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Abstract

The inefficiency of recombinant tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)-based clinical regimens has been dominantly attributed to the short half-life of TRAIL.
Affinity-controlled release using endogenous long-acting proteins, such as IgG and albumin, as
carriers is extremely attractive for improving the pharmacokinetics of TRAIL. Up to now, it is
unclear whether IgG-binding is efficient for affinity-controlled release of TRAIL.

Methods: An IgG-binding affibody, IgBD, was genetically fused to the N-terminus of TRAIL to
produce IgBD-TRAIL.The IgG-binding ability, cytotoxicity, serum half-life, and in vivo antitumor
effect of IgBD-TRAIL were compared with that of TRAIL. In addition, an albumin-binding affibody,
ABD, was fused to TRAIL to produce ABD-TRAIL. The cytototoxicity, serum half-life, and
antitumor effect of IgBD-TRAIL and ABD-TRAIL were compared.

Results: IgBD fusion endowed TRAIL with high affinity (nM) for IgG without interference with its
cytotoxicity. The serum half-life of [gBD-TRAIL is 50-60 times longer than that of TRAIL and the
tumor uptake of IgBD-TRAIL at 8-24 h post-injection was 4-7-fold that of TRAIL. In vivo antitumor
effect of IgBD-TRAIL was at least 10 times greater than that of TRAIL. Owing to the high affinity
(nM) for albumin, the serum half-life of ABD-TRAIL was 80-90 times greater than that of TRAIL.
However, after binding to albumin, the cytotoxicity of ABD-TRAIL was reduced more than 10
times. In contrast, binding to IgG had little impact on the cytotoxicity of IgBD-TRAIL. Consequently,
intravenously injected IgBD-TRAIL showed antitumor effects superior to those of ABD-TRAIL.

Conclusions: Endogenous long-acting proteins, particularly IgG-based affinity-controlled release,
prolonged the serum half-life as well as significantly enhanced the antitumor effect of TRAIL.
IgBD-mediated endogenous IgG binding might be a novel approach for the affinity-controlled release
of other protein drugs.
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Introduction

Elucidation of the molecular pathways of
pathogenesis allows us to accurately develop
biotherapeutics using a disease-associated innate
process. Although small molecule drugs remain

valuable, biopharmaceuticals have dominated the
worldwide revenue generated by the pharmaceutical
market in recent years. The market value of
biopharmaceuticals is expected to increase from
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$151.9 billion in 2013 to $222.7 billion by 2019. Except
for the 246 biopharmaceuticals approved in the
United States and European Union, over 900
biopharmaceutical candidates are currently in clinical
trials [1-3]. Compared to small molecule drugs,
biopharmaceuticals with high molecular mass show
advantages of higher specificity and potency.
However, most non-antibody biopharmaceuticals, i.e.,
therapeutic proteins and peptides, exhibit short
half-lives. To maintain the therapeutic level, frequent
injections are typically required for protein and
peptide drugs, which might encounter problems of
patient compliance and tolerance [4]. Consequently,
improving pharmacokinetics is key for the
development of biopharmaceuticals [5]. In particular,
different proteins might have different physicochem-
ical and biological properties; therefore, protein-
specific ~ strategies might be required for
pharmacokinetics improvement [6].

Controlled release is a popular strategy for
pharmacokinetics improvement. Conventional release
technologies, such as drug entrapment within
degradation-controlled polymeric matrices (bulk or
surface erosion) [7], swelling-controlled hydrogels [8],
and macro/nanoparticles [9,10], have been demons-
trated to be efficient for improving the pharmacok-
inetics of small molecule drugs. However, the tertiary
structures required by specificity and potency
typically make proteins more fragile than small
molecule drugs. Exposure to harsh processing
conditions, such as organic solvent, shear force,
sonication, lyophilization, and high temperature,
might be detrimental to protein structure and
function. Consequently, due to the involvement of
harsh conditions in the preparation of the delivery
system, the controlled release strategies designed for
small molecule drugs do not consistently work well
for protein drugs. In addition, burst release is a
common problem for these delivery systems, as the
release of drug from the carrier is governed by the
diffusion rate of the entrapped drug and enzymatic
degradation of the carrier [2,3,11,12]. To overcome the
challenges in the controlled release of protein drugs,
increasing attention has been paid to affinity-
controlled release in recent years.

Here, affinity refers to the preferred noncovalent
interaction between two binding partners, such as
protein-protein, protein-peptide, protein-aptamer, or
protein-polymer interactions [3]. Strategies for the
affinity-controlled release of drugs were initially
inspired by the extracellular matrix (ECM)-controlled
release of cytokines under physiological conditions.
Previous studies have shown that cytokines contain-
ning heparin-binding domains could accumulate in
the heparin-rich ECM, followed by slow diffusional

release, which was predominantly attributed to the
transient interaction between the heparin-binding
domain of cytokines and heparin in the ECM. These
results suggest that affinity-controlled release of
heparin-binding proteins might be achieved by using
heparinized delivery systems. In fact, natural
heparin-rich ECM, heparinized polymers and
micro/nanoparticles have been successfully used as
affinity carriers for the delivery of heparin-binding
cytokines [11]. Since the interaction between binding
partners occurs under physiological conditions, the
protein drug for affinity-controlled release could be
efficiently loaded onto the carrier by simply mixing
these components together, which has few risks for
inducing protein denaturation and loss of biological
activity [3]. Compared to the delivery under harsh
conditions, affinity-controlled release is particularly
attractive for protein drug delivery.

However, according to the conventional concept,
constructing an affinity-controlled release system
requires challenging studies including identification
of proper binding partners to achieve the required
release profile and preparation of affinity carriers
with a high loading rate. Previous studies have
focused on mnatural binding partners, such as
heparin/heparin-binding domain [11], collagen/
collagen-binding domain [13], and SH3 domain/SH3-
binding domain [14], etc. These natural binding
partners are limited by their low affinities (pM).
Recently, several classes of artificial high-affinity (nM)
molecules, such as affibodies [15], anticalins [16],
adnectins [17], and aptamers [18], have emerged as
novel binding partners. To prepare affinity carriers,
binding molecules have typically been immobilized
onto insoluble carriers, such as ECM, polymer, or
micro/nanoparticles in previous studies [2,11,12]. The
clinical translation of these exogenous insoluble
carriers might be limited by their biocompatibility
and immunogenicity. Considering the risk of these
exogenous insoluble carriers, it is better to use
endogenous soluble long-acting proteins as carriers
for affinity-controlled release [19].

Owing to neonatal Fc receptor (FcRn)-mediated
recycling, plasma proteins, such as albumin and IgG,
exhibit an extraordinarily long (2-4 weeks) serum
half-life [20]. In addition, albumin and IgG are the
most abundant plasma proteins, making these
molecules attractive as endogenous drug carriers for
affinity-controlled release. Frankly, two marketed
diabetes drugs have been produced by incorporating
albumin-binding fatty acids to insulin (Levemir®)
and glucagon-like peptide-1 (GLP-1) agonist (Victoza
®), respectively [21]. In addition to fatty acids,
numerous albumin-binding domains (ABD) have
been used as binding partners for the controlled
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release of peptides and proteins [22]. Similar to
albumin, IgG is also abundant in plasma, accounting
for approximately 10-20% of total plasma proteins.
The serum half-life of IgG [~23 days] is longer than
that of albumin (~19 days) in humans. Importantly,
the efficiency of FcRn-mediated recycling for IgG is
higher than that for albumin [23]. A limited number of
previous studies demonstrated that binding to IgG
elongated the circulation time of recombinant
proteins [24,25]. As more IgG binding domains
(IgBDs) are identified [26,27], the potential use of
endogenous IgG as a carrier for the affinity-controlled
release of protein drugs should be evaluated.

