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Background: Exosomes are natural nanovesicles with unique characteristics, such as long

circulating half-life, the intrinsic ability to target tissues, biocompatibility, and minimal or no

inherent systemic toxicity. Mesenchymal stem cells produce large amounts of exosomes with

regenerative properties and more stability in human plasma. TUBO breast cancer cell lines

overexpress rat HER2/neu protein.

Methods: Targeted exosomes were isolated from transduced bone marrow mesenchymal

stem cells. Doxorubicin was encapsulated into exosomes by electroporation. Flow cytometry

was used to assess the attachment of exosomes to the target cells. The in vitro cytotoxicity

effect of targeted doxorubicin-loaded exosomes on TUBO cells was determined using MTT

assay. Selective delivery of doxorubicin to tumor tissues was analyzed by measuring the

auto-fluorescence of doxorubicin by in vivo imaging system. Moreover, tumor growth

inhibition and body weight were monitored following injection of free doxorubicin, and

targeted and untargeted doxorubicin-loaded exosomes in a TUBO breast cancer model.

Finally, mouse tissues were examined for the presence of intrinsic fluorescence of

doxorubicin.

Results: Flow cytometry results revealed significant differences in binding of targeted

exosomes to HER2-positive (46.05%) and HER2-negative (13.9%) cells. The results of

MTT assay showed that cytotoxicity of targeted doxorubicin-loaded exosomes was higher

than free doxorubicin at 72 hours. Selective distribution of targeted doxorubicin-loaded

exosomes in the target tissues of the murine breast cancer model suggested specific delivery

of doxorubicin by targeted exosomes, rather than untargeted exosomes. Free doxorubicin and

untargeted doxorubicin-loaded exosomes showed insignificant effects, whereas targeted

doxorubicin-loaded exosomes reduced the tumor growth rate.

Conclusion: Herein, we report efficient delivery of targeted doxorubicin-loaded exosomes

in vitro, corroborated with a significant reduction of murine breast cancer model tumor

growth rate.
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Introduction
Cell communications occur in two ways: distant communication or localized. Distant

intercellular communication can take place by either hormones or extracellular vesicles

(EV) through the circulatory system effecting the other parts of the body. Extracellular

vesicles have a bilayer membrane structure and serve as vehicles to deliver different

kinds of cellular cargo, including proteins, lipids, nucleic acids, and receptors (1).

Therefore, EVs can transfer information between tissue microenvironments.

Exosomes are originated from endosomes with a small size ranging from 40–100 nm

(1). Depending on their origin, these nanoparticles may contain endosomal membrane,
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fusion (GTPases, flotillin, and annexins) and tetraspanin pro-

teins (CD81, CD63, CD53, CD82, and CD37). Other proteins

present in exosomes are the ones associated with lipid rafts,

including glycosyl phosphatidylinositol-anchored proteins,

heat shock, and proteins related to multi-vesicular body

(MVB) biogenesis (eg, TSG101 and Alix) (2).

Exosomes embed and shield a large number of pro-

teins, lipids, mRNAs, and miRNAs, which allow them to

influence the function and differentiation of recipient cells

(3). They show biocompatibility characteristics such as

immune tolerance, enabling them to escape from the

immune system. Previous studies demonstrated that near

neutral, tiny negative zeta potential charge of exosomes is

responsible for higher in vivo circulation and stability of

these nanoparticles compared to positively charged

liposomes.1,2 Positive zeta potential leads to the aggrega-

tion of liposomes with negative particles in blood circula-

tion and reduces their flowing time and, therefore,

decreases their accession to target sites.

