130) × 10−8 (3.317 ± 0.093) × 105 (6.147 ± 0.563) × 10−3 0.9901
A1 (2.501 ± 0.007) × 10−8 (2.226 ± 0.034) × 105 (5.601 ± 0.407) × 10−3 0.9899
A2 (4.380 ± 0.186) × 10−8 (8.028 ± 0.016) × 104 (3.516 ± 0.157) × 10−3 0.9959
A3 (0.995 ± 0.019) × 10−8 (3.949 ± 0.010) × 105 (3.930 ± 0.067) × 10−3 0.9861
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the structure of the analogue A3 (before the sortagging
reaction) and representative bioconjugate (after the sortagging
reaction) by circular dichroism (CD) using IL-2 as a positive
control. The CD experiment showed that the sorting reaction
and RP-HPLC purification will not affect the fold of structure
and verified that the lipidation itself can increase helicity
(Figure S19, Supporting Information).42,43

In Vitro Bioactivity of Purified IL-2 Bioconjugates. The
binding ability of the IL-2 bioconjugates to IL-2Rα at the
molecular level was determined using BLI at 30 °C. Similar to
IL-2 analogues, all bioconjugates showed concentration-
dependent binding to human IL-2Rα (Figure S18, Supporting
Information). Upon 1:1 global fitting analysis of the model
through BLItz software, except for B1, all other bioconjugates

Figure 2. (A) Comparison of activities of IL-2 analogues relative to IL-2 in stimulating CTLL-2 cells, measured as percentage relative cell viability.
* p < 0.05, ** p < 0.01, *** p < 0.001. (B) Comparison of the activities of IL-2 analogues relative to IL-2 in stimulating NK-92 cells, measured as
percentage relative cell viability. * p < 0.05, ** p < 0.01, *** p < 0.001. (C) Dose−response curves of IL-2 and IL-2 analogues activities in
stimulating signal transduction based on STAT5 phosphorylation in CTLL-2 cells.

Figure 3. Structures of fatty acid moieties F1−F6 used for preparation of bioconjugates B1−B6.

Table 3. MS Data on Fatty Acid Moieties and IL-2 Bioconjugates

IL-2 analogue fatty acid moiety MS calculated MS observed [M + H]+ IL-2 bioconjugate MS calculated MS observed

A3 F1 758.48 759.68 B1 17975.04 17975.07
F2 903.55 904.65 B2 18120.11 18120.26
F3 1048.63 1049.81 B3 18265.19 18265.14
F4 1193.70 1194.97 B4 18410.26 18410.24
F5 1338.77 670.82a B5 18555.33 18555.48
F6 1032.60 1033.78 B6 18249.16 18249.34

a[M + 2H]2+.
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Figure 4. (A) Schematic diagram of the SrtA reaction in which transpeptidase attacks the carbonyl carbon of the threonine residue (T-G) and
appends a fatty acids moiety. (B) Hydrophobicity of A3, IL-2, and six bioconjugates by RP-HPLC ultraviolet absorbance chromatograms at 215
nm. (C) Purified IL-2 bioconjugates were subjected to 15% SDS-PAGE and compared with IL-2, A3, and srtA in the reaction. M, marker; 1, A3; 2,
B1; 3, B2; 4, B3; 5, B4; 6, B5; 7,B6; 8, IL-2; 9, srtA used for the reaction.

Figure 5. (A) Percentage relative viability of CTLL-2 cells treated with IL-2 bioconjugates compared to parent IL-2. * p < 0.05, ** p < 0.01, *** p
< 0.001 compared to IL-2. (B) Dose−response curve of IL-2 bioconjugates in stimulation of signal transduction measured as STAT5
phosphorylation in CTLL-2 cells. (C) Percentage relative viability of NK-92 cells treated with IL-2 bioconjugates compared to parent IL-2. * p <
0.05, ** p < 0.01, *** p < 0.001 compared to IL-2. (D) BLI analysis of HSA binding with A3, F6, B6, and B6 control.
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exhibited no significant differences in KD from unmodified
control IL-2 (Table S1, Supporting Information). The results
suggested that more than one AEEA in the hydrophilic spacers
of fatty acid moieties modified based on (ED)6 linker are not
likely to affect IL-2Rα interactions.
The biological activities of bioconjugates were compared

