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Background: Thermal-responsive self-assembled elastin-like polypeptide (ELP)-based 
nanoparticles are an emerging platform for controlled delivery of therapeutic peptides, 
proteins and small molecular drugs. The antitumor effect of bioengineered chimeric poly-
peptide AP1-ELP-KLAK containing an interleukin-4 receptor (IL-4R) targeting peptide and 
pro-apoptotic peptide (KLAKLAK) was evaluated in glioblastoma (GBM) in vitro and 
in vivo.
Methods and Results: Herein, the therapeutic effect of AP1-ELP-KLAK was tested in 
advanced, and less curable glioblastoma cells with higher expression of IL-4R. Glioblastoma 
cell lines stably expressing different reporter systems i.e., caspase-3 sensor (surrogate marker 
for cellular apoptosis) or effluc/enhanced firefly luciferase (cellular viability) were estab-
lished to measure cell death non-invasively. Bioluminescence imaging (BLI) of D54/effluc 
and U97MG/effluc treated with AP1-ELP-KLAK exhibited higher cell death up to 2~3-fold 
than the control. Treatment with AP1-ELP-KLAK resulted in time-dependent increase of 
caspase-3 sensor BLI activity in D54/C cells and D54/C tumor-bearing mice. Intravenous 
injection of AP1-ELP-KLAK dramatically reduced tumor growth by inducing cellular 
apoptosis in D54/effluc tumor-bearing mice. Further, the immuno-histological examination 
of the excised tumor tissue confirmed the presence of apoptotic cells as well as caspase-3 
activation.
Conclusion: Collectively, AP1-ELP-KLAK effectively induced cellular apoptosis of glio-
blastoma cells and non-invasive imaging provides a window for real-time monitoring of anti- 
tumor effect with the provision of improving therapeutic efficacy in a glioblastoma mice 
model.
Keywords: tumor targeting, ELP, caspase-sensor, apoptosis, IL-4 receptor, glioblastoma

Introduction
Many drug delivery systems have improved clinical outcomes by regulating the 
pharmacological properties of anticancer drugs and transporting an effective opti-
mum dose to the tumor, sparing normal tissue.1–3 Among the emerging class of 
drug carriers, ELP (elastin-like polypeptide) biopolymers serve as a novel vehicle 
for therapeutic drugs owing to their naturally derived sequence motifs or de novo 
engineered amino acid sequences generated through recombinant cloning methods.4 

Since they are genetically engineered, the sequence and structure of these biopoly-
mers can be precisely controlled at the genetic level.5 This allows fusion of other 
functional peptides or proteins domains along the coding sequence without 
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affecting its structure and biological activities.6 Moreover, 
biocompatible, biodegradable and non-immunogenic prop-
erties make these biopolymers attractive alternatives to 
chemically synthesized polymers.7–10 ELPs can be tuned 
to assemble into nanoparticle-like structures at physiolo-
gical temperature in aqueous solution while sustaining the 
bio-activity of fusion proteins.11–13 Many researchers have 
demonstrated that the fusion of cell-penetrating peptides or 
cancer-specific ligands to ELPs or diblock ELPs stimulates 
self-assembly into a spherical micelle-like structure and 
enhances cellular internalization, and extravasation at the 
tumor site.13–16 These stimuli-responsive nanoparticle 
ELPs were used to form ELP-drug conjugates with the 
aim to develop multifunctional nanomedicines for targeted 
cancer therapy.17,18

In an approach for the development of targeted drug 
carriers, overexpressed cell surface receptors or tumor- 
associated antigens have been tried to optimize cancer ima-
ging and therapy. The robust expression of IL-4R on cancer 
cells, its implication on development of local metastasis and 
resistance to apoptosis was reported in several studies.19–21 

The IL4-PE38KDEL cytotoxin is in clinical trials for var-
ious cancers such as metastatic breast cancer, kidney cancer, 
and non-small cell lung cancer.22 Previously, we discovered 
a IL-4R binding AP1 peptide by the phage display 
technique.23,24 Later, with the vision of inhibiting tumor 
growth using peptide drug delivery systems, an ELP-based 
multivalent targeting polymer (AP1-ELP) was successfully 
generated with tandem repeats of AP1 (IL-4R targeting 
peptide) incorporated along the ELP polymer backbone.25 

Fusion of pro-apoptotic peptide (KLAKLAK)2 referred to as 
KLAK into carboxy terminus of AP1-ELP led to the forma-
tion of micelles displaying a nanoparticle-like structure at 
physiological body temperature. Apart from providing 
a stable helical structure of KLAK peptide, the fusion AP1- 
ELP-KLAK easily disrupt the cell membrane.

