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Plasmids represent a powerful tool to rapidly introduce genes into bacteria and help them reach high
expression levels. In vaccine development, with live vaccine vectors, this allows greater flexibility and the ability
to induce larger antigen amounts through multiple gene copies. However, plasmid retention often requires
antibiotic resistance markers, the presence of which has been discouraged in clinical applications by the Food
and Drug Administration. Therefore, we developed a Listeria monocytogenes-Escherichia coli shuttle plasmid
that is retained by complementation of p-alanine racemase-deficient mutant strains both in vitro and in vivo.
Our technology potentially allows the production of antibiotic resistance marker-free DNA vaccines as well as
bacterial vaccine vectors devoid of engineered antibiotic resistances. As a proof of concept, we applied the
D-alanine racemase complementation system to our Listeria cancer vaccine platform. With a transplantable
tumor model, we compared the efficacy of the new Listeria vector to that of an established vector containing a
conventional plasmid carrying a tumor-specific antigen. Both vaccine vector systems resulted in long-term
regression of established tumors, with no significant difference between them. Thus, the Listeria vaccine vector
presented here potentially complies with Food and Drug Administration regulations and could be developed

further for clinical use.

The revolution in genetic engineering over the last two de-
cades has allowed the development of recombinant DNA vac-
cines and bacterial antigen delivery systems, opening up new
horizons in immunization against infectious diseases and even
cancer. Recombinant antigens can be presented to the immune
system after immunization with DNA directly or with bacterial
vectors expressing vaccine antigens. Both approaches have the
advantages of potentially low per-dose costs, ease of distribu-
tion and storage, and rational vaccine design. However, the
required molecular engineering techniques often rely on the
use of antibiotic resistance markers for retention of the recom-
binant gene. For example, the production of plasmid-based
DNA vaccines in Escherichia coli usually relies on kanamycin
resistance, which ensures plasmid stability during culture in the
presence of the antibiotic. Bacterial delivery systems carrying
plasmids also contained antibiotic resistance markers for in
vitro selection in addition to in vivo retention systems (7, 11—
13, 26). Although the use of plasmids could sometimes be
circumvented by integrating the recombinant gene into the
bacterial genome by homologous recombination, this process
is tedious and time-consuming, resulting in reduced vaccine
flexibility.

A recent accelerated chromosomal integration technology
developed for Listeria spp. relied again on the use of antibiotic
markers (20). The Food and Drug Administration, however,
discouraged the in vivo use of genes transferring antibiotic
resistance in several communiqués because of the associated
potential risk of environmental spread (9, 10). An exception
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has been made in the past for DNA vaccines, as kanamycin was
considered essential for production. Particularly when using
live bacterial vectors in a clinical setting, antibiotic resistance
markers may represent an environmental problem, as the
spread of multiantibiotic resistances in clinical sites is a well-
documented issue (21, 23).

Therefore, we have developed an alternative bacterial vector
system devoid of any plasmid-borne antibiotic resistance genes
with potential applications for DNA vaccines as well. While
using Listeria spp. as a proof of principle, the technology pre-
sented may be universally applicable to other bacteria. We
employed a D-alanine racemase-deficient mutant strain com-
plemented by the gene located on a plasmid carrying the vac-
cine antigen. D-Alanine is essential for bacterial growth, and its
availability is controlled by p-alanine racemases, which are
often conserved across different bacterial species (27). p-Ala-
nine metabolism in Listeria spp. is controlled by two genes, dal
and dat (29). We hypothesized that the Listeria dal gene could
potentially also complement deficient E. coli. Listeria monocy-
togenes strain Lmdd contained deletions in both dal and dat,
rendering it dependent on the addition of exogenous D-alanine
or complementation by a plasmid-expressed dal gene (29). A
similar p-alanine racemase-deficient E. coli strain, MB2159,
has also been published (28). We introduced the Listeria dal
gene under the control of Listeria promoter p60 into shuttle
plasmid pGGS55 (13), replacing both chloramphenicol acetyl-
transferase (CAT) genes. We used the new shuttle plasmid to
complement D-alanine racemase-deficient E. coli MB2159 as
well as Listeria monocytogenes Lmdd.

Since prior studies from our group had demonstrated the
successful application of L. monocytogenes cells carrying
pGGSS as a cancer vaccine in established tumors in mice (13),
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we also tested the new dal-based plasmid in a cervical cancer
model.

