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Reprogramed cellular metabolism is one of the most significant hallmarks of cancer. All cancer cells exhibit
increased demand for specific amino acids, and become dependent on either an exogenous supply or upregulated
de novo synthesis. The resultant enhanced availability of amino acids supports the reprogramed metabolic

Ig:;f:f:ﬁ:i:s pathways and fuels the malignant growth and metastasis of cancers by providing energy and critical metabolic
mTOR Y intermediates, facilitating anabolism, and activating signaling networks related to cell proliferation and growth.

Therefore, pharmacologic blockade of amino acid entry into cancer cells is likely to have a detrimental effect on
cancer cell growth. Here we developed a nanoplatform (LJ@Trp-NPs) to therapeutically target two transporters,
SLC6A14 (ATB0’+) and SLC7A5 (LAT1), that are known to be essential for the sustenance of amino acid meta-
bolism in most cancers. The LJ@Trp-NPs uses tryptophan to guide SLC6A14-targeted delivery of JPH203, a high-
affinity inhibitor of SLC7AS. In the process, SLC6A14 is also down-regulated. We tested the ability of this strategy
to synergize with the anticancer efficacy of lapatinib, an inhibitor of EGFR/HER1/HER2-assocated kinase. These
studies show that blockade of amino acid entry amplifies the anticancer effect of lapatinib via interference with
mTOR signaling, promotion of apoptosis, and suppression of cell proliferation and metastasis. This represents the
first study to evaluate the impact of amino acid starvation on the anticancer efficacy of widely used kinase
inhibitor.

1. Introduction with EGFR/HER1/HER2, has produced a remarkable response in clinics

for the treatment of breast cancer, but the development of drug resis-

Cancer is a major public health problem worldwide. There are many
methods to treat cancers, including surgery, radiation therapy, chemo-
therapy, and immunotherapy. Surgery and radiotherapy are usually
applied for primary or large metastases [1]. Chemotherapy is used for
disseminated tumors or as an adjunctive treatment. However, many
chemotherapeutics have experienced clinical failure due to the intrin-
sic/acquired resistance [2]. The tolerance and desensitization make
cancer refractory. Combination chemotherapy is used to overcome
resistance, but multidrug resistance still remains a hurdle in effective
cancer therapy [3]. Lapatinib, an inhibitor of tyrosine kinase associated
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tance has become a challenge [4]. A combination of chemotherapeutics
with non-identical molecular targets might avoid or delay the occur-
rence of resistance and synergistically enhance anticancer therapy.
Cancer cells reprogram the metabolic pathways to optimize and
benefit their survival, growth, and proliferation [5-10]. Apart from the
well-known Warburg effect [11], cancer cells also have an increased
metabolic demand for amino acids, which generates ATP by gluta-
minolysis, maintains the intracellular redox homeostasis by NADPH and
glutathione synthesis, provides carbon and nitrogen in the synthesis of
purines, pyrimidines, lipid and cholesterol, activates specific signaling
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pathways, and promotes protein synthesis [11]. This increased demand
is met by upregulating specific transporters for enhanced entry of amino
acids into cells [10]. Sodium- and chloride-dependent neutral and basic
amino acid transporter B(0+) (ATB°’+, SLC6A14) is a unique amino acid
transporter with capacity for the concentrative influx of 18 of the 20
proteinogenic amino acids [12]. It is upregulated in multiple cancers
compared to corresponding normal tissues [13]. Inhibition of ATB%* in
cancer cells could result in amino acid deprivation, interference with
mTOR and HIFla signaling, and promotion of autophagy followed by
apoptosis, with net suppression of cell proliferation. L-type/large
neutral amino acid transporter-1 (LAT1, SLC7A5) is an obligatory
exchanger for neutral amino acids; it is also upregulated in many types
of tumors [14]. Both ATB®" and LAT1 transport leucine, which stimu-
lates the kinase activity of mTOR and initiates a signaling cascade,
facilitating protein synthesis and cell growth/survival [15]. Targeting
these transporters to block amino acid entry into cancer cells could lead
to cell starvation, impaired redox homeostasis, disrupted signaling
networks, and even cell death.

Besides as the pharmacological targets, the plasma membrane
transporters with differential expression patterns in tumors compared to
normal tissues could also provide novel routes for nano drug delivery
systems [16,17]. We have demonstrated ATB®*-targeted nanoparticles
for tumor-specific drug delivery [18,19]. What’s interesting is that the
application of blank ATB®*-targeted nanoparticles in cancer cells
transiently down-regulates ATB®* [18,19]. In most cases, high-level
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expression of specific nutrient transporters in tumors is related to the
poor prognosis [20-23]. We hypothesized that, with ATB®*-targeted
nanoparticles, we could not only suppress the transport function of
ATB®™ but also block the function of any other transporter by delivering
a high-affinity inhibitor for the latter as a cargo in the nano-delivery
system. In the present study, we chose LAT1 as the target for the
ATB%*-targeted delivery of a selective inhibitor in a nano-formulation.
We also used this approach to reset the cancerous amino acid meta-
bolism to determine if this could synergize with a tyrosine kinase in-
hibitor in providing robust anticancer efficacy (Fig. 1).

2. Materials and methods
2.1. Materials

Lapatinib was obtained from Aladdin Biochemical Co., Ltd.
(Shanghai, China). JPH203 was obtained from AZBIOCHEM Co., Ltd.
(Shanghai, China). DSPE-PEG2000 and DSPE-PEG2000-NHS were pur-
chased from AVT (Shanghai) Pharmaceutical Co., Ltd. Annexin V-fluo-
rescein isothiocyanate (FITC), propidium iodide (PI), and
methylthiazolyldiphenyl-tetrazolium bromide (MTT) were purchased
from Beyotime Biotechnology Co., Ltd. Primary antibodies to mTOR
(7C10), p-mTOR (D9C2), Bax (2772S), Bcl-2 (3498S), and f-actin
(4970S) were purchased from Cell Signaling Technology Inc. (Denver,
CO, USA). Primary antibody to SLC6A14 (99102) was purchased from
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Fig. 1. Schematic illustration for the design of ATB*"-targeted nanoparticles and its application for cancer therapy. (A) The design and construction of lapatinib/
JPH203-coloaded amino acid-conjugated nanoparticles (LJ@AA-NPs). (B) The anticancer mechanism of LJ@AA-NPs. (a) Upon injection, LI@AA-NPs exhibit pro-
longed half-life in circulation and accumulate in tumors. (b) The conjugated amino acid interacts with ATB®* on tumor-cell surface and mediates the enhanced
uptake of NPs; ATB® " protein gets down-regulated in the process. (c) After endocytosed into cells, lapatinib and JPH203 are released inside the cells; JPH203 blocks
LAT1-mediated amino acid delivery, which inactivates mTOR function. The decreased function of ATB®" due to its down-regulation also contributes to amino acid
starvation in cancer cells. Lapatinib exerts anticancer effect by itself by blocking the growth-promoting signaling of EGFR/HER1 and HER2. LJ@AA-NPs also (d)

prevent angiogenesis and (e) exert anti-metastatic effects.
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Abcam (Shanghai, China). Primary antibody to SLC7A5 (DF8065) was
purchased from Affinity Biosciences (Pottstown, PA, USA). 1,1'-Dio-
ctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide (DiR) and t-
Glycine were purchased from Dalian Meilun Biotechnology Co., Ltd.
(Dalian, China). 1-Lysine (56-87-1), L.-Glutamine (56-85-9) and 2-Amino-
bicyclo[2.2.1]heptane-2-carboxylic acid (BCH) were obtained from
Aladdin Biochemical Co., Ltd. (Shanghai, China). L-Tryptophan
(231123) was obtained from J&K Scientific Co., Ltd. (Beijing, China). All
other chemicals and reagents were of analytical grade.

