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S
ynthetic nanomaterials, including lipo-
somes, polymers, andmetal-basednano-
particles, have been intensively studied

as drug-delivery carriers for the treatment of
cancers.1�5 A few such cancer nanomedicines
are undergoing clinical trials or already on
the market.6�8 In addition to synthetic nano-
particles, biological nanocarriers derived from
diverse natural sources such as pathogens
andmammalian cells have attracted substan-
tial attention in recent years.9 Such biological
nanoparticles are well suited for drug-delivery
purposes.9,10 Among recently developed
biological nanocarriers applicable for tumor
homing and cancer therapy are macromole-
cular nanocages derived from proteins and
DNAs,11�15 viral nanoparticles (e.g., virosomes
and virus-like particles),16�20 bacterially de-
rived minicells and bacterial ghosts,9,10,21 and
mammalian cell-derived microparticles and
exosomes.22�24 All such biologically derived
nanocarriers are intrinsically biodegradable

and are capable of carrying a diverse payload
for delivery at specific targeted sites.9 Here,
with the aim of developing biological vectors
for targeted delivery of diverse therapeutic
agents, we report the first application of en-
gineered bacterial outer membrane vesicles
(OMVs) as potential drug-delivery vehicles.
OMVs are nanosized (20�250 nm

diameter), bilayered, spherical proteolipo-
somes that are continuously discharged from
the surface of Gram-negative bacteria.25�27

OMVs carry proteins screened by a sorting
mechanism, resulting in selective localization
of periplasmic and outer membrane pro-
teins, including the 34 kDa pore-forming
toxin ClyA.26,28,29 Recent evidence indicates
that genetic fusion between recombinant
polypeptides and the C terminus of ClyA
results in a functional display of recombinant
protein on the surface of Escherichia coli and
their derived OMVs.28 Such C-terminal ClyA
fusion partners are extended into the outside

* Address correspondence to (S. Jon)
syjon@kaist.ac.kr.

Received for review November 4, 2013
and accepted January 10, 2014.

Published online
10.1021/nn405724x

ABSTRACT Advances in genetic engineering tools have contributed to the

development of strategies for utilizing biologically derived vesicles as nanome-

dicines for achieving cell-specific drug delivery. Here, we describe bioengineered

bacterial outer membrane vesicles (OMVs) with low immunogenicity that can

target and kill cancer cells in a cell-specific manner by delivering small interfering

RNA (siRNA) targeting kinesin spindle protein (KSP). A mutant Escherichia coli strain

that exhibits reduced endotoxicity toward human cells was engineered to generate OMVs displaying a human epidermal growth factor receptor 2 (HER2)-

specific affibody in the membrane as a targeting ligand. Systemic injection of siRNA-packaged OMVs caused targeted gene silencing and induced highly

significant tumor growth regression in an animal model. Importantly, the modified OMVs were well tolerated and showed no evidence of nonspecific side

effects. We propose that bioengineered OMVs have great potential as cell-specific drug-delivery vehicles for treating various cancers.
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environment. In this process, the hemolytically active
oligomeric conformation of ClyA is lost and no ClyA
fusion-dependent cytotoxicity is observed.28

HER2 is a transmembrane receptor with tyrosine
kinase activity that has an important role in cell
growth regulation, survival, and differentiation.30�32

Overexpression of HER2 is observed in 18�25% of
breast cancers, ovarian cancers, gastric carcinoma,
and salivary gland tumors and, therefore, presents
an attractive target for both cancer diagnosis and
therapy.30,33,34

In the current study, we sought to utilize the addres-
sing property of ClyA to display a high-affinity, cancer-
targeting ligand on the OMV surface and use such
engineered OMVs for the purpose of targeted drug
delivery. As a target, we selected HER2, using an anti-
HER2 affibody for cancer-specific targeting because it
has a very high affinity for HER2 (KD = 22 pmol/L) and is
small in size (58 amino acids).34 OMVs with an anti-
HER2 affibody (AffiHER2OMVs) on the outer membrane

surface were generated from ClyA-affibody-overex-
pressing E. coli andwere loadedwith therapeutic siRNA
targeting kinesin spindle protein (KSP; also known as
EG5). More importantly, we used a common laboratory
E. coli K-12 W3110 strain carrying an msbB mutation,
which is known to produce under-acylated lipo-
polysaccharide (LPS) and thus exhibits reduced endo-
toxicity toward human cells compared with E. coli

strains that produce hexa-acylated LPS. Additionally,
the shorter length of o-polysaccharide in LPS further
reduces immunogenicity.35�37

RESULTS

Motivated by the goal of developing a strategy to
utilize biological nanoparticles of bacterial origin as a
drug-delivery vehicle, we designed and engineered
bacterial OMVs displaying a HER2-specific affibody. In
our approach, illustrated in Figure 1a and detailed
below, bioengineered OMVs (AffiHER2OMVs) were se-
parated from impurities using extensive purification

Figure 1. OMV purification and characterization. (a) Schematic representation of OMVs expressing HER2-specific affibody
(AffiHER2OMV), purified after vesiculation from the parent bacteria and further loaded with siRNA-TAMRA
(AffiHER2OMVsiRNA‑TAMRA) using an electroporation method. (b) Schematic representation of the pGEX4T1-ClyA-Affibody
construct. (c) Western blot analysis of ClyA-Affibody and native ompA in AffiHER2OMV. Western blotting confirmed the
localization of ClyA-Affibody in AffiHER2OMV. (d) TEM micrograph revealing the nanosized (<200 nm), bilayered, circular
morphology of AffiHER2OMV (before siRNA loading) and AffiHER2OMVsiRNA (after siRNA loading). (e) ELISAs show the high
specificity of AffiHER2OMV for HER2 protein (∼16-fold greater). The data are reported as the mean ( SD of three replicates.
(f) Endotoxin activity was compared by LAL assay using 25 μg of OMVs; a difference of around 8-fold in activity was seen
between modified OMVs (mOMVs) and wild-type OMVs (wtOMVs). No difference in activity was observed after the OMV
lysis. (g) For cell-binding and uptake studies, HER2-overexpressing SKOV3 cells and HER2-negative MDA-MB-231 cells
were co-incubated with AffiHER2OMV (25 μg) and stained with an antiaffibody antibody (green), as described in Methods.
Receptor-specific cell binding and uptake were seen only with HER2-overexpressing SKOV3 cells.
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methods, and drug (siRNA) was loaded by electropora-
tion. In addition, the fate of siRNA-loaded OMVs
(AffiHER2OMVsiRNA) was studied in vitro and in vivo.