From 80 to 95% of cervical tumors have been associated
with human papillomavirus (HPV) infection, with HPV-16
present in >50% of the cases (5). HPV proteins E6 and E7 are
constitutively expressed in infected cells and are sufficient for
immortalization (14, 16). Therefore, we previously developed a
potential cervical cancer vaccine based on E7 antigen delivered
by an L. monocytogenes-based bacterial vector, L. monocyto-
genes LLO-E7 (13). Upon infection of antigen-presenting cells
in vivo with the L. monocytogenes vaccine vector, the cancer
antigen was secreted from the bacterial cell first into the
phagolysosome and, upon escape of L. monocytogenes, also
into the host cell cytosol, so that E7 was presented on major
histocompatibility complex class I and class II complexes on
the antigen-presenting cell surface. The antigen-specific CD8™
T-cell response then resulted in tumor regression. L. monocy-
togenes LLO-E7, however, contains shuttle plasmid pGGS5S,
whose two CAT genes for in vitro selection in gram-negative
(E. coli) and gram-positive (L. monocytogenes) bacteria may
reduce the application of this vector in a clinical setting. Thus,
we improved L. monocytogenes LLO-E7 with the dal comple-
mentation system in order to remove both CAT genes. As a
measure of biological efficacy, we compared antitumor efficacy
between the original and the new delivery system.

MATERIALS AND METHODS

All standard molecular methods were performed following published proto-
cols (1). Electrocompetent E. coli MB2159 (a kind gift from Michael Benedik
and Ulrich Strych, University of Houston) and L. monocytogenes Lmdd were
prepared as described (1, 24) and stored in single-use aliquots at —70°C until
electroporation with pTV3. Heat shock-competent E. coli TOP10 was obtained
from Invitrogen for transformation with pCR2.1- and pETbluel-based con-
structs. Plasmid DNA was prepared with the Qiafilter Midi Kit (Qiagen, Valen-
cia, Calif.) following the manufacturer’s recommendations. Chemicals were pur-
chased from Sigma (St. Louis, Mo.), restriction enzymes and ligase from New
England Biolabs (Beverly, Mass.), and disposables from Fisher (Pittsburgh, Pa.)
unless noted otherwise.

Construction of pTV3. Plasmid pGGS55 (13) was used as a basis to construct
antibiotic resistance marker-free shuttle vector pTV3. The replication region for
gram-positive bacteria in pGGS55 was amplified by PCR (primer 1, 5'-GTC GAC
GGT CAC CGG CGC CAC TAA CTC AAC GCT AGT AG-3'; primer 2,
5'-TTA ATT AAG CTA GCC AGC AAA GAA AAA CAA ACA CG-3') to
introduce additional restriction sites for Ehel and Nhel (bold type). The PCR
product was ligated into pCR2.1-TOPO (Invitrogen, Carlsbad, Calif.) following
the manufacturer’s protocols and the sequence was verified (Nucleic Acid Fa-
cility, University of Pennsylvania). The L. monocytogenes dal gene (primer 1,
5'-CCATGG TGA CAG GCT GGC ATC-3'; primer 2, 5'-GCT AGC CTA ATG
GAT GTA TTT TCT AGG-3') and a minimal p60 promoter sequence (18)
(primer 1. 5'-TTA ATT AAC AAA TAG TTG GTA TAG TCC-3'; primer 2,
5'-GAC GAT GCC AGC CTG TCA CCA TGG AAA ACT CCT CTC-3") were
isolated by PCR amplification from bacteria. The primers introduced a PaclI site
upstream of the p60 sequence, an Nhel site downstream of the dal sequence
(restriction sites in bold type), and an overlapping dal sequence downstream of
the p60 promoter for subsequent fusion of p60 and dal by splice overlap exten-
sion-PCR.

The resulting p60-dal expression cassette was ligated into pCR2.1-TOPO and
transformed into Dp-alanine racemase-negative strain MB2159. Upon comple-
mentation of MB2159, the expression cassette was also sequence verified. The
p60-dal gene was removed from pCR2.1 by Pacl and Nhel digestion, and the
gram-positive replication region was removed from pCR2.1 by Pacl and Ehel
digestion. In order to remove both CAT genes from pGGS5S5, the plasmid was
digested with Ehel and Nhel. All digests were purified by agarose gel to isolate
the sequences of interest (replication, p60-dal, LLO-E7-prf4) with the gel ex-
traction kit (Qiagen) following the manufacturer’s recommendations. The p60-
dal cassette, the gram-positive replication region, and the remainder of pGGS55
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containing the E. coli origin of replication and the listeriolysin (LLO)-E7-prfA
cassette were ligated in a three-way ligation at 4°C for 20 h with T4 DNA ligase
(Roche). The resulting plasmid, pTV3, was electroporated into E. coli MB2159.
After selection on Luria-Bertani broth (LB) plates, plasmid DNA was prepared
from colonies, and complete ligation was verified by restriction digestion. L.
monocytogenes Lmdd was electroporated with pTV3 DNA prepared from E. coli,
and transformed cells were also selected on LB plates.

