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Purpose: The clinical use of paclitaxel (PTX) in cancer treatment is limited by its poor water solubility, significant toxicity, and
adverse effects. This study aimed to propose a straightforward and efficient approach to enhance PTX loading and stability, thereby
offering insights for targeted therapy against tumors.

Patients and Methods: We synthesized a paclitaxel palmitate (PTX-PA) prodrug by conjugating palmitic acid (PA) to PTX and
encapsulating it into liposomal vehicles using a nano delivery system. Subsequently, we investigated the in vitro and in vivo
performance as well as the underlying mechanisms of PTX-PA liposomes (PTX-PA-L).

Results: PTX had a remarkable antitumor effect in vivo and significantly decreased the myelosuppressive toxicity of PTX. Moreover,
the introduction of PA increased the lipid solubility of PTX, forming a phospholipid bilayer as a membrane stabilizer, prolonging the
circulation time of the drug and indirectly increasing the accumulation of liposomes at the tumor site. Our in vivo imaging experiments
demonstrated that PTX-PA-L labeled with DiR has greater stability in vivo than blank liposomes and that PTX-PA-L can target drugs
to the tumor site and efficiently release PTX to exert antitumor effects. In a mouse model, the concentration of PTX at the tumor site in
the PTX-PA-L group was approximately twofold greater than that of Taxol. However, in a nude mouse model, the concentration of
PTX at the tumor site in the PTX-PA-L group was only approximately 0.8-fold greater than that of Taxol. Furthermore, the originally
observed favorable pharmacodynamics in normal mice were reversed following immunosuppression. This may be caused by
differences in esterase distribution and immunity.

Conclusion: This prodrug technology combined with liposomes is a simple and effective therapeutic strategy with promising
developmental prospects in tumor-targeted therapy owing to its ability to convert PTX into a long-circulating nano drug with low
toxicity, high pharmacodynamics, and good stability in vivo.
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Introduction

PTX, an active ingredient extracted from the bark of Taxus brevis,! has been approved for the treatment of ovarian
cancer, lung cancer, breast cancer, colon cancer and lymphoma because of its ability to promote tubulin polymerization,
induce tumor cell mitosis, block mitosis in the G2 and M phases for a long time, and promote tumor cell division and
death.>* However, the clinical application of PTX is limited by its poor water solubility and unsatisfactory
pharmacodynamics.*> The clinically available formulation of paclitaxel (Taxol®) consists of polyoxyethylene castor
oil (Cremophor EL, CrEL) and absolute ethanol as a mixed solvent (50:50, v/v) to increase the solubility of the drug.6
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However, numerous studies have shown that CrEL has toxic and adverse effects, including neutropenia, peripheral
sensory neuropathy, hyperlipidemia, neurotoxicity, and hypersensitivity reactions.” ® To avoid the use of CrEL, several
novel delivery systems have been developed either to solubilize PTX or to deliver it to target places or both. Compared
with Taxol®, a PTX albumin nanosuspension (Abraxane®) utilizes albumin in place of CrEL as the carrier system and
thus has been proven to be safer and more tolerable, with an increase in efficacy of approximately 50%.'°"'* However,
the use of albumin may elicit immunological responses, and there is no significant difference in clinical efficacy between

>
Abraxane® and Taxol®

in the treatment of some specific cancers, such as breast cancer and non-small cell lung
cancer.'>'* Alternatively, a PTX polymer micelle injection named Genexol-PM® was developed by replacing CrEL
with a copolymer, methoxy polyethylene glycol-co-poly (lactic acid).'>'® However, polymeric micelle formulations
suffer from poor circulation stability in vivo, unsatisfactory biocompatibility, and low responsiveness in the cellular
microenvironment.'”-'®

Liposomes are alternative carrier systems for the solubilization and delivery of poorly soluble drugs. Owing to the
incomparable biocompatibility and safety of liposomal constituents, ie, endogenous phospholipids and cholesterols,
liposomes remain the first choice in the development of carrier drug delivery systems.'” To solubilize PTX and adapt it
for intravenous delivery, PTX liposomes have been successfully developed without the use of CrEL. Nevertheless, the
liposomal PTX formulation suffers from a very low loading capacity (approximately 3 mg/mL) and poor physical
stability,”® which is typical of the enlarged size and formation of aggregates following the reconstitution of freeze-dried
formulations.”’ Our pilot study also indicated that PTX liposomes have poor stability during transport in vivo and are
prone to premature leakage.”* >* Various methods are currently available to improve the stability of liposomes, such as

2526 or embedding rigid nanomaterials into liposomal structures.”’ In

enhancing the rigidity of liposome membranes
contrast to methods that rigidify liposomes, modifying the drug molecules themselves to endow them with a high affinity
for lipid bilayers is a more efficient strategy for enhancing drug loading and preventing premature leakage.

In our previous study, PTX-lipid conjugates were synthesized and encapsulated in phospholipid/cholesterol lipo-
somes. The combination of long-chain saturated fatty acids with PTX substantially elevated the lipid solubility of PTX,
thus increasing its loading efficiency.”® More importantly, the integration of lipophilic PTX prodrugs stabilized the
liposomes and thereby prolonged the circulation time in vivo (Scheme 1). By overcoming the problems of low loading
and instability of traditional PTX liposomes, PTX prodrug-loaded liposomes demonstrate enhanced anticancer efficacy.
A lipid chain length dependency was observed in terms of loading efficiency, stabilization, and antitumor efficacy, with
PTX palmitate (PTX-PA) having the longest chain length.?®

The current study aimed to further explore both the in vitro and in vivo performance and underlying mechanisms of
PTX-PA liposomes. In vivo pharmacodynamics were evaluated in either a normal or a nude mouse model or a normal
mouse model grafted with a 4T1 immunodeficient breast tumor or a Lewis lung tumor. Subsequently, we explored the
long-term circulation, biodistribution, tumor targetability and in vivo liposomal stability, as well as the function and
number of macrophages and immunity-related factors (Scheme 2). Finally, the safety of PTX-PA liposomes was
evaluated. The results demonstrated that prodrug technology combined with liposomes was a simple and effective
strategy for enhancing PTX loading and in vivo stability and thus has promising potential for tumor-targeted therapy.

Materials and Methods

Materials

PTX (China Resources Meilian Pharmaceutical Co., Ltd., Chongqing, China); PA (Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China); egg yolk lecithin PC-98T (AVT (Shanghai) Pharmaceutical Technology Co., Ltd., Shanghai,
China); hydrogenated soybean phosphatidylcholine (HSPC; Lipoid GmbH, Germany); endothelial progenitor cells
(EPCS; Lipoid GmbH, Germany); cholesterol (AVT (Shanghai) Pharmaceutical Technology Co., Ltd. Shanghai,
China); 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] (DSPE-PEG2000;
Lipoid GmbH, Germany); 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC), 4-dimethylaminopyridine (DMAP,
ethyl acetate, petroleum ether, and dichloromethane (Shanghai Pharmaceutical Chemical Reagent Co., Ltd., Shanghai,
China); GF 254 silica gel plate for thin layer analysis (Ocean Chemical, Qingdao, China); isopropanol
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Scheme | Synthesis and preparation of paclitaxel palmitate liposomes. Paclitaxel palmitate, a prodrug and liposomal membrane stabilizer, can form stable prodrug
nanoliposomes (termed PTX-PA-L). Compared with the simple liposome of paclitaxel (called PTX-L), PTX-PA-L is more stable in the blood, and the drug is not easy to leak.
The role of PTX-PA-L in preventing PTX leakage caused by plasma proteins could lead to more drugs being delivered to the tumor site.