For more efficient targeting, exosomes can be modified

to serve as nano delivery systems either endogenously at

the production time or exogenously following the exosome

isolation.1 Doxorubicin (DOX) is one of the most effective

antitumor drugs against solid tumors including breast can-

cer, but the clinical usage has been limited due to its low

bioavailability and severe side-effects, such as myelo sup-

pression and cardiotoxicity. Loading of doxorubicin in

nanoparticles increases the rate of delivery and anti-

tumor activity.3–5 However, synthetic nanoparticles have

some adverse effects, including the induction of immune

responses and oxidative stress.6 As natural nanoparticles

with small size, exosomes are good candidates for drug

delivery. Successful delivery of therapeutic cargo by exo-

somes is highly dependent on the efficiency of the loading

method. In order to avoid the adverse side-effects of che-

motherapeutic drugs, it is imperative to deliver them spe-

cifically to the target tissue for cancer treatment. Using

targeting peptides or proteins on the surface of exosomes

is the most common approach for selective delivery.7

In clinical applications, the source of exosomes is

important. Previous studies recommend mesenchymal

stem cells (MSCs) as an efficient source of exosomes,

due to their stability, considerable exosome production

potential, and relatively high-tolerance.8 Moreover, the

homing ability of exosomes allows them to migrate

towards injured tissue and tumor, which is due to the

acidic pH of the tumor microenvironment. Chemokines

such as CCL2, CCR8, platelet-derived growth factor

(PDGF), and tumor necrosis factor-ɑ (TNF-ɑ) have

recently been recognized as chemotaxis particles with

important roles in the attraction of MSC mediators to

tumor environment.9

Previously, we designed targeted exosomes with a chi-

meric protein against HER2-positive breast cancer.10

These targeted exosomes were used for the delivery of

siRNA to breast cancer cells.11 The targeted exosomes

were also employed to deliver doxorubicin to HER2-posi-

tive cancer cells.12 In the present study, we aimed to

evaluate anti-cancer effects of targeted exo-DOX in a

murine tumor model inoculated with TUBO cells.

Materials and methods
Cell culture
The TUBO cell line was kindly provided by Dr. Pier-Luigi

Lollini (Department of Clinical and Biological Sciences,

University of Turin, Orbassano, Italy) and cultured in

DMEM medium supplemented with 20% FBS and pensi-

lin/streptomycin antibiotics, and incubated at 5% CO2 at

37°C.13,14

Viral production and transduction of

LAMP2b-DARPin
HEK293Tcell lines were seeded (4×106 cells/plate) on 10-cm

diameter plates. After 24 hours, calcium phosphate transfec-

tion was performed by adding 10.5 µg of pMD2 (addgene),

21 µg of psPAX2 (addgene), and 21 µg of pLEX-LAMP2b-

DARPin.

The condition media containing viral particles was

harvested every 24 hours up to 72 hours. Supernatant

was centrifuged at 500 g for 5 minutes and the cell pellet

was discarded. The harvested supernatant was subse-

quently centrifuged (2,000 g for 20 minutes) and then

filtered through a 0.45-µm PVDF (low protein attachment)

membrane. To concentrate viral particles, centrifugation at

19,000 g for 1:30 hours was applied and MOI (number of

viral particles per target cell) was measured for MSCs

transduction.

After production of virus particles containing the

LAMP2b-DARPin construct, MSCs were transduced by

viral particles as previously described.12 Briefly, 2×104

MSCs per well were seeded in a 24-well plate. Viruses

with MOI of 20–100 and 100 µg/ml protamine sulfate

were added to each well. This procedure was repeated

three times to increase viral transduction efficiency. After

1 week, the selection process was performed using an
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appropriate concentration of puromycin (1 µg/ml) and

transduced MSCs were passaged to obtain exosomes.

Subsequently, RT-PCR and Western blotting were per-

formed to confirm the transcription and translation of

LAMP2b-DARPin (data not shown).

Purification of exosomes
In order to isolate untargeted and targeted exosomes,MSCs and

transduced MSCs were cultured in serum-free media for 48

hours after reaching 80% confluency, and the supernatant was

harvested to extract exosomes by cell guidance biosystem exo-

some purification kit, as previously described.12 In brief, the

supernatant was centrifuged to eliminate cell debris. Afterfiltra-

tion through 0.22 μm filters, the media was concentrated using

100-kDa MWCO columns (Merck Millipore, UK). The rest

was carried out according to the manufacturer’s instructions.

Exosome labeling and uptake study
Exosomes were labeled with PKH67 (Sigma-Aldrich, St.

Louis, MO, USA), which is a green lipophilic dye.