Motivated by this rationale, here, we evaluated the 
therapeutic effect of AP1-ELP-KLAK in glioblastoma 
cell lines in vitro and in vivo. The incidence of malignant 
gliomas is rising constantly and their prognosis is poor. 
Targeted therapy has been explored to treat glioblastoma 
tumors using cytotoxic drugs. Various human brain tumor 
cell lines have been known to express a high level of 
surface IL-4R.26,27 Earlier, we have reported the therapeu-
tic effect of AP1-ELP-KLAK by measuring tumor size in 
MDA MB231 xenograft mice model and apoptosis mode 
of cell death by TUNEL assay of tumor tissue at the end of 
the therapy.28 Here, we used a non-invasive technique to 

monitor the apoptosis induced by AP1-ELP-KLAK in 
glioblastoma bearing animals using caspase-3 sensor. 
Previously, we have developed a highly sensitive caspase 
sensor, that can continuously measure cellular apoptosis 
non-invasively.29,30 During apoptosis, active caspase-3 
cleaves the reporter at a DEVD sequence (Asp-Glu-Val- 
Asp), leading to high-affinity association of NLuc and 
CLuc fragments, giving a strong luciferase activity. 
Unlike the traditional way of measuring apoptosis, the 
caspase-3 sensor system gives a sensitive and quantitative 
approach for evaluating apoptosis in a non-invasive man-
ner. Thus, in this study, we tried monitoring AP1-ELP- 
KLAK induced apoptosis in stably caspase-3 sensor 
expressing glioma cells in vitro and in vivo (Figure 1). 
Real time monitoring of bioluminescence imaging (BLI) 
from the caspase-3 sensor activity corresponds to apopto-
sis occurring in the tumor. For overall therapy studies, 
mice xenograft bearing glioma cells with stable expression 
of enhanced firefly luciferase (effluc) were used and BLI 
activity was obtained from tumor that corresponds to 
tumor growth.

Materials and Methods
Reagents
D-Luciferin was purchased from Perkin Elmer, glosensor 
(Promega), Z-VAD (Tocris Bioscience), all the other che-
micals and reagents required for cell culture including 
antibiotics, fetal bovine serum (FBS), media were obtained 
from Invitrogen. Annexin V-PI apoptosis detection kit (BD 
Biosciences), APC anti-human CD124 (IL-4Rα) and IgG 
isotype antibody were procured from Biolegend.

Cell Culture
Two different human glioblastoma cell lines D54 and 
U87MG from ATCC were grown in RPMI-1640 medium 
with 10% FBS, 100 U mL−1 of penicillin/streptomycin and 
GlutaMAX at 37°C in a humidified atmosphere containing 
5% CO2.

IL-4R Expression Analysis
The expression of IL-4R in D54, U87MG was measured 
by flow cytometry after incubating (1×106) cells with APC 
anti-human CD124 (IL-4Rα) and IgG isotype antibodies 
for 1 h at 4°C. After thorough washing of the cells, 
a minimum of 20,000 events were recorded and the per-
centage of IL-4R expression in the glioma cells was 
obtained by comparing with isotype.
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Establishment of Glioma Stable Cell Lines
For real time monitoring of cell viability, D54 and 
U87MG were transduced with retrovirus expressing 
effluc (Enhanced firefly luciferase)31 and sorted using 
a flow cytometer. The stable glioma cells expressing 
effluc were referred to as D54/effluc or U87MG/effluc 
cells. To monitor apoptosis in real-time, a D54 expres-
sing caspase-3 sensor stable cells line was used that had 
been established in our previous studies.32,33 Briefly, 
D54 cells were transfected with the caspase-3 sensor 
construct using Fugene 6 (Roche), and subjected to 
known concentration of G418 for stable clone selection. 
The stable D54 cells expressing the caspase-3 sensor 
were referred to as D54/C cells.

