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a b s t r a c t

Folate receptor (FR) overexpression occurs in a variety of cancers, including pancreatic cancer. In addi-
tion, enhanced macropinocytosis exists in K-Ras mutant pancreatic cancer. Furthermore, the occurrence
of intensive desmoplasia causes a hypoxic microenvironment in pancreatic cancer. In this study, a novel
FR-directed, macropinocytosis-enhanced, and highly cytotoxic bioconjugate folate (F)-human serum
albumin (HSA)-apoprotein of lidamycin (LDP)-active enediyne (AE) derived from lidamycin was designed
and prepared. F-HSA-LDP-AE consisted of four moieties: F, HSA, LDP, and AE. F-HSA-LDP presented high
binding efficiency with the FR and pancreatic cancer cells. Its uptake in wild-type cells was more
extensive than in K-Ras mutant-type cells. By in vivo optical imaging, F-HSA-LDP displayed prominent
tumor-specific biodistribution in pancreatic cancer xenograft-bearing mice, showing clear and lasting
tumor localization for 360 h. In the MTT assay, F-HSA-LDP-AE demonstrated potent cytotoxicity in three
types of pancreatic cancer cell lines. It also induced apoptosis and caused G2/M cell cycle arrest. F-HSA-
LDP-AE markedly suppressed the tumor growth of AsPc-1 pancreatic cancer xenografts in athymic mice.
At well-tolerated doses of 0.5 and 1 mg/kg, (i.v., twice), the inhibition rates were 91.2% and 94.8%,
respectively (P<0.01). The results of this study indicate that the F-HSA-LDP multi-functional bioconjugate
might be effective for treating K-Ras mutant pancreatic cancer.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is fatal, and its
mortality is closely related to morbidity. Most patients with
pancreatic cancer are asymptomatic until the disease progresses to
an advanced stage [1,2]. Pancreatic cancer has four driver genes: K-
Ras, tumor protein p53, SMAD family member 4, and cyclin-
dependent kinase inhibitor 2A (CDKN2A). K-Ras and CDKN2A
mutations are usually associated with early pancreatic cancer.
Over ninety percent of PDAC contains mutations in K-Ras onco-
gene, particularly in K-RasG12D [3]. During the past three decades,
all protein drugs that directly target K-Ras have failed because K-
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Ras lacks structural targets to bind small molecules or drugs.
Therefore, K-Ras is widely considered to be “undruggable” [4]. Due
to the complexity of the K-Ras signaling pathway and the resis-
tance of K-Ras-mutant tumors to clinical drugs, there are currently
no effective drugs or methods for treating K-Ras-mutant tumors.
Consequently, several studies have focused on indirect strategies
[5,6]. In addition, previous studies have suggested that oncogenic
K-Ras alters extracellular fluid uptake and utilization and that the
K-Ras oncogene can promote upregulation of micropinocytosis
[7,8]. Macropinocytosis is a kind of endocytosis in which cells take
extracellular fluid and solutes from the extracellular environment
into endocytic vesicles called macrosomes. This mechanism is
different from autophagy [9]. There is evidence that PDAC cells
expressing oncogenic K-Ras use macropinocytosis to transport
extracellular fluid into cells to maintain tumor growth [10,11]. As
previously reported, tumor cells with mutant K-Ras display
elevated levels of macropinocytosis, employing human serum al-
bumin (HSA) as the main source of nutrients [12]. Therefore, it is
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feasible to use HSA as a macrophage-mediated drug delivery
vehicle in K-Ras targeted therapy.

Folate receptors (FRs) are a class of membrane receptors. FRa,
FRb, FRg, and FRd (FR family members) have been found to bind
with folate closely [13]. The a-isoform of FR is selectively overex-
pressed in some tumors although it exhibits minimal expression in
normal tissues [14]. There are three main routes for folate uptake.
First, intestinal folate absorption occurs through the proton-
coupled folate transporter at an acidic pH. Second, the uptake of
folate by reduced folate carrier a, widely expressed in a wide range
of tissues, is achieved at physiological pH. Due to the hydrophilic
anionic nature of folates, the last route involves endocytosis
through FRs [15,16]. In addition, most FRs are only expressed on the
top surface of normal cells to prevent the exposure of FRs to the
folate supplied by the blood. In tumorigenesis, the vasculature
becomes chaotic and disorganized, leading to a weak link between
endothelial cells. In addition, the changes in the entire structure
result in FRs that do not have a polarized cell location and are then
randomly distributed on the entire cell surface, making FR more
accessible to FR-directed drug conjugates in circulation [17,18]. In
several clinical trials of FR-positive cancers, many FR-targeted
antibody-drug conjugates and small molecule drugs have been
used, indicating that FR-targeted therapy can bring promising
clinical benefits.