Exosomes and PKH67 were separately diluted in 100 µL

diluent C. Exosomes were mixed with staining solution

and incubated for 5 minutes at room temperature. Stopping

process was done by adding an equal volume of 1% BSA

and the mixture was passed through a CL-4B shepharose

column to remove unincorporated dye. TUBO cells were

seeded in a 24-well plate (2×104 cells/well), and 25 µg of

labeled exosome was added to each well. After 24 hours,

the cells were washed with PBS and fixed by 4% paraf-

ormaldehyde. The nuclei were stained by DAPI fluores-

cent (Sigma-Aldrich), and examined using an inverted

fluorescence microscope (Nikon TE300, Tokyo, Japan).

Flow cytometry and fluorimetry
We used flow cytometry to quantify exosome uptake.

Briefly, 4–6×104 TUBO and 4T1 cells were seeded in

24-well plates, and 5 µg of labeled exosomes were added

to each well. After 24 hours, cells were washed with PBS

and trypsinized.12,15 Flow cytometry was performed by

BD flow cytometry and data were analyzed by flowing

software 2.4.1. 4T1 cells were used as control cells.

Binding of PKH-67 labeled targeted and untargeted exo-

somes to the HER2 protein coated wells were assayed by

measuring the fluorescence of each well in black wells, after

removing unbound exosomes. BSA and PBS were used as

controls. Briefly, 80–90 ng of HER2 protein was added in each

96 well plate, after overnight incubation at 37°C, labeled

exosomes were added with different concentration (0.05, 0.1,

and 0.2 µg/µL). Following overnight incubation, the attach-

ment of labeled exosomes with the HER2 protein was deter-

mined. Attachment of labeled exosomes with the HER2

protein was determined at different concentrations (0.05, 0.1,

and 0.2 µg/µL). Next, HER2-positive SKBR3 cells were

seeded and fixed in a 96-well black plate and 0.05, 0.1, and

0.2 µg/µL of targeted and untargeted exosomes were added to

these wells in triplicate and incubated overnight. Fluorescence

emission of PKH-67 labeled exosomes was measured after

removing non-labeled exosomes by washing with PBS and

calculated by Microplate Readers (BioTek, Winooski, VT,

USA) at 520 nm (excitation at 480 nm).

Loading therapeutic cargo
To load exosomes with doxorubicin (Sigma-Aldrich), 100 µg

(total protein) of purified exosomes and 100 µg of DOXwere

gently mixed with 200 µL of electroporation buffer at 4ºC.

Electroporation was performed at 600 V in 0.4 cm cuvettes in

a multiporator (Eppendorf, Hauppauge, NY, USA) and the

mixture was incubated at 37ºC for 30 minutes to recover the

membrane of exosomes.16 After passing through a 100-KDa

Amicon filter to eliminate free DOX, drug loading was

measured through the intrinsic fluorescence of DOX using

a spectrophotometer (Bio-Rad, Hercules, CA, USA) at

594 nm with excitation at 480 nm.

In vitro cytotoxicity
Cytotoxic activity of free DOX and exo-DOXwas evaluated by

standard 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetra-

zoliumbromide (MTT) assay on TUBO cells. The MDA-

MB231 cell line was used as control (data was not shown).12

TUBOcells (5,000 cells/well) were added to 100μLofmedia in

a 96-well plate overnight. Then, the cells were treated with

various concentrations of exo-DOX for 24, 48, and 72 hours at

37°C and 5% CO2. After incubation, media containing drug

were replaced and cellswere incubatedwithMTTreagent for 3–

4 hours. Subsequently,MTTreagents were removed completely

and 100 µL of DMSO was added to each well to dissolve the

solubilized purple formazan crystals.17 Absorbance of the

colored solution was quantified by a spectrophotometer at 545/

630 nm. Cytotoxicity rates were measured in comparison to

negative control (wells containing only PBS). All experiments

were performed in triplicate and IC50 of loaded exosomes and

free DOX were assessed and compared to each other.18

Immunohistochemistry
Murine HER2-positive TUBO cells were injected subcu-

taneously to BALB/c mice. After tumor genesis, the tumor
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was fixed in 10% formalin and immunohistochemistry

(IHC) was done to confirm the presence of cell surface

HER2 ligands.