Synthesis and Protein Purification of 
KLAK Containing ELP Polypeptides
Proteins were expressed and purified as done previously.25 

Briefly, the transformation of pET 25b+ vector with ELP- 
KLAK and AP1-ELP-KLAK genes was done using BL21 
competent E. coli cells. Transformed E. coli cells were 
inoculated in 10 mL starter culture of Circle grow media 
(MP Biomedicals) supplemented with 100 μg mL−1 of 
ampicillin and grown overnight in a shaking incubator. 
Next day, the starter cultures were added to 800 mL of 
Circle grow media and kept in a shaker incubator until the 

optical density reached around 0.8–1. Then, the protein 
synthesis was initiated by adding 1 mM IPTG for 4 
h. Harvested cells were suspended in 10 mL of phosphate- 
buffered saline (PBS). The inverse transition cycling (ITC) 
method was adopted to purify the ELP protein.34,35 

A minimum of three rounds of ITC were performed to 
get pure protein, followed by SDS-PAGE and copper 
chloride staining to confirm the molecular weight.

ELP proteins were filtered using a 0.2 μM Whatman 
syringe filter and the concentration was measured by 
Cary UV-visible spectrophotometer. The accurate mole-
cular weight of these polypeptides was determined using 
MALDI-TOF/TOF MS. For further validation of nano-
particles size, polypeptides were suspended in 0.9% 
saline (sodium chloride, NaCl), incubated at 37°C for 
10 min and cryo-TEM images was taken using FEI 
Tecnai transmission electron microscope. The turbidity 
profiles and particle sizes was determined using Cary 
UV-visible spectrophotometer and dynamic light scatter-
ing (DLS), respectively. All the protocols of purification 
and characterization were replicated from our previous 
work.25,28

In vitro Bioluminescence Imaging (BLI)
For luciferase assay, 1×104 of D54/effluc or U87MG/effluc 
cells/well were seeded in 96-well black plates with clear 

Figure 1 Schematic diagram for non-invasive imaging of AP1-ELP-KLAK induced apoptosis in glioblastoma mouse model. (A) Systemic administration of AP1-ELP-KLAK in 
glioblastoma bearing mice. (B) Uptake of AP1-ELP-KLAK by glioma via IL-4R receptor mediated endocytosis and EPR effect, causing massive apoptosis of tumor tissue. (C) 
Real-time monitoring of apoptosis by caspase-3 sensor and cellular viability by effluc reporter system stably expressed in glioblastoma cells.
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bottoms. Next day, 3 µL D-luciferin (30 mg/mL) was 
added in each well and followed by BLI measurement 
using IVIS Lumina III (PerkinElmer).

In vitro Caspase 3 Activation (BLI)
D54/C cells (1×104/well) was seeded in clear-bottomed 
96-well black plates. After 24 hours, different concentra-
tions of ELP-KLAK and AP1-ELP-KLAK were treated 
and were switch to CO2-independent culture medium sup-
plemented with 1% Glosensor and 10% FBS. The caspase- 
3 sensor BLI activity was measured at different time 
interval using IVIS Lumina III. In order to inhibit caspase 
activation, the ELP-KLAK and AP1-ELP-KLAK treated 
cells were then treated with 20 mM Z-VAD (pan-caspase 
inhibitor), for an additional 1 hour and the BLI activity 
was obtained accordingly.

