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KEY WORDS Abstract  More efficient drug delivery system and formulation with less adverse effects are needed for
the clinical application of broad-spectrum antineoplastic agent doxorubicin (DOX). Here we obtained

Bacterial outer-membrane . . . .
outer-membrane vesicles (OMVs), a nano-sized proteoliposomes naturally released by Gram-negative

Dox;eosrllcl:;;n; bacteria, from attenuated Klebsiella pneumonia and prepared doxorubicin-loaded OOMVs (DOX-
Non-small-cell lung OMYV). Confocal microscopy and in vivo distribution study observed that DOX encapsulated in OMVs

cancer;, was efficiently transported into NSCLC A549 cells. DOX-OMV resulted in intensive cytotoxic effects
Anti-tumor efficacy; and cell apoptosis in vitro as evident from MTT assay, Western blotting and flow cytometry due to the
Chemoimmunotherapy rapid cellular uptake of DOX. In A549 tumor-bearing BALB/c nude mice, DOX-OMYV presented a sub-

stantial tumor growth inhibition with favorable tolerability and pharmacokinetic profile, and TUNEL
assay and H&E staining displayed extensive apoptotic cells and necrosis in tumor tissues. More impor-
tantly, OMVs’ appropriate immunogenicity enabled the recruitment of macrophages in tumor microenvi-
ronment which might synergize with their cargo DOX in vivo. Our results suggest that OMVs can not
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only function as biological nanocarriers for chemotherapeutic agents but also elicit suitable immune re-
sponses, thus having a great potential for the tumor chemoimmunotherapy.

© 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

According to the report of Global Cancer Statistics 2018, lung
cancer is the leading cause of cancer incidence (11.6% of the total
cases) and mortality (18.4% of the total cancer deaths) worldwide.
In China, lung cancer is also the cancer with the highest morbidity
and mortality in both sexes combined'. The most frequent type of
lung cancer is non-small cell lung cancer (NSCLC) which com-
prises 85% of all lung cancer. In recent years, immunotherapy and
targeted therapy have made significant contributions to the
improved treatment of NSCLC. However, combined chemo-
therapy is still the first-line therapy approach for the patients
diagnosed with stage IV NSCLC”.

Doxorubicin (DOX), belonging to the anthracyclines family,
has proven to be one of the most effective and widely used anti-
neoplastic agents. As a frontline chemotherapy drug, DOX has
been used for the treatment of various cancers including lung
cancer. The main mechanism of its antitumor effect is that DOX
inhibits topoisomerase types I and II, and intercalates into DNA,
inducing DNA breaks. Unfortunately, it non-specifically targets at
all kind of cells resulting in many life-threatening adverse effects
such as cardiotoxicity, myelosuppression and immunosuppression,
which limits its clinical application’. Various drug delivery sys-
tems, especially DOX-loaded liposomes, have been developed to
enhance permeability and selectivity, and prolong circulation time,
thereby alleviating the cytotoxicity to normal tissues’. The
pegylated liposomal DOX, Doxil, is the first liposomal drug and
nano-drug approved by FDA (November 17, 1995) which exerts
comparable efficacy to DOX with obviously reduced cardiotox-
icity’. Depending on the enhanced permeability and retention
(EPR) effect, Doxil can be targeted passively to tumors and
demonstrates relatively higher drug concentrations in tumors as
compared with that in adjacent normal tissues. But for all these
advantages, the application of Doxil has not been prevalent in the
clinic due to the skin toxic effect as well as the lower bioavail-
ability®’. Furthermore, the in vivo accumulating toxicological
effect of liposomes should not be ignored®. More efficient drug
delivery systems combined with low cytotoxicity are constantly
being pursued to improve the usefulness of DOX.

Recently, biological nanocarriers derived from bacteria, virus
and mammalian cells have received extensive attention, as they
are biodegradable and have evolved specific functions in vivo such
as prolonged circulation through evading the immune system and
selective targeting that are often desired in drug delivery system’.
Outer-membrane vesicles (OMVs) are nano-sized (20—250 nm in
diameter), bilayered and spherical proteoliposomes enriched with
outer membrane and periplasmic content, and detach consistently
from the envelope of Gram-negative bacteria during their
growth'’. OMVs facilitate bacteria to communicate with their
environment through acting as transportation system. In the host,
OMVs can fuse with host cells and deliver content into the
cytosol''. Their significant role in biological processes such as
intercellular communication, adherence and colonization to

different hosts has attracted considerable attention for the study as
specialized drug delivery carriers'?.

OMVs carry plenty of immune stimulators that can activate the
host immune system in vivo'>. This natural feature is utilized in
immunotherapy, with applications ranging from vaccines to cancer
therapy'“'>. A vaccine containing OMVs from Neisseria menin-
gitides had been approved by the European Commission to be used
in individuals older than 2 months, and over 80 million doses further
reassured its safety'®'”. So far, OMVs have been used as delivery
vectors for proteins, plasmid, small interfering RNA, and other
therapeutic agents. However, there are only a few studies in which
OMVs simply act as carriers and their immune capacity is not uti-
lized'®. It is commonly believed that bacteria as well as their derived
products are pathogenic, which restricts their clinical application for
safety concern. Nevertheless, also the expert thinks that the reser-
vation of immunogenicity to certain degree can be helpful especially
for the cancer immunotherapy, because of OMVs’ adjuvant ability”.

In the present study, we utilized OMVs from attenuated
Klebsiella pneumonia to prepare doxorubicin-loaded OMVs
(DOX-OMVys). Its cytotoxicity and apoptosis effects on NSCLC
A549 cells were compared with free DOX and doxorubicin-loaded
liposomes (DOX-LIPOs) in vitro and in vivo. In addition, phar-
macokinetics, safety evaluation as well as immune responses were
investigated. Our data suggest that DOX-OMVs not only facilitate
the accumulation of chemotherapeutic drugs in tumor tissue but
also induce appropriate anti-tumor immune responses, thereby
producing enhanced anti-tumor effect on NSCLC.

