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Abstract

Purpose: Systemic administration of free chemotherapeutic drugs leads to severe toxic effects, and
physiological characteristics of solid tumors restrain the drugs from reaching the hypoxic regions. E.
coli Nissle 1917 (EcN) has been known to penetrate the barrier and proliferate in the interface
between the viable and necrotic regions of tumors. This study aimed to fabricate a nanoscale
minicell via genetic engineering of EcN for targeted delivery of chemotherapeutic drugs to the
hypoxic regions of tumors for cancer therapy.

Methods: A large number of minicells were produced by knocking out the minCD gene and
enhancing the minE expression in EcN. Then, a pH (low) insertion peptide (pHLIP) was displayed on
the membrane surface through protein display technology to endow the cells with the ability to
target the acidic microenvironments of tumors. The acidic-microenvironment targeting ability and
therapeutic effect of the engineered minicells with chemotherapeutic drugs was thoroughly
evaluated by using breast cancer cells and an orthotopic model of breast tumor.

Results: The EcN-derived minicells displaying pHLIP could be directly extracted from the
fermentation broth and used for delivering chemotherapeutic drugs without any further
modification. Targeting of doxorubicin (DOX)-loaded minicells to cancer cells via pHLIP resulted in
rapid internalization and drug release in acidic media. Importantly, the pHLIP-mosaic minicells
successfully invaded the necrotic and hypoxic regions of orthotopic breast cancers where free
chemotherapeutic drugs could never get to because of vascular insufficiency and high interstitial fluid
pressure. This invasion resulted in significant regression of an orthotopic breast tumor in a mouse
model, while no seriously pathogenic effects were observed during the animal experiments.

Conclusions: This study provides a novel strategy for the fabrication of tumor-targeting carriers
via genetic engineering based on biomaterials with the ability to penetrate hypoxic regions of
tumors, high biocompatibility and low toxicity.
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Introduction

Severe toxicity of chemotherapy remains a  fluid pressures of solid tumors restrict the penetration
thorny problem in cancer therapy. In addition, poorly = of chemotherapeutic drugs into the centers of the
vascularized microenvironments and high interstitial ~ injured tissues and greatly reduce the anticancer
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effects of these drugs (1-3). Targeted drug-delivery
systems, such as liposomes (4), nanoparticles (5), and
polymer micelles (6), are being explored to enhance
the anticancer effects of chemotherapeutic drugs. By
passive targeting (enhanced permeability and
retention (EPR)) or active targeting (linking to
tumor-targeting agents), the carriers successfully
increase the accumulation of free chemotherapeutic
drugs in tumors and lower the side effects of these
drugs (7). However, most drug carriers accumulate in
the perivascular regions after leakage from tumor
vasculature, and the released drugs do not reach the
hypoxic regions of the tumor because of the lack of
arteries in the hypoxic regions and high interstitial
fluid pressure (8-10).

Minicells, which are nanosized forms of bacteria,
have been shown to be advantageous as ideal
tumor-targeted drug-delivery systems to transport
chemotherapeutic drugs into tumors (11-13).
Knocking out minCD or overexpressing minE in
bacteria can induce aberrant cell division and produce
a large amount of minicells (14). These nanoscale cells
contain the same cytoplasmic components as their
parent Dbacteria except chromosomal DNA. The
genome deficiency leads to a loss of the proliferation
ability of minicells; however, minicells retain the other
characteristics inherited from their parent bacteria (14,
15). In addition, some minicells have been used for
targeted delivery of chemotherapeutic drugs into
tumors and to inhibit cancer growth (11, 13). For
example, minicells of Salmonella typhimurium (S.
typhimurium) can be produced in large amounts using
a genetically modified strain and can be loaded with
diverse chemotherapeutic drugs without leakage (13).
Drug-loaded minicells modified with antibodies to
receptors on cancer cells can selectively enter tumors
and release anticancer drugs to kill the cancer cells
(11, 12). Importantly, paclitaxel-packaged minicells of
S. typhimurium have achieved success in phase I
clinical trials and did not have any serious toxic
effects during observation (16).

In contrast to S. typhimurium and other bacteria
that colonize in the necrosis, E. coli Nissle 1917 (EcN),
with  higher tumor-targeting ability, mainly
proliferate in the interface between the necrotic and
hypoxic regions of tumors (17-19), guaranteeing that
EcN-loaded drugs can be released into hypoxic
regions in cancer therapy. Additionally, the specific
cell membrane of EcN can directly interact with the
adaptive immune system and reduce inflammation
(20,  21). Moreover,  the  serum-sensitive
lipopolysaccharide (LPS) of the EcN membrane
ensures the quick elimination of the strain from
normal organs (22). Therefore, EcN-derived cells, with
specific immune regulatory effects and the ability to

target hypoxic regions, have potential applicability in
the targeting of chemotherapeutic drugs into the deep
centers of tumors to exert anticancer -effects.
Furthermore, the wuse of ligands against
tumor-associated markers (HER2/EGFR) has been
shown to have additive effects in enhancing the
accumulation of minicells in solid tumors (13, 16).
Acidosis is a typical feature of solid tumors (23).
Using ligands against acidic microenvironments to
mount drug vectors would significantly increase the
targeting ability of drug vectors to most solid tumors
and would enhance the anticancer effects of
chemotherapeutic drugs. A low-pH insertion peptide
(pHLIP)  specifically  targeting  the  acidic
microenvironments of tumors has been employed to
label RNA or nanoparticles to enhance the
accumulation of these molecules in tumors and to
enhance their therapeutic effects (24-27). Using
genetic engineering to display the ligand on the
membrane surfaces of minicells during fermentation
will be much better than non-covalent bond formation
between the antibody and antigen; what’s more, this
method does not require further modification.

Therefore, we fabricated a drug carrier based on
EcN-derived minicells and pHLIP via genetic
engineering for targeted delivery of chemotherapeutic
drugs to the hypoxic regions of tumors. First, the scale
production of minicells from EcN was conducted by
deleting the minCD gene and enhancing the
expression of the minE gene in the bacterial genome
using Red/ET recombination technology. Next, the
pHLIP was displayed on the membrane surfaces of
the minicells using the Lpp-OmpA’ protein display
system for targeting vectors to solid tumors. In
addition, bioluminescence with high signal-to-noise
ratio was co-expressed with the pHLIP and used to
monitor the in vivo distribution of the minicells. The
minicells with the pHLIP could be directly extracted
from the fermentation broth of the strain and used to
load chemotherapeutic  drugs. The results
demonstrated that the pHLIP succeeded in enhancing
the accumulation of DOX-loaded minicells in the
necrotic and hypoxic regions of tumors. This resulted
in significant inhibitory effects of drug-loaded
minicells on the growth of orthotopic breast cancers
without any notable toxicity.