(chromatographically pure), methanol (HPLC grade), and acetonitrile (HPLC grade) (Thermo Fisher (China) Co., Ltd.,
Shanghai, China). All other chemical reagents were of analytical or chromatographic grade. Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), and phosphate-buffered saline (PBS) were purchased from Gibco Life
Technologies (Grand Island, NY, USA). The lipophilic near-infrared dye DiR was acquired from Maokang
Biotechnology (Shanghai, China).

Taxol for injection was purchased from Yangzijiang Pharmaceutical Group Co., Ltd. For use, it was combined with
normal saline (NS), prepared on the same day, and used within 1 h of preparation.

Animals

Female ICR mice (aged 4 weeks, 18-22 g), female BALB/c nude mice (aged 4-6 weeks, 16-20 g), and male and female
SD rats (aged 5-6 weeks, 160-200 g) (Zhejiang Weitong Lihua Experimental Animal Technology Co., LTD, Zhejiang,
China, SCXK (Zhe) 2019-0001) were raised at 25+2°C with a relative humidity of 47.5+2.5%. This study has been
reviewed and approved by the Experimental Animal Ethics Committee of Shanghai Skin Disease Hospital (SYXK (Hu)
2020-0002). All animal experiments were conducted in accordance with the ethical standards described in the Guide for
the Care and Use of Laboratory Animals issued by the NIH.

Cell Culture

Mouse 4T1 cells and Lewis cells (Stem Cell Bank of the Chinese Academy of Sciences, Beijing, China) were monolayer
cultured adherently in an incubator containing 10% FBS (Gibco, USA) in 37.5% CO,. Mouse primary macrophages and
T-cell immunodeficiency (TID) model mouse primary macrophages were extracted from the abdominal cavity and legs of
ICR mice and TID model mice.
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Scheme 2 Schematic illustration of targeted anticancer prodrug nanoliposomes that induce apoptosis and improve antitumor immunity. PTX and PA were obtained by the
prodrug technique to obtain PTX-PA, which was then coassembled with liposomes to obtain PTX-PA-L. After intravenous injection, PTX-PA-L can maintain a long cycle
in vivo and ensure preferential accumulation at the tumor site while entering the body, being engulfed by macrophages, becoming activated and migrating to tumor tissue by
regulating the expression levels of immune factors such as CCL2, CCL5, TNF-q, IL-8, and IL-I, among others, exerting its outstanding antitumor effect.

Synthesis of a PTX-PA Conjugate

PTX-PA was obtained by esterification of PTX with PA.?*3° The synthetic route is shown in Supplementary Figure 1A.

Briefly, 1 mmol of PTX was added to the reaction vessel, followed by the addition of an appropriate amount of anhydrous
dichloromethane, the acid-binding agent DMAP (1.2 mmol), EDC (1.2 mmol) and PA (1.2 mmol), and the mixture was
stirred overnight in an ice bath under the protection of N, until the reaction was complete. The reaction process was
monitored by thin-layer chromatography. The reaction solution was washed twice with citric acid aqueous solution and
twice with saturated brine, and the organic phase was rotary evaporated to remove dichloromethane to obtain the white
solid target product PTX-PA, whose purity was determined by HPLC. The crude reaction product was separated and
purified by column chromatography to obtain PTX-PA. In addition, the structure of the prodrug was verified by NMR
hydrogen, carbon, and ESI mass spectrometry.

Preparation of PTX-PA-Loaded Nanoliposomes

PTX-PA liposomes (PTX-PA-L) were prepared by using the thin film hydration method.?" Briefly, 20 mg of PTX-PA,
400 mg of PC98-T, and 30 mg of DSPE-PEG2000 were precisely weighed into a 500 mL round-bottomed flask and fully
dissolved by the addition of 5 mL of dichloromethane. Dichloromethane was subsequently removed at 45°C to form
a uniform film on the inner wall of the flask. After the addition of 10 mL of redistilled water, the mixture was preheated
to the same temperature in a round-bottomed flask, shaken, and hydrated to obtain crude PTX-PA-L, which was further
downsized by probe ultrasonication (Ningbo Xinzhi Biotechnology Co., Ltd., JY92-IIN, Zhejiang, China) for 90s and
filtered through a 0.22-um microporous membrane to obtain PTX-PA-L.*!

Characterization of PTX-PA-L

After staining with phosphotungstic acid, the morphology of PTX-PA-L was observed via high-resolution transmission
electron microscopy (TEM; Japan Electronics Co., Ltd., JEM-1400, Japan). Briefly, after 50-fold dilution with PBS (pH
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7.4), 2-3 drops of PTX-PA-L were coated on the surface of a copper mesh covered with carbon film and negatively
stained with 1% phosphotungstic acid for 3 min. The samples were allowed to dry naturally, and the morphology was
observed and recorded.’! After 10-fold dilution with distilled water, the particle size, polydispersity index (PDI), and zeta
potential of PTX-PA-L were measured with a Malvern particle size analyzer (Malvern Panalytical, NANO-S, Britain).

The encapsulation efficiency (EE%) and drug loading (DL%) of PTX-PA-L were determined by an ultrafiltration-
centrifugation method. Two hundred microliters of the liposome dispersion were accurately measured in an ultrafiltration
tube (Millipore, MW cutoff 30 kDa, USA) and centrifuged at 4000 r/min for 10 min (Hunan Kecheng Instrument
Equipment Co., Ltd., H3-20KR, Hunan, China). The filtrate was collected to determine the content of the unencapsulated
free drug (Wgee) by HPLC. Another 500 uL of PTX-PA-L was completely destroyed by methanol to determine the total
content (W) of PTX-PA. The lyophilized product of PTX-PA-L (1 mL) was weighed (Wr). The EE% and DL% were
calculated according to the following formulas:

EE(%) = (VVtotal - Wfree)/VVtotal x 100%

DL% = (VVtota] - Wfree)/WT x 100%

Additionally, any changes in the particle size, PDI, or drug content were detected following storage at 25°C for two
weeks or dilution with 0.9% NacCl solution to evaluate the storage or antidilution stability, each experiment was done in
triplicate in parallel.

In vitro Drug Release

The release kinetics of PTX-PA-L were quantitatively detected by drug release experiments. PTX-PA-L was diluted 2
times for use. In addition, 3 parts of PBS (containing 30% ethanol, pH 5.5) solution was added to the dissolving cup, and
the stirring speed of the dissolution tester (Shenzhen Huasong Analytical Instrument Co., Ltd., DS-808, Shenzhen,
China) was set at 100 rpm, and the solution temperature was 37+1°C. One milliliter of diluted liposome solution was
added to PBS, and the mixture was stirred. Quantitative samples were collected at each predetermined time point, and an
equal amount of fresh release medium was added. After filtration with a 0.22 pm membrane filter, the supernatant was
collected by ultrafiltration and centrifugation. The drug concentration was determined by HPLC, and the cumulative
release of PTX-PA was calculated.

