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bstract

Recent events surrounding emerging infectious diseases, bioterrorism and increasing multidrug antibiotic resistance in bacteria have
rastically increased current needs for effective vaccines. Many years of study have shown that live, attenuated pathogens are often more
ffective at delivering heterologous protein or DNA to induce protective immune responses. However, these vaccine carriers have inherent
afety concerns that have limited their development and their use in many patient populations. Studies using nonliving delivery mechanisms
ave shown that providing both protein antigen and DNA encoding the antigen to an individual induces an improved, more protective immune

esponse but rarely, if ever, are both delivered simultaneously. Here, non-replicating bacterial minicells derived from a commensal E. coli strain
re shown to effectively induce antigen-specific immune responses after simultaneous protein and DNA delivery. These data demonstrate the
otential use of achromosomal bacterial minicells as a vaccine carrier.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The growing concern about the realities of multidrug resis-
ant pathogenic strains of bacteria and the alarming rate of
merging infectious diseases such as SARS (Severe Acute
espiratory Syndrome) virus, Lyme disease, and the avian flu
irus strain H5N1 have stimulated the scientific community to
iscover novel vaccines and vaccine carriers. The recent use

f Bacillus anthracis (anthrax) as an agent of bioterrorism in
he United States has also helped in accelerating the national
nterest in vaccine development [1,2]. While the discovery of
rotective antigens remains a critical tool in vaccine develop-
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ent, research efforts on the design and testing of different
elivery mechanisms, vaccine formulations, and overall effi-
acy are also needed. In studying these aspects of vaccine
evelopment, it has become increasingly clear that, while the
nduction of humoral immunity via parenteral administration
s in some cases sufficient for protection, the best route of vac-
ine administration is via mucosal surfaces, especially for
rotection against organisms that use these surfaces as sites
f entry. Efficient delivery is a concern with this approach;
owever, studies utilizing genetically engineered attenuated
athogenic bacteria or viruses as vaccine carriers have shown
romise in a multitude of different infection and tumor mod-
ls [3–5]. Although these carriers have demonstrated efficacy
n animal models, administration to humans has been limited
ecause of safety concerns ranging from the generation of

dverse inflammatory responses, the threat of reversion to a
athogenic state as a result of horizontal gene transfer, and in
ausing cancer as has been demonstrated in the case of viral
ectors [6–10].
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One potential strategy for the development of a non-
iving, non-attenuated vaccine carrier is the use of bacterial

inicells. Bacterial minicells are small, non-dividing, achro-
osomal (100–400 nm) vesicles that are produced by most

acterial species as a result of premature septation. Studies
ocusing on the properties of E. coli minicells have shown
hat minicells can be engineered to package plasmid DNA,
ecombinant proteins, or both [11–13]. On a biochemical
evel, minicells have been shown to be metabolically active
n that they can actively transport metabolites, transcribe and
ranslate plasmid encoded gene products, and are subject to
nfection by bacteriophage [14–17]. In addition, minicells
ontain the same structural protein and lipid constituents of
arental cells including lipopolysaccharide (LPS), lysophos-
hatidic acid (LPA), and an intact peptidoglycan layer. These
urface components are quickly recognized by antigen pre-
enting cells (APC) as pathogen associated molecular pat-
erns through Toll-like and other receptors expressed by these
ells [18–22]. The interaction between LPS and TLR4, in
articular, helps to stimulate the inflammatory response nec-
ssary to generate an immune response as well as promoting
he uptake and processing of bacteria [23]. Minicells retain
hese abilities of parental bacterial cells.

In this work, bacterial minicells derived from a commen-
al E. coli strain were used to deliver protein antigen and/or
lasmid DNA to elicit antigen-specific immune responses
n mice. Using green fluorescent protein (GFP) as a gen-
ral antigen and monitoring antibody production in the sera
s well as the mucosa, the best minicell formulation tested
ontained both recombinantly expressed antigen as well as
lasmid DNA encoding the antigen under eukaryotic control.
his delivery combination was able to induce high levels of

gG in the sera after introduction by several different routes,
ncluding intramuscular (i.m.), intranasal (i.n.), and oral (p.o.)
dministration. Taken together, these results suggest that with
ore development, minicells could be suitable as a safe and

ffective vaccine delivery vehicle.