OMV Isolation, Purification, and Characterization. Bacterial
endotoxin-lipid A, an integral component of LPS,
induces life-threatening inflammatory responses if
injected systemically. A genetic mutation in the E. coli

msbB gene results in loss of endotoxic activity by
reducing the number of acyl chains in lipid A. Therefore,
in the current study, AffiHER2OMVs were produced from
the msbB mutant E. coli K-12 W3110 strain transformed
with a ClyA-affibody construct. To create the ClyA-
Affibody construct, we genetically fused ClyA with an
HER2-specific affibody containing an myc tag and con-
nected via a flexible linker sequence (SSSSGSSSSG)
(Figure 1b). AffiHER2OMVs were purified by multiple
centrifugation and filtration steps to ensure complete
elimination of contaminants, such as parent bacterial
debris and free endotoxins. The crude AffiHER2OMVs
obtained after preliminary purification were further
separated using sequential density sucrose gradient
ultracentrifugation (Supporting Information, Supple-
mentary Figure 1a), followed by removal of free en-
dotoxin using endotoxin-removing columns. Next,
AffiHER2OMVs were resuspended in 15% glycerol,
passed through 0.20 μm cellulose acetate filters, and
stored at �20 �C. Finally, to ensure that vesicles were
free of bacteria, we plated AffiHER2OMVs on growth agar
plates and incubated plates at 37 �C overnight; the
absence of bacterial colonies confirmed the sterility
of AffiHER2OMV preparations (data not shown). The
expression of ClyA-Affibody recombinant protein in
purified AffiHER2OMVs was confirmed by Western blot
analysis, which demonstrated the expression of ClyA-
Affibody (45.8 kDa) along with that of the 37.2 kDa
native outer membrane protein A (ompA) (Figure 1c).
AffiHER2OMVs were further characterized with respect
to morphology and size using transmission electron
microscopy (TEM) and electrophoretic light scattering
(ELS) analysis techniques immediately before and
after drug loading (Figure 1d; Supporting Information,
Supplementary Figure 1b and c). These analyses re-
vealed bilayered AffiHER2OMVs of uniform circular mor-
phologywith diameters ranging from30 to 250nm. The
specificity and exterior localization of anti-HER2 affi-
body were verified by enzyme-linked immunosorbent
assays (ELISAs), which showed ∼16-fold higher affinity
of AffiHER2OMVs for HER2 protein compared with con-
trol bovine serum albumin (BSA) protein or nontar-
getedOMVs, produced fromplasmid-freemsbBmutant
E. coli (Figure 1e). Furthermore, using an LAL (Litmus
Amebocyte Lysate) assay kit the endotoxin activity was
measured with 25 μg of modified OMV and wild-type
OMV (Figure 1f), produced respectively from msbB
mutant E. coli K-12 W3110 strain transformed with a
ClyA-affibody or wild-type E. coli K-12W3110 strain. The
endotoxin activity of modified OMV was about 8-fold

lower than that of wild-type OMV; the endotoxin
activities were unaffected even after the lysis of OMVs
carried out to expose the lipid-A component of LPS,
indicating the attenuation of endotoxicity due to the
modifications of OMVs.

In order to confirm AffiHER2-mediated cellular selec-
tivity and receptor-mediated internalization, we mon-
itored in vitro cell binding and uptake of AffiHER2OMV
by confocal imaging. For this purpose, we used mouse
NIH3T3 fibroblast cells stably transfected with HER2
(referred to as NIH3T6.7), HER2-overexpressing SKOV3
cells, HER2-negative NIH3T3, and MDA-MB-231 cells.
To determine HER2 specificity using a cell-binding
approach, we incubated paraformaldehyde (PFA)-
fixed, HER2-overexpressing and HER2-negative cells
with AffiHER2OMVs for 1 h at 4 �C and monitored the
cell surface localization of AffiHER2OMVs by confocal
microscopy. The confocal images confirmed the spe-
cificity of AffiHER2OMVs for HER2-overexpressing
NIH3T6.7 and SKOV3 cells; surprisingly, no nonspecific
binding was observed in control groups (Figure 1g;
Supporting Information, Supplementary Figure 2,
cell binding). To verify receptor-mediated uptake of
AffiHER2OMVs, we incubated HER2-overexpressing
and HER2-negative cells with AffiHER2OMVs for 2 h at
37 �C and, after washing, monitored the localization of
AffiHER2OMVs by confocal microscopy. Within 2 h of co-
incubation, a large proportion of HER2-overexpressing
cells had incorporated AffiHER2OMVs, whereas HER2-
negative cells showed no uptake (Figure 1g; Support-
ing Information, Supplementary Figure 2, cell-uptake).
Here, cellular localization of AffiHER2OMVs was con-
firmed using an antiaffibody antibody. The green
fluorescence signal of fluorescein isothiocyanate
(FITC) revealed the binding and time-dependent up-
take of AffiHER2OMVs. Taken together, the findings of
ELISAs and cell-binding and uptake studies show that
the AffiHER2OMVs selectively and effectively target
HER2 and are rapidly internalized through receptor-
mediated endocytosis.

siRNA Loading, Purification, and Quantification. In order
to investigate the possibility of siRNA loading into
AffiHER2OMVs, we adapted an electroporation method
using TAMRA-labeled siRNA against KSP (siRNA-
TAMRA) as a model therapeutic agent. The TAMRA-
labeled siRNA was further used in all in vitro analyses,
whereas we used nonlabeled siRNA to investigate
in vivo therapeutic efficacy. KSP is an ideal candidate
for targeted cancer therapy because KSP mRNA is
overexpressed in rapidly proliferating cells and tumor
tissue compared to nonproliferating cells and normal
adjacent tissues. KSP has an essential role in cell-cycle
progression; KSP silencing blocks the formation of
bipolar mitotic spindles, resulting in cell-cycle arrest
and induction of apoptosis.38�41 The electroporation
method used here was developed empirically, as there
is no currently established protocol for drug loading
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into nanosized vesicles using electroporation. The red
fluorescence of TAMRA, generated upon excitation at
550 nm, was helpful in monitoring siRNA loading and
in vitro kinetics. The amount of siRNA loaded was
assayed after removal of free siRNA by dialysis in
phosphate-buffered saline (PBS) for 12 h. Electropora-
tion at 700 V and 50 μF resulted in the high loading of
siRNA in the OMV (∼15 wt %; Supplementary Figure 3a
and b) without producing changes in the membrane
integrity of the OMV (Supplementary Figure 1b) as well
as inducing the formation of siRNA aggregates
(Supplementary Figure 3c). The same basic electro-
poration condition was followed for all subsequent
experiments. TEM characterizations confirmed that
siRNA loading did not alter morphology of AffiHER2-
OMVs, although a slight change in particle size was
evident (Figure 1d; Supporting Information, Supple-
mentary Figure 1b and c), demonstrating that the
electroporation conditions were well tolerated.