In vivo Caspase 3 Sensor Activity and 
Therapy Studies
D54/C cells (5x106) were subcutaneously implanted into 
the right hind flanks of BALB/c nude mice (Japan SLC 
Inc., Shizuoka, Japan). After 14 days, all 3 groups 
(n=10), a control group (ELP treatment) and 2 therapy 
groups (ELP-KLAK and AP1-ELP-KLAK treatment) 
were given IV injection of respective proteins (150 mg 
kg−1) for 3 days. BLI from caspase-3 activation was 
obtained using an IVIS Lumina III immediately before 
injection at day 0, day 3 and day 5. For BLI, each 
mouse received a single dose of substrate (d-luciferin 
3 mg/mouse) (Figure S5). Mice were anesthetized and 
serial images were acquired for 20–30 min and the peak 
luminescence values were obtained from region of inter-
est (ROI). For ex vivo analysis of apoptosis in D54/C 
tumors, excised tumor tissue was fixed with 4% paraf-
ormaldehyde and rapidly frozen. Tumor sections (5 μm 
thick) were stained with anti-cleaved caspase-3 antibody 
(Cell Signaling; 1:100), followed by Alexa 564-labeled 
secondary antibody (1:200), DAPI for nuclear staining 
and the images were captured using a confocal 
microscope.

For in vivo therapy studies, D54/effluc cells were 
implanted in BALB/c nude mice, and after 2 weeks, 
mice were divided into four groups, 2 control groups: 
PBS and ELP only and 2 therapy groups: ELP-KLAK 
and AP1-ELP-KLAK respectively (n = 10 per group). 
Mice were given a single dose IV injection daily with 
the respective proteins (150 mg kg−1) or PBS for 8 days 

(Figure S6). Before and during therapy, BLI was 
acquired to monitor cellular viability for therapeutic 
response at the indicated times. ROI were drawn in 
tumor region of each mouse, and the peak luminescence 
values were calculated. Simultaneously, body weight 
and tumor volume (formula: Volume in mm3 = 
(width2× length)/2, were also recorded every 
alternate day. Post therapy, mice were sacrificed, the 
excised tumor volumes were recorded and analyzed. 
All in vivo studies were strictly conducted as per 
recommendations of the National Institutes of Health 
(NIH). All the animal experiments were conducted 
with prior approval from the Animal ethics committee 
of Kyungpook National University (Permit Number: 
KNU 2015–0043).

Statistical Analysis
Statistical significance was performed by Student’s t-test, 
One way or two-way ANOVA for comparison of two or 
multiple groups. ***P<0.001, **P<0.01, and *P<0.05 
were considered.

Results
Protein Expression and Biophysical 
Characterization
The ELP-KLAK and AP1-ELP-KLAK was successfully 
bio-engineered by recursive directional ligation (RDL) 
method.25 The plasmids harboring the genes of respective 
polypeptides were further transformed with competent 
BL21 E. coli for protein expression. The polypeptides 
were purified via inverse thermal cycling (ITC) and the 
apparent molecular weight and purity was confirmed by 
SDS-PAGE (Figure 2). A single band corresponding to 
respective polypeptides was detected on the gel with 
minimal contamination after 3 rounds of ITC. The accu-
rate molecular weight of ELP-KLAK (35,474.8 Da) and 
AP1-ELP-KLAK (43,619.8 Da) was validated using 
MALDI-TOF/TOF MS before other studies (Table 1). 
The self-assembly of the polypeptides into nanoparticles 
at physiological temperature was confirmed using cryo- 
TEM after incubation at 37°C, similar to our previous 
work.28

Analysis of IL-4R Expression and Cellular 
Interaction of AP1-ELP-KLAK
The expression level of IL-4R checked using flow 
cytometry showed up to 36±4% in U87MG cells, and 
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relatively higher up to 50± 5.5% in D54 
cells (Figure 3A and B). After the confirmation of 
IL-4R expression, the ability of self-assembly by 
KLAK-containing polypeptides to recognize and 

selectively bind to IL-4R receptors was assessed on 
glioblastoma cell lines. Confocal microscopy results 
showed a relatively stronger binding of AP1-ELP- 
KLAK on IL-4R-overexpressing D54 (Figure S1) and 