with a viability assay using CTLL-2 and NK-92 cells. We
additionally investigated the stimulatory effects of different
fatty acid moieties conjugated to IL-2 analogues on signal
transduction in CTLL-2. Our previous data suggested that
different linkers between the C-terminus of IL-2 and the srtA
recognition sequence (LPETG) had a significant impact on the
biological activities of individual analogues and A3 with the
(ED)6 linker was the optimal IL-2 analogue. Accordingly, we
further assessed whether the corresponding modified A3
bioconjugates were as effective as or better than A3 or IL-2.
As shown in Figure 5A,B, B6 conjugation of F6 using srtA had
the best proliferation activity and pSTAT5 activation of CTLL-
2 cells among all bioconjugates and showed optimal potency to
IL-2. With the extension of the hydrophilic spacers of fatty acid
moieties, the proliferative activity and pSTAT5 activation of
CTLL-2 cells showed a trend from low to high and back to
low. Considering that all six bioconjugates had the same fatty
acid structure (octadecanoic diacid), we speculated that B6
was the best bioconjugate, which may be due to the length of
the hydrophilic spacer “2×AEEA-Glu” in its structure. In
addition, we prepared a B6 control (Figure S21, Supporting
Information) without octadecanoic diacid but with the same
peptide linker and hydrophilic spacer of B6 and found that the
fatty acid structure of fatty acid moiety also affected the activity
of the bioconjugate (Table S2, Supporting Information).
Another investigation we have done showed that the

bioconjugate with the same fatty acid moieties and the
different peptide linkers had lower bioactivity compared to
their parent analogues (Figure S22; Table S2, Supporting
Information). Compared with IL-2, all peptide linker, hydro-
philic spacer, and fatty acid in the C-terminus of the
bioconjugate affect biological activity. Although the C-
terminus of IL-2 was exposed outside the structure and did
not directly participate in the binding of the receptor, we guess
that the combined modification may affect some key amino
acids not distant from the C-terminus of IL-2 such as Gln-
126IL‑2 involved in IL-2Rγ (CD132) binding and signaling.44,45

On the other hand, the previous binding experiment also
verified that the modification in the C-terminus other than B1
can maintain the binding to the IL-2Rα, which is necessary for
the proliferation of CTLL-2 cells with the high expression
levels of IL-2Rα.39 Both cell proliferation and signal trans-
duction experiments were based on a comprehensive
evaluation of CTLL-2 activity at the cell level. Compared
with the studies on other long-acting derivatives in the C-
terminus of IL-2 such as IL-2-HSA and IL-2-Fc, B6 had a
better proliferation level in CTLL-2 cells and was 1.6 times as
high as IL-2.11,19 Besides, we also observed B6 showed optimal
activity in the NK-92 cell proliferation experiment (p < 0.05;
Figure 5C).
Because of its optimal in vitro activity among all the IL-2

bioconjugates generated, B6 is considered suitable for HSA
binding research. We examined the hypothesis that our
bioconjugates could form a noncovalent bond with albumin
through modified fatty acid to extend the half-life in vivo. BLI
has been previously used to study the binding of proteins to
HSA.46 However, due to the multiple fatty acid binding sites

on HSA, only qualitative analysis of binding was performed in
our study. Biotinylated HSA was captured on streptavidin-
coated biosensors. As shown in Figure 5D, there are signal
responses shown in the curves of B6 and F6, which means they
could bind to HSA. Meanwhile, A3 and B6 control showed no
signal to HSA binding, which indicates the peptide linker and
the hydrophilic spacer are not involved in the binding of HSA.
Therefore, B6 bound to HSA via octadecanedioic acid from
modified F6, which is consistent with our assumption.

