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Abstract

Lung cancer is the leading cause of cancer-related death worldwide. Most targeted drugs approved
for lung cancer treatment are tyrosine kinase inhibitors (TKls) directed against EGFR or ALK, and
are used mainly for adenocarcinoma. At present, there is no effective or tailored targeting agent
for large cell carcinoma (LCC) or small cell lung cancer (SCLC). Therefore, we aimed to identify
targeting peptides with diagnostic and therapeutic utility that possess broad subtype specificity for
SCLC and non-small cell lung cancer (NSCLC). We performed phage display biopanning of H460
LCC cells to select broad-spectrum lung cancer-binding peptides, since LCC has recently been
categorized as an undifferentiated tumor type within other histological subcategories of lung
cancer. Three targeting phages (HPCI, HPC2, and HPC4) and their respective displayed peptides
(HSP1, HSP2, and HSP4) were able to bind to both SCLC and NSCLC cell lines, as well as clinical
specimens, but not to normal pneumonic tissues. In vivo optical imaging of phage homing and
magnetic resonance imaging (MRI) of peptide-SPION’s revealed that HSP1 was the most favorable
probe for multimodal molecular imaging. Using HSP1-SPION, the T2-weighted MR signal of H460
xenografts was decreased up to 42%. In contrast to the tight binding of HSPI to cancer cell
surfaces, HSP4 was preferentially endocytosed and intracellular drug delivery was thereby
effected, significantly improving the therapeutic index of liposomal drug in vivo. Liposomal
doxorubicin (LD) conjugated to HSP1, HSP2, or HSP4 had significantly greater therapeutic efficacy
than non-targeting liposomal drugs in NSCLC (H460 and H1993) animal models. Combined
therapy with an HSP4-conjugated stable formulation of liposomal vinorelbine (sLV) further
improved median overall survival (131 vs. 84 days; P = 0.0248), even in aggressive A549 orthotopic
models. Overall, these peptides have the potential to guide a wide variety of tailored theranostic
agents for targeting therapeutics, non-invasive imaging, or clinical detection of SCLC and NSCLC.

Key words: Small cell lung cancer (SCLC), non-small cell lung cancer (NSCLC), targeting peptides, liposomal
drugs, molecular imaging, magnetic resonance imaging (MRI), theranostics.

Introduction

Lung

cancer is the leading cause of accounting for about 27% of all cancer deaths [1]. For

cancer-related mortality in both men and women, treatment purposes, lung cancer

can

be
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histopathologically classified as small-cell lung
carcinoma (SCLC; 15%) and non-small-cell lung
carcinoma (NSCLC; 84%), with the latter further
divided into large cell carcinoma (LCC),
adenocarcinoma, and squamous cell carcinoma (SCC).
Adenocarcinomas often have glandular histology,
distinguished ~ from  SCCs by  squamous
differentiation. Carcinomas that do not express
adenocarcinoma or SCC biomarkers, and are not
glandular or squamous, are classified as LCC [2].
Recent large-scale systematic analyses have
characterized genetic alterations in 1255 clinically
annotated lung tumors and incorporated genomic
information into lung cancer taxonomy, resulting in
the reclassification of LCC as a heterogeneous
undifferentiated group with genetic similarity to
adenocarcinoma, SCC, or neuroendocrine (SCLC) [3,
4].

Currently available targeted therapies, such as
erlotinib or crizotinib, are tyrosine kinase inhibitors
(TKIs) for treatment of carcinoma (mainly lung
adenocarcinoma) bearing EGFR mutations or
EML4-ALK fusions [5, 6]. In contrast, potential
inhibitors which target cells with aberrations more
common to SCC, such as amplified FGFR, mutated
SOX2 or mutated DDR2, are currently under clinical
or preclinical investigation [7]. However, most
patients develop acquired resistance within 9-12
months of treatment with the aforementioned TKIs [8,
9]. Since LCC exhibits no consistent genetic alterations
[3], there is no tailored targeting agent to date. The
current first-line treatment for LCC is pemetrexed, a
non-targeted cytotoxic agent approved for treating
non-SCC [10]. Unfortunately, targeted therapies for
SCLC are no more efficacious than cisplatin and
etoposide treatment [11, 12]. Overall, the 5-year
survival rates for SCLC and NSCLC remain low, at 7%
and 21%, respectively [13]. Currently, there are no
effective or druggable cell-surface markers for LCC or
SCLC. To develop diagnostics and targeted drug
delivery systems (TDDS) for both SCLC and NSCLC,
we aimed to identify broad spectrum lung
cancer-targeting peptides through biopanning of an
undifferentiated cell type, LCC. We hypothesized that
targeting peptides which bind to undifferentiated
LCC cells have potential to bind to other subtypes of
lung cancer as well.

Although peptide ligands are often flexible and
have lower affinity to receptors compared to
antibodies, the wuse of peptides in theranostic
nanomedicine is advantageous due to their smaller
size, reduced immunogenicity, high multivalency,
deep tumor penetration, ease of synthesis, and lower
production costs [14-16]. Early detection and
diagnosis of primary or metastatic lung cancer can

significantly improve patient prognosis [13, 17].
Although chest X-ray and low-dose spiral computed
tomography (CT) have been used clinically to detect
lung nodules as small as 1-2 mm, the exposure to
radiation after repeated scanning poses a serious
health risk [18, 19]. Additionally, over 90% of
pulmonary nodules (< 2 cm in diameter) detected by
chest radiography are noncancerous and may be
caused by infections, calcification, inflammation,
fibrosis, normal vasculature shadow, autoimmune
disease, benign tumors, or other reasons [20, 21].
Thus, the identified nodules must be further
examined by biopsy or positron emission tomography
(PET) to differentiate between benign or malignant
growths [20, 21]. Moreover, low spatial resolution (> 5
mm) of PET and the use of radiolabeled glucose limit
its application [22, 23]. To develop more specific and
safer diagnostics for lung cancer, we used
dextran-coated iron oxide nanoparticles as a T2
magnetic resonance imaging (MRI) contrast agent for
peptide-mediated tumor tracing. MRI is a
non-invasive tomographic technique that does not use
ionizing radiation and has high spatial resolution
(25-100 pm) [24] making it a relatively safe and
informative clinical diagnostic tool [25, 26].
Gadolinium-chelating molecules, the main T1 contrast
agent used in clinical MRI [27, 28], exhibit poor
physiological ~ stability, = have  uncontrollable
pharmacokinetics, and elevate risk for nephrogenic
systemic fibrosis (NSF) [29, 30] However, several iron
oxide nanoparticles with higher biocompatibility and
strong T2 effects have been approved for clinical use
[27, 31, 32]. In addition, super-paramagnetic iron
oxide nanoparticles (SPIONs) are tunable in size [33,
34] and shape [35, 36], and their surface properties can
be modified [27, 37]; further, they can be coupled with
targeting moieties, making them an ideal MR probe
for molecular imaging [15].

Encapsulation of anticancer drugs in
nanocarriers, such as liposomes, markedly improves
their pharmacokinetic profiles by increasing the drug
payload, prolonging serum half-life, and reducing
exposure to normal tissues [38]. Nanosized drug
delivery systems (DDS) utilize passive targeting, via
the enhanced permeability and retention (EPR) effect,
to accumulate in tumor tissue [39-41]. However,
nanodrugs are no more effective than free drugs in
treating blood cancers [42], metastatic tumors, or
some solid tumors [39, 40]. TDDS, which couple
disease-specific ~ ligands to the surface of
nanoparticles, have been employed as an advanced
approach for active tumor delivery [43, 44]. Targeting
moieties, such as peptides or antibodies, selectively
bind to tumor-specific antigens and then trigger
receptor-mediated endocytosis for controlled release
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of payloads to the target cells [45-49]. In addition, the
released drugs will diffuse from target sites and kill
neighboring tumor-associated cells through the
bystander effect.