In vivo Antitumor Effect on Xenograft Tumor Models

Thirty ICR mice and BALB / ¢ nude mice were taken to vaccinate 4T1 cells in the right axilla to establish the mouse and
nude mouse breast cancer model.*>** When the tumor volume reached 100 mm®, the mice and nude mice were randomly
divided into 3 groups of 10 mice each for intravenous injection (i.v.). The three groups were injected with NS,
Taxol®(15 mg/kg PTX equivalent) or PTX-PA-L (19.18 mg/kg, 15 mg/kg PTX equivalent) every 2 days for a total of
3 times. The tumor volume (TV) and body weight of the tumor-bearing animals were monitored during the treatment
period. On the third day after the end of treatment, the tumors were dissected and weighed. The drug efficacy of each
treatment group was evaluated by calculating the tumor inhibition rate (TIR). Tumor volume was calculated according to
equation (1) (a x b%)/2, where “a” and “b” represent the long and short diameters of the tumor, respectively. The
calculation formula for the TIR was (2) [Weontrol = Wireatd Weontrol X 100%, where Weoniwor and Wye, represents the
average weight of tumors in the control group and the treatment group.>?

In vivo Antitumor Study in a TID Model

A mouse model of TID was established by intraperitoneal injection of the immunosuppressive agent cyclosporin A (CsA)
into ICR mice aged 4-5 weeks. CsA was dissolved in DMSO and then diluted to 0.2 mg/mL CsA in normal saline
containing 20% sulfobutyl ether-p-cyclodextrin. Briefly, CsA solution was injected intraperitoneally at a dose of 25 mg/
kg/d once every other day for a total of three doses. The activities of the mice, such as loss of appetite, unresponsiveness,
loss of hair luster and partial hair loss, were regularly observed. A certain number of representative mice were selected
for spleen inspection, and the percentages of peripheral CD3+, CD4+ and CD8+ T-cell subsets were determined to assess

International Journal of Nanomedicine 2024:19 hetps: 11543
ove!


https://www.dovepress.com
https://www.dovepress.com

Wu et al Dove

whether the model was successfully established. In this study, 4T1 cells and Lewis cells were subcutancously seeded in
the right axilla of ICR mice and TID model mice, with 30 animals per model group for a total of four groups.

When the tumor volume reached 100 mm?®, mice from each model group were again randomly divided into 3
subgroups of 10 mice each for i.v. The three subgroups were injected with NS, Taxol (15 mg/kg PTX equivalent) or
PTX-PA-L (19.18 mg/kg, 15 mg/kg PTX equivalent) every 2 days for a total of 3 times. Changes in tumor growth and
body weight of the tumor-bearing mice were monitored during the treatment period. On the third day after the end of
treatment, the tumor tissues and main organs were dissected, and the TIR (%) was calculated utilizing the same methods
as those used for the evaluation of antitumor efficacy. Representative tumor samples were collected from each group for
tissue analysis. For biological analysis, tumor tissues were stained with hematoxylin and eosin (H&E) and subjected to
immunofluorescence analysis with a Ki67 detection kit.>*

In vivo Pharmacokinetics and Tissue Distribution

Pharmacokinetics of different forms of PTX-PA, including all forms PTX-PA (T-PTX-PA), liposome-loaded PTX-PA
(L-PTX-PA), and free PTX-PA in plasma, were studied in healthy SD rats. Six rats, half male and half female, were
intravenously infused with PTX-PA-L (10 mg/kg, 7.8 mg/kg PTX equivalent) (5 minutes per rat, rats were fasted for 12h
before administration and drinking water ad libitum). Plasma T-PTX-PA and L-PTX-PA were measured at 0, 0.25, 0.5, 1,
2,4,8,24,48, 72, 120, and 168 h post-administration.

The pharmacokinetics were also studied in 4T1 cell-xenografted ICR mice and BALB/c nude mice models as
described above. When the tumor volume reached approximately 500 mm?, each group of mice and nude mice was
randomly divided into two subgroups (30 animals in each subgroup) and injected i.v with Taxol® (15 mg/kg PTX
equivalent) or PTX-PA-L (19.18 mg/kg, 15 mg/kg PTX equivalent), mice were fasted for 12h before administration and
drinking water ad libitum.>> After administration, blood from mouse eyeballs was extracted and placed into anticoagulant
tubes at 0.1, 0.5, 1, 5, 12, 24, 72, 120, 168, and 336 h, and plasma was collected by centrifugation. Then, the mice were
sacrificed, and the heart, liver, spleen, lung, kidney, and tumor tissues were dissected, individually weighed and ground
into tissue homogenates.*®*” After that, the internal standard (IS) carbamazepine (10 ng/mL) was added to both the
homogenate and plasma samples. After vortexing, the homogenates were extracted with acetonitrile. Following cen-
trifugation at 13,000 rpm for 10 min, 150 pL of the supernatant was collected and mixed with 300 puL of 30%
acetonitrile.*®>° Finally, 5 uL of the sample was injected into the HPLC-MS/MS system for detection.*” The combina-
tion of full scan and QED scan was used to monitor PTX, PTX-PA and carbamazepine in MRM mode with m/z 308.1 —
876.32, 546.3 — 1114.5, and 237.1 — 194.0, respectively. The run time was 7 min, and the data were collected in
positive polarity mode.

In vivo and ex vivo Imaging

In vivo and ex vivo imaging was performed on 4T1 xenografted mice and nude mouse tumor models. DiR was dissolved
in DMSO to prepare a 1 mm stock solution of DiR, which was then diluted to 1 pm with normal saline to prepare free
DiR for later use. To prepare DiR (cellular membrane dark red fluorescent probe)-labeled PTX-PA-L (DiR@PTX-PA-L),
DIR was added to the oil phase during liposome preparation, and the amount of other raw materials and preparation
process were consistent with those used for PTX-PA-L. Then, DiR was loaded into the phospholipid bilayer, and the
liposomes were completely labeled. Mice and nude mice were randomly divided into three groups (» = 30) and injected i.
v. with free DiR-labeled blank liposomes (DiR@Blank Lip) or DiR@PTX-PA-L (19.18 mg/kg, 15 mg/kg PTX
equivalent). Immediately after the animals were anesthetized with isoflurane at selected time points, fluorescence images
of the whole body were captured at excitation/emission wavelengths of 748/780 nm using an IVIS Spectrum in vivo
imaging system (PerkinElmer, USA). Subsequently, the corresponding mice and nude mice were sacrificed to collect the
main organs and tumor tissues, and the fluorescence intensity of each organ and tumor tissue was quantitatively analyzed.

In vitro Uptake of PTX-PA-L by Macrophages
Macrophages were extracted from the peritoneal cavity of ICR mice and TID model mice. Cells were seeded on 6-well
plates, and 3 complex wells for each group were incubated for 2 hours in an incubator with 5% CO, saturation at 37°C.
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DiIR@PTX-PA-L was prepared by loading lipophilic DiR into prodrug liposomes using DiR as a cell membrane
fluorescent probe. After the supernatant was discarded and the cells were washed with PBS three times, DiR@PTX-
PA-L was added to the media, and the cells were collected at 0.5, 1, and 24 h and analyzed by flow cytometry utilizing
FlowJo software for data analysis. In the same way, the cells were inoculated into 6-well plates for 24 h and incubated
with PTX-PA-L loaded with DiR at 37°C for 2 h. Nuclear restaining was performed with 4',6-diamidino-2-phenylindole
(DAPI), the cells were collected and fixed with 4% paraformaldehyde solution, and then the uptake of PTX-PA-L by the
macrophages was observed using confocal laser scanning microscopy (Nikon, Japan).*' To quantify the uptake of PTX-
PA-L by macrophages derived from ICR mice and TID mice, HPLC-MS/MS (Thermo Fisher, USA) was used for precise
quantification of differences in drug uptake by macrophages from the two sources.