2. Materials and methods
2.1.  Regents, antibodies and animals

Doxorubicin hydrochloride (DOX) was obtained from Shanghai
Shifeng Biological Technology Co., Ltd. (Shanghai, China). Other
reagents were obtained as listed below: 3-(4,5-dimetrylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT; Sigma—Aldrich, St.
Louis, MO, USA); BCA protein assay kit and Annexin V-FITC/PI
apoptosis detection kit (NanJing KeyGen Biotech Co., Ltd.,
Nanjing, China); TUNEL assay kit (Roche, Oceanside, CA,
USA); PVDF transfer (Merck Millipore, Darmstadt, Germany);
trypsin—EDTA solution, phenylmethanesulfonyl fluoride (PMSF)
and RIPA lysis buffer (Shanghai Beyotime Biotechnology,
Shanghai, China); EDTA (pH 9.0) antigen repair buffer, hema-
toxylin and proteinase K stock solution (Servicebio, Wuhan,
China); diaminobenzidine developer (DAKO, Agilent, Santa
Clara, CA, USA); all antibodies (caspase3, GAPDH, PARP,
tubulin, F4/80) and HRP-conjugated secondary antibody were
provided by Cell Signaling Technology (Danvers, MA, USA).
Mouse IL-6/TNF-o/IFN-v uncoated ELISA were obtained from
Thermo Fisher Scientific Inc. (Waltham, MA, USA).

Male New Zealand white rabbits (2.0 £ 0.2 kg), 6-week-old
female C57BL/6 mice and BALB/c nude mice (18—20 g) were
provided by Animal Experimental Center, Fudan University
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(Shanghai, China). All animal experiments were approved by
Experimental Animal Ethics Committee of School of Pharmacy
Fudan University (Shanghai, China).

2.2.  Isolation, purification and characterization of OMVs'®

Attenuated K. pneumonia ACCC 60095 was purchased from
Agricultural Culture Collection of China, Beijing, China. Nasal
drop experiment in mice was performed to demonstrate the safety of
this strain. BALB/c mice underwent nasal administration of atten-
uated K. pneumonia and its OMVs with normal saline as negative
control and pathogenic strain as positive control once a day for 10
days. Then, lung tissues were removed for H&E staining. For OMV
preparation, K. pneumonia was inoculated into sterilized 1000 mL
of LB broth and incubated overnight at 37 °C and 180 rpm
(Gyrotory Tier Shaker, New Brunswick Scientific, Edison, NJ,
USA). The culture was centrifuged at 4 °C and 5000xg (Anke,
Shenzhen, China) for 30 min to obtain the supernatant, followed by
further filtration with 0.22 um filters (Pall Life Science, New York,
NY, USA) to remove parental bacterial debris and other contami-
nants. The supernatant was further concentrated to 1/8 of its initial
volume using 100 KDa ultrafiltration membranes (Millipore Ami-
con, Darmstadt, Germany) and ultracentrifuged at 4 °C and
60,000xg (Hitachi C21G, HITACHI, Maru, Chiyoda, Tokyo,
Japan) for 30 min, and washed with phosphate buffer saline (PBS)
twice to obtain the crude OMVs. The purified OMVs were obtained
by ultracentrifugation at 4 °C and 300,000x g (Hitachi C21G) for
2 h using a sucrose density gradient, followed by removal of
endotoxin using Detoxi-Gel Endotoxin Removing Columns
(Thermo Scientific, Waltham, MA, USA). The concentration of
OMVs was determined by BCA protein assay (Multiskan go,
Thermo Scientific). To observe the morphology and size of OMVs,
a drop of isolated OMVs solution was placed on copper grid. The
dried grid containing OMVs was stained with a 2% of phospho-
tungstic acid solution (w/w, pH 7.1) and visualized using a JEM
1410 transmission electron microscope (JEOL, Peabaody, MA,
USA). Also, dynamic light scattering (Zetasizer Nano zs, Malvern,
Netherlands) was used to measure the size. OMVs were filtered
through 0.22 pm filters and stored at —80 °C until use.

2.3.  Loading therapeutic cargo

To prepare DOX-loaded OMVs (DOX-OMV), DOX and OMVs
were gently mixed in PBS at an appropriate mass ratio, and then
incubated at 37 °C for 4 h. To remove free DOX from DOX-OMV
and to concentrate, 100 kDa ultrafiltration membranes were utilized.
The obtained DOX-OMVs were then washed several times with
PBS to ensure most free DOX was eliminated (Heraeus Multifuge
X1R, Hanau, Germany). The concentration of DOX encapsulated in
OMVs (encapsulation efficiency) was measured using LC—MS
(Agilent Technologies, Santa Clara, CA, USA) with Agilent SB-
C18 column (3.0 mm x 50 mm, 1.8 pum), 40% methanol and 60%
water containing 1% formic acid as mobile phase, flow rate at
0.25 mL/min and detection wave length at 560 nm. Again, dynamic
light scattering technology and transmission electron microscope
were used to observe the morphology and size of DOX-OMV. The
DOX-OMVs were filtered through 0.22 pm filter to eliminate
bacteria. Drug release study in vitro was carried out in pH7.4 PBS
containing 1% (v/v) Tween 80 which simulated the environment of
blood system. The DOX-OMV solution was put into the dialysis
bag (MWCO: 3500). Next, the dialysis bag was placed in 200 mL

of PBS, and then shake incubated at 100 rpm (Decolorization
shaker TS-II, Orbital Shakers, Atkinson, NH, USA) and 37 °C. At
different time points, the PBS was sampled for analysis of drug
concentration by LC—MS.

2.4. Cell culture

The NSCLC A549 cell line, as well as murine Ana-1 cell line were
purchased from Cell Bank of Chinese Academy of Sciences,
Shanghai Branch (Shanghai, China), and cultured in RPMI-1640
medium (CORNING, Corning, NY, USA) added with 10% of fetal
bovine serum (Gibco, Carlsbad, CA, USA), penicillin (100 IU/mL)
as well as streptomycin (100 pg/mL) at 37 °C in a CO, (5%) incu-
bator (Thermo Scientific).