. Materials and methods

.1. Bacterial strains and media
The MPX1B9 minicell producing E. coli strain [F−, �−,
lvG, rfb-50, rph-1, zac::aph, lacIq, Ptac ftsZ20, �phoA] was
btained from Vaxiion Therapeutics, Inc. The wild type ftsZ

w
i
k
t

able 1
escription of plasmids used in this study

esignation Characteristics

RHA-67 Rhamnose inducible prokaryotic expression vec
RHA-67::GFP GFP expressed under rhamnose inducible prom
MJG3 Codon optimized GFP expressed under eukaryo
GFPVAX GFP expressed from rhamnose inducible prokar

optimized GFP expressed under eukaryotic (CM
GFPM5 GFP with C-terminal his 6X tag under tac prom
24 (2006) 6009–6017

f strain MG1655 has been replaced with ftsZ under the con-
rol of the tac promoter requiring addition of 15 �M IPTG to
upport normal division and growth. Induction of the mini-
ell phenotype requires that additional IPTG be added to the
edia as described below. MPX1B9 strains harboring pRHA-

7, pRHA-67::GFP, pMJG3, or pGFPVAX were streaked
rom glycerol stock on to LB agar containing 15 �M IPTG,
0 �g/mL kanamycin and 100 �g/mL ampicillin and grown
t 37 ◦C. Overnight cultures were grown in 3 mL of LB
roth containing 15 �M IPTG, 50 �g/mL kanamycin, and
00 �g/mL ampicillin (where appropriate) while shaking at
7 ◦C.

E. coli Top10 cells harboring the plasmid pGFPM5 were
rown on LB agar containing 100 �g/mL ampicillin at 37 ◦C
24]. Overnight cultures were started from isolated colonies
nd grown in 3 mL of LB broth containing 100 �g/mL ampi-
illin (LB-Amp).

.2. Plasmid construction

The plasmids used in this study are summarized in Table 1.
he rhamnose inducible bacterial expression vectors pRHA-
7 and pRHA-67::GFP were obtained from Mpex Pharma-
euticals, Inc. and have been described elsewhere [25].

The plasmid pMJG3 was constructed by subcloning the
odon optimized GFP expression cassette from pGreen
antern into the unique HindIII site of pRHA-67. HindIII
ites were introduced to this GFP cassette by PCR prior to
ubcloning into pRHA-67 [25]. Positive clones were identi-
ed by their ability to express GFP in cultured Cos-7 cells
ollowing LipofectamineTM 2000 mediated transfection.

The plasmid pGFPVAX was generated by subcloning the
ame eukaryotic expression cassette driving GFP described
bove into the unique HindIII site of pRHA-67::GFP. Pos-
tive clones were selected by their ability to express GFP
n MPX1B9 cells upon induction with rhamnose as well as
he ability to express GFP in cultured Cos-7 cells following
ransfection with LipofectamineTM 2000.

.3. Minicell purification and viability

MPX1B9 strains harboring the plasmids described above

ere grown overnight as described and subcultured 1/250

nto 400 mL of LB broth containing 15 �M IPTG, 50 �g/mL
anamycin and 100 �g/mL ampicillin. Cultures were allowed
o grow to an optical density at 600 nm of 0.1 (A600 = 0.1).

Source

tor, AmpR Mpex Pharmaceuticals, Inc.
oter, AmpR Mpex Pharmaceuticals, Inc.
tic (CMV) control, AmpR This work
yotic promoter and codon
V) promoter control

This work

oter, AmpR Dr. Robert Zeller [24]
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PX1B9 cells containing pRHA-67 or pMJG3 were induced
o produce minicells by the addition of IPTG to a final
oncentration of 45 �M. MPX1B9 cells harboring pRHA-
7::GFP and pGFPVAX were coinduced to simultaneously
roduce minicells and GFP protein by the addition of IPTG
nd l-rhamnose to final concentrations of 45 �M and 1 mM,
espectively. Cultures were grown overnight for 15 h from
he time of induction. Two hours before harvesting minicells,
iproflaxin was added to cultures at a final concentration of
�g/mL to reduce the number of viable, contaminating par-
nt cells prior to immunization.

Minicells were harvested by differential centrifugation
nd linear sucrose gradients as described [26,27] using LB
roth as the buffer as opposed to BSG. Quantification was car-
ied out by reading the A600 of purified samples and applying
he equation A600 + 0.0031/5 × 10−11 = # of minicells/mL.
pproximately 107 minicells were serially diluted and plated

o determine purity as a function of the number of viable
olonies per 107 minicells.