Preparation of DNA for real-time PCR. Total L. monocytogenes DNA was
prepared with the Masterpure total DNA kit (Epicentre). Briefly, L. monocyto-
genes was cultured for 24 h at 37°C and 250 rpm in 25 ml of LB. Bacterial cells
were pelleted by centrifugation, resuspended in phosphate-buffered saline sup-
plemented with 5 mg of lysozyme per ml and incubated for 20 min at 37°C.
Subsequently DNA was isolated following the manufacturer’s recommendations.

In order to obtain standard target DNA for real-time PCR, the LLO-E7 gene
was PCR amplified from pGGS55 (primer 1, 5'-ATG AAA AAA ATA ATG CTA
GTT TTT ATT AC-3'; primer 2, 5'-GCG GCC GCT TAA TGA TGA TGA
TGA TGA TGT GGT TTC TGA GAA CAG ATG-3') and cloned into vector
pETbluel (Novagen). Similarly, the plc4 amplicon (primers as used for real-time
PCR, sequence listed below) was cloned into pCR2.1. E. coli was transformed
with pET-LLO-E7 and pCR-plcA, and purified plasmid DNA was prepared for
use in real-time PCR.

Bacterial culture and in vivo p ging of L. monocytog E. coli was cul-
tured following standard methods as described in the literature (1). Listeriae
were grown at 37°C and 250 rpm in LB supplemented with 50 pg of streptomycin
per ml and harvested during their exponential phase of growth. L. monocytogenes
LLO-E7 was cultured in the presence of an additional 37 wg/ml of chloramphen-
icol. In order to determine growth kinetics, bacteria were grown for 16 h in 10 ml
of LB plus antibiotics. The ODg, was measured and adjusted to be similar for
the different strains. The culture was then diluted 1:50 into fresh LB medium
supplemented with suitable antibiotics and p-alanine if applicable, and the
ODy was measured every 30 min. L. monocytogenes was passaged in C57BL/6
mice as described previously (25). Briefly, 10° CFU were injected intraperitone-
ally. On day 3, spleens were isolated and homogenized in phosphate-buffered
saline. An aliquot of the spleen suspension was plated on LB plates supple-
mented with antibiotics as applicable. Several colonies were expanded and mixed
to establish an injection stock of Lmdd(pTV3).

Plasmid stability testing. Plasmid maintenance in vitro was determined by
serial passage under selective and nonselective conditions. Bacteria were cul-
tured in 50 ml of LB and transferred daily at a 1:1,000 dilution into fresh
medium. L. monocytogenes LLO-E7 was cultured in the presence and the ab-
sence of 34 pg of chloramphenicol per ml, and Lmdd(pTV3) was cultured with
or without supplemental p-alanine at a concentration of 100 pg/ml. The CFU for
each culture were determined daily on BHI plates and on BHI plus 34 pg of
chloramphenicol per ml for L. monocytogenes LLO-E7 and BHI plus 100 g of
p-alanine per ml for Lmdd(pTV3). All liquid medium and plates contained an
additional 50 pg of streptomycin per ml to select for listeriae and reduce poten-
tial growth of contaminants.

Plasmid maintenance in vivo was determined by intraperitoneal injection of L.
monocytogenes LLO-E7, Lmdd(pTV3), or wild-type 10403S in C57BL/6 mice.
Viable bacteria were isolated from spleens homogenized in phosphate-buffered
saline at 16, 24, 48, 72, and 120 h. CFU for each sample were determined at each
time point on BHI plates and on BHI plus 34 pg of chloramphenicol per ml for
L. monocytogenes LLO-E7 and BHI plus 100 g of p-alanine per ml for Lmdd
(pTV3).

Real-time PCR. Tagman primer-probe sets (Applied Biosystems) were de-
signed with the ABI PrimerExpress software (Applied Biosystems) with E7 as a
plasmid target (primer 1, 5'-GCA AGT GTG ACT CTA CGC TTC G-3'; primer
2, 5'-TGC CCA TTA ACA GGT CTT CCA-3'; probe, 5'-FAM [6-carboxyflu-
orescin]-TGC GTA CAA AGC ACA CAC GTA GAC ATT CGT AC-TAMRA
[6-carboxytetramethylrhodamine]-3") and the one-copy gene plcA (primer 1,
TGA CAT CGT TTG TGT TTG AGC TAG-3'; primer 2, 5'-GCA GCG CTC
TCT ATA CCA GGT AC-3’; probe, 5'-TET [tetrachlorofluorescin]-TTA ATG
TCC ATG TTA TGT CTC CGT TAT AGC TCA TCG TA-TAMRA-3') as a
listerial genome target. Although the probes were differently labeled (E7 probe
with FAM, picA probe with TET), real-time PCR was not performed in a
multiplex format.