PEGylated liposomal doxorubicin (Doxil/
Caelyx) is the most commonly used liposomal drug,
and has been approved for the treatment of Kaposi’s
sarcoma, refractory ovarian cancer, breast cancer, and
multiple myeloma [50-52], making it an ideal
proof-of-concept tool for testing novel targeting
ligands. On the other hand, encapsulation of the
NSCLC treatment, vinorelbine [53, 54], has been
technically challenging, due to issues related to
stabilizing the hydrophobic vinorelbine molecules
within the nanocarrier [55]. A recently developed
liposomal vinorelbine formulation (NanoVNB®,
Taiwan Liposomal Company) currently in clinical
trials for colorectal cancer [51, 56], was prepared by
using sucrose octasulfate as a stabilizer in a lipid
composition of  distearoylphosphatidylcholine/
cholesterol/poly(ethylene glycol)-distearoylphospha-
tidylethanolamine (PEG-DSPE) (3:2:0.015 molar ratio),
resulting in a half-life of 9.4 hr [57]. Polyethylene
glycol (PEG) modification of liposomes confers
several advantages, including resistance to
opsonization, evasion of mononuclear phagocytic
system clearance, decreased renal elimination rate,
and prolonged circulation time [58]. However, early
difficulties in  preparing highly = PEGylated
(DSPE-PEG) liposomal vinorelbine using available
gradient-based loading strategies resulted in
accelerated drug release and poor encapsulation
efficiencies [57, 59]. Our approach utilized an
ammonium 5-sulfosalicylate gradient to load
vinorelbine into vesicles at an appropriate
drug-to-lipid ratio, even for higher PEG-DSPE
compositions (10-fold mole parts more than
NanoVNB®), giving rise to a modified stable
formulation of liposomal vinorelbine (sLV) with a
half-life of more than 14 hr. Our group demonstrated
the efficacy of sLV against colon cancer in 2015 [60],
and in the current study the preclinical efficacy of sLV
formulations with conjugated lung cancer targeting
peptides was evaluated for the treatment of NSCLC.

Although several studies on lung cancer-binding
peptides have been published, most of the identified
peptides were either found using differentiated
adenocarcinoma cell types [61, 62] or are not robust
due to partial NSCLC selectivity, absence of specific
consensus motifs, or a lack of in vivo verification [63].
In the present study, three novel peptides, HSP1,
HSP2, and HSP4, with theranostic potential in both
SCLC and NSCLC, have been verified and used for
preclinical drug delivery, molecular imaging, and
clinical immunohistochemical analyses.

Methods

Cell lines and cultures

NL20 human bronchial epithelial cells and
NCI-H460, NCI-H661, NCI-H1993, NCI-H441,
NCI-H520, NCI-H1688, and A549 human lung cancer
cell lines were purchased from the American Type
Culture Collection (ATCC) and authenticated by
ATCC based on their DNA profiles, cytogenetic
analyses, and isoenzymology. These cells were
cultured according to ATCC’s protocols and passaged
for fewer than 6 months after resuscitation. CL1-5
cells were established by Chu et al. [64] and routinely
verified (based on their growth, morphology, and lack
of mycoplasma contamination) in our laboratory.
Human normal nasal mucosal epithelial (NNM) cells
were a primary culture derived from a nasal
polyp [65], and were grown in DMEM.

Phage display biopanning procedures

H460 cells (human lung LCC) were incubated
with UV-treated inactive control helper phage
(insertless phage). The Ph.D.-12™ (New England
BioLabs) phage display peptide library, which
initially contained 5 x 1010 plaque-forming units (pfu),
was then added. After washing, the bound phages
were eluted with a lysis buffer [150 mM NaCl, 50 mM
Tris-HCI, 1T mM EDTA, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate (SDS), pH
7.4] on ice. This eluted phage pool was amplified and
titrated in an Escherichia coli ER2738 culture (New
England BioLabs). The recovered phages were used as
input for the next round of panning, as described
previously [65]. In the fourth and fifth round of
biopanning, phage clones were randomly selected to
be cultured for subsequent ELISA screening.

Peptide synthesis and labeling

The synthetic targeting peptides HSP1
(GAMHLPWHMGTL), HSP2 (NPWEEQGYRYSM),
and HSP4 (NNPWREMMYIEI), as well as control
peptide (Ctrl P) (KATGHSLKTVMQ) or scramble
peptides  ScP1 (LGHPMATMWLGH),  ScP2
(MYQEPSRWGENY), and ScP4 (IMEWNEYIMRPN)
corresponding to HSP1, HSP2, and HSP4, were all
prepared by Fmoc SPPS using a CEM Liberty
automated microwave peptide synthesizer, and
purified using reverse-phase high-performance liquid
chromatography to 95% purity. For flow cytometry
and cellular immunofluorescence assays (IFA),
fluorescein isothiocyanate (FITC) was conjugated to
the C-terminus of each peptide by attaching it to the
e-amino group (NH) of an additional lysine at the
C-terminus. Peptide synthesis, conjugation, and
purification were performed by the Peptide Synthesis
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Core Facility of the Institute of Cellular and
Organismic Biology, Academia Sinica (Taipei,
Taiwan).

Flow cytometry analysis

Lung cancer cell lines and control cells were
collected using enzyme-free cell dissociation buffer
(Gibco, CA, USA), followed by a 30-min blocking step
at 4°C. The cells were subsequently incubated with 20
pg/mL FITC-conjugated HSP1, HSP2, HSP4, or Ctrl P
at 4°C for 1 hr. After washing thrice by centrifugation
at 300 g for 3 min, the cells were resuspended and
analyzed using a flow cytometer (Becton Dickinson).
The blocking step, peptide incubation, cell washing,
and suspension were all performed using ice-cold
fluorescence-activated cell sorting (FACS) buffer
(phosphate-buffered saline [PBS] and 1-5% bovine
serum albumin (BSA) or 1-5% fetal bovine serum
[FBS]).

Immunohistochemical staining of human
surgical specimens

Paraffin tissue sections from eleven cases of lung
adenocarcinoma and ten cases of lung SCC were
obtained from the tissue bank of National Taiwan
University Hospital (NTUH), with the approval of the
Institutional Review Board of NTUH
(IRB9461702021). Written informed consent was
obtained, and all human tissue samples were coded
for anonymity. To increase the case number and
histopathological subtypes of lung cancer specimens,
we also obtained commercial tissue microarray
sections (US Biomax, Inc.) consisting of a total of 120
cases of lung adenocarcinoma, SCC, LCC, SCLC, etc.,
with the approval of the Academia Sinica Institutional
Review Board (AS-IRB03-102103). To examine
localization of phage bound to lung cancer tissues, the
tissues were incubated with HPC1, HPC2, HPC4, or
control phage (2~5 x 108 pfu/pl). After washing with
PBS, sections were treated with anti-M13 mouse mAb
(GE Healthcare) for 1 hr at room temperature.
Following washing steps, a biotin-free super sensitive
polymer-HRP detection system (Biogenex) was used
to detect immunoreactivity. The slides were lightly
counterstained with hematoxylin, mounted with
Aquatex (Merck), and examined by light microscopy.

Ethics Statement for animal experiments

All animal care and handling during the
experimentation was carried out in strict accordance
with the guidelines of the Academia Sinica
Institutional Animal Care and Use Committee. The
animal experimental protocols were approved by the
Committee on the Ethics of Animal Experiments of
Academia Sinica (Permit Number:
MMi-ZOOWH2009102 for therapy and

pharmacokinetic studies and Permit Number:
15-09-853 for in vivo imaging studies). For mouse
experiments, the mice were monitored daily, and
human endpoints were used such as weight loss (>
20% of body weight) or the mouse activity was
assessed (hunching, stationary, ruffled fur, and poor
grooming). At the end of the experiments, the mice
were sacrificed by CO; asphyxiation, and all efforts
were made to minimize the animal suffering.

In vivo tumor homing assay and optical imaging

Severe combined immunodeficiency (SCID) mice
bearing size-matched H460 lung cancer xenografts
(approximately 300 mm?) were intravenously injected
with 2 x 10° pfu of targeting or control phage. After 8
min of circulation, the mice were sacrificed and
perfused with 50 mL PBS to wash out the unbound
phage. Subsequently, the xenograft tumors and
mouse organs were dissected and homogenized. The
phage bound to each tissue sample was recovered by
the adding ER2738 bacteria, and then the mixture was
titrated onto IPTG/X-Gal agar plates. For the in vivo
whole body imaging, the HPC1, HPC2, HPC4, and
control phage were labeled with a fluorescent dye,
HiLyte Fluor™ 750 acid NHS ester (HL750, AnaSpec),
using the NHS functional group. The established
H460 xenograft model mice were intravenously
injected with 5 x 10° pfu of HL750-labeled targeting or
control phage. The fluorescence imaging of the mice
and tissues was performed using the Xenogen IVIS200
imaging system (excitation: 710/760 nm; emission:
810/875 nm) at indicated time points. The
fluorescence intensity of the tissues was calculated by
subtracting the background using the Living Image
software (Xenogen).