Materials and methods

Minicell preparation from EcN using genetic
engineering

Deletion of the minCD gene and overexpression
of the minE in EcN were carried out using the Red/ET
homologous  recombination  technique.  The
pSC101-BAD-gbaA-tet plasmid was electroporated
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into EcN cells and screened on a tetracycline
(Tet)-containing lysogeny broth (LB) plate to obtain
the positive strain (EcN  harboring the
pSC101-BAD-gbaA-tet plasmid) following the general
protocol. The chloromycetin gene (Cm), with
sequences homologous to the end of the minCD gene,
and the ribosome binding site (RBS) were amplified
from the pSUM plasmid using KTminCD1 and
KTminCD2 as primers. The PCR products were
purified and transferred to EcN cells harboring the
pSC101-BAD-gbaA-tet plasmid by electroporation to
conduct Red/ET homologous recombination (28). The
derived strains were cultured on chloromycetin plates
to obtain the EcN harboring a minCD deletion and
overexpressing minE protein (AEcN). The positive
AEcN strain was verified by sequencing the
corresponding regions of minCD and minE in the
genome using the primers IDCDI1 and IDCD2. The
gene sequence and the primers used in the study are
listed in Supplementary Material (gene sequence and
Table S1).

Construction of the plasmid with the protein
display system and pHLIP

The gene of the Lpp-OmpA’ protein with the
nucleotide sequence of pHLIP was synthesized by
GENEWIZ (Suzhou, China). The synthetic gene was
fused with the Tet promoter by overlapping PCR to
obtain the tet-Lpp-OmpA’-SSG-pHLIP-Histag DNA
fragment using the primers Tet-R, Tet-F, pHLIP-R and
pHLIP-F (Table S1). The derived DNA products and
the pET28a plasmid were digested using the
restriction endonucleases Nco 1 and Hind III,
respectively. Then, the digested DNA fragments were
ligated together to construct the pET28a-tet-Lpp-
OmpA’-pHLIP-Histag plasmid. Next, the ligated
products were transferred into E. coli GB2005 to obtain
the positive strain and amplify the plasmid.
Simultaneously, the LuxCDABE gene was amplified
using the primers Lucl and Luc2 and using the
genome of Photorhabdus luminescens TTO1 as a
template (29). The PCR products of the LuxCDABE
gene cluster, the pET28a-tet-Lpp-OmpA’-pHLIP-
Histag plasmid and the pET28a plasmid were
digested using the restriction endonucleases Xho I and
Not 1, individually. Further, the digested DNA
fragments were ligated by ligase to construct the
plasmids pET28a-tet-Lpp-OmpA’-pHLIP-Histag-
LuxCDABE (abbreviated as pET28a-pHLIP) and
pET28a-LuxCDABE (named as pET28a-Lux). The
plasmids were individually electroporated into BL21
and AEcN for protein expression. Additionally, the
plasmid pUC18-GFP was transferred into AEcN to
observe the budding process of the minicells.

Minicell characterization and purification

The AEcN cells harboring the pUC18-GFP
plasmid were grown at 37 °C in LB medium overnight
and transferred into fresh medium at a 2% (v/v) ratio.
Next, when the ODgy value of the medium reached
1.1, the AEcN cells were collected and washed thrice
with  phosphate-buffered saline (PBS). The
morphology of AEcN and the minicell budding
process were captured using an LSM710 confocal
laser scanning microscope (Carl Zeiss, Germany).
Additionally, the bacteria were washed three times
using sterile water and prepared by following the
general protocol for morphological observation using
an SU8000 field-emission scanning electron
microscope (Hitachi, Japan).

Identification of pHLIP on the membranes of
AEcN cells using Western blot and
immunofluorescence

BL21 and AEcN cells harboring plasmids
pET28a-pHLIP or pET28a-Lux were cultured in LB
medium to mid-logarithmic phase. Then, 0.2 pg/mL
Tet was added to the solution to induce the tet
promoter and  the  expression of  the
Lpp-OmpA-pHLIP-Histag protein. Then, the bacteria
were harvested and lysed using lysis buffer. The
protein content of the supernatant was evaluated
using SDS-PAGE and western blotting following a
general protocol. Briefly, the proteins on the
SDS-PAGE gel were transferred to a polyvinylidene
fluoride (PVDF) membrane and incubated with
anti-6xHis rabbit polyclonal antibody (Sangon
Biotech, Shanghai, China) at 1:1000 dilution at 4 °C
overnight. Further, the PVDF membrane was washed
three times using PBS supplemented with 0.5% (v/v)
Tween 20 (ITPBS) and further incubated with
FITC-conjugated anti-rabbit antibody at a dilution of
1:100 for 1 h at room temperature. After washing
thrice using TPBS, the FITC fluorescence on the
membrane was captured using an imaging system
5200 Multi (Tanon, Shanghai, China). Furthermore,
immunofluorescence was conducted to identify
pHLIP on the cell membranes of the AEcN cells. The
overnight culture of AEcN was transferred to fresh LB
medium at a 2% ratio. Then, 1 mL of the strain was
collected during the exponential growth phase by
centrifugation and washed thrice using ice-cold PBS.
The collected cells were resuspended in PBS
containing 2% bovine serum albumin (BSA) and
incubated for 30 min at room temperature. Then, the
cells were collected, washed thrice using PBS, and
incubated with anti-6xHis rabbit polyclonal antibody
(dilution 1:500) (Sangon Biotech, Shanghai, China) for
1 h on ice. Next, the AEcN cells was washed again
with PBS and incubated with PBS containing 2% BSA

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 6

1693

and FITC-conjugated anti-rabbit antibody (Sangon
Biotech, Shanghai, China) at a dilution of 1:50 for 1 h
at room temperature. The immunofluorescence on the
membrane surfaces of the AEcN cells was captured
using a confocal laser scanning microscope.