Recombinant tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) induces apoptosis
in a variety of tumor cells at nanomolar concentra-
tions but spares normal cells in vitro. The superior
activity and specificity of TRAIL in preclinical
experiments prompted its testing in clinical trials in
cancer patients. However, the promising in wvitro
antitumor effect of TRAIL was not observed in Phase
I/II clinical trials, which was predominantly
attributed to the poor pharmacokinetics of TRAIL
[28]. Albumin fusion [29], Fe-fusion [30], PEGylation
[31], and entrapment by nanoparticles [32,33] have
been used to extend the serum half-life of TRAIL. In
our previous work, to achieve the affinity-controlled
release of TRAIL using endogenous albumin as a
carrier, an affibody ABD was fused to the N-terminus
of TRAIL to produce the albumin binding ABD-
TRAIL. Intravenously injected ABD-TRAIL showed a
prolonged serum half-life and enhanced in wvivo
antitumor effects. Nevertheless, the steric hindrance
between albumin and TRAIL drastically (4-6 times)
reduced its cytotoxicity in tumor cells [34]. Since IgG
is comparable to albumin in serum half-life, we
attempt to evaluate the potential use of endogenous
IgG as a carrier for the affinity-controlled release of
TRAIL.

In this study, we first produced the fusion
protein IgBD-TRAIL by genetically fusing a Fab-
specific IgBD to the N-terminus of TRAIL. Subse-
quently, after measurement of the IgG binding ability
of IgBD-TRAIL, we determined the contributeon of
IgBD-mediated endogenous IgG binding to the serum
half-life extension and in vivo antitumor effect
enhancement of TRAIL. Finally, we compared the
efficacy of IgBD-mediated endogenous IgG binding
and ABD-mediated endogenous albumin binding in
improving the pharmacokinetics and enhancing the in
vivo antitumor effect of TRAIL.

Materials and methods

Protein expression and purification
To endow TRAIL with IgG-binding ability, an

IgBD, SPGesrabRR, was genetically fused to the
N-terminus of TRAIL to produce the fusion protein
IgBD-TRAIL. The gene encoding SPGcsrasRR was
designed according to its amino acid sequence [35]
and optimized for recombinant expression in E. coli.
The TRAIL gene was cloned in our previous study
[36]. A flexible linker (G4S)s was inserted between
IgBD and TRAIL. The gene encoding IgBD-TRAIL
was synthesized and sub-cloned into pQE30 to
produce the expression plasmid pQE30-IgBD-TRAIL
by Convenience Biology Inc. (Changzhou, China). To
reduce the hepatic accumulation of the fusion protein,
the 6His-tag in the original pQE30 plasmid was
replaced by an (HE)s-tag according to the description
of Hofstrom et al. [37]. To prepare IgBD-TRAIL, the
expression plasmid pQE30-IgBD-TRAIL was trans-
formed into the competent cells of E. coli M15,
followed by induction at 25 °C overnight with
isopropyl p-D-thiogalactoside (IPTG, 0.1 mM). The
cells collected from a 1 L culture were resuspended in
50 mL of lysis buffer (50 mM phosphate, pH 8.0, 300
mM NaCl, 10 mM p-mecaptoethanol, 1 mM
Phenylmethylsulfonylfluoride, and 5 mM imidazole)
and processed 4-5 times with a high pressure
homogenizer (80-100 MPa). The recombinant proteins
in the supernatant were recovered by affinity
chromatography with Ni-NTA super flow (Qiagen,
CA). The purity and molecular weight of IgBD-TRAIL
were determined by 12.75% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The
purified  proteins  were  dialyzed  against
phosphate-buffered saline (PBS, 10 mM Na,HPO,, 137
mM Na(l, 2.68 mM KCl, and 2 mM KH>PO,, pH 7.4)
overnight for further use. To produce ABD-TRAIL,
the ABD domain was genetically fused at the
N-terminus of TRAIL as previously described [34].
The preparation of TRAIL has been described in a
previous study [36].

Enzyme-linked immunosorbent assays

Enzyme-linked immunosorbent assay (ELISA)
was performed according to Strok et al. [38] with
some modification. To determine the IgG-binding
ability of IgBD-TRAIL, IgG (100 nM in PBS) derived
from mouse (mIgG) or human (hIgG) was coated onto
the wells of medium-binding ELISA plates (BIO
BASIC, CA). After 4 washes with phosphate-buffered
saline (PBST, 10 mM NayHPOs, 500 mM NaCl, 2.68
mM KCl, 2 mM KH>PO,, and 0.075% Tween 20, pH
7.4), the wells were blocked with 1% bovine serum
albumin (BSA) at 37 °C for 1 h. IgBD-TRAIL at
different concentrations (0-2.5 nM) was added into the
wells followed by incubation at 37 °C for 1 h.
Biotin-labeled antibody against TRAIL was used to
detect IgBD-TRAIL bound to the wells. TRAIL was
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used as a control. ELISA for albumin binding of
ABD-TRAIL was performed as previously described
[34].

To compare the FcRn binding of IgG in the
presence or absence of IgBD-TRAIL, hIgG was labeled
with biotin by incubating hlgG with biotin at a molar
ratio of 1:10 at room temperature for 1 h. To remove
the unconjugated biotin, the mixture was dialyzed
against PBS (pH 6.0) overnight. The biotin-labeled
hlgG was incubated with or without IgBD-TRAIL
(calculated as trimer) in a molar ratio of 1:1 at room
temperature for 0.5 h, followed by addition into wells
of high-binding ELISA plates (BIO BASIC, CA) coated
with FcRn protein (R&D, MN). After 3 washes with
PBS (pH 6.0) supplemented with 0.075% Tween 20,
the bound IgG was detected by using horseradish
peroxidase (HRP)-labeled streptavidin.

Size exclusion chromatography

Size exclusion chromatography (SEC) was
performed on AKTA Pure with a Superdex 200 10/30
column (GE Healthcare, PA) as previously described
[34]. To determine the IgG binding, IgBD-TRAIL
(calculated as trimmer) was incubated with IgG
(molar ratio of 2:1, 1:1, or 1:2) at room temperature for
0.5 h followed by loading onto the column. Phosphate
buffer (20 mM phosphate, pH 7.4, 500 mM NacCl) was
used as the eluent at a flow rate of 0.5 mL/min.
Protein peak was recorded by monitoring absorbance
at 280 nm, and the components of each protein peak
were identified by SDS-PAGE. Protein peaks
containing both IgG and IgBD-TRAIL reflected the
formation of the IgG-IgBD-TRAIL complex. Albumin
binding of ABD-TRAIL was also determined in the
same manner. Briefly, after the incubation of
ABD-TRAIL (calculated as trimer) with albumin at a
molar ratio of 1:1, the mixture was separated on a
Superdex 75 10/30 column. A protein peak with a
molecular size larger than that of albumin and
ABD-TRAIL reflects the formation of the
albumin-ABD-TRAIL complex.