Synthesis and characterization of
peptide-conjugated SPIONs

The parental Dex-FesO, (SPIONs) and
peptide-conjugated SPIONs were synthesized by
MagQu company (Taiwan). By oxidizing the dextran
coating of SPIONs with NalOy to create aldehyde
groups, the peptides were conjugated to the outer
shell of SPIONs covalently [66, 67]. The dynamic light
scattering (DLS) measurement indicated that the
average hydrodynamic size of peptide-conjugated
SPIONs was 140 nm.

In vivo MR imaging using targeting
peptide-Dex-Fe;O4 nanoparticles for tumor

tracing
SCID mice bearing size-matched H460
xenografts were intravenously injected with

HSP1-Dex-FezO4, HSP2-Dex-FesO,, HSP4-Dex-FeszOy,
or Ctrl P-Dex-Fe;O, nanoparticles (8 mg/kg mouse
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body weight). The MR images were acquired
pre-contrast and at various time points (3, 6, and 24
hr) post-contrast. All mice were scanned using
T2-weighted imaging with a 5 x 5 cm field of view
(FOV) and a 256 x 256 matrix size at every 1 mm slice
thickness. The T2-weighted fast spin-echo sequence
was utilized with a repetition time (TR) = 4000 ms;
effective echo times (TEer) = 80 ms; and number of
excitation (NEX) = 6. All MRI experiments were
performed with a 4.7 T Biospec 47/40 spectrometer
(Bruker, Germany) with a volume coil used as radio
frequency (RF) transmitter and signal receiver. The
maximum cross-sectional area of the tumor region
was selected as the region of interest (ROI) for
signal-to-noise ratio (SNR) quantification using
MRVision software version 1.6.6 (MRVision, USA),
and plotted against time. Tumor volumes were
measured by plotting the area of whole tumor region
of each slice and that of summarized total region of all
tumor slices. Tumor volume measurements, T2
pseudo-color mapping, and 3D image reconstruction
were achieved using Avizo 6.1 software (FEI
Company).

Prussian blue staining and histological analysis

H460 lung cancer cells were seeded at a density
of 2 x 10* cells/well on cover slides (1 x 1 cm) and
allowed to grow for 24 hrs. Next, culture cells were
fixed with 2% paraformaldehyde, and then incubated
with HSP1-Dex-Fes;Os, HSP2-Dex-FesOy,
HSP4-Dex-Fe;O4, or Ctrl P-Dex-Fe;O4 nanoparticles
(10 pg /ml) for 1 hr at room temperature. Slides were
washed and stained with routine Prussian blue
reagents (1 : 1 mixture of 4% potassium ferrocyanide
and 4% hydrochloric acid) for 30 min at room
temperature, followed by counter staining for 5 min
with Nuclear Fast Red solution (Sigma-Aldrich
Corporation).

Tumor-bearing mice were sacrificed after MR
imaging studies, and H460 tumor tissue were then
fixed with 4% paraformaldehyde and embedded in
paraffin. Sections (5 pm) were cut from representative
tumors. Xenograft tumor tissues were stained with
Prussian blue and Nuclear Fast Red to examine iron
localization. ~ All  sections were dehydrated,
photographed, and quantified.

Preparation of LD and liposomal SRB (LSRB)

Distearoylphosphatidylcholine (DSPC)/
cholesterol/ mPEG000-DSPE (3:2:0.3 molar ratio) and
DSPC/ cholesterol /PEG-PE/sulforhodamine B-DSPE
(3:2:0.18:0.06 molar ratio) lipid mixtures were used to
encapsulate doxorubicin and sulforhodamine B (SRB),
respectively. Dried lipid films were hydrated at 60°C
in 250 mM ammonium sulfate for doxorubicin and

ddH>O for SRB, and were extruded through
polycarbonate membrane filters with a pore size of
0.08 pm using high-pressure extrusion equipment
(Lipex Biomembranes, Vancouver, British Columbia)
at 55°C. Doxorubicin was loaded into the liposomes at
a drug-to-phospholipid ratio of 100 mg/mol.
Unencapsulated chemicals were removed by
Sephadex G50 (GE Healthcare) gel filtration
chromatography, with elution performed with HEPES
buffer. The phospholipid concentration of the
liposome was quantified using the phosphorus assay
of Bartlett [68]. Doxorubicin and SRB concentrations
were determined by measuring Excitation/Emission
wavelengths of fluorescence at 485/590 and 520/570
nm, respectively, using a spectrofluorometer (Spectra
Max M5, Molecular Devices).

Preparation of sLV

The PEGylated liposomes composed of DSPC,
cholesterol, and mPEGp0-DSPE that were used to
encapsulate vinorelbine (3:2:0.15 molar ratio) were
prepared using a lipid film hydration method.
Liposomes ranging in size from 80 to 100 nm were
prepared by hydrating the lipid films at 60°C in 300
mM ammonium salts of 5-sulfosalicylic acid solution,
and then they were extruded through polycarbonate
membrane filters with a 0.08-pm pore size using
high-pressure extrusion  equipment (Lipex
Biomembranes, Vancouver, British Columbia) at
55°C. Vinorelbine was loaded into the liposomes
using the ammonium 5-sulfosalicylate gradient at a
drug-to-phospholipid ratio of 350 mg/mol [60].
Sephadex G50 (GE Healthcare) gel filtration
chromatography was used to remove the
unencapsulated free drug. The phospholipid
concentrations and final encapsulation rate of the
liposome were estimated using the phosphorus assay
of Barlett [68]. Vinorelbine concentrations in the
eluent fractions were determined using HPLC.

Synthesis of targeted peptide-PEG-DSPE
conjugates and incorporation into liposomal
nanoparticles

Synthetic peptides (HSP1, HSP2, or HSP4) were
coupled to NHS-PEG-DSPE [N-hydroxysuccinimido-
carboxyl-polyethylene glycol (MW, 3400)-derived
distearoylphosphatidyl ethanolamine] (NOF
Corporation, Japan) at a 1.1:1 molar ratio. Targeting
peptide-PEG-DSPE  conjugates were purified by

Sephadex G-15 (GE Healthcare) gel (filtration
chromatography, and were subsequently dried
through lyophilization. The conjugates were

quantitatively analyzed by HPLC and qualitatively
analyzed by MALDI-TOF-MS (BRUKER microflex).
Incorporation of PEGylated peptides into the outer
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monolayer of liposomal nanoparticles (LD, sLV or
LSRB) was performed using a previously described
“post-insertion” method [65] instead of the
“co-dissolving” method.

Characterization of liposomal nanoparticles

The mean particle diameters of liposomes (LD,
sLV, or LSRB) were measured by DLS at 25°C using a
Malvern Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, United Kingdom) with a laser at a
wavelength of 633 nm and a 90° scattering angle. The
zeta-potential of the liposomes was determined using
laser Doppler electrophoresis on a Malvern Zetasizer
Nano ZS. Liposome structure was visualized with a
cryo-TEM (Tecnai F20, Philips) operating at 200 kV.
Specimens were plated on porous carbon
film-covered 300-mesh copper grids (HC300-Cu,
PELCO). The grids were blotted at 100% humidity
and 4 °C for 3 s, and then rapidly frozen in liquid
ethane cooled by liquid nitrogen using a Vitrobot
(FEI). The grids were introduced into the
high-vacuum of the electron microscope column. The
low dose condition for each exposure was ~20 e A-2.
The liposomes in the holes of the carbon film were
observed under cryo-TEM using a 70 pm objective
aperture. Images were acquired at 10 k or 50 k
magnification and were recorded using a 4 k x 4 k
CCD camera (Gatan UltraScan 4000).

Uptake of targeting peptide-conjugated LSRB
or LD by human lung cancer cells

H460 and H1993 cells were grown on 24-well
plates to 90% confluency, and HSP1, 2, or 4-LSRB, or
LSRB in complete culture medium were added, at the
indicated concentrations. Cells were subsequently
incubated at 37°C, and washed with PBS at selected
time points (10, 30, 60, 120, 240, 480, 960, and 1440
minutes). Non-internalized LSRB on the cell surface
was removed by adding 0.1 M Glycine, pH 2.8, for 10
min. Cells were then lysed with 200 pl 1% Triton
X-100. Uptake of low concentrations of LD by H1993
cells was examined using the same protocol. For
extraction of SRB or doxorubicin, 300 pl IPA (0.75 N
HCI in isopropanol) was added to the lysate and
shaken for 30 min. Following centrifugation of the
lysate at 12,000 rpm for 5 min, the amount of uptake
was determined by measuring Excitation/Emission
wavelengths of fluorescence (at 520/570 nm for SRB
and 485/590 nm for doxorubicin) using a
spectrofluorometer (SpectraMax M5, Molecular
Devices). Concentrations of SRB and doxorubicin
were calculated by interpolation using a standard
curve.