Minicell extraction and drug packaging

The minicells were extracted and purified by
gradient centrifugation in 20% sucrose solution. The
AEcN cells harboring the pET28a-pHLIP or
pET28a-Lux plasmids were cultured in 500 mL of LB
medium at 37 °C overnight. The bacteria and minicells
were harvested via centrifugation at 10000 xg for 20
min. The pellets were resuspended in buffered saline
gelatin (BSG) and vortexed for 10 min at maximum
speed. The suspensions were first centrifuged for 10
min at 2000 xg to remove most bacteria, and the
supernatants were collected after centrifugation at
10000 xg for 30 min. The obtained pellets were
resuspended and cultured in LB solution containing
25 mg/L nalidixic acid and 50 pg/mL apramycin
(Sangon Biotech, Shanghai, China) at 37 °C for 1 h to
kill the residual bacteria. The resultant solutions were
centrifuged at 10000 xg for 30 min and washed using
BSG. The obtained minicells were spread on an LB
plate and cultured overnight to detect possible
contamination. Finally, the minicell pellet was
lyophilized in trehalose for long-term storage and
reconstituted in PBS for in wvitro and in wvivo
experiments.

DOX packaging and release assay

The minicells with pHLIP (minicellsPHLIP) were
incubated with 60 pg/mL of DOX (Sangon Biotech,
Shanghai, China) for 0 h to 10 h or with different
concentrations of the drug (50 pg/mL, 100 pg/mL,
150 pg/mL, 200 pg/mL, or 250 ng/mL) for 12 h at 37
°C in a shaking incubator (Eppendorf, Germany). The
minicells were collected and washed three times.
Next, the minicells were lysed by sonication to release
the packaged DOX. The absorbance of the DOX in the
supernatant was recorded at 498 nm using a
Molecular Devices SpectraMax M5 (Molecular
Devices Corporation, USA). Based on a standard
curve, the concentrations of the packaged DOX in the
minicells were calculated. The minicells harboring
pHLIP and DOX (abbreviated as minicellshoy ) were
visualized using confocal laser scanning microscopy.
In addition, the minicellshay" were incubated at 37 °C
for 0 h to 16 h in a shaking incubator at a speed of 800
rpm. At specific time intervals, the minicells were
collected, and the DOX contained in the cells was
analyzed as in the above-mentioned packaging assay.

Targeted uptake of DOX and minicells by
cancer cells

MCE-7 human breast cancer cells and 411 mouse
breast cancer cells were purchased from the American
Type Culture Collection (ATCC). Cells were cultured
in RPMI 1640 (Gibco) medium supplemented with
L-glutamine, 10% heat-inactivated fetal bovine serum
(Gibco), 100 U/mL penicillin and 100 pg/mL
streptomycin at 37 °C in a humidified incubator with
a 5% CO, atmosphere. The 4T1 and MCEF-7 cells were
seeded on glass coverslips overnight under cell
culture conditions. Then, the media were replaced
with pre-warmed media at pH 6.5 or 7.4 containing
10° DOX-packaged minicells (named minicellsyox) or
minicellstey”, and the cells were further cultured for 2
h. After treatment, the coverslips were washed with
PBS three times, fixed in 4% paraformaldehyde for 15
min, and washed three times with PBS again. Next,
the cells were stained with one drop of mounting
medium containing DAPI Hoechst (0.5 pg/mL) to
counter stain the nuclei. Images of cellular uptake and
distribution of DOX in the cancer cells were captured
using an inverted confocal laser scanning microscope.
Furthermore, the 4T1 cells were seeded in a 96-well
plate and cultured overnight. Then, the media was
replaced with 100 pL of media at different pH values
(pH 6.5 or 7.4) containing 10° minicells nox and
minicellspox’ per milliliter and incubated for 2 h. The
cells were washed with PBS three times, and the
bioluminescence of the cells was recorded and
analyzed using an IVIS Spectrum system.

Flow cytometry analysis and
immunofluorescence detection of minicellshox
internalization by cancer cells

The 4T1 cells in the exponential growth phase
were seeded in a six-well plate. After 24 h, the
medium was replaced with fresh medium of different
pH values (pH 7.4 or 6.5) containing PBS, minicellspox
(109/mL), minicellshos’ (109/mL) or 6.95 pg/mL DOX.
After 2 h of incubation, the cells were harvested and
resuspended in 500 pL of PBS. The fluorescence of
DOX in the cells was recorded and analyzed by flow
cytometry (CytoFLEX, Beckman Coulter, USA).
Simultaneously, the cancer cells were seeded on a
coverslip in a 12-well plate. After incubation
overnight, the medium was replaced with minicells
(10°/mL) or minicellsPHLP (10°/mL), and the cells
were incubated for 2 h. Next, the cells were fixed in
4% paraformaldehyde and permeabilized using 0.1%
Triton X-100. After washing thrice with PBS, 2% BSA
was added into the wells to block non-specific
antigens on the cancer cells. Then, the cells were
incubated with anti-6xHis rabbit polyclonal antibody
(dilution 1:500) at 4 °C for 12 h. After washing thrice
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using PBS, the cells were further incubated with the
fluorescein (FITC)-conjugated anti-rabbit antibody
(Sangon Biotech, Shanghai, China) at a dilution of 1:50
for 1 h at room temperature. Next, fresh medium
containing 3 uM DilC3(3) was added to the wells, and
the cells were incubated at 37 °C for 15 min. The
excess DilCis(3) was removed from the cells using
warmed PBS, and a small drop of mounting media
(glycerol antifade) containing DAPI was placed on the
coverslip. Images of the distribution of minicellspHMP
in the cells was captured using an inverted confocal
laser scanning microscope (LSM 710, Carl Zeiss,
Germany).