Pharmacokinetics. To further determine whether the
bioconjugate B6 has a greater half-life than IL-2 through
noncovalent interactions between fatty acid and albumin, we
conducted pharmacokinetic (PK) experiments in vivo.
Although B6 control showed no contribution to HSA binding,
the effect of peptide linker and hydrophilic spacers on the
pharmacokinetics is unknown. So, we also conducted
pharmacokinetic studies on B6 control. IL-2, B6, and B6
control were examined in a BALB/c mouse model after single-
dose intravenous (i.v.) administration (0.6 mg/kg). The
plasma concentration of the drug was measured using
sandwich ELISA. Plasma concentration−time profiles are
presented in Figure 6. IL-2 and B6 control was rapidly
eliminated in vivo, with a concentration of ≤1 ng/mL at 8 h,
while the bioconjugate B6 with fatty acid modification could
be detected at 24 h (≥1 ng/mL). Moreover, proliferating
CTLL-2 was not detected in plasma collected at 6 h of IL-2
treatment but still detectable in the B6 group at 20 h (data not
shown).
The PK parameters are shown in Table 4. The

pharmacokinetics of all the compounds conformed to the
two-compartment model. The plasma clearance rate of B6 was
significantly reduced 15-fold slower than IL-2. After i.v.
administration, both rapid initial phase half-life (t1/2α) and a
second slower component half-life (t1/2β) of B6 were extended
significantly (15-fold longer t1/2α and 13-fold longer t1/2β),
compared to IL-2. The total exposure to the circulating drug or
area under the curve (AUC) of B6 was approximately 15-fold
higher than that of IL-2. Additionally, B6 control showed
similar pharmacokinetic parameters to IL-2, which indicated
that the addition of peptide linker or hydrophilic spacers in B6
control will not improve the half-life. Although B6 control has
a PEG-like structure (AEEA−AEEA) in the modified hydro-
philic spacer, the molecular weight of our structure (∼300 Da)
is far from the theoretical molecular weight (∼20 000 Da) that
can reduce renal clearance and significantly improve
pharmacokinetics.47 Thus, the fatty acid contributed to a

Figure 6. Comparison of the pharmacokinetic profiles of IL-2, B6,
and B6 control after single i.v. administration (0.6 mg/kg) in BALB/c
mice. Data are presented as means ± SD (n = 4 per group).
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large extent to the observed half-life by binding with albumin.
These studies indicate that following i.v. administration, B6
displays a more favorable pharmacokinetic profile than IL-2
and circulating levels of the bioconjugate are sustained for
approximately 1 day.

■ CONCLUSIONS
In this study, we have developed a fatty acid conjugated IL-2
bioconjugate, B6, modified by srtA that has similar biological
functions to IL-2 in vitro and significantly extended half-life in
vivo. Initially, three IL-2 analogues with different peptide
linkers between the C-terminus of IL-2 and srtA recognition
sequence (LPETG) were designed, and among them, A3
containing an (ED)6 linker was determined as optimal for
further modification. Six fatty acid moieties with the same fatty
acid and different hydrophilic spacers were conjugated to A3
through srtA. The different hydrophilic spacers between six
modified fatty acid moieties have distinct impacts on the
biological activity of six bioconjugates, with B6 showing
optimal potency to that of IL-2 in vitro. Compared with IL-2,
all peptide linkers, hydrophilic spacers, and fatty acids modified
in the C-terminus of the bioconjugate have an effect on
biological activity. B6 exhibited 160% to IL-2 in the
proliferation activity of CTLL-2 cells and was better than
other derivatives in the C-terminus of IL-2. B6 binds to
albumin through a conjugated fatty acid, leading to a
significant improvement in its pharmacokinetic properties in
mice. The addition of peptide linker and hydrophilic spacer
can improve the hydrophobicity of the bioconjugate, but are
unrelated to extending the half-life. Compared with unmodi-
fied IL-2, B6 showed a remarkable prolonged plasma exposure,
with a 15-fold longer t1/2α of 0.613 ± 0.063 h, 13-fold longer
t1/2β of 3.595 ± 0.518 h, and an increase of AUC(0‑∞) by a
factor of 15. Taken together, the present study provides an
effective approach for the development of long-acting fatty
acid-modified IL-2 bioconjugates and will be of significant
interest to others working in the area of long-acting therapeutic
proteins.