Animal models for the study of ligand-targeted
therapy

Female SCID mice between 4 and 6 weeks of age
were subcutaneously injected in the dorsolateral flank
with human NSCLC cells. Mice with size-matched
tumors (approximately 75 mm? for small tumor; 300
or 500 mm? for large tumor) were then randomly
assigned to different treatment groups, and were
injected intravenously with LD, targeting peptide
(HSP1, HSP2, or HSP4)-conjugated LD, free
doxorubicin (FD), or equivalent volumes of saline.
The dosages of drugs and administration time courses
differ depending on the experiment, and are
described in the respective figure legends. Mouse
body weights and tumor sizes were measured twice a
week. Tumor volumes were calculated according to
the formula: length x (width)? x 0.52.

Detailed procedures for the establishment of
orthotopic lung cancer models and measurement of
luciferase expression in cancer are described as
follows. SCID mice (6-weeks-old) were anesthetized
with isofloruane mixed with oxygen, and placed in
the right decubitus position. The skin overlying the
left chest wall in the mid-axillary line was prepared
with alcohol, and the underlying chest wall and
intercostal spaces were visualized.
Luciferase-overexpressing H460 or A549 cells (5 x 10°
cells) in 50 pl serum-free media plus Matrigel Matrix
(BD Biosciences, MA, USA) (2:1) were injected into the
left lateral thorax, at the lateral dorsal axillary line.
After tumor injection, the mice were turned to the left
decubitus position and observed for 45 to 60 min until
fully recovered. Luciferase-expressing cancer cells
were imaged and quantified using the IVIS200 system
(Xenogen Corporation, Alameda, CA) at 10 minutes
after i.p. injection of luciferin (Caliper Life Sciences),
prior to each drug administration.

Pharmacokinetic and biodistribution studies

SCID mice bearing H460 lung cancer xenografts
(~300 mm?) were injected with a single dose of FD,
LD, or targeting (HSP1, HSP2, or HSP4) LD at 2
mg/kg in the tail vein. At 1 and 24 hr post-injection,
blood samples were collected through submaxillary
punctures, and mice were then anaesthetized and
sacrificed  (three mice/group). Following the
perfusion of 50 mL of PBS through the heart,
xenograft tumors and organs (brain, lung, heart, liver,
and kidney) were dissected, weighed, and
homogenized to calculate the amounts of doxorubicin
in tissues. Total doxorubicin was quantified by
measuring fluorescence at Agx/Em = 485/590 nm using
a spectrofluorometer (SpectraMax M5, Molecular
Devices).
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Table 1. Alignment of phage displayed peptide sequences selected by H460 cells.

Phage clone Phage displayed peptide sequence* Frequency
HPC1, 5,13 G A M H L P w H M G T L 3/13
HPC12 G A M H L S W H M G T H 1/13
HPC10 D P M H N N W H S S P I 1/13
HPC9 G L D H L w W S S Q T P 1/13
HPC2 N P w E E Q G Y R Y S M 1/13
HPC3 N P W N E M W F Q T S R 1/13
HPC4 N N P W R E M M Y 1 E 1 1/13
HPC6 W A D M M T S \Y% T P W L 1/13
HPC7 S E F P R S W D M E T N 1/13
HPC8 Q H Y E T L A F R P K H 1/13
HPC11 A T Y N S \ N R H S A \ 1/13

Of the 47 phage clones randomly selected in the fifth round of biopanning, 13 phage clones with higher H460 binding affinity were identified; the displayed peptides of these
clones were sequenced and aligned. *Phage displayed consensus amino acids are shown in boldface.

Statistical analysis

Two-sided unpaired Student's t-test was used to
calculate P values. P < 0.05 was considered significant
for all analyses.

Results

Identification of three novel peptides that bind
to several histopathological subtypes of human
lung cancer

In this study, we used a phage displayed
random peptide library to isolate phages that bind to
H460 LCC cells. After five rounds of affinity selection
(biopanning), the titer of bound phage increased by
up to 9-fold (Figure S1A). Forty-seven phage clones
with high affinity to H460 cells were selected from the
fifth round of biopanning, and the binding activity of
these clones to other NSCLC cell lines (including
human lung adenocarcinoma H1993, CL1-5, A549,
murine Lewis lung carcinoma 3LL, and human
normal nasal mucosal epithelial NNM cells) was
examined (Figure S1B). By sequencing the thirteen
phage clones with the highest lung cancer binding
affinity but with the weakest reactivity to normal
cells, we identified two distinctive groups with
differing consensus sequences (Table 1). The high
occurrence of the GAMHLPWHMGTL sequence
(displayed by HPC1, HPC5, and HPC13) is indicative
of its specificity for H460 cells.

We proceeded to compare the binding intensity
of these two groups of phages to different lung
cancers, by examining the binding patterns of HPC2,
HPC3, HPC4, and HPC6 to H460, H1993, CL1-5, A549,
and 3LL by cellular ELISA. As shown in Figure S2A,
HPC2, HPC3, and HPC4, all of which contain the
NPW-E motif, exhibited divergent patterns of binding
to different cells, while the binding patterns of HPC3,
HPC4, and HPC6, all of which contain a W-EMM
motif, exhibited greater similarity. This suggests that

W-EMM-mimetic motifs play a more prominent role
than the NPW-E motif in binding of HPC3 and HPC4
to lung cancers. Phage clones that contain the MHL-W
consensus sequence also showed similar binding
patterns (Figure S2B). Based on these findings, we
chose to focus on HPC1, HPC2, and HPC4 for further
study, as representatives of the MHL-W, NPW-E, and
W-EMM motifs, respectively.

To determine whether the peptide sequences
displayed on HPC1, HPC2, and HPC4 are able to bind
lung cancer cells, we synthesized HSP1, HSP2, and
HSP4 peptides, which have the amino acid sequences
GAMHLPWHMGTL, = NPWEEQGYRYSM, and
NNPWREMMYIE], respectively. SP in HSP refers to
the Synthetic Peptide displayed by the relevant HPC
phage. To test whether HSP1, HSP2, and HSP4 bind to
target molecules expressed on the surface of lung
cancer cells, we analyzed the surface binding activities
of each FITC-conjugated peptide by flow cytometry
(Figure 1A) and immunofluorescent staining (Figure
S3). The FACS data revealed that all three
FITC-labeled peptides exhibited prominent binding to
cell lines from several pathological subtypes of
human lung cancer, including LCC (H460 and H661),
adenocarcinoma (H1993, H441, CL1-5, and A549),
SCC (H520), and small cell carcinoma (H1688), but not
to human normal bronchial epithelial cells (INL20)
(Figure 1A). Furthermore, HSP1, HSP2, and HSP4
show different patterns of fluorescence intensity in
various lung cancer cells, suggesting that these
peptides may target different molecules on the cell
surface or exhibit different binding affinities for the
same target. Cellular IFA were used to reveal that
FITC-labeled HSP1, HSP2, and HSP4, but not
FITC-labeled control, can bind to H460 LCC cells and
H1993  adenocarcinoma cells (Figure S3A).
FITC-labeled scrambled peptides ScP1, ScP2, and
ScP4 corresponding to HSP1, HSP2, and HSP4
respectively, were also used to verify the binding
specificity and showed no binding to H460 cells
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(Figure S4). The FITC-positive cells represent cells
expressing peptide target molecules. Thus, we
calculated the percentages of positively-stained H460
and H1993 cells for each peptide (Figure S3B). The
proportion of target-expressing cells relative to entire
populations, and receptor densities on the cell surface
were quantified. It is worth noting that for H1993

A

cells, HSP4 exhibited higher receptor density on the
cell surface (as evidenced by its stronger fluorescent
intensity in the images), despite having a lower
overall positive rate as compared to the other
peptides. In addition, HSP4 showed the highest
reactivity to H460 cells, both in terms of percentage of
positive cells and receptor density.