2.5.  Cytotoxicity on A549 cells in vitro

The cytotoxic effect of DOX-OMYV was quantitatively evaluated by
the colorimetric, tetrazolium-based MTT assay. A549 cells
6 x 10° cells/well) were seeded into 96-well plates and incubated
overnight, then treated with free DOX, DOX encapsulated in OMVs
(DOX-OMYV), DOX encapsulated in liposome (DOX-LIPO) and
empty OMVs at a series of concentration gradients for 24 h 10 pL of
MTT solution (concentration 5 mg/mL) was added to each well and
incubated for 4 h at 37 °C and then the medium containing MTT was
removed. The formazan product was dissolved by adding 100 pL of
dimethyl sulfoxide (DMSO) to each well. The plates were read at
570 nm using a microplate reader (Multiskan Go, Thermo Scienti-
fic) and cell viability was calculated as the percentage of viable cells
in the treated groups compared to the control group.

2.6.  Western blotting

After treated with indicated concentrations of OMVs, DOX-OMV or
free DOX for 24 h, the cells were collected and washed three times
with PBS, and then lysed thoroughly in RIPA lysis buffer for more
than 30 min at 4 °C and centrifuged for 5 min at 12,000x g (TGL-
20 B, Shanghai Anting Scientific Instrument Factory, Shanghai,
China) to obtain the supernatant. Equal amounts of total protein in
lysates (20 pg) were separated by SDS-PAGE and then electro-
transferred to polyvinylidene fluoride (PVDF) membranes. The
PVDF membranes were blocked by incubating with 5% BSA for 2 h
in TBST, and then incubated with primary antibodies at 4 °C over-
night. Thereafter, they were incubated with HRP-conjugated sec-
ondary antibodies for 2 h at room temperature. The immunoblots were
visualized using ECL chemiluminescence detection kit (Pierce,
Rockford, IL, USA). The protein bands were quantified by using
ImageJ software (National institutes of Health, Bethesda, MA, USA).

2.7.  Confocal microscopy

Lipophilic tracer, 3,3'-dioctadecyloxacarbocyanine perchlorate
(DiO, Invitrogen, Carlsbad, CA, USA) was adopted to label
OMVs, and confocal microscopy was used to detect the cellular
uptake of drug. A549 cells were seeded into confocal dishes
(NEST Biotechnology, Wuxi, China), cultured overnight and then
treated with OMVs, DOX (20 pg/mL), 20 ng/mL of DOX loaded
in OMVs (DOX-OMV) or loaded in liposome (DOX-LIPO)
separately for 12 h, or incubated with DOX-OMYV for 0, 6, 12 and
24 h separately. Hoechst 33,342 dye was used to stain the nucleic
acid of live cells. Fluorescence microscopy measurements were
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conducted on a Zeiss Observer (Zeiss, Germany) using a dark field
and fluorescence channels (excitation wavelength/emission
wavelength: 480 nm/594 nm for doxorubicin, 484 nm/501 nm for
DiO, 350 nm/461 nm for Hoechst 33,324). Images were processed
using ZEN software (Zeiss microscopy, White Plains, NY, USA).

2.8.  Flow cytometry

Cell apoptosis was detected by using Annexin V-FITC/PI detec-
tion kit. Cells were adjusted to 5 x 10%/mL and treated with
OMVs, DOX (20 pg/mL), 20 pg/mL of DOX loaded in OMVs
(DOX-OMYV) or loaded in liposome (DOX-LIPO) separately.
After treated for 24 h, cells were collected and washed with PBS,
followed by dispersion into staining solution with PI and Annexin
V at concentration suggested by manufacturer. Cells were assayed
using a flow cytometer (Becton—Dickinson, Fullerton, CA, USA)
after co-staining at room temperature for 15 min under dark
condition.

2.9.  Anti-tumor effect and drug distribution in vivo

A549 cells (I x 10%mL) were injected subcutaneously into the
right flank of BALB/c nude mice (18—20 g). When the average
tumor size reached 50 mm3, the mice were divided randomly into
5 groups to receive daily intraperitoneal injection of the following
treatments: (a) vehicle control (PBS); (b) free DOX (2 mg/kg); (c)
2 mg/kg of DOX loaded into OMVs; (d) 2 mg/kg of DOX loaded
into liposomes; (e) empty OMVs. Tumors were measured every
day, and tumor volumes were calculated from tumor length (L)
and width (W) according to Eq. (1):

Tumor volume = (L x W?) /2 (1)

Eleven days later, the mice were subjected to dissection, and
the tumors as well as the main organs were removed for various
analyses. The blood sample was also collected for biochemical
detection. For drug in vivo distribution study, mice bearing A549
tumors (~ 100 mm3) were injected a single dose of free DOX
(2 pL/g), equivalent DOX loaded into OMVs or loaded into li-
posomes. At 1, 4 and 9 h, mice were selected randomly to obtain
tumors and major organs for the investigation of DOX distribution
and tumor targeting through ex vivo fluorescence imaging (IVIS
Lumina imaging system, Waltham, MA, USA). The fluorescence
intensity of DOX in each organ was calculated for the bio-
distribution analysis by Living Image version 4.3.1 (Caliper Life
Science, Inc., Waltham, MA, USA).

2.10.  Immune cytokine analysis

C57BL/6 mice were used to investigate in vivo immune responses.
The experiment designed the groups and dosage regimen as above.
Blood samples were collected at 1, 3, 6, 24 and 48 h after initial
administration, as well as day 11 of treatment. The respective
ELISA kits were adopted to analyze the level of serum cytokines
such as IL-6, TNF-« and interferon (IFN)-v in accordance with
the manufacturer’s instructions. For investigation of in vitro im-
mune activation, murine Ana-1 cells were treated with OMVs,
DOX (20 pg/mL), 20 pg/mL of DOX loaded in OMVs (DOX-
OMV) separately for 12 h. The release of cytokines was also
detected using ELISA Kits.