2.2. Cell lines and animals

MCF7, T47D, MB231, and human umbilical vein endothelial cells
(HUVEC) were obtained from the cell bank of type culture collection of
Chinese Academy of Sciences (Shanghai, China). MCF7, T47D, and
MB231 cells were grown in RPMI medium; HUVEC cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM). All media were supple-
mented with 10% FBS, 50 units/mL streptomycin, and 100 units/mL
penicillin. Cells were all cultured at 37 °C in an incubator with 5% CO.

Female BALB/c-null mice (4-5 weeks old) and Sprague-Dawley (SD)
rats (200-220 g) were purchased from Experimental Animal Center of
Wenzhou Medical University. All animals were fed under a specific
pathogen-free condition and housed in a barrier facility. All animal
studies were carried out in accordance with the Guidelines for Animal
Experimentation of Wenzhou Medical University, and the Animal Ethics
Committee of the institution approved the protocol.

2.3. Synthesis and characterization of amino acid-conjugated polymers

Tryptophan, lysine and glutamine were selected as the ligand can-
didates for targeting cancer cells that show robust expression of ATB® ™.
Briefly, each ligand candidate and DSPE-PEG2000-NHS (10:1, molar
ratio) were dissolved in dimethyl sulfoxide, and the solution was stirred
overnight at room temperature under nitrogen. Trimethylamine, equi-
molar to DSPE-PEG2000-NHS, was also added to facilitate the reaction.
The reaction mixture was then dialyzed against double-distilled water
for purification, and the resultant solution was freeze-dried. The struc-
ture of the prepared amino acid-conjugated PEG2000-DSPE was
confirmed by a Bruker 'H NMR (AVANCE III, Rheinstetten, Germany).

2.4. Preparation of dual-drug loaded ATB®*-targeting nanoparticles

Both lapatinib and JPH203 are hydrophobic. Therefore, a modified
emulsion evaporation method was used to prepare the amino acid-
conjugated nanoparticles [24,25]. Briefly, poly(lactic acid) (PLA),
amino acid conjugated-PEG2000-DSPE, lapatinib (L) and JPH203 (J)
with the mass ratio of 10:1:0.6:0.6 were dispersed in a solution of formic
acid/dichloromethane (1/100, v/v). Formic acid was added to improve
the solubility of JPH203 in organic solvent. This solution was added into
1% (w/v) polyvinyl alcohol (PVA) solution at a volume ratio of 1:3, and
then immediately sonicated on ice with an ultrasonic homogenizer
(Xinzhi JY92, Ningbo, China). The resultant emulsion was stirred for 6 h
at room temperature in a fume hood to evaporate the organic solvent.
The nanoparticle solution was then washed thrice with double-distilled
water and then freeze-dried. The achieved nanoparticles were weighted,
and the yield was calculated. Tryptophan-, lysine-, and
glutamine-conjugated nanoparticles were denoted as LJ@Trp-NPs,
LJ@Lys-NPs, and LJ@GIn-NPs, respectively. The dual-drug loaded
nanoparticles without conjugation (LJ@NPs) were prepared by replac-
ing amino acid-conjugated-PEG2000-DSPE with DSPE-PEG2000. When
coumarin 6 (C6) or DiR was used as a probe, the nanoparticles were
prepared by replacing lapatinib and JPH203 with C6 or DiR.

2.5. Characterization of amino acid-conjugated NPs

Particle size, size distribution, and zeta potential were determined by
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a NanoZetasizer (Zetasizer Nano, Malvern, UK). The morphology of NPs
was visualized by transmission electron microscope (TEM) (JEM
1200EX, JEOL, Japan). A drop of sample solution was placed onto the
carbon-coated copper grid and taped with a filter paper. Phospho-
tungstic acid (0.01%, v/v) was used for negative staining. The ultravi-
olet (UV) absorption spectra of nanoparticles ranging from 250 nm to
600 nm was detected by a UV spectrophotometer (UV6100S, MAPADA,
Shanghai, China). Lapatinib or JPH203 was dissolved in DMSO (20 pg/
mL), and the same drug concentration in the form of J@NPs, L@NPs,
LI@NPs, LIJ@Trp-NPs, LJ@Lys-NPs and LJ@GIn-NPs was used for
detection.

The loaded amount of lapatinib and JPH203 in NPs was measured
with a high-performance liquid chromatography (HPLC) system (Agilent
1290 Infinity, USA), equipped with a Zorbax Elipse XDB C18 column (5
pm, 4.6 x 150 mm, Agilent, USA) at a column temperature of 35 °C. The
mobile phase was composed of acetonitrile, methanol and water (50/
30/20, v/v/v), and the flow rate was set as 1 mL/min, with detect
wavelength at 284 nm. The drug encapsulation efficiency (EE) and drug
load (DL) was calculated according to the following equations:

the weight of drug in NPs

100%
the weight of added drug x ’

EE (%) =

the weight of drug in NPs
the weight of NPs

DL (%) = x 100%

The in vitro release behaviors of lapatinib and JPH203 were
measured using a dialysis method [26]. In brief, the freeze-dried nano-
particles were firstly dispersed in double-distilled water to prepare NP
solution (1 mg/mL of lapatinib). 2 mL NP solution was added into the
dialysis bag and sealed. Then the dialysis bag was immersed in 10 mL
solution medium and shaken at 100 rpm in a 37 °C oscillator (88A,
Nuoji, Changzhou, China). At specified time intervals, 4 mL of sample
was taken from the release medium. After filtering with a 0.22 pm filter
membrane (Jinteng, Tianjin, China), the drug concentration in medium
was determined by HPLC as described above. The in vitro release test was
performed in PBS, pH 7.4 and pH 5.5. The stability of NPs in PBS (pH
7.4) or PBS containing 10% FBS (simulation in vivo) was investigated by
monitoring the changes in particle size and PDI. The dilution stability
was also studied.

Hemolysis assay was carried out to evaluate the biosafety of NPs
when used in animals. Briefly, whole blood, freshly collected from rats,
was washed thrice with saline by centrifuging at 1500 rpm for 5 min
until the supernatant had no red color, and an appropriate amount of red
blood cells was diluted to 2% (v/v) for use. Equal volumes of NP solu-
tions were mixed with the red blood cell suspensions and incubated for
12 h at 37 °C in a water bath shaker. The mixture was then centrifuged at
1500 rpm for 10 min and photographed. 0.09% NacCl solution and 0.9%
NaCl solution (saline) were used as positive and negative control,
respectively. The degree of cell lysis was quantified by measuring the
absorbance at 570 nm.

2.6. RNA extraction and polymerase chain reaction (PCR)

Total RNA was isolated from MCF7 and T47D cells with Trizol
(Invitrogen, Carlsbad, CA, USA), and reverse transcription of total RNA
was performed with Tli RNaseH Plus Reverse Transcription Kit
(RR820A, TaKaRa, Japan). After cDNA was amplified in Thermal Cycler
(T100, Bio-Rad, Hercules, CA, USA), the products were electrophoresed
with Ultra GelRed Nucleic Acid Stain (GR501-01, vazyme, Nanjing), and
then analyzed by a chemiluminescence imager (12003153, BIORAD).
Quantitative PCR (qPCR) was performed with FastSYBR Green qPCR
Master Mix (Life Technologies) and a fluorescence quantitative real-time
PCR machine (Roche LightCyele480, USA). HPRT1 mRNA was used as a
reference control. Primers were: hSLC6A14: 5'- CAAATCGTCTGG-
CAAGGTGG-3’ (sense) and 5'-GCAACTAAGCCACCCCAA -3’ (antisense);
hSLC7A5: 5- GACTACGCCTACATGCTGGA-3’ (sense) and 5'-
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GTGAGCAGCAGCACGCA-3’ (antisense); hHPRT1: 5- GCGTCGTGAT-
TAGCGATGAAC-3’ (sense) and 5'- CCTCCCATCTCCTTCATGACATCT-3’
(antisense).