Interstitial desmoplasia, the hallmark of pancreatic cancer,
provides a unique microenvironment that affects pancreatic tumor
behavior, causing dense fibrosis around cancer cells. Therefore,
hypoxia helps tumor growth and metastasis, a common microen-
vironmental feature in tumor masses, particularly in PDAC [19].
Cancer cells in a hypoxic state are generally more resistant to
cytotoxic agents. Therefore, it is important to find an agent highly
potent against cancer cells in the hypoxic microenvironment. It is
reported that lidamycin (LDM), also known as C-1027, is more
cytotoxic in a hypoxic than a normoxic environment. It may be
associated with many solid tumor (including PDAC) cells in a
hypoxic microenvironment [20]. Thus, LDM appears to be an
attractive agent to serve as the “warhead”moiety of targeting drugs
against tumors with a hypoxic microenvironment. LDM, a member
of the enediyne antibiotic family derived from Streptomyces, has
strong cytotoxicity to various cancer cells. It is composed of active
enediyne (AE) derived from LDM chromophore and LDM apopro-
tein (LDP) and can dissociate and recombine under certain condi-
tions in vitro. The AE chromophore of LDM is responsible for its
strong cytotoxicity, and the hydrophobic pocket formed by LDP can
protect AE [21e23]. According to the structural characteristics of
LDM, our group has previously constructed various LDM-derived
fusion proteins through genetic engineering. The protein is
composed of different antibody fragments, which are directed
against specific antigens in tumors. Albumin-based LDM has shown
high therapeutic efficacy for lung cancer xenografts in nude mice
[24,25]. LDM can be used as a highly effective “warhead” molecule
for constructing various targeted anti-cancer therapies.

Based on the macropinocytosis-enhanced and FR-
overexpressed behavior of K-Ras mutant pancreatic cancer cells,
we designed and generated a novel multi-functional recombinant
protein conjugate in three major steps: DNA recombination,
chemical conjugation, and molecular reconstitution. The FR-
directed and macropinocytosis-enhanced recombinant protein
conjugate folate (F)-HSA-LDP-AE consists of four moieties: F, HSA,
LDP, and AE, where F and HSA are connected by polyethylene glycol
(PEG). This recombinant protein conjugate exerts effective cyto-
toxicity in cultured cancer cells, shows specific tumor localization
and long-lasting accumulation, and is effective for K-Ras mutant
PDAC xenotransplantation in athymic mouse.
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2. Methods

2.1. Cell culture

The PDAC cell lines BxPc-3, AsPc-1, and MIA PaCa-2 were ob-
tained from the American Type Culture Collection. All cells were
cultured at 37 �C under 5% CO2. AsPC-1 and BxPC-3 cells were
cultured in RPMI 1640 medium (Hyclone, Logan, UT, USA) supple-
mented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA)
and 1% penicillin-streptomycin solution. MIA PaCa-2 cells were
cultured in DMEM medium (Hyclone, Logan, UT, USA) supple-
mented with 10% fetal bovine serum and 1% penicillin-
streptomycin solution.
2.2. Preparation and purification of F-HSA-LDP and F-HSA-LDP-AE

2.2.1. Expression and purification of the recombination protein
HSA-LDP

Pichia pastoris strains GS115 expressing the recombinant HSA-
LDP protein were preserved in our laboratory [25]. The culture
conditions were previously published by our research group. HSA-
LDP was purified with nickel ion affinity chromatography using His
Trap FF columns (GE Healthcare, Chicago, IL, USA).
2.2.2. Folate conjugation
Aldehyde functional F-PEG (molecular weight (MW) ¼ 10 kDa)

was purchased from Ponsai Biotechnology (Shanghai, China). A
5 mg/mL HSA-LDP in 20 mM sodium phosphate buffer containing
25 mM sodium cyanoborohydride (pH 6.0) was used and stirred at
4 �C for 12 h to perform the coupling reaction. F-PEGwas added at a
PEG/protein molar ratio of 5:1. At 25 �C, F-HSA-LDP was separated
from unbound F-PEG and HSA-LDP by anion exchange chroma-
tography on a diethylaminoethyl Sepharose FF column. The reac-
tion mixture was loaded on the DEAE column and washed with
20 mM Tris buffer (pH 8.0) until no protein was eluted. Thereafter,
five column volumes were used to elute the column with a linear
gradient of 0.1e0.5 M NaCl in 20 mM Tris buffer. Elution was
detected at 280 nm. The fractions containing F-HSA-LDP were
collected by €AKTA™ chromatography system (GE Healthcare, Bos-
ton, MA, USA) and desalted by PD-10 desalting column. The product
was analyzed by size exclusion chromatography (Agilent 1200;
Agilent Technologies, Savage, MD, USA) on a TSK G3000SWXL gel
filtration column (Tosoh, Tokyo, Japan). Thereafter, 20 mL of the
sample was loaded onto the columnwith an isocratic mobile phase
of 10 mM phosphate buffered saline (PBS, pH 7.2), 1 mL/min flow
rate, and a UV absorbance of 280 nm.
2.2.3. Molecular reconstitution
In the 25% acetonitrile mobile phase containing 0.025% tri-

fluorolactic acid, the AE of LDM was separated on a C4 column. F-
HSA-LDP was added to produce a 1:5 M ratio of conjugate/AE. The
reaction was performed in the dark at 4 �C with stirring for 12 h.
Therafter, a membrane with 30 kDa cut off value (Millipore, Bur-
lington, MA, USA)was used to remove free AE by ultrafiltration. The
absorbance of the solution was detected at 340 nm.
2.3. In vitro binding affinity assay