Figure 2 Characterization of ELP-KLAK and AP1-ELP-KLAK. (A) The structure of ELP-KLAK and AP1-ELP-KLAK along with coding sequence of the polypeptides. Both the 
polypeptides underwent phase transition and retained as nanoparticle-like structures at 37°C. Cryo-TEM of self-assembled ELP-KLAK and AP1-ELP-KLAK. Scale bar, 100 
nm. (B) ELP-KLAK and (C) AP1-ELP-KLAK, SDS-PAGE (10%) of polypeptides purified using ITC. After 3rd ITC single band for each polypeptide were observed indicating 
high level of purity. Molecular weight (in KDa) of the polypeptides were indicated on the right. 
Abbreviations: CL, total cell lysate; S, supernatant; P, pellet; ITC, inverse temperature cycling.
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U87MG (Figure S2) cells at 4°C. However, 
D54 and U87MG cells internalized AP1-ELP-KLAK 
at 37°C, while no internalization of ELP-KLAK 
was observed in U87MG and D54 cells (Figure 3C 
and D) respectively. Thus, the presence of 
AP1 ligand allowed the multivalent interaction of 
AP1-ELP-KLAK with cell surface receptors 
followed by IL-4R mediated endocytosis in glioblas-
toma cells.

Cell Viability Assay
After validation of cellular association by AP1-ELP- 
KLAK, we next determined their ability to deliver 
KLAK peptide intracellularly by assessing the level 
of cytotoxicity in vitro. Before performing the cyto-
toxic experiments, we confirmed the stable expression 
of enhanced firefly luciferase (effluc) reporter gene in 
U87MG/effluc and D54/effluc cells by luciferase assay 
in 96-well black plates. Luciferase activity was found 
to increase in a cell-dependent manner in both 
U87MG/effluc and D54/effluc cells, respectively 
(Figure S3). Cell proliferation assays of the stable 
D54/effluc and U87MG/effluc cells and respective par-
ental D54 and U87MG cells were performed using 
CCK-kit after seeding equal numbers of cells in 96- 
well plates. We confirmed that the stable expression of 
effluc genes does not alter their proliferation rate as 
both the parental and stable gliomas cells showed 
similar proliferation rates at 24 h and 48 h (Figure 
S4). The cytotoxic effect was checked after 24 
h treatment of different concentrations of KLAK poly-
peptides in U87MG/effluc and D54/effluc cells. The 
control polypeptides AP1-ELP and ELP-KLAK did 
not cause any significant cytotoxic effect even at 
higher concentrations, whereas AP1-ELP-KLAK 
caused cell death in a dose-dependent manner in 
U87MG/effluc (Figure 4A and B) and D54/effluc cells 
(Figure 4C and D). At the highest concentration 10 
µM, AP1-ELP-KLAK caused almost ~3 fold higher 

cell death than ELP-KLAK in D54/effluc and in 
U87MG/effluc cells, it showed ~2-fold higher anti- 
proliferative activity. These results further confirmed 
that the cytotoxic activity of these polypeptides mainly 
depends on IL-4R expression and its interaction with 
AP1-ELP-KLAK.

Real Time Monitoring of Caspase-3 
Dependent Apoptosis in vitro
For the real time monitoring of apoptosis in vitro, D54 
cells stably expressing caspase-3 sensor (D54/C) cells 
were treated with KLAK polypeptides. As depicted in 
Figure 4A and B, treatment of AP1-ELP-KLAK signifi-
cantly increased BLI activity in a time- and dose- 
dependent manner, but treatment of ELP-KLAK did 
not result in any significant increase. The BLI activity 
peaked at 6 hin all concentrations of AP1-ELP-KLAK. 
Caspase-3 sensor BLI activity were ~5 and ~ 6-fold 
higher than the PBS treated cells at 6 h, respectively 
in 2.5 and 5 µM of AP1-ELP-KLAK treated cells 
(Figure 5A and B).