.4. Western blots

Standard Western blotting technique was used to quantita-
ively determine relative amounts of GFP protein in 5 × 108

inicells. The primary antibody used was a mouse mono-
lonal IgG against GFP (AbCam, Cambridge, MA) diluted
t 1:5000 in PBS containing 0.1% Tween 20 (PBST). Blots
ere incubated with primary antibody for 1 h at room temper-

ture. Following three washes in PBST, an HRP-conjugated
oat monoclonal IgG anti-mouse antibody (Sigma, St. Louis,
O) was used at a 1:10,000 dilution in PBST as the sec-

ndary antibody. Following three washes in PBST, blots were
eveloped using the Western ECL kit (Perkin-Elmer, Boston,
A).

.5. Cell culture and media

J774A.1 murine macrophages and RAW 264.7 murine
acrophages were cultured in RPMI-1640 (Invitrogen,
arlsbad, CA) containing penicillin and streptomycin

pen/strep) supplemented with 10% fetal bovine serum at
7 ◦C in 5% CO2 atmosphere. J774A.1 and RAW 264.7 cell
ines were obtained from the American Type Culture Col-
ection (ATCC, Rockford, Maryland). Bone marrow derived

acrophages (BMDM) and dendritic cells (BMDDC) were
solated and differentiated as described using 7 �g/mL

acrophage colony stimulating factor (MCSF) or granulo-
yte macrophage stimulating factor (GMCSF) for the ex vivo
roduction of macrophages and dendritic cells, respectively
28].

.6. Minicell uptake assays
J774A.1, RAW 264.7, BMDM’s and BMDDC’s were
eeded at a density of 105 in tissue culture treated four-
ell slide chambers (BD Biosciences, Bedford, MA) with

P
6
6
c
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mL of described media. Cells were allowed 12 h to adhere
efore minicells were added. Purified minicells containing
he plasmid pRHA-67 were stained for 15 min with SYBR
old (Molecular Probes, Inc., Carlsbad, CA) at a final con-

entration of 1 �g/mL. SYBR Gold-stained minicells were
dded directly to the media and allowed to incubate for 0, 15,
0, 45, 60, and 90 min. Cells were immediately washed three
imes with 1 mL of PBS to remove any remaining minicells
nd fixed in 1 mL of 4% paraformaldehyde in PBS for 30 min
t 4 ◦C before visualization by confocal microscopy.

.7. Minicell mediated DNA delivery to antigen
resenting cells (APC)

Purified minicells containing the plasmid pMJG3 were
dded to 105 J774A.1, RAW 264.7, BMDM or BMDDC cul-
ured in four-well slide chambers at different multiplicities of
nfection (M.O.I.) and allowed to incubate for 2 h at 37 ◦C in
% CO2 atmosphere. Following incubation, minicells were
emoved and the cells washed three times each in sterile PBS.
o ensure the killing of any remaining extracellular bacteria,
ells were cultured in 750 �L RPMI-1640 media containing
�g/mL gentamycin and allowed to incubate at 37 ◦C in 5%
O2 for 4 h. After 4 h, the media was removed and replaced
y 1 mL of RPMI-1640 containing pen/strep and 10% FBS
nd allowed to incubate for 48 h to allow for transgene expres-
ion. After 48 h, the cells were fixed and analyzed for GFP
xpression by confocal microscopy.

.8. Purification of GFP protein

E. coli TOP10 cells containing pGFPM5 were cultured as
escribed above. The following day, a 1/250 subculture into
00 mL of LB-Amp was performed and cells were allowed
o grow to mid-log phase (A600 0.3–0.5) before induction of
is-tagged GFP expression with 100 �M IPTG. The cultures
ere allowed to grow overnight while shaking at 37 ◦C.
His-tagged GFP was purified using the Qiagen Nickel-

TA quick elute spin kit as described by the manufacturer
Qiagen, Inc., Valencia, CA). Purified GFP was dialyzed
gainst PBS overnight in a slide dialyzer with a 10,000 kDa
olecular weight cut-off (Pierce, Rockford, IL). Protein

oncentration was determined by Bradford assay (Sigma)
sing a standard curve generated by known concentrations
f BSA. Purity was determined by Coomasie staining of an
DS–PAGE gel (data not shown).