2.3.1. Enzyme-linked immunoassay
The binding affinity of LDP, HSA-LDP, and F-HSA-LDP to FR

proteins and pancreatic cancer cells was determined using ELISA
according to the manufacturer's protocol (Cusabio, Wuhan, China).
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2.3.2. Flow cytometry analysis
The binding affinity of different concentrations of fluorescein

isothiocyanate (FITC)-labeled HSA-LDP and F-HSA-LDP to PDAC
cells was also analyzed by flow cytometry. A total of 5 � 104 cells
were incubated with various concentrations of FITC-labeled HSA-
LDP and F-HSA-LDP at 4 �C for 2 h. After washing three times with
PBS, the cells were analyzed by BD FACSCalibur (BD Biosciences,
San Jose, CA, USA).

2.4. In vitro internalization assay

Furthermore, 5 � 104 cells/well were seeded on 8-well glass
chamber slides (Millicell, Billerica, MA, USA). After culturing for
24 h, the cells were washed three times with PBS and combined
with 5 mM FITC-labeled recombinant protein and
tetramethylrhodamine (TMR)-dextran (MW ¼ 70,000; Invitrogen,
Carlsbad, CA, USA) or 50 mM ethyl-isopropyl amiloride (EIPA)
(Sigma, St. Louis, MO, USA), and was placed at 37 �C for 2 h.
Thereafter, the cells were washed three times with PBS and fixed
in 4% formaldehyde at 25 �C for 1 h. After staining the nuclei with
4',6-diamidino-2-phenylindole (DAPI), the cellular uptake of F-
HSA-LDP was confirmed with a fluorescence microscope.

2.5. In vivo optical imaging system

Female athymic BALB/c (nu/nu) mice (18e22 g) were purchased
from SPF Biotechnology (Beijing, China). AsPc-1 tumor-bearing
mice were injected intravenously with 20 mg/kg of LDP, HSA-LDP,
and F-HSA-LDP, respectively, and labeled with DyLight 680 micro-
scale antibody labeling kit (Thermo Fisher Scientific, Waltham, MA,
USA). Thereafter, a small animal in vivo imaging system (Xenogen,
Alameda, CA, USA) was used to image the mice with excitation and
emission wavelengths of 675 nm and 720 nm, respectively.

2.6. Cell viability assay

The cells were seeded in a 96-well plate (5 � 103 cells/well) and
incubated with concentrations of recombinant protein. Thereafter,
the mediumwas poured out, 5 mg/mL of methyl tetrazolium (MTT)
was added into 20 mL of PBS and incubated for another 4 h.
Thereafter, the medium was removed, and 150 mL of dimethyl
sulfoxide was added per well. The absorbance was quantified at
570 nm (Multiskan MK3; Thermo LabSystems, Waltham, MA, USA).

2.7. Cell cycle arrest and apoptosis assays

The Annexin V-FITC/propidium iodide (PI) cell apoptosis kit
(Solarbio, Beijing, China) was used to assess cell apoptosis. The cells
were innoculated into a 6-well tissue culture plate (2 � 105 cells/
well). After processing various concentrations of the recombinant
protein to be tested and conjugated for 24 h, the cells were collected,
washed with PBS three times, and then resuspended in 500 mL of
binding buffer. Thereafter, 5 mL of Annexin V-FITC and 5 mL of PI were
added into the buffer and incubated in the dark at 25 �C for 15 min.
For cell cycle arrest assay, cells were collected and washed in PBS,
then fixed in 70% ethanol, incubated with RNase (50 mg/mL) and
50 mg/mL PI solution, and protected from light at 25 �C for 30 min.
BD FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA)
was used to measure cell cycle and apoptosis analysis.