Intracellular Trafficking of siRNA-Loaded AffiHER2OMVs. The
results of cell-specific binding and uptake studies
encouraged us to investigate the intracellular kinetics
of siRNA-loaded AffiHER2OMVs. To accomplish this, we
incubated SKOV3 cells with TAMRA-labeled KSP siRNA

(red)-packaged OMVs (AffiHER2OMVsiRNA‑TAMRA) and
monitored their fate for 72 h after uptake using con-
focal microscopy (Figure 2). We selected SKOV3 cells
for kinetics studies because their large size and mor-
phology make them well suited to single-cell imaging.
Intracellular acidic compartments were stained using
LysoTraker (navy blue). Within 6 h of co-incubation,
large numbers of AffiHER2OMVsiRNA‑TAMRA puncta (red)
appeared within SKOV3 cells, corroborating our cell
uptake analysis described above showing receptor-
mediated endocytosis. Within 12 to 24 h of treatment,
AffiHER2OMVsiRNA‑TAMRA fluorescence was largely co-
localized with markers of acidic compartments, which
appeared pink. At 48 h, the fluorescence intensity
attributable to coincident AffiHER2OMVsiRNA‑TAMRA and
LysoTracker staining reached a maximum; this indi-
cates enhanced lysosomal acidification owing to up-
take of a substantial amount of AffiHER2OMVsiRNA‑TAMRA,
which would be predicted to enhance OMV degrada-
tion. SKOV3 cells appeared normal, exhibiting no
major changes in cellular morphology. By 72 h, an
increase in red fluorescence appeared in various parts
of the cytosol, suggesting the escape of free siRNA
from acidic compartments after the degradation of

Figure 2. Intracellular traffickingof siRNA-loadedOMVs. SKOV3 cells showing the intracellular fate of siRNA-packaged (200 nM
KSP siRNA)AffiHER2OMVsiRNA‑TAMRA atdifferent timepoints. SKOV3 cellswere co-incubatedwithAffiHER2OMVsiRNA‑TAMRA (red) for
2 h, and acidic compartments were stained with LysoTracker (blue); cells were monitored over the course of 72 h using a
confocal microscope. Within 6 h of co-incubation, a large proportion of AffiHER2OMVsiRNA‑TAMRA was internalized by the cells.
At 12, 24, and 48 h, AffiHER2OMVsiRNA‑TAMRA was concentrated in acidic compartments, which appeared pink due to co-
localization. At 72 h, cytoplasmic siRNA was evident and most cells had adopted a circular morphology characteristic of dead
cells, confirming siRNA escape and cytotoxic action.
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AffiHER2OMVs. At the same time, massive SKOV3 cell
death was observed, as evidenced by adoption of a
circularized morphology characteristic of dead cells
(see additional 72 h images, Supporting Information,
Supplementary Figure 4). These findings are consistent
with inhibition of cell proliferation through siRNA-
mediated degradation of KSP mRNA, suggesting that
a therapeutically significant amount of free KSP siRNA
managed to escape from the acidic compartments. To
directly test this and validate the mechanism of cell
death, we further evaluated KSP mRNA and protein
level. The kinetics study described above confirmed
the endocytosis of AffiHER2OMVsiRNA‑TAMRA particles,
reflecting their high specificity for HER2 and small size.
Endocytosed AffiHER2OMVsiRNA was found to follow the
endosomal pathway, where the fate of AffiHER2OMVs is
to accumulate in the highly acidic lysosome compart-
ment and slowly degrade. These findings corroborate
those of Furuta et al., who demonstrated complete
degradation of OMVs inside lysosomes 48 h after
endocytosis.42,43 On the basis of these findings, we
infer that OMVs have a very rigid and stable nanostruc-
ture. The slow release of siRNA under specific environ-
mental conditions canmitigate the nonspecific toxicity
caused by leakage of siRNA into the circulatory system.
In addition, this slow-release property may provide
sufficient time for siRNA to reach its target cancer cells
in a region where the blood supply is abnormal.
Although the specificmechanismof siRNA escape from
acidic compartments is not known, a similar phenom-
enon was observed in earlier studies conducted using
biological nanoparticles, such as bacterialminicells and
exosomes.21,23

In Vitro Efficacy. We quantitatively evaluated cell
viability using the colorimetric, tetrazolium-based
MTT assay. Three HER2-overexpressing cell lines
(SKOV3, BT474, and HCC-1954) were treated for
96 h with PBS, AffiHER2OMVsiRNA‑TAMRA (200 nM siRNA),
OMVsiRNA‑TAMRA (nontargeted OMV carrying 200 nM
siRNA), AffiHER2OMVsiNS (AffiHER2OMV carrying 200 nM
nonspecific siRNA), and FreesiRNA‑TAMRA (200 nM siRNA).
These analyses revealed that AffiHER2OMVsiRNA‑TAMRA

caused significant cytotoxicity in all three cell lines
(Figure 3a), reducing viability in SKOV3, BT474, and
HCC-1954 cells by ∼73%, ∼62%, and ∼63%, respec-
tively, compared to the respective PBS-treated control
groups. Notably, AffiHER2OMVsiNS, carrying a non-
specific (scrambled) siRNA, caused no cytotoxicity,
indicating that the cell death observed in the AffiHER2-
OMVsiRNA‑TAMRA treatment group may be due to KSP
silencing (endocytosed AffiHER2OMVs do not exert a
cell-killing effect).