For PCR, 0.4 uM primer and 0.05 mM probe were mixed with Pure Tag RTG
PCR beads (Amersham) as recommended by the manufacturer. Standard curves
were prepared for each target with purified plasmid DNA, pET-LLO-E7, and
pCR-plcA and used to calculate gene copy numbers in unknown samples. Mean
ratios of E7 copies to plcA copies were calculated based on the standard curves
and calibrated by dividing the results for Lmdd(pTV3) and L. monocytogenes
LLO-E7 with the results from L. monocytogenes E7, a strain with a single copy of
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FIG. 1. Schematic map of E. coli-Listeria monocytogenes shuttle plasmids pGG55 (A) and pTV3 (B). CAT(—), chloramphenicol acetyltrans-
ferase for E. coli; CAT(+), chloramphenicol acetyltransferase for Listeria monocytogenes; Ori Lm, replication region for Listeria monocytogenes;
Ori Ec, p15 origin of replication for Escherichia coli; prfA, Listeria monocytogenes pathogenicity-regulating factor A; LLO-E7, fusion between the
gene encoding a C-terminally truncated listeriolysin O, including its promoter, and the gene encoding HPV E7; p60-dal, expression cassette of the
p60 promoter and Listeria monocytogenes dal gene. Selected restriction sites of interest are depicted.

the E7 gene integrated into the genome. All samples were run in triplicate in
each quantitative PCR assay, which was repeated three times. Variation between
samples was analyzed by two-way analysis of variance with the KyPlot software.
Results were deemed statistically significant at P < 0.05.

Tumor regression. Tumor regression experiments were performed as de-
scribed (13) with the TC-1 cervical cancer model. TC1 is a C57BL/6 epithelial
cell line that was immortalized with HPV E6 and E7 and transformed with
activated Ras, forming tumors upon subcutaneous implantation (22). Briefly, 10°
TC-1 cells were implanted subcutaneously into syngeneic C57BL/6 mice on day
0 and allowed to reach a measurable size of 4 to 5 mm in diameter. On days 7 and
14, mice were injected intraperitoneally with 1/10th the 50% lethal dose (LDs)
of the Lmdd(pTV3) or L. monocytogenes LLO-E7 vector. The naive group did
not receive any treatment, and each group consisted of eight mice. Tumor
diameters were measured twice weekly with an electronic caliper.

T-cell analysis. T cells from spleen and tumor-infiltrating T cells were analyzed
for CD8 and CD4 surface markers and E7 specificity as described (13). Briefly,
C57BL/6 mice were immunized intraperitoneally as described above with Lmdd
(pTV3) or L. monocytogenes LLO-ET7. Splenocytes and tumors were harvested 5
days after the boost and stained at room temperature with H-2D® tetramers
loaded with the E7 peptide (RAHYNIVTF) or a control (human immunodefi-
ciency virus Gag) peptide. Tetramers were provided by the National Institute of
Allergy and Infectious Diseases Tetramer Core Facility and the National Insti-
tutes of Health AIDS Research and Reference Reagent Program.

Three-color flow cytometry for CD8" (53-6.7, phycoerythrin conjugated),
CD62~ E7 H-2D" tetramer* was performed with a FACSCalibur flow cytometer
with CellQuest software (Becton Dickinson, Mountain View, Calif.). Intracellu-
lar gamma interferon (IFN-y) staining was performed as described previously
(13, 19) on a second subset of cells. Before staining for the cell surface antigens
and IFN-y production, lymphocytes were stimulated in vitro by culturing in the
presence of monensin (BD Golgi Stop reagent; BD Biosciences) as recom-
mended by the manufacturer to accumulate intracellular IFN-y in the Golgi
apparatus. After culture for 5 h in RP-10 supplemented with interleukin-2 (50
U/ml) and 1 pl of brefeldin A (monensin) per ml, the cells were surface stained
for effector markers at 4°C for 20 min with phycoerythrin-conjugated anti-CD8
(PharMingen) and antigen-presenting cell-conjugated MEL-14 (anti-CD62 li-
gand). Cells were gated on CD62 ligand low to select activated cells before being
analyzed for CD8" IFN-y* populations.