.9. Immunizations and sample collection

Intramuscular (i.m.) immunizations: Groups of six female
57BL/six mice, 6 weeks in age, were immunized in the right
uadriceps with PBS containing naked plasmid DNA (pGF-

VAX), minicells containing empty vector plasmid (pRHA-
7), minicells containing only soluble GFP protein (pRHA-
7::GFP), minicells containing only a eukaryotic expression
assette driving GFP expression (pMJG3), or minicells con-



6 Vaccine

t
e
P
i

m
m
t
i
g
b
c

d
n
a
t
c
f
f
t
7
p
a

m
s
1
c
s
s
c
t

t
fl
5
w
b
a
3
w
T
a

2

l
G
c
4
1
A
a
D

1
u
a
(
t
m
m
s
m
h
a
a
a
g

e
o
t
e
a

2

i
c
t

3

3
p

s
c
i
o
M
i
t
S
t
p
s
w
s
p
M
p
p

012 M.J. Giacalone et al. /

aining both soluble GFP protein and plasmid containing the
ukaryotic GFP cassette (pGFPVAX) in a 50 �L volume of
BS. A total of 1010 minicells were used in each individual

mmunization.
Mucosal immunizations: Nasally administered (i.n.)

ucosal immunizations were carried out by administration of
inicells in a 20 �L volume via pipetman at 10 �L per nos-

ril of mice anesthetized with isoflourane. For gastric (p.o.)
mmunizations, mice were anesthetized with isoflourane and
iven minicells in a 200 �L volume of sodium bicarbonate
uffer (pH 9.5) with a feeding cannula. A total of 1010 mini-
ells were used in each individual immunization.

Immunizations for the three dose regimen took place on
ays 0, 14 and 28. Mice were sacrificed on day 35. Immu-
izations for the single dose regimen took place on day 0
nd mice were sacrificed on day 21. Mice were sacrificed by
he administration of CO2 and blood harvested by immediate
ardiac puncture. To isolate sera, blood was allowed to clot
or 4 h at room temperature and then at 4 ◦C overnight. The
ollowing day, the blood clots were removed and the resul-
ant sera were further purified by a 1 min centrifugation at
500 × g to remove any contaminating red blood cells or lym-
hocytes. The sera were then frozen at −80 ◦C for subsequent
nalysis.

To isolate IgA from the lungs, the tracheas of euthanized
ice were exposed and the tracheal tube nicked with scis-

ors. The lungs were washed with 1 mL of PBS containing
mM PMSF and 50 mM EDTA (PBS–PE) from a tuber-
ulin syringe fitted with a 30 mm blunt end lur-lock accessory
ecured into the trachea by suture. The collected volume was
ubject to a 5 min spin at 5000 × g to remove any cells and
ellular debris. Lung lavage fluids were stored at −80 ◦C prior
o analysis.

To isolate IgA from the small intestine, a 15 cm section of
he small intestine was removed from euthanized mice and
ushed with 5 mL of PBS–PE. Samples were centrifuged for
min at 5000 × g to remove cellular debris. The supernatant
as removed and IgA was precipitated and concentrated
y the addition of 33% (v/v) saturated ammonium sulfate
t 4 ◦C. The precipitate was centrifuged at 10,000 × g for
0 min and the supernatant discarded. The resulting pellet
as resuspended in 1 mL of PBS–PE and dialyzed for 12 h.
he resultant intestinal lavage was stored at −80 ◦C prior to
nalysis.

.10. Measurement of antibody levels

The sera of immunized mice were analyzed by enzyme-
inked immunosorbent assay (ELISA) for the presence of
FP specific IgG. Purified, recombinant GFP was used to

oat 96-well microtiter plates at 10 �g/well overnight at
◦C. Sera were serially diluted into the plate from 1:16 to

:2048 and allowed to incubate for 4 h at room temperature.

1/20,000 dilution of HRP-conjugated goat monoclonal
nti-mouse IgG in PBST served as the secondary antibody.
etection was performed using the HRP substrate TMB at

m
i
s
r
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00 �L/well (Pierce). Reactions were allowed to proceed
ntil color developed in the wells and were stopped by the
ddition of 100 �L 1 M H2SO4. Plates were read at 450 nm
OD 450). Serum titers of IgG were calculated by averaging
he OD 450 values at each serum dilution from individual

ice (two independent experiments of n = 3 for a total of six
ice per group). These values were then plotted against the

erum dilution value from which they were obtained. Half
aximal OD 450 readings were calculated by dividing the

ighest OD 450 in an individual group by 2. Titers are defined
s the reciprocal of the average dilution factor required to
chieve half maximum signal at 450 nm on the plot. The
verage titer value of the naı̈ve group was subtracted as back-
round (Fig. 2).