2.7. MTT assay

The synergistic effect of lapatinib and JPH203 was evaluated in
MCF7 and T47D cells to optimize the L/J drug ratio formulated in NPs.
Briefly, MCF7 and T47D cells were seeded in a 96-well plate and allowed
to grow for 12 h for adhesion. L, J, and L + J (L/J ratio ranging from 0.5
to 4) were incubated with the cells for 24 h. Afterward, 10 pL of MTT
reagent (5 mg/mL) was added to each well and incubated for 4 h, and
then 150 pL of DMSO was added to dissolve the resultant formazan. The
absorbance at 490 nm was measured using a microplate reader (Infinite
M200 pro, TECAN, Switzerland). The combination index (CI) of lapati-
nib and JPH203 was calculated as follows:

Dpx

D,
D, x

CI

D or D; represents the combined concentration for lapatinib or
JPH203 to achieve X% cytotoxicity, and Dy, x or Dy x indicates the con-
centration of single drug to achieve X% cytotoxicity. The in vitro anti-
cancer effect of drug-loaded NPs was also assessed by MTT assay.
Briefly, MCF7 or T47D cells were seeded into a 96-well plate. After 24-h
culture, the cells were treated with NPs at different concentrations
(0.02-20 pg/mL) in an incubator for 24 h. The rest of the procedure was
as same as that described above. The ICsg value was calculated using
GraphPad Prism 8.0.2.

2.8. Invitro cellular uptake assay

Coumarin 6 (C6) was selected as a probe to investigate the uptake
profile of amino acid-conjugated NPs. In brief, MCF7 and T47D cells
were seeded in 12-well plates containing coverslips with a density of 4 x
10* cells/well. After the cells grew to the appropriate density, the cells
were washed and incubated with free coumarin 6 (C6), C6-loaded
nanoparticles (C6@NPs) and C6-loaded amino acid-conjugated nano-
particles (C6@Trp-NPs, C6@GIn-NPs and C6@Lys-NPs) at the same C6
concentration (4 pg/mL) in culture medium. After 0.5 h, 1 h or 12 h
treatment, the uptake was stopped by washing the cells thrice with cold
PBS. The coverslips were placed sample-side down onto ProLong Dia-
mond Antifade Mountant with DAPI (ThermoFisher, USA). The slides
were kept in dark at room temperature for 6 h. The samples were
visualized using Leica fluorescence microscope (DM2500, Lycra, Ger-
many). The mean fluorescence intensity was quantitated using Image J
software.

To investigate the interaction of nanoparticles with specific target,
the colocalization assay was performed as previously reported [27].
Briefly, MCF7 cells were cultured on 12-mm cover glasses in 12-well
plate with a density of 3 x 10° cells/well for 24 h. Subsequently, the
medium was removed, and the cells were replenished with fresh DMEM
containing C6@NPs, C6@Trp-NPs, C6@GIn-NPs or C6@Lys-NPs,
respectively, at the same C6 concentration (4 pg/mL). After 1 h incu-
bation at 37 °C, the cells were washed with PBS thrice, fixed with 4%
paraformaldehyde for 20 min at 4 °C and incubated with 0.1% Triton
X-100 for 10 min at room temperature. After wash another three times
with PBS, the cells were incubated with primary antibody to LAT1 or
ATB%* for 12 h at 4 °C, and then incubated with Alexa Fluor 594-labeled
goat anti-rabbit IgG secondary antibody (ab150080) for half-hour at
room temperature. The cover slides were then placed sample-side down
onto ProLong Diamond Antifade Mountant with DAPI (ThermoFisher,
USA) and kept in dark at room temperature for 6 h. The samples were
then visualized using Nikon fluorescent microscope (Nikon, Japan).

The competition assay was conducted to investigate the effect of
ATB®* substrate or LAT1 blocker on the uptake of C6@Trp-NPs,
C6@GIn-NPs and C6@Lys-NPs. Briefly, MB231, MCF7 or T47D cells
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were seeded in 24-well plates with a density of 2 x 10° cells/well. After
12 h for attachment, the cells were pretreated with glycine (1 mM) or
BCH (1 mM) for half hour, and then incubated with C6@Trp-NPs,
C6@GIn-NPs or C6@Lys-NPs for 1 h. After wash three times with PBS,
the cells were lysed by lysis buffer, and the fluorescence of these samples
was measured by a microplate reader (Excitation/Emission = 466/504)
(Infinite M200 pro, TECAN, Switzerland). The uptake of nanoparticles in
normal medium was taken as a control, and the relative uptake was
calculated.

To investigate the intracellular traffic of NPs, MCF7 and T47D cells
were seeded on coverslips in 12-well plate. Upon confluence, fresh
medium containing C6-labeled NPs was added and incubated for 0.5 h
for uptake; the plate was kept at 37 °C for 1 h or 3 h to allow the
intracellular trafficking of NPs. After washing with cold PBS, the slides
were stained with Lyso-Tracker Red (C1046, Beyotime, China) for 20
min and DAPI (blue) for 15 min for lysosomes and nuclei, respectively.
The samples were then subjected to confocal laser scanning microscopy
(CLSM) (SP8, Leica, Germany).

2.9. Colony formation assay

Colony formation assay was performed to study the inhibitory effect
of NPs on cell proliferation. Briefly, MCF7 and T47D cells were seeded
into 6-well plates (2000 cells/well). The cells were then treated with
lapatinib (L) (0.1 pg/mL), L (0.1 pg/mL) + J (0.1 pg/mL), L@NPs,
LJ@NPs, and LI@Trp-NPs. The medium was changed every two days
until the colonies were visible. Subsequently, the cells were washed with
cold PBS and fixed with 4% paraformaldehyde for 20 min. The colonies
were stained with 1X Giemsa Stain (G1015, Solarbio) (2 mL per well) for
40 min and then washed thrice with PBS, and then photographed.
Finally, 1 mL lysis buffer was added to dissolve the stained colonies, and
the buffer was collected to determine the absorbance at 630 nm using a
microplate reader (Infinite M200 pro, TECAN, Switzerland).

2.10. Wound-healing assay

Wound healing experiment was conducted to explore the inhibitory
effect of NPs on cancer cell migration. MCF7 and T47D cells were seeded
into 6-well plates at a density of 4 x 10° cells/well and incubated for 24
h at 37 °C to grow a monolayer. Next, a linear wound was generated in
the center of the well surface with a pipette tip. The cells were then
incubated with different treatments in media containing 2.5% FBS for
36 h. The cells were washed with PBS, and the wound gap was photo-
graphed by inverted microscope (Ti, Nikon, Japan) at O h and 24 h.

2.11. Angiogenesis assay

The anti-angiogenesis effect of NPs was investigated using HUVEC
cells. First, the cell migration assay was conducted. Briefly, MCF7 and
T47D cells were seeded in the lower well of transwell plates (2 x 10*
cells/well) and treated with different formulations for 12 h. After that,
the medium was refreshed as an inductive agent. HUVECs were then
seeded onto the upper well of the transwell plates (1 x 10 cells/well)
and incubated with serum-free medium for another 24 h. HUVEC cells in
the upper well which did not migrate were removed by wiping with a
cotton swab, and the migrated cells were fixed with 4% para-
formaldehyde and then stained with 1X Giemsa Stain for 30 min. The
cells were washed twice with PBS and photographed under a microscope
(Ti, Nikon, Japan).