2.8. In vivo efficacy studies

Female athymic BALB/c (nu/nu) mice (18e22 g) were purchased
from SPF Biotechnology (Beijing, China). AsPc-1 cells (6 � 106)
suspended in 200 mL of sterile saline were inoculated s.c. in the
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right armpit of all nude mice. When the tumor size was over
100 mm3, mice were divided into groups (n¼8) and treated with
different doses of F-HSA-LDP-AE, F-HSA-LDP, HSA-LDP-AE, LDM,
and nab-paclitaxel. All of the tested agents were injected i.v. into
the tail vein with 200 mL of sterile saline. One week after the first
treatment, all nude mice were injected with secondary doses. Tu-
mor sizes were measured every 2 days, and tumor volume was
determined by the formula: length � width2/2. On day 28, tumors
were removed from the mice and weighed, and the inhibition rate
was calculated according to the following formula: [1�(Vtf�Vti)/
(Vcf�Vci)] � 100%, where Vtf and Vti represent the final and initial
tumor volumes of the treatment group, and Vcf and Vci represent
the final and initial tumor volumes of the control group, respec-
tively. At the end of the experiment, the mice were euthanized.
Various organs and tumors were harvested and fixed in 10%
formalin for histopathological examination (HE staining). Ethics
Committee approval was obtained from the Institutional Ethics
Committee of Peking Union Medical College (IMB-20180820D7 and
IMB-20180701D7) to the commencement of the study.

2.9. Statistical analysis

All data were statistically analyzed using GraphPad Prism 5. A t-
test (two-tailed) was performed, and P<0.05 was considered sta-
tistically significant. The data are expressed as mean ± standard
deviation.

3. Results

3.1. Preparation and characterization of the recombinant protein
conjugate

We designed and generated the recombinant protein con-
jugate in three major steps: DNA recombination, chemical
conjugation, and molecular reconstitution. Fig. 1A shows the
preparation procedure and structures of HSA-LDP, F-HSA-LDP,
and F-HSA-LDP-AE. First, our group previously developed the
fusion protein HSA-LDP by genetic engineering [25]. Secondly,
through reductive alkylation between the aldehyde group of
10 kDa F-PEG and the free N-terminal a-amino group of HSA-
LDP, the FR-directed protein conjugate F-HSA-LDP was ob-
tained. Then F-PEG propionaldehyde was selectively bound to
the a-amino group of the N-terminal amino acid residue of
HSA-LDP. The preparation process was as follows. The coupled
reaction was performed with stirring at 4 �C for 12 h using
5 mg/mL HSA-LDP in 20 mM sodium phosphate buffer con-
taining 25 mM sodium cyanoborohydride (pH 6.0). The F-PEG
was added at a 5:1 M ratio of PEG/protein. Thereafter, F-HSA-
LDP was separated from the unconjugated F-PEG and HSA-LDP
by anion exchange chromatography on a DEAE Sepharose FF
column at 25 �C. Third, the cytotoxic enediyne molecule AE
derived from LDM was assembled with F-HSA-LDP to obtain F-
HSA-LDP-AE. As shown in Fig. 1B, SDS-PAGE analysis confirmed
the presence of HSA-LDP protein purified from the HSA-LDP
fermentation broth supernatant. Fig. 1C shows the SEC-HPLC
analysis of F-HSA-LDP at 280 nm, and Fig. 1D shows the
reversed-phase HPLC analysis of enediyne-integrated F-HSA-
LDP-AE at 340 nm using a C4 column. The peaks before the
first 5 min were the system peaks in the reverse-phase HPLC,
which were the superimposed peaks of trifluoroacetic acid
(TFA) and acetonitrile and the inverted peaks due to the cavi-
tation effect of the additive TFA. The peak at 9.9 min was the
characteristic absorption peak of F-HSA-LDP-AE. Fig. 1 shows
the preparation and characterization of the recombinant pro-
tein conjugate F-HSA-LDP and F-HSA-LDP-AE.



Fig. 1. Characterization of HSA-LDP, F-HSA-LDP, and F-HSA-LDP-AE. (A) Schema of the constitution and preparation process of F-HSA-LDP-AE. (B) SDS-PAGE analysis of HSA-LDP (M:
marker; 1: supernatant of HSA-LDP fermentation broth; 2: purified HSA-LDP recombinant protein). (C) SEC-HPLC analysis of F-HSA-LDP at 280 nm. (D) Reverse-phase HPLC analysis
of enediyne-integrated F-HSA-LDP-AE using a C4 column at 340 nm. The peak at 9.9 min is the characteristic absorption peak of F-HSA-LDP-AE. LDM: lidamycin; LDP: the apoprotein
of LDM; AE: the active enediyne derived from LDM; HSA: human serum albumin; F-HSA-LDP: recombinant protein conjugate of folate (F) and HSA-LDP; F-HSA-LDP-AE: F-HSA-LDP
reconstituted with AE.
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3.2. Binding activity of the recombinant protein conjugate in vitro

ELISA and flow cytometry were conducted to analyze the
binding activities of LDP, HSA-LDP, and F-HSA-LDP to FR and
pancreatic tumor cell lines. The recombinant protein conjugate F-
HSA-LDP presented high binding efficiency, and HSA-LDP pre-
sented weak binding activity with FR, whereas minimal binding
efficiency of the LDP was observed, as shown in Fig. 2A. Further-
more, F-HSA-LDP displayed high binding capacity with the three
tested pancreatic cancer cell lines, whereas only weak binding ca-
pacity with the cells was detected in HSA-LDP. Thereafter, we
labeled different concentrations of LDP, HSA-LDP, and F-HSA-LDP
with FITC, co-incubated them with pancreatic cancer cells, and
detected the fluorescence intensity by flow cytometry. As shown in
Fig. 2B, the affinity of FITC-labeled LDP, HSA-LDP and F-HSA-LDP to
pancreatic cancer cell lines tested by flow cytometry was similar to
ELISA. These results illustrate that F-HSA-LDP had better affinity to
pancreatic cancer cells compared to LDP and HSA-LDP.
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3.3. Enhanced macropinocytosis of the recombinant protein
conjugate in PDAC cells