We further confirmed the selectivity of the caspase-3 
sensor in D54/C cells by treating Z-VAD, a well-known 
caspase inhibitor along with AP1-ELP-KLAK. The 
increase in the BLI activity after treatment of AP1- 
ELP-KLAK was completely inhibited after co- 
incubation of 20 µM of Z-VAD and AP1-ELP-KLAK 
(Figure 5A and B). The rapid and early increase in BLI 
(caspase-3 activity) upon AP1-ELP-KLAK treatment 
and returning to basal level on addition of Z-VAD con-
firmed the selectivity and sensitivity of the caspase-3 
reporter.

Apoptosis Assay Using Annexin V/PI
To validate the apoptosis induction in IL-4R expressing 
glioma cells, Annexin V staining was adopted, which is 
a gold standard for apoptosis measurement. To deter-
mine the rate of apoptosis induced after AP1-ELP- 
KLAK treatment, U87MG and D54 cells were stained 
with Annexin V. We observed a concentration- 
dependent increase of Annexin V-positive cells in 
both AP1-ELP-KLAK treated cell lines. At 20 μM of 
AP1- ELP-KLAK, 75 ± 5.5% of D54 cells undergo 
apoptosis but not in ELP-KLAK treated cells 
(Figure 6C and D). Likewise, AP1-ELP-KLAK caused 
62 ± 5.5% apoptosis in U87MG cells (Figure 6A and 
B), confirming the percentage of apoptosis depends on 

Table 1 Physical Characteristics of ELP-KLAK and AP1-ELP-KLAK

Protein Molecular 
Weight (Da)

Critical Micelle 
Temperature (°C)

Size (nm)

ELP-KLAK 35,474.8 34–45°C 180~210 nm

AP1-ELP- 

KLAK

43,619.8 34–42°C 110~130 nm
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IL-4R over-expressing in glioma cells. The rate of 
apoptosis in D54 cells after AP1-ELP-KLAK treatment 
is consistent with BLI activity of caspase-3 sensor of 

D54/C (Figure 5). Thus, AP1 peptides along the ELP 
polymers enhanced apoptosis of cancer cells by active 
targeting of IL-4R.

Figure 3 Assessment of IL-4R expression and cellular uptake assay. (A) Representative histogram of IL-4R expression analyzed through flow cytometry after staining with 
anti-IL-4Rα antibody. (B) Percentage of IL-4R expression in different cancer cells was analyzed by comparison with respective IgG isotype control (n = 3). *P<0.05, (Student’s 
t-test). Cellular uptake and internalization of fluorescently labeled polypeptides by (C) U87MG and (D) D54 at 37°C. Cell membrane stained with WGA Alexa 594 and 
nuclei stained with Hoechst. Scale bar, 20 μm.
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Non-Invasive Imaging of Caspase-3 
Activity in D54/C Cells in vivo
Herein, we measured the apoptosis in a non-invasive 
manner using a stably expressing caspase-3 
sensor D54/C cells in vivo. After daily treatment of 
respective KLAK polypeptides (150 mg kg−1) for 3 
days in D54/C tumor-bearing mice, BLI was acquired 
to monitor caspase-3 activation at different time points 
(Figure S5). BLI of caspase-3 sensor was performed 
immediately before injection at day 0, day 3 and day 5 
after administration of ELP-KLAK and AP1-ELP- 
KLAK. We observed a significant increase of BLI 
activity of caspase-3 sensor in AP1-ELP-KLAK 
treated group with peak at day 5, whereas no such 
increase of caspase-3 BLI activity were seen in control 
and ELP-KLAK treated groups at day 3 and day 5 
respectively (Figure 7A and B). Additionally, ex vivo 
immuno-histochemical staining of D54/C tumors with 
anti-cleaved caspase-3 antibody further confirmed mas-
sive apoptosis only in AP1-ELP-KLAK treated tumor 

with more cleaved caspase-3 positive cells than the 
control ELP and ELP-KLAK treated tumors at day 5 
(Figure 7C).