NSCLC
LCC Adenocarcinoma SCC
w0 NCI-H460 NCI-H1993 NCI-H520

FITC " FITC N FITC ”
- NCI-HE61 | NCI-H441
FITC FITC
Human normal
bronchial epithelial cell === HSP1-FITC
§ _— —— HSP2-FITC
= == HSP4-FITC
8 —— ConP-FITC
10° 10' —_— w0 10

Large Cell
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Carcinoma

Squamous Cell
Carcinoma

Normal
Bronchiole

Small Cell

HPC4 HPC2 HPC1

Con
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Figure 1. Three novel peptides and their respective phage clones showed different binding activities to various histopathological subtypes of human lung
cancer. (A) FACS data indicating that HSP1, HSP2, and HSP4 are able to bind to several human lung cancer cell lines, but not normal bronchial epithelial cells. These three
peptides showed different binding patterns in SCLC and NSCLC cell lines. NSCLC includes adenocarcinoma, SCC, and LCC. FITC-conjugated Ctrl P served as a negative control.
(B) Immunohistochemical staining of human NSCLC and SCLC clinical specimens using HPC1, HPC2, and HPC4 phage clones (2~5 x 108 pfu/ul). Normal bronchiole was not
detected by these targeting phages. The same titer of helper phage was used as negative control. The red arrow indicates plasma membrane localization of HPC1 and HPC4 in

adenocarcinoma. Scale bar, 25 ym.
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Binding activities of HPC1, HPC2, and HPC4
to clinical surgical specimens of human lung
cancer

Validation of targeting using clinical samples is
one of the most significant hurdles in drug
development. Here, we examined whether HPCI,
HPC2, or HPC4 react with several different types of
human lung cancer specimens, including
adenocarcinoma, papillary adenocarcinoma,
bronchioloalveolar carcinoma (BAC), SCC, LCC, and
SCLC. Table S1A lists the percentages of binding for
HPC1, HPC2, and HPC4 for several types of lung
cancer. In general, HPC4 displayed the best reactivity
(>80%) for almost all types of lung cancers, followed
by HPC1 (>50%). Moreover, HPC1, HPC2, and HPC4
also recognized metastatic adenocarcinoma or SCC
from lung (Table S1B), but exhibited no reactivity
with normal lung tissue or cancer-adjacent normal
lung tissue (Table S1C). High (Figure 1B) and low
magnification IHC images (Figure S5) showed clear
tumor staining, but poor binding to tumor-adjacent
stroma by HPC1 and HPC4. Of equal importance,
none of the targeting phages bound bronchiole,
alveoli, or pseudostratified columnar epithelium in
normal lung. Thus, these data demonstrate that
HPC1, HPC2, and HPC4 can recognize NSCLC and
SCLC surgical specimens, without cross-reacting to
normal pneumonic tissues.

Table S2 shows detailed information regarding
the pathological diagnosis, tumor stage and grade of
specimins that were used to evaluate HPC1, HPC2,
and HPC4 binding. While HPC4 exhibits clear
binding in almost all cases of lung cancer, without
stage or grade differences, HPC1 shows a higher
reactive intensity in higher grade (poorly
differentiated) papillary adenocarcinoma (Table S2B)
and SCC (Table S52D).

In vivo tumor homing and optical imaging of
HPCI, HPC2, and HPC4

To investigate the targeting ability of the selected
phage clones in vivo, we intravenously injected each
clone into mice bearing H460-derived tumor
xenografts. After perfusion, we measured phage titers
in tumor and normal organs [49, 69] (Figure 2A and
Figure S56). Tumor homing ability was estimated from
the phage titer ratio of tumor to normal organs, and
compared to that of control phage. In the first group
of phages sharing a consensus sequence (HPC2, 3, 4,
6), HPC2, HPC3, and HPC4 all exhibited prominent
tumor homing, whereas less tumor localization was
observed for HPC6 in vivo (Figure 2A). Furthermore,
among the three phage clones (HPC3, 4, 6) with
similar binding patterns toward several lung cancer
cell lines (Figure S2A), HPC4 showed better binding

intensity to A549 cells than HPC3 and HPC6.
Therefore, HPC2 and HPC4 were chosen to represent
the NPW and W-EMM motifs for further study.
Examination of phages with the MHL-W consensus
sequence (Figure S2B) revealed that HPC1, but not
HPC9, possesses considerable tumor homing ability
(Figure 2A).

Next, the HL750 fluorescence dye-labeled
phages were systemically administered to mice for
whole-body  imaging. SCID  mice  bearing
size-matched H460 xenografts were i.v. injected with
HPC1-HL750, HPC2-HL750, HPC4-HL750, or control
phage-HL750, and serially monitored by IVIS200.
Accumulation of the targeting phage in tumor tissue
was apparent after 6 hr, and was optimal at 24 hr
post-injection compared to the control phage group.
Whole body optical images of mice and dissected
tissues were captured at 24 hr post-injection, as shown
in Figure 2B. The tumor fluorescent intensities from
HPC1 were maximal and were about 4-fold higher
than those in the control phage group (Figure 2C),
while the tumor fluorescent intensities were about
3-fold higher for HPC2 and HPC4 compared to those
of the control phage group. These results indicate that
HPC1, HPC2, and HPC4 possess substantial
tumor-homing ability.

In vivo MR imaging of HSP1-, HSP2-, and
HSP4-conjugated SPIONSs for tumor tracing

SPIONSs are highly biocompatible and less toxic
T2 MRI contrast agents, and thus are ideal for clinical
translation [15]. Targeting peptides HSP1, HSP2,
HSP4, and Ctrl P were separately conjugated to
parental Dex-FesO4 nanoparticles in order to examine
tumor targeting capacity. We first tested the tumor
binding activity of peptide-conjugated SPIONs by
Prussian blue staining in wvitro. HSP1-, HSP2-, and
HSP4-Dex-Fe304 nanoparticles bound to fixed H460
cells (resulting in strong blue signals), whereas Ctrl
P-Dex-Fe3O4 nanoparticles did not (Figure S7).

In  wvivo MR imaging of targeting
peptide-Dex-Fe3O, nanoparticles (final
hydrodiameter of ~140 nm) was performed to
examine tumor specificity in H460 xenografts;
similar-sized Ctrl P-Dex-Fe3Os nanoparticles were
used as a non-targeting control (Figure 3). In general,
contrast agents with superparamagnetism shorten T2
relaxation times. In this time-course experiment,
T2-weighted fast spin-echo sequence was used to
examine each time point. Examination of the
T2-weighted imaging kinetics revealed that all of the
targeted-SPIONs  exhibited significant negative
contrast enhancements at tumor sites, as compared to
Ctrl P-SPIONs (Figure 3). The non-targeting Ctrl
P-SPIONs group also showed a minor signal drop at 3
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hr, probably due to passive targeting via the EPR
effect, but recovered to baseline as soon as 6 hr
post-injection (Figure 3) through blood-clearance.
HSP1-Dex-Fe30, exhibited the most obvious negative
contrast effect in tumor tissue, with the lowest signal
(42% reduction) observed at 6 hr post-injection
(Figure 3).