Lung and intestinal lavages were assayed by ELISA
xactly as described for sera with the exception that the sec-
ndary antibody used was a goat anti-mouse IgA conjugated
o HRP (Sigma). Results for IgA detection experiments are
xpressed as the average increase in absorbance readings at
1:64 dilution of lavage fluid (Fig. 3).

.11. Statistical analysis

Data are presented as means ± S.E.M. Statistical signif-
cance of the differences between experimental groups was
alculated by one-way ANOVA and an unpaired Student’s
-test using GraphPad PRISM® version 4.0 software.

. Results

.1. Minicell vaccines can carry both heterologous
roteins and eukaryotic expression plasmids

A major goal of the studies presented here is to demon-
trate that the minicells produced from E. coli strain MPX1B9
an be utilized to produce vaccines capable of encapsulat-
ng both heterologous protein antigens as well as eukary-
tic expression plasmids for delivery in vivo. To this end,
PX1B9 cells harboring the plasmid pRHA-67::GFP were

nduced to produce GFP simultaneous with minicell produc-
ion. Fig. 1a shows that minicells purified as described in
ection 2 were found to contain detectable levels of GFP pro-

ein using confocal microscopy. The quantification of GFP
rotein was performed using a series of Western blots (not
hown) derived from each minicell preparation in conjunction
ith densitometry and the results shown in Fig. 1a. To demon-

trate that minicells could also encapsulate plasmid DNA,
lasmid DNA was isolated from 1010 minicells derived from
PX1B9 harboring either the pRHA-67, pRHA-67::GFP,

MJG3, or pGFPVAX plasmids. The amount of recovered
lasmid DNA was quantitated using A260 readings. A sum-

ary of the formulation results for each plasmid is also shown

n Fig. 1a. These data show that minicells can either encap-
ulate plasmid DNA alone or in combination with expressed
ecombinant protein.
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Fig. 1. Minicell production, isolation, internalization and transfer of DNA to cultured APC. (a) The minicell production process. MPX1B9 cells containing
pRHA-67::GFP were co-induced to express soluble GFP while producing minicells. The budding and purification process was followed by visualizing GFP-
containing minicells. The top left panel shows MPX1B9 cells that express GFP in the absence of inducing minicell formation. The bottom left panel shows the
same culture three generations after inducing minicell production. The inlay demonstrates a budding event from the polar region of the parent cell. Purified
minicells containing soluble GFP are in the bottom right panel. The table summarizes the results of minicell vaccine formulation testing. The amounts of protein
antigen and plasmid DNA contained within the indicated minicell vaccines are shown. Results are from three independent experiments using 1010 minicells per
e for vario
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xperiment. (b) SYBR gold stained minicells were incubated with J774A.1
tained minicells for 90 min. The addition of minicells containing no plasm
xpression 48 h after incubating with minicells harboring the expression pl
y minicells at an M.O.I. of 10,000. APC incubated with minicells containi

Prior to any immunization, it was important to reduce
he number of viable parent cells remaining in the mini-
ell preparation. To this end, minicell-producing cultures
ere treated with 1 �g/mL ciproflaxin prior to the isolation
f minicells. It was determined that the number of viable
ontaminating parent cells was reduced from 6.0 × 104/1010

inicells to ∼150/1010 minicells when cultures were treated
ith ciproflaxin for 2 h.

.2. Minicell uptake by APC in culture

A major mechanism of vaccine action in eliciting a pro-
ective immune response is to deliver antigen to APC for
resentation to lymphocytes. To test whether minicells have
he potential to deliver heterologous protein to APC in vivo,
he uptake of minicells was evaluated in several different
mmunologically relevant phagocytic cell lines in vitro. Mini-

ells harboring plasmid DNA (pRHA-67) were stained with
YBR Gold and their uptake was followed at various time
oints. As shown in Fig. 1b, substantial numbers of mini-
ells were taken up by J774A.1 cells at 90 min. Other cell

(
o
G
J

us times. The lower panel shows J774A.1 cells incubated with SYBR gold
was used as a negative control (top). (c) BMDDC were analyzed for GFP
he bottom panel shows BMDDC expressing the GFP transgene delivered

ty vector plasmid pRHA-67 serve as the negative control (top).

ines tested included RAW 264.7, BMDM and BMDDC, and
ll exhibited the ability to phagocytose minicells with similar
inetics. As an additional control, identical experiments were
erformed with HeLa and Cos-7 cells. HeLa and Cos-7 cells
re non-phagocytic under normal conditions. As a result, no
inicell uptake was seen at any time point observed in these

ell lines (data not shown). The uptake of minicells by APC in
ulture supports the hypothesis that minicells can deliver het-
rologous protein directly to APC for presentation to immune
ells.