Anti-Tumor Effect of AP1-ELP-KLAK 
in vivo
According to the BLI of caspase-3 sensor obtained 
(Figure 7), the apoptosis was shown to be maximum 
at day 5 after 3 days of daily treatment of AP1-ELP- 
KLAK. Next, for the better therapeutic efficacy, D54/ 
effluc tumor-bearing mice were given a single dose of 
150 mg kg−1 of polypeptides daily for 8 days via intra-
venous (IV) injection (Figure S6). A significant reduc-
tion of BLI of effluc (surrogate marker for cell 
proliferation) was obtained in AP1-ELP-KLAK treated 
mice, revealing a dramatic inhibition of glioma tumor 
growth, while there was no such reduction of BLI in 
ELP-KLAK treated mice (Figure 8A and B). There were 
no significant changes in the body weight of mice dur-
ing therapy (Figure S7). The excised tumor weights 

Figure 4 AP1-ELP-KLAK induced cytotoxicity in glioblastoma cells. (A and C) Luciferase activity of U87MG/effluc cells and (B and D) D54/effluc cells were determined 
after adding 3 µL D-luciferin (30 mg mL−1) in each well, and then the bioluminescence signals were measured using an IVIS Lumina III in vivo imaging system. Data are 
represented as mean ± s.d. (n = 5). *P<0.05 (one-way ANOVA).
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obtained at the end of therapy were drastically reduced 
in AP1-ELP-KLAK treated mice when compared with 
the control and ELP-KLAK groups (Figure 8C). In 
addition, when TUNEL assay was performed using the 
excised tumors, a significant number of apoptotic cells 
were seen in the tumor tissues of the AP1-ELP-KLAK 
treated tumor but not in the control treated tumors 
(Figure 8D). Taken together, AP1-ELP polymer effi-
ciently delivered the KLAK, inducing vast apoptosis to 
IL-4R expressing tumor tissues by active targeting of 
receptor-mediated endocytosis and passive EPR effect at 
the leaky tumor site.

Discussion
Glioblastoma multiforme (GBM) is a high grade human 
brain tumor with poor prognosis after chemotherapy and 
radiation therapy.36–39 Thus, new active targeting mod-
alities by targeting overexpressed receptors or antigen 
molecules on tumor cell surfaces are highly 

recommended. IL-4R mediated targeted delivery of 
cytotoxin and anti-cancer drugs has shown 
a tremendous antitumor effect in human GBM bearing 
mice.40 Here, we successfully targeted IL-4R overex-
pressing glioblastoma cells/tumor with AP1-ELP- 
KLAK and monitored apoptosis using a caspase 3 sen-
sor in a non-invasive manner. Intracellular localization 
of KLAK peptide is essential to trigger the apoptotic 
program of cell death by disrupting the mitochondrial 
membrane integrity.41–43 As an ideal delivery system, 
AP1-ELP facilitates cellular uptake based on IL-4R 
mediated endocytosis and delivers the KLAK peptide, 
causing apoptosis. The apoptosis induced by the poly-
peptides was monitored using our previously engineered 
caspase sensor.29,30 It can be noted that after AP1-ELP- 
KLAK treatment in D54/C cell lines, BLI activity of the 
caspase-3 sensor started to increase as early as after 
2 h and continue to increase with more incubation 
time indicating that the presence of AP1 hastens the 

Figure 5 Analysis of caspase activation mediated apoptosis by AP1-ELP-KLAK in D54/C cells. (A) Bioluminescence imaging (BLI) activity of the caspase-3 sensor was 
measured following the treatment of different concentration apoptotic peptides with or without Z-VAD (caspase inhibitor) to D54/C cells. BLIs were also obtained using an 
IVIS imaging system post treatment. (B) BLI activity was plotted as the fold induction caspase activation over values obtained from cells treated with PBS only. Experiments 
were performed at least in triplicate, and mean values ± s.d. were plotted. The intergroup variation was measured by one-way ANOVA, followed by Bonferroni post hoc test 
(*P<0.05).
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apoptotic process of D54/C through IL-4R mediated 
endocytosis (Figure 5). However, such early increase 
of BLI activity was not seen even after 6 h of treatment 
of ELP-KLAK. The decrease in BLI (caspase-3 activity) 
to basal level on addition of Z-VAD (caspase inhibitor) 
further confirmed the selectivity and sensitivity of the 
caspase-3 reporter. Moreover, this caspase-3 reporter 
system allows us the real time monitoring of apoptosis 
continuously up to 72 hor 96 h in a single 96-well plate. 
The hindrance in the development of potential antic-
ancer drugs is the lack of consistency in preclinical 
assessment of therapeutic efficacy. The traditional volu-
metric measurement of tumor size is time-consuming 
and prone to human error. Therefore, the non-invasive 
approach of measuring apoptosis in real time using 
a caspase sensor helps to decide the therapeutic strate-
gies including dose and time interval of anti-cancer 
drugs or peptide treatment. Herein, we successfully 
measured apoptosis in a non-invasive manner of D54/C 