By pseudo-coloring the T2 maps of 6 hr
post-injection images (Figure 4A), we visualized the
subtle distribution patterns of SPIONs in tumor
tissue. The hypointense region colored in blue
accounts for about 4/5, 3/4, and 1/4 of the whole
tumor area in HSP1-, HSP2-, and HSP4-Dex-Fe;O4-

A

treated groups, respectively. Histological analyses of
H460 tumor tissue after MRI experiments revealed
that targeted-SPIONs had extravasated from the
blood vessels and were bound to the surrounding
cancer cells (as can be observed by the presence of
Prussian blue reaction products) (Figure 4B). In
particular, HSP1- and HSP2-SPIONs exhibited deeper
tumor penetration, while an indistinct signal was
observed in the control SPION-treated group. The
distribution area of Prussian blue reaction products
(Figure 4B-C) was highly correlated with the MRI
hypointense signals.
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Figure 2. Verification of the tumor homing ability of H460-targeting phage in vivo. (A) HPC2, HPC3, and HPC4 exhibited the greatest tumor homing ability among
the four phage clones of group 1, while HPC1 possessed the best ability in group 2 (n=3). Phage clones were grouped based on the presence of consensus sequences. (B) Optical
imaging of whole body and dissected organs from HPC1-HL750-injected mice, as compared to those from the control phage group at 24 hr post-injection. (C) Tissue distribution
of HiLyte Fluor 750-labeled phage was examined at 24 hr post-injection, and signal intensities of tumor and organs were measured using IVIS200 software. *, P<0.05; * * *, P<0.001

(n=3).
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Figure 3. T2-weighted MR imaging of HSP1-, HSP2-, and HSP4-Dex-Fe;O4 nanoparticles in H460 xenografts. (A) SCID mice bearing similarly-sized H460
xenografts (approximately 120 mm3 in volume) were subjected to 4.7 T MRI analyses after i.v. injection with HSPI-, HSP2-, HSP4-, or Ctrl P-Dex-Fe3O4 nanoparticles.
T2-weighted imaging was performed before injection, and at 3 hr, 6 hr, and 24 hr post-injection. Yellow arrows indicate subcutaneous tumors in the right thigh. (B) Quantitative
analysis based on the T2 relative signal-to-noise ratio of the ROI. HSP1-, HSP2-, and HSP4-Dex-Fe3O4 nanoparticles exhibited significant targeting effect in the tumor regions as
compared to Ctrl P-Dex-Fe;O4 nanoparticles. Data points, mean; error bars, SD; *, P<0.05; * * *, P<0.001 (n=3).

Three-dimensional-reconstructed MR images
can reveal the details of tumor structure, vascular
location, and the spatial distribution pattern of each
contrast nonoprobe. In the supplementary materials,
we show a 3D rotational MRI video of an
HSP1-SPION-contrasted tumor (Video S1). In
summary, all of our MRI data are consistent with the

optical imaging data for phage homing (Figure 2B-C).
HSP1 exhibits the highest tumor-binding efficiency
and longest tumor retention time of the tested
peptides, making it promising for development into
multimodal imaging probes for lung cancer
diagnostics.
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Figure 4. Visualization of the detailed tumor distribution of targeted SPIONs by T2 color mapping and histological analyses. (A) The T2-weighted MR images
were subjected to pseudo-color mapping to reveal detailed signal changes in tumor tissues. Remarkable signal reduction can be seen in blue, corresponding to roughly 4/5, 3/4,
and 1/4 of tumor area at 6 hr post-contrast with HSP1-, HSP2-, and HSP4-Dex-Fe3O4 nanoparticles, respectively. (B) Histological analyses of H460 tumor tissue specimens
acquired 24 hrs after injection of HSP1-, HSP2-, HSP4-,or Ctrl P-Dex-Fe;O4 nanoparticles. Sections were stained with Prussian blue to detect Fe deposition, and were
counterstained with Nuclear Fast Red. Targeting peptides enhanced extravasation of SPIONs out of blood vessels and deep penetration of SPIONs for cancer cell binding, while
most control-SPIONs were washed out and thus rarely detected in tumor. Yellow arrows indicate blood vessels of tumor tissue. (C) Quantification of Prussian blue reaction
products from the representative tumor sections. **, P<0.01; * * * P<0.001 compared with Ctrl P-Dex-Fe3O4 group.

HSP1, HSP2, and HSP4 improve liposomal
drug binding, intracellular delivery, and
cytotoxicity

Since receptor-mediated endocytosis greatly
enhances targeted drug delivery by improving drug
penetration, release, and efficacy, we proceeded to
examine whether HSP1, HSP2, or HSP4 are able to
promote liposomal drug internalization by human
lung cancer cells. Unlike chemotherapeutic drugs,
fluorescence dye SRB does not cause cell death, even
at high concentrations, making it ideal for measuring

the wuptake efficiency of living cells. Through
time-course experiments in which we washed out
surface-bound liposomes with acidic buffer, we found
that targeting peptides (HSP1, HSP2, or HSP4)
conjugated to LSRB enhanced liposome endocytosis
in H460 (Figure S8) and H1993 (Figure S9A) cells, as
compared to non-targeting LSRB. Interestingly, we
also observed that at low concentrations, HSP2
enhanced intracellular delivery to H460 cells as
compared to non-targeting LSRB. However, at higher
concentrations, this did not occur, which may reflect

http://lwww.thno.org



Theranostics 2017, Vol. 7, Issue 5

1624

receptor saturation (Figure S8). On the contrary, HSP4
clearly enhanced uptake at higher doses. This
phenomenon suggests that HSP1, HSP2, and HSP4
may target different receptors on the cell surface, with
different receptor densities.

We also examined targeting peptide-conjugated
LSRB in lung cancer cells using confocal microscopy
(Figure 5). We observed large amounts of LSRB in the
cytoplasm of H460 cells incubated with targeting
LSRB at 37°C. This was true for both HSP2-LSRB and
HSP4-1L.SRB, whereas minimal SRB fluorescence was
detectable in cells incubated with non-targeting LSRB.
If cells were incubated at 4°C, targeting
peptide-conjugated LSRB bound to the outer
membrane of H460 cells, with HSP1-LSRB showing
maximal surface binding (Figure 5).

Subsequently, we examined whether HSP1,
HSP2, and HSP4 enhance the therapeutic efficacy of
liposomal drugs through their observed targeting and
endocytosis  abilities. We  performedin  vitro
cytotoxicity —assays using HSP1-, HSP2-, or
HSP4-conjugated LD in H460 cells (Figure S10). All
three targeting peptides significantly enhanced the
cytotoxicity of cancer cells to LD. At their optimal
peptide ratios, HSP1, HSP2, and HSP4 decreased the
ICs0 in H460 cells by 12.5-, 13-, and 9.4-fold,
respectively.

In brief, HSP1, HSP2, and HSP4 not only bind to
lung cancer cells with high specificity, but also trigger
liposomal drug internalization and enhance
therapeutic efficacy in vitro.

37°C

HSP1-, HSP2-, and HSP4-mediated drug
delivery systems enhance biodistribution and
therapeutic efficacy in vivo

To determine whether HSP1, HSP2, and HSP4
can improve the chemotherapeutic efficacy of
anticancer drugsin vivo, we formulated targeting
drug delivery systems by coupling the peptides with
PEGylated LD. We examined the therapeutic effect of
HSP-1, HSP2-, and HSP4-LD in H460 human LCC
(Figure 6A-B) and H1993 human lung
adenocarcinoma xenograft models (Figure 6C). Mice
bearing H460 small tumors (average tumor size of ~75
mm?) were treated with 1 mg/kg of doxorubicin once
a week for 4 weeks. The tumor volume decreased
significantly in targeting-LD groups (Figure 6A).
HSP1, HSP2, and HSP4 significantly improved the
therapeutic efficacy of LD in mice bearing H460 large
tumors (average tumor size of ~500 mm?d). In
particular, HSP2- and HSP4-LD treatment decreased
tumor volume by half as compared to tumors treated
with LD (Figure 6B). The in vivo biodistribution and
pharmacodynamic results are consistent with the
finding that HSP2 and HSP4 enhance the drug
delivery efficacy of LD to H460 tumor tissues by up to
2-fold (Figure 6D). Mice bearing large tumors with
size matched H1993 were intravenously injected with
1 mg/kg of HSP1-LD, HSP2-LD, HSP4-LD, LD, FD, or
equivalent volumes of PBS twice a week for three
weeks (Figure 6C). HSP4-LD resulted in the greatest
therapeutic effect, as measured by tumor volume,
which was significantly decreased as early as 10.5
days after treatment (after 3 injections).