2.11. Histology and immunohistochemistry

Tumor and organ tissues were paraffin-embedded and sectioned
into 4 pm after fixed in 4% of paraformaldehyde solution for 24 h.
The sections were deparaffinized and rehydrated before detection.
For histological observation, tumor sections were stained with
hematoxylin and eosin (H&E), and then observed by an inverted
microscopy (Nikon, Japan).

For immunohistochemistry analysis, the sections were treated
with 3% hydrogen peroxide for 30 min to block endogenous
peroxidase, and then incubated with F4/80 glycoprotein primary
antibody for overnight at 4 °C. Thereafter, the slides were treated
for 1.5 h with secondary antibody at room temperature. After
washing with PBS, the sections were incubated for 10 min with
3,3'-diaminobenzidine (DAB) chromogenic solution followed by
washing in PBS. The sections were counterstained with hema-
toxylin after DAB coloration. The antibody specificity was
confirmed by negative control without primary antibody treat-
ment. Immunopositive areas were observed by an inverted mi-
croscope (Nikon, Japan).

2.12.  TUNEL assay

The deparaffinized and rehydrated tumor sections were per-
meabilized with proteinase K for 30 min, washed with PBS, and
then treated with TUNEL assay kit according to the manufac-
turer’s instructions. After the sections were developed by DAB
chromogenic solution and counterstained with hematoxylin, the
apoptosis of tumor tissues was detected by fluorescence micro-
scopy (Nikon, Japan).

2.13.  Pharmacokinetics

Nine rabbits were divided randomly into three groups: DOX group,
DOX-LIPO group and DOX-OMV group. Plasma values of DOX
equivalents administered i.v. to rabbits at a dose of 1.0 mg/kg of free
DOX,DOX entrapped in liposomes and DOX encapsulated in OMVs
were applied to obtain the pharmacokinetic parameters. Blood
samples were taken intravenously into anticoagulant tubes at 0, 1, 2,
4,6, 12 and 24 h after drug administration. After centrifugation at
2500 rpm (TGL-20 B) for 10 min, the obtained plasma was mixed
with bacterial lysis buffer (Thermo Fisher Scientific,1:9, v/v) and
ultrasonically treated for 5—10 min, and then centrifuged at
60,000 g (Hitachi C21G) for 15 min to obtain supernatant. There-
after, the plasma concentrations of DOX were detected by LC—MS
asdescribed above. The data were calculated using DAS 2.0 software
(DAS Development Group, BioGuider Co., Shanghai, China) for
pharmacokinetic parameters. For the detection of DOX released
from DOX-OMV in plasma in vivo, the plasma samples without
bacterial lysis buffer treatment were processed by 100 kDa ultrafil-
tration membranes, then the ultrafiltrate was sampled for DOX
concentration analysis by LC—MS.

2.14.  Statistical analysis

Statistical analysis was carried out by GraphPad Prism 6.0. All
data were expressed as mean + SD. The data of deferent groups
were compared using One-way ANOVA analysis. Values of
P < 0.05 were regarded as statistically significant.
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3. Results
3.1.  Preparation and characterization of DOX-OMV

In this study, OMVs were prepared from attenuated K. pneumonia
through multiple centrifugation and ultrafiltration steps, and further
purified using density gradient centrifugation and endotoxin-
removing columns'®*. Nasal drop experiment in mice demon-
strated that this strain and its OMVs had very low virulence (Fig. 1A
and B). Transmission electron microscopic analysis observed the
spherical nanostructure of OMVs (Fig. 1C). Dynamic light scat-
tering (DLS) measurement showed a relatively narrow particle size
distribution (polydispersity index 0.212), and the average diameter
of OMVs was 71.23 nm (Fig. 1D). These characteristics were
consistent with previous observations of typical OMVs>". We sub-
sequently obtained DOX-loaded OMVs (DOX-OMYV) through co-
incubation of OMVs and DOX in appropriate proportions, fol-
lowed by ultrafiltration to eliminate free DOX. The electron
micrograph in Fig. 1C displays that the encapsulation of DOX did
not alter the uniform characteristics of OMVs, while the average
diameter of DOX-OMYV increased to 93.09 nm (Fig. 1D). Mean-
while, the quantity of DOX in OMVs and the encapsulation effi-
ciency (EE) was analyzed using LC—MS. The results in Fig. 1E
indicate that the encapsulation efficiency decreased obviously as the
mass ratios of DOX:OMVs increased. We then adopted the mass
ratios of 1:45 (DOX:OMV5s) to prepare DOX-OMYV in the following
study for the encapsulation efficiency reached above 78%.

In order to check the stability of DOX-OMYV, drug release
study was carried out in vitro, indicating that the release rate of
DOX encapsulated in OMVs was below 30% of the total entrap-
ped drug being released within 6 h, followed by a relatively slow
release over 48 h (Fig. 1F). We also prepared doxorubicin-loaded
liposomes (DOX-LIPO) as comparison, and the electron micro-
graph and DLS measurement results were presented in Supporting
Information Fig. S1.

3.2.  Drug uptake by tumor cells

To determine whether OMVs could deliver effectively DOX to
NSCLC cells in vitro, A549 cells were treated with OMVs, free
DOX, and an equivalent dose of DOX encapsulated into either
OMVs or liposomes for 12 h separately. Confocal microscopy
showed the cellular uptake of drug, in which the blue and green
fluorescence represented the location of cell nuclei and OMVs
respectively, and the red was the intrinsic fluorescence of DOX.
Although DOX could enter the cells by passive diffusion, which
could accumulate in the nucleus by the preferred binding ability of
DOX to DNA3, little DOX fluorescence was observed in free DOX
treated cells. This phenomenon may be due to a relatively small

amount of DOX diffused into the cells, as well as the lower in-
tensity of intrinsic fluorescence as compared with fluorescent
dyes”'. By contrast, the enhanced red fluorescence appeared in
both DOX-OMYV and DOX-LIPO treated cells, demonstrating that
the drug uptake was improved after DOX was loaded into OMVs
or liposomes. Moreover, the colocalization (yellow) of the OMVs
(green) and DOX (red) was observed in DOX-OMV treated tumor
cells, suggesting that OMVs carried DOX invading cells (Fig. 2A).