Mouse xenograft and in vivo studies
Female B6 nude mice (5 weeks old) were purchased from

Royan Institute. Mice received a sterilized diet and filtered

water under standard conditions according to institutional

guidelines. All procedures were approved by the Institute's

Ethical Committee for animal use.

Each mouse was inoculated by subcutaneous injections

in the flank with 1×106 TUBO cells suspended in 0.1 mL of

PBS and were allowed to develop a 100-mm3 tumor. The

mice were randomly assigned to four groups of four tumors

for each group and were treated with: (a) PBS as a

control,19 (b) untargeted exo-DOX (30 μg DOX/mouse),

(c) targeted exo-DOX (30 μg DOX/mouse), and (d) free

DOX (30 μg/mouse). All treatments were administered

intravenously and repeated twice a week and continued

for six injections. To monitor the effect of treatment on

each group, the tumor size and mice weight were measured

twice a week after each injection. Tumor volumes were

measured by digital caliper with the following formula:20,21

Volume ¼ðlength� width2Þ=2

In vivo exosomes distribution
When the TUBO tumor volume reached >400 mm3, tar-

geted and untargeted exo-DOX (70 µg/mouse) were

injected intravenously to a B6 nude mice breast cancer

model. PBS was injected in the control group. Mice bear-

ing xenograft tumor were anesthetized,and images were

acquired 30 minutes and 60 minutes post-injection by

Kodak in vivo imaging system F pro. Following the last

acquisition, the animals were sacrificed and the organs

(liver, spleen, heart, and tumor) were collected, washed,

and captured using the same imaging system.20

Statistical analysis
Assays were performed in triplicate, and data are pre-

sented as the mean (± standard deviation, SD) of three

independent experiments. Data were analyzed using

GraphPad Prism 6.07 software (GraphPad Software Inc.).

Results were evaluated using two-way ANOVA and dif-

ferences between groups were calculated by the Student’s

t-test. Two asterisks (**) stand for P<0.005 and one aster-

isk (*) denotes P<0.05.19

Results
MSCs isolation and transduction
Viral particles containing the LAMP2b-DARPin gene and the

others with GFP gene were added simultaneously to different

cell cultures, and transduced cells were selected by an ade-

quate concentration of puromycin (1 µg/mL). GFP expression

was determined by fluorescent microscopy (Figure 1). Due to

the absence of a GFP reporter gene, integration of LAMP2b-

DARPin was analyzed by RT-PCR, and viral titration was

calculated by quantitative real-time PCR.

Furthermore, a 70-kD protein (LAMP2b-DARPin) was

identified by Western blotting using an anti-His tag

antibody.12

Exosome characterization
The concentration of exosomes were calculated by Bradford

assay, and approximately 200 µg of exosome was obtained

from 120 mL of conditioned media. TEM analysis verified

the cup-shaped appearance of isolated MSCs-Exo with an

average size of 30–150 nm (Figure 2A). Expression of

CD9, CD81 and CD63 exosomal markers, and the absence

of calnexin (an endoplasmic reticulum marker), were

observed using enhanced chemiluminescence (ECL)

Western blot analysis (Figure 2B). The results obtained

from zeta sizer exhibited 120 nm as the average size of

MSCs-derived exosomes (Figure 2C).

A B

Figure 1 MSCs transduction with viral GFP. (A) Fluorescent and phase contrast images were merged. (B) Fluorescent image of the same frame. Low efficiency of

transduction can be observed.

Abbreviations: MSCs, mesenchymal stem cells; GFP, green fluorescent protein.
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Flow cytometry and fluorimetry
To discriminate whether LAMP2b-DARPin-targeted exo-

somes can bind more efficiently to HER2 protein, fluori-

metric analysis was performed. Attachment of PKH-67

labeled exosomes to immobilized HER2 protein was deter-

mined at different concentrations of targeted and untar-

geted exosomes. Results showed a significant difference in

binding of targeted exosomes compared to untargeted exo-

somes at all tested concentrations. PBS and BSA were

used as negative control (Figure 3A). These results were

established by comparing specific binding of targeted and

untargeted exosomes to HER2-positive SKBR3 cells.