In order to establish the mechanism of cell death,
we evaluated KSP silencing in the three different
above-mentioned HER2-overexpressing cell lines
after treatment with AffiHER2OMVsiRNA. In agreement
with the uptake of AffiHER2OMVsiRNA, shown above,

quantitative (real-time) reverse transcription-polymerase
chain reaction (qRT-PCR) analyses showed that KSP
mRNA expression was significantly knocked down in
SKOV3 (>70%), HCC-1954 (>60%), and BT747 (>60%)
cells 72 h after treatment compared with unsilenced

Figure 3. In vitro efficacy and gene silencing following
siRNA delivery. Cell viability (by MTT assay) and KSP
knockdown were monitored following delivery of AffiHER2-
OMVsiRNA (200 nM siRNA) and compared with respective
controls (each carries 200 nM siRNA except PBS control). (a)
Cell viabilitywas evaluated after 2 h of transfection and 96 h
of incubation with AffiHER2OMVsiRNA and controls. AffiHER2-
OMVsiRNA treatment induced significant cytotoxicity com-
pared with controls. Data represent means ( SD of five
replicates, expressed relative to the PBS treatment group
(** indicatesp<0.01). (b) KSPmRNA levelswere analyzedby
qRT-PCR 72 h after transfection. KSP mRNA expression was
significantly knocked down in AffiHER2OMVsiRNA-treated
groups compared to controls. SKOV3 cells were more
sensitive to KSP siRNA than HCC-1954 and BT474 cells.
Results are shown as mean ( SD of two replicates relative
to the PBS treatment group. * indicates p < 0.05 versus PBS
controls. (c)Westernblot analyseswere done for SKOV3 and
HCC-1954 cells following transfectionwith AffiHER2OMVsiRNA,
as described above. Significant knockdown of KSP protein
was evident in duplicate samples.
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levels of KSP mRNA in the PBS-treated control group
(Figure 3b). Western blot analyses of SKOV3 and HCC-
1954 cells showed that this decrease in KSP mRNA
levels was accompanied by a substantial decrease in
KSP protein expression (Figure 3b,c). The sensitivity
of SKOV3 cells to KSP siRNA was greater than that of
the other cell lines tested. For comparison purposes, we
sought to test KSP silencing by transfecting cells with
KSP siRNA using the commercially available reagent
Lipofectamine. However, within 24 to 48 h of treatment,
almost all cells had died (data not shown), possibly
reflecting differences in siRNA loading efficiency
and/or delivery mechanism; therefore, the gene silen-
cing efficiency of our system could not be compared
with available transfection reagents. We also examined
mitotic arrest in response to KSP silencingbymonitoring
monoastral spindle formation by immunostaining for
R-tubulin (green) and DNA (blue). Confocal images of
spindle pole dynamics in SKOV3 cells treated with
AffiHER2OMVsiRNA exhibited a characteristic monoastral
phenotype, indicating mitotic arrest due to KSP knock-
down (Supporting Information, Supplementary Figure
5); in contrast, control cells showed either a normal
bipolar spindle arrangement or cytoplasmic R-tubulin.
These results indicate that the cytotoxic effects ob-
served after siRNA delivery by AffiHER2OMVsiRNA are
solely due to KSP silencing.

In Vivo Tumor Targeting and Antitumor Effect of HER2-
Targeted, siRNA-Carrying OMVs. To investigate in vivo

tumor targeting and therapeutic efficacy, we systemi-
cally injected (via the tail vein) AffiHER2OMVsiRNA‑Cy5.5

carrying 10 μg of Cy5.5-labeled siRNA or free siRNA
(10 μg) into HCC-1954 xenografts. The AffiHER2-
OMVsiRNA‑Cy5.5-administered xenografts showed high
fluorescence in tumors even 24 h after treatment,
a time when most FreesiRNA‑Cy5.5 had been cleared,
indicating tumor-selective accumulation of HER2-
targeted AffiHER2OMVsiRNA‑Cy5.5 (Figure 4a). Further-
more, tissue imaging of all three animals in respective
groups was carried out. Analysis shows that after 24 h
of treatment, AffiHER2OMVsiRNA‑Cy5.5 was largely loca-
lized in tumor tissues compared to other vital organs
(Figure 4b). We extended this analysis by assessing
AffiHER2OMVsiRNA‑Cy5.5 distribution in tumor sections
using confocal microscopy. Cy5.5-labeled siRNA fluo-
rescence was detected in the majority of cells in tumor
sections of AffiHER2OMVsiRNA‑Cy5.5-treated animals,
whereas no fluorescence was detected in tumor sec-
tions of mice injected with FreesiRNA‑Cy5.5 (Figure 4c).
Taken together, these findings suggest that AffiHER2-
OMVsiRNA‑Cy5.5 has very high specificity for HER2-over-
expressing tumor tissues. Importantly, the vesicles
remained at the targeted site for several hours, ensur-
ing the effective delivery of the cargo.

We next evaluated the antitumor effects of AffiHER2-
OMVsiRNA in HCC-1954 xenografts. Eight to ten days
after the inoculation of HCC-1954 cells, mice were
divided into four groups (n = 5mice/group): (1) vehicle

Figure 4. In vivo tumor targeting and drug distribution. For optical imaging, HCC-1954 xenografts were given a single
injection of 10 μg of Cy5.5-labeled free siRNA or an equivalent amount of AffiHER2OMVsiRNA‑Cy5.5 via the tail vein (n = 3). Tissue-
specific accumulation was confirmed 24 h postinjection using an IVIS-100 imaging system (Xenogen). (a) Whole-body in vivo
imaging revealed high fluorescence due to accumulation of AffiHER2OMVsiRNA‑Cy5.5. The circles (red) indicate the tumor
position. (b) Tumor tissues and major vital organs (heart, lung, liver, kidney, spleen, and intestine) were analyzed separately.
IVIS images show tumor-specific retention and accumulation of delivered siRNA using the AffiHER2OMVsiRNA‑Cy5.5-based
delivery system. (c) A confocal analysis of tumor sections shows the siRNA distribution in cancer cells treated with
AffiHER2OMVsiRNA‑Cy5.5. No siRNA fluorescence was seen in animals treated with FreesiRNA‑Cy5.5.
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control (DPBS-treated), (2) FreesiRNA, (3) nontargeted
OMVsiRNA, and (4) HER2-targeted AffiHER2OMVsiRNA.
Mice were treated intravenously (siRNA per dose,
∼4 μg) every other day for a total of 12 injections.
The drug treatment started when tumor volume had
reached∼150mm3. Tumor volumes and bodyweights
were monitored throughout treatment, and tumor
growth inhibition (TGI) was determined on the final
day. In mice injected with AffiHER2OMVsiRNA, tumor
growth was delayed significantly compared to those
injectedwith nontargeted OMVsiRNA, DPBS, or FreesiRNA

(Figure 5a). The % tumor growth inhibition (%TGI) in
the AffiHER2OMVsiRNA-treated group compared to vehi-
cle control was 66.34%. Next, tumors were harvested
from animals in each group (Figure 5b) and analyzed
for size and mechanism of cell killing (Figure 5c�e).
Consistent with the observed delay in tumor growth,
the volumes of excised tumors in the HER2-targeted
AffiHER2OMVsiRNA group were smaller than those
in other treatment groups (Figure 5b). Importantly,

Western blot analyses of excised tumors showed that
the enhanced antitumor efficacy of HER2-targeted
AffiHER2OMVsiRNA was associated with a substantial re-
duction in KSP protein levels (Figure 5c). In keeping with
this, we observed an R-tubulin staining pattern charac-
teristic of themonoastral phenotype in the cells of tumor
tissue from the HER2-targeted AffiHER2OMVsiRNA group
(Figure 5d); this pattern is similar to that detected in
cultured cells upon KSP silencing, confirming the me-
chanism of the therapeutic effect. Moreover, TUNEL
(terminal deoxynucleotidyl transferase dUTP nick-end
labeling) assays detected abundant apoptotic cells in
respective tumor sections (Figure 5e). Collectively, these
results indicate that AffiHER2OMVsiRNA exerts antitumor
effects by selectively targeting and delivering siRNA to
HER2-overexpressing tumors; the subsequent inhibition
of KSP expression causes mitotic arrest, which results in
apoptosis in targeted tumor tissue.