Protein-protein interaction

Biolayer interferometry performed on Octet®
systems (Pall ForteBio LLC, CA) was used to reveal
protein-protein interactions. For IgG binding assay,
IgG was immobilized on a protein A-coated sensor.
Subsequently, the sensor was inserted into a solution
containing different concentrations (0-2 pM) of
IgBD-TRAIL for 300 s to enable association, followed
by disassociation in PBS for 200 s. The association
constant ka, disassociation constant kd, and affinity
KD (KD=kd/ka) were calculated by using software
for Octet® systems according to 1:1 binding model.
For death receptor binding assay, DR4-Fc or DR5-Fc

(R&D, MN) were captured by a protein A-coated
sensor, followed by the insertion of the sensor into
solutions containing different concentrations of
TRAIL fusion proteins. For albumin binding assays,
ABD-TRAIL was captured by using a His-tag
antibody-coated sensor, followed by the insertion of
the sensor into a series of albumin solutions.

Cytotoxicity and apoptosis

Cell lines, including COLO 205, LS174T, and
HCT 116, were purchased from American Type
Culture Collection (ATCC, VA) and cultured in 1640
or DMEM supplemented with 10% fetal bovine serum
at 37 °C in a 5% CO; humidified atmosphere. To
measure the cytotoxicity of protein, 1-2x104 cells were
inoculated in the wells of a 96-well plate, followed by
the addition of different concentrations of protein.
After treatment overnight, the viable cells were
counted by using CCK-8. PBS was used as negative
control with 100% viability. To estimate the influence
of IgG and albumin binding on the cytotoxicity of
TRAIL fusion proteins, IgG or albumin were mixed
with IgBD-TRAIL or ABD-TRAIL at a molecular ratio
of 1:1 and incubated at room temperature for 0.5 h,
followed by addition into the cells. Apoptosis in cells
was revealed by caspase activity detection and
TdT-mediated dUTP nick-end labeling (TUNEL) as
previously described [34].

Cellular uptake and recycling of protein

Human wumbilical vein endothelial cells
(HUVEC) were seeded (1x10* cells/well) onto a 20
mm glass-bottomed cell culture dish (Nest, Wuxi,
China) and cultured in DMEM overnight. To monitor
the cellular uptake, TRAIL proteins were labeled with
Alex Flour-488 (green) and hlgG was labeled with
Alex Flour-610 (red) according to Sockolosky et al.
[25]. The hligG was mixed with IgBD-TRAIL or TRAIL
(200 nM) at a molar ratio of 1:1. After incubation at
room temperature for 0.5 h, the mixture was added
into the cells followed by incubation for 1 h at 37 °C.
After two washes with PBS, the cells were observed
under a multi-photon laser scanning confocal micro-
scope (Nikon, Tokyo, Japan). Cellular localization of
IgBD-TRAIL with transferrin was performed
according to Gobel et al. [39].

To monitor the recycling, TRAIL proteins
(50-200 nM, 200 pL) were mixed with hlgG at a molar
ratio of 1:1 and incubated at room temperature for 0.5
h, followed by addition to HUVECs (5x10 5 cells).
After incubation at 37 °C for 2 h, the cells were
washed three times with PBS. Subsequently, 120 pL of
fresh serum-free 1640 medium was added to the cells.
After further incubation at 37 °C for 4 h, the medium
was collected for cytotoxicity assay. Compared to the
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cytotoxicity of the medium from cells treated with a
mixture of TRAIL and hlgG, an increase in the
cytotoxicity of the medium from cells treated with
IgBD-TRAIL preincubated with hIgG reflects the
IgG-mediated recycling of IgBD-TRAIL.

In vivo pharmacokinetics and biodistribution

Blood clearance of TRAIL proteins was first
measured by monitoring the time-dependent decrease
in cytotoxicity of residual proteins in blood. Balb/c
mice (n=3 for each time point) were intravenously
injected with TRAIL proteins (10 mg/kg). The blood
samples of mice were collected at different times (1
min to 96 h) post-injection. The plasma was diluted at
different ratios, followed by cytotoxicity assays in
COLO 205 cells. The speed of the cytotoxicity decrease
reflects the protein clearance rate.

In addition, a traditional radioactive method was
also used to monitor the blood clearance of TRAIL
proteins and IgG. I'¥-labeling was performed
according to Fan et al. [40]. To monitor the blood
clearance, normal Balb/c mice (n=3 for each time
point) were intravenously injected with I'3l-labeled
TRAIL proteins or IgG preincubated with or without
IgBD-TRAIL at a molar ratio of 1:1 (100 pL, 27.5
kBq/g body weight). The mice were sacrificed at
different times (1 min to 96 h) post-injection and the
radioactivity in the blood was measured using a
FJ-2008PS Gamma counter. The serum half-lives of
TRAIL proteins or IgG were calculated using DAS
software version 2.11 according to Wang et al. [41].

The biodistribution of TRAIL proteins and IgG
preincubated with or without IgBD-TRAIL were
determined in normal mice or nude Balb/c mice (n=3
for each time point) bearing COLO 205 tumor grafts.
After intravenous injection, the mice were sacrificed
at different times post-injection, and the radioactivity
in tumor grafts and other normal organs/tissues was
measured.

Optical imaging

TRAIL proteins were labeled with the
near-infrared fluorescence dye CF750, succinimidyl
ester (CF750, Sigma, CA) according to Fan et al. [40].
Balb/c nude mice bearing COLO 205 tumor grafts
(~100 mm?3) were intravenously injected with
CF750-labeled proteins, followed by dynamic
scanning with SPECTRAL Lago and Lago X Imaging
Systems (Spectral, AZ).

In vivo antitumor effect

Approximately 2x10 ¢ cells (COLO 205, HCT 116,
or LS174T) were subcutaneously injected into the back
between the head and neck of Balb/c nude mice. Once
the tumor grafts reached the indicated size, the mice
were randomly divided into several groups followed

by the intravenous injection of TRAIL proteins (100
pL) at a dose of 5 mg/kg. The mice in the control
group were injected with the same amount of PBS.
Tumor growth was monitored by measuring the
longitudinal (L) and transverse (W) diameters of the
tumor grafts daily. The tumor volume (V) was
calculated using the formula V=LxW2/2. The tumor
grafts were removed and weighed at the end of the
experiment.

Short term acute toxicity

Balb/c mice (n=10) were intravenously injected
with TRAIL proteins at 10 mg/kg every other day for
a total of 8 injections. The mice in the control group
were injected with the same volume of PBS. The body
weights of mice were recorded every day. At the end
of this experiment, the mice were sacrificed. The
blood samples were collected for white blood cells
(WBCs) counting and biochemical indicator
measuring. Biochemical indicators reflecting the
function of liver (glutamic-oxaloacetic transaminase,
AST; glutamic-pyruvic transaminase, ALT) and
kidney (urea; creatinine; and blood urea nitrogen,
BUN) were analyzed. The cellular structures in
paraffin-sectioned tissues derived from liver, kidney,
spleen, heart, lung, muscle, and brain were analyzed
by H&E staining.

Statistical analysis

For multiple comparisons, one-way analysis of
variance (ANOVA) test was performed using SPSS
software version 17.0. The significance level was
defined as P<0.05. The results are expressed as mean
standard error of the mean (SEM).