However, significant discrepancy was only observed at

0.05 µg/µL and 0.1 µg/µL concentrations (Figure 3B).

TUBO cancer cells (murine HER2-positive cell line)

and 4T1 (murine HER2-negative cell line) were treated

with targeted and untargeted exosomes previously labeled

with PKH67. As demonstrated in Figure 3C, targeted

exosomes bound to TUBO cells (46.6%) more efficiently

compared to 4T1 cells (13.9%). Untargeted exosomes

were used as exosome binding control.12 A fluorescent

image of targeted exosomes labeled with PKH-67 and

TUBO cells is illustrated in Figure 4.

Cell treatment and cytotoxicity of loaded

DOX
Electroporation was used to load DOX into exosomes. The

amount of encapsulated DOX was determined by measuring

the auto-fluorescent property of DOX at 595 nm (excitation at

480 nm) against a serial dilution of known standards. Our

results showed that ~13% of DOX were loaded into the exo-

somes. TUBO cells were treated with exo-DOX. Figure 5

shows that exo-DOX can enter the cells and accumulate in

nuclei (Figure 5A). Next, TUBO cells were treated with

different concentrations of exo-DOX and free DOX, and the

cytotoxic effect of free DOX and DOX-loaded exosomes was

examined. Free DOX and exo-DOX considerably reduced cell

viability in a dose-dependent manner, and no significant dif-

ference was observed at 24 hours and 48 hours, while signifi-

cant variances were recorded at 72 hours (Figure 5B).
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Figure 2 Characterization of exosomes. (A) TEM images of exosomes. Typical structure of exosomes was shown in this image (scale bar 200 nm). (B) Characterization of

exosomes by ECLWestern blotting. Exosome preparations were negative for endoplasmic reticulum marker (calnexin) in lane 1; lane 2 is the cell lysate which is positive for

calnexin. The positive results for exosomal markers are displayed in lane 3 (CD81), lane 4 (CD63), and lane 5 (CD9). (C) Size distribution of exosomes was measured by a

zeta-sizer. The peak diameter was about 100 nm.

Abbreviations: ECL, enhanced chemiluminescence; TEM, transmission electron microscopy.
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Animal studies
Immunohistochemistry of the TUBO cell line

The tumor produced by injection of BALB/c mouse with

TUBO cells was fixed in 10% formalin and IHC was per-

formed, which diagnosed the tumor as HER2++ (Figure 6).

In vivo distribution of exosomes

Tumor entrancement and biodistribution of exo-DOX in

B6 nude mice bearing TUBO tumor were observed by in

vivo imaging system (IVIS). Intrinsic fluorescent intensity

of DOX in injected mice was determined 30 minutes and

60 minutes post-injection. PBS was injected as control. As

shown in Figure 7, the fluorescent intensity of exo-DOX

can be observed at different tissues of mice as well as

tumor sites, in tumor bearing mice. Fluorescent intensity

significantly increased in the tumor site at 60 minutes

(Figure 7A) in comparison to 30 minutes (Figure 7B), in

both targeted and untargeted exosomes; however, the

intensity of untargeted exosomes was obviously lower

than targeted exosomes at the tumor site.

All mice, including control mice, were sacrificed after

60 minutes and a fluorescent signal was immediately

detected from freshly dissected tissues using an in vivo

imaging system. Fluorescent intensity of exo-DOX was

readily observed in the tumor tissue along with most tissues

of the body, including the lung and liver (Figure 7C).

The effect of exo-DOX in B6 nude mice bearing

TUBO tumor

In this study, we had four groups, and each group included

four tumors. The first group were injected by targeted exo-

DOX (1.5 mg/kg), whereas the second group was admi-

nistered with untargeted exo-DOX (1.5 mg/kg); the third

group was injected with an equivalent amount of free Dox,

and the fourth with PBS as negative control. After each

injection, the mice were weighed and tumor volume was

measured. Tumor growth was assessed twice per week and

continued for five injections. Although tumors continued

to grow, the tumor of mice receiving targeted exo-DOX

grew more slowly compared to those receiving exo-DOX,
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Figure 3 Fluorimetry and flow cytometry analysis of binding ability of targeted and untargeted exosomes. Binding of PKH-67 labeled targeted and untargeted exosomes to