The contents of PTX and PTX-PA in the macrophages of the mice and nude mice were detected by HPLC-MS/MS
(Thermo Fisher, USA). After washing with PBS, PTX-PA-L (100 ng/ran1 PTX equivalent) was added to the culture
dishes of the two types of macrophages and cocultured for 6, 8 or 10 h. After treatment, live cells were collected,
counted, resuspended in 250 pL of ultrapure water, and lysed by repeated freeze—thaw cycles. The cell lysate was further
processed, and then 10 pL of IS carbamazepine (10 ng/mL) was added to the cell lysate dispersion. After mixing, the
solution was extracted with acetonitrile and centrifuged at 13000 rpm for 10 min. The intracellular drug content was
detected by injecting 5 pL of the supernatant into the HPLC-MS-MS system.

In vivo Uptake of PTX-PA-L by Tumor-Associated Macrophages (TAMs)

The in vivo uptake of PTX-PA-L by TAMs in mice and nude mice was investigated (n = 3). DiIR@PTX-PA-L was
injected iv. at a dose of 19.18 mg/kg (15 mg/kg PTX equivalent). Then, the tumor-bearing mice and nude mice were
sacrificed, and the tumors were dissected, snap-frozen, and sectioned. Tumor sections were incubated overnight with
rabbit anti-mouse F4/80 antibody (Abcam, Cambridge, MA), stained with fluorescein isothiocyanate (FITC)-conjugated
secondary antibody, counterstained with DAPI for nuclei, and visualized under a fluorescence microscope. The mean
fluorescence intensity of colocalization of F4/80 and DiR in tumor sections was semiquantitatively calculated using
Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA).

Immunohistochemistry

To investigate whether the content of TAMs in tumor tissues leads to differences in antitumor efficacy, we further
evaluated the expression of a characteristic TAM marker (CD68+) in tumor-bearing mice and nude mice treated with
prodrug liposomes by immunohistochemistry (IHC). After antigen retrieval and inactivation, the tumor sections were
incubated in normal goat serum, stained with 3,3’-diaminobenzidine (DAB)/H,0O, solution, counterstained with hema-
toxylin and observed. Positively stained areas were measured and quantified using Image-Pro Plus 6.0 software (Media
Cybernetics, Silver Spring, MD, USA). The density of TAM-positive cells is expressed as the number of cells per square
millimeter (mm?).

Expression Levels of Immune Factors

The levels of chemokines (CCL2 and CCL5) and tumor factors (TNF-a, IL-1, and IL-8) in the serum of normal mice,
TID model mice were detected using ELISA kits according to the manufacturer’s instructions. Sera were extracted from
the blood samples of mice and nude mice by centrifugation at 400 X g for 20 min, and the corresponding ELISA kit
(Nanjing Sunberga Biotechnology Co., Ltd., Nanjing, China) was used for detection and analysis (n = 3).

Biosafety Assessment

To further evaluate the safety of PTX-PA-L, a maximum tolerated dose (MTD) study was conducted by means of dose
escalation (n = 6, 3 females, and 3 males). In addition, to evaluate the long-term therapeutic effect of PTX-PA-L on
tumor-bearing mice, ICR mice and Balb/c nude mice were vaccinated with 4T1 cells. After grouping, the therapeutic
dose of the drug was given three consecutive times, and the animals were sacrificed after natural death or less than 60
days (animals was considered dead when tumor diameter was >20mm). The survival of each tumor-bearing mice was
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recorded and analyzed by Kaplan-Meier method. After the experiments, the main organs of representative mice were
dissected and weighed.*?

Statistical Analysis

The data are expressed as the means + standard deviations. All analyses were performed using IBM SPSS Statistics for
Windows, version 19 (IBM Corp., Armonk, N.Y., USA), and ¢ tests and one-way ANOVA were used for comparisons
between two or more groups. *P < 0.05, **P < 0.01, and ***P < (0.001 indicate significant differences.

Results and Discussion

Preparation and Characterization of PTX-PA-L
The synthesis of PTX-PA was successful, as verified by mass spectrometry and hydrogen NMR spectroscopy, with a yield
0f 70% (Supplementary Figure 1B-D). PTX-PA-L was prepared by a thin-film hydration method. Dynamic light scattering
revealed that PTX-PA-L was a uniform particle with a mean size of 78.0 = 2.9 nm and a PDI 0of 0.176 = 0. 02 and a zeta
potential of —18.1 £ 0.21 mV (Figure 1A and B). TEM revealed the typical spherical shape of the liposomes (Figure 1C). In
addition, the prodrug PTX-PA showed excellent encapsulation efficiency in the lipid bilayer, with an EE of 98.28 + 0.69%
(Supplementary Table 1) and a corresponding drug loading capacity of 7.24 + 0.053 (Supplementary Table 2).
PTX-PA-L showed good stability without any signs of aggregation or precipitation after storage at 25°C for at least
two weeks or after dilution with 0.9% NaCl solution followed by incubation for 48 h (Figure 2A—C). There was also no
significant change in the PDI. The results showed that PTX-PA-L had good stability in vitro, and PTX-PA had good
compatibility with the phospholipid bilayer, showing good membrane stability.*>** The release kinetics of PTX-PA-L
were tested in a mixed medium of PBS containing 30% ethanol at pH 5.5 and pH 7.4. Approximately 80% of PTX-PA-L
was released in an acidic environment (pH 5.5) within 24 h, and approximately 40% was released in a neutral
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Figure | (A) Particle size of PTX-PA-L. (B) Zeta potential of PTX-PA-L. (C) TEM image of PTX-PA-L. (D) PTX-PA release profiles from PTX-PA-L in PBS (containing 30%
ethanol). The scale bar is 100 nm. The data are shown as the means + SDs (n = 3).
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Figure 2 (A) Particle size and PDI of PTX-PA-L under 25°C storage conditions (n = 3). (B) Particle size and PDI after 0.9% NaCl dilution of PTX-PA-L (n = 3). (C) The
change in the drug content of PTX-PA-L with 25°C storage and 0.9% NaCl dilution (n = 3). (D) Blood drug concentration-time curve of SD rats within 24 h after a single
intravenous infusion of 10 mg/kg PTX-PA-L (n = 6).

environment (Figure 1D), indicating that PTX-PA-L has good stability in a neutral environment, which will increase the
integrity of liposomes in blood and release more of the active drug PTX when it is transported to more acidic tumor sites.

In vivo Stability of PTX-PA-L

The in vivo stability of PTX-PA-L was evaluated in SD rats. After intravenous infusion at a dose of 10 mg/kg (7.8 mg/kg
PTX equivalent), the plasma L-PTX-PA 4UCy_;¢5 1, level accounted for 69.72% of the T-PTX-PA. In the first 4 h after
administration, more than 95% of the PTX-PA was present in an encapsulated form. This can be clearly seen from the
plasma profiles of T-PTX-PA and L-PTX-PA within 24 h. After entering the body, PTX-PA-L was mainly distributed in
the form of L-PTX-PA (Figure 2D). After the synthesis of PTX-PA, PTX can increase the stability of PTX-PA-L in
plasma by improving lipid solubility, increasing the circulation time of liposomes, and increasing the amount of drug
entering the tumor site in the form of liposomes.