For DOX loaded into OMVs, the uptake increased gradually
with the treatment time growing. At 6 h, the OMVs and DOX were
mainly colacalizated on the cell membrane with a small amount of
entry into the cells. At 12 h, a great deal of DOX was transported
into cells by OMVs. After 24 h treatment, an intensified red
fluorescence in the cell nuclei indicated that massive DOX entered
into nuclear compartments (Fig. 2B and C). In addition, electron
microscopy of A549 cells treated with DOX-OMYV for 12 h dis-
played possible intracellular OMVs in and around vacuoles, which
was consistent with the findings reported by Kesty et al.*” about the
Escherichia coli derived OMV entry into eukaryotic cells
(Fig. 2D). Furthermore, ex vivo fluorescence imaging manifests
that DOX encapsulated in OMVs accumulated rapidly in tumor
tissues and displayed strong fluorescence signals at 1 h following a
sustained retention within 9 h after administration, while presented
a lower level of DOX distribution in main organs especially in the
heart as compared with free DOX treated mice (Fig. 2E and F).

Altogether, both in vitro and in vivo experiments elucidated the
advantage of OMVs to improve the transportation of DOX into the
tumor cells.

3.3.  Antitumor effect of DOX-OMYV in vitro

To quantitatively evaluate the anti-NSCLC efficacy of DOX-OMV
in vitro, MTT assay was carried out, and the results seem prom-
ising. Cytotoxic effect of DOX-OMV on A549 cells were
increased compared to DOX itself at the same dosage and it was
comparable to the cytotoxic effect of DOX-LIPO (Fig. 3A). The
data were analyzed using Graphpad Prism software, and the half
maximal inhibitory concentration (ICsp) were 35.51, 12.19 and
11.92 ng/mL, respectively, for DOX, DOX-LIPO and DOX-OMV.
The effect of empty OMVs was also evaluated and the results
indicated that OMVs had no obvious effect on cell viability.
DOX can induce caspase-dependent apoptosis through the
activation of various molecular signals from AMPK (AMP-acti-
vated protein kinase)’. We then investigated the apoptosis-
inducing effect of DOX-OMV on A549 cells by detecting the
activation of caspase 3 and the downstream key protein PARP.
Cells administered with indicated concentrations of OMVs, free
DOX or DOX encapsulated in OMVs were analyzed by Western
blotting. The results in Fig. 3B reveal that DOX-OMYV led to more

Figure 1

Preparation and characterization of DOX-OMV. (A) Virulence of attenuated K. pneumonia ACCC 60095 and its OMVs. BALB/c

mice underwent nasal administration of attenuated K. pneumonia (KP) and its OMVs with normal saline as negative control and pathogenic strain
(pKP) as positive control once a day for 10 days. Lung tissues were removed for H&E staining. Scale bar = 100 pm (upper), 50 pum (lower). (B)
Histology score evaluation of H&E staining by ImageJ software. Data are mean & SD, n = 3; ***P < 0.001, ****P < 0.0001 vs. negative
control. (C) Transmission electron micrographs of OMVs prepared from attenuated K. pneumonia and DOX-loaded OMVs (DOX-OMV). Arrows
indicated typical OMVs and DOX-OMV. Scale bar = 100 nm. (D) Size distribution profile of OMVs and DOX-OMV. (E) The encapsulation
efficiency (EE) analyzed by LC—MS. Data are mean £ SD, n = 3. (F) Time course of DOX release from DOX-OMV. Data are mean + SD,
n = 3. Drug release study in vitro was carried out in pH7.4 PBS containing 1% (v/v) Tween 80. The DOX-OMYV solution was put into the dialysis
bag. Next, the dialysis bag was placed in 200 mL of PBS, and then shake incubated at 100 rpm and 37 °C. At different time points, the PBS was
sampled for analysis of drug concentration.
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cleavage of caspase 3 and PARP than free DOX at the same
dosage, and the apoptosis-inducing effect was dose-dependent.
Cell apoptosis was further confirmed by flow cytometry anal-
ysis. As shown in Fig. 3C, both DOX-OMV and DOX-LIPO
initiated an increased percentage of apoptotic cells as compared
with free DOX and empty OMVs.

All of these data suggested that DOX-OMYV could facilitate the
cellular uptake of drug and then induce tumor cell apoptosis more
effectively.

3.4.  Antitumor efficacy of DOX-OMYV in vivo

Subsequently, we assessed the capacity of DOX-OMV to inhibit
tumor growth in vivo. The xenotransplanted tumor model of
human NSCLC was established by subcutaneously injecting
A549 cell line in nude mice. After tumor volume reached
~50 mm?, tumor-bearing mice were randomly assigned into five
groups, and injected i.p. with sterile PBS, empty OMVs, DOX-
OMYV, DOX-LIPO and an equivalent dose of free DOX sepa-
rately. There was no significant fluctuation in the body weight of
mice under all experimental conditions used (Supporting
Information Fig. S2), and all treatments did not resulted in
lethality. A pronounced inhibition of tumor growth was observed
in the mice treated with DOX-OMV and DOX-LIPO after 11 days’
treatment for the tumors almost disappeared in these two groups.
In addition, DOX encapsulated in OMVs was able to take effect
more quickly than that encapsulated in liposomes (Fig. 4A and
B). TUNEL assay observed a large amount of apoptotic cells in
tumor tissues collected from the mice treated with DOX-OMYV,
DOX-LIPO and OMVs, while the groups treated with free DOX
presented the lowest level of green fluorescence (Fig. 4C and D).
Moreover, histological analyses of tumor sections indicate that
DOX-OMYV and DOX-LIPO triggered extensive tumor necrosis,
and free DOX and empty OMVs could also induce somewhat
tumor necrosis as compared with the control (Fig. 4E).