Results

IgBD fusion endows TRAIL with IgG-binding
ability

According to the molecular design, IgBD was
introduced to the N-terminus of TRAIL to produce
the fusion protein IgBD-TRAIL. SDS-PAGE revealed
IgBD-TRAIL as a single protein band with an
expected molecular weight of approximately 28 KD in
the presence of P-mercaptoethanol (2-ME) (Figure
1A). On the SEC column, recovered IgBD-TRAIL was
separated as a single protein peak with a molecular
weight of approximately 80 KD in the absence of
2-ME (Figure S1A), indicating that IgBD-TRAIL
existed as a homogenous trimer in PBS. SDS-PAGE
and SEC demonstrated that TRAIL also existed as a
homogenous trimer. ELISA performed at pH 7.4
demonstrated that IgBD-TRAIL, but not TRAIL,
showed dose-dependent binding to wells precoated
with mlIgG or hlgG (Figure 1B). In addition, when
TRAIL (calculated as trimer) was mixed with hIgG at
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a molar ratio of 1:1, two protein peaks representing
TRAIL and hlgG were detected by SEC (Figure 1C). In
contrast, only one protein peak larger than
IgBD-TRAIL and hlgG was detected by SEC when
IgBD-TRAIL and hlgG were mixed at the same molar
ratio. Subsequent SDS-PAGE revealed hlIgG and
IgBD-TRAIL in this protein peak (Figure S1B),
indicating the formation of hIgG-IgBD-TRAIL
complex. Further protein-protein interaction analysis
verified that TRAIL did not bind to mIgG and hlgG
(Figure 1D). In contrast, IgBD-TRAIL showed high
affinity for both mIgG (KD=3.85 nM) and hlgG
(KD=7.69 nM) (Figure 1E). These results
demonstrated that IgBD-TRAIL, but not TRAIL, could
bind IgG. When the molar ratio of IgBD-TRAIL to
hlgG varied from 1:1 to 2:1 or 1:2, excessive

IgBD-TRAIL or hlgG was detected by SEC (Figure 1C
and Figure S1C). In addition, no novel complex larger
than IgG-IgBD-TRAIL was detected when the molar
ratio of IgBD-TRAIL to hlgG was increased to 1:4 or
1:6 (Figure S1C). Dynamic light scattering analysis
demonstrated that the average diameters of pure
IgBD-TRAIL and hIgG were 5.7£2.3 nm and 18%5.9
nm, respectively. The average diameters of the
particles in the mixture of IgBD-TRAIL and hlgG at
molar ratios of 1:1 and 1:2 were 24.748.1 nm and
24.2+9.6 nm, respectively (Figure S1D). These results
indicated that one IgBD-TRAIL trimer could only
bind one hIgG, suggesting that IgBD-mediated
binding of TRAIL to IgG would not induce IgG
aggregation.
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Figure 1. IgG binding of IgBD-TRAIL. (A) SDS-PAGE of purified proteins. (B) ELISA for IgG binding at pH 7.4. IgBD-TRAIL or TRAIL was added to wells
precoated with mlgG or hlgG. The bound proteins were measured by using antibody against TRAIL. (C) SEC of TRAIL proteins preincubated with or without IgG at
pH 7.4.1gBD-TRAIL (calculate as trimer) was preincubated with higG at a molar ratio of 1:1, 2:1 or 1:2. TRAIL was used as control. (D, E) Affinity of TRAIL (D) and

IgBD-TRAIL (E) for IgG.
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IgBD-mediated IgG binding shows little impact
on the cytotoxicity of TRAIL

Death receptor binding is crucial for TRAIL to
exert cytotoxicity in tumor cells. Since the fusion of
TRAIL to IgBD might induce steric hindrance and
thus reduce the death receptor binding of TRAIL, we
first determined the binding of IgBD-TRAIL to
DR4-Fc and DR5-Fc by biolayer interferometry.
Figure 2A shows that both IgBD-TRAIL and TRAIL
could bind to DR4-Fc and DR5-Fc. The affinities of
IgBD-TRAIL for DR4-Fc (4.33 nM) and DR5-Fc (1.50
nM) were comparable to those of TRAIL for DR4-Fc
(4.00 nM) and DR5-Fc (143 nM). Moreover,
IgBD-TRAIL and TRAIL showed similar cell binding
(Figure 2B), caspase activation (Figure 2C) and
cytotoxicity (Figure 2D) in tested tumor cells,
indicating that IgBD fusion did not reduce the death
receptor binding and cytotoxicity of TRAIL. In
addition, IgG binding might induce steric hindrance
between IgG and IgBD-TRAIL, thus reducing the
cytotoxicity of TRAIL. To evaluate the impact of this
steric hindrance on TRAIL, the cytotoxicities of
IgBD-TRAIL preincubated with or without IgG were
compared. As shown in Figure 2E, IgBD-TRAIL
preincubated with hlgG at a molar ratio of 1:1, 1:2,
and 1:4 showed a similar, but limited (less than 20%)
reduction in cytotoxicity, indicating that the IgG
binding had little impact on the cytotoxicity of TRAIL.

IgBD-mediated 1gG binding contributes to
recycling of TRAIL in endothelial cells

FcRn-mediated recycling contributes to the long
serum half-life of IgG. After entering the cells, IgG
accumulates in early endosomes and binds to FcRn at
an acidic pH (<6.5), which protects IgG from
lysosomal degradation. After exocytosis, IgG
disassociates from FcRn at neutral pH (>7.2) and
re-enters circulation [42,43]. To exploit the recycling
pathway of IgG, IgBD-TRAIL must bind IgG at acidic
pH without interfering with its FcRn binding. As
shown in Figure 3A, a unique protein peak
representing the hIgG-IgBD-TRAIL complex was
revealed by SEC after preincubation of IgBD-TRAIL
and hlgG at a molar ratio of 1:1 at pH 6.0. ELISA also
showed dose-dependent IgG binding of IgBD-TRAIL
at pH 6.0 (Figure S2A). These results suggested that
IgBD-TRAIL could bind IgG in acidic endosomes.
Moreover, hlgG preincubated with or without
IgBD-TRAIL showed similar FcRn binding (Figure 3B
and Figure S2B), indicating that IgG binding to
IgBD-TRAIL preserved FcRn binding.

Intracellular transport of the IgG-IgBD-TRAIL
complex was monitored by fluorescence microscopy.
Alex Flour-488-labeled IgBD-TRAIL and Alex

Flour-610-labeled hlgG were mixed at a molar ratio of
1:1, followed by addition to endothelial cells. The
results showed that IgBD-TRAIL preincubated with
hlgG accumulated more than TRAIL preincubated
with IgG (Figure 3C and Figure S3A) and
IgBD-TRAIL preincubated without IgG (Figure S3B),
indicating that IgBD-mediated IgG binding facilitated
the cell entry of TRAIL. Moreover, IgBD-TRAIL
preincubated with hlgG colocalized with transferrin
in the cell (Figure 3C), suggesting that [gBD-TRAIL
accumulated within endosomes. To monitor the IgG
binding-mediated recycling, different amounts of
IgBD-TRAIL were preincubated with hlgG, followed
by addition to the cells. After 2 h incubation, the
culture medium was replaced by fresh medium,
followed by further incubation for 4 h. The medium
was collected for cytotoxicity assay. As shown in
Figure 3D, the cytotoxicity of the medium collected
from cells incubated with IgBD-TRAIL was obviously
stronger than that of medium collected from cells
incubated with TRAIL, indicating that IgBD-mediated
IgG binding increased the cellular uptake and
recycling of TRAIL.