(A) coated HER2 protein and (B) HER2-positive SKBR3 cells with different concentrations. Fluorescence of each well was assessed by fluorimetry after removing unbound

exosomes. BSA and PBS were used as controls. (B) Binding of PKH-67 labeled targeted and untargeted exosomes to HER2-positive SKBR3 cells. There were significant

differences both in HER2 protein and HER2-positive cell immobilization; yet, no significant difference was observed at 0.2 µg/µL in binding to SKBR3 cells. (C) Binding and

entrance of targeted labeled exosomes were quantified by flow cytometry. The results show a significant increase in binding of targeted exosomes to TUBO cells (46.05%)

as HER2-positive murine cells compared to 4T1 cells (13.9%). Targeted exosomes showed significantly higher binding to HER2-positive cells compared to HER2-negative

cells. Each error bar represents the mean±SD of three replicates. *P<0.05.
Abbreviations: RFU, relative fluorescence units; BSA, bovine serum albumin.
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free DOX, and PBS (P<0.05) (Figure 8A). However, no

significant difference was detected in mice weight among

these groups (Figure 8B).

Discussion
Currently, the main approach of drug delivery is using

artificial nanoparticles such as liposomes to encapsulate

and deliver chemotherapeutic drugs to tumor sites. Despite

being widely used, synthetic particles have many disad-

vantages, including possible induction of immune

response. On the contrary, as natural vehicles for drug

delivery, exosomes can evade the reticuloendothelial sys-

tem and, thus, are tolerated by the immune system.

Furthermore, exosomes are biocompatible and non-toxic,

with the ability to entrap sufficient amounts of cargo.6

They can escape the endosomal pathway by fusing with

the cell membrane. Exosomes are stable in size, structure,

and drug loading before injection and during circulation in

the body. However, their disadvantages include low load-

ing efficiency and low yields from cell media, especially

for industrial production.22 Clinical trials have confirmed

safety and biocompatibility of exosomes in humans, intro-

ducing exosomes as good candidates for drug delivery.23

As one of the most effective chemotherapeutic drugs,6

doxorubicin causes cytotoxicity via several mechanisms,

including intercalation into DNA and/or cell membrane

damaging by free radicals.24 On the other hand, doxorubi-

cin has been associated with low bioavailability and

adverse side-effects such as cardiotoxicity and

myelosuppression,6 as well as kidney, liver, and indirect

brain toxicity.25

Toffoli et al26 proved that exosomes loaded with dox-

orubicin are less toxic and can change biodistribution

behavior.26 The result of a study by Hadla et al23 corrobo-

rated with this to demonstrate less toxicity of exo-DOX

compared to free DOX through reducing cardiac side-

effects of doxorubicin. Therefore, along with passive tar-

geting resulting from EPR effect and tumor-associated

leaky vasculature,25 active targeting of exosomes encapsu-

lated with doxorubicin may prevent systemic toxicity and

A B C

D E F

200µM 200µM 200µM 

200µM 200µM 200µM 

Figure 4 Binding of PKH-67 labeled exosomes to TUBO cells. Exosomes isolated from MSCs were labeled with PKH-67 and incubated with TUBO cells for 24 hours. (A)

Fluorescent image of binding of PKH-67 targeted exosomes which showed significantly higher binding compared to PKH-67 untargeted exosomes. (B) Merged fluorescent

image of DAPI, PKH-67, and phase contrast. (C) Merged bright field and PKH-67 fluorescent images of TUBO cells. (D) Fluorescent image of untargeted exosomes. (E)
Merged DAPI, PKH-67, and bright field image of untargeted exosomes. (F) Merged bright field and PKH-67 fluorescent image of untargeted exosomes binding to TUBO

cells. Labeled exosomes were colored green and nuclei colored by DAPI were observed in blue.

Abbreviation: MSCs, mesenchymal stem cells.
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increase the efficiency of this drug, which leads to extra-

vasation of exosomes in the tumor site. Expression of

chimeric protein ligands with the affinity for specific

receptors is the common method of exosome targeting,

which allows for the safe use of doxorubicin in higher

doses, resulting in reduced toxicity for non-target tissues

and an increased potential effect of doxorubicin.