Efficacy in a Xenograft Mouse Tumor Model

The in vivo antitumor efficacy of PTX-PA-L was evaluated by establishing a tumor model in which mice were
subcutaneously transplanted with 4T1 cells (Figure 3A). The animals were treated with Taxol® (15 mg/kg PTX
equivalent) and PTX-PA-L (19.18 mg/kg, 15 mg/kg PTX equivalent). Compared with Taxol®, PTX-PA-L significantly
inhibited tumor growth in the 4T1 mouse model (Figure 3B—E). Notably, tumor regression was observed in the mice in
the PTX-PA-L group from day 6 of treatment, and the tumors were completely cured in 3 of the 10 mice at the end of the
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Figure 3 Therapeutic efficacy in vivo. Isodose refers to PTX-PA-L (Taxol-equivalent dose). (A) Schematic representation of the animal experiments and treatment process.
(B) Weight curves of 4T | tumor-bearing mice during the experiment. (C) Tumor growth curves of 4T | tumor-bearing mice during the experiment. (D) Weights of tumors
removed from 4T | tumor-bearing mice subjected to the indicated treatments. (E) Representative images of solid tumors harvested from 4T | tumor-bearing mice on day 10.
(F) 4TI tumor-bearing nude mouse weight curves during the experiment. (G) Growth curves of 4T| tumor-bearing nude mice during the experiment. (H) Weights of

tumors removed from 4T| tumor-bearing nude mice for the indicated treatments. (I) Representative images of 4T| tumor-bearing nude mouse solid tumors harvested
on day 10. The data are presented as the mean = SD (n = 10).*P < 0.05; **P < 0.01; ***P < 0.001.

treatment. PTX-PA has no pharmacological activity and needs to be metabolized into PTX to exert its curative effect.
Therefore, we conducted a pharmacokinetic study to detect the content of PTX in tumor tissue by using HPLC-MS/MS.*

The results showed that when the drug was injected directly into the mice, the area under the curve (4UC) of plasma
PTX in the PTX-PA-L group was 17 times greater than that in the Taxol group (706.53 vs 41.56 pg-h/mL) (Table 1 and

Table | Pharmacokinetic Parameters of PTX in Mouse Plasma and Tumors After
Treatment with Taxol and PTX-PA-L

Parameters Unit Taxol PTX-PA-L
Plasma Tumor Plasma Tumor
AUC. pg/mL-h 41.56x1.56 14.80+2.48 706.531£80.39 44.8118.96
Crnax pg/mL 38.6316.15 1.10£0.13 179.00+21.82 0.63+0.07
tin h 0.22+0.01 9.40+0.02 11.974£0.30 69.32+0.72

11548 "

International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

v
S
2
o

Wu et al

7 . _
A 10 Mice B 0 Nude mice
Q M Taxol . ) I Taxol
& 1x10°4 I PTX-PA from liposomes S 1x10% B PTX-PA
? M PTX derived from PTX-PA ? PTX derived from PTX-PA
g 131054 g 1x105-
= S
o o
8 1x10% £ 1x10%
= =
.S .S
g 13103 § 13103
= =
Q Q
2 1x1021 2 1x10%
I} 1}
o o
) )
2 1x10' 2 1x10'1
a a l
1x10° A “ Q Ql QI Ql Ql Ql QI QI 1x10° T T T T T T T
Y 2O S X D A8 NPT N5 0 0 9 0 .9 O O O
Q Q \ b’ \r‘/. '\} /O/ \I\/Q \b% I\;‘)b Q~ Q- \. 5. \I‘\- ’\}. ’Q/. \’\/Q. \b%. ’5’\)b.
Time(h) Time(h)
C 1800+ M mice- PTX-PA D 20001 B mice-Taxol
I nude mice- PTX-PA I nude mice-Taxol
3 1500+ . B mice-PTX from PTX-PA
= »é 1600+ M nude mice-PTX from PTX-PA
S~
o
£ 1200+ E
g ?6’ 12004
2 9004 &
o 2
:t £ 800+
; 600+ 5
=~ (¥
S 3004 O 4001
0- 0-

R RO\ BPAN BPSN N BERN BN BN AN N O QO 09 . 0 9.0 0.0 9

Q. Q. \. . . b‘- . Q. %. b. Q. Q. \. . . b‘. . Q. %. b.

5T AT AV S S 57T RT A E
Time(h) Time(h)

Figure 4 (A) Concentrations of PTX and PTX-PA in the plasma of mice treated with iv. Taxol and iv. PTX-PA-L. (B) Concentrations of PTX and PTX-PA in the plasma of
nude mice treated with iv. Taxol and iv. PTX-PA-L. (C) Concentrations of PTX-PA in the tumors of mice and nude mice treated with iv. PTX-PA-L. (D) Concentrations of
PTX in the tumors of mice and nude mice treated with iv. Taxol and iv. PTX-PA-L.The data are presented as the mean * SD (n = 3).

Figure 4A). Following i.v. administration, only a small portion of PTX actually reached the tumor site in the Taxol group,
and more PTX was found to be distributed to other tissues and organs (Figure 4A). The AUC of PTX in tumors in the
PTX-PA-L group was three times greater than that in the Taxol® group (44.81 vs 14.80 pg-h/mL) (Table 1 and
Figure 4D). Over time, PTX-PA-L gradually became enriched at the tumor site and released the prodrug PTX-PA, and
PTX-PA was effectively converted into the active parent drug PTX in the tumor tissue (Figure 4C). PTX could still be
detected 14 days after administration at the tumor site (Figure SA—C), which is consistent with the significant efficacy of
PTX-PA-L in a mouse tumor model. It was reported that the modification of PTX-PA-L surfaces by PEGylation could
prolong the retention half-life of liposomes in blood circulation.*® Through the high permeability and retention (EPR)
effect of solid tumors, they can effectively accumulate in the tumor site after entering the body.*”**® In addition, the
rigidity of the liposome membrane was enhanced by the prodrug PTX-PA, which could effectively reduce the influence
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Figure 5 (A) Concentrations of PTX in the tissue of mice treated with iv. Taxol. (B) Concentrations of PTX-PA in the tissue of mice injected with iv. PTX-PA-L. (C)
Concentrations of PTX in the tissue of mice injected with i.v. PTX-PA-L. (D) Concentrations of PTX in the tissue of nude mice injected with i.v. Taxol. (E) Concentrations of
PTX-PA in the tissue of nude mice injected with iv. PTX-PA-L. (F) Concentrations of PTXin the tissue of nude mice injected with i.v. PTX-PA-L. The lower limit of detection
was 5 ng/mL. The data are presented as the mean + SD (n = 3).

of plasma protein and blood flow shear force during the circulation process, thus preventing drug leakage and increasing
the drug concentration at the tumor site. In summary, PTX-PA-L exhibited the advantages of long circulation, high
enrichment in tumor tissues and efficient conversion into PTX to exert its therapeutic activity.