■ EXPERIMENTAL PROCEDURE
Cell Lines and Reagents. The IL-2-dependent CTLL-2

mouse T-lymphocyte cell line was purchased from the
National Institutes for Food and Drug Control (Beijing,
China). The IL-2-dependent NK-92 cell line was provided by
Chia Tai Tianqing Pharmaceutical Group Co. Ltd. (Nanjing,
China). CTLL-2 cells were cultured at 37 °C and 5% CO2 in
RPMI 1640 (GlutaMAX, Gibco, Grand Island, NY, US)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, 100 μg/mL streptomycin, 1 mM HEPES (Gibco,
Grand Island, NY, US), and 100−200 IU/mL IL-2. NK-92
cells were cultured at 37 °C and 5% CO2 in Alpha Minimum
Essential medium (without ribonucleosides and deoxyribonu-
cleosides but with 2 mM L-glutamine and 1.5 g/L sodium
bicarbonate, Gibco, Grand Island, NY, US) containing 12.5%

horse serum, 12.5% FBS, 0.1 mM 2-mercaptoethanol (Gibco,
Grand Island, NY, US), 0.2 mM inositol, 0.02 mM folic acid
(Sigma-Aldrich, St. Louis, MO, US) and 100−200 U/mL IL-2.
Recombinant human IL-2 was purchased from the National

Institutes for Food and Drug Control (Beijing, China). This
human IL-2 was also the unmodified IL-2 as a control in this
study.
The srtA used was m9SrtAΔN59 from Staphylococcus aureus,

which was expressed and purified in a previous study.48

Reagents used for the synthesis of fatty acid moieties are
described in Supporting Information.

Expression and Purification of IL-2 Analogues. Three
recombinant IL-2 analogues, IL-2-(GGGGS)3-LPETGG-His6,
IL-2-(PA)6-LPETGG-His6, and IL-2-(ED)6-LPETGG-His6,
were engineered via gene fusion. The amino acid sequence
and structure of parts of IL-2 were consistent with aldesleukin
(125-L-serine-2-133-interleukin 2). All three analogues were
expressed in E. coli and purified via reversed-phase C4
chromatography. The detailed methodology is provided in
Supporting Information.

Synthesis and Preparation of Fatty Acid Moieties
F1−F6. Fatty acid moieties were synthesized with an
application of the lysine orthogonal protection scheme in a
solid-phase synthesizer. The detailed methodology is provided
in Supporting Information.

Preparation and Purification of IL-2 Bioconjugates
B1−B6. Conjugation of the N-terminus of the fatty acid
moiety to the C-terminus of the srtA recognition sequence
(LPET-) in IL-2-(ED)6-LPETGG-His6 was performed as
follows: 10 μM protein was mixed with 0.25 μM SrtA, 160-
fold excess fatty acid moiety (1600 μM), 50 mM NaCl, and 10
mM CaCl2 in Tris-HCl buffer (pH 7.0) and overnight at 4 °C.
The reaction mixture was analyzed via reversed-phase HPLC

(Agilent, Santa Clara, CA, US) and terminated by adjusting the
pH to 3.0 with AcOH. The IL-2 bioconjugate was purified
using a reversed-phase C4 preparative chromatography column
(YMC park pro C4 30 μm, 10 × 250 mm, 300 Å; Kyoto,
Japan). The mobile phase comprised gradient elution with
0.1% TFA (v/v) water−acetonitrile (60:40, v/v, solution A)
and 0.1% TFA (v/v) acetonitrile (solution B). The target
bioconjugate was subjected to gradient elution in 15−45% of
solution B buffer. Pooled fractions were evaporated on a rotary
evaporator and pH adjusted to 7.4 with 1 M NaOH. The
solution was replaced three times with PBS buffer in 3 kDa
ultrafiltration centrifuge tubes (Millipore, Billerica, MA, US)
and analyzed via SDS-PAGE under reducing conditions
(Coomassie brilliant blue (CBB) staining), followed by
reversed-phase HPLC (Agilent, Santa Clara, CA, US) and
ESI-MS (Waters Xevo G2-XS QTof; Milford, Massachusetts,
US). The bioconjugate concentration was determined using a
bicinchoninic acid (BCA) assay kit (Sangon Biotech, Shanghai,
China) with BSA as a standard.