4°C

SRB

HSP4-LSRB HSP2-LSRB HSP1-LSRB

Lipo-SRB

DAPI SRB Merge

HSP4-LSRB HSP2-LSRB HSP1-LSRB

Lipo-SRB

Figure 5. Endocytosis of HSP1, HSP2, and HSP4-LSRB by H460 cells, as examined by confocal microscopy. H460 cells were separately incubated with 10 yM
each of HSP1, HSP2, or HSP4 peptide-conjugated LSRB at 37°C (A) or 4°C (B) for 30 min. After removal of non-bound liposomes by washing, confocal microscopy was used to
examine liposomal fluorescence. Non-targeting LSRB (10 uM) was used as a control. The nuclei were stained with DAPI. Scale bar, 50 ym.
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Figure 6. Targeting peptides HSP1, HSP2, and HSP4 improve the therapeutic efficacy of LD in vivo by increasing drug bioavailability. Mice bearing human
LCC H460-derived xenografts with an average tumor size of (A) ~75 mm?3 (n=8 in each group) or (B) ~500 mm3 (n=7 in each group) were intravenously injected with FD, LD,
targeting liposomes (HSP1-LD, HSP2-LD, or HSP4-LD), or an equal volume of PBS. The administration regimens for each experiment are shown under their respective abscissae.
Data points, mean tumor volumes. Error bars, SE. *, P<0.05 compared with non-targeting LD group; ***, P<0.001 compared with FD group. (C) Mice bearing human lung
adenocarcinoma H1993 xenografts with an average tumor size of ~300 mm3 were intravenously injected with FD, LD, HSP1-LD, HSP2-LD, HSP4-LD (I mg/kg, twice a week for
three weeks), or an equal volume of PBS. n=7 in each group. Data points, mean tumor volumes. Error bars, SE. *, P<0.05; **, P<0.01; ***, P<0.001. All significant P values arise from
comparison with the LD group. (D-E) Pharmacokinetic and pharmacodynamic analyses of LD, HSP1-LD, HSP2-LD, and HSP4-LD in H460 xenografts. At selected time points (1
hr and 24 hr) after a single dose injection (2 mg/kg), the biodistribution patterns of free form, liposomal, and targeting liposomal drug in serum (D, upper panel), tumor (D, middle
panel), and normal tissues (E) were estimated by measuring doxorubicin auto-fluorescence signals. n=3 mice in each group. Auto-fluorescence signals were also detected in the
nuclei of tumors (D, lower panel). *, P<0.05; **, P<0.01; ***, P<0.001; NS, no significance; Bars, mean; error bars, SD. HSP2 and HSP4 peptides selectively and significantly enhanced
drug delivery to tumors and tumor nuclei. (E) Liposomal drugs have similar biodistribution patterns in normal tissues.
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To explore the mechanisms underlying the
enhanced anticancer effects of HSP1-, HSP2-, or
HSP4-conjugated liposomal drugs in wvivo, we
performed pharmacodynamic and biodistribution
experiments to measure drug accumulation in tumor
tissues. Mice bearing H460 xenograft tumors were
intravenously injected with a single dose of 2 mg/kg
FD, LD, HSP1-LD, HSP2-LD, or HSP4-LD. Either 1 or
24 hr after systemic administration, doxorubicin
concentrations in serum (Figure 6D, upper panel),
tumors (Figure 6D, middle and lower panels), and
normal organs (Figure 6E) were estimated by
measuring doxorubicin fluorescence signals after
purification. The mean intra-tumor doxorubicin
concentrations in the HSP1-, HSP2-, and HSP4-LD
groups were about 1.5-, 2-, and 2-fold higher than that
in the LD group, respectively (Figure 6D, middle
panel). The in vitro peptide stabilities were measured
by MALDI-TOF mass spectrometry (Figure S11), and
the HSP peptides were predicted to be stable enough
to reach the tumor sites within 24 hr while in
circulation in vivo (Figure 6D). Because doxorubicin
functions by intercalation into DNA, the
accumulation of drugs in cancer nuclei was apparent
(Figure 6D, lower panel). Liposomal formulation
drugs (LD, HSP1-LD, HSP2-LD, and HSP4-LD)
displayed similar biodistribution profiles in plasma
and normal organs, whereas free doxorubicin had a
much shorter half-life in plasma (Figure 6D, upper
panel). Moreover, these targeting peptides did not
increase doxorubicin accumulation in normal organs,
such as brain, heart, lungs, liver, or kidney, in animal
models (Figure 6E). Liver toxicity was not observed in
any group by hematoxylin and eosin staining (Figure
S12). The above experiments demonstrate that
targeting peptides, especially HSP2 and HSP4,
showed prominent intratumoral delivery in vivo,
thereby increasing the therapeutic index of these
treatments.

Characterization and comparison of
HSP4-conjugated LD and sLV

The difficulty in loading and retention of
vinorelbine in liposomes is related to its
hydrophobicity; more lipophilic drugs have higher
membrane permeability and are released more
rapidly [55]. In the present work, vinorelbine was
loaded into the designated lipid composition of
vesicle at a suitable drug-to-lipid ratio (350 mg/mol)
using the ammonium 5-sulfosalicylate gradient
method. This optimal construction of sLV increased

the drug retention and resulted in high encapsulation
efficiency (>95%).

For the purpose of combinatory drug delivery,
HSP4 peptide was incorporated into both LD and sLV
for NSCLC-targeted therapy. The microstructure of
HSP4-conjugated LD and sLV were visualized with a
cryo-TEM, which revealed that coupling to targeting
peptides did not cause any significant morphological
changes (Figure 7A). For detailed characterization of
non-targeting LD and sLV, please refer to our related
publication [60]. The precipitate inside HSP4-LD
exhibited crystalline morphology due to the
ammonium sulfate loading technique, while the
precipitate of HSP4-sLV appeared amorphous (Figure
7A). A DLS analyzer was used to show that the
average particle size of targeting liposomes was 102.3
+ 5 nm for HSP4-LD and 100.6 £ 10 nm for HSP4-sLV
(Figure 7B). The zeta-potential of the targeting
liposomes was -32 mV for HSP4-LD and -34.6 mV for
HSP4-sLV, respectively (Figure 7B). Thus, while the
influence of targeting peptide insertion on size
distribution was negligible, targeted vesicles became
more negatively charged as DSPE-PEG increased, as
compared to nontargeting liposomes (zeta potential =
-20 ~-30 mV).

Targeting liposome-based combination
therapy further improved overall survival

Due to genomic instability and genetic
heterogeneity of cancerous cells, single-drug
monotherapy often strengthens redundant signaling
pathways, and accelerates the development of
chemoresistant mutations and recurrence. The
combined use of multiple chemotherapeutics with
different mechanisms of actions has become the
primary strategy to treat drug-resistant cancers. Based
on this principle, we co-delivered HSP4-LD (a DNA
damaging agent) and HSP4-sLV (a microtubule
inhibitor) at a 1:2 ratio, to H460 xenografts (Figure
7C-F). The administration regimen of these two drugs
was tested and optimized in vivo. The use of targeting
peptides significantly decreased tumor volume at 14
and 24.5 days after treatment, as compared to LD +
sLV control (Figure 7C). Importantly, targeting
peptides did not affect body weight (Figure 7D), and
mice treated with HSP4-targeted combinatorial
liposomes exhibited longer overall survival than mice
treated with non-targeting liposome or free drug
(Figure 7E-F). Combinatorial targeting of liposomes
prolonged median survival by up to 16 days as
compared to non-targeting liposomes (77 vs. 61 days;
P =0.0254).
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Figure 7. Combination therapy with HSP4-LD and HSP4-sLV in human lung LCC xenografts. (A) Cryo-TEM micrographs of HSP4-LD and HSP4-sLV. Scale bar, 100
nm. (B) Particle size distribution and zeta potential of HSP4-LD and HSP4-sLV. (C) Mice bearing H460-derived lung cancer xenografts with an average tumor size of ~200 mm3
were intravenously injected with FD/FV, LD/sLV, or HSP4-LD/HSP4-sLV at combination doses of | mg/kg vinorelbine and 2 mg/kg doxorubicin twice a week for four weeks, or
with an equivalent volume of PBS. n=8 in each group. Data points, mean tumor volumes. Error bars, SE. *, P<0.05; **, P<0.01. (D) Body weight during treatment. a, LD+sLV
compared to PBS group with P<0.05 (*). b, HSP4-LD+HSP4-sLV compared to PBS group with no significance (NS). (E) Kaplan-Meier survival curve, revealing markedly longer
lifespan in mice treated with HSP4-targeted liposomal drugs as compared to other groups. (F) Median survival (in days) was significantly prolonged by HSP4-targeted LD and sLV
as compared to non-targeting liposomes (¥, P=0.0254).
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We also investigated the 1:2 LD and sLV
combinatorial regimen in H460 LCC (Figure S13) and
A549 adenocarcinoma (Figure 8) orthotopic models,
which successfully recapitulate tumor-
microenvironment interactions. In the H460
orthotopic model, luciferase-expressing tumor mass
was significantly decreased by HSP4-targeting
liposome treatment, but not by non-targeting
liposome treatment, as compared to free drug
treatment (Figure S13A-B). The highly aggressive
nature of the H460 orthotopic model caused all mice
to experience severe body weight loss due to cancer
cachexia syndrome (Figure S13C). However, the
median survival time was prolonged by 6 days with
targeting liposome as compared to non-targeting
liposome (76 vs. 70 days; Figure S13D-E). In the A549
orthotopic model, treatment with HSP4-liposomes
significantly prolonged overall survival rate and
increased median survival times by up to 47 days, as
compared to non-targeting liposome treatment (131
vs. 84 days; P = 0.0248) (Figure 8D-E). Our findings
demonstrate that HSP4 improves the therapeutic
efficacy of nanodrugs (Figure 8A-B), without causing
overt adverse effects (Figure 8C).