Tube formation assay was also performed. HUVEC cells were seeded
into a 96-well plate (2 x 10* cells/well), which was pre-coated with 60
pL of matrigel (3 mg/mL) (BD Biosciences), and then treated with
different drug formulations in medium for 24 h. The number of tubes
were observed under the microscope and photographed, and also
counted by Image J software.
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2.12. Apoptosis analysis by flow cytometry

Apoptosis in cells after various treatments was determined by flow
cytometry. Briefly, MCF7 and T47D cells were seeded into 6-well plates
(5 x 10° cells/well) and treated with L, LJ, L@NPs, LJ@NPs, and
LJ@Trp-NPs, at the drug concentration of 10 pg/mL for 24 h. Subse-
quently, cells were washed, digested, collected and stained with
Annexin V/FITC and PI (BD Biosciences, San Jose, CA, USA), and then
analyzed by flow cytometry (Beckman coulter, CytoFLEX S, US).

2.13. Western blot

MCF7 cells were seeded in 6-well plate (6 x 10° cells/well). After
adhesion, these cells were treated with L, LJ, L@NPs, LJ@NPs, and
LJ@Trp-NPs for 24 h. The treated cells were washed thrice with cold
PBS and lysed by RIPA buffer containing protease/phosphatase inhibitor
cocktails. Total protein was determined by a BCA assay kit (Beyotime,
China). The lysed samples (30 pg protein) were loaded on SDS-PAGE,
and the separated proteins were transferred to the PVDF membrane
(1704156, BIORAD). The membrane was blocked with TBST with 5%
bovine serum albumin (BSA) (A8020, Solarbio) for 2 h, and then probed
with appropriate primary antibodies overnight at 4 °C. The membrane
was washed thrice with TBST and incubated the HRP-coupled secondary
antibody for 2 h at room temperature. Immunoreactive bands were
soaked with developer solution (BeyoECL Moon, PO018FS, Beyotime)
and visualized using a gel imaging analysis system (12003153, BIO-
RAD). B-Actin was used as a control.

To investigate the effect of endocytosis of LJ@Trp-NPs in AT
expression, the uptake was conducted in 4 °C because the low temper-
ature could suppress the endocytosis process. Briefly, MCF7 cells were
seeded in 6-well plate (6 x 10° cells/well). After adhesion, these cells
were treated with LJ@Trp-NPs for 24 h at 4 °C and 37 °C, respectively.
The following process was the same as described above. In addition, the
expression of ATB%* in MCF7, T47D, and MB231 cells was also tested.

B0,+

2.14. Metabolomics study

MCF?7 cells were seeded in 10-cm dish at a density of 1 x 10° cells/
dish and cultured 12 h. The cells were then treated with different for-
mulations for 48 h (L, 1 pg/mL; J, 1 pg/mL), and the metabolites were
extracted as described previously [28]. Briefly, extracellular medium
was collected and centrifuged (1500 rpm, 5 min) to prepare the super-
natant. 50 pL supernatant, 50 pL distilled water, and 900 pL ice-cold
acetonitrile were mixed, vortexed, and allowed to settle down for 60
min. The mixture was then centrifuged at 12000 rpm for 20 min at 4 °C,
and the supernatant was collected as the extracellular sample. In addi-
tion, the cells were collected into a 1.5 mL tube after centrifugation. The
cell pellets were then resuspended in 200 pL ice-cold water and
probe-sonicated on ice for 10 sec. 225 pL ice-cold acetonitrile was added
to the cell suspension, and the mixture was vortexed and kept on ice for
60 min. After centrifugation (12000 rpm, 10 min), the supernatant was
collected as intracellular samples. The samples were analyzed by an
ultra-performance liquid chromatography-dual mass spectrometry
(UPLC-MS/MS) (Agilent 6400, G6420A QQQ, Agilent, USA).

2.15. Biodistribution of NPs in mice

DiR was utilized as a probe to investigate the in vivo biodistribution
of NPs in MCF7 tumor-bearing mice. Briefly, MCF7 cells (100 pL, 5 x
10° cells per mouse) were inoculated onto the left back side of female
nude BALB/c mice. After 9 days, the MCF7 tumor-bearing mice were
randomly divided into 3 groups. Each group received i.v. injection of
free DiR, DiR@NPs or DiR@Trp-NPs, with a DiR dose of 2 mg/kg. The
mice were imaged at predetermined time intervals by an in vivo imaging
system (Flex, Maestro). After 12 h, the mice were killed, and the tumors
and the specific organs were collected for further imaging by the
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imaging system. Quantitative analysis for each image was performed by
the matched software.

2.16. Pharmacokinetic study

The pharmacokinetic profiles of lapatinib or JPH203 from NPs were
investigated using female SD rats (200-220 g). Nine rats were randomly
divided into three groups, and free LJ, LJ@NPs and LI@Trp-NPs (2 mg/
kg for lapatinib or JPH203) were intravenously injected. Blood samples
were collected into the heparinized tubes from the orbital plexus at
predetermined intervals and then centrifuged for 10 min at 4 °C (13000
rpm) to obtain plasma. The drug concentration in plasma was deter-
mined by UPLC-MS/MS (Agilent 6400, G6420A QQQ, Agilent, USA).
The mobile phase was a mixture of 0.1% formic acid in water and 100%
acetonitrile in a volume ratio of 80:20. The column temperature was
40 °C, and the flow rate was 0.4 mL/min. Protein precipitation extrac-
tion was applied for JPH203 and lapatinib. Compounds were monitored
via electrospray ionization positive ion mode (ESI+) using the following
conditions: JPH203, m/z 472.0 — 224.2, and lapatinib, m/z 581.2 —
365.1. the standard curves were linear (r2 >0.99) within the range of
1-5000 ng/mL.

2.17. Invivo therapy efficacy in animal models

The MCF7 tumor-bearing nude mice were generated as above. When
the tumor volume reached ~200 mm?, the mice were randomly divided
into six groups (n = 6): saline, L, L. + J, L@NPs, LJ@NPs and LJ@Trp-
NPs. Each formulation was intravenously injected with a dose of 2
mg/kg on day 0, 2, 4, and 6. The weight and tumor volume were
recorded every two days throughout the procedure. The tumor volume
was calculated with the formula: tumor volume (mm?) = 0.52 x length
x width?. After 18 days, the mice were killed to collect whole blood,
tumors and other major organs (heart, liver, spleen, lung, kidney) for
further assessment. The blood samples were used to determine the levels
of aspartate transaminase (AST, also known as glutamate-oxaloacetate
transaminase), alanine transaminase (ALT, also known as glutamate-
pyruvate transaminase), blood urea nitrogen (BUN), and creatinine by
serum biochemical analysis. The metastatic lesions in lungs were
counted and photographed. The tumors were photographed and
weighed. The tumors and organs were fixed by 4% paraformaldehyde,
embedded and sliced for H&E staining. The tumor sections were also
used for immunohistochemical analysis and transferase dUTP nick end
labeling (TUNEL) analysis.

2.18. Statistical analysis

Data were analyzed and plotted using GraphPad Prism 8.0.2. Sta-
tistical analysis was performed by Student’s t-test or one-way ANOVA.
Data are presented as means + SD (n > 3). Statistically, significant
differences compared to the indicated group were defined as *, p < 0.05,
** p < 0.01, ***, p < 0.001.