Cytotoxicity of minicellsiox against breast

cancer cells

The 4T1 and MCF-7 breast cancer cells were
seeded in a 96-well plate and cultured in a cell
incubator overnight. Next, the culture media of the
cells was replaced with fresh media of different pH
values (pH 7.4 or 6.5) containing PBS, DOX, minicells,
minicellsPHLIP,  minicellspox or minicells 5oy . The
concentrations of DOX used were 0.5 pg/mL, 1.5
pg/mL, 3.0 pg/mL, 5.0 pg/mL, 7.0 pg/mL or 9.0
pg/mL. Given that the 10° minicellspox/ minicellsboy
contain 6.95 pg of DOX, different numbers of
minicells were added to the wells for the cytotoxicity
assay. After 24 h of incubation, the media was
removed and the cells were washed using PBS.
One-hundred microliters of fresh media and 10 pL of
cell counting kit-8 (Dojido, Japan) were added to each
well of the 96-well plate and incubated for 1.5 hin a
cell incubator. The absorbance of each well of the
plate was recorded at 450 nm using a Molecular

Devices SpectraMax M5.

In vivo distribution and antitumor effects of

minicellsiax

All  animal experiments were performed
following the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and the
experiments were approved by the Animals Ethics
Committee of Hunan Normal University.
Specific-pathogen-free (SPF) female BALB/C mice
aged 6 to 8 weeks were purchased from the Hunan
Tiangin biological company in Hunan Province,
China. The animals were bred and maintained under
SPF conditions for at least 3 days before use. The
orthotopic breast tumors in the fourth mammary pads
of the mice were established with 1 x 1054T1 breast
cancer cells in 30 pL of PBS. The tumor-targeting
ability and antitumor effects of minicellshs’ were
evaluated when the volumes of the 4T1 tumors grew
to ~200 cm?2. The tumor-bearing mice (each group had
three mice) were intravenously (i.v.) injected with 100

puL of 1 x 101 minicellspox or minicellsba: . The
bioluminescence signals from the mice were imaged
at 0,1, 2, 3 and 6 h using an IVIS Spectrum system to
evaluate the distribution of minicellsay’ in the mice.
Simultaneously, the mice with orthotopically
implanted 4T1 breast tumors (each group contained
eight mice) were i.v.-injected with 100 uL of PBS, 100
uL of 695 pg/mL DOX or 1 x 10" of various minicells
(minicells, minicellsPHLP, minicellspox and minicells
Pox ) at 0,7, 14 and 21 days. The 1 x 100 minicellspox
and minicellshoy” both contain 69.5 pug of DOX. Tumor
volumes were recorded every three days using
vernier calipers. At 3 h and day 25 after the first
treatment, mice (n = 3) were sacrificed and the tumors
were fixed in 4% paraformaldehyde overnight. Then,
the tumor tissues were processed by hematoxylin and
eosin (H&E) staining and immunohistochemistry. The
sections were observed and recorded under an optical
microscope (Olympus). Simultaneously, the healthy
BALB/c mice were systemically administered 2 x 106
CFU (colony -forming units) of EcN to determine the
in vivo distribution of the bacteria at 1 hand 3 h.

Toxicity

Toxicity of the engineered drug-vector in healthy
BALB/c mice (n = 10) was evaluated by weekly i.v.
administration of 1 x 1019 minicellsPHLP. Body weight
was recorded every 2 days for 30 days. Finally, the
mice were sacrificed by cervical dislocation, and the
livers, spleens and kidneys were excised and fixed in
4% paraformaldehyde overnight and then stained for
tissue analysis using a standard H&E procedure.

Statistical analysis

Statistical significance for all the experiments
was determined by using Student’s t-test. If the
p-value was below 0.05, the differences between the
experimental groups were considered significant.

Results

Construction of the minicellsPHLIP for targeted
delivery of chemotherapeutic drugs to hypoxic
regions of solid tumors

Deletion of the minCD gene and enhanced
expression of the minE gene from the genome of EcN
results in aberrant cell division and yields scores of
minicells that lack chromosomal DNA (Figure 1). The
genetically modified EcN cells were further
transformed with the plasmid, which mainly included
the Lpp-OmpA’ protein display system, DNA
fragments of pHLIP, and the LuxCDABE gene cluster.
The Lpp-OmpA’ protein display system, consisting of
the first nine amino acids of the major E. coli
lipoprotein and the transmembrane domain of OmpA
(46-159), can efficiently anchor pHLIP to the
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membrane surfaces of the EcN-derived minicells (30).
Simultaneously, LuxCDABE gene cluster was
introduced to the minicells and used to trace their
internalization and in wvivo distribution (31). The
engineered minicells displaying pHLIP can be
unidirectionally loaded with chemotherapeutic drugs
(DOX). The pHLIP could greatly increase the
accumulation of the minicells in solid tumors. Taking
advantage of the ability of EcN to penetrate into
hypoxic regions, systemic administration of the
engineered minicells could lead to invasion of the
hypoxic regions of solid tumors by the minicells to
release DOX and kill the cancer cells.

Display of pHLIP on the membrane surface of
minicells

To obtain a large quantity of minicells from EcN,
the minCD gene was deleted from the bacteria, while
an RBS was introduced in front of the transcriptional
start site of the minE gene using Red/ET homologous
recombination technology (Figure 2A). The genome
modification in EcN resulted in polar cell division and
led to the production of a large number of
achromosomal minicells (Figure 2B and C). The
genetically modified strain was named AEcN. Using a
differential interference contrast microscope (DIC), it

Deletion of minCD and

Enhanced expressio
of minE /”
Parental cell
;’ g““‘ﬁ*—:&“

E.coli Nissle 1917

Minicell

Plasmid DNA
Transfection
and Minicell
Extraction

was difficult to distinguish minicells from their parent
EcN cells (Figure 2B). Scanning electron microscopy
clearly showed the minicells budding from their
parent cells (Figure 2B). Additionally, transformation
of the cells with plasmids containing the green
fluorescent protein (GFP) gene greatly favored the
detection of minicells (red arrow) and the detection of
the budding process of minicells from their parent
cells (Figure 2C). The results indicated that deletion of
minCD and overexpression of minE in EcN could
induce disordered cell division in the bacteria, leading
to the production of a large quantity of minicells from
this strain.