RESULTS

Construction of antibiotic resistance factor-free plasmid
pTV3. The recombinant shuttle plasmid had to be maintained
in three different host environments: in E. coli during cloning
manipulations in vitro, in L. monocytogenes in vitro during
cloning and during the production of immunization material,
and in L. monocytogenes in vivo after immunization. We chose
an auxotroph complementation system based on D-alanine
racemase to ensure plasmid retention in all three scenarios.
The E. coli strain is an alr dadX mutant that is not able to
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FIG. 2. Growth kinetics of Listeria monocytogenes strains LLO-E7,
Lmdd(pTV3), and Lmdd. All strains were cultured for 16 h, and
subsequently the culture ODg,, was adjusted to be similar for all
strains. The cultures were diluted 1:50 in fresh medium and incubated
at 37°C and 250 rpm. The ODg,, was measured every 30 min. +Ala,
additional D-alanine was added to the culture at 100 pg/ml final con-
centration; +Chl, additional chloramphenicol was added to the culture
at 34 pg/ml. The experiment was repeated with similar results (data
not shown).
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FIG. 3. Plasmid maintenance in vitro (A) and in vivo (B). To determine in vitro stability, strains were cultured with (GG55-Chl) and without
(GG55-no Chl) chloramphenicol (L. monocytogenes LLO-E7) or with and without D-alanine [Lmdd(pTV3)]. The cultures were diluted 1:1,000
daily into fresh LB. The CFU of the cultures were determined daily on BHI (BHI) and on BHI with chloramphenicol (BHI-Chl) for L.
monocytogenes LLO-E7 or on BHI with pD-alanine (BHI-Ala) for Lmdd(pTV3). All liquid medium and plates contained an additional 50 pg of
streptomycin per ml, to which Listeria monocytogenes strain 10403S is naturally resistant. To determine in vivo plasmid maintenance, L.
monocytogenes was injected intraperitoneally at a dose of 1/10 the LDy, in C57BL/6 mice. Spleens were harvested at different time points
postinjection and homogenized in phosphate-buffered saline. CFU counts were prepared on BHI plates with and without D-alanine for Lmd-
d(pTV3), on BHI plates with and without chloramphenicol for L. monocytogenes LLO-E7, and on BHI plates only for wild-type 10403S.

synthesize D-alanine racemase (27). The L. monocytogenes dal
dat mutant strain Lmdd (29) similarly is not able to synthesize
p-alanine racemase due to partial deletions of the dal and dat
genes. Both MB2159 and Lmdd required exogenous D-alanine
for growth, but p-alanine racemase functions could be restored
by expressing the alr gene (E. coli) (23) or the dal gene (liste-
riae) from a plasmid (27, 29).

We used the Listeria dal gene under the control of the
Listeria p60 promoter to construct a shuttle plasmid that was
retained in both bacteria. Plasmid pGGS5 (13), which is
based on E. coli-Listeria shuttle vector pAM401 (32), was
modified by removing both CAT genes and initially also the
Listeria replication region by restriction with Nhel and
Ehel. A PCR-amplified Listeria replication gene and the
p60-dal expression cassette were then ligated with the re-
maining E. coli plS5 origin of replication and the cancer
antigen expression cassette consisting of the hly promoter,
LLO-E7 fusion gene, and Listeria prfA gene (Fig. 1). The
resulting plasmid, pTV3, was stably maintained in E. coli
strain MB2159 as well as in L. monocytogenes strain Lmdd.
Bacterial growth on LB medium that was not supplemented
with additional p-alanine indicated that the dal expression
cassette derived from the Listeria dal gene under control of
the Listeria p60 promoter was also active in gram-negative
E. coli. Both E. coli and strain Lmdd transformed with pTV3
remained sensitive to chloramphenicol, indicating successful
removal of both CAT genes from the plasmid (data not
shown).

As the p15 origin of replication of the original shuttle plas-
mid pAM401 was not manipulated during cloning, we did not

expect the plasmid copy number to change in E. coli. Similarly,
we did not expect the copy number of pTV3 to be different in
L. monocytogenes compared to that of parent plasmid pGGS55,
since the initially deleted replication region was added back in
and the permanently deleted copy control region had already
been inactive in pGGS5S. However, because of the extent of the
changes to the plasmid, the copy number per listerial cell was
compared between L. monocytogenes LLO-E7 and Lmd-
d(pTV3) by real-time PCR with E7 on the plasmid as a target
and plcA in the genome. Real-time PCR results were cali-
brated by using L. monocytogenes E7 (13), which contains a
single-copy genomic integration of the E7 gene. We found no
statistically significant difference (P < 0.05) in plasmid copy
numbers between Lmdd(pTV3) and L. monocytogenes
LLO-E7 grown in vitro in the absence [Lmdd(pTV3)] or the
presence (L. monocytogenes LLO-E7) of chloramphenicol, in-
dicating stable plasmid retention in both strains (data not
shown).

We also tested antigen expression in vitro by Western blot.
When analyzing equal amounts of total protein from bacterial
culture supernatants, Lmdd(pTV3) cultures contained approx-
imately twice as much total antigen as L. monocytogenes
LLO-E7 cultures (data not shown). This difference may be a
result of a higher overall metabolic load in Lmdd-LLO-E7
impaired by the larger size of the plasmid (12.8 kb) compared
to Lmdd(pTV3) (7.6 kb).