Binding Studies. Binding studies were performed with
biolayer interferometry (BLI). Binding data were collected in

Table 4. Pharmacokinetic Parameters of IL-2, B6, and B6 Control Following I.V. Administration (0.6 mg/kg) in BALB/c
Micea

compound t1/2α (h) t1/2β (h) Vd (L/kg) CL (L/h/kg) AUC(0‑∞) (μg/L h)

IL-2 0.041 ± 0.006 0.273 ± 0.040 0.059 ± 0.009 0.454 ± 0.036 1329.586 ± 108.969
B6 0.613 ± 0.063 3.595 ± 0.518 0.053 ± 0.006 0.031 ± 0.004 19638.819 ± 2360.316
B6 control 0.035 ± 0.014 0.196 ± 0.114 0.050 ± 0.012 0.453 ± 0.026 1329.375 ± 74.369

aAbbreviations: Vd, volume of distribution; CL, clearance; AUC, area under the curve; N = 4 per compound. Average values and SD are indicated.
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BLItz (ForteBio, San Francisco, CA, US) and processed using
integrated software of the instrument using a 1:1 binding
model.38 Biotinylated target receptors, either human serum
albumin (HSA; Sigma-Aldrich, St. Louis, MO, US) or human
IL-2Rα (Genscript Biotech, Nanjing, China), were function-
alized to streptavidin-coated biosensors (SA; ForteBio, San
Francisco, CA, US) at a concentration of 100 nM in binding
buffer (PBS, pH 7.4, 0.02% Tween-20) for 600 s. Analytes
were diluted from concentrated stock solutions into the
binding buffer. After baseline measurement in binding buffer
alone for 60 s, binding kinetics were monitored by dipping
biosensors in wells containing the target analyte at the
indicated concentration (association step) for 300 s and then
back into baseline/buffer (dissociation) for 600 s. All
interacting biosensors were regenerated by exposure in 10
mM sodium acetate, 1 M MgCl2, pH 5.4 for 5 s, and
subsequently, binding buffer (PBS, pH 7.4, 0.02% Tween-20)
for 20 s for 5 cycles.
Assessment of CTLL-2 Proliferation and Activity. For

details of the methodology to determine IL-2 biological
activity, please refer to Chinese Pharmacopoeia. The
proliferation of CTLL-2 was assessed using (3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) re-
agent (Sigma-Aldrich, St. Louis, MO, US).18 Briefly, after
culturing for 48−60 h, cells were collected via centrifugation at
180 × g for 7 min, washed three times with IL-2-free medium,
and resuspended in IL-2-free medium. An aliquot of cell
suspension (50 μL) containing 30 000 cells was seeded in a 96-
well culture plate (Corning, NY, US). Serial dilutions of
analyte stocks were generated and added to cells in a total
volume of 50 μL at a final concentration range of 0−1000 pM,
followed by incubation at 37 °C and 5% CO2 for 20 h. MTT
solution (20 μL of 5 mg/mL) was added to each well and cells
incubated for 5 h, followed by the addition of 150 μL of 15%
SDS solution and incubation for 20 h. Finally, cell proliferation
was quantified using dual-wavelength (570 nm detection, 630
nm reference) spectrophotometry on a microplate reader
(SpectraMaxi3x, Molecular Devices, San Jose, CA, US).
Signaling in CTLL-2 cells was assessed by activation of

pSTAT5 after analyte stimulation.2 A STAT A/B pY694/699
enzyme-linked immunosorbent assay kit (ELISA; Abcam,
Cambridge, MA, USA) was used to quantify phosphorylation
of STAT5A and STAT5B in cellular lysates. On the day of the
assay, cells were preincubated in IL-2-free medium for ≥4 h
before treatment and 20 μL cell suspensions containing 10 000
cells plated on a precoated 96-well microplate. Analytes were
prepared as 4× serial dilutions and added to cells in 20 μL
aliquots. Treated cells were stimulated for 15 min at 37 °C and
5% CO2. In keeping with the manufacturer’s instructions on
cell lysis and assay protocols, signals (OD450) were read on a
microplate reader (SpectraMaxi3x, Molecular Devices, San
Jose, CA, US).
NK-92 Cell Viability Assay. After culturing for 48−60 h,