Minicells tagged with the antibody against the
antigen on the receptors of cancer cells showed high
tumor-targeting ability (16). Therefore, pHLIP, which
has the ability to target the acidic microenvironments
of tumors, was displayed on the EcN-derived
minicells to enhance the accumulation of the minicells
in tumors. The minicells with pHLIP and
bioluminescence were constructed by electroporation
of the pET28a-pHLIP plasmid into cells, while cells
harboring the pET28a-Lux plasmid were used as the
control group (Figure 3A). BL21, as the typical strain
for protein expression, was used as a positive control
in the experiment. The bacteria obtained from the

B

DOX Loading |

L

' Q@

,/Necrosis

Immunocyte

Figure 1. Schematic illustration depicting the construction of the minicellsPHLUP for targeted delivery of chemotherapeutic drugs into the hypoxic regions of solid

tumors to kill cancer cells.
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transformation were named AEcN-pHLIP and
AEcN-Lux. Similarly, the BL21 cells with the plasmids
were individually designated BL21-pHLIP and
BL21-Lux. The successful expression of the soluble
Lpp-OmpA’-pHLIP-Histag protein in AEcN-pHLIP
was confirmed by SDS-PAGE (red arrow) (Figure 3B)
and western blotting (Figure 3C), while the control
group (AEcN-Lux) did not show the presence of the
indicated band (22 kDa). To exclude the possibility
that the protein was only expressed in the cytoplasm,
immunofluorescence was used to detect the presence
of pHLIP on the membrane surface of AEcN. In
contrast to the control group, the AEcN-pHLIP group
clearly exhibited green fluorescence (Figure 3D). The
intact membranes of the live strains would block the
diffusion of the fluorescent antibody into the cells,
which was confirmed by using the AEcN-Lux cells
that did not express pHLIP (Figure 3D). The results
demonstrated the successful display of pHLIP on the
membrane surface of the AEcN-pHLIP strain. This
result indicated that a potential tumor-targeting drug
cargo was successfully constructed through genetic
engineering and could be produced on a large scale by
simple biological fermentation at very low cost.
Considering the high biocompatibility of EcN and the
tumor-targeting ability of pHLIP, the engineered
minicells could be directly wused to deliver
chemotherapeutic drugs for cancer therapy without
the need for the LPS purge.

A

Genome —TTEIN). 0 JNNECT)—

RED/ET
Recombination

Plasmid

Figure 2. Construction of minicellsPHLP by gene knockout. (A) Modification of
the EcN genome using Red/ET recombination technology (cm: chloromycetin;
RBS: ribosomal binding site). (B) Morphology of AEcN-derived minicells (red
arrow) as observed using optical microscopy by DIC and by field-emission
scanning electron microscopy (red circle). (C) Observation of the budding of
the minicell from the parent AEcN (red arrows) as seen using fluorescence
microscopy.

Doxorubicin packaging and release assay

The anucleate minicellsPH!P produced by the
AEcN strain can be extracted and purified directly
from the fermentation broth. Gradient density
centrifugation was first used to remove most of the
bacteria, and the residual cells were further removed
using the antibiotics nalidixic acid and apramycin.
The antibiotics exert their cytotoxic effects against
bacteria mainly by inhibiting the synthesis of DNA
and ribonucleoproteins (32). Therefore, the membrane
integrity and the components of the minicells would
not be affected by the antibiotics. Fluorescence
microscopy revealed that the morphologies of the
purified minicells appear to be intact and uniform
(Figure 4A). The drug-loading capacity of the
AEcN-derived minicells was evaluated by incubation
with various concentrations of DOX for different
lengths of time. The minicellsPHP were first incubated
with 60 ug/mL of DOX for 0 h to 10 h. Figure 4B
revealed that the packaged DOX in the minicells
reached a maximum concentration (2.93 + 0.45 pg per
1 x 10° minicellsPHLIP) after 4 h of incubation, and the
concentration did not increase any further over time,
even after 10 h. What's more, the DOX content of the
minicells also increased with the rise of drug
concentrations. After incubation with 200 and 250
pg/mL of DOX, the packaged drugs in the
minicellsPHUP reached concentrations of 6.95 £ 0.18 pg
and 7.15 + 0.24 pg per 10° minicellsPHMP, respectively
(Figure 4C). This observation indicated that the
amount of DOX in the minicellsPHM? almost reached a
plateau after attaining a concentration of 200 pg/mL.
Moreover, the leakage of DOX during transport is
another key factor that should be carefully evaluated.
Interestingly, the amounts of DOX packaged in the
minicells appeared to be unchanged even after 16 h of
incubation (Figure 4D). This indicated that DOX
efflux did not occur after packaging into minicells
under the experimental conditions. In other words,
the minicells would not release the DOX until the
minicells broke, which is beneficial for lowering the in
vivo toxicity of chemotherapeutic drugs. Furthermore,
confocal laser imaging clearly shows the minicellspHLIP
loaded with DOX. The minicells were saturated with
DOX against a clear background, indicating the
membrane integrity of the cells after 12 h of
incubation at 37 °C (Figure 4E). The unidirectionally-
loaded DOX in the minicells guaranteed that there
was no DOX released during blood circulation.
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Figure 3. Plasmid construction and detection of pHLIP on the membrane surface of AEcN-pHLIP. (A) Diagram of the pET28a-LuxCDABE (pET28a-Lux) and
pET28a-tet-Lpp-OmpA’-pHLIP-Histag-LuxCDABE (pET28a-pHLIP) plasmids. (B) Detection of pHLIP in the supernatant of AEcN containing the plasmid
pET28a-pHLIP or pET28a-Lux using SDS-PAGE. (C) Detection of pHLIP in the supernatant of AEcN /BL21 with the plasmid pET28a-pHLIP or pET28a-Lux by western
blotting. (D) Identification of pHLIP on the membrane surface of AEcN with the different plasmids (pET28a-pHLIP or pET28a-Lux) using immunofluorescence. These

results are representative of 3 independent experiments.