3. Results and discussion

In our previous study, we developed ATB®*-targeted nanoparticles
(NPs) by conjugating glycine, aspartate, and lysine on the surface of NPs,
and found lysine-conjugated NPs displayed the best targeting efficiency
[18,19]. It has been well established that ATB®"-mediated glutamine
entry into cells fuels glutaminolysis in specific cancers [13]. a-Meth-
yl-tryptophan, a derivative of tryptophan, is a specific blocker of ATB%*
[28]. Therefore, to further optimize the targeting efficiency of NPs, we
conjugated lysine, glutamine, and tryptophan to the hydrophilic end of
DSPE-PEG2000 to modify NPs. DSPE-PEG2000 conjugated with these
three amino acids were synthesized and confirmed by 'H NMR (Fig. S1).

Our goal was to investigate the anticancer efficacy of lapatinib, an
inhibitor of the EGFR (HER1)/HER2 receptor kinase, and JPH203, a
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high-affinity inhibitor of the amino acid transporter LAT1, if formulated
as a cargo in NPs with selective targeting to cancer cells via ATB%*. As
shown in Fig. S2, the proportion of lapatinib/JPH203 was optimized by
MTT assay in T47D and MCF7 cells, both being positive for robust
expression of ATB®* [12]. Four different proportions ranging from 1:0.5
to 1:4 were evaluated. JPH203 by itself showed less toxicity towards
both cells compared with lapatinib. But, JPH203 significantly increased
the anticancer effect of lapatinib in both T47D and MCF7 cells (Figs. S2A
and B), corroborated by the relative ICsg values (Figs. S2C and D). This
shows that inhibition of LAT1-mediated amino acid supply to cancer
cells synergizes with the anticancer effect of lapatinib. The synergistic
effect was further confirmed by the analysis of the combination index
(CD) for lapatinib and JPH203 (Figs. S2E and F). The CI values for all four
different ratio formulations were smaller than 0.9, strongly indicating
synergism. As there was very little difference in CI values among the four
different ratios, we selected the 1:1 ratio for subsequent studies with NP
formulations.

Lapatinib (L) and JPH203 (J)-coloaded glutamine (Gln)-, lysine
(Lys)-, and tryptophan (Trp)-conjugated NPs (LJ@GIn-NPs, LJ@Lys-
NPs, and LJ@Trp-NPs) were prepared by a modified emulsified
method. DSPE-PEG2000 without conjugation with amino acids was used
to prepare control NPs (LJ@NPs). These four types of NPs showed
narrow size distribution and sphere shape (Fig. 2A-D). The hydrody-
namic diameter was ~150 nm, and the PDI value was smaller than 0.1
(Table S1), indicating uniform distribution. The surface potential of
LJ@NPs was —15.30 + 0.71 mV (Fig. 2A and Table S1). Conjugation
with amino acids decreased the potential close to zero (Fig. 2B-D and
Table S1). The yield of four type of nanoparticles all exceeded 80%
(Table S1). Both lapatinib and JPH203 showed excellent loading effi-
ciency in NPs; the encapsulation efficiency (EE) for each drug was higher
than 70%, and the drug load (DL) surpassed 4% (Table S1). The UV-VIS
spectroscopy was used to confirm similar drug loading in different NP
formulations (Fig. S3). The in vitro release profile of lapatinib and
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JPH203 from NPs was investigated in PBS at pH 7.4 and pH 5.5
(Fig. 2E-H). All NPs exhibited sustained drug release profiles, while
JPH203 was released slightly faster than lapatinib from NPs. Addition-
ally, the lapatinib and JPH203 released at a faster rate at pH 5.5 as
compared to released at pH 7.4, indicating their pH-sensitive release
characteristics. What should be mentioned is that JPH203 is more sol-
uble in acid solution, which contributed to accelerated nanoparticle
dissociation and drug release. Thereby, JPH203 and lapatinib were
released faster in an acid medium as compared to a neutral medium. The
stability assay showed that the NPs remained stable over a period of time
under various experimental conditions, evidenced by the negligible
changes of particle size and PDI (Fig. 2I and S4). We assessed the
biocompatibility of these NPs by hemolysis assay. As shown in Fig. 2J,
the NPs showed very little hemolysis compared with the positive con-
trol, indicating good biocompatibility and hence suitability for intra-
venous administration.

The uptake and anticancer effect of these four types of NPs were
assessed in MCF7 and T47D cells. Both cell lines have robust expression
of ATB®* [12]. We confirmed this again by RT-PCR and qPCR; in
addition, we also evaluated the expression of LAT1 (Fig. S5). Both cell
lines expressed high levels of ATB®* and LAT1. Therefore, these two cell
lines were used for the following in vitro study. To investigate the uptake
of NPs, coumarin 6 (C6) was selected as a fluorescence probe. As shown
in Fig. 3A and B, weak fluorescence was observed for all four groups of
NPs in MCF?7 cells after 0.5 h incubation, and there was no significant
difference among the different formulations. After 1 h incubation
however, the fluorescence increased, and C6@Trp-NPs displayed the
highest intensity compared to other groups. Lys- and Gln-conjugation
also guided the increased uptake of NPs, but to a lesser degree than
Trp conjugation. When the incubation time was increased to 12 h
(Fig. S6), all three conjugations showed further enhanced fluorescence
intensity, and C6@Trp-NPs still hold the highest signal. Quantitative
analysis with normalization to the level of free C6 confirmed the
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Fig. 2. Characterization of lapatinib/JPH203-coloaded amino acid-targeted NPs. The size distribution, TEM image (Scale bar = 100 nm) and zeta potential of (A)
LJ@-NPs, (B) LI@Trp-NPs, (C) LJ@Lys-NPs, and (D) LJ@GIn-NPs. The cumulative release of (E) Lapatinib (L) or (F) JPH203 (J) from free LJ, LJ@NP, LJ@Trp-NP,
LJ@GIn-NP, LJ@Lys-NP in pH 7.4 PBS at 37 °C. The cumulative release of (G) Lapatinib (L) or (H) JPH203 (J) from free LJ, LJ@NP, LJ@Trp-NP, LJ@GIn-NP,
LJ@Lys-NP in pH 5.5 PBS at 37 °C. (I) The stability of LJ@NP, LJ@Trp-NP, LJ@GIn-NP, LJ@Lys-NP was indicated by the changes of particle size and polydispersity
index (PDI) in pH 7.4 PBS at 37 °C. (J) The absorbance of the supernatant after incubation of blood cells with the following formulations: 1. saline, 2. 0.09% NaCl
solution, 3. blank NP, 4. LJ@NP, 5. LJ@Lys-NP, 6. LJ@Trp-NP, and 7. LJ@GIn-NP. The results were presented as mean + SD (n = 3).
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Fig. 3. In vitro performance of amino acid-conjugated NPs in MCF7 cells and HUVEC cells. The uptake profiles of amino acid-conjugated NPs in MCF7 cells after
incubation with different formulations for (A) 0.5 h and (B) 1 h. Scale bar = 50 pm. (C) Quantitative analysis of uptake normalized to free C6. C6@NPs group was
selected as a control for comparison. (D) MTT assay in MCF7 cells. (E) HUVEC tube formation in Matrigel with various drug treatments (scale bar = 100 pm); (F)

quantitative analysis; the untreated group was selected as a control for comparison. Data are presented as mean + SD (n = 3). *, p < 0.05, **

with the control group.

superiority of Trp-NPs for uptake into these cells (Fig. 3C). The results
were similar in T47D cells (Fig. S7). MTT assay was then performed for
the anticancer efficacy of the NPs in vitro. As shown in Fig. 3D, dual drug
loaded NPs showed enhanced anticancer effect than the single drug
loaded NPs. In addition, all three NPs, LJ@Trp-NPs. LJ@GIn-NPs, and
LJ@Lys-NPs, showed much lower ICsy values than bare LJ@NPs
(Fig. S8C). LJ@Trp-NPs showed the lowest ICsy value, which was
consistent with the uptake assay, indicating that Trp conjugation is su-
perior to glutamine or lysine for optimal targeting efficiency and
outcome. MTT results in T47D cells were consistent with those in MCF7
cells (Figs. S8A and B), further confirming the enhanced anticancer ef-
ficacy of LJ@Trp-NPs.