Alvarez-Erviti et al expressed RVG peptide fused to

LAMP2b on the surface of dendritic cells to produce

targeted exosomes and loaded them with exogenous

siRNA to suppress braintumor. Tian et al16,22 engineered

immature dendritic cells to express a chimeric protein

containing LAMP2b fused to αv integrin-specific RGD

peptide. Both studies indicated that expression of targeting

peptides on the exosome surface increased the cellular

uptake in target tissue. Ohno et al27 designed a complex

chimeric protein composed of myc-tag, hemagglutinin,

and GE11 or EGF on the surface of exosomes. GE11

was identified as a proper targeting peptide for tumor

tissues by specifically binding EGFR without promoting

the receptor.

In the present study, we used LAMP2b fused to

DARPin and transduced MSCs to produce exosomes selec-

tively targeting the HER2 antigen on breast cancer cells. In

A B

Figure 6 Immunohistochemistry of the TUBO tumor. (A) Brown colors indicate the HER2 receptor on the cell surface, (B) H&E staining of TUBO tumor.
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Figure 5 DOX delivery to TUBO cells and in vitro cellular cytotoxicity. (A) TUBO cells were incubated with 200 nM of exo-DOX for 4 hours. (B) TUBO cells were

incubated with free DOX, targeted and untargeted exo-DOX for 24 hours, 48 hours, and 72 hours. Cell cytotoxicity was assessed using MTTassay. Exo-Dox showed similar

cytotoxicity with free Dox after24 hours and 48 hours, with more cytotoxicity at 72 hours. The Student’s t-test was used to assess the significance of difference in

cytotoxicity of the tested groups. Each error bar represents the mean±SD of three replicates. *P<0.05.
Abbreviations: DOX, doxorubicin; exo-DOX, doxorubicin-loaded exosome.
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a previously published study, we used this chimeric peptide

for exosome targeting.11 Next, we compared the antitumor

effect of the targeted and untargeted exo-DOX with free

DOX in vitro on the MDA-MB231 and BT-474 cell lines.12

Herein, we further investigated the tumor inhibition effect

of targeted and untargeted exo-DOX in TUBO cells in vitro

and in vivo. Our results indicated a significant difference in

the binding efficiency of PKH-67 labeled targeted and
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Figure 8 Therapeutic effects of exo-DOX in b6 nude mice bearing TUBO tumor. Mice bearing TUBO tumors (>100 mm3) were administrated intravenously with 1.5 mg/kg

of different reagents (PBS, free DOX, targeted and untargeted exo-DOX), ttwice a week for a total of six injections. (A) Tumor growth was measured by digital caliper after

each injection, and the antitumor activity of each group was assessed via tumor volume measurements. Targeted exo-DOX treatment dramatically reduced the rate of tumor

growth compared to the control group (*P<0.05). At the experimental dose, free DOX and untargeted exo-DOX showed no significant effects on tumor growth (B) No

significant difference was detected in body mass among the mice in these groups.

Abbreviations: DOX, doxorubicin; exo-DOX, doxorubicin-loaded exosome DOX.
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Figure 7 Biodistribution of exo-DOX in mice bearing TUBO tumor. In vivo targeting efficiency of targeted exo-DOX were assessed in a murine TUBO tumor model. These

models were administered with a single 70-µg injection of targeted or untargeted exo-DOX. (A) In vivo fluorescent signals were recorded at 30 minutes and (B) 60 minutes

post-injection. Fluorescence was detected at the tumor sites (black boxes), with gradual increasing in signal intensity at 60 minutes. Enhanced permeability and retention

(EPR) effect causes accumulation of untargeted exo-DOX in tumor site, while it was lower in comparison to targeted exo-DOX. PBS was injected as blank and no

fluorescence was detected in these mice. (C) Ex vivo fluorescent imaging of major organs of the tumor model after 60 minutes. Lanes 1, 2, and 3 were sequentially related to

untargeted, targeted, and PBS intravenous injections. Accumulation of targeted and untargeted exo-DOX was mainly in the liver and lung, while, there was no accumulation

in the heart after 60 minutes. Fluorescent intensity of untargeted exo-DOX was lower than targeted exo-DOX.