MinicellspHLIP selectively target cancer cells in
an acidic microenvironment

The pHLIP-mediated targeting of liposome or
nanoparticles to acidic microenvironments of tumors
has been well established (26, 27, 33). To determine
whether  pHLIP  could enhance  minicell
internalization by cancer cells in acidic environments,
the minicells 5% and the minicellspox were each
incubated with 4T1 breast cancer cells in media of
different pH values (pH 6.5 or 7.4). The cellular
uptake and intracellular distribution of DOX was
visualized using confocal laser scanning microscopy.
Figure 5A clearly shows that the 4T1 cancer cells
display almost the same fluorescence intensity (red

color) after 2 h of incubation with the minicellshdy"

and minicellspox in the pH 7.4 medium, and the
fluorescence signals were very weak. Because drug
release only occurs when the minicellsby” and
minicells,ox are engulfed and digested by the cancer
cells, the fluorescence intensity can be considered to
be proportional to the number of minicells. This
indicated that minicellsby" could not selectively
target cancer cells in the pH 7.4 medium. However,
minicellshoy’ -treated 4T1 cells showed much stronger
fluorescence than the minicellspox-treated group in the
pH 6.5 medium (Figure 5B). Considering that the
fluorescence intensity is proportional to the
absorption of minicells, a much higher number of

minicellshoy’ was taken up by the cancer cells in the
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low-pH medium. However, the minicell ,ox-treated
group did not exhibit the selective targeting ability
(Figure 5B). This indicated that it was due to pHLIP
that the minicellsfox’ could selectively enter 4T1
cancer cells in the acidic solution. A certain difference
between the fluorescence intensities of cells incubated
with minicellspox and those incubated with minicells
box. is also detectable in MCF-7 in the pH 7.4 medium;
however, the difference is lower than that observed in
the pH 6.5 solution (Figure S1). Figure 5 also
demonstrated that the DOX (red) released from the
minicells was mainly localized in the nucleus of the
cancer cells. DOX prefers to enter the nucleus because
the drug has a specific ability to stimulate
peroxidation of the nuclear membrane. There, they

exhibit cytotoxic effects through DNA interaction,

A B

SV w =

DOX (ng)
in 1x10% minicells

[y

(=]

lipid peroxidation and inhibition of topoisomerase 1I
(34).

The ability of the minicellshox to target the acidic
microenvironment of cancer cells was further

evaluated using the IVIS Spectrum system. The
minicells inherit the cytoplasmic components of the
bacteria except the chromosomal DNA, indicating
that the minicells possess the same bioluminescence
as their parent cells. Indeed, the minicells displayed a
strong bioluminescence signal (Figure S2), which
greatly assisted in the quantification of minicells
internalized by cancer cells in media of different pH
values. As shown in Figure 6A, a significant
difference in bioluminescence between the minicells
ox- and minicellshyy” -treated cells is recordable at pH
74 and at pH 6.5. However, the cancer cells in the
minicellshoy  -treated group (11.56
1 0.92 photos s-! cm-2 sr1) exhibited
almost  three  times  higher
bioluminescence intensity than the
cancer cells in the minicell pox
-treated group (4.05 = 0.34 photos
s1 cm2 sr!) in the pH 6.5 medium
(Figure 6B), which is in line with
the findings from confocal laser
scanning microscopy. To
determine whether the DOX
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of the chemotherapeutic drugs in
the cells. After 2 h of incubation in
the pH 74 solution, the
fluorescence intensity of the
minicells boy’ -treated group was
almost the same as that of the
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Figure 4. DOX packaging and release assay. (A) Purified minicells visualized by fluorescence microscopy. (B)
Drug-loading capacity of the minicellsPHUP after incubation with DOX for different lengths of time. (C)
Drug-loading capacity of the minicellspHLIP incubated with different concentrations of DOX for 12 h. (D)
in buffered saline gelatin (BSG) from 0 h to 16 h. (E) Detection of minicells
by confocal laser scanning microscopy. The results are expressed as the mean * SD of 3 independent

DOX efflux from the minicellsisx
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experiments.
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minicellspox-treated group and two
times lower than that of the
DOX-treated group (Figure 6C).
However, there was a sharp
four-fold  increase  in  the
fluorescence intensity of the
minicellshyy” -treated group in the
pH 65 medium, while the
fluorescence intensity of the DOX-
and minicellspox-treated groups
did not change significantly
(Figure 6D). Moreover, the
minicellshy' -treated cells exhibited
a 1.5-fold higher fluorescence
intensity than the DOX-treated
group in the low pH solutions
(Figure 6D). The results further
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confirmed that low pH values can efficiently drive the

entry of minicellshy into cancer cells, which is
potentially useful for targeting acidic

microenvironments of tumors in vivo for anticancer
studies.

Cellular localization of minicellsPHLIP and

selective cytotoxicity of minicellsiox in vitro

The IVIS Spectrum system detected the presence
of minicells in the cancer cells by measuring the
bioluminescence signal. The cellular localization of
minicellsPHUP in the 4T1 cancer cells was identified by
immunofluorescence. As shown in Figure 7A, the cells
incubated with minicellsPHMP clearly exhibited green
fluorescence  (His-Tag antibody), while the
minicell-treated group showed only red fluorescence
(Dil for membrane staining) except for the DAPI

A

Mlmcells

ini pHLIP
Mlnlcellsmx

W

Mlnlcellsnox

pHLIP
DOX

Minicells

pHLIP

Figure 5. Confocal imaging of minicellsoox and minicellsiox internalization by 4T1 cancer cells in pH 7.4 (A)
and pH 6.5 media (B). These results are representative of 3 independent experiments with similar results.
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fluorescence. This was observed because the green
fluorescent protein-labeled antibody can indirectly
bind to the six-His tag at the C-terminal of the pHLIP
peptide, which is displayed on the cell membranes of
minicellsPHLIP Although the green fluorescence was
localized in the cytoplasm and nuclei of the cancer
cells (Figure 7A), the nanocells have too large a
volume to be able to penetrate the nuclear pore.
Therefore, we can infer that the minicells localize in
the cytoplasm, and the presence of green fluorescence
in the nucleus should be due to the preference of the
six-His-tag peptides from the degradation of
minicellsPHMP in the cytoplasm to accumulate in the
nucleus. DOX released from degradation of
minicellsPHUP in the cytoplasm enter the nucleus to
exhibit cytotoxic effects.