To further investigate the targeting efficiency of amino acid-
conjugated nanoparticles, colocalization experiments were conducted
to test the interaction of nanoparticles with SLC6A14. As shown in
Fig. S9A, C6@Lys-NPs and C6@Trp-NPs showed significant overlap of
green and red (yellow), indicating the interaction of nanoparticles with
SLC6A14. Specifically, Trp-NPs showed the strongest yellow signal,
indicating the best targeting efficiency. These results were consistent
with the cellular uptake assay. In addition, amino acid transporters
usually have overlapped substrates, which might result in one ligand
targeting two transporters. Therefore, we further tested the interaction
of these nanoparticles with other transporters, and SLC7A5 was selected
(Fig. S9B). There is also a slight overlap of green and red, but compa-
rable distinct, indicating the interaction between nanoparticles and
SLC7A5 was also exist but weak. These results suggested that Trp-NPs
possessed strong interaction activity with SLC6A14, which contributed
to SLC6A14 (ATB0’+) targeted delivery. Additionally, Trp-NPs could also
interact with SLC7A5 in a relatively weak way as the reviewer guessing.
Following that, the uptake of these nanoparticles in the presence of
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glycine (a substrate of ATB% ™) or BCH (a blocker of LAT1) was inves-
tigated. In both MCF7 (Fig. S10C) and T47D (Fig. S10D) cells, glycine
could decrease the uptake of Trp-NPs and Lys-NPs, but not significant for
GIn-NPs; BCH could also slightly decrease the uptake of Trp-NPs to some
extent, but this difference was not statistically significant. These data
suggested that the enhanced uptake of Trp-NPs was mainly attributed to
the ATB®*-targeting property, which was consistent with the colocali-
zation study. In MB231 cells, an ATB®*-negative cell line (Fig. S10A),
the uptake profiles of all three amino acid-conjugated nanoparticles
were similar to that of bare nanoparticles (Fig. S10B), further confirming
the dominant role of ATB®" in the uptake of Trp-NPs. Based on these
data, we selected LJ@Trp-NPs as the ATB®"-targeted nanoparticles for
further evaluation.

ATB%-targeted NPs enter cells via a endocytosis. Therefore, it was
critical to determine whether the NPs release the cargo into cytoplasm
instead of limiting the release to the endosomes. For this, we tracked the
intracellular trafficking of the NPs by CLSM. C6 (green) was used to
track Trp-NPs, Lysotrack (red) was used to label lysosomes, and DAPI
(blue) was used to label nuclei. As shown in Fig. S11, most of C6@Trp-
NPs was found attached to the plasma membrane in the first 0.5 h, and
only a small portion entered cells via endocytosis and was found located
in endosomes (evidenced by the very slight yellow signal). The C6@Trp-
NPs were then removed, and the attached nanoparticles were allowed
for their subsequent intracellular trafficking. At 1 h, most C6@Trp-NPs
were co-localized with lysotrack (yellow signal), indicating that
C6@Trp-NPs were endocytosed. After 2 h, the yellow signal almost
disappeared, indicating the exit of the NPs from the endosomes into the
cytoplasm.

The anti-proliferation and anti-metastasis properties of LJ@Trp-NPs
were then evaluated by colony formation assay and wound-healing
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assay, respectively. As shown in Fig. S12A, free LJ displayed significant
anti-proliferation effect in both MCF7 and T47D cells. LJ@Trp-NPs
showed prominent anti-proliferation effect compared to other groups
in both cell lines. The quantitative analysis further confirmed these re-
sults (Fig. S12B). The enhanced anti-proliferation efficacy of LJ@Trp-
NPs compared to bare LJ@NPs could be attributed to the ATB%'-
mediated uptake. The drug-loaded NPs showed a slightly lesser effect
than the corresponding free drug, which might be due to the slow release
of the drugs from NPs. Wound healing assay in Fig. S13 showed that
LJ@Trp-NPs significantly suppressed the closure rate in both cell lines
compared to control and LJ@NPs, suggesting potentially enhanced anti-
metastasis properties. We believe that the synergism between lapatinib
and JPH203 and the ATB®*-targeting of NPs contributed to the signif-
icantly enhanced inhibitory effect on cancer cell migration. Taking
collectively, LJ@Trp-NPs exhibit robust anticancer effect by synergistic
inhibition of cell proliferation and cell migration.

HUVEC cells form capillary-like structures in culture. We used these
cells to perform endothelial cell tube formation assay to study the anti-
angiogenesis effect of LJ@Trp-NPs. As shown in Fig. 3E, the control
group showed capillary-like structures, and the combination of lapatinib
and JPH203 suppressed this process significantly. LJ@Trp-NPs also
caused significantly greater inhibition of tube formation compared to
the control group and LJ@NPs. The inhibition was ~90%, close to the
inhibitory effect of free lapatinib + JPH203. Tumor microenvironment
also affects the vascular properties. We investigated the effect of
LJ@Trp-NPs on tumor cell-elicited vascular differentiation, elongation,
and migration. As shown in Fig. S14, LJ@Trp-NPs significantly sup-
pressed the HUVEC migration. These results suggest that LJ@Trp-NPs
could also inhibit angiogenesis in the tumor microenvironment, which
would potentiate the amino acid deprivation effect and consequently
amplify the anticancer effect of LJ@Trp-NPs.

Cell apoptosis was investigated by Annexin V-FITC/PI staining to
evaluate its potential involvement as an anticancer mechanism of
LJ@Trp-NPs. As shown in Fig. 4A and S15C, L@NPs induced 17.5% late
apoptosis and 9.2% early apoptosis in MCF7 cells; when both lapatinib
and JPH203 were encapsulated, the early and late apoptosis rate

Control
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increased up to 18.2% and 30.5%, respectively. ATB®*-targeted
LJ@Trp-NPs could further increase the late apoptosis to 49.7%. A
similar trend was observed in T47D cells (Fig. SI5A&B). The relatively
milder effect observed with NPs compared to the corresponding free
drugs might be due to the slow release of drugs from the NP formulation.
We further assessed the expression of apoptosis-related proteins under
different treatment conditions. As shown in Fig. 4B, LJ@Trp-NPs
significantly upregulated the expression of Bax, a proapoptotic pro-
tein, but downregulated the expression of Bcl-2, an antiapoptotic pro-
tein. The ratio of Bax/Bcl-2 was considered as a parameter in the
regulation of apoptosis. The increased Bax/Bcl-2 ratio with LJ@Trp-NPs
indicates the ability of this NP formulation to promote apoptosis in
cancer cells.