K-Ras mutations have been reported to be present in more than
90% of pancreatic cancers, whereas K-Ras-mutated tumor cells are
accompanied by significantmacropinocytosis and can take upmore
proteins and nutrients [7]. Therefore, we selected BxPc-3 cells with
wild-type K-Ras and AsPc-1 cells with mutant K-Ras as the subjects
to observe their uptake of F-HSA-LDP. Green fluorescence repre-
sents FITC-labeled F-HSA-LDP protein, blue fluorescence represents
DAPI-stained nucleus, and red fluorescence represents TMR-
dextran. After incubation with FITC-labeled recombinant protein
conjugate F-HSA-LDP (5 mM) at 37 �C for 30 min, different levels of
cellular uptake were observed in BxPc-3 and AsPc-1 pancreatic
cells. As shown in Fig. 3A, F-HSA-LDP showed effective uptake
related to its binding activity. K-Ras mutant AsPc-1 cells positively
affected recombinant protein conjugate F-HSA-LDP (P<0.01,
Fig. 3B), compared with K-Ras wild-type BxPc-3 cells. The uptake of



Fig. 2. Binding activity of the recombinant protein and conjugate in vitro. (A) ELISA of the binding activities of LDP, HSA-LDP, and F-HSA-LDP to FR protein and pancreatic cancer
cells, *P<0.05, **P<0.01, ***P<0.001. (B) Binding affinity of FITC-labeled LDP, HSA-LDP, and F-HSA-LDP to pancreatic cancer cells, as detected by flow cytometry analysis. FR: folate
receptor; FITC: fluorescein isothiocyanate.
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Fig. 3. Binding and uptake of the recombinant protein conjugate in vitro and the imaging in vivo. (A) Uptake of F-HSA-LDP in BxPc-3 and AsPc-1 cells determined by fluorescence mi-
croscopy. The merged image was detected with FITC-labeled recombinant protein conjugate (green), DAPI staining (blue) and TMR-dextran (red) (immunofluorescence �200). (B) The
percentage of cellular uptake F-HSA-LDP inBxPc-3 andAsPc-1 cells, **P<0.01. (C) Fluorescent images of theAsPc-1 tumor xenograft in athymicmicewere obtained at different time intervals
after tail vein injection of DyLight 680-labeled recombinant protein and conjugate at 20 mg/kg. (D) Fluorescent intensity of DyLight 680-labeled LDP, HSA-LDP, and F-HSA-LDP in vivo. (E)
After in vivo observation, the fresh tumor and various organs were removed for imaging (1�11: Day 1�Day 11). Day 1 and Day 2, tumors taken from the HSA-LDP and F-HSA-LDP injected
mice, respectively. Day 3 to Day 11 in various organs from F-HSA-LDP-injected mice; the images represent the heart, liver, spleen, pancreas, kidney, small and large intestine, femur bone
marrow, and lung, respectively. All images were acquired from the in vivo imaging system-200. DAPI: 4',6-diamidino-2-phenylindole; TMR: tetramethylrhodamine ; EIPA: ethyl-isopropyl
amiloride.
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Table 1
IC50 values for LDM, HSA-LDP-AE and F-HSA-LDP-AE against various pancreatic
cancer cell lines.

Cell lines IC50 (nM)

LDM HSA-LDP-AE F-HSA-LDP-AE

BxPc-3 (1.21 ± 0.13) � 10�1 (1.51 ± 0.21) � 10�1 (8.12 ± 1.78) � 10�2

AsPc-1 (8.56 ± 4.56) � 10�3 (8.49 ± 1.20) � 10�2 (5.55 ± 2.72) � 10�3
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LDP was greater. Cell internalization was mediated through giant
pinocytosis. This was further confirmed by incubation with the
specific inhibitors of mega cytosis, EIPA, and TMR-dextran (a
marker of mega cytosis). In vitro cell experiments revealed that F-
HSA-LDP could better bind to the surface of pancreatic cancer cells
than HSA-LDP and LDP and internalize into tumor cells through K-
Ras-mediated macropinocytosis enhancement.
MIA
PaCa-2