Furthermore, mouse 4T1
breast cancer cells and human
MCE-7 breast cancer cells were
used to evaluate the in wvitro
cytotoxic effects of the engineered
minicells. In agreement with the
results  obtained from  the
tumor-targeting assay in acidic
microenvironments, the minicells
PP and minicellspox showed no
significant differences in
cytotoxicity to both the mouse and
human breast cancer cells in
neutral medium. The cell viability
of the 4T1 and MCF-7 breast cancer
cells treated with minicellsbay or
minicellspox was more than 70% in
the pH 7.4 medium (Figure 7B).
However, in the acidic
microenvironment (pH 6.5
medium), minicellsho: —exhibited
higher cytotoxicity than minicells
pox against the 4T1 and MCEF-7
cells. For example, the cell viability
of the 4T1 cells was only 40.04%
after 24 h of treatment with the
minicells 5oy at the maximum
concentration of DOX; the cell
viability was much lower than that
observed for the minicell oy -treated
group (73.42%). In addition, the
cytotoxicity of minicellshoy against
the 4T1 cancer cells was also
significantly higher than that of
free DOX in the pH 6.5 medium.
Additionally, the cell viability of
MCE-7 cells in the minicells®ay"
-treated group was only 45.56%,
while that of the cells in the
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minicellspox-treated group reached 75.45% in the pH
6.5 medium (Figure 7B). In contrast, the two groups
did not exhibit any significant difference in MCF-7
cell viability under the pH 7.4 condition. Moreover,
the cell viability of the 4T1 and MCEF-7 cancer cells in
the DOX-treated group in the pH 6.5 medium and the
pH 7.4 medium was not significantly different.
pHLIP

Moreover, the minicellsfox exhibited higher cytotoxic
effects than DOX in the pH 6.5 medium. This

demonstrated that the minicells boy’  not only
selectively =~ target cancer cells in  acidic

microenvironments but also kill the cells by releasing
DOX.

MinicellspHLIP-.mediated DOX delivery to

orthotopic 4T1 breast cancer in vivo

To verify the targeting ability of minicellspoy' to

tumors in vivo, immunocompetent BALB/c mice with
orthotopic 4T1 breast cancers were i.v. injected with
minicells 55" and minicells pox . Owing to the
bioluminescence of the minicells, the in wvivo
distribution of the minicells could be imaged using
the IVIS Spectrum system at defined time points. As
shown in Figure 8A, minicellshox’ and minicellspox
could rapidly enter tumors, but most minicells were
retarded in the liver region of mice 1 h after iv.
administration. Over an extended period of time, the
fluorescence intensity in the tumors clearly increased
and peaked at 3 h after treatment; however, the
fluorescence in the liver region rapidly vanished at2 h
(Figure 8A). Although there were no significant
differences among the mice in the same group, the
average fluorescence intensity of the minicellshox
-treated group was two times higher than that of the
minicellpox-treated group in the experiments at 2 h
and 3 h after treatment (Figure 8B). This finding
indicated that the minicells with pHLIP have higher
tumor-targeting abilities than the minicells without
the peptide. The accumulation of minicellspoy in
cancers provides a solid platform on which to release
DOX to kill cancer cells. The disappearance of
minicells in the liver 1 h after treatment was most
likely a result of clearance by the immune system.
This phenomenon was also observed in the healthy
BALB/c mice treated with live EcN. The
bioluminescence signals peaked in the liver region at
1 h and quickly disappeared at 3 h after EcN
treatment (Figure S3). Furthermore, the fluorescence
disappeared in all the tested mice at 6 h after the
minicells were iv. injected (data not shown). This
phenomenon probably occurred because the minicells
were rapidly digested in tumors by various enzymes
and engulfed by certain types of immune cells.

The therapeutic effects of minicellshy against
cancers were evaluated using BALB/c mice with

orthotopic 4T1 breast cancers. The tumor-bearing
mice were treated by weekly i.v. administration of

PBS, minicellsPHLIP, DOX, minicellspox or minicellshoy.

for 25 days. As shown in Figure 8C, the minicellshox ,
minicells,ox and DOX showed significant inhibitory
effects on the growth of 4T1 tumors compared with
PBS- and minicells-treated groups. And, the minicells
Sox exhibited the best antitumor effects among the
groups. At sacrifice, the average tumor volume of the
minicellshoy’ -treated group (494 mm?) corresponded
to 42% of the PBS group and a 53% size reduction of
the DOX group. Interestingly, the minicellspox (726
mm?®) displayed higher anticancer effects than free
DOX (919 mm?). This should be due to the EPR effects,
by which the minicellspox can retain longer in the
solid tumors than the free chemotherapeutic drug.
The cumulative DOX in the solid tumors from the
minicellspox group will be higher than the free DOX
group, resulting in the significant difference of tumor
regression. Moreover, the PBS group exhibited no
significant differences than the minicells-treated
group in terms of tumor regression. Previous studies
have shown that live bacteria can restrain tumor
growth by scrambling nutrients and stimulating
immune response (18, 35). In this study, the minicells,
which have no proliferation ability, could not inhibit
the growth of 4T1 breast cancers without the help of
DOX.

Histological examination of tumors was carried
out at the end of the animal experiments. The tumor
tissue revealed conspicuous necrotic extension in the
minicellsby" -treated groups while the DOX- and
minicellspox-treated groups showed a slight increase
compared with the PBS- and minicells-treated groups
(Figure 8D). Because of the lack of propagation, the
minicells could not behave like their parent EcN cells,
which could significantly extend the necrotic region.
In this study, the amplification of necrosis in the
tumors induced by the engineered minicells resulted
from the cytotoxic effects of the DOX loaded in the
minicells. Immunohistochemistry further revealed the
distribution of the minicells in the tumor tissues.
Figure 8E shows that the minicells with pHLIP
appeared in the interfaces between necrotic and
hypoxic regions and infiltrated into viable cancer
cells. This distinguishing feature corresponds with the
parent EcN that we described previously (18, 19).
Generally, chemotherapeutic drugs cannot access the
hypoxic regions because of the considerable amount
of hindrance to interstitial transport in solid tumors
(3, 36). In this study, the EcN-derived minicellspHLIP
with DOX successfully invade the necrotic and
hypoxic regions, similar to their parent EcN cells,
guaranteeing that the loaded chemotherapeutic drugs
could be released into the hypoxic regions of tumors.
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and minicellsyox in solutions of different pH values. (A) Identification of minicellsjox

in 4T1 cells using immunofluorescence after incubation with 4T1 cells for 2 h in the pH 6.5 medium; minicells were used as the control group. (B) Inhibitory effects

of minicellspox and minicellsisx

on the growth of 4T 1 and MCF-7 cells in the pH 6.5 (hollow shape) and pH 7.4 media (solid shape) after incubation for 24 h. The results

are expressed as the mean * SD of 3 independent experiments (*P < 0.05, **P < 0.01 in paired t-test).