Efficacy in a Xenografted Nude Mouse Tumor Model

To further explore the in vivo antitumor efficacy of PTX-PA-L, tumor models were successfully established by injecting
4T1 cells into nude mice subcutaneously. Surprisingly, the tumor inhibitory effect of PTX-PA-L (19. 18 mg/kg) was
significantly inferior to that of Taxol® (15 mg/kg) (Figure 3F-I). To explore the underlying mechanisms, in vivo
pharmacokinetics and tissue distribution were evaluated in a 4T1 breast cancer nude mouse tumor model (Figure 4B
and D 5D-F). The AUC of plasma PTX in the PTX-PA-L group was approximately 29 times greater than that in the
Taxol® group (1095.13 vs 37.62 pg-h/mL), but the AUC of PTX at the tumor site in the PTX-PA-L group was only 0.8
times greater than that in the Taxol® group (41.08 vs 51.35 pg-h/mL) (Table 2), indicating that the PTX concentration
metabolized at the tumor site in nude mice was lower in the PTX-PA-L group.

In addition, we compared the pharmacokinetic parameters of PTX-PA in plasma and tumors of mice and nude mice,
and found that the area under the drug-time curve of PTX-PA in mice plasma was smaller than that in nude mice plasma
(740.43 vs 1047.52 pg-h/mL) (Table 3). Surprisingly, the area under the drug-time curve of PTX-PA in the tumor site of
the mice was greater than that in the tumor site of the nude mice (44.81 vs 33.36 pg-h/mL) (Table 3), which may be
related to the limited distribution and concentration of metabolic esterase in the nude mice. Esterase is involved in drug
activation and is closely related to drug metabolism, playing an important role in the body. Moreover, esterase
metabolism is affected not only by the drug structure but also by the metabolic pathway and time. However, differences
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Table 2 Pharmacokinetic Parameters of PTX in the Plasma and Tumors of Nude
Mice Treated with Taxol and PTX-PA-L

Parameters Unit Taxol PTX-PA-L

Plasma Tumor Plasma Tumor
AUC. pug/mLh | 37.62+6.94 | 51.35+9.89 | 1095.13+343.40 | 41.08%11.77
Crnax pg/mL 18.19+4.88 1.74+0.85 184.961+86.38 0.49+0.15
tin h 0.07+0.01 18.184£0.99 4.10£0.95 69.32+12.58

Table 3 Pharmacokinetic Parameters of PTX-PA in Mouse and Nude Mouse Plasma and

Tumors
Parameters Unit Mice Nude Mice
Plasma Tumor Plasma Tumor
AUC., pg/mL-h 740.43+66.42 44.81+15.80 1047.52+484.32 33.36+10.45
Crnax pg/mL 179.00+22.46 627.60+139.92 184.96+36.70 485.68+125.61
tin h 0.62+0.10 69.32£1.51 2.69+0.60 69.32+20.35

in metabolic esterase species also affect metabolic processes. Due to the significant differences in plasma esterase activity
and expression levels between mice and nude mice, the degree of ester prodrug hydrolysis is also different in the two
animal models. Compared with those in nude mice, the plasma esterase activity and expression level in mice were
greater, so the more active drug PTX could be hydrolyzed in vivo, thus exerting a stronger antitumor effect.

In vivo Tumor Targeting of PTX-PA-L

In vivo fluorescence imaging after labeling the liposomes with DiR was carried out to further verify the in vivo stability
of the prodrug liposomes.**** The distribution of DiR@PTX-PA-L and DiR@Blank Lip, with free DiR as a control, after
i.v. injection was monitored using an in vivo imaging system. Compared with free DiR, DiR@Blank Lip and DiR@PTX-
PA-L had significantly greater circulation stability and better tumor targeting efficiency (Figure 6A).

Interestingly, the fluorescence intensity of PTX-PA-L was greater than that of the blank liposomes. We speculate that
the long hydrophobic chains of PTX-PA may play an important role in maintaining the structure and stability of the
liposomal membrane by interspersing in the phospholipid bilayer. The entry of DiR@Blank Lip into the body induced
partial rupture of the liposomal phospholipid membrane to release DiR, and the fluorescence of DiR was quenched in
a water environment, attenuating the fluorescence signal. In conclusion, the introduction of PA enhanced the lipid
solubility of PTX, and it acted as a membrane stabilizer to increase the stability of PTX-PA-L.

Tumor targeting capability was evaluated following i.v. administration of the liposomes. The free DiR dye control did
not exhibit any fluorescence in the dissected tumors. Accumulation of fluorescence was detected in the tumors for both
the DiR@Blank Lip and DiR@PTX-PA-L groups. Differently, in mice, the fluorescence of DiIR@PTX-PA-L in vivo
increased in a time-dependent manner, peaking at approximately 5 h, and a certain amount of fluorescence could still be
detected even at 336 h after administration. In nude mice, after injection of DiR@PTX-PA-L, the localization of the
fluorescence signal at the tumor site was not obvious, and the signal gradually weakened over time, and the fluorescence
at the tumor site basically disappeared after 168h. To accurately verify the targeting of DiR @ PTX-PA-L at tumor sites
in mice and nude mice, in vivo imaging and fluorescence quantification were performed on major organs of mice and
nude mice at each time point (Figure 6B-I). The results were similar to the live imaging results, in which the mice
showed strong fluorescence signal at all time points. Especially at 336h, the fluorescence intensity of the mouse tumor
site was kept at a high level, about 3 times that of the mouse tumor site in nude mice. The above results showed that
PTX-PA-L has better drug transport capacity and tumor targeting in mice.

International Journal of Nanomedicine 2024:19 https:

11551

Dove:


https://www.dovepress.com
https://www.dovepress.com

Wu et al Dove

6min  30min B 6min 30min_1h

>

Free DiR
Heart

Mice

-mice
Tumor Kidney Lung Spleen Liver

-nude

C

6min 30min 1h  5h 12h 3d 5d 7d 14d

-mice

DiR@PTX-PA-L  DiR@PTX-PA-L DiR@Blank Lip DiR@Blank Lip
-nude

Nude mice
Tumor Kidney Lung Spleen Liver Heart

=
=

4 . 4. N
2x10 M mice-Heart 6x10 M mice-Liver
B nude mice-Heart M nude mice-Liver

M mice-Spleen
M nude mice-Spleen

i

1.5%10%44

. ) 1.5%10%4

1104 ; 2 1x104
; : S 5x103
oL 0 0

2x10%
1x10%4
N2 O A D SPCINPEPININ PSRRI

h

w IS w
X X X
(=4 (=4 (=4
IS = S

w
X
o

el

g
(5]
2
)
7]
g
>
Q
=
g
Q
&=
o
et
g
&
3
5]
~

Radiant effciency in heart
Radiant effciency in liver

2 RIS Q@Z%@ OTRINT ST R, ")b ST OINT Y PV S
Time(h) Time(h) Time(h)
G H I
o 2.5x10% M mice-Lung 5., 3x10% B mice-Kidney L 2:5%10% M nude mice-Tumor
g M nude mice-Lung _§ M nude mice-Kidney g W mice-Tumor
= 2x10% g 2 2x10%
=
= < 2108 =
x10*4 >
2 1.5x10% ) &' 1.5x10%
5 5 5}
2 2 g
fam] Q
B 1x10 g g 10
g o Ix x10% <
= g =
T 5x10° g T 5x10
~ & &
o 5.0, 0.0, 0—_6 o OO NN
N ST PN NN N &
quf—)'\,%v,\'» \b‘bﬂ;\)‘o O QTN ST AV S DTN SN R gon;o
Time(h) Time(h) Time(h)