LIJ@Trp-NPs were designed to interfere with amino acid entry into
cancer cells with consequent detrimental changes in amino acid meta-
bolism and associated cellular signaling and biological processes. Firstly,
the ATB®" downregulation in conjunction with ATB®*-targeted endo-
cytosis of NPs would interfere with the entry of amino acids via this
transporter. This was verified in this study. The expression of ATB®* in
MCF7 cells was monitored under various treatment conditions
(Fig. S16). LJ@Trp-NPs significantly decreased the ATB>* expression at
protein level; other formulations had little or no effect on ATB®* protein
levels. To further investigate the relationship of this phenomenon with
endocytosis, MCF7 cells were treated by LJ@Trp-NPs under 4 °C
(Fig. S17). When the endocytosis was suppressed by the low temperature
[29], the expression of ATB®* in MCF7 cells was not affected. These
results suggested that ATB®"-mediated endocytosis might result in the
downregulation of ATB®", which was consistent with our previous
study [19]. ATB®™ is a broad spectrum amino acid transporter with
ability to transport 18 of the 20 proteinogenic amino acids; therefore,
the observed downregulation of ATB®* in MCF?7 cells when exposed to
LJ@Trp-NPs would certainly decrease the amino acid supply. In addi-
tion, the cargo contained JPH203, an effective inhibitor of LATI,
another broad-spectrum amino acid transporter, thus enhancing amino
acid starvation in these cells even further. Both ATB®* and LAT1
transport leucine, an activator of mTOR signaling [30]. Therefore, we
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monitored the activation of mTOR after LJ@Trp-NPs treatment. As
shown in Fig. 4B, exposure of the cells to LJ@Trp-NPs did not affect the
expression of total mTOR but decreased the content of phospho-mTOR.
This mode of anticancer effect of LJ@Trp-NPs by limiting the supply of
amino acids to cancer cells is likely to amplify the anticancer efficacy of
lapatinib and possibly deter development of resistance to lapatinib.

To understand effects of LJ@Trp-NPs on amino acid metabolism in
tumor cells in a greater detail, we conducted a targeted study of
metabolomics in MCF7 cells. The 20 proteinogenic amino acids were
identified in the intracellular and extracellular media, and quantitative
analysis was performed to show the metabolomic changes in MCF7 cells.
The results are presented in Fig. S18 (intracellular medium) and Fig. S19
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(extracellular medium) and also as heatmaps (Fig. 5A for intracellular
metabolites, Fig. S20 for extracellular metabolites). It was clear that
LJ@Trp-NPs significantly restricted the uptake of most of the amino
acids in comparison with other formulations; this resulted in a decrease
in intracellular amino acids and an increase in extracellular amino acids.
These metabolomic data were then subjected to partial least-squares
discriminate analysis (PLS-DA) (Fig. 5B and C). Distinct metabolomic
profiles in response to different treatments were observed. The resulting
PLS-DA score plots of both the intracellular metabolites (Fig. 5B) and the
extracellular metabolites (Fig. 5C) clearly showed that the metabolomic
profiles for the control, JPH203, lapatinib, lapatinib + JPH203,
LJ@NPs, and LIJ@Trp-NPs groups were distinct and separable. LJ@Trp-
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NPs showed the strongest modulation effect. These studies provide ev-
idence for LJ@Trp-NPs causing marked interference with the amino acid
metabolism in MCF7 cells, which is expected from the observed changes
in the intracellular and extracellular levels of amino acids (Fig. 5D).
LJ@Trp-NPs treatment significantly decreased the uptake of a broad
spectrum of amino acids and suppressed many of the related metabolic
signaling pathways. For example, mTOR pathway, which is responsible
for cell proliferation, angiogenesis, bioenergetics through nutrient
availability and revving up anabolic pathways, and cell survival through
DNA repair and decreasing apoptosis [31,32], was significantly sup-
pressed. It has been reported that the activation of mTOR signaling
pathway contributes to lapatinib resistance [33]. Therefore, mTOR in-
hibition would avoid the development of resistance to lapatinib and
enhance the treatment outcome if administered in the form of
LJ@Trp-NPs. Taken collectively, LJ@Trp-NPs elicit their anticancer ef-
fect by blocking the entry of amino acids into cancer cells and conse-
quently interfering with cellular metabolism and signaling pathways. As
lapatinib is included in this formulation as a cargo, the amino acid
starvation caused by the blockade of the two critical amino acid trans-
porters synergizes with lapatinib to maximize the anticancer effect.
The in vivo behavior of LJ@Trp-NPs was investigated by a pharma-
cokinetic study in female rats and a biodistribution assay in tumor-
bearing mice. The concentration curves of lapatinib and JPH203 from
LJ@Trp-NPs are displayed in Fig. S21 with LJ@NPs and free LJ as
controls, and the calculated pharmacokinetic parameters are listed in
Tables S2 and S3. The AUCy.; values of lapatinib from LJ@NPs and
LI@Trp-NPs were 518.1 and 512.9 pg min-mL}, respectively, which
were 4.22 and 4.17 folds higher than that from free LJ, indicating the
prolonged circulation. In addition, the half-life of lapatinib increased
from 93.6 min to 351.5 min and 380.1 min after encapsulated into
LIJ@NPs and LJ@Trp-NPs, further confirming that NP formulation
resulted in enhancement of the drug half-life in circulation compared to
free drugs. A similar profile was seen for JPH203 from LJ@NPs and
LJ@Trp-NPs, displaying increased AUC and decreased t; » compared to
the free from. These results show that both LI@Trp-NPs and LJ@NPs
increase the half-life of the drugs in circulation, a feature beneficial for
increased tumor accumulation. The biodistribution of LJ@Trp-NPs was
investigated by an in vivo imaging system using DiR as a probe. As shown
in Fig. 6A, very little free DiR accumulated in tumors, but NP formula-
tion resulted in much more accumulation in tumors than free DiR.
DiR@Trp-NPs displayed the strongest and the most persistent signals in
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the tumors, which could be explained by the ATB®*-mediated targeting
to tumor cells. The quantitative analysis shown in Fig. 6C further
confirmed the enhanced and persistent distribution of DiR@Trp-NPs
compared to free DiR or DIR@NPs. After 12 h, the mice were killed,
and the major organs were collected and imaged (Fig. 6B). The ex vivo
results further confirmed that DiR@Trp-NPs exhibited the most tumor
accumulation. Moreover, the quantitative analysis suggested that the
DiR signal in tumors for DiR@Trp-NPs was close to 20% of the total
signal, demonstrating the ideal distribution for loaded drugs (Fig. 6D).
However, significant accumulation of DiR@Trp-NPs in liver and spleen
was also observed. Liver has a robust capacity to extract amino acids
from the circulation using a multitude of amino acid transporters;
therefore, LJ@Trp-NPs may be recognized by one or more of these
transporters, thus facilitating the liver uptake of the NP formulation. In
addition, it was acknowledged that nanoparticles could be easily
sequestered by the liver and spleen after i.v. injection since the liver is
the largest vascularized organ and the spleen is an important component
of the immune system [34-36]. The nanoparticles were exogenous and
could be captured by the spleen, even under the protection of PEG. This
phenomenon was also observed in many other studies [37-39]. Further
studies are needed to assess the consequences of the accumulation of the
drug cargo in the liver in terms of toxicity. Nonetheless, it should be
noted that DiR@Trp-NPs displayed significant superiority over other
formulations to cause accumulation of the drug cargo in tumors, sug-
gesting potential superior outcome in terms of anticancer effect.