Investigation of Immune and Cytotoxic Responses. Safety
issues are obviously an important concern in cases

Figure 5. In vivo antitumor effect of HER2-targeted, siRNA-carryingOMVs. (a) Tumor growth inhibition (TGI) wasmonitored in
HCC-1954 xenografts. Mice were treated intravenously (siRNA per dose,∼4 μg) on alternate days to day 22. AffiHER2OMVsiRNA

exerted potent antitumor effects compared to all controls (**p < 0.01); each value represents the mean ( SD (n = 5 mice/
group). (b) Dissected tumor tissues obtained from each group are shown, demonstrating differences in size. (c) Immunoblots
of total protein show substantial KSP silencing in AffiHER2OMVsiRNA-treated mice, analyzed in duplicate. (d) Immunofluores-
cence images showing the condensed R-tubulin structure in dead cells of tumor tissue. (e) TUNEL assays were carried out to
visualize apoptotic cells in tumor sections. BrdU-FITC staining (green) confirmed the presence of large numbers of apoptotic
cells in the tumor tissues of animals treated with AffiHER2OMVsiRNA compared with PBS controls.
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where a bacterially derived product is given systemi-
cally. OMVs carry several bacterial proteins, virulence
factors including surface factors that can mediate
adhesion to host cells.27 In addition a large portion of
their outermembrane is coveredwith LPS, which could
activate Toll-like receptors (TLRs) to elicit potent in-
flammatory responses.27 We thus investigated OMV-
induced immune responses both in vitro and in vivo by
evaluating cytokine profiles and monitoring cytotoxi-
city and mortality. In our in vitro studies, we stimulated
human monocyte THP1 cells for 24 h with OMVs
generated from either msbB mutant E. coli carrying
affibody plasmid (mOMV) or a wild-type strain
(wtOMV). Both LPS (positive control) and wtOMV treat-
ment induced a significantly greater increase in tumor
necrosis factor (TNF)-R levels compared to mOMV
treatment (Supporting Information, Supplementary
Figure 6a). These findings are in accord with a study
that reported that hexa-acylated LPS is more potent
than penta-acylated LPS in stimulating the production
of TNFR in THP1 cells.35 Additionally, the surface
modification of mOMVs with affibody might have
prevented the internalization into THP1 cells to suffi-
cient extent to trigger innate immune response,
whereas with wtOMVs, which carry several membrane
proteins and LPS, may enhance their adhesion and
uptake to trigger immediate immune response. We
also carried out in vitro cell toxicity and hemolysis
studies to test the biocompatibility of OMVs. For the
cell toxicity study, human umbilical vein endothelial
cells (HUVECs) were treated withmOMVs or wtOMV for
4 h and after washing further incubated for 24 h. The
treated cells appeared normal, as no signs of apoptosis
was evident. The cell viability assay (MTT) further
supported that no significant cytotoxicity was evident
in mOMV-treated cells compared to wtOMV-treated
cells (Supplementary Figure 6b, and c). To verify that
the ClyA-affibody fusion protein is hemolytically inert,
we plated AffiHER2OMVs on blood agar plates under
standard incubation conditions. AffiHER2OMVs did not
induce hemolysis, indicating that ClyA fusion proteins
are in an inactive state (Supporting Information, Sup-
plementary Figure 6d). This in vitro safety study profile
indicated that engineered OMVs are safe for further
in vivo analysis. Thus, we next investigated whether
systemic injection of mOMVs in mice overstimulates
the immune systemand results in systemic disorders or
death. Immune responses were recorded in C57BL/6
mice after repeated intravenous (iv) administration
of either mOMVs or wtOMVs (10 and 20 μg) for 4 d.
Within the first few hours of the final treatment
(between 1 and 3 h), a comparison of wtOMV and
mOMV treatment groups showed a slight increase in
serum TNFR, IL-6, and IFNγ levels, which returned to
nearly basal levels at 24 h (Figure 6). Neither treatment
resulted in lethality, although body weight loss and
hypothermia were more prominent in animals treated

with wtOMVs (data not shown). Moreover, wtOMVs
were more active in stimulating serum cytokine pro-
duction than mOMVs. The initial rise in cytokine levels
upon treatment with either form of OMV may have
been due to the ability of enriched outer membrane
proteins and LPS to induce the systemic release of
cytokines. However, the differences in immunostimu-
lation and the normalization of cytokine levels within
24 h indicate thatmOMVs arewell tolerated and do not
induce severe host immune responses or prolonged
inflammatory cytokine responses. Finally, we further
investigated lethality by injecting a single dose of
either form of OMV (up to 100 μg). The mOMVs caused
no mortality at any dose, whereas wtOMVs at doses of
50 μg or higher causedmortality in all mice within 48 h
of injection (data not shown). Collectively, these find-
ings indicate clear differences in the endotoxic and
immunogenic potentials of OMVs carrying wild-type
versus under-acylated LPS. As such, these modified
OMVs could be utilized safely to deliver therapeutic
cargos in vivo.