Figure 6 In vitro imaging and distribution of PTX-PA-L-formulated DiR in 4T | tumor-bearing mice and nude mice. (A) In vivo fluorescence imaging of 4T | tumor-bearing mice and
nude miceat 0.1 h,0.5h, I h,5h, 12h,24 h,72 h, 120 h, 168 h and 336 h after IV injection of free DiR, DiR-loaded blank liposomes, or DiR-loaded PTX-PA-L via the tail vein. DiR
dissolved in DMSO and DiR-loaded blank liposomes were included as a reference. The black dotted circles indicate tumor regions. (B) In vitro imaging of 4T | tumor-bearing mice at
6 min, 30 min, | h,5h, 12 h, | d,3d,5d, 7dand 14 d after IV injection of DiR-loaded PTX-PA-L via the tail vein. (C) In vitro imaging of 4T| tumor-bearing nude mice at
6 min, 30 min, | h,5h, 12h, 1d,3d,5d, 7 dand |14 d after IV injection of DiR-loaded PTX-PA-L via the tail vein. (D) Quantitative evaluation of the fluorescence intensity of the
excised heart at different time points postadministration. (E) Quantitative evaluation of the fluorescence intensity of the excised liver at various time points postadministration. (F)
Quantitative evaluation of the fluorescence intensity of the excised spleen at different time points postadministration. (G) Quantitative evaluation of the fluorescence intensity of
the excised lung at various time points postadministration. (H) Quantitative evaluation of the fluorescence intensity of the excised kidney at various time points postadministration.
() Quantitative evaluation of the fluorescence intensity of the excised tumor at various time points postadministration. The data are presented as the means + SDs (n = 3).
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Artificial Immunosuppression Induced in the Xenograft Mouse Tumor Model
By intraperitoneal injection of the immunosuppressant cyclosporin A (CsA), normal mice were immunosuppressed to

establish a model similar to that of nude mice (Supplementary Figures 2 and 3). Two tumor models were established by

inoculating 4T1 breast cancer cells and Lewis lung cancer cells subcutaneously into normal mice and immunosuppressed
mice, respectively, to verify the reasons for the poor efficacy of PTX-PA-L in nude mice. Compared with that of the
immunosuppressed mice receiving Taxol® (15 mg/kg), the tumor suppressor effect of PTX-PA-L (19.18 mg/kg) was
significantly lower than that of Taxol® (Figure 7), which is consistent with the efficacy results in the nude mouse tumor
model. The above results indicated that the efficacy of PTX-PA-L was different between normal tumor-bearing mice and
immunodeficient tumor-bearing mice, which further demonstrated that the anti-tumor effect of PTX-PA-L may be related
to the immune system.

In addition, the detection of related immune factors showed that the expression levels of CCL2, CCL5 and TNF-a in
the PTX-PA-L group were significantly greater than those in the Taxol group before immunosuppression (p<0.01)
(Figure 8A and B), but they were all reduced after immunosuppression, demonstrating that immune system deficiency
reduced the chemotactic function of some immune factors.”’ Since CCL2 and CCL5 promote tumor progression through

the recruitment and activation of various immune cells,’*>>?

their high expression in cancer cells can inhibit tumor
progression in mice. Before immunosuppression, immune factors, which have normal recruitment and chemotactic
effects on PTX-PA-L and have a good inhibitory effect on tumor growth, are normally secreted. Insufficient chemotactic
function led to insufficient inhibition of tumor growth, and PTX-PA-L was less effective than Taxol. In conclusion, the
pharmacodynamic differences between mouse and nude mouse tumor models were strongly correlated with the expres-
sion levels of immune factors. In addition, a reduction in tumor factor levels can effectively reflect tumor suppressor
effects. As the main immune cells in tumors, TAMs can produce a series of tumor factors, such as IL-1 and IL-8, which
are crucial for maintaining immune tolerance and tumor growth.>*3* We detected the levels of the two tumor factors by
ELISA and found that the expression levels of IL-1 and IL-8 in the PTX-PA-L group were significantly lower than those
in the Taxol group before immunosuppression (p< 0. 01) (Figure 8A and B), and the tumors grew well at this time.
However, the opposite effects were observed after immunosuppression. These results showed that the expression levels
of IL-1 and IL-8 were negatively correlated with the antitumor efficacy of PTX-PA-L in vivo.”' The above results show
that prodrug liposomes in normal mice can achieve overall regulation through the levels of immune factors and tumor
factors secreted by immune cells and TAMs, respectively, to achieve good antitumor efficacy.>

Macrophages play an important role in the immune system and play key roles in the phagocytosis and transport of
liposomal drugs in the body. We cocultured macrophages with DiR@PTX-PA-L and analyzed the phagocytosis of
DiR@PTX-PA-L by the macrophages by flow cytometry and laser confocal microscopy before immunosuppression. The
results and confocal microscopy images of normal mouse macrophages revealed only weak fluorescence outside the
macrophages (Figure 9A, B, D and E), indicating that more DiR@PTX-PA-L entered the cells, while the intracellular
fluorescence intensity was obvious, indicating that normal mouse macrophages had good uptake of PTX-PA-L. To
quantify the drug uptake more accurately in macrophages, we detected the phagocytic efficiency of PTX-PA-L by
macrophages by HPLC-MS/MS. The results showed that PTX-PA-L had high phagocytic efficiency (Figure 9F and G).
After immunosuppression, there was strong fluorescence outside the macrophages but only weak fluorescence in the
cells. The intracellular drug concentration also decreased, indicating that the uptake of PTX-PA-L by macrophages
significantly decreased after immunosuppression.”® Moreover, PTX-PA-L can be efficiently transported to tumor tissue
in vivo before immunosuppression (Figure 9C). In summary, preimmunosuppressive macrophages have a stronger ability
to phagocytose PTX-PA-L and can deliver it to the tumor site so that the prodrug liposomes can enter the body and reach
the tumor microenvironment (TME) smoothly.””>°

The degree of depletion of TAMs in the TME is directly correlated with the antitumor effect of the drug. The in vivo
TAMs of mice before and after immunosuppression were tracked by fluorescence to understand the depletion of TAMs in
the respective tumors.®® The results showed that before immunosuppression, large numbers of TAMs were depleted in
the tumor slices of the mice, and the number of CD68+ cells was significantly reduced, indicating that the efficacy of
PTX-PA-L was better than that of Taxol before immunosuppression (Figure 8C). Since PTX-PA-L can selectively

International Journal of Nanomedicine 2024:19 hetps: 11553
ove!


https://www.dovepress.com/get_supplementary_file.php?f=488369.docx
https://www.dovepress.com/get_supplementary_file.php?f=488369.docx
https://www.dovepress.com
https://www.dovepress.com