.3. Minicells can deliver DNA to cultured APC

Once minicell uptake in cultured APC was demonstrated,
e then evaluated the ability of minicells to deliver DNA

or subsequent expression in vitro. Accordingly, minicells
arboring the eukaryotic GFP reporter construct, pMJG3

see Table 1), were incubated with cultured APC at vari-
us M.O.I.s for 2 h. Fig. 1c shows BMDDC expressing the
FP transgene delivered by bacterial minicells in culture.

774A.1, RAW 264.7, BMDM and BMDDC all showed sim-
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Fig. 2. GFP-specific IgG from sera of immunized mice. (a) Mice were immu-
nized 3 times i.m. (day 0, 14, 28) with minicells containing both soluble GFP
protein and plasmid DNA (MC DNA/Protein), the eukaryotic expression
cassette driving GFP expression (MC DNA), recombinantly expressed GFP
protein (MC Protein) or empty vector controls (MC EV). Control groups
were immunized 3 times i.m. with either plasmid DNA (naked DNA) or not
at all (naı̈ve). Serum was harvested at day 35 and GFP-specific IgG antibod-
ies were detected by ELISA. (b) GFP-specific IgG from sera is detectable
from a single dose administration. Mice were immunized one time i.m. as
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lar expression patterns (data not shown). Counterstaining
PC with DAPI allowed for the quantification of the percent
f cells transfected and it was found to be between 0.02 and
.2%, depending on the cell type used. J774A.1 and RAW
64.7 cells had the highest numbers of transfectants, likely
ecause they are mitotically active and rapidly dividing cells
re more easily transfected [29]. These observations demon-
trate that while transfection efficiency is not high in these
ells in vitro, minicells do have the ability to deliver DNA for
rotein expression by APC.

.4. Recombinant minicells elicited humoral immune
esponses

In cases where attenuated bacterial strains have been used
s genetic vaccine carriers, transfection efficiencies in vitro
o not correlate well with what will be seen in vivo, requiring
n vivo studies as the true test of vaccine delivery efficacy
30]. To test for antigen-specific immune responses to GFP,
ice were immunized three times each via the i.m. route
ith several different minicell formulations. The minicells
sed included those encapsulating either GFP protein alone,
ukaryotic expression plasmid DNA alone, the combination
f GFP protein and plasmid DNA in the same minicell,
r empty vector controls. As a comparison, naked plasmid
NA (pMJG3) was administered in amounts equivalent to

hat encapsulated in 1010 minicells (∼3 �g DNA) on the
ame immunization schedule. As seen in Fig. 2a, there was
∼12-fold increase in antibody titers from mice immunized
ith minicells containing both heterologous GFP protein

ntigen and plasmids encoding the mammalian expression
assette driving GFP expression (MC DNA/Protein). This
ncrease was over serum titers of GFP-specific IgG from

ice immunized with naked plasmid DNA alone, minicells
ontaining GFP protein antigen alone, or minicells con-
aining plasmid DNA vaccine alone. These results indicate
hat much higher antibody responses were achieved when
ecombinantly expressed protein antigen and eukaryotic
xpression plasmid DNA were delivered together by the
inicell vehicle. Naı̈ve mice and mice immunized with

mpty vector minicells were all negative for GFP-specific
ntibodies.

.5. Single dose i.m. immunization generates an immune
esponse

While many vaccines require multiple doses, it is desirable
o develop vaccine delivery mechanisms that require only

single administration to elicit strong immune responses.
o determine if GFP-specific immune responses could also
e achieved in a single dose of minicells, mice were subse-
uently immunized with a single i.m. administration using

he same minicell formulations that were used above. Sera
arvested from these mice at day 21 revealed that GFP-
pecific IgG antibodies were detectable following the single
ose (Fig. 2b), although the titers observed were not iden-

a
a
p
f

escribed and GFP-specific antibody detected by ELISA on day 21. Titers
or both experiments were calculated as described in Section 2. *p < 0.05
ompared against naı̈ve group. †p < 0.05 compared against all groups tested.