DISCUSSION

Bacteria or their derived products are considered
pathogenic, a primary safety concern that limits their
clinical application.9 Attenuated bacterial strains with
no substantial pathogenicity or toxicity can be em-
ployed in the development of cargos for vaccines or
therapeutic agents.9 Hexa-acylated lipid A, an integral,
proinflammatory component of LPS that stimulates
the immune systemby activating TLR pathways, shows
a several-fold reduction in systemic toxicity if modified
through under-acylation.35�37 Mutational inactivation
of the msbB gene in E. coli yields an engineered strain
that produces such under-acylated (penta-acylated)
lipid A-containing LPS and exhibits substantially re-
duced TLR-dependent stimulation of the host immune
system.36,37 In the current study, we developed bacterial
OMVswith thepenta-acylated LPS form, the engineered
bacterial strain that possessed low endotoxicity. Such
modifications in LPS resulted in reduced virulence
compared to the wild type. Importantly, because of
their short under-acylated LPS and surfacemodification
with a cancer-targeting ligand, bioengineered OMVs
evoked weak immunogenic responses and were well
tolerated even after repeated iv administration. The
short-lived cytokine responses revealed by analyzing
early and delayed serum cytokine levels indicate that
the modified OMVs do not elicit their antitumor effects
by overstimulating inflammatory or immunological
pathways. In addition, AffiHER2OMVs caused no mortal-
ity, even after multiple systemic injections. The altera-
tion in LPS and surface modification with affibody may
result in reduced pathogenicity of OMVs by preventing
their nonspecific interaction or entry into nontargeted
host cells. However, it does not overrule the necessity
for a detailed analysis of mOMV�host cell interactions
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and antibody responses in higher animals (mammals) to
draw conclusions about safety and toxicity.
We demonstrated the possibility of loading siRNA

into the engineered OMVs. For this, we employed a
simple electroporationmethod that waswell tolerated,
as evident from the intact circular morphology and
integrity of OMVs after siRNA loading. Although OMVs
could encapsulate only ∼15% of KSP-siRNA, the
amount was sufficient to exert cytotoxic effects when
delivered in a cell-specific manner using HER2-homing
AffiHER2OMVs. The anticancer activity of AffiHER2-
OMVsiRNA was demonstrated using three different
HER2-overexpressing cell lines, and in each case, tar-
geted siRNA delivery resulted in significant inhibition
of cell proliferation. The substantial knockdown of
KSP mRNA and protein together with generation of
the characteristic monoastral spindle arrangement in
AffiHER2OMVsiRNA-treated cells specifically link RNAi-
mediated target knockdown and cancer cell death.
Our in vivo studies also show that AffiHER2OMVsiRNA

accumulates selectively in the tumor tissue when
administered systemically, as evidenced by the

substantial amount of fluorescently labeled siRNA
in most cancer cells. These findings indicate a rapid
uptake of AffiHER2OMVsiRNA from tumor tissue due
to extravasation. Importantly, the AffiHER2OMVsiRNA

are small (<200 nm diameter), stable, and rigid. There-
fore, they were able to target cancer tissues by the EPR
effect and were not susceptible to the drug leakage
or degradation in the circulation that occurs com-
monly with polymeric or liposome-based carriers.9

The AffiHER2OMVsiRNA, when administered repeatedly
through the tail vein, significantly inhibited tumor
growth. The very small amount of siRNA delivered
using targeted OMVs was sufficient to exert a much
more substantial inhibition of tumor growth inhibition
than that produced by nontargeted delivery systems
or free siRNA. However, a partial tumor growth re-
gression was also observed from the nontargeted
OMVsiRNA-treated group. These in vivo findings may
show discrepancy from our in vitro analysis, where no
nonspecific binding, uptake, or cytotoxicity was evi-
dent. This may be due to the very high specificity of
AffiHER2OMVsiRNA that was endocytosed immediately

Figure 6. Investigation of immune responses in mice. Serum levels of TNFR, IL6, and IFNγ in C57BL/6mice were quantified at
two time points (1�3 and 24 h) after systemic administration of PBS, wtOMVs, or mOMVs (10 and 20 μg) for four consecutive
days. Treatment with wtOMVs markedly enhanced serum levels of TNFR, IL6, and IFNγ within 3 h of treatment compared to
mOMV treatment. However, cytokine levels in all groups returned to nearly basal levels by 24 h. Each value represents the
mean ( SD (n = 5 mice/group) of two replicates, analyzed as described in Methods.
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after the co-incubation and the unbound OMVsiRNA

were cleared by manual washing. Whereas in the
in vivo experiments, OMVs due to their small size
accumulate in the tumor tissue by EPR effect and
remain in the tumor interstitium for relatively longer
duration. Therefore due to the incomplete clearance,
the nonspecific uptake (by passive targeting) and
siRNA delivery are possible in the OMVsiRNA-treated
group, which may lead to the partial tumor regression
by KSP silencing. Although the nontargeted OMVsiRNA

group showed partial tumor regression, it turned out
that the active HER2 targeting of OMVs could offer a
clear advantage over passively targeted OMVs.

CONCLUSION

In conclusion, we report the first example of active
tumor targeting using bacterially derived OMVs that
are bioengineered to reduce their endotoxicity and

express a cancer-specific targeting ligand to deliver
their payload in a cell-selective manner. The great
upsides of an engineered OMV-based delivery system
is the possibility to re-engineer and target cancers
specifically, low endotoxic potential, ability to package
siRNA, ability to administer repeatedly through a sys-
temic route, and ability to produce on a large scale via
cost-effective bacterial fermentation. The developed
system accumulates specifically in the tumor tissue
and releases the drug, which resulted in cytotoxic
effects and retardation of tumor growth. Due to their
specificity, it offers the benefits of reduced side effects,
a major factor limiting cancer therapy. We anticipate
that studies of bacterial nanovesicles will be a valuable
contribution to the development of novel bio-
logical particles for cancer therapy. In the future, we
plan to investigate the possibility of loading diverse
chemotherapeutic agents and test their fate in vivo.

METHODS
Bacterial Strains and Plasmid Construction. The msbB mutant

W3110, a K12-derived E. coli strain, was kindly provided by Prof.
Sang Hyun Kim (KRIBB, Republic of Korea). The ClyA gene was
amplified from the W3110 E. coli genome and cloned into the
pGEX4T1 vector (GE Healthcare). The vector was modified
slightly to replace the GST tag with the ClyA gene at EcoNI
and BamHI restriction sites. Next, the affibody with an N-term-
inal myc tag and linker sequence (SSSSGSSSSG) was placed
downstream of ClyA at EcoRI and XhoI restriction sites, yielding
a C-terminal fusion of ClyA to the affibody with a myc tag and
an intervening flexible linker. The pGEX4T1-ClyA-Affibody con-
struct was transformed into themsbBmutantW3110 and utilized
for generation of engineered OMVs. The expression of ClyA-
Affibody in AffiHER2OMVs was confirmed by immunoblotting.