IgBD-mediated IgG binding prolongs serum
half-life, thus increasing tumor uptake of
TRAIL

Given that IgBD-TRAIL bound to IgG in vitro
with a high affinity, we determined the blood
clearance of 3]-labeled IgBD-TRAIL and 3']-labeled
IgG preincubated in a 1:1 molar ratio with
IgBD-TRAIL by monitoring the time-dependent
decrease of radioactivity in the blood of mice. As
shown in Figure 4A, the radioactivity of 31I-labeled
TRAIL was reduced by 3 logs within 48 h
post-injection. However, the radioactivity of
131]-]abeled IgBD-TRAIL was only reduced by 2 logs at
72 h post-injection, indicating that the blood clearance
of IgBD-TRAIL was much slower than that of TRAIL.
The calculated serum half-life of IgBD-TRAIL
was15.7+0.39 h, which was 50-60 times longer than
that of TRAIL (15.3%#1.5 min). The prolonged
circulation of IgBD-TRAIL was also verified by a
time-dependent decrease in the cytotoxicity of
residual protein in the blood. As shown in Figure 4B,
after the blood samples collected at 05 h
post-injection were diluted 25 times, no obvious
cytotoxicity of residual TRAIL was detectable in
COLO 205 tumor cells. However, IgBD-TRAIL
retained in blood samples collected at 96 h
post-injection induced at least 60% cell death, even
after these samples were diluted 100 times. Since
IgBD-TRAIL and TRAIL showed similar cytotoxicities
in tumor cells (Figure 2D), a slower decrease in
cytotoxicity confirmed that the circulation time of
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IgBD-TRAIL was longer than that of TRAIL. These  (Figure S4A-B) were similar. These results indicated
results demonstrated that IgBD-mediated IgG binding  that IgBD-mediated IgG binding extended the
significantly prolonged the serum half-life of TRAIL.  circulation time of IgBD-TRAIL, but did not accelerate
Surprisingly, the blood clearance curves of 3!-labeled  the blood clearance of IgG.

IgG preincubated with or without IgBD-TRAIL
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Figure 2. Death receptor binding and cytotoxicity of IgBD-TRAIL. (A) Affinity of TRAIL and IgBD-TRAIL for death receptors. (B) Flow cytometry of
COLO 205 tumor cells preincubated with FAM-labeled TRAIL proteins. (C) Activity of caspase in COLO 205 tumor cells treated with TRAIL proteins. PBS was used
as a control. (D) Cytotoxicity of TRAIL proteins in tumor cells in the absence of IgG. (E) Cytotoxicity of TRAIL proteins in HCT116 tumor cells in the presence of
IgG. TRAIL proteins (calculated as trimer) were preincubated with increasing concentration of higG prior to addition into the cells.
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Figure 3. IgG binding-mediated intracellular transportation and recycling of IgBD-TRAIL in endothelial cells. (A) SEC of TRAIL proteins
preincubated with or without hlgG at pH 6.0. (B) FcRn binding of hlgG preincubated with or without IgBD-TRAIL. FcRn was coated on the wells of ELISA plates,
followed by addition of biotin-labeled hlgG preincubated with or without IgBD-TRAIL. After washing with PBS, the bound hlgG was measured by using
HRP-streptavidin. (C) Uptake and localization of IgBD-TRAIL preincubated with higG in endothelial cells. Alex Flour-488 (green)-labeled IgBD-TRAIL was
preincubated with Alex Flour-610 (red)-labeled higG followed by addition into HUVEC. TRAIL was used as a control. To co-localize IgBD-TRAIL with transferrin,
Alex Flour-488 (green)-labeled IgBD-TRAIL preincubated with hlgG and Alex Flour-610 (red)-labeled transferrin was added to cells. (D) Recycling of TRAIL proteins
preincubated with IgG. IgBD-TRAIL or TRAIL was preincubated with hlgG at a molar ratio of 1:1 prior to addition into HUVEC. After incubation for 2 h at 37 °C, the
medium was replaced by fresh serum-free medium. Approximately 4 h later, the medium was collected for cytotoxicity assays in COLO 205 tumor cells.

Since prolonged serum half-life might increase
the tissue uptake of protein, we further determined
the biodistribution of IgBD-TRAIL and IgG
preincubated with or without IgBD-TRAIL. Tumor
uptake of IgBD-TRAIL was first monitored by using
optical imaging after intravenous injection of
CF750-labeled protein into mice bearing COLO 205

tumor grafts. As shown in Figure 4C, high-contrast
images of subcutaneous tumor grafts were obtained at
2-8 h after the injection of IgBD-TRAIL but not TRAIL.
The tumor uptake of IgBD-TRAIL at 8 and 24 h
post-injection was approximately 4-7 times higher
than that of TRAIL. Accordingly, the blood
concentration of IgBD-TRAIL at 8 and 24 h
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post-injection were approximately 7-14 times higher
than that of TRAIL (Figure 4D), indicating that
IgBD-mediated IgG binding increased tumor uptake
of IgBD-TRAIL by prolonging circulation. However,
11]-labeled mIgG preincubated with or without
IgBD-TRAIL exhibited similar tumor uptake at 8 h
post-injection  (Figure S4C), indicating that
IgBD-TRAIL binding did not induce accumulation of
IgG in tumor grafts. In addition, in Balb/c mice,
131]-]abeled mlgG (Table S1) and hlgG (Table S2)
preincubated with or without IgBD-TRAIL showed
similar tissue uptake profiles, demonstrating that
IgBD-TRAIL bound to IgG did not alter the
biodistribution of IgG.

IgBD-mediated IgG binding enhances the in
vivo antitumor effect of TRAIL

In vivo tumor growth suppression mediated by
IgBD-TRAIL and TRAIL was first compared in mice
bearing COLO 205 tumor grafts. Once the tumor
volumes reached 100-150 mm3, the mice were
intravenously injected with a single dose (5 mg/kg) of
IgBD-TRAIL or TRAIL. As shown in Figure 5A,
compared to PBS, injection of TRAIL retarded the
tumor growth. However, injection of IgBD-TRAIL

induced shrinking of tumor grafts from the second
day post-injection. All tumor grafts in these mice
(n=8) were eradicated within one week, and no tumor
recurrence was observed in these mice within 50 days
post-injection. In addition, all tumor grafts in mice
injected with 2.5 and 1 mg/kg IgBD-TRAIL were also
eradicated. The growth rate of tumor grafts in mice
injected with 0.5 mg/kg IgBD-TRAIL was much
slower than that of tumor grafts in mice treated with 5
mg/kg TRAIL (Figure 5B), indicating that the
antitumor effect of IgBD-TRAIL was at least ten times
greater than that of TRAIL. In mice bearing HCT 116
tumor grafts, tumor growth rate in IgBD-TRAIL-
treated mice was significantly (p<0.001) slower than
that of TRAIL-treated mice. At the end of this
experiment, the average tumor volume and tumor
mass of IgBD-TRAIL-treated mice were 238 £ 35 mm?
and 0.114 £ 0.022 g, compared to 743 + 97 mm? and
0.398 + 0.047 g for TRAIL-treated mice (Figure 5C).
Similarly, IgBD-TRAIL exerted greater tumor growth
suppression than TRAIL in mice bearing LS174T
tumor grafts (Figure 5D). These results demonstrated
that IgBD-mediated IgG binding enhanced the
antitumor effect of TRAIL.
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Figure 4. Pharmacokinetics and biodistribution of IgBD-TRAIL. (A) Time-dependent clearance of TRAIL proteins. (B) Time-dependent decrease of
cytotoxicity of TRAIL proteins. The blood samples were collected at different times (I min to 96 h) post-injection. After 25-500 times dilution, blood samples were
used for cytotoxicity assays in COLO 205 tumor cells. (C) Tumor uptake of TRAIL proteins visualized by optical imaging. CF750-labeled IgBD-TRAIL or TRAIL was
intravenously injected into Balb/c nude mice bearing COLO 205 tumor grafts (arrow indicated) followed by kinetic scanning with an optical imaging system. (D)
Biodistribution of TRAIL proteins. '3!l-labeled IgBD-TRAIL or TRAIL was intravenously injected into Balb/c nude mice bearing COLO 205 tumor grafts. The mice
were sacrificed at 8 h or 24 h for measuring the radioactivity in normal tissues and tumor tissues. Insertion indicates the tumor uptake of [gBD-TRAIL (fold of TRAIL).