Discussion

Although LCC comprises only 10-15% of all
lung cancers, it tends to grow and spread quickly,
making it harder to treat [70]. On the other hand, its
heterogeneity and lack of specific genomic features
make it difficult to identify druggable cell-surface
markers. Large-scale systematic analyses of lung

cancer genomes have reclassified LLC as an
undifferentiated type with genetic alterations
dispersed across all other subtypes, including

adenocarcinoma, SCC, or neuro-endocrine (similar to
SCLC) designations [3, 4]. In order to develop
diagnostics and tailored TDDS for both SCLC and
NSCLC, we have identified three novel peptides,
HSP1, HSP2, and HSP4, by phage display-mediated
selection of an undifferentiated subtype, LCC. These
peptides  could also  selectively bind to
adenocarcinoma, SCC, or SCLC, but not to normal
cells in witro, in vivo, or within clinical samples.
Further research is necessary to identify the target
molecules of HSP peptides. LCC lacks specific gene
expression patterns, mutations, and somatic copy
number alteration (SCNA) patterns [3]. Thus,
compared to alterations that may be discovered
through genomic and proteomic profiling, aberrant
posttranslational modifications (PTM) on proteins or
lipids, such as glycosylation, may be more likely to act
as cell-surface signatures for HSP binding. In the
future, appropriate cross-linkers adjusted to different
kinds of molecules should be used for peptides to

“bait” their target molecules. Once cross-linked, the
targets can be immunoprecipitated and identified.
Since the targets of HSP peptides have not yet been
identified, we used membrane components extracted
from H460 cells as the target mixture for HSP binding
to measure the association rates (k,), dissociation rates
(ks), and equilibrium dissociation constants (Kp)
(Figure S14). HSP1, HSP2, and HSP4 have Kp values
of ~5.72, ~12.5, and ~5.52 pM, respectively (Figure
514C). While HSP1 exhibits the fastest association rate
among the three peptides, HSP4 shows the slowest
dissociation rate. Therefore, these three peptides
exhibit distinct target interaction characteristics.
Peptide ligands tend to have lower binding affinity
than antibodies do, and most of them have typical Kp
values in the micromolar range [71-73]. Multivalent
interactions occur between the surface of
nanoparticles with numerous targeting ligands (in
this study, 500 peptides per liposome) and cells with
high receptor density (for example, overexpressed
tumor-associated  antigens). This  multivalent
targeting strategy can provide sufficient avidity and
enhanced effective association to overcome the low
affinity of each monovalent peptide [16, 74, 75]. The
localization of HSP1, HSP2, and HSP4 target
molecules in the cell membrane and cytosol of
membrane-permeabilized H460 cells were examined
by confocal microscopy of FITC-labeled peptides
(Figure S15).

The shorter serum half-lives and higher
biodegradability of peptides compared to those of
antibodies make them ideal targeting probes for many
imaging modalities, especially those that involve
radioisotopes (e.g., PET or SPECT) [76]. HSP1 exhibits
the most favorable surface binding to cancer cells in
vivo and displays sustained signal reduction in T2
contrast MR imaging as well as the highest tumor
fluorescent intensity in optical phage homing
imaging. Moreover, HSP1 significantly prolonged the
tumor retention time of SPIONs to 6-24 hr. The
extended steady-state acquisition window enables
wider applications of HSP1 to other multimodal or
theranostic platforms, including novel T1-T2
dual-modal MRI contrast agents [33, 34, 37], magnetic
hyperthermia therapy [15, 77], NIR-absorbing agents
for photothermal therapy [78], 39Zr-labeled iron oxide
nanoparticles for PET/MRI [79], or !In-labeled iron
oxide nanoparticles for SPECT/MRI [27, 80]. Lung
MRI is challenging due to the high air occupancy and
abundant air-tissue interfaces of the alveolar wall,
which generate weak intrinsic MR signals [81, 82].
Therefore, SPIONs contrasted with hyperpolarized
(HP) 3He or 129Xe MRI have been studied for
detecting pulmonary micrometastases [83]. Our
peptide targeted probe provides a powerful
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molecular imaging tool for lung cancer diagnosis and

detection. Furthermore, it does not require radiation,
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Figure 8. HSP4-LD and HSP4-sLV combination therapy in an orthotopic model of A549 adenocarcinoma. (A) Imaging drug response of mice with
luciferase-expressing A549 cell transplants to combination therapy with FD/FV, LD/sLV, or HSP4-LD/HSP4-sLV at doses of 1 mg/kg vinorelbine and 2 mg/kg doxorubicin,
delivered by i.v. injection. Controls were treated with an equal volume of PBS. A total of 5 x 105 cells were transplanted with Matrigel, and treatment started 5 days after cancer
cell transplantation (once every two days for 16 days). n=7 in each group. (B) Luminescence signals in tumor were quantified using IVIS200 software. **, P<0.01; ***, P<0.001. (C)
Body weight during the course of treatment. The overall survival rate (D) and median survival days (E) were significantly prolonged by HSP4-targeted LD and sLV, as compared

to non-targeting liposomes (¥, P=0.0248).
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HSP1-, HSP2-, and HSP4 specifically bind to
lung cancer cells, which in turn trigger
receptor-mediated endocytosis to discharge payloads
intracellularly, resulting in about a 10-fold reduction
of ICsy in vitro at their optimal peptide ratios. HSP2
and HSP4 enhanced LD delivery by up to 2-fold when
compared to non-targeting LD in the H460 model,
and significantly improved drug bioavailability in
vivo, thereby increasing the therapeutic index. In this
study, multiple-subtype targeting peptides have been
evaluated for  preclinical enhancement  of
chemotherapeutic efficacy in animal models of LCC
and adenocarcinoma (the most predominant lung
cancer  subtype, ~40%). HSP4-targeting  of
combinatorial liposomes (LD and sLV) enhanced
overall survival, suggesting that this therapeutic
strategy may help overcome clinical chemoresistance
and delay cancer relapse. The above results also
support the use of these targeting peptides for
designing tailored therapeutic regimens against SCC
and SCLC. SCLC is the most aggressive form of
neuroendocrine tumor, accounting for about 15% of
all diagnosed cases of lung cancer, and up to 25% of
lung cancer deaths annually [11, 84]. It is worth noting
that patients diagnosed as having LCC with
neuroendocrine features (genetic similarity) have the
second poorest survival rate among all lung cancer
subtype patients, which is similar to overall survival
in SCLC [3]. At present, the treatment of SCLC
remains a challenge. Chemotherapeutics, such as
cisplatin and etoposide, with or without radiation
therapy, remain the sole first-line treatment for SCLC
[12, 85]. However, the effect is usually transient, with
a high rate of early recurrence. Topotecan is the only
FDA-approved agent for second-line treatment of
SCLC, and yet it may not provide any survival benefit
[86]. Our findings introduce a multivalent targeted
approach that is guided by targeting peptides and has
many options for drug payload to their indicated lung
cancer subtype. HSP1 and HSP4 showed prominent
SCLC binding activities in cell lines and clinical
specimens and may be suitable for future
development into tailored TDDS, which combines
liposomal cisplatin and liposomal topotecan for SCLC
treatment. Besides lung cancer, HPC1 and HPC4 also
exhibit certain degree of binding affinities to SAS
(tongue SCC), SKOV-3 (ovarian adenocarcinoma),
and MIA PaCa-2 (pancreas ductal adenocarcinoma)
cell lines (Figure S16A), showing broader cancer
indications.

An overall scheme of this research is depicted in
the Graphical Abstract. In summary, our research
indicates that HSP1, HSP2, and HSP4 have significant
potential to be incorporated into effective theranostic
strategies, such as tailored targeting therapy,

companion diagnostics, and non-invasive imaging,
and hence, are meaningful for translational and
precision medicine.
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microscope;
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DDS: drug delivery systems;
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i.v.: intravenous;
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