Shuttle vector pTV3 complements deficient strain Lmdd in
vitro and in vivo. In order to verify the complementation of
bacterial functions, we compared in vitro growth kinetics be-
tween Lmdd(pTV3) and L. monocytogenes LLO-E7. Lmdd
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FIG. 4. Tumor regression. We injected 10° TC-1 tumor cells subcutaneously on day 0 and allowed them to form a tumor for 7 days until
approximately 4 to 5 mm in diameter. Listeriae were injected intraperitoneally on days 7 and 14 at a dose of 1/10th the LDs, and tumor diameters
were measured twice weekly. Results are depicted as tumor size in individual mice. In experiment A, three of eight mice for Lmdd(pTV3) and four
of eight mice for L. monocytogenes LLO-E7 were tumor free at day 62. In experiment B, four of eight mice for L. monocytogenes Lmdd(pTV3)
and five of eight mice for L. monocytogenes LLO-E7 were tumor free at day 62. When the tumors reached 20 mm in diameter in the untreated
(naive) group, mice were euthanized in accordance with Institutional Animal Care and Use Committee regulations.

(pTV3) was able to grow in alanine-free medium, whereas
noncomplemented Lmdd required the addition of p-alanine
(Fig. 2). Additional exogenous D-alanine did not enhance in
vitro growth of Lmdd(pTV3) further. Thus, the p-alanine gene
located on the plasmid fully complemented in vitro growth of
strain Lmdd. Some minor growth delay could be observed
between strain Lmdd complemented with p-alanine and plas-
mid-complemented Lmdd(pTV3). This may be due to the met-
abolic load imposed by the need to synthesize the plasmid.
Although in vitro assays help to determine individual bacte-
rial functions, we found that these assays do not always predict
in vivo virulence as determined by LD, values when compar-
ing a number of bacterial strains from our group. Therefore,
we based our comparison of strain virulence on LDy, values,
which were found to be similar between the two vectors Lmdd
(pTV3 (0.75 X 10°) and L. monocytogenes LLO-E7 (10°).
Recombinant plasmid is maintained in vitro and in vivo. To
determine plasmid stability, L. monocytogenes LLO-E7 and
Lmdd(pTV3) were cultured for 70 generations in vitro in the
presence and absence of selective pressure. CFU were deter-
mined daily on selective and nonselective plates for each cul-
ture. Upon plasmid loss, a greater number of colonies were
expected on nonselective plates, BHI plus p-alanine for Lmdd
(pTV3), BHI only for L. monocytogenes LLO-E7, versus selec-
tive plates, BHI only for Lmdd(pTV3), BHI plus chloramphen-
icol for L. monocytogenes LLO-E7. No difference in CFU was
detected between nonselective and selective plates, indicating
stable maintenance of the plasmid throughout the culture for
at least 70 generations, when the experiment was terminated.
In addition, we tested plasmid stability in vivo in C57BL/6
mice by isolating viable bacteria at different time points after

injection. Again, CFU counts on selective and nonselective
plates were used to determine plasmid maintenance among the
isolated bacteria (Fig. 3). No differences in CFU were detected
on selective and nonselective plates for each construct, indi-
cating the stable presence of the recombinant plasmid in all
bacteria isolated. Since viable Lmdd(pTV3) bacteria were iso-
lated at least until day 5, plasmid loss in vivo followed by early
clearance of injected bacteria can be excluded as a possible
reason for the low virulence as observed by LDy, values. L.
monocytogenes LLO-E7 was cleared very rapidly in vivo within
48 to 72 h. Despite having an LDs, value similar to that of
Lmdd(pTV3), L. monocytogenes LLO-E7 may be more atten-
uated in other virulence factors.

Lmdd(pTV3) regresses established tumors. The efficacy of
both vectors to serve as potential cervical cancer vaccines was
compared in a tumor regression model. Since we were using
the HPV E7 antigen and direct comparison between the two
vectors required similar tumor sizes between the different
groups, the cotton-tail rabbit papillomavirus model with virally
induced tumors and a cotton-tail rabbit papillomavirus target
was not suitable. We instead chose the TC-1 cell line model,
which is well characterized for HPV vaccine development and
which allowed controlled comparison of the regression of es-
tablished tumors of similar size after immunization with Lmdd
(pTV3) or L. monocytogenes LLO-E7.