http://www.thno.org



Theranostics 2018, Vol. 8, Issue 9 2469

A COLO 205
& PBS

-+ TRAIL

% |gBD-TRAIL

=]
o
(=]

[=2]
[=]
(=]

Tumor volume (mma)
s
=)
(=]

200
: pa A hhﬁ-hﬂ
10 15 20 30 6
Time post-inoculation (day)
B COLO 205
= PBS 0.6
*kk
g00.* TRAIL 5 | %
o -+ IgBD-TRAIL 0.5 5 0.5
£ + IgBD-TRAIL 1 = ol A
£ 600{+ 1gBD-TRAIL 2.5 g O A
g | IgBD-TRAIL 5 2 03 _I_
5 £ 5 02 ¥4,
; :E 0.1 o
g 2 ' 35 Vanished
E 0.0 00 = W W
0- — T —
1 13 15 17 19 21 5o
. S
Time post-inoculation (day) ‘»» F@%«v} A ?}.\\— \«“
900 & 960 & s
C HCT116 W
1200, # PBS 0.8

=+ TRAIL
-+ |gBD-TRAIL

= *kk

o
=
]
|
G

XX ¥
e
N
( ]

Tumor weight (g)
E o
(=]
>

Tumor volume (mms)
[=;]
[=]
(=]

0l v v . 0.0 v -
6 9 12 15 S \” \ ° v op™
Ti . . ¢© ,‘@.P\ ‘Q.P‘\ a4 < P
ime post-inoculation (day) o \V)
\90 AC)
D LS174T
1200, = PBS 0.8

,-;E -+ TRAIL ok

E g9oo{ -® 1gBD-TRAIL 206 &

- E L L) A

] [=]

§ ]

3z 600 z 04 i

> ; B ..

5 £

§ 300 2 0.2 A

3 %

! i i i N 2® e

56 7 8 9 1011 12 13 S N ™ e®7 ™ (P
Time post-inoculation (day) L “@ 0:‘?."‘ -(9}005

W

Figure 5. In vivo antitumor effect of IgBD-TRAIL in Balb/c nude mice bearing COLO 205 (A, B), HCT116 (C), or LS174T (D) tumor grafts. Cells
were subcutaneously implanted into Balb/c nude mice. Once the average tumor volume reached 100-150 mm3, mice were intravenously injected with I|gBD-TRAIL or
TRAIL (5 mg/kg) at the indicated times (A, C, D), or the mice were treated with 0.5, 1, 2.5 and 5 mg/kg IgBD-TRAIL, or 5 mg/kg TRAIL (B). PBS was used as control.
The tumor volume was measured every day. At the end of the experiment, all tumor grafts were removed and weighed. Since COLO 205 tumor grafts of mice treated
with IgBD-TRAIL were eradicated, representative photographs of the same tumor graft at different times are provided in (A). **p<0.01, *** p<0.001.
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Figure 6. Albumin binding, pharmacokinetics, and antitumor effect of ABD-TRAIL. (A) Albumin binding of ABD-TRAIL analyzed by SEC and ELISA. (B)
Affinity of ABD-TRAIL for HSA measured by biolayer interferometry. ABD-TRAIL was captured by anti-His tag antibody-coated biosensor prior to association in
solution containing increasing concentration of HSA. (C) FcRn binding of HSA preincubated with ABD-TRAIL and time-dependent clearance of ABD-TRAIL.
(D)Time-dependent decrease of cytotoxicity of ABD-TRAIL. (E) Affinity of ABD-TRAIL for DR4-Fc and DR5-Fc. (F) In vivo antitumor effect. ABD-TRAIL (5 mg/kg)
was intravenously into mice bearing COLO 205 tumor grafts at the indicated times. The tumor volume was measured every day. At the end of the experiment, tumor

grafts were removed and weighed.

ABD-mediated albumin binding increases the
in vivo antitumor effect of TRAIL

In addition to IgG, albumin is another
long-acting protein in blood. To compare the efficacy
of IgG binding and albumin binding in enhancing the
antitumor effect of TRAIL, we also produced
ABD-TRAIL by fusing albumin-binding affibody
ABD at the N-terminus of TRAIL. As shown in Figure
S5, ABD-TRAIL was expressed in E. coli and purified
to homogeneity by affinity chromatography. ELISA
demonstrated that ABD-TRAIL, but not TRAIL,
showed dose-dependent binding to wells precoated
with HSA or MSA (Figure 6A). SEC revealed a major
protein peak that was larger than that observed with
HSA and ABD-TRAIL in the mixture of ABD-TRAIL
and HSA (Figure 6A). In contrast, two obvious
protein peaks corresponding to HSA and TRAIL were
illustrated in the mixture of TRAIL and HSA. These

results indicated that ABD-TRAIL, but not TRAIL,
bound HSA and formed the HSA-ABD-TRAIL
complex. Biolayer interferometry revealed that the
affinity of ABD-TRAIL for HSA was 1.68 nM (Figure
6B). These results demonstrated that ABD-TRAIL, but
not TRAIL, could bind HSA with high affinity.

Since FcRn binding contributed to the long
circulation of albumin, the FcRn binding of albumin
bound to ABD-TRAIL was measured by ELISA. As
shown in Figure 6C, in the presence of HSA,
ABD-TRAIL, but not TRAIL, could bind FcRn,
indicating that ABD-TRAIL bound to HSA did not
interfere with the FcRn binding of HSA. Moreover,
both radioactivity quantitation (Figure 6C) and
cytotoxicity assays (Figure 6D) demonstrated that the
blood clearance rate of ABD-TRAIL was definitely
slower than that of TRAIL. The serum half-life of
ABD-TRAIL was approximately 29.6+2.4 h, compared
to 18.5+2.2 min for TRAIL. Accordingly, tumor grafts
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in mice administered ABD-TRAIL grew slower than
those in mice treated with TRAIL. At the end of the
experiment, the average tumor mass of ABD-TRAIL-
and TRAIL-treated mice were 0.088+0.028 g and 0.34+
0.089 g, respectively (Figure 6F). These results
demonstrated that ABD-mediated albumin binding
extended the serum half-life and thus enhanced the in
vivo antitumor effect of TRAIL. In fact, ABD-TRAIL
and TRAIL showed similar receptor binding (Figure
6E and Figure S6A), cytotoxicity (Figure S6B) and
caspase activation ability (Figure S6C), suggesting
that the enhanced antitumor effect of ABD-TRAIL
was predominantly attributed to albumin binding-
mediated serum half-life prolongation.