The in vivo anticancer efficacy of LJ@Trp-NPs was studied in MCF7
tumor-bearing mice. To assess the anticancer effect of LJ@Trp-NPs, the
tumors were allowed to grow for 9-days following inoculation (Fig. 7A).
The tumor-bearing mice were then randomly divided into 6 groups to
receive i.v. administration of saline, free lapatinib, free lapatinib and
JPH203 (L + J), L@NPs, LJ@NPs, and LJ@Trp-NPs on day 0, 2, 4, and 6,
respectively. The length and width of the subcutaneous tumors were
recorded to calculate the tumor volume, and the mouse weight was also
monitored. As shown in Fig. 7B, the growth profiles of the tumors
demonstrated that LJ@Trp-NPs significantly suppressed the tumor
growth compared to other groups. Specifically, the combination of
lapatinib and JPH203 displayed an enhanced anticancer effect
compared to lapatinib alone, suggesting that LAT1 blockade amplified
the therapeutic outcome of lapatinib, which might be associated with
the suppression of mTOR signaling (Fig. 4B). LJ@Trp-NPs significantly
suppressed the tumor growth compared to L@NPs, demonstrating the
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Fig. 6. Biodistribution of DiR@Trp-NPs in MCF7 tumor-bearing mice. (A) In vivo fluorescence images of MCF7 tumor-bearing mice at 2, 4, 8, and 12 h after i.v.
injection of free DiR, DIR@NPs and DiR@Trp-NPs. (B) Fluorescence images of vital organs, collected at 12 h. (C) Quantitative analysis of the fluorescence signals in
the tumor site at different time points. (D) Fluorescence ratio of each organ as percent of total fluorescence (all organs and tumor). Data are means + SD (n = 3).
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treatment with saline, lapatinib (L), lapatinib + JPH203 (LJ), L@NP, LJ@NP and LJ@Trp-NP. (C) Photograph of tumors collected at day 18. (D) Tumor weight of
MCF7 tumor-bearing mice in different groups at day 18. (E) Body weight of MCF7 tumor-bearing mice in different groups following treatments. Data are presented as
means + SD (n = 6). *, p < 0.05, **, p < 0.01, ***, p < 0.001, indicate statistical difference between groups. #, p < 0.05, ##, p < 0.01, indicate statistical difference

compared to the control group.

potentiating effect of amino acid starvation and the resultant changes in
amino acid metabolism on the anticancer efficacy of lapatinib, consis-
tent with the in vitro data (Fig. 5). The amino acid starvation is caused
not only by the blockade of LAT1 (Fig. 4C) but also by the down-
regulation of ATB®" resulting from the transporter-targeted endocy-
tosis (Fig. S16). LJ@Trp-NPs also showed higher anticancer efficacy
than LI@NPs, suggesting that Trp-mediated ATB®* targeting benefited
the treatment efficacy, which could be explained by the enhanced dis-
tribution (Fig. 6) and ATB%* downregulation (Fig. S16). As such, the
enhanced targeting feature and the ability to block amino acid entry into
tumor cells enabled LJ@Trp-NPs to elicit the strongest anticancer effect
in vivo. After 18 days, the mice were killed, and the tumors were
collected, photographed (Fig. 7C), and weighed (Fig. 7D). These results
were consistent with that shown in Fig. 7A. The body weight of the mice
during treatment did not decrease with any of the formulations (Fig. 7E).

H&E staining and immunohistochemical analysis were further used
to evaluate the in vivo anticancer efficacy of LI@Trp-NPs (Fig. S22).
H&E staining of tumor sections showed that LI@Trp-NPs treatment
caused extensive damage in tumor tissue, and comparatively less dam-
age was observed in the groups of LJ, L@NPs, and LJ@NPs. There was
little or no effect with the other groups. As a biomarker for cell prolif-
eration, Ki-67 was monitored using immunohistochemical staining.
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LJ@Trp-NPs showed the lowest expression of Ki-67 in all six groups,
while other treatments decreased positive staining to a much smaller
extent. Quantitative analysis confirmed this observation (Fig. S22B).
The expression of p-mTOR was measured using immunofluorescence
analysis to evaluate the status of the mTOR signaling pathway. The
control group showed the highest expression of p-mTOR, and the com-
bination of lapatinib and JPH203 significantly decreased the p-mTOR
expression (Figs. S22A and C). LJ@Trp-NPs treatment resulted in the
lowest signals of p-mTOR, indicating the effective blocking effect on the
cellular entry of mTOR activators such as leucine. TUNEL assay was used
to monitor apoptosis induced by LJ@Trp-NPs (Figs. S22A and D).
LJ@Trp-NPs group showed the strongest apoptosis. These results are
consistent with the in vitro data. Taken collectively, LJ@Trp-NPs dis-
played the most prominent anticancer effect, which could be attributed
to the multiple mechanisms, including suppressed cell proliferation,
downregulated mTOR signaling, and enhanced cell death.

LJ@Trp-NPs showed a robust inhibitory effect on cell migration in
vitro. Therefore, we evaluated the anti-metastasis effect of LJ@Trp-NPs
in vivo. We detected the nodule formation and metastasis of MCF7 tumor
cells in liver and lung tissues (Fig. 8A-E). The H&E staining showed
distinct and large nodules in liver and lung tissues in the saline group
(Fig. 8A&B); LJ@Trp-NPs treatment dramatically reduced the number
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Fig. 8. The anti-metastasis effect of LJ@Trp-NPs in MCF7 tumor-bearing mice. Representative H&E staining of (A) liver sections and (B) lung sections from each
group. Scale bar = 50 pm, (n = 3). (C) Representative images of lung metastasis in each group. The arrow represents pulmonary metastatic nodule. The number of (D)
liver and (E) lung metastatic nodules after various treatments. Serum biochemical analysis of (F) AST, (G) ALT, (H) BUN, (I) creatinine after various treatments (n =

6). *, p < 0.05, **, p < 0.01, ***
of nodules compared to the other groups (Fig. 8D&E). The visible met-
astatic nodules on the lung surface of MCF7 tumor-bearing mice further
confirmed the notion that LIJ@Trp-NPs decreased the extent of lung
metastasis. A more reasonable therapeutic regimen for early treatment
might reach a better treatment effect and avoid metastasis occurrence.
Due to the considerable liver accumulation of LJ@Trp-NPs observed in
the biodistribution assay, the liver function of mice after various treat-
ments was examined. The serum biochemical indicators, AST and ALT,
were measured to assess the liver function (Fig. 8F and G). These two
indicators did not change after LJ@Trp-NPs treatment, suggesting no
significant injury to the liver. In addition, the BUN and creatinine levels
also did not change after treatments, indicating intact renal function
(Fig. 8H and I). We also assessed the safety of LJ@Trp-NPs by examining
the histology of various organs (heart, spleen, and kidney) using H&E
staining. As shown in Fig. 523, no evidence of injury was found in heart,
spleen, and kidney of mice receiving LJ@Trp-NPs.

4. Conclusion

In this study, we developed, optimized, and characterized lapatinib-
and JPH203-coloaded, ATB®*-targeted nanoparticles (LJ@Trp-NPs) to
block amino acid entry into tumor cells with resultant interference with
amino acid metabolism and associated signaling pathways. The goal was
to determine the impact of this change in amino acid metabolism on the
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, p < 0.001, statistical difference between groups or compared to the control group.

anticancer efficacy of lapatinib, a chemotherapeutic that elicits its
anticancer effect on a molecular target distinct from the amino acid
entry pathways. LJ@Trp-NPs carry a drug cargo that contains not only
lapatinib but also JPH203, a high-affinity inhibitor of the amino acid
transporter LAT1. The NPs have tryptophan conjugated on the surface to
target the NPs to another amino acid transporter, ATB®*. Both LAT1 and
ATB%* play an obligatory role in supplying most of the amino acids to
tumor cells [13]. Endocytosis of LJ@Trp-NPs via ATB%* targeting re-
sults not only in the entry of NPs into tumor cells but also in the
downregulation of the transporter on the cell surface, with resultant
subsequent decrease in the entry of amino acids into tumor cells. The
cargo delivers JPH203 into the cells to function as an inhibitor of LAT1.
Thus, the function of two important amino acid transporters gets
compromised by LJ@Trp-NPs treatment. The resultant amino acid
starvation and accompanying changes in amino acid metabolism and
intracellular signaling pathways synergizes with the anticancer effect of
lapatinib. Thus, LJ@Trp-NPs offer a therapeutic strategy to potentiate
the anticancer efficacy of lapatinib, which could also prevent the
development of lapatinib resistance.
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