It was noteworthy that empty OMVs also presented more
efficient anti-tumor activity than free DOX in vivo, which was
different from the in vitro experimental results. It is well known
that OMVs can modulate the host immune response and facilitate
the activation of innate and adaptive immunity'*, thus we specu-
lated that OMVs might induce innate immune response in tumor-
bearing nude mice. The immunohistochemistry staining by F4/80
antibody verified this hypothesis. The F4/80 glycoprotein is one of
the most specific surface biomarkers for murine macrophages™*.
The results in Fig. 4F and G show an up-regulated F4/80 protein
expression level in the tumor tissues of both OMVs and DOX-
OMV treated mice, indicating the accumulation of macrophages
in tumor microenvironment. Moreover, MTT assay indicated that
OMVs had no obvious toxic effects on macrophages (Supporting
Information Fig. S3).

3.5.  Investigation of immune response triggered by DOX-OMV

Furthermore, we investigated whether the administration of
DOX-OMV could trigger adaptive immune response in mice.
In vitro, both OMVs and DOX-OMYV could induce macrophages
releasing TNF-a and IL-6 (Supporting Information Fig. S4).
In vivo immune responses were detected in C57BL/6 mice dur-
ing repeated administration of either DOX, OMVs, DOX-LIPO
or DOX-OMV. At the first 1—3 h of the initial treatment,
OMVs/DOX-OMV treatment groups showed remarkable in-
creases in serum TNF-« and IL-6 levels as compared with DOX/

DOX-LIPO treatment groups, which gradually down-regulated
with time went on, and IL-6 returned to nearly basic levels at
24 h (Fig. 5A). In addition, we also observed that, after 11 days
of administration, the serum levels of TNF-«, IL-6 and IFN-y
maintained at low levels in all groups, while OMVs/DOX-OMV
treatment groups displayed relatively higher levels than other
groups (Fig. 5B). The initial obvious upregulation in cytokine
levels upon treatments with OMVs and DOX-OMV might be
ascribed to the enriched proteins and LPS in OMVs which can
induce the systemic cytokine release. However, the subsequent
downgrade of serum cytokine levels suggested that DOX-OMV
did not trigger severe inflammatory cytokine response, thereby
could be well tolerated. Moreover, the appropriate upregulation
of host immune responses might help to exert anti-tumor
immunological effect.

3.6.  Safety evaluation of DOX-OMV

Cardiac toxicity is the most severe dose-limiting adverse effect of
DOX. We then investigated whether DOX-OMYV therapy could
ameliorate or avoid cardiac damage. After 11-day of treatment,
the tumor-bearing mice were sacrificed and blood samples were
obtained for detecting the markers of cardiac toxicity such as
lactate dehydrogenase (LDH), aspartate aminotransferase (AST)
and creatine kinase/MB isoenzyme (CK-MB). The activities of
AST and CK-MB were remarkably lower in the serum of OMVs
and DOX-OMYV treated-mice as compared with free DOX treated-
mice, and were close to those of control group (Fig. 6A). The
values of LDH were somewhat higher in the serum of OMVs and
DOX-OMV treated-mice than in the serum of control mice, but
were lower than those of free DOX and DOX-LIPO treated mice.
These findings are accorded with the results from in vivo drug
distribution study that free DOX accumulated a lot in the heart,
while DOX-OMYV targeted effectively to the tumor (Fig. 2E and
F). Therefore, DOX-OMYV had less cardiotoxicity than free DOX.
We also carried out histological examination of heart, liver,
spleen, lung and kidney from mice. Hematoxylin and eosin (H&E)
staining results show that OMVs and DOX-OMYV treated-mice had
no obvious damage in these tissues as compared with the control
group. However, there are some lesions in these tissues such as
alveolar injury, cell apoptosis and minimal hemorrhage in free
DOX and DOX-LIPO treated-mice, with the heart and lung more
obvious (Fig. 6B). All of these data suggest that OMVs were safe
and effective delivery carriers for tumor chemotherapy drugs.

3.7.  In vivo pharmacokinetic studies of DOX-OMV

The plasma values of DOX equivalents administered to rabbits at a
dose of 1.0 mg/kg i.v. of free DOX, DOX-OMYV and DOX-LIPO are
applied to obtain the pharmacokinetic parameters, and the results are
presentedinFig. 7and Table 1. Following a single dose administration,
DOX-OMV displayed the slowest decay in plasma concentration of
drug than OMVs and DOX-LIPO. Free DOX was cleared from blood
very rapidly, and the half-life in initial distribution phase (#1/5,) Was
about 2 h. In contrast, DOX-OMYV administration produced the initial
half-life (¢1/,,) of 4.177 h, which is 2-fold higher than free DOX. The
rate of clearance of free DOX was 1.536 mL/h/kg compared to
0.786 mL/h/kg with DOX-OMV. The area under the blood
concentration—time curve for free DOX, DOX-LIPO and DOX-OMV
were 684.125, 936.594 and 1234.364 (mg h/L). In addition, the con-
centration of DOX released from DOX-OMYV in plasma samples from
DOX-OMV treated group was very low (Supporting Information
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around vacuoles (Arrows indicate OMVs). (E) and (F) In vivo drug distribution of DOX-OMYV in major organs. Mice bearing A549 tumors (~ 100 mm3)
were injected a single dose of free DOX (2 pL/g), equivalent DOX loaded into OMVs or loaded into liposomes. At 1, 4 and 9 h, mice were selected
randomly to obtain tumors and major organs for the investigation of DOX distribution and tumor targeting through ex vivo fluorescence imaging (E).
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Fig. S5),indicating the favorable stability of DOX-OMV invivo which
endowed DOX with an improved pharmacokinetic profile.