Cell Culture. NIH3T3 mouse fibroblast cells stably transfected
with HER2, referred to as NIH3T6.7 (kindly provided by
Prof. Yong-Min Huh, Department of Radiology & Department
of Biochemistry and Molecular Biology, Yonsei University,
Seoul), cells were cultured in Dulbecco's modified Eagle medi-
um (DMEM) supplemented with 10% fetal bovine serum
(FBS; Gibco) and antibiotics. SKOV3 cells and HCC-1954 cells
were cultured in RPMI-1640 medium containing 10% FBS and
antibiotics. BT474 cells were cultured in Hybri-Care medium
(ATCC) containing 10% FBS and antibiotics. HUVECs were
cultured in F-12K medium containing endothelial cell growth
supplements. All cells were incubated at 37 �C in 5% CO2. Cell
lines were purchased from Korean Cell Line Bank (KCLB; Seoul,
Korea).

Dye-Labeled siRNAs. siRNAs labeled with TAMRA or Cy5.5 were
purchased from ST Pharm Co. Ltd., Republic of Korea. The
following siRNAs with the indicated sequences were used for
this study: KSP-specific siRNA, 50-CUG AAG ACC UGA AGA CAA
UdTdT-30 (sense) and 50-AUUGUCUUC AGGUCUUCAGdTdT-30

(antisense); and siNonsense (siNS), 50-UGU AGA UGG ACU UGA
ACU UdTdT-30 (sense) and 50-GAG UUC AAG UCC AUC UAC
AdTdT-30 (antisense).

OMV Generation, Purification, and Characterization. AffiHER2OMVs
were produced from the msbB mutant W3110 strain trans-
formed with pGEX4T1-ClyA-affibody construct according to a
previously described protocol, with slight modifications.36

Briefly, E. coli were inoculated into 1000 mL of LB broth. After
the culture had reached an optical density at 600 nm (OD600) of
0.5�0.6, protein expression was induced by addition of 1 M
isopropyl β-D-1-thiogalactopyranoside (IPTG; diluted 1:1000 in
bacterial culture), and the culture was incubated overnight at
20 �C. The bacterial cells were removed by centrifugation at

5000g for 30 min at 4 �C. The resulting supernatant was filtered
by passing through 0.45 μm filters (Nalgene, Thermo Scientific)
andconcentrated to100mLusing100KUltrafiltrationMembranes
(Millipore). The concentrate was precipitated using ammonium
sulfate (final concentration, 400 g/L) at 4 �C overnight. The crude
AffiHER2OMVs obtained after centrifugation at 11000g for 30 min
were washed twice with PBS by centrifugation at 45 000 rpm at
4 �C for 2 h (Beckman Coulter Optima TLX-120 ultracentrifuge).
For purification, the resulting pellet was resuspended in PBS,
layered over a sucrose gradient (1 mL each of 2.5, 1.6, 0.6 M
sucrose), and separated by ultracentrifugation at 44 000 rpm for
20 h at 4 �C (Beckman Optima L-100 k ultracentrifuge; sw60Ti
rotor). The AffiHER2OMV fraction was collected carefully and
washed twice with PBS by ultracentrifugation at 45 000 rpm at
4 �C for 1 h. The pellet was finally resuspended in 1 mL of 15%
glycerol, passed throughDetoxi-Gel endotoxin-removing columns
(Thermo Scientific) to remove free endotoxin, filtered using
0.20 μm cellulose acetate filters (DISMIC-25cs), and stored at
�20 �C until use. The sterility of AffiHER2OMV preparations was
confirmed by the absence of bacterial colonies in growth agar
plates platedwithAffiHER2OMVs andgrownovernight at 37 �C. The
total protein concentration of AffiHER2OMVswas quantified using a
bicinchoninic acid assay (BCA protein assay kit; Thermo Scientific)
according to the manufacturer's instructions. AffiHER2OMVs were
characterized with respect to size and morphology using an ELS
8000electrophoretic light-scattering apparatus (Otsuka Electronic)
and TECNAI F20 electron microscope (Phillips Electronic Instru-
ments Corp.), respectively. For TEM analysis, AffiHER2OMV samples
were dropped onto a copper grid (200 mesh) and allowed to dry
for 8�10 h. The samples were stained with 2% uranyl acetate for
10 min and washed by dipping into distilled water five times.
Finally, gridsweredriedovernight in adesiccator. Thedried copper
grids were examined under a transmission electron microscope.

Monitoring OMV Specificity for HER2 by ELISA. The specificity
of AffiHER2OMVs for HER2 protein was determined by ELISA,
according to a previously described protocol,44 with slight
changes. Briefly, the HER2 protein was coated onto 96-well
plates (Corning) by adding 100 μL of HER2 protein and BSA
protein (10 μg/mL in PBS) to each well and incubating plates at
4 �C overnight. After removal of the coating solution, 200 μL
of blocking buffer (PBS containing 2% skim milk) was added
to each well, and plates were incubated for 2 h at 25 �C. The
blocking buffer was removed, and each well was washed six
times with PBS containing 0.1% Tween-20 (PBST). AffiHER2OMVs
or nontargeted OMVs (100 μL) were added into each well and
incubated for 2 h at 25 �C. Plates were washed as previously
described, and AffiHER2OMVswere detected by adding 100 μL of
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a goat polyclonal antiaffibody antibody (Abcam) in PBST con-
taining 2% skim milk. Plates were washed as above and incu-
bated with horseradish peroxidase (HRP)-conjugated secondary
antibody. Immunoreactivity was visualized by incubating with
the chromogenic HRP substrate 3,30 ,5,50-tetramethybenzidine
(TMB; BD OptEIA) and measuring absorbance at 450 nm.

Evaluation of the Endotoxin Activity. The endotoxicity of OMVs
was evaluated using the LAL chromogenic endotoxin quantifi-
cation kit (Thermo scientific) as per the manufacturer's instruc-
tions. We tested the activity of 25 μg of modified OMV andwild-
type OMV in the intact form and after lysis carried out using
0.5% sodium deoxycholate.

Intracellular Trafficking of siRNA-Loaded OMVs. Intracellular traf-
ficking studies were performed as described previously, with
slight changes in the protocol.21 Briefly, SKOV3 cells in RPMI-
1640medium containing 10%FBS and antibioticswere cultured
on gelatin-coated coverslips in 12-well dishes. After cells had
reached 70% confluence, the medium was replaced with
OPTIMEM medium (Gibco) and cells were incubated for 30 min.
AffiHER2OMVsiRNA (AffiHER2OMVs loaded with 200 nM KSP siRNA)
was then added, and cells were incubated for 2 h. The cells were
then washed twice with PBS, and fresh RPMI-1640 medium
containing 10% FBS and antibiotics was added. The acidic
compartments of cells were stained with LysoTracker Blue
DND-22 (Invitrogen) immediately before fixing, as per the man-
ufacturer's instructions. At specific co-incubation time points
(6, 12, 24, 48, and 72 h), cells on glass slides were washed with
PBS and fixed with 4% (w/v) PFA, and coverslip were mounted
using fluorescence mounting medium (Dako). All samples were
examined using a confocal microscope equipped with 40� and
60� oil-immersion lenses.