glioma cells after AP1-ELP-KLAK treatment in vivo 
and further confirmed the apoptosis by ex vivo immuno- 
histochemical staining of excised tumor with anti- 
cleaved caspase-3 antibody (Figure 7). The drastic 
reduction of tumor growth upon AP1-ELP-KLAK treat-
ment may be due to enhanced tumor accumulation by 
the active targeting of IL-4R on D54 tumors and passive 
EPR effect. As expected, tumor volume increases dras-
tically in PBS and AP1-ELP treated mice, which 
corresponds to the significant increase in BLI activity 
at indicated time intervals for more than 45 days. The 
lack of targeting molecules in ELP-KLAK possibly 
results in rapid clearance from the system, thus dis-
played less anti-tumor effect in treated mice. Current 
strategies used for treatment of brain tumors normally 
do not carry targeting properties and therefore are 
reported to have various toxicity problems.44 As 
a result, surface receptors that are over-expressed on 
glioma cells could serve as molecules of interest for 

Figure 6 AP1-ELP-KLAK induced apoptosis in glioblastoma cells. (A and C) U87MG/effluc cells, (B and D) D54/effluc cells. The percentage of apoptotic cells stained with 
annexin V conjugated to green-fluorescent FITC dye and dead cells with propidium iodide (PI) were measured by flow cytometry. Representative data of three independent 
experiments, mean ± s.d. (n = 5). Percentage of apoptosis significantly increased in AP1-ELP-KLAK treated cells at all given concentrations. *P<0.05 (one-way ANOVA).
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active targeting with potent nanomedicine. Even though 
we have successfully delivered the therapeutic peptides 
and inhibited tumor progression in the glioma xenograft 
model, more detailed evaluation of the therapeutic effect 
in an orthotropic glioma mice model is necessary to 
fully validate its biomedical applications.

Conclusion
In this study, non-invasive monitoring of apoptosis and 
tumor growth was investigated using a different reporter 

system in a glioblastoma mice model. Glioblastoma is 
known to have high expression of IL-4R; hence, we success-
fully evaluated the therapeutic outcome of our multivalent 
based drug delivery system AP1-ELP-KLAK in a glioma 
mice model. Further studies on nano-formulation or conjuga-
tion of FDA approved chemotherapeutic drugs with AP1- 
ELP will provide a significant opportunity to enhance drug 
delivery across the blood–brain barrier, and for targeting 
glioma cells. Overall, the non-invasive imaging of apoptosis 
via the caspase-3 biosensor will provide a potential platform 

Figure 7 Non-invasive imaging of caspase activation in vivo. (A) BLI of caspase-3 activity after the IV injection of either ELP-KLAK and AP1-ELP-KLAK in D54/C tumor– 
bearing mice. (B) Quantification of caspase-3 sensor BLI activity. Experiments were conducted in triplicate, and the mean values ± s.d. were plotted. Significant increase in 
caspase-3 activity was observed in AP1-ELP-KLAK treated mice at all time points, *P<0.01 (two-way ANOVA). (C) At day 6, mice were sacrificed and ex vivo staining of 
excised tumor tissues were done with anti-cleaved-Caspase-3 (red), followed by counter staining with DAPI for nuclei (blue). Scale bar, 50 μm.
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in preclinical trials and offer a window for the real-time 
evaluation of therapeutic protocols during cancer therapy.

Supplementary Materials
Supplementary information accompanies this paper at 
journal website.
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