4. Discussion

Although DOX is a highly effective and broad-spectrum chemo-
therapy drug used in the therapy for neoplastic diseases including
NSCLC, its clinical application has been limited by the dose-
related cardiac toxicity such as congestive heart failure and car-
diomyopathy®’. Despite of the U.S. FDA-approval of the first
PEG-coated liposomal DOX (Doxil) which brings on a substantial
improvement in the therapeutic index of DOX, achieving more
efficient drug delivery system and formulations with less side
effects still remains a challenge. In recent years, with the boost of
tumor immunotherapy, chemotherapy combined with immuno-
therapy draws widespread attention”®”’, especially in the treat-
ment of lung cancer”. It has been recognized that activating the
host immunity while chemotherapy could help to undermine re-
sidual tumor cells. A previous study have shown that the anti-lung
adenocarcinoma activity of Doxil was potentiated by the

combination treatment with interleukin 2 (IL-2), a lymphocyte-
activating cytokine”®.

OMVs, as bilayered phospholipid nanostructures naturally
released by Gram-negative bacteria, have displayed great po-
tential as biological nanocarriers and nanoparticle-based thera-
peutics. OMVs have many physiological characteristics, such as
the capability of adhering to host cells, carrying diverse mole-
cules and fusing with the target cells, which make them
appealing as drug-delivery vehicles®. Bacteria enter non-
phagocytic cells through multifarious invasive and adhesive
molecules, providing bacteria with an intracellular location
which is considered advantageous to evade the host’s immune
surveillance. OMVs also share those invasive and adhesive li-
gands, and the adhesive properties as well as small size of
OMYVs allow them to escape from phagocytosis by the mono-
nuclear phagocytes and facilitate the entry of vesicle materials
to tumor cells’”. Bioengineered OMVs with low immunoge-
nicity from E. coli was used for the preparation of therapeutic
siRNA-loaded OMVs, which triggered significant tumor growth
inhibition through targeted gene silencing in vivo'®. Recently,
Huang et al.”' developed antibiotic-loaded OMVs which could
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Figure 4 In vivo antitumor efficacy of DOX-OMYV. Tumor growth suppression was investigated in A549 xenograft BALB/c mice. Mice bearing
tumors (~ 50 mm?>) were treated (i.p. every day) with PBS, free DOX (2 mg/kg), an equivalent dose of DOX loaded into either OMVs (DOX-
OMV) or liposomes (DOX-LIPO), and empty OMVs for 11 days. (A) Mean tumor volume of 5 groups. Data were displayed as mean £ SD,
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Figure 5

Serum immune cytokine analysis in C57BL/6 mice. The mice were treated (i.p. every day) with PBS, free DOX (2 mg/kg), an

equivalent dose of DOX loaded into either OMVs (DOX-OMV) or liposomes (DOX-LIPO), and empty OMVs. (A) Blood sample was collected at
1, 3, 6, 24 and 48 h after initial administration, then the levels of TNF-« and IL-6 were analyzed by using respective ELISA kits. (B) After 11
days’ repeated treatment, blood samples were collected and detected TNF-«, IL-6 and IFN-y by respective ELISA kits. Data were displayed as
mean + SD, n = 3. *P < 0.05, **P < 0.01 vs. control. n.s. not significant.

facilitate the entry of antibiotics into pathogenic bacteria and
exert a sustained bactericidal effect in the intestine with
excellent biocompatibility. Besides the cargo-carrying ability,
OMVs also have immuno-stimulation function®>**. By genetic
fusion of OMV membrane molecules with subunit antigen,
OMVs can be used as a vaccine-delivery system while play the
role of adjuvants®’. Although the employment of OMVs in the
delivery of proteins, siRNA, microRNA and other therapeutic
cargos has been achieved, whether their immunity induction
function has synergistic effect with their payload to eradicate
tumors remains unclear’”. Our present study indicated that
OMYVs not only functioned as drug delivery carriers to facilitate
the transport of chemotherapy drug DOX into tumor cells, but
also elicited appropriate immune responses to enhance the anti-
tumor effect of DOX with no obvious toxicity in vivo.
Bacterial toxicity is the main obstacle to the application of
bacteria or their derived products. Recent researches have shown
that some attenuated bacterial strains such as Salmonella typhimu-
rium VNP20009 can be safely employed as therapeutic agents in the
treatment of various tumors™>. In this study, we adopted attenuated
K. pneumonia to prepare OMVs. After processed by endotoxin-
removing column, the obtained OMVs showed no significant
cytotoxicity in vitro as evidenced by MTT assay and flow cytometry,
as well as in vivo confirmed by nasal drop experiment in mice. We
also investigated whether systemic administration of OMVs and
their DOX-loaded agent in mice resulted in tissue disorders or death.
H&E staining of organs, as well as the levels of serum biomarkers of
cardiac damage including LDH, AST and CK-MB showed that this

bacteria derived nanovehicles were well tolerated, and had less
cardiac toxicity and no obvious damage in tissues at the experi-
mental dose. Ex vivo fluorescence imaging of major organs from
DOX-OMV treated mice also observed a higher level of DOX
accumulation in tumor tissue and a lower level of DOX distribution
in main organs especially in the heart as compared with free DOX
treated mice. In addition, no significant body weight loss and mor-
tality were found in mice after 11-days’ administration. Collec-
tively, these results, along with the improved pharmacokinetic
profile of DOX-OMYV, indicate that the obtained OMVs may be a
promising drug-delivery vehicles. Although exosomes from
mammalian cells have been investigated to be employed as naturally
derived drug nanovesicles, their mass production is labor-intensive
and expensive as compared with bacteria derived OMVs*'-°,

We investigated the possibility of entrapping DOX into OMVs
through a gentle co-incubation approach, and the TEM and DLS
analysis revealed that this method did not influence the morphology
and integrity of OMVs. Moreover, LC—MS analysis confirmed the
satisfactory encapsulation efficiency in appropriate proportions of
OMVs and DOX, and both in vivo and in vitro drug release study
displayed an ideal stability of DOX-OMYV, indicating the effec-
tiveness of this drug-carrying method.