IgBD-mediated IgG binding is superior to
ABD-mediated albumin binding in enhancing
the in vivo antitumor effect of TRAIL

The antitumor effects of IgBD-TRAIL and
ABD-TRAIL administered at different times post-
inoculation were compared in mice bearing COLO
205 tumor grafts. As shown in Figure 7A, when
injected at an early time post-inoculation (tumor
volume ~ 50 mm?3), ABD-TRAIL showed greater
tumor suppression than TRAIL. At the end of the
experiment, the average tumor mass of
ABD-TRAIL-treated mice was 0.039 £ 0.015 g, which
was significantly (P<0.05) lower than that of
TRAIL-treated mice (0.173 + 0.047 g). Nevertheless,
the injection of ABD-TRAIL only retarded the growth
of tumor grafts in these mice. However, all tumor
grafts in mice (n=6) were eradicated within one week
after injection of the same amount of IgBD-TRAIL.
Moreover, when injected at a later time (tumor
volume ~150 mm?), ABD-TRAIL and TRAIL showed
similar tumor growth suppression. At the end of this
experiment, the average tumor masses of
ABD-TRAIL- and TRAIL-treated mice were 0.272 +
0.038 g and 0.267 + 0.071 g, respectively (Figure 7B).
However, all tumor grafts in mice (n=6) were
eradicated after injection of the same amount of
IgBD-TRAIL. These results demonstrated that the in
vivo antitumor effect of intravenously injected
IgBD-TRAIL is superior to that of ABD-TRAIL.

The difference between IgBD-TRAIL and
ABD-TRAIL for in vivo antitumor effects might be
predominantly attributed to their difference in serum
half-life and cytotoxicity. As shown in Figure 7C, the
calculated serum half-life of ABD-TRAIL (29.61+2.4 h)
is longer than that of IgBD-TRAIL (15.7£0.39 h),
indicating that ABD-mediated albumin binding is
more efficient than IgBD-mediated IgG binding in
extending circulation of TRAIL. Accordingly, optical
imaging demonstrated that the tumor uptake of
ABD-TRAIL was higher than that of IgBD-TRAIL

(Figure 7D). Unexpectedly, intravenously injected
ABD-TRAIL induced less apoptosis than did
IgBD-TRAIL (Figure 7E and Figure S7), suggesting
that the cytotoxicity of ABD-TRAIL might be weaker
than that of IgBD-TRAIL. As shown in Figure 7F, in
the absence of albumin and IgG, IgBD-TRAIL and
ABD-TRAIL exerted similar cytotoxicity in COLO 205
tumor cells. IgBD-TRAIL preincubated with or
without IgG exhibited similar cytotoxicity. However,
the cytotoxicity of ABD-TRAIL preincubated with
albumin was 10 times lower than that of ABD-TRAIL
preincubated  without albumin (Figure 7F),
suggesting that these TRAIL proteins might exert
cytotoxicity in complex form. In fact, the affinity of the
HSA-ABD-TRAIL complex for death receptors and
cell binding ability were lower than those of the
IgG-IgBD-TRAIL complex (Figure 7G and Figure
S$8-9). These results demonstrated that steric
hindrance between HSA and TRAIL exhibited a
greater reduction in the death receptor binding and
cytotoxicity of TRAIL than the hindrance between IgG
and TRAIL.

IgBD-TRAIL had no obvious acute toxicity

As shown in Figure 8A, intravenously injected
IgBD-TRAIL only induced a slight and transient
decrease in body weights. The biochemical indicators
for function of liver (ALT, AST) and kidney (urea,
creatinine, BUN) of IgBD-TRAIL-treated mice were
similar to that of TRAIL- and PBS-treated mice
(Figure 8B). In addition, no obvious abnormal
structures were observed in the liver, kidney, heart,
spleen, lung, muscle, and brain derived from
IgBD-TRAIL-treated mice (Figure 8D and Figure
$10). The number of WBCs of IgBD-TRAIL-treated
mice was similar to that of TRAIL- and PBS-treated
mice (Figure 8C, right). IgBD-TRAIL preincubated
with mIgG showed no obvious cytotoxicity to mouse
WBCs even at a high concentration of 4000 nM
(Figure 8C, left). These results demonstrated that
IgBD-TRAIL bound to IgG had no acute toxicity in
normal WBCs and other normal organs.

Discussion

Owing to their high specificity and efficacy,
many biopharmaceuticals have been developed in
recent years. However, the clinical application of
non-antibody proteins is typically limited by their
short serum half-lives. Controlled release is an
important strategy for improving the pharmaco-
kinetics of drugs. Due to the involvement of harsh
conditions that might be detrimental for the structure
and function of proteins, conventional controlled
release systems designed for small molecule drugs are
typically improper for protein drug delivery.
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Affinity-controlled release is an attractive strategy, as
proteins containing binding partners could easily be
loaded onto their affinity carrier by mixing under
physiological conditions [2,12]. The identification of
proper binding partners and preparation of the
affinity carrier are crucial for the construction of an
affinity-controlled release system [3]. In previous
studies, natural binding partners combined with their
affinity carriers have been widely used for protein
delivery [11]. However, these systems might be
limited by the low affinity (M) of binding partners.
In addition, the biocompatibility of exogenous carriers
should be considered. To construct a mnovel
affinity-controlled release system, it might be better to
use high-affinity (nM) binding partners and
endogenous carriers.

Due to FcRn-mediated recycling, albumin and
IgG exhibit extraordinarily long (~3 weeks) serum
half-lives in humans [23]. Recently, numerous
affibodies with high affinity (nM) for albumin and
IgG have been identified [22,26]. Once incorporated
into a protein, these affibodies might mediate binding
of the protein to endogenous albumin or IgG followed
by slow affinity-controlled release. In a previous
study, we fused an albumin-specific affibody ABD to
the N-terminus of TRAIL to produce the fusion
protein ABD-TRAIL. It was found that intravenously
injected ABD-TRAIL could bind endogenous
albumin, thus exhibiting a prolonged serum half-life
and an enhanced antitumor effect, indicating that
endogenous albumin could be used as affinity carrier
for affinity-controlled release of protein [34].
However, the amplitude of enhancement of the
antitumor effect was limited by the steric hindrance
between albumin and TRAIL, which reduced the
cytotoxicity of TRAIL by 4-6 times. Surprisingly, in a
preliminary study, we found that binding to IgG had
little impact on the cytotoxicity of TRAIL, which
prompted our interest in evaluating the potential use
of endogenous IgG as an affinity carrier for the
affinity-controlled release of TRAIL.

To construct the IgG-based affinity-controlled
release system of TRAIL, an IgG-binding domain,
IgBD, was genetically fused at the N-terminus of
TRAIL. The resulting fusion protein IgBD-TRAIL
exhibited high affinity for both mlIgG and hIgG
(Figure 1B, E). SEC (Figure 1C) and SDS-PAGE
(Figure S1B) verified that IgBD-TRAIL formed a
complex with IgG once mixed together at pH 7.4.
Notably, the IgG-IgBD-TRAIL complex could be
formed within 5 min after mixing at room
temperature, suggesting that intravenously injected
IgBD-TRAIL could rapidly bind endogenous IgG. In
addition, IgBD-TRAIL could also form a complex
with IgG at pH 6.0 (Figure 3A and Figure S2A)