The biosafety of the minicellsPHMP  was
preliminarily evaluated by measuring the weight loss
of the mice and by pathological tissue analysis. The
body weights of the BALB/c mice were recorded
every 2 days during the treatment. The weekly i.v.
administration of the minicellsPHMP did not affect the
body weights of the mice or key organs compared
with  PBS  (Figure S4A and B). The
minicellsPHMP-treated  mice  behaved like the
PBS-treated group, and no death occurred during the
experiments. Also, no serious anaphylactic activity
was found except for nose scratching during the first
hour after minicellsPHMP administration. Additionally,
histological analysis revealed that the key metabolic
organ (liver), the vital immune organ (spleen) and the
main organ of drug excretion (kidney) displayed no
distinct difference between the minicellsPHMP-treated
group and the PBS-treated group, as seen by the H&E
staining assay (Figure S4C). The results demonstrated
that the EcN-derived minicellsPHLP was not noticeably
toxic to the mice.

Discussion

Because of physiological characteristics of solid

tumors, most anticancer drugs, including free drugs
and nanoparticles, cannot reach the hypoxic regions
of solid tumors. In this study, we fabricated a
tumor-targeting minicell via genetic engineering
based on the probiotics EcN and pHLIP for targeted
delivery of chemotherapeutic drugs to the hypoxic
regions of solid tumors. Knocking out minCD and
overexpression of minE in EcN resulted in the scalable
production of minicells. Using the Lpp-OmpA’
protein display system, pHLIP, with an ability to
target acidic microenvironments, was successfully
anchored to the membrane surfaces of the minicells.
The minicellsPHMP could be produced at a very low
cost via biological fermentation and used for drug
delivery without any additional modification. Based
on the acidic characteristics of solid tumors, pHLIP
could efficiently enhance the internalization of
minicells by cancer cells. Both the in vitro and in vivo
experiments demonstrated that the DOX-loaded
minicellsPHUP  could selectively target the acidic
microenvironments of tumors and invade the hypoxic
regions of solid tumors to kill the cancer cells by
releasing the drug; no serious pathogenic toxicity was
observed during the animal experiments.
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Zox in tumor tissues by immunohistochemistry (400%). At 3 h after i.v. administration of PBS, minicellspHLP, DOX, minicellsoox or minicellsisy, the tumors were fixed

in 4% paraformaldehyde for immunohistochemistry. Each group contains 3 mice. The images are representative of 3 similar results, and the results of the bar and line
charts are expressed as the mean + SD of 3 independent experiments (*P < 0.05 in paired t-test).
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Our previous studies had revealed that the  However, the EcN-derived minicells with
minicell parent strain, EcN, displayed high serum-sensitive  characteristics and  immune

tumor-targeting ability and anticancer effects by
expressing anticancer proteins (17, 18). However, the
live bacterium has too great of an infection risk to be
used in cancer therapy. In contrast, the EcN-derived
minicells, which lack the ability to proliferate, inherit
all the characteristics of their parent strain and can act
as tumor-targeting drug vectors for cancer therapy.
Therefore, we innovatively use a protein display
system to exhibit the acid-targeting ligand pHLIP on
the membrane surfaces of EcN-derived minicells to
construct a tumor-targeting drug carrier for
delivering drugs into the hypoxic regions of tumors.
The peptide pHLIP, consisting of 37 amino acids, can
form an inducible transmembrane a-helix under
acidic conditions and can translocate nanoparticles
into cells via a non-endocytic route (37). The typical
acidity of solid tumors provides a low-pH
environment for pHLIP to efficiently translocate
exogenous substances into cancer cells. This response
of pHLIP to acidic environments could greatly
increase the accumulation of liposomes, RNA and
other nanoparticles in solid tumors (25-27). In this
study, minicells with pHLIP also displayed higher
tumor-targeting abilities than the minicells without
the peptide. Additionally, the minicellsPHLIP
successfully invaded the hypoxic regions in spite of
the poorly vascularized microenvironment and high
interstitial fluid pressure of solid tumors. This model
provides an example of the potential application of
bacteria-derived minicells and numerous ligands
against tumor-associated markers, such as pHLIP, for
tumor-targeted therapy. Moreover, the integration of
the LuxCDABE gene cluster into the minicells makes it
possible to detect the in vivo distribution of the
nanocells after i.v. administration in real-time. This
method is also very wuseful for recording the
metabolism kinetics of the EcN-derived minicells and
for evaluating the potential toxicity of the minicells.
To date, the S. typhimurium-derived minicells
with an EGFR antibody has achieved great success in
phase I clinical trials (16). In contrast to S. typhimurium
and other bacteria, EcN displays high tumor-targeting
ability and the specific ability to colonize in the
interface between the necrotic and hypoxic regions
(17, 18). Recent reports have focused on the
application of the minicells derived from S&.
typhimurium to carry chemotherapeutic drugs for
cancer therapy (13, 16). To construct a tumor-targeting
minicell of S. typhimurium with low immunogenicity,
the LPS must be removed to reduce inflammation: the
tumor-targeting antibodies were mounted on the
membrane surface through weak noncovalent
interactions after minicell extraction (11, 13).

regulatory function ensures that they will be rapidly
purged from normal organs and they induce low
levels of inflammation (22, 38). Moreover, a protein
display system was creatively used to securely anchor
the tumor-targeting ligand to the membrane surfaces
of minicells during the cell production. The results
confirmed that the engineered minicells extracted
from the fermentation broth could be directly used to
deliver chemotherapeutic drugs, being free from the
requirement of LPS purging, and that the minicells
could successfully penetrate into the hypoxic regions
of tumors by linking the minicells to tumor-targeting
ligands. Considering the specific penetration ability of
the minicells into the centers of tumors, the
mechanisms underlying the activity and drug-loading
capacity for other chemotherapeutic drugs will be
further investigated in the near future.

In summary, we provide a novel strategy to
prepare  nanoscale biological carriers  with
tumor-targeting abilities, tumor penetrability, low
toxicity and biodegradability at low cost using genetic
engineering and Dbiological fermentation. The
minicells could be modified with most ligands of
tumor-associated markers and formed
tumor-targeting vectors. Alternatively, the strategy
has the potential to be applied in other species, such
as yeasts or microvesicles of human cells, to screen for
ideal = vectors  for  targeted  delivery  of
chemotherapeutic drugs to hypoxic regions for cancer
therapy.
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