The entry mechanisms of OMVs into host cells are diverse and
have not been completely elucidated because of the species, adhe-
sive molecules and their contents. In general, the OMVs are trans-
ported into the cells through endocytosis. In endocytosis, membrane
domains invaginate, followed by being pinched off from the inner
side of the cell membrane and transported within the cell. In
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The safety evaluation of DOX-OMYV. The tumor bearing BALB/c mice were treated as described in Fig. 4. After 11 days of treatment,

various organs including heart, liver, spleen, lung and kidney together with blood samples were collected for further analysis. (A) The levels of
serum biomarkers of cardiac damage including AST, CK-MB and LDH. Each bar represented mean + SD, n = 3; P <0.01, ***P < 0.001. n.s.

not significant. (B) H&E staining of main organ sections.

addition, some OMVs are suggested to fuse with lipid rafts in the
membrane and the contents are released into the cytoplasm™.
Because DOX has intrinsic fluorescence, we then used confocal
microscopy to visualize the uptake of DOX by A549 cells, and the
colocalization of OMVs and DOX in tumor cells by labeling OMVs
with lipophilic tracer DiO. The results revealed that OMVs carried
DOX entering into A549 cells efficiently as evidenced by the
accumulation of both green and red fluorescence that intensified
over time inside the tumor cells. Because of their nano size, OMVs

can be passively adhered to tumor cells by EPR effect, and then enter
the recipient cells through endocytosis, thereby facilitating their
cargos entry into cells'*. Due to the rapid cellular uptake of DOX,
DOX-OMYV exerted intensive cytotoxic effects and resulted in more
cell apoptosis in vitro as evident from MTT assay, Western blotting
and flow cytometry. DOX-OMVs and DOX-LIPO have similar
in vitro cytotoxic effects.

Our in vivo anti-tumor experiments also showed that DOX-
OMYV led to a much more substantial tumor growth inhibition,
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Figure 7  Pharmacokinetic profile of DOX-OMYVs in rabbits. Ani-

mals were administered i.v. at doses of 1.0 mg/kg of free DOX, DOX
entrapped in liposomes (DOX-LIPO) or in OMVs (DOX-OMV).
Blood samples were taken at 0, 1, 2, 4, 6, 12 and 24 h after drug
administration. Data were presented as mean = SD; n = 3. Phar-
macokinetic parameters were calculated by using DAS 2.0 software
and shown in Table 1.

apoptosis and necrosis. However, there was a discrepancy be-
tween the in vitro and in vivo findings concerning to the anti-
tumor activity of empty OMVs, which showed more tumor
growth suppression and cell apoptosis than free DOX in vivo. It
has been reported that OMVs can interact with epithelial cells
directly or pattern recognition receptors to initiate immune
signaling and regulate the recruitment of immune cells. OMVs
also can directly interact with macrophages in vivo to elicit the
production of pro-inflammatory cytokine by macrophages as
well as activate macrophages to induce adaptive immune re-
sponses'*. The innate immune system serves as the first line of
non-specific defense against malignant cell development. Mac-
rophages, as cells of the innate immune system, function as
professional antigen presenting cells (APCs) which engulf tumor
cells through phagocytosis and then activate the adaptive im-
mune system®’. Our further immunohistochemical analysis
revealed the high level of F4/80 glycoprotein infiltration in tumor
tissues of both OMVs and DOX-OMYV treated mice. As F4/80 is
an acknowledged marker for tissue macrophages of mouse’®,
these findings suggest that OMVs could induce macrophage-
mediated antitumor immunity efficacy which might synergize
with their cargo DOX in BALB/c nude mice®. Moreover, in
C57BL/6 mice treated with OMVs or DOX-OMVs, after a rapid
rise in the first few hours, the serum cytokine (IL-6, TNF-«a or

Table 1
and OMVs.

IFN-v) level returned and maintained at a level slightly higher
than that of the control group. This phenomenon is in accordance
with previous report and further proved the favorable tolerability
and safety profile of OMVs'®. However, whether the appropriate
higher immune responses than normal could elicit anti-tumor
immunological effect and synergize with their cargos needs to
be further investigated in C57BL/6 mice.

In conclusion, our study illustrates that the attenuated K.
pneumonia derived OMVs, as a kind of biological drug-delivery
carriers, are highly effective in transporting the chemotherapy
drug DOX into NSCLC A549 cells. In addition, they can elicit
appropriate immune responses, thereby enhancing the anti-tumor
effect of DOX with no obvious toxicity in vivo (Fig. 8). Thus,
OMVs entrapping chemotherapeutic agents is a potential che-
moimmunotherapy strategy for cancer control.
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Figure 8 Overview of anti-NSCLC effect triggered by DOX-OMV.
In vitro, DOX encapsulated in OMVs was efficiently delivered into
A549 cells, thus resulted in intensive cytotoxic effects and cell
apoptosis. In vivo, OMVs not only functioned as drug delivery carriers
but also induced the recruitment of macrophages in tumor microen-
vironment which might synergize with their cargo DOX.

Pharmacokinetic parameters of doxorubicin administered to animals as the free drug (doxorubicin) or entrapped in liposome

Animal species/drug form Dose (mg/kg) Cpax (mg/L) AUC (mg-h/L) t15 (h) MRT (h) CL (mL/h/kg)"
AUCo—4 AUCo—w tipa  tizg  tizy  MRTo_p4 MRTy o

Free DOX 1 200 684.125 705.888 2.035 2.035 2.174 3.631 4.554 1.536231644

DOX-LIPO 1 200 936.594 957.635 2.648 2.648 69.315 4.534 5.107 1.084469445

DOX-OMV 1 200 1234.364 1259.543 4.177 4.177 69.315 5.657 22.281 0.785820863

AUC = area under the concentration—time curve; CL = total plasma body clearance; Cy,.,x = peak plasma concentration after single dose

administration; #;, = drug metabolism half-life.

“For weight normalization of CL, average rabbit weights were estimated at 2 kg.
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