In two separate experiments, immunization of mice with
Lmdd(pTV3) and L. monocytogenes LLO-E7 resulted in sim-
ilar tumor regression (Fig. 4), with no statistically significant
difference (P < 0.05) between the vaccinated groups. All im-
munized mice were still alive after 63 days, whereas mice in the
naive group had to be sacrificed when their tumors reached 20
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TABLE 1. Flow cytometry analysis of tumor-infiltrating T cells

% of cells
Mice (=3 Do Expt A- Expt B-
CD8™" CD8™" CD8™" CD8™"
E7" IFNy* E7" IFNy*
Naive 0 8.81 1.33 4.86 0.01
Lmdd (pTV3) 0.75 X 108 20.72 7.06 14.86 55
LLO-E7 1x 108 27.43 5.55 20.82 7.93

mm in diameter. Cured mice remained tumor free until the
termination of the experiment. Previously observed in vitro
differences between Lmdd(pTV3) and L. monocytogenes
LLO-E7 (see above) were not reflected in vaccine efficacy in
vivo.

Immunization with the listerial vectors results in antigen-
specific tumor-infiltrating T cells. We have shown previously
that antitumor efficacy is closely linked to the ability of the
vector to induce antigen-specific tumor-infiltrating lympho-
cytes (19). To further characterize Lmdd(pTV3) efficacy, we
therefore analyzed tumor-infiltrating cytotoxic T cells for E7
antigen specificity (Table 1). The percentage of E7 tetramer-
specific T cells infiltrating the tumor was found to be somewhat
higher in the Lmdd-LLO-E7 group than in the Lmdd(pTV3)
group. Tetramer-positive T cells were functionally character-
ized by IFN-y production assays. No significant differences
were observed in the percentages of IFN-y-producing CD8* T
cells in L. monocytogenes LLO-E7-immunized mice versus
Lmdd(pTV3)-treated mice. Since both vectors result in similar
long-term tumor regression, the number of tumor-infiltrating,
antigen-specific T cells in the tumor seems to be sufficient to
control tumor growth upon vaccination with either vector.

DISCUSSION

We have established a potential Listeria-based vaccine de-
livery system that is free of antibiotic resistance markers to
conform to clinical regulatory requirements and improve the
environmental safety of live bacterial vectors as well as DNA
vaccines. A Listeria dal gene expressed from a plasmid under
the control of a constitutive promoter successfully comple-
mented a D-alanine racemase-deficient gram-positive (Listeria
monocytogenes) and a gram-negative (Escherichia coli) host.
We used this vector to express a cancer antigen fused to Lis-
teria listeriolysin (LLO) as a proof of concept, but our expres-
sion cassette could easily be replaced by a multiple cloning site.
In order to create a general shuttle vector, pTV3 could be
digested with KaslI or Ehel and Aatll, removing the prfA gene,
the LLO-E7 fusion gene, and most of the LLO promoter. A
multiple cloning site consisting of BamHI, Xhol, Xbal, NotI,
Spel, Smal, and Sacl could then be introduced by ligating the
following paired oligonucleotides to the vector backbone: 5'-
CGG ATC CCT CGA GCT CAG AGC GGC CGC ACT
AGT CCC GGG GAG CTCG 5'-TCG ACG AGCTCC CCG
GGA CTA GTG CGG CCG CTC TGA GCT CGA GGG
ATC CGA CGT (overhanging ends that are compatible with
the vector sites restricted with Aatl and Sall are in italics).

Alternatively, the p60-dal expression cassette could be intro-
duced into any commercial plasmid, followed by removal of the
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antibiotic genes. We have successfully used pCR2.1 (Invitro-
gen) containing the p60-dal cassette and Listeria replication
sequences to complement D-alanine racemase-deficient E. coli
strain MB2159 as well as p-alanine racemase-deficient L.
monocytogenes strain Lmdd (unpublished data). In order to
compare the efficacy of our new vector, Lmdd(pTV3), with the
previous version, L. monocytogenes LLO-E7, which served as a
gold standard for our evaluation, we characterized both strains
in vivo and in vitro. First, plasmid copy numbers between pTV3
in Lmdd(pTV3) and pGGSS in L. monocytogenes LLO-E7
were compared. Although both plasmids contained the same
replication region, deletion of more than 50% of the original
“unnecessary” sequences could potentially have affected intra-
cellular copy numbers. A specific concern was the copy control
region in pGG55 (2, 3, 32), which had already been inactivated
previously but was still present in the majority of its sequence.
As expected, the evaluation of plasmid E7 copies versus
genomic plcA by quantitative PCR showed no significant dif-
ference between pTV3 and pGGS5 copy numbers in L. mono-
cytogenes.