Wu et al

Dove

TID Model

4T1

LLC

Syngenic

4T1

LLC

Ki67

Figure 7 In vivo antitumor efficacy of PTX-PA-L in a TID model. Isodose refers to PTX-PA-L (Taxol-equivalent dose). (A) Tumor growth curves of 4T| TID model tumor-
bearing mice during the experiment. (B) 4T | TID model tumor-bearing mouse weight curves during the experiment. (C) Weights of tumors removed from 4T| TID model
tumor-bearing mice subjected to the indicated treatments. (D) Growth curves of LLC TID model tumor-bearing mice during the experiment. (E) Growth curves of LLC TID
model tumor-bearing mice during the experiment. (F) Weights of tumors removed from LLC TID model tumor-bearing mice subjected to the indicated treatments. (G)
Growth curves of 4T | tumor-bearing mice during the experiment. (H) 4T| tumor-bearing mouse weight curves during the experiment. (I) Weights of tumors removed from
4T tumor-bearing mice subjected to the indicated treatments. (J) Growth curves of LLC tumor-bearing mice during the experiment. (K) Growth curves of LLC tumor-
bearing nude mice during the experiment. (L) Weights of tumors removed from LLC tumor-bearing mice subjected to the indicated treatments. Representative tumors were
excised from mice in each group and subjected to histological analysis 10 days after the first injection of various drugs. (M) Images of H&E staining. (N) IHC staining (Ki67-
positive cells are stained in brown) are presented for tumors. Scale bars: 10 pm and 20 pm. The data are presented as the mean + SD (n = 10). ***P <0.001 compared with
the saline group. *P <0.01 and ##P < 0.001 compared with the Taxol group.

Abbreviations: TID, T-cell inmunodeficiency; IHC, immunohistochemistry.
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(€) Immunohistochemical staining of different experimental groups within the tumor stroma (**P < 0.01). The data are presented as the mean * SD, n = 3. *P < 0.05 and
##P < 0,001 compared with the control group. *P <0.05, *P <0.01 and P < 0.001 compared with the Taxol group.

Abbreviation: TID, T-cell immunodeficiency.

produce cytotoxicity to macrophages, induced macrophage depletion can inhibit tumor growth. After immunosuppres-
sion, the depletion of macrophages induced by PTX-PA-L to inhibit tumor growth was weakened due to the reduced
cytotoxicity of PTX-PA-L to macrophages when PTX-PA-L was less effective than Taxol. In summary, the normal
immune system has a better-promoting effect on the depletion of TAMs, achieves the best destruction effect on TAMs,
and achieves a better tumor growth inhibition effect.®!

In recent years, increasing evidence has shown that the body’s innate and acquired immune responses play important
roles in conventional tumor treatment, but the screening and evaluation of anticancer drugs have always been based on
models of immunodeficient mice transplanted with human tumors. Little attention has been given to the role of immunity
in tumor therapy,®® especially given to the new antitumor dosage forms currently used in clinical practice. Since the
immune system cannot be avoided when drugs enter the body, we need to fully consider the relationships and interactions
between drugs or preparations, tumors and the immune system in clinical research.®® In clinical practice, the screening
and evaluation of drugs have always been carried out by constructing tumor models in immunodeficient animals,** which
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Figure 9 Note: Study of mouse and TID model mouse macrophage cellular uptake in vitro. (A) PTX-PA-L uptake by mouse and TID model mouse macrophages was
measured by FCM. (B) PTX-PA-L uptake by mouse and TID mouse macrophages was photographed via CLSM. Blue (DAPI) represents the nucleus; red (PTX-PA-L)
represents drugs. The scale bar is 10 pm. (C) Fluorescence microscopy images of tumors obtained from 4T| tumor-bearing mice and 4T| TID model tumor-bearing mice
treated with DiR-loaded PTX-PA-L. (D) Mean fluorescence intensity of mouse and TID model mouse macrophage uptake assessed by FCM. (E) Mean fluorescence intensity
of macrophages taken up by mice and TID model mice, as assessed by CLSM. (F) Measurement of the intracellular PTX-PA content at different time points in PTX-PA-
L-treated mouse and TID model mouse macrophages by HPLC-MS/MS. (G) Measurement of the intracellular PTX content at different time points in macrophages from
Taxol- and PTX-PA-L-treated mice and TID model mice by HPLC-MS/MS. In vivo tumor targeting and TAM uptake of DiR-loaded PTX-PA-L nanoformulations in 4T| tumor-
bearing mice and 4T| TID model tumor-bearing mice. Scale bar, 100 pm. Each value represents the mean + SD. (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001).

Abbreviations: TID, T-cell immunodeficiency; FCM, flow cytometry; CLSM, confocal laser scanning microscopy; DAPI, 4',6-diamidino-2-phenylindole; HPLC-MS/MS, High

performance liquid chromatography-tandem mass spectrometry.

may weaken or even negate the impact of the body’s immune system on tumor treatment. Mouse tumor models and more

related tumor models should also be considered.

In vivo Biosafety Evaluation of PTX-PA-L
Toxicity was evaluated in healthy mice via tail vein injection of PTX-PA-L. The MTD in the PTX-PA-L group was much

greater than that in the Taxol® group (Figure 10A). The safety experiments showed that the increase in MTD proved that
PTX-PA-L had good biological safety. Long-term safety results showed that organ weight did not decrease significantly
after three consecutive treatments (Figure 10B), and that the survival of mice and nude mice was significantly prolonged
(Figure 10C and D), indicating that animals treated with PTX-PA-L had better resistance and safety than those treated
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Figure 10 In vivo toxicity of PTX-PA-L compared with that of Taxol. Isodose refers to PTX-PA-L (Taxol-equivalent dose). (A) Body weight change of ICR mice after
treatment with different doses of Taxol and PTX-PA-L (n = 6). (B) Weights of the heart, liver, spleen, lungs, and kidneys (n = 3). (C) The survival rate of mice following
different treatments (n = 6). (D) The survival rate of nude mice following different treatments (n = 6). *P < 0.05 compared with the control group.

with Taxol®. When PTX-PA-L enters the body, the drug is released slowly due to its long circulation time, and a high
drug concentration can be maintained at the tumor site for a long time, thereby preventing the toxic and adverse effects
commonly observed with some conventional antitumor drug pulse therapies. Despite the high conversion rate of PTX-
PA-L to PTX, PTX-PA-L has lower toxicity and greater safety. In addition, because the prodrug itself has the
characteristics of low activity and high safety, the liposome carrier has the safety characteristics of high bioavailability,
nontoxicity after injection into the body, and no immune response.®> These remarkable advantages offer great prospects
for the translation of lipid prodrug technology.

Conclusion

The rational combination of prodrug technology with liposomes is a simple and effective therapeutic strategy for treating
malignant tumors. The lipid-soluble prodrug PTX-PA encapsulated in liposomes acts as a membrane stabilizer and is
interspersed in the phospholipid bilayer, which significantly improves the stability of the prodrug liposomes and prolongs
the half-life in vivo. PTX can be transformed into a nano drug with low toxicity, high efficiency, and good in vivo
tolerance, exhibiting broad development prospects in tumor-targeted therapy. On the one hand, the pharmacodynamic
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reversal in the mouse CDX and nude mouse CDX models may be due to differences in the metabolism of prodrug
liposomes in vivo due to the physiological defects of the two organisms. In addition, it is speculated that a deficiency in
immune function will hinder the normal function of the body’s immune system, which will limit the effects of related
immune factors and the number and function of immune cells, which will reduce the ability of prodrug liposomes to be
transported to tumor lesions in vivo. In addition to good stability, high safety and long circulation, the dosing period of
the preparation can be adjusted, and the dosage can be increased to compensate for the difference in drug efficacy that
may be caused by physiological defects.
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