(9.31 ± 3.65) � 10�2 (9.26 ± 0.11) � 10�2 (3.54 ± 0.47) � 10�2

IC50 values were calculated using the SPSS software. Data are presented as
mean ± standard deviation from three independent experiments. LDM: lidamycin;
LDP: apoprotein of LDM; AE: active enediyne derived from LDM; HSA: human serum
albumin; F-HSA-LDP: recombinant protein conjugate of folate and HSA-LDP; F-HSA-
LDP-AE: F-HSA-LDP reconstituted with AE.
3.4. In vivo fluorescence imaging of F-HSA-LDP, HSA-LDP, and LDP

To further compare the targeting of the three proteins in vivo,
we also used an optical molecular imaging system to observe the
fluorescence signals of DyLight 680-labeled F-HSA-LDP, HSA-LDP,
and LDP in pancreatic cancer AsPc-1 xenograft nude mice to
determine the tissue distribution and tumor target accumulation
ability. The DyLight 680-labeled LDP control protein was
administered at a dose of 20 mg/kg. Thereafter, the fluorescence
decreased rapidly within 48 h (Figs. 3C and D). Simultaneously,
the fluorescent signals of HSA-LDP and F-HSA-LDP were initially
visible at the tumor site within 48 h, and the tumor localization
image of F-HSA-LDP was clearly maintained for 360 h. DyLight
680-labeled HSA-LDP was clearly distributed in the liver and
other organs, whereas most of DyLight 680-labeled F-HSA-LDP
precisely targeted the tumor site, thereby reducing the toxicity to
non-tumor tissues and organs. Fluorescent signals can still be
detected in tumors of mice injected with F-HSA-LDP, except in
tumors of HSA-LDP group and other tested organs, including
heart, liver, spleen, pancreas, kidney, large intestine, small in-
testine, bone marrow and lung (Fig. 3E). As previously
Fig. 4. Bioactivity analysis of the recombinant protein conjugate. (A) The cytotoxicity of LD
mined by the methyl tetrazolium assay. (B) Induction of apoptosis in three pancreatic canc
centrations of F-HSA-LDP-AE for 24 h. (C) Cell cycle arrest analysis in three pancreatic
concentrations of F-HSA-LDP-AE for 24 h.
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mentioned, F-HSA-LDP shows highly specific biodistribution and
long-term tumor localization and accumulation in the AsPc-1
pancreatic cancer model.

3.5. In vitro cytotoxicity of the recombinant protein conjugate

The FR-directed recombinant protein conjugate F-HSA-LDP was
further integrated with extremely cytotoxic AE to produce F-HSA-
LDP-AE, and the cytotoxicity was measured using the MTT assay. A
comparative test was also conducted on LDM. AsPc-1 and MIA
PaCa-2 cells are K-Ras mutants, and BxPc-3 cells are K-Ras wild
type. As shown in Fig. 4, F-HSA-LDP-AE exerted strong cytotoxicity
in three tested PDAC AsPc-1, BxPc-3, andMIA PaCa-2 cells, with IC50
values of 0.006e0.08 nM (Table 1). Among these three cell lines,
M, HSA-LDP-AE, and F-HSA-LDP-AE to AsPc-1, BxPc-3 and MIA PaCa-2 cells, as deter-
er cell lines was observed by flow cytometry. All cells were treated with various con-
cancer cell lines was detected by flow cytometry. Cells were treated with various
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AsPc-1 cells were more sensitive to F-HSA-LDP-AE with an IC50
value of 0.006 nM. In addition, the cytotoxicity of F-HSA-LDP-AE
was slightly higher than that of HSA-LDP-AE and LDM (Fig. 4A).
Pancreatic cancer cells BxPc-3, AsPc-1, MIA PaCa-2 were treated
with different concentrations of F-HSA-LDP-AE drugs for 24 h and
detected by flow cytometry. Apoptosis analysis showed that when
treated with F-HSA-LDP-AE, the ratio of AsPc-1, BxPc-3, and MIA
PaCa-2 cell apoptosis increased in a concentration-dependent
manner (Fig. 4B). F-HSA-LDP-AE led to G2/M cell cycle arrest at
0.1 nM (Fig. 4C).