ical to what was observed with a triple dose immunization
chedule. In these experiments, DNA alone, either naked or
ncapsulated by minicells, was more efficient than in those
hown in Fig. 2a. Nevertheless, minicells that contained both
eterologous GFP protein antigen and the plasmid encoding
his antigen induced a significant (2.5-fold, p < 0.05) increase
n GFP-specific antibody over titers produced by naked plas-

id DNA alone. Minicells containing protein or DNA alone
ere not as efficient at inducing a humoral immune response
s those providing both, supporting the hypothesis that the
bility of minicells to simultaneously deliver both DNA and
rotein may be beneficial in the development of vaccines
or clinical use. These studies shown in Fig. 2 also indicate
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hat multiple doses delivered i.m. may result in a significant

ncrease in titer over that observed for a single dose when

inicells deliver both DNA and protein as opposed to when
ither alone is used.

ig. 3. GFP-specific responses from mice immunized via the intramuscular,
ntranasal or oral route. Mice were immunized three times (day 0, 14, and
8) each with minicells containing both soluble GFP protein and the plasmid
esigned for eukaryotic expression (the MC DNA/Protein vaccine of Fig. 2)
y i.m., i.n. or p.o. routes. The mode of administration influences the site
f Ab production. (a) GFP-specific IgG antibodies detected in the sera of
mmunized mice (i.m. administration demonstrates the highest titers) at day
5. (b) GFP-specific IgA antibodies detected in the nasal wash of immunized
ice (i.n. administration only) at day 35. (c) GFP-specific IgA antibodies

etected in the intestinal lavage fluid of immunized mice (p.o. administration
nly) at day 35. Serum IgG titers an relative IgA levels were calculated as
escribed in Section 2. *p < 0.05 compared against naı̈ve group. †p < 0.05
ompared against all groups tested.
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.6. Mucosal minicell immunization results in detectable
mmune responses

The minicell vaccine was then tested for its ability to
licit immune responses after mucosal delivery. Mice were
mmunized three times each with minicells containing both
ecombinant GFP protein and plasmid DNA encoding the
ukaryotic GFP expression cassette (pGFPVAX) by i.m., i.n.,
r p.o. routes. These minicells were the only type tested in
hese experiments because of their ability to induce higher
mmune responses after i.m. administration (see above,
ig. 2). Results illustrated in Fig. 3a indicate that mice immu-
ized with minicells by any of the tested routes all generated
FP-specific IgG antibody titers in serum. Intramuscular
elivery showed ∼4-fold increase in GFP-specific antibody
iters over sera harvested from mice immunized by either the
ntranasal or oral routes. As expected, naı̈ve mice showed no
esponse. These data indicate that bacterial minicells could
timulate the formation of systemic immune responses after
ucosal delivery.
Because mucosal immunizations conferring protection

gainst pathogens typically induce the presence of antigen-
pecific IgA in the mucosal lining, the GFP-specific IgA
ontent of mice immunized by the various routes was com-
ared. Fig. 3b shows that detectable amounts of IgA were
ound in the lungs of mice immunized by the i.n. route, but
ot in the lung lavages of mice immunized p.o. or i.m. Fig. 3c
llustrates the detection of GFP-specific IgA in the intestinal
avage fluid of mice immunized by the p.o. route, but not
n those immunized by the other routes of administration.
lthough the amount produced is low, these data indicate

hat minicells do have the potential to induce IgA production
t the expected sites of mucosal immunization.

. Discussion

The present work demonstrates that bacterial minicells
erived from the commensal E. coli K-12 strain, MPX1B9,
an generate antigen specific immune responses in mice.
inicells capable of simultaneously delivering both the

ecombinantly expressed heterologous GFP protein antigen
nd plasmid-based GFP DNA eukaryotic expression cassette
nduced the greatest responses under every condition tested.
obust IgG responses were recorded following a single i.m.

njection and could be increased somewhat by utilizing a
hree dose regimen. Few adverse effects (inflammation or
nfection) were observed at the site of injection in any of
he mice immunized i.m. suggesting that the mice were able
o tolerate the amount of LPS present on the surface of
he minicells. It was also found that minicells delivering
oth heterologous protein and the DNA encoding the anti-

en under eukaryotic control could induce antigen-specific
gG antibody responses in the sera and low but detectable
FP-specific IgA in mucosal lavage fluids after a three dose

egimen was administered by either the i.n. or p.o. routes.
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hese data demonstrate the potential of bacterial minicells as
arriers for protein and/or DNA in the generation of protec-
ive, mucosally administered vaccines.