Abbreviations: DOX, doxorubicin; exo-DOX, doxorubicin-loaded exosome DOX.
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untargeted exosomes to both immobilized HER2 protein

and HER2-positive SKBR3 cells. Although no significant

difference was observed in binding to SKBR3 at 0.2 µg/µL,

which can be interpreted to be due to physical attachment

and non-specific entrance of untargeted exosomes in higher

concentrations. These results were confirmed by flow cyto-

metry at increased concentrations. Furthermore, we found

exo-DOX to have more anti-tumor activity compared to

free DOX in vitro. This finding corroborated with the

results of Yang et al,6 while contradicting the results of

Tian et al16 and our previous results.12 Since the mentioned

studies used 24 and 48 hours of incubation time, a possible

explanation may be prolonged treatment of the cells for 72

hours, leading to enhanced stability of encapsulated exo-

DOX in comparison with free DOX.6

TUBO breast cancer cell line overexpressing rat

HER2/neu protein was established from a lobular carci-

noma which spontaneously arose in female BALB/c mice.

The rHER2/neu proto-oncogene was driven by the mouse

mammary tumor virus (MMTV) promoter.28–30 Although

this tumor model may help to predict a reaction in the

body, subcutaneous injection cannot reproduce the real

tumor microenvironment, which is one of the disadvan-

tages for these models.24

The enhanced effect of doxorubicin entrapped in tar-

geted exosomes can be explained by a higher dosage of

doxorubicin accumulated in the tumor tissue using tar-

geted exosomes for delivery.24 We confirmed that exo-

DOX significantly increases the anti-cancer effect of dox-

orubicin against TUBO cells, by increasing the stability

and/or uptake of this drug compared to the free DOX at 72

hours in vitro (Figure 5B). This was further investigated in

nude mouse models, where we observed specific affinity

of the exo-DOX for TUBO tumor cells and its diminishing

effect on the growing rate of this tumor (Figure 8A).

Our results revealed no significant change in mice

weight following treatment with 30 μg per injection of

free DOX (1.5 mg/kg), either in targeted or untargeted

exo-DOX. This confirmed the results of Hadla et al,23

who showed that injection of 1.5 and 3 mg/kg free DOX

and exo-DOX did not decrease body weight, and weight

lost was observed at >5 mg/kg DOX and exo-DOX.

However, we report that tumors treated with 30 μg per

injection (1.5 mg/kg) of targeted exo-DOX can reduce the

rate of tumor growth after 21 days of biweekly injections

(Figure 8A).

Based on the literature, the healing effect of a series

of IV injected DOX is succeeded at 5 mg/kg.24 In our

study, we showed that the dosage of DOX can be

reduced by encapsulating in targeted exosomes and

decrease the therapeutic potential dose to 1.5 mg/kg.

Untargeted exo-DOX and free DOX had no effect on

the tumor volume, which may be due to the low dosage

(1.5 mg/kg) used compared to the report published by

Rudnick-Glick et al.24

Conclusion
We demonstrated that expression of chimeric LAMP2b-

DARPin protein on the surface of exosomes leads to more

efficient binding to HER2-positive TUBO cells compared

to HER2-negative 4T1cells. Moreover, this novel drug

delivery system can increase accumulation of DOX in

the tumor site and reduce the rate of growth in the

HER2/neu-overexpressing TUBO breast cancer model.

The results revealed that the targeted delivery of DOX

significantly increased the effectiveness of the drug, thus

lower concentrations can be administered.

Abbreviations list
DOX, doxorubicin; exo-dox, doxorubicin-loaded exosome;

ECL Western blotting, enhanced chemi-luminescence; EPR,

Enhanced permeability and retention; LAMP, lysosome asso-

ciated membrane protein; HER2, human epidermal growth

factor receptor 2; DARPins, designed ankyrin repeat proteins;

DMSO, dimethyl sulfoxide; MTT, 3-(4,5-Dimethylthiazol-2-

Yl)-2,5-Diphenyltetrazolium Brom.
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