3.6. In vivo therapeutic efficacy

In vivo efficacy was tested in a nude mouse model of AsPc-1
xenograft. Mice carrying AsPc-1 xenografts were divided into
eight groups and treated intravenously with LDM, F-HSA-LDP, F-
HSA-LDP-AE, HSA-LDP-AE, or nab-paclitaxel, respectively, for twice
with one week apart. According to previous studies [25], the doses
of HSA-LDP-AE and nab-paclitaxel were 0.8 and 200 mg/kg,
respectively, and the doses of F-HSA-LDP-AE were 0.25, 0.5 and
1 mg/kg according to the pre-experimental results (Fig. S1). Control
mice received no treatment. The mice tolerated all the procedures
of the treatment groups well and did not significantly lose weight
(Fig. 5A). As shown in Figs. 5B and C, F-HSA-LDP-AE significantly
inhibited the growth of pancreatic cancer xenografts. At doses of
0.5 and 1 mg/kg, F-HSA-LDP-AE inhibited tumor growth by 91.2%
and 94.8%, respectively. The efficacy of F-HSA-LDP-AE was much
stronger than that of HSA-LDP-AE, LDM, and nab-paclitaxel. In
addition, the inhibition rate of F-HSA-LDP-AE at 1 mg/kg was sta-
tistically significantly different from that of LDM at the tolerated
dose of 0.1 mg/kg (inhibition rate of 64.5%) and nab-paclitaxel at
the dose of 200mg/kg (inhibition rate of 55%). F-HSA-LDP showed a
Fig. 5. In vivo therapeutic efficacy. (A) Body weight changes curves of the AsPc-1 xenogra
treated with FR-directed recombinant protein conjugate F-HSA-LDP-AE and other agents (n¼
(0.1 mg/kg); &&P<0.01 compared with the nab-paclitaxel group (200 mg/kg). Arrows denot
(n¼8) after sacrifice at day 28. (D) Immunohistochemical staining for Ki67 in the control g
tochemical staining �200). (E) The percentage of Ki67 positive cells, ***P<0.001.
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moderate inhibitory effect on tumor growth at 20mg/kg (inhibition
rate of 44%). As shown in Fig. 5D, immunohistochemical staining
was compared to calculate the mitotic index (Ki-67 expression) of
the treatment group and the control group of tumor-bearing mice
to evaluate the F-HSA-LDP and F-HSA-LDP-AE pair proliferation of
AsPc-1 tumor cells. Strong immunohistochemical staining against
the cell proliferation index Ki-67 was observed in the tumor tissues
of the control group, whereas moderate levels were found in F-
HSA-LDP (20 mg/kg) and F-HSA-LDP-AE (1 mg/kg) weak staining
group (P<0.001, Fig. 5E). The results showed that F-HSA-LDP-AE
treatment had a significant anti-proliferative effect on tumor cells
in vivo. In addition, the heart, lung, liver, stomach, small intestine,
kidney, spleen, and bone marrow of mice treated with 1 mg/kg F-
HSA-LDP-AE showed no toxicological or pathological changes
(Fig. 6), indicating that the high-efficiency dose of the recombinant
protein conjugate F-HSA-LDP-AE did not cause pathological
changes in various tissues and organs.

4. Discussion

The failed trials of farnesyl transferase inhibitors and the un-
satisfactory results of the downstream inhibition of mitogen-
activated protein kinases/extracellular signal-regulated kinase
demonstrate the unprecedented challenge of effectively targeting
K-Ras [5]. In addition, K-Ras mediates cellular and metabolic
transformations during tumorigenesis, and tumor progression is
driven by gene mutations [6]. Compared with K-Ras wild-type
cells, K-Ras mutant tumor cells show higher glucose uptake and
a higher glutamine dependence on biosynthetic reactions [9,26].
In addition, compared to the K-Ras wild-type counterpart, the K-
Ras mutant non-small cell lung cancer cell line is more dependent
on the folate metabolism pathway. In addition, the expression of
ft-bearing mice. (B) Tumor growth curves in AsPc-1 xenograft-bearing athymic mice
8). ##P<0.01 compared with the control group; **P<0.01 compared with the LDM group
e the days of injection. (C) Representative tumor tissue images from all groups of mice
roup, F-HSA-LDP group (20 mg/kg), and F-HSA-LDP-AE group (1 mg/kg) (immunohis-



Fig. 6. HE staining of various organs from AsPc-1 xenograft-bearing mice treated with F-HSA-LDP-AE (1 mg/kg) and the control group. The histopathological observations from
various organs of the control and F-HSA-LDP-AE (1 mg/kg) group from AsPc-1 xenograft-bearing mice. No toxicopathological changes were found in heart, lung, liver, stomach,
small intestine, kidney, spleen, or bone marrow (HE �200).
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genes related to purine biosynthesis and folate metabolism has
increased. The altered regulation of folate metabolism in K-Ras
mutant cancer cells may explain the higher antifolate activity
[27,28]. Some evidence supports the fact that activating K-Ras can
promote cellular protein uptake. In particular, K-Ras mutant cells
strongly rely on enhanced macropinocytosis to transport extra-
cellular proteins into cells to maintain their proliferation and
growth [10,29]. Therefore, albumin integration can develop tar-
geted anticancer drugs against K-Ras mutant PDAC [30e32]. This
study confirmed that the uptake of the recombinant protein
conjugate F-HSA-LDP in K-Ras mutant pancreatic cancer cells was
increased, and the large amount of entry was blocked by the
specific inhibitor EIPA, indicating that the intensive uptake was
mediated by giant pinocytosis.

The preferred chemotherapy regimen for patients with PDAC is
FOLFIRINOX (5-fluorouracil, calcium folinate, irinotecan, oxalipla-
tin) combined with gemcitabine and nab-paclitaxel [33], suggest-
ing that folate may be a highly relevant molecule in the treatment
and indicating that FR might be used as a molecular target. In
contrast to the restricted FR expression found in normal tissues,
many cancers, including pancreatic cancer, do express one or more
FRs. FRa has been found in pancreatic cancer, breast cancer, ovarian
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cancer, head and neck cancer, lung cancer, bladder cancer, kidney
cancer, and colon cancer. Approximately 40% of human cancers
overexpress FR [34,35]. A previous study using immunohisto-
chemical analysis showed that in 22 (16%), 73 (52%) and 45 (32%)
specimens of 140 PDAC patients, FRa expression intensity was low,
moderate, and high, respectively [36]. From the database of Ency-
clopedia of Cancer Cell Lines, at the mRNA level, FRa is highly
expressed in pancreatic cancer after breast cancer according to the
incidence rate [35]. Therefore, folate binding is a potential method
to target FR-positive tumor tissues for personalized treatment. For
the absorption of folate, in contrast tomost normal cells that rely on
reduced folate carriers, most pancreatic cancer cells overexpress
one or more high-affinity FRs on their surface, which may reflect
their increased demand for folate to support rapid cell growth [37].
Cancer cell proliferation is more dependent on folate than normal
somatic cells; therefore, folate antagonists that interfere with this
biochemical pathway have been widely used in cancer treatment
since the 1940s, becoming the first chemotherapy drug [38].
However, the clinical use of folate antagonists is not selective for
FRa. Previous studies have found that the entry of folate into cells is
receptor-mediated endocytosis. Therefore, folate has been used as a
guide molecule for targeting FR [34]. Therefore, coupling folate and
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its analogues with “warhead” drugs can specifically bind to FR and
selectively enrich in FR-rich tissues, that is, various tumors. This
study designed and produced a multi-functional FR-directed re-
combinant protein conjugate F-HSA-LDP and its enediyne-
integrated conjugate F-HSA-LDP-AE. The results showed that the
purified F-HSA-LDP exhibits specific binding affinity to FR protein
in various pancreatic cancer cells and shows its outstanding tumor-
specific localization and long-lasting accumulation, and F-HSA-
LDP-AE has a very high therapeutic effect.

The AE is a highly cytotoxic DNA damage agent produced by
microbial secondary metabolism with a common structural motif.
The biological activity of AE is driven by its interaction with target
DNA. Cycloaromatization of AE core produces a nascent benzodir-
adical that induces the capture of hydrogen atoms from the
deoxyribose backbone near DNA. Furthermore, the formed
deoxyribose-centered radical can react with molecular oxygen to
generate single-strand breaks, double-strand breaks (DSBs), or
interstrand crosslinks (ICLs). These DNA lesions are responsible for
the cytotoxicity of AE. LDM exhibits threefold enhanced cytotox-
icity against hypoxic cells. This function is attributed to AE-derived
from LDM to produce oxygen-independent ICLs in addition to
conventional DSBs [39]. Although DSBs and ICLs operate under
normoxic conditions, ICL production is significantly enhanced un-
der hypoxic conditions that inhibit DSBs, thus providing a strategy
for treating refractory tumors in a hypoxic microenvironment.

According to previous studies, PEGylation can increase the size
of protein and extend its half-life by reducing the glomerular
filtration rate in the kidney. Therefore, the biological distribution
of the protein is changed [40,41]. The product of site-specific
modification is a homogeneous product with fewer isomers,
better activity, and significantly reduced immunogenicity [42].
The N-terminal PEGylation of HSA-LDP protein shows site-specific
covalent binding and utilizes the difference in pKa value between
the N-terminal a-amino group and ε-amino group of lysine resi-
dues. HSA has 58 lysine residues at most, and the pKa value of its
N-terminal a-amino group is approximately 8.0, which is much
lower than that of the lysine residue ε-amino group (pKa 10.8).
Due to the low pKa, PEG-propionaldehyde has strong selectivity to
the N-terminal a-amino group under acidic conditions [43e46]. In
this study, the PEGylation of protein drugs was shown to be
effective.

5. Conclusions

The newly developed FR-directed, macropinocytosis-enhanced
and highly cytotoxic multi-functional agent might be effective for
K-Ras mutant pancreatic cancer therapy. First, F-HSA-LDP showed
specific binding to FR and the tested cancer cells. Second, it was
extensively taken up by the target cells throughmacropinocytosis.
Third, it displayed specific biodistribution in the pancreatic cancer
xenograft-bearing athymic mice with a clear and lasting image of
tumor localization. Fourth, the enediyne-integrated conjugate F-
HSA-LDP-AE exerted potent cytotoxicity in target cancer cells.
Finally, it showed high therapeutic efficacy to a K-Ras mutant
PDAC xenograft. Therefore, these results suggest that our FR-
directed, macropinocytosis-enhanced, and highly cytotoxic inte-
grative strategy is feasible for generating drugs that effectively
target K-Ras mutant pancreatic cancer.
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