without interfering with the FcRn-binding ability of
IgG (Figure 3B and Figure S2B). After incubation
with endothelial cells, IgBD-TRAIL bound to IgG was
co-localized with transferrin (Figure 3C), an indicator
of endosomes [39], suggesting that IgBD-TRAIL could
bind FcRn in endosomes by bound IgG, thus escaping
lysosome degradation. Accordingly, recycling of
IgBD-TRAIL was observed in an endothelial cell
model (Figure 3D). These results demonstrated the
involvement of FcRn-mediated recycling in the
cellular transport of IgBD-TRAIL bound to IgG.
Consequently, compared to TRAIL without IgG
binding ability, intravenously injected IgBD-TRAIL
exhibited a prolonged (50-60 times) serum half-life
(Figure 4A-B), increased (4-7 times) tumor uptake
(Figure 4C-D), and enhanced antitumor effect (Figure
5). These results demonstrated that the
affinity-controlled release of TRAIL could be achieved
by using endogenous IgG as an affinity carrier.
Furthermore, we compared the efficacy of IgG-
and albumin-based affinity-controlled release in
improving the pharmacokinetics and enhancing the in
vivo antitumor effect of TRAIL. According to a
previous study [34], an albumin binding affibody
ABD was fused at the N-terminus of TRAIL to
produce ABD-TRAIL (Figure S5). As expected, owing
to its high affinity for albumin (Figure 6A-B),
intravenously injected ABD-TRAIL showed a
prolonged serum half-life (Figure 6C-D) and
enhanced in vivo antitumor effect (Figure 6F). These
results demonstrated that the affinity-controlled
release of TRAIL could be achieved by using
endogenous albumin as an affinity carrier. Unexpect-
edly, intravenously injected ABD-TRAIL only
retarded the growth of COLO 205 tumor grafts,
whereas all tumor grafts were eradicated by the same
amount of IgBD-TRAIL (Figure 7A-B). In fact, the
serum half-life of ABD-TRAIL was approximately 2
times longer than that of IgBD-TRAIL (Figure 7C).
The tumor uptake of ABD-TRAIL was greater than
that of IgBD-TRAIL (Figure 7D). Although the IC50 of
ABD-TRAIL was comparable to that of IgBD-TRAIL
(Figure 7F), the IC50 of HSA-ABD-TRAIL was more
than 10 times lower than that of IgG-IgBD-TRAIL. The
difference between ABD-TRAIL and IgBD-TRAIL
suggested that these TRAIL proteins might exert
cytotoxicity in complex form. Further pharmacokin-
etics assay demonstrated that 131I-labeled IgBD-TRAIL
was cleared faster than 13!I-labeled mIgG (Figure S11),
suggesting that the IgBD-TRAIL could be released,
but at a lower rate, from endogenous IgG. Definitely,
in HSA-ABD-TRAIL complex, the steric hindrance
between HSA and ABD-TRAIL was detrimental to the
receptor and cell binding of TRAIL (Figure 7G and
Figure S9). However, IgG binding had little impact on
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the biological activity of IgBD-TRAIL (Figure 7F-G  superior antitumor effect of intravenously injected
and Figure S9), which might be determental to the  IgBD-TRAIL.
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Figure 7. 1gBD-TRAIL is superior to ABD-TRAIL for in vivo antitumor effect. (A, B) Tumor suppression mediated by TRAIL proteins (5 mg/kg) injected
at an early time (A) or a late time (B). (C) Comparison of calculated serum half-lives. (D) Comparison of tumor uptake measured by optical imaging. (E)
Comparison of apoptosis induction illustrated by TUNEL. (F) Cytotoxicity of IgBD-TRAIL and ABD-TRAIL preincubated with or without higG or HSA. TRAIL
proteins were preincubated with or without hlgG or HSA at a molar ratio of 1:1 for 0.5 h at room temperature prior to addition into COLO 205 tumor cells. (G)
Comparison of affinity for death receptor between IgG-IgBD-TRAIL complex and HSA-ABD-TRAIL complex.
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Figure 8. Evaluation of the short term acute toxicity of IgBD-TRAIL in mice. Mice were intravenously injected with 10 mg/kg IgBD-TRAIL or TRAIL every
other day for a total eight injections. PBS was used as control. (A) The body weight of mice. (B) Biochemical indicators for function of liver (AST, ALT), kidney (urea,
creatinine, BUN). (C) In vitro (left) and in vivo (right) cytotoxicity of IgBD-TRAIL. To measure the in vitro cytotoxicity, |gBD-TRAIL or TRAIL preincubated with mlgG
was added into mouse WBC:s followed by measuring the surviving cells using CCK-8. To monitor the in vivo cytotoxicity, WBCs from mice injected with IgBD-TRAIL
or TRAIL were counted at the end of this experiment. (D) Histochemistry of tissues derived from mice injected with IgBD-TRAIL or TRAIL.

Since IgG plays an important role in
immunoreactions, the impact of bound IgBD-TRAIL
on IgG should be considered. Since IgBD-TRAIL
exists as a trimer under physiological conditions, it is
important to determine whether binding to
IgBD-TRAIL would induce aggregation of IgG, which
might accelerate the blood clearance of IgG. As shown
in Figure 1C, when IgBD-TRAIL (calculated as trimer)
was mixed with hIgG at a molar ratio of 1:1, a unique
novel protein peak was observed on the column of
SEC. Once the ratio was varied from 1:1 to 2:1 or 1:2,
excessive IgBD-TRAIL or hlgG was detectable. These
results demonstrated that only one hlgG molecule
was bound to one trimer of IgBD-TRAIL, suggesting
that intravenously injected IgBD-TRAIL would not
induce aggregation of endogenous IgG. A
pharmacokinetics assay demonstrated that the blood
clearance curves of 13]-labeled IgG preincubated with
or without IgBD-TRAIL were highly similar (Figure
S4A-B), suggesting that intravenously injected

IgBD-TRAIL would not accelerate the elimination of
endogenous IgG. In addition, ™'-labeled IgG
preincubated with or without IgBD-TRAIL exhibited
a similar Dbiodistribution profile (Table S1-2),
suggesting that intravenously injected IgBD-TRAIL
would not induce accumulation of IgG in normal
organs and tissues. Moreover, the Fab domain of an
antibody is responsible for antigen binding. Since
IgBD is Fab-specific [35], we determined the impact of
IgBD-TRAIL on antigen binding of antibodies. As
shown in Figure S12, the positive rates of endothelial
cells stained with antibody against CD31
preincubated with or without IgBD-TRAIL were
nearly identical (99.8% vs. 99.5%), suggesting that
intravenously injected IgBD-TRAIL had little impact
on the antigen binding of endogenous antibody.
These results demonstrated that using endogenous
IgG as an affinity carrier prolonged the serum half-life
of TRAIL without altering the function and
metabolism of IgG.
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In addition to albumin and IgG binding, fusion
to albumin [29] or the Fc domain of IgG [30] has also
been used to prolong the serum half-life of TRAIL.
The serum half-life of IgBD-TRAIL (15.7£0.39 h) was
comparable to that of HSA-TRAIL (~15 h) [29] in
mice. As the affinity of the Fc domain for FcRn is
much lower than that of intact antibody [44], the
serum half-life of TRAIL-Fc (~1.5 h) [30] was
approximately 10 times shorter than that of
IgBD-TRAIL (15.7£0.39 h). Most importantly, TRAIL
fused to albumin or Fc domain was typically limited
by the low yield (<1 mg/L) of recombinant proteins
required for expression in mammalian cells.
However, TRAIL fused to the small affibodies has the
advantage of high yield (20-30 mg/L) in E. coli. These
results demonstrated that small IgBD-mediated IgG
binding is a simple but efficient strategy for
affinity-controlled release of TRAIL. The release
profile of TRAIL might be easily tuned by using
IgBDs with different affinity for IgG.

Conclusions

IgBD fusion endows TRAIL with high affinity
for IgG. Once this fusion protein enters the
vasculature, fused IgBD mediates binding of TRAIL to
endogenous IgG followed by a slow release.
Consequently, TRAIL fused to IgBD exhibited a
prolonged serum half-life and thus exerted superior in
vivo antitumor effects, demonstrating that using
endogenous IgG as affinity carrier is a simple but
efficient strategy for the controlled release of TRAIL.
Since most non-antibody protein drugs are limited by
their short half-lives, endogenous IgG-based
affinity-controlled release might be a novel approach
for improving their pharmacokinetics.
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