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Clinical trials reveal that plasmid DNA (pDNA)-based
gene delivery must be improved to realize its potential
to treat human disease. Current pDNA platforms suffer
from brief transgene expression, primarily due to the
spread of transcriptionally repressive chromatin initially
deposited on plasmid bacterial backbone sequences.
Minicircle (MC) DNA lacks plasmid backbone sequences
and correspondingly confers higher levels of sustained
transgene expression upon delivery, accounting for its
success in preclinical gene therapy models. In this study,
we show for the first time that MC DNA also functions as
a vaccine platform. We used a luciferase reporter trans-
gene to demonstrate that intradermal delivery of MC
DNA, relative to pDNA, resulted in significantly higher
and persistent levels of luciferase expression in mouse
skin. Next, we immunized mice intradermally with DNA
encoding a peptide that, when presented by the appro-
priate major histocompatibility complex class | molecule,
was recognized by endogenous CD8* T cells. Finally,
immunization with peptide-encoding MC DNA, but
not the corresponding full-length (FL) pDNA, conferred
significant protection in mice challenged with Listeria
monocytogenes expressing the model peptide. Together,
our results suggest intradermal delivery of MC DNA may
prove more efficacious for prophylaxis than traditional
pDNA vaccines.
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INTRODUCTION

Plasmid DNA (pDNA) is an attractive platform for gene delivery
in vivo because it is a non-viral, non-integrating vector that is safe,
inexpensive, stable, and easily manipulated.' As such, it has been
evaluated in hundreds of clinical trials.>* Collectively, these tri-
als reveal that although pDNA has promise, the major challenge
to its widespread use for the prevention and treatment of human

disease is poor protein production in situ. This results from both
low transfection efficiency and low transgene expression.
Expression of the transgene cassette in pDNA vectors rapidly
wanes because transcriptionally repressive proteins are initially
deposited on extragenic DNA, the backbone pDNA located between
the 5" and 3" ends of the transgene expression cassette.** Chromatin
deposition is independent of the sequence, CpG content, and
methylation status of the extragenic pDNA but is dependent on its
length.”* Chromatinization spreads in cis from the extragenic DNA
to the transgene cassette, silencing its expression. This results in a
brief burst of protein production in situ followed by its rapid loss.
Minicircle (MC) DNA is similar to pDNA as both contain
expression cassettes that permit transgene products to be made
at high levels shortly after delivery in vivo."" They differ in that
MC DNA is devoid of essentially all prokaryotic sequence ele-
ments (e.g., origin of replication and antibiotic-resistance genes).
Removal of these backbone pDNA sequences is achieved via site-
specific recombination in Escherichia coli before episomal DNA
isolation.'"* The lack of these prokaryotic sequence elements also
reduces MC size relative to its parental full-length (FL) pDNA,
leading to enhanced transfection efficiencies.' The net result is that
compared with their FL pDNA counterparts, MCs transfect more
cells and permit sustained high level transgene expression upon
delivery in vivo. Because of this, we hypothesized that immune
responses elicited by MC vaccines would be more potent than
responses to FL pDNA vaccines encoding the same antigens (Ags).
The two main routes for administering pDNA vaccines are
intramuscular and intradermal. The intradermal route is preferred
because the skin is a barrier organ relatively rich in immune senti-
nel cells that present Ag to the immune system.'>'® Keratinocytes
are critical for maintaining the immunological barrier function of
the skin by initiating inflammation via recognition of damage- and
pathogen-associated molecular patterns by pattern recognition
receptors.'” Dermal dendritic cells similarly initiate proinflamma-
tory responses but they also can internalize and present Ag to B
and T cells.”” Intradermal delivery methods for DNA include injec-
tion with a hypodermic needle, bombardment of the skin with
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DNA-coated gold particles ejected from a gene gun, topical appli-
cation, electroporation, and tattooing.'®** Tattooing has the advan-
tage of being relatively inexpensive and rapid, and the infliction of
thousands of perforations likely serves as an adjuvant. Work by the
Haanen group demonstrated that pDNA delivery to the skin via
tattooing elicited more rapid and robust immune responses spe-
cific for the pDNA-encoded Ags than did intramuscular delivery.”
We used tattooing to deliver FL pDNA and their derivative
MC vaccines intradermally to mice. We found that the level, dura-
tion and immunogenicity of the MC transgene-encoded proteins
were all significantly greater than those elicited by the FL pDNA
vaccines, and that the primary and memory immune responses
elicited by MC vaccines conferred significant protection against
bacterial infection in a model of listeriosis. We discuss these results
relative to future strategies involving pDNA-based vaccines.

RESULTS

Efficient production of MC-based expression vectors
We constructed two series of expression vectors. One encoded
enhanced firefly (eff) luciferase as a reporter to track expression.
The other encoded a model peptide to monitor Ag-specific T-cell
responses. We chose eff luciferase as a reporter because of its sen-
sitivity; mouse cells expressing eff luciferase emit >100 times more
light than cells expressing standard firefly luciferase.?* The model
peptide was the chicken ovalbumin-derived peptide SIINFEKL
(amino acid residues 257-264). When SIINFEKL is bound by the
mouse major histocompatibility class I molecule H-2K", it forms an
Ag recognized by mouse CD8* T cells bearing the Va2/VB5 OT-1
transgenic T-cell receptor.”® Ag-specific OT-I responses are easily
tracked after these cells are adoptively transferred into C57BL/6
(H-2") recipients subsequently immunized with the SIINFEKL
peptide plus adjuvant.” Responses of Ag-specific endogenous
CD8" T cells are also readily tracked by flow cytometry using flu-
orophore-labeled SIINFEKL/K" tetramers.?” Expression of the eff
and Ag genes is controlled by the human ubiquitin C (hUbC) pro-
moter, chosen because it efficiently drives transgene expression in
many mouse tissues including skin.?

MC constructs encoding eftf or Ag (MC-effand MC-Ag, respec-
tively) were generated from FL pDNA precursors (Figure 1a).
Briefly, we cloned the hUbC-driven expression cassettes between