The development of non-living, non-attenuated delivery
ystems has major implications in vaccine development
ecause of the potential to deliver vaccines to immune-
ompromised individuals, the elderly, and to children under
years of age [31,32]. There are several potential advantages
f using minicells derived from commensal E. coli strains
f bacteria in fitting this unmet need. Minicells derived from
ommensal bacteria are likely to be better tolerated than
eat-killed vaccines derived from pathogenic bacteria, poten-
ially reducing adverse inflammatory immune responses.
eyond these and other safety advantages, another potential
dvantage stems from the versatile nature of the minicell
arrier for implementation of different “prime-boost”
trategies using different vaccine modalities. The sequential
elivery of genetic vaccines and protein antigens has been
hown to be more effective in inducing humoral responses in
umans than genetic vaccines alone [33–36] and can be well
acilitated by the minicell delivery system. This strategy
as proven effective using poliovirus replicons, attenuated
almonella enterica sv Typhi Ty21a, and in several other
enetic immunization protocols [33,34,36–38]. In all cases,
he immune system was primed with the genetic vaccine
nd then boosted with the corresponding recombinant
ntigen.

Another potential advantage in using E. coli minicells
o deliver protein antigen or DNA is that E. coli is a nor-

al part of the microflora of the gut. As such, minicells
erived from these strains have the ability to survive the hos-
ile environment of the gastrointestinal tract, making them
n attractive candidate for mucosal delivery. On the other
and, using minicells derived from commensal bacteria may
e disadvantageous because pre-existing natural mucosal tol-
rance has been built to the minicell vector as a result of
he exposure of the immune system to commensal bacte-
ial antigens. As with any vaccine platform, the adjuvant
roperties of the vehicle may be important in generating an
mmune response and enhanced immunogenecity, i.e. “for-
ignness”, may be required for efficient vaccine delivery.
owever, the immunogenicity of the vehicle may also pre-
ent subsequent use of the same vehicle to deliver a different
accine if memory responses to the vehicle have been raised
n the first immunization, as has been shown in cases where
almonella sp. have been used as carriers [39,40]. More
esting will be required to fully evaluate the ability of com-

ensal E. coli minicells to effectively deliver antigens and
NA using mucosal routes of administration. At the same

ime, mucosal immunity is not understood nearly as well as
umoral immunity especially with respect to the development
f immunological memory [41–43]. As more information

ecomes available on the mechanisms and requirements for
he establishment of immunological memory in the mucosa,
he improvements needed to enhance efficacy of minicells as
accine carriers will be better understood.

R

24 (2006) 6009–6017

While the data shown here directly demonstrate that mini-
ells can induce immune responses after delivery of both
eterologous protein antigen and the DNA encoding that anti-
en, many questions remain. For example, the studies shown
ere strongly suggest that multiple immunizations are supe-
ior when minicells deliver both DNA and protein. This may
e because the DNA component primes the animal to respond
o subsequent exposure to protein and vice versa. On the other
and, a single dose administration of naked DNA alone or of
inicells containing only plasmid DNA gave higher specific

ntibody titers compared to those of mice immunized three
imes (see Fig. 2b). It is possible that this is due to the timing of
he testing (21 days for single administration versus 35 days
or 3 immunizations), but further experimentation is required
o determine if this is the case. Either way, these results
uggest that a boost is not necessarily effective in increas-
ng antigen specific serum IgG levels when naked DNA or

inicells encapsulating DNA are used. This may be due to
he effects of vector priming as has been shown for certain
almonella serovars used to deliver vaccines [39]. In those
tudies, it was shown that a previous exposure to the relevant
almonella carrier resulted in dramatic decreases in immune
esponses to antigens delivered at a later time by the same
arrier. The results shown in Fig. 2 also suggest that using
inicells to deliver only soluble protein antigens is largely

neffective. This may be because soluble GFP protein is only
ildly immunogenic and is located on the interior of mini-

ells. Exchanging GFP for a more immunogenic cytosolic
ntigen like LT-B or expressing protein antigens on the sur-
ace of minicells may help in increasing antibody titers [44].
uture studies utilizing a more biologically relevant antigen
re required to elucidate the mechanisms behind these results
n addition to determining the ability to protect as well as the
ongevity and isotype profiles of any antibody responses.

Given that the minicell system can be engineered to pro-
uce antigen-specific immune responses, the next logical
tep is to demonstrate the generation of protective immunity
y performing live pathogen challenge experiments in mice.
ltimately, the goal is to develop minicell vaccines that pro-
ide protective immunity after mucosal immunization against
athogens of both bacterial and viral origin.
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