RNA Preparation and Quantitative Real-Time PCR. Total RNA
from cultured cells was isolated 72 h after incubating with
AffiHER2OMVsiRNA (AffiHER2OMVs loaded with 200 nM KSP siRNA)
using an RNA purification kit (Hybrid-RTM, Gene All) according
to the manufacturer's protocol. RNA samples were stored at
�80 �C until use. RNA was reverse-transcribed using the
ImProm-II Reverse Transcription System (Promega) according
to the manufacturer's instructions. Quantitative real-time PCR
was performed in 20 μL reactions using SYBR Premix (Kapa
Systems) and a Rotor geneQ System (Qiagen). mRNA transcripts
were quantified using the comparative Ct method, and the
expression levels for target transcripts were presented as the
ratio of the targets, normalized to the endogenous reference
(GAPDH). Amplifications were performed using the following
primer pairs: KSP, 50-GGC GTC GCA GCC AAA TTC GTC-30

(forward) and 50-TGC CAG TTT GGC CAT ACG CA-30 (reverse);
GAPDH, 50-CGT CTT CAC CAC CAT GGA GA-30 (forward) and
50-CGG CCA TCA CGC CAC AGT TT-30 (reverse).

Protein Immunoblotting. Protein expression was assessed
by Western blotting. For in vitro studies, SKOV3 and HCC-1954
cells were lysed 72 h after incubation with AffiHER2OMVsiRNA

(AffiHER2OMVs loaded with 200 nM KSP siRNA); for in vivo
studies, tumor tissues were harvested immediately after the
last treatment. For all samples, total protein concentration was
determined by Bradford assay, and an equal amount of total
protein in lysates (30 μg) was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12%
gels followed by immobilization on a PVDF (polyvinylidene
difluoride) membrane by electrotransfer. Blots were blocked
by incubating with 5% nonfat dry milk for 1 h, probed with
primary antibodies against KSP (mouse anti-EG5 monoclonal
antibody; Abcam) and GAPDH (mouse monoclonal; Santa
Cruz Biotechnology), and subsequently incubated with HRP-
conjugated secondary antibodies. Immunoreactive proteins
were visualized using Western blotting detection reagents
(GE Healthcare) as per standard protocols.

Cell Viability Assay (MTT). MTT assays were performed as
described previously with slight changes.45 Briefly, SKOV3,
HCC-1954, or BT474 cells were seeded into 96-well plates at
5 � 103 cells/well, incubated overnight, and then transfected
with AffiHER2OMVsiRNA, AffiHER2OMVsiNS, or OMVsiRNA (loaded
with 200 nM siRNA) for 2 h. The cells were washed and further
incubated in freshmedia. Approximately 96 h post-transfection,
cells were washed twice with PBS, after which 100 μL of MTT

solution (Enhanced Cell Viability Assay kit; DAEIL LAB Service
Co., Ltd.) was added to eachwell and samples were incubated at
37 �C for 4 h. The resulting formazan product was dissolved by
adding 200 μL of dimethyl sulfoxide (DMSO) to each well. The
plates were read at 570 nm using a microplate reader.

Tumor Xenograft Model, in Vivo Targeting, and Antitumor Effects.
Xenograft studies were performed using 6�8-week-old female
Balb/c nude mice (Orient Bio Inc.) as described previously,46

with slight changes. All animal experiments were performed
according to established guidelines and with the approval of
the Institutional Animal Care Committee (2012-BS07). Sample
sizes for animal studies were chosen based on institutional
recommendations with guidance from the literature. Investiga-
tors were not blinded to the identity of groups. HER2-over-
expressing HCC-1954 cells (1 � 107) in 100 μL of 1:1 PBS/
Matrigel (BD Biosciences) were implanted subcutaneously (sc)
into the flanks of nude mice. Tumor volume, calculated as
(length � width2)/2, was monitored at regular intervals and
was expressed as group mean ( standard deviation (SD). For
optical imaging, mice were given a single injection of 10 μg of
Cy5.5-labeled free siRNA or an equivalent amount of AffiHER2-
OMVsiRNA via the tail vein (n = 3). Tissue homing and retention
were monitored at 24 h postinjection using an IVIS 100 imaging
system (Xenogen). For the efficacy study, drug treatment
started when tumor volume had reached ∼150 mm3; mice
were sacrificed after the last treatment. Ten to 12 days after
implantation, mice were randomized into four groups based on
body weight and tumor volume (n = 5 mice/group): (1) vehicle
control (PBS), (2) free siRNA, (3) OMVsiRNA, and (4) AffiHER2-
OMVsiRNA (concentration of siRNA, ∼4 μg per dose). Mice were
injected via the tail vein every other day for a total of 12
injections. Tumor volumes and body weights were monitored
throughout treatment, and tumor growth inhibition was deter-
mined on the final day as TGI = 100%� (Tvol

Control� Tvol
Treated)/

Tvol
Control, where Tvol = final tumor volume � initial tumor

volume.47 Differences with a p-value < 0.05 were considered
significant. Tumor tissue was collected and analyzed for total
KSP protein by immunoblotting. Monoastral phenotype was
detected by immunostaining with an anti-R-tubulin antibody
(Abcam), and apoptotic cells in tissue sections were visualized
by TUNEL assay (Bio Vision) according to the manufacturer's
instructions.

Serum Cytokine Analysis. Animal studies were performed using
6�8-week-old female C57BL/6 mice (Orient Bio Inc.) as per the
guidelines of the Institutional Animal Care Committee. Mice
were divided into three groups (n = 5 mice/group; one animal
per group was kept as a substitution to replace any animal that
died before completion of the study): (1) vehicle control (PBS),
(2) wtOMV, and (3)mOMV (10 and 20 μg). Investigators were not
blinded to the identity of groups. Agents were administered for
four consecutive days through the tail vein. Blood was collected
through the retro-orbital route at two time points (1�3 and
24 h) for monitoring of early and delayed responses. The serum
cytokines, TNF-R, IL-6, and interferon (IFN)-γ were quantified
using the respective ELISA kits (R&D Systems) by analyzing
duplicate readings of each sample (at 450 nm), as per the
manufacturer's instructions.

Statistics. Statistical analyses of data were performed
using the SPSS 18.0 program by applying the nonparametric
Kruskal�Wallis and Mann�Whitney U tests. Results are ex-
pressed as means ( SD, and differences are considered statis-
tically significant for p-values < 0.05.
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