Next, we compared plasmid maintenance in both vectors in
vitro and in vivo. Comparing CFU counts on selective and
nonselective plates of samples from serial culture of Lmdd
(pTV3) with L. monocytogenes LLO-E7, we found no signifi-
cant difference. If the plasmid had been lost throughout the
culture, we would have expected a higher number of CFU on
nonselective plates than under selective conditions. Similar
results were obtained in comparing the bacterial populations
isolated from the spleens of mice infected with the different
vectors. Thus, the lethal-balanced plasmid maintenance system
based on D-alanine racemase complementation is stable
in vitro as well as in vivo. The new vector displayed less atten-
uation than L. monocytogenes LLO-E7 in vivo, i.e., Lmdd
(pTV3) was cleared more slowly. However, we concluded,
based on the LDs, values, that the virulence of Lmdd(pTV3)
and L. monocytogenes LLO-E7 is not substantially different.

As for any vaccine, in vivo efficacy was the most important
aspect of our antibiotic resistance-free vector system. We per-
formed side-by-side tumor regression studies of Lmdd(pTV3)
and L. monocytogenes LLO-E7 and found no significant differ-
ence in the ability of these vaccines to cause the regression of
established tumors in mice. All of the vaccinated mice were
alive after more than 60 days, and 40 to 65% of the tumors had
disappeared permanently. Analysis of the percentage of E7
tetramer-positive CD8" T cells in the spleens showed no sig-
nificant differences between the two vaccines (data not shown).
Interestingly, a higher percentage of E7-specific T cells, as
measured by tetramer staining, were found in the tumors of L.
monocytogenes LLO-E7-immunized mice than in the Lmdd
(pTV3) group, although the absolute numbers of E7-specific
cells were comparable. In addition, equivalent E7-specific per-
centages of T cells isolated from tumors from mice treated with
either vaccine secreted IFN-vy. Thus, overall, we did not find
significant differences in the efficacy of the antibiotic resis-
tance-free system in its ability to serve as a cancer vaccine.

Several systems have been published to develop alternatives
to antibiotic resistance markers in gram-positive and gram-
negative bacteria, such as active plasmid segregation (12),
postsegregational killing (12), repressor titration (6, 31), and
the complementation of auxotroph mutants (4, 26). Often,
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however, these technologies have been developed for only one
bacterial species or required the combination of several sys-
tems to allow selection in E. coli in vitro and the final host in
vitro and in vivo (12), the latter being essential for the efficacy
of bacterial vaccine delivery vectors. Such combinations may
result in enhanced metabolic load of the bacterial vector. In
other examples, antibiotic resistance genes were retained for
selection in E. coli (8, 15, 17).

The complementation system presented has a number of
advantages and applications. The new plasmid contains only a
single expression cassette for selection in E. coli and L. mono-
cytogenes in vitro and in vivo, thereby simplifying the vaccine
vector system. We were able to significantly reduce the size of
the expression plasmid from 12.8 kb to only 7.6 kb, resulting in
less metabolic load for the bacterial vector and easier plasmid
manipulation. Although the recombinant plasmid is highly sta-
ble in its D-alanine racemase-deficient host, which cannot sur-
vive upon plasmid loss, it is not likely to be retained upon
potential transfer to other bacteria in the gut. It does not
confer an evolutionary advantage on normal cells and does not
contain active retention systems such as partition sequences.
Thus, outside its deficient host cell, the da/-containing plasmid
will most likely be diluted out of the population and ultimately
be eliminated over time.

Independent of its use in our Listeria-based vaccine vector,
the p-alanine racemase complementation system that we de-
veloped could be used to eliminate the requirement of antibi-
otic resistance markers in the manufacture of DNA vaccines in
E. coli. The Listeria-derived dal expression cassette or an E.
coli-derived alr gene for that matter could be included in DNA
vaccine plasmids instead of kanamycin when using a D-alanine
racemase-deficient E. coli strain for vaccine production. This
system could be used for plasmids of any copy number without
being restricted to high-copy-number plasmids, as is the alter-
native repressor titration system. There will be no introduction
of potentially toxic amounts of D-alanine, which was a concern
for the in vivo complementation of strain Lmdd with exoge-
nous D-alanine.

As D-alanine racemases are homologous across many differ-
ent bacterial species, the complementation system described
here could potentially be applied universally in other vector
settings with only slight modifications. Bacteria that contain
p-alanine racemases similar to those in L. monocytogenes or E.
coli include Mycobacterium spp. (28), Bacillus spp. (29), Lac-
tobacillus spp. (4), Shigella spp. (33), and Salmonella spp. (30).
We demonstrated the feasibility and efficacy of this approach
in animal models of cervical cancer as a proof of concept, but
other antigens from other cancer types or from infectious dis-
eases could be targeted. We will also move the prototype
cervical cancer vaccine presented here towards its clinical ap-
plication in the near future. Our antibiotic resistance-marker
free Listeria vaccine system with its implications for the anti-
biotic gene-free production of DNA vaccines represents a pow-
erful tool for the development in clinical application of recom-
binant vaccine vectors.
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