NK-92 cells were collected via centrifugation at 130 × g for 10
min, washed three times with IL-2-free medium three times,
and subsequently starved in IL-2-free medium for 2 h at 37 °C
and 5% CO2. Cells were resuspended in an IL-2-free medium
and a 12.5 μL suspension containing 10 000 cells seeded on a
384-well culture plate (black, clear-bottom, Thermo Fisher,
Waltham, MA, US). Analytes were prepared as 10× serial
dilutions before assay and added to cells (12.5 μL), followed
by incubation of plates for 48 h at 37 °C and 5% CO2. Using
the CellTiter-Glo Luminescent Cell Viability Assay kit

(Promega, Madison, WI, US), the ATP content was measured
according to the manufacturer’s instructions to determine cell
viability.49 Finally, cell proliferation activity was measured in a
microplate reader (SpectraMaxi3x, Molecular Devices, San
Jose, CA, US).

Pharmacokinetic Studies. In vivo pharmacokinetic (PK)
experiments were reviewed and approved by the Ethical
Committee of Experimental Animals of the Chia Tai Tianqing
Pharmaceutical Group. Female Balb/c mice aged 6−8 weeks
were housed under standard conditions with ad libitum access
to food and water.
Mice (approximately 20 g) were divided into two groups

and intravenously administered a single dose of IL-2
bioconjugate B6 (i.v., 0.6 mg/kg). Serum samples were
collected at 10 min and 2, 6, 12, 20, and 36 h for group I
and 1, 4, 8, 16, 24, and 48 h for group II by retro-orbital
bleeding (n = 4 animals per time-point). Mice from another
group (∼20 g) were divided into two groups and intravenously
administered a single dose of IL-2 (i.v., 0.6 mg/kg). Serum
samples were collected at 0, 2, 5, 20, 30, and 45 min for group I
and 10 min and 1, 2, 4, 6, and 8 h for group II by retro-orbital
bleeding (n = 4 animals per time-point). The third group of
mice (∼20 g) were divided into two groups and intravenously
administered a single dose of B6 control (i.v., 0.6 mg/kg).
Serum samples were collected at 0, 5, and 30 min and 2, 6, and
12 h for group I and 2, 10, and 60 min and 4, 8, and 24 h for
group II by retro-orbital bleeding (n = 4 animals per time-
point). Blood was collected in an EDTA-coated test tube and
stored on ice until centrifugation at 1200 × g for 10 min at 4
°C. Plasma was transferred to a micronic tube and stored at
−80 °C until analysis.
Human IL-2 was assayed with a sandwich-type ELISA kit

(Cat. No. 555190; BD Biosciences, San Jose, CA, US). B6 and
B6 control were generated using the same antibody from the
ELISA kit for capture and a biotinylated polyclonal antibody
(BAF202, R&D systems, San Jose, CA, US) for detection.
Blocking and dilution were performed with 10% FBS in PBS,
and individual standard curves were constructed to determine
the plasma levels of each protein. Each sample was used to
calculate concentrations in plasma (ng/mL) using parameters
derived from the standard curve (log−log regression analysis).
Pharmacokinetic parameters were calculated using a two-

compartment model with Drug And Statistics software (DAS,
ver. 2.0; Mathematical Pharmacology Professional Committee
of China, Shanghai, China).

Statistical Analysis. Prism software ver. 8.01 (GraphPad,
La Jolla, CA, US) was used for nonlinear regression and
statistical analyses. The half-maximal effect concentration
(EC50) was determined by fitting a sigmoidal dose−response
model “log (agonist) vs. response-variable slope (four
parameters)”. Graphs depict the average ± SD of at least
three independent experiments. All normally distributed data
were compared using Student’s t test or one-way ANOVA with
post-hoc analysis (Games-Howell’s procedure) as appropriate.
P-values of <0.05 were considered statistically significant.
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