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ARTICLE INFO ABSTRACT

Keywords: Due to the unsatisfactory therapeutic efficacy and inexorable side effects of small molecule antineoplastic agents,
Gelonin extensive efforts have been devoted to the development of more potent macromolecular agents with high
B;)g;thesw specificity. Gelonin is a plant-derived protein toxin that exhibits robust antitumor effect via inactivating ribo-
p L X somes and inhibiting protein synthesis. Nonetheless, its poor internalization ability to tumor cells has compro-
Tumor-acidity responsive . N . . . L. L . .

Apoptosis mised the therapeutic promise of gelonin. In this study, a tumor acidity-responsive intracellular protein delivery

system — functional gelonin (Trx-pHLIP-Gelonin, TpG) composed of a thioredoxin (Trx) tag, a pH low insertion
peptide (pHLIP) and gelonin, was designed and obtained by genetic recombination technique for the first time.
TpG could effectively enter into tumor cells under weakly acidic conditions and markedly suppress tumor cell
proliferation via triggering cell apoptosis and inhibiting protein synthesis. Most importantly, treatment by
intravenous injection into subcutaneous SKOV3 solid tumors in a mouse model showed that TpG was much more
effective than gelonin in curtailing tumor growth rates with negligible toxicity. Collectively, our present work
suggests that the tumor acidity-targeted delivery manner endowed by pHLIP offers a new avenue for efficient
delivery of other bioactive substances to acidic diseased tissues.

Cancer therapy

1. Introduction

As the cornerstone treatment modality, chemotherapy is still an
indispensable strategy for cancer therapy, but its clinical outcome is far
from satisfactory [1,2]. Traditional chemotherapy primarily depends on
small-molecule drugs [3], and is often accompanied with severe side
effects due to the lack of selectivity towards cancerous tissues and the
undesirable distribution in normal tissues [1,4,5]. Since recombinant
human insulin was approved as the first therapeutic protein for clinical
applications, the development of protein-based macromolecular cancer
therapeutics has been an utmost focus of research [6,7]. Therapeutic
proteins and peptides accounts for approximately 85% of the currently
approved ~300 biopharmaceutical drugs. [7], and seven of the top ten
best-selling drugs worldwide in 2018 belong to protein [8,9]. Albeit
protein agents display prominent advantages over small-molecule drugs,
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such as unmatched potency, high specificity to their intracellular targets
and low toxicity [4,10-13], their clinical translation has been under-
mined by several unfavorable intrinsic characteristics including large
size, hydrophilicity, membrane impermeability and susceptibility to
enzymatic degradation [10,11]. Thus, a variety of delivery approaches
have been exploited for intracellular and cytosolic delivery of proteins
[14-19].

Gelonin is a 30 kDa single chain glycoprotein originally derived from
the seeds of Gelonium multiflorum [20]. As a type I ribosome inactivating
protein (RIP) phytotoxin, it inhibits protein synthesis by cleaving the
adenine 4324 of 28S ribosomal RNA, resulting in cell death [21].
Gelonin exhibits excellent performance in inhibiting protein translation,
and it has been reported that 1-10 gelonin molecules can kill one tumor
cell after cellular entry [22,23]. However, due to the lack of membrane
binding domain, gelonin itself cannot enter cells, which severely limits
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its clinical utility as a potent antitumor agent [24-26]. Hence, different
technologies have been proposed during the last decade aiming at
enhancement of the cellular internalization and tumor targeting ability
of gelonin. Yang and Shin et al. integrated membrane-active peptides (e.
g. TAT peptide, melittin and low molecular weight protamine) or tumor
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targeting molecules (such as F3 peptide, anti-insulin-like growth
factor-1 receptor affibody and chlorotoxin) into gelonin by chemical
conjugation or expressing a fusion protein to improve its cellular
penetration and antitumor activity [27-35]. Moreover, extracellular
vesicle membrane (EVM)-camouflaged metalorganic framework (MOF)
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Fig. 1. Schematic illustration of the structure, mechanism of action and characterization of functional gelonin TpG. (a) TpG consists of three different
fragments with distinct functions — a thioredoxin (Trx) tag improves solubility and enhances metabolic stability of the therapeutic protein, a pHLIP facilitates tumor
acidity-responsive intracellular delivery of gelonin into tumor cells, and the toxin protein gelonin exerts antitumor activity. After injection into tumor-bearing mice,
TpG could effectively accumulate in weakly acidic tumor tissues (pH 6.5), form an a-helix across the plasma membrane and specifically deliver gelonin locates at its
C-terminus to cancer cells. TpG can irreversibly inactivate ribosomes, trigger a massive cell death via inhibiting protein synthesis and thereby hinder tumor growth.
(b) SDS-PAGE of purified gelonin and TpG. Lane M is a protein molecular weight marker; lane Gelonin and TpG are purified gelonin and TpG, respectively. (c)
Western blot analysis of purified gelonin and TpG by using anti-His antibody. (d) Mass spectrometry analysis of the TpG band cut from the SDS-PAGE gel, which
shows the presence of four representative peptide fragments (#1-4) after proteolysis that match the theoretical amino acid sequence of TpG. Sequences of Trx, pHLIP
and gelonin were shown in purple, black and blue respectively. (e) Deconvoluted mass spectra of TpG as determined by LC-MS.
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nanoparticles were employed for efficient intracellular delivery of
gelonin [36]. The aforementioned tumor-targeting approaches mainly
depend on the passive targeting based on enhanced permeation and
retention (EPR) effect or biomarker-targeting ligands-directed active
targeting, which are also the commonly used targeting strategy for small
molecules-encapsulated nanocarriers [37,38]. Nonetheless, these two
targeting modalities face formidable challenges in recent years and their
efficacy is compromised by the great pathophysiological heterogeneity
of large tumors [39,40]. Therefore, it is imperative to develop a general
and efficient tumor targeting strategy for gelonin delivery without
relying on EPR effect or on endogenous biomarkers.

Extracellular acidosis (pHe <6.8) is a detrimental characteristic
stemming from the aerobic glycolysis (Warburg effect) [41]. Tumor
acidity is an important hallmark at almost every stage of tumor pro-
gression, and could be harnessed for tumor detection and targeted
therapy [42]. Therefore, scientists have fabricated diverse pH-sensitive
nanoscale drug delivery systems to achieve targeted drug delivery and
improve tumor treatment efficiency [43,44]. However, most of these
pH-responsive drug delivery systems require exquisite design, mean-
while researchers need to have a strong background in organic synthesis.
pH low insertion peptide (pHLIP) is a 36-amino acids peptide originated
from bacteriorhodopsin C helix, which could form a transmembrane
a-helix and translocate cell-impermeable cargoes that are conjugated to
its C terminus across a cell membrane under acidic conditions [45].
pHLIP-mediated targeting strategy based on tumor acidic microenvi-
ronment is significantly superior to traditional passive and active tar-
geting in many respects [46]. Thus, pHLIP has been tremendously
utilized for delivery of a wide range of theranostic molecules to achieve
specific tumor imaging or enhanced therapeutic index [47-54].

To overcome the above-mentioned limitations of current gelonin
delivery strategies and take advantage of the pH-responsive membrane
permeation ability of pHLIP, herein we innovatively proposed an
intracellular protein delivery system and biosynthesized a functional
gelonin (denoted as Trx-pHLIP-Gelonin, TpG) by genetic engineering
method. TpG is comprised of three different fragments with specific
functions — a thioredoxin (Trx) tag, a pHLIP with a sequence of
AAEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT and the plant toxin
gelonin (Fig. 1a). Trx is a highly hydrophilic and thermally stable pro-
tein with chaperone-like activity. It has been well documented that Trx
is frequently employed as a fusion partner to improve the stability of
recombinant protein and prevent inclusion body formation [55,56].

As depicted schematically in Fig. 1a, when intravenously injected
into the tumor-bearing mice, TpG could effectively enter tumor cells
under the guidance of pHLIP, initiating cell apoptosis via restraining
protein synthesis and thereby impeding the tumor growth (Fig. 1a). The
obtained TpG was systematically characterized, and its cellular uptake
behavior and antiproliferative effect were tested in three different can-
cer cell lines. Moreover, the in vivo antitumor efficacy of TpG was
demonstrated in an SKOV3 subcutaneous xenograft model by intrave-
nous administration.

2. Materials and methods
2.1. Materials

Competent Escherichia coli BL21 (DE3) and protein marker (10-190
kDa) were obtained from Beijing TansGen Biotech (Beijing, China). Ni-
nitrilotriacetic acid (NTA) resin and primary antibody against His-tag
were provided by Suzhou Biodragon Immunotechnologies Co., Ltd
(China) and Yeasen Biotechnology (Shanghai) Co., Ltd (China),
respectively. Bicinchoninic acid (BCA) protein assay kit and carboxy-
fluorescein diacetate succinimidyl ester (CFDA-SE) cell proliferation
assay kit were purchased from Beyotime Institute of Biotechnology
(China). Fluorescein isothiocyanate (FITC) was obtained from Apeptide
Co., Ltd. (Shanghai, China). Live/dead cell double staining kit, Annexin
V/PI double staining apoptosis detection kit and caspase-3 activity assay
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kit were provided by BestBio (Shanghai, China). EAU assay kit was
purchased from Sangon Biotech Co., Ltd. (Shanghai, China). Primary
antibodies against PCNA, Ki-67, Bcl-2 and p53 were obtained from
Beijing Bioss Biotechnology Co., Ltd (China).

2.2. Expression and characterization of Trx-pHLIP-Gelonin (TpG)

The pHLIP-Gelonin gene sequence was synthesized by Sangon Biotech
Co., Ltd. (Shanghai, China). The expression vector pET32a-pHLIP-Gelo-
nin was constructed by double digestion (Xho I and Nco I) of pUC57-
PHLIP-Gelonin vector and pET32a vector, followed by ligation with T4
DNA ligase. pET32a-pHLIP-Gelonin was transformed into the competent
Escherichia coli BL21 (DE3) and incubated at 37 °C. Iso-
propylthiogalactoside (IPTG) was added (final concentration: 0.5 mM)
when optical density (OD) at 600 nm reached 0.6-0.8, and the culture
was incubated overnight (at 16 °C, 180 rpm). Then cells were harvested
by centrifugation, resuspended in 20 mM Tris (150 mM NacCl, pH 8.0),
and lysed by sonication. Cell lysate was centrifuged at 12,000 rpm for
20 min and the supernatant was loaded onto Ni-NTA resin, washed with
20 mM Tris (80 mM imidazole, 150 mM NaCl, pH 8.0), and eluted with
20 mM Tris (200 mM imidazole, 150 mM NacCl, pH 8.0). The TpG protein
solution was desalted and concentrated by ultrafiltration. The purified
of TpG was monitored by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) and western blot analysis. The purity of
TpG was measured by densitometry analysis using ImageJ software and
the production yield was determined using a BCA assay. After SDS-
PAGE, the TpG band was cut out and digested into peptide fragments
for mass spectrometry analysis. TpG was also subjected to liquid chro-
matography mass spectrometry (LC-MS) analysis for further character-
ization. Recombinant gelonin was obtained according to our previous
report [26], and used as control in this study.

2.3. Thermal stability and serum stability of TpG

The inflection temperature (Ti) was monitored based on changes in
intrinsic fluorescence at 330 nm and 350 nm using a Tycho NT.6 in-
strument (NanoTemper Technologies, Germany). Trx, gelonin and TpG
with a concentration of 1 mg/mL were loaded in a glass capillary tube
and heated from 35 °C to 95 °C at a rate of 30 °C/min. The ratio of
fluorescence (350/330 nm) and the Ti value were calculated by Tycho
NT.6. In addition, the thermal stability of TpG was assessed using a
Chirascan circular dichroism (CD) spectrometer (Applied Photophysics,
UK). The CD spectra of TpG (3.5 pM) in a range of 195-260 nm were
collected at different temperatures (30, 35, 40, 45, 50, 55, 60, 65, 70, 75,
80, 85, 90, and 95 °C) at a heating rate of 2 °C/min, and the scanning
speed is 1 nm/s. And the content of secondary structures was calculated
via CDNN software.

For serum stability test, TpG (10 pM) was incubated at 37 °C in fresh
medium containing 10% fetal bovine serum (FBS) at pH 7.4 or 6.5 for
different time (0, 1, 2, 4, 6, 12, 24, and 48 h). Then the TpG was mixed
with loading buffer and subjected to SDS-PAGE, the TpG band intensity
was quantified using ImageJ software. And the TpG band intensity at 0 h
was set as 100%.

2.4. Cellular uptake of TpG

FITC-labeled gelonin and TpG (FITC-Gelonin and FITC-TpG) were
used to facilitate cellular internalization study. Three different cancer
cell lines — human ovarian cancer cell line (SKOV3), human lung
adenocarcinoma cell line (A549) and human colon cancer cell line (HCT-
8) were seeded on glass coverslips in a 12-well plate and incubated for
24 h. Next, the medium was replaced with fresh medium (pH 7.4 or 6.5)
containing FITC-Gelonin or FITC-TpG (with a concentration of 1 uM)
and incubated for 12 h. The cells were washed three times with PBS,
stained with DAPI for cell nuclei, and observed by Deltavision Elite
Microscopy Imaging Systems (GE Healthcare).
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For flow cytometric assay, SKOV3, A549 and HCT-8 cells were
seeded into 12-well plates and incubated for 24 h, FITC-Gelonin or FITC-
TpG (1 pM) in fresh medium (pH 7.4 or 6.5) was added and incubated for
12 h. The cells were harvested by trypsinization, washed twice with cold
PBS, filtered through nylon mesh, and subjected to flow cytometric
analysis using a Beckman Coulter CytoFLEX flow cytometer (Beckman
Coulter, USA).

2.5. MTT cell viability assay

SKOV3, A549 and HCT-8 cells were seeded onto 96-well plates at a
density of 3000 cells per well and incubated for 24 h. Cells were treated
with gelonin or TpG of varying final concentrations (0.001, 0.01, 0.1, 1,
and 10 pM) in fresh medium with a pH of 7.4 or 6.5 for 48 h. The cell
viability was determined by MTT assay and the absorbance at 570 nm
was measured using a microplate reader.

2.6. Crystal violet staining assay

SKOV3, A549 and HCT-8 cells were seeded onto 96-well plates at a
density of 5000 cells per well and incubated for 24 h. The culture me-
dium was replaced by fresh medium (pH 7.4 or 6.5), supplemented with
gelonin or TpG of different concentrations (0.01, 0.1, and 1 pM), and
incubated for 48 h. After addition of 0.5% crystal violet staining solution
to each well and incubated for 20 min in a shaker, cells were rinsed
thrice with PBS and observed under a light microscope. For cell viability
quantitation, 200 pL of methanol was added to each well, incubated for
20 min at room temperature and the absorbance at 570 nm was deter-
mined to calculate cell viability.

2.7. Calcein AM/PI living/dead cell double staining

SKOV3, A549 and HCT-8 cells were seeded onto 96-well plates
(5000 cells/well) and incubated for 24 h. Fresh medium (pH 7.4 or 6.5)
including gelonin or TpG (1 pM) was added and incubated for 48 h. Then
the cells were stained with Calcein-AM for 30 min and stained with PI for
5min, followed by washing twice with PBS. The images were acquired
by fluorescent microscopy immediately. The Calcein-AM positive cells
and PI-positive cells were counted in three separate fields, and the live
cell ratio was calculated as the number of Calcein-AM positive cells
divided by the number of total cells (Calcein-AM-positive cells plus PI-
positive cells)

2.8. EdU staining

The EdU incorporation assay was performed according to the man-
ufacturer’s protocol. SKOV3 cells were seeded onto 24-well plates (2 x
10° cells/well) and incubated for 24 h. Cells were exposed to gelonin or
TpG (1 pM) at pH 7.4 or 6.5 for 48 h, and incubated with EdU for 2 h.
Then the cell nuclei were counterstained with Hoechst 33342, and cells
were imaged with fluorescent microscopy immediately. EdU-positive
cells and Hoechst 33342-positive cells were counted in three random
separate fields. EAU positive rate was calculated as the number of EAU-
positive cells divided by the number of total cells (Hoechst 33342-posi-
tive cells)

2.9. CFDA-SE cell proliferation assay

SKOV3 cells were trypsinized, harvested and stained with CFDA-SE
according to the manufacturer’s protocol. The CFDA-SE labeled cells
were seeded into 12-well plates, incubated for 24 h, then gelonin or TpG
(1 pM) in fresh medium (pH 7.4 or 6.5) was added and incubated for
another 24 h. The cells were collected, washed twice with PBS, filtered,
and the intensity of CFDA-SE in cells was analyzed using a Beckman
Coulter CytoFLEX flow cytometer (Beckman Coulter, USA).

45

Bioactive Materials 18 (2022) 42-55
2.10. Determination of apoptosis by Annexin V/PI double staining

SKOV3 cells were seeded into 12-well plates, incubated for 24 h, and
treated with gelonin or TpG (1 pM) in fresh medium (pH 7.4 or 6.5) for
48 h. Then the cells were harvested, washed twice with PBS, and stained
with Annexin V-FITC and propidium iodide (PI) in the dark sequentially.
Finally, the cells were resuspended in 400 pL binding buffer and the
ratios of early (Annexin V-positive and PI-negative) and late (Annexin V-
positive and PI-positive) apoptotic cells were recorded using a Beckman
Coulter CytoFLEX flow cytometer (Beckman Coulter, USA). Meanwhile,
the cell images were collected by fluorescent microscopy.

2.11. Measurement of caspase-3 activity

SKOV3 cells were seeded into 12-well plates and incubated for 24 h.
The fresh media (pH 7.4 or 6.5) containing gelonin or TpG (1 pM) were
added and incubated for 48 h. Subsequently, the cells were harvested,
lysed, and the activity of caspase-3 was determined by using a caspase-3
activity kit in accordance with the manufacturer’s protocol. Caspase-3
activity of the control group was set as 1, and the relative caspase-3
activity was presented as the ratio of enzyme activity in treated group
to that of control group.

2.12. Intracellular protein inhibition assay

SKOV3 cells were seeded into 12-well plates and incubated overnight
to allow the cells to attach to the bottom of cell plates. Then gelonin or
TpG (1 pM) in fresh media (pH 7.4 or 6.5) was added and incubated for
48 h. The medium was aspirated, the cells were washed twice with cold
PBS and lysed with 1% Triton X-100. The cell lysates were collected, and
centrifuged at 12,000 rpm for 15 min. Finally, the total protein content
in the supernatant was measured by BCA kit and the relative cellular
protein levels were calculated by dividing the protein content in treated
group by that of the untreated control group.

2.13. In vivo tumor suppression study

All of the animal experiments procedures were carried out with the
approval of the Ethics Committee for the Management and Use of Lab-
oratory Animals, China Institute for Radiation Protection (CIRP). Female
BALB/c mice (four weeks old) were purchased from National Institutes
for Food and Drug Control and housed in specific pathogen-free (SPF)
barrier facilities. The SKOV3 subcutaneous ovarian cancer xenograft
model was established by subcutaneously inoculation of 5 x 10° SKOV3
cells into the armpits of the right anterior limbs. Tumor size was
measured with a digital caliper and calculated according to the equa-
tion: V (mm3) = tumor length x (tumor width)2/2. When the tumor
volume reached about 200 mm? (set as day 0), the SKOV3 tumor-
bearing mice were randomly divided into three groups (n = 7): con-
trol, gelonin, and TpG, and injected intravenously on days 0, 3, 6, and 9.
The injection dose of gelonin and TpG was 0.35 pmol/kg. Saline (5 mL/
kg) was injected in the control group. Tumor volume and body weight
were monitored every 2 days for a period of 20 days. The relative tumor
volume was defined as V/Vjy (Vp is the tumor volume at day 0). The
following formula was used to calculate the tumor growth inhibition
ratio: (Ve—Vt)/Ve x 100%, where Vc and Vt are the average tumor
volume of the control group and the treated group at day 20,
respectively.

At day 20, all mice were euthanized, the blood of each mouse was
collected, and the supernatant serum was obtained by centrifugation at
3000 rpm for 5 min. After blood sampling, tumors were dissected sur-
gically and weighed, the major organs (heart, liver, spleen, lung, and
kidney) were excised and fixed in 4% formaldehyde.

To evaluate histological changes in tumor, the paraffin-embedded
tumors were sectioned into slices with a thickness of 5 pm and stained
with hematoxylin and eosin (H&E). Furthermore, the expression of
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PCNA, Ki-67, Bcl-2 and p53 in tumor sections dissected from the three
groups of mice were analyzed by immunohistochemical staining.

2.14. In vivo biosafety evaluation

The paraffin-embedded normal tissues (heart, liver, spleen, lung, and
kidney) were sectioned into 5 pm slices and stained with hematoxylin
and eosin (H&E) to assess the histological changes. Besides, the blood
biochemistry indicators including cardiac function parameters creatine
kinase (CK), creatine kinase-MB (CK-MB), and lactate dehydrogenase
(LDH) level; liver-associated alanine aminotransferase (ALT) and
aspartate aminotransferase (AST); and renal function parameters blood
urea nitrogen (BUN) and creatinine (Cr) levels were monitored by the
corresponding commercial ELISA kits in accordance with the manufac-
ture’s protocols.

2.15. Statistical analysis

All the in vitro experiments were carried out three times indepen-
dently. The in vivo antitumor experiments were conducted with 7 mice in
each group. Data were expressed as the mean + standard deviation (SD).
Student’s t-test was used to perform the statistical analysis for com-
parison between treatment and control groups, and difference was
considered statistically significant when P < 0.05 (*) and highly sig-
nificant when P < 0.01 (**).

3. Results and discussion
3.1. Biosynthesis and characterization of TpG

The expression vector pET32a-pHLIP-Gelonin was constructed and
successfully transformed into the competent E. coli DH5a as confirmed
by agarose gel electrophoresis (Fig. S1). Thioredoxin (Trx) tag is a hy-
drophilic and thermally stable protein and is widely used as fusion
protein partner [51]. Thus, Trx was integrated at the N-terminus of
pHLIP-Gelonin to endow it with excellent solubility and stability.
Expression of TpG in E. coli BL21 (DE3) was induced by addition of 0.5
mM IPTG, and the soluble TpG was purified by Ni-NTA chromatography.
The purified gelonin and TpG were identified by SDS-PAGE, and there is
an intense band in both gelonin and TpG lanes at about 29 kDa and 51
kDa (Fig. 1b) respectively, suggesting the successful biosynthesis and
purification of two recombinant proteins. The purity of gelonin and TpG
was 95.00% and 91.24%, respectively, based on densitometry analysis
of the SDS-PAGE gel. The final yield of the purified TpG was an average
of 0.919 mg per liter of culture as determined by BCA protein assay.
Western blot analysis using anti-His antibody further supported the
SDS-PAGE results and verified the acquisition of His-tagged gelonin and
TpG (Fig. 1c¢). The TpG band at about 51 kD was excised and digested
into peptides for mass spectrometry analysis. Mass spectrometry anal-
ysis demonstrated the presence of 4 peptide fragments that matched
partial sequences of TpG as shown in bold in Fig. 1d, and the sequence
coverage rate of TpG was higher than 37%. LC-MS results indicated that
there was only one major peak in HPLC chromatography of TpG with a
retention time of 4.11 min (Fig. S2), indicating its high purity. More-
over, the molecular weight of TpG was 50.48 kDa as measured by LC-MS
(Fig. 1e), which is consistent with the theoretical value (50.62 kDa) and
SDS-PAGE results.

3.2. Thermal stability and serum stability of TpG

Thermal stability of proteins are critical for their biomedical appli-
cations [57]. To substantiate that the incorporation of Trx tag improves
the thermal stability of gelonin, we performed label-free thermal shift
analysis on a Tycho NT.6 instrument to evaluate the structural integrity
(or folding) of the Trx, gelonin and TpG. As expected, Trx had a highest
inflection temperature (Ti) of 82.4 °C, while gelonin showed the lowest
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Ti value of 71.5 °C (Fig. 2a). Interestingly, a Ti value of 76.5 °C was
obtained for TpG (Fig. 2a), which is 5 °C higher than that of gelonin,
suggesting TpG displayed better thermal stability as compared to gelo-
nin. Next, circular dichroism (CD) spectra of TpG were collected at
different temperatures to further assess its thermal stability. As shown in
Fig. 2b, there is no appreciable change in the CD spectra in the range of
30-70 °C, whereas a marked variation in the CD spectra was observed
when the temperature reaches above 75 °C, indicating that TpG had a
good thermal stability and could maintain its secondary structure below
75 °C, which is also confirmed by the variations in the content of sec-
ondary structures (Table S1).

Serum half-life of therapeutic proteins is a key parameter affecting
their effective delivery to specific cells or tissues [58]. An in vitro
experiment was performed to gauge the serum stability of TpG in neutral
or acidic (pH 7.4 or 6.5) 10% serum-containing medium. We could
observe the bands of TpG at different time points even at 48 h and at
both pH conditions with a small decrease in intensity (Fig. 2c and e),
thus TpG remained stable after incubation with neutral or acidic cell
medium for 48 h. Quantitative analysis of protein bands by Image J
software showed that no significant degradation of TpG occurred after
incubation in neutral and acidic medium for 48 h, and the protein band
intensity was still higher than 75% (Fig. 2d and f). These results revealed
that TpG exhibited excellent serum stability and might have a relative
long serum half-life.

3.3. Cellular uptake profile of TpG

Penetration of proteins into the cytosol of mammalian cells or target
tumor cells is a prerequisite for their therapeutic effects and remains a
critical issue [59]. To enable visualization and quantitative analysis of
the cellular internalization of TpG and gelonin in three different cancer
cell lines — SKOV3, A549 and HCT-8, they were labeled with fluorescein
isothiocyanate (FITC) (Fig. S3).

As shown in Fig. 3a, c and e, gelonin showed poor cellular uptake in
three cells at both neutral and acidic conditions, and the FITC fluores-
cence intensity was pretty low. Under neutral conditions, the FITC in-
tensity in TpG-treatment group was slightly higher than that of gelonin-
treatment group. Intriguingly, the FITC intensity in TpG-treatment
group was strikingly enhanced at pH 6.5. The quantitative analysis re-
sults (Fig. 3b, d and f) showed that the mean fluorescence intensity (MFI)
of TpG treatment group under weakly acidic condition (pH 6.5) was
significantly enhanced as compared to other groups. Consistent findings
were obtained by determining the internalization of gelonin and TpG by
DeltaVision Elite high-resolution imaging system, only some weak green
spots were observed in gelonin-treated groups and TpG-treated group at
pH 7.4, while a strong green fluorescence was clearly observed in TpG-
treated group at pH 6.5 (Fig. S4). These results suggested that TpG did
efficiently penetrate into different tumor cells under acidic conditions.

3.4. Invitro antitumor activity of TpG

Since TpG can effectively deliver gelonin into tumor cells under
weakly acidic conditions, we next systematically investigated its in vitro
antitumor activity. Firstly, three different tumor cells (SKOV3, A549 and
HCT-8) were exposed to gelonin or TpG at five concentrations (0.001,
0.01, 0.1, 1, 10 pM) under neutral and acidic conditions for 48 h, and the
cell viability was analyzed by MTT assay. It can be seen from Fig. 4 that
gelonin and TpG displayed a dose-dependent inhibitory effect on the
three tested cells, and no pH dependence was observed for the antitumor
activity of gelonin. Unlike gelonin, TpG exhibited a pH-dependent
cytotoxicity to three cells, and it outperformed gelonin at all tested
concentrations under acidic conditions. The cell viabilities of SKOV3,
A549 and HCT-8 cells treated with 10 pM TpG under weakly acidic
conditions were 18.96 + 2.35%, 35.27 + 0.24% and 35.86 + 2.97%,
respectively. The ICs( values for gelonin and TpG were calculated from
the MTT cytotoxicity data and are delineated in Table 1. TpG had lower
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Fig. 2. Thermal stability and serum stability analysis of TpG. (a) Thermal expansion curves of Trx, gelonin and TpG plotted by the fluorescence ratio of 350 nm/
330 nm. 1 mg/mL Trx, Gelonin or TpG was heated from 35 °C to 95 °C by Tycho NT.6 (NanoTemper Technologies), and the intrinsic fluorescence intensity of each
protein at 330 nm and 350 nm was recorded. (b) CD spectra of TpG (3.5 pM) at different temperatures (30-95 °C). (c, e) SDS-PAGE of 10 pM TpG after incubation
with 10% FBS-containing medium (pH 7.4 or 6.5) at 37 °C for different time. Lane M is a protein marker of 10-190 kDa, and FBS is the 10% FBS-containing medium.
The red arrow indicates the band of TpG. Figures d and f show the quantitative analysis of TpG band in ¢ and e using Image J software.

ICsp values than gelonin under both neutral and acidic conditions for the
three tumor cells, and the lowest ICs( value was noted for TpG at pH 6.5
in SKOV3 cells (3.59 pM).

Crystal violet staining was also carried out to examine the inhibitory
effect of TpG on the growth of the three tumor cells. Compared with
control group, TpG decreased the number of viable cells in a dose- and
pH-dependent fashion, while gelonin showed a concentration-
dependent inhibition on cell growth but independent of pH (Figs. S5a,
¢, and e). Of note, quantitative analysis results suggested that the TpG
treatment group under acidic conditions presented the strongest growth
inhibitory activity at three drug concentrations and in all tested cell lines
(Figs. S5b, d, and f). The percentages of viable SKOV3, A549 and HCT-8
cells were 34.59 + 2.42%, 60.38 + 2.91% and 69.36 + 3.55%, respec-
tively after treatment with 1 pM TpG at pH 6.5 for 48 h (Figs. S5b, d, and
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f). Moreover, the cytotoxic effect of TpG was further determined by live/
dead staining assay, in which the calcein-AM/PI co-staining can distin-
guish the live/dead cells by green/red fluorescence. An intense green
fluorescence was observed in gelonin-treated groups (both pHs), as well
as in TpG-treated group under neutral conditions (Figs. S6a, ¢, and e),
which is indicative of viable cells. By contrast, the emergence of strong
red fluorescence in TpG-treated group under acidic conditions especially
in SKOV3 cells (Figs. S6a, c, and e), illustrated that the cell death was
clearly apparent. These observations were also supported by quantita-
tive analysis of the live cell ratios (Figs. S6b, d, and f). We found that
SKOV3 cells were the most sensitive to TpG among the three tested cells,
thus this cell line was employed in the following experiments. The
mechanism of action of gelonin is inhibiting the ribosome biogenesis. It
has been reported that the ribosome biogenesis rate in different cancer



G.-B. Ding et al.

d 3.0k -

= Control
= Gelonin (pH 7.4)
= Gelonin (pH 6.5)
= TpG (pH 7.4)
= TpG (pH 6.5)

0
10° 102 10° 104 10°
FITC
c 400 -|— Control

—Gelonin (pH 7.4)
= Gelonin (pH 6.5)
—TpG (pH 7.4)

300 —TpG (pH 6.5)

200

Count

100 -

10 10*
FITC

105  10°

4= Control
1= Gelonin (pH 7.4)
400 -
1= TpG pH 7.9)

=== Gelonin (pH 6.5)

{— TpG (pH 6.5)
300 -

Count

200

100

10°

102 10°

FITC

104 105  10°

MFI

MFI

Bioactive Materials 18 (2022) 42-55

SKOV3

62

g l 2 0
0‘
Ge\

. 63
o™

1" 1™

A549

5x10* -

4x10* -

3x10*

2x10* -

1x10* 1

0-

S L R 65
& Ge\°‘\\‘\ Ge\°““‘ G

a4
SN

1w

Fig. 3. Flow cytometry analysis of the cellular uptake of TpG in three tumor cells. SKOV3 (a, b), A549 (c, d) and HCT-8 cells (e, f) were incubated with 1 pM
FITC-Gelonin and FITC-TpG at pH 7.4 or pH 6.5 for 12 h, and analyzed by flow cytometry. Figures b, d, and f show the mean fluorescence intensity (MFI) of different
treatment groups in three tumor cells. The data are shown as the mean + SD (n = 3). ***P < 0.001 as compared to TpG treated group at pH 6.5.

cells varies greatly, which account for their different sensitivity to
antitumor agents [60]. And rRNA synthesis inhibitors exert strong
antitumor activity only in the cells with high rates of ribosome
biogenesis [60]. Therefore, the highest sensitivity of SKOV3 cell line to
TpG may be attributed to its highest ribosome biogenesis rate among the
three tested tumor cells. Furthermore, according to some previous
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reports, SKOV3 cell was indeed among the most sensitive cancer cell
lines to gelonin treatment [61,62], while A549 cell was relatively
insensitive to gelonin [63].

Afterwards, we continued to evaluate the antiproliferative effect of
TpG on SKOV3 cells by EdU staining and CFDA-SE staining assay, the
results were presented in Fig. 5. It can be seen from Fig. 5a that the red
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Fig. 4. Cell viability determination by MTT assay. Different concentrations (0, 0.001, 0.01, 0.1, 1, 1, 10 uM) of gelonin and TpG were incubated with SKOV3 cells
(a, b), A549 cells (¢, d) and HCT-8 cells (e, f) in neutral (pH 7.4) and acidic (pH 6.5) conditions for 48 h, and the relative cell viability of was measured by MTT assay.

Table 1
ICsp values of gelonin and TpG against SKOV3, A549, and HCT-8 cells.
Cell lines ICso (1M)
Gelonin TpG
pH 7.4 pH 6.5 pH 7.4 pH 6.5
SKOV3 5.47 4.78 5.18 3.59
A549 9.89 10.22 9.68 6.70
HCT-8 12.82 12.79 10.36 7.20

49

fluorescence signal in SKOV3 cells decreased in varying degrees after
treatment with gelonin and TpG, and the TpG-treated group under
acidic conditions exhibited the weakest red fluorescence. Quantitative
analysis showed that EdU-positive rates of gelonin-treated group at pH
7.4 and 6.5 were 32.26 + 4.01% and 34.76 + 1.03% respectively, while
those of TpG-treated group were 31.32 + 1.75% and 14.46 + 1.98%
respectively (Fig. 5b). As shown in Fig. 5c, the proportion of CFDA-SE
positive cells treated with gelonin and TpG was significantly increased
compared to the control group. Moreover, the anti-division activity was
highly enhanced after 24 h treatment with TpG at pH 6.5, and the CFDA-
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Fig. 5. Cell proliferation assay by EdU staining and CFDA-SE staining assay. (a) SKOV3 cells were exposed to 1 pM gelonin and TpG at pH 7.4 or pH 6.5 for 48 h,
treated with EdU cell proliferation detection kit, and observed by high-resolution live-cell imaging system (scale bar: 50 pm). (b) quantitative analysis of the EAU-
positive cell rates of different treated groups in figure a. **represents P < 0.01. (c) SKOV3 cells were labeled with CFDA-SE, and exposed to 1 pM gelonin and TpG at
pH 7.4 or 6.5 for 24 h, the cell proliferation ability was analyzed by flow cytometry.

SE positive cells accounted for 40.37% (Fig. 5c). The above results
revealed that TpG exerted pronounced inhibitory effect on the prolif-
eration of SKOV3 cells under weakly acidic conditions (pH 6.5).

3.5. TpG triggers apoptosis and inhibits intracellular protein synthesis

To unravel the underlying mechanism of the antitumor activity,
SKOV3 cells were exposed to 1 pM gelonin or TpG at pH 7.4 or pH 6.5 for
48 h, cell apoptosis was determined by Annexin V-FITC/PI double
staining and caspase-3 activity assay kits, and the intracellular protein
level was quantified using a BCA protein assay. As shown in Fig. 6a, the
apoptotic cell rates of gelonin group (pH 7.4: 15.20%; pH 6.5: 17.33%)
was comparable to TpG-treated group under neutral conditions
(16.56%). Notably, TpG induced a much higher cell apoptosis rate
(40.62%) at pH 6.5 than other groups. Both green fluorescence (Annexin
FITC-positive) and red fluorescence (PI-positive) were significantly
enhanced in TpG-treated cells at pH 6.5 as compared to other groups
(Fig. 6b), which were in line with the flow cytometry results (Fig. 6a),
indicating TpG noticeably boosted the cell apoptosis under weakly
acidic conditions. The increase in cell apoptosis was associated with an

elevated level of caspase-3 activity (1.06-2.00 folds of control) after
exposure to gelonin or TpG (Fig. 6¢), suggesting that they induced the
activation of caspase-3. And the caspase-3 activity in cells incubated
with TpG at pH 6.5 (2.00 folds of control) was much higher than other
three groups (Fig. 6¢), which were corresponding with the apoptotic cell
rates obtained from flow cytometry analysis (Fig. 6a). Besides, to explore
whether TpG retains the N-glycosidase activity of gelonin, the intra-
cellular protein level was examined. After incubation with gelonin at pH
7.4 and 6.5, the relative protein levels were 81.05 + 1.11% and 78.35 +
0.98% respectively; similarly, the intracellular protein level of TpG
treatment group at pH 7.4 was 78.27 + 2.81% (Fig. 6d). Interestingly,
TpG displayed significantly greater inhibition of protein translation at
pH 6.5 with a relative protein level of 57.56 + 2.57% (Fig. 6d). These
results demonstrated that TpG exerted potent antitumor efficacy under
weakly acidic conditions via inducing cell apoptosis and inhibiting
protein translation.

3.6. TpG delayed tumor growth in vivo

With the validation of the augmented effectiveness of TpG in
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Fig. 6. TpG initiates apoptosis and suppresses intracellular protein synthesis. SKOV3 cells were treated with 1 uM Gelonin or TpG at pH 7.4 or pH 6.5 for 48 h.
(a, b) Analysis of cell apoptosis by Annexin V-FITC/PI double staining. (a) Quantification of the cell apoptosis level by flow cytometry. (b) Images of SKOV3 cells
observed by high-resolution live-cell imaging system (scale bar: 50 pm). (c) The relative activity of Caspase-3. (d) The relative intracellular protein level as
determined by BCA protein assay kit. **represents P < 0.01.
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inhibiting tumor cell proliferation in vitro, we next investigated the in
vivo anticancer activity of TpG in human ovarian xenografts-bearing
nude mice model, which were established by subcutaneously inocula-
tion SKOV3 cells into the BALB/c mice. When the tumors reached about
200 mm®, mice were intravenously administered with saline, gelonin or
TpG every three days for a total of four times. Tumors in the saline
control mice grew uncontrollably, and the relative tumor volume is 8.32
+ 0.50 (Fig. 7a). By comparison, treatment with gelonin or TpG could
significantly inhibit tumor growth as compared with saline group with
relative tumor volumes of 5.49 + 0.57 and 2.57 + 0.25, respectively.
Inspiringly, the mice treated with TpG exhibited notably enhanced
suppression of tumor growth, the relative tumor volume of gelonin-
treated group was 2.14-fold of that in TpG-treated group. The tumor
growth inhibitory ratios of gelonin and TpG were 33.91 + 6.81% and
65.64 + 3.31%, respectively (Fig. 7b). Eleven days after the last treat-
ment (day 20), tumors in all groups were excised and weighed, both
gelonin and TpG significantly reduced the tumor weights with relative
tumor weights of 0.70 + 0.08 and 0.31 + 0.08, respectively (Fig. 7c).
Obviously, the smallest relative tumor volume, highest inhibitory ratio
and lowest weight of the tumors were observed in TpG-treated mice.
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Histopathological and immunohistochemical analyses of tumor tis-
sues after different treatments were performed to explore the potential
mechanism underlying the in vivo antitumor activity of TpG. Hematox-
ylin and eosin (H&E) staining results indicated that tumor cells in saline
group were intact and tightly aligned, and there is no indication of ne-
crosis (Fig. 7d), suggesting the active cell proliferation. In stark contrast,
different levels of necrosis occurred in tumor tissues of gelonin and TpG-
treated group, and some typical signs of necrosis were observed,
including decolorization of the nucleus, nuclear pyknosis and frag-
mentation of the tumor tissue (Fig. 7d), signifying a noticeable remission
of tumor cells. Furthermore, tumor sections of different groups were
subjected to immunohistochemical assay to analyze the expression of
two proliferation-related proteins (PCNA and Ki-67) and two apoptosis-
related proteins (Bcl-2 and p53). Compared with the saline group, the
expression of PCNA, Ki-67 and anti-apoptosis protein Bcl-2 were
significantly down-regulated, while the pro-apoptosis protein p53 were
effectively upregulated in gelonin and TpG-treated groups (Fig. 7d).
Interestingly, treatment with TpG produced much stronger effect than
gelonin on inhibiting the expression of PCNA, Ki-67 and Bcl-2 and
activating p53 (Fig. 7d). These results clearly demonstrated that gelonin
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Fig. 7. TpG effectively suppresses tumor growth by inhibiting tumor cell proliferation and inducing tumor cell apoptosis. (a) Changes in relative tumor
volume after treatment with saline, gelonin or TpG for a period of 20 days, the arrows indicated the administration time; the inset shows the representative pho-
tographs of tumor tissue of different groups at day 20. *represents P < 0.05 and ***represents P < 0.001. (b) Tumor growth inhibition ratio of gelonin and TpG. (c)
Relative tumor weight of different treatment groups. The relative tumor weight was defined as the ratio of average tumor weight of gelonin or TpG-treated group to
the average tumor weight of saline-treated group at day 20. (d) Representative images of tumor sections from different groups (saline, gelonin and TpG) after
hematoxylin and eosin (H&E) and immunohistochemical staining for detection of PCNA, Ki-67, Bcl-2 and p53. The scale bar is 100 pm. Mice bearing SKOV-3 human
ovarian xenografts (about 200 mm?®) were injected intravenously with different reagents (saline: 5 mL/kg; gelonin or TpG: 0.35 pmol/kg) every three day for a total
of 4 injections (at day 0, 3, 6 and 9), tumor volume was monitored every 2 days for a period of 20 days.
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and TpG robustly delayed tumor growth through inhibiting tumor cell
proliferation and concomitantly stimulating tumor cell apoptosis. The
good metabolic stability conferred by the thioredoxin (Trx) tag and
pHLIP-mediated effective cellular internalization behavior of TpG
accounted for its superior antitumor activity over gelonin.

3.7. In vivo biosafety evaluation of TpG

Considering that TpG elicited excellent efficacy in deferring tumor
growth, we proceeded to evaluate its potential toxicity by monitoring
the body weight changes of mice during the treatment period, H&E
staining of normal tissues and determination of some serum biochemical
parameters at day 20. The relative body weight of nude mice in each
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group fluctuated in a range of 0.97-1.12, and the relative body weight of
gelonin and TpG treatment groups was slightly lower than that of the
control group (Fig. S7).

H&E staining results showed that there were no incidences of main
normal organ abnormalities in TpG-treated group as compared with the
saline group, and hardly any pathological change in the cell morphology
of normal tissues (heart, liver, spleen, lung, kidney) could be observed
after TpG treatment (Fig. 8a). However, there were degenerative
changes in myocardium in gelonin treatment group, such as myocyte
vacuolization, interruption in continuity of myocardial fiber, nuclei loss
in some muscle fibers (Fig. 8a). Similarly, a certain degree of patho-
logical features of liver injury appeared in gelonin-treated group,
including vacuolization of hepatocytes and nuclear contraction
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Fig. 8. In vivo biosafety assessment of TpG. (a) H&E staining analysis of the heart, liver, spleen, lung and kidney of SKOV3 tumor-bearing nude mice following
different treatment groups via intravenous injection. The scale bar is 100 pm. (b) Determination of some serum biochemical indices after intravenous administration
of saline, gelonin, and TpG: myocardial enzyme spectrum (creatine kinase, CK; creatine kinase isoenzyme, CK-MB; lactate dehydrogenase, LDH); liver function
(alanine aminotransferase, ALT; aspartate aminotransferase, AST); renal function (blood urine nitrogen, BUN; creatinine, Cr).
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(Fig. 8a). In addition, some changes in histopathological features of
kidney (e.g. glomerular atrophy and nuclear aggregation) were detected
after gelonin treatment (Fig. 8a). Analysis of serum biochemical indexes
showed that all parameters in TpG group were close to those in control
group; in contrast, CK, CK-MB, LDH, ALT, AST and Cr slightly increased
in gelonin-treated group (Fig. 8b), which was consistent with the H&E
staining results. The admirable biocompatibility of TpG may be attrib-
utable to its tumor acidity-targeting ability. These results revealed that
TpG possessed favorable in vivo biosafety profile and held tremendous
potential for the treatment of a wide variety of solid tumors.

4. Conclusion

We have molecularly engineered an effective gelonin delivery plat-
form (Trx-pHLIP-Gelonin, TpG) by combining the advantages of Trx
(metabolic stability and solubility improvement), pHLIP (pH respon-
siveness and high transmembrane capability) and gelonin (excellent
antitumor efficacy). This platform is simple and cost-effective, and al-
lows for reproducible expression of TpG with high purity (91.24%) and
stable yield (0.94 mg/L). Furthermore, our delivery platform enabled an
efficient intracellular translocation of gelonin in a pH-dependent
manner. Notably, TpG manifested better cytotoxic activity against
three different tumor cells (SKOV3, A549 and HCT-8) at pH 6.5 when
compared to gelonin. Antitumor mechanistic studies revealed that TpG
considerably caused cell apoptosis and suppressed protein synthesis, and
eventually contributing to its antitumor property. Intriguingly, intra-
venous injection of TpG can effectively delay the tumor growth with
minimal adverse effects in a subcutaneous tumor model of SKOV3 cells.
Taken together, this functional gelonin fusion protein TpG holds great
promise to be exploited as a safe and potent therapeutic agent for
treating various solid tumors, and this delivery platform can be easily
modulated by replacing gelonin with another bioactive protein, which
allows broad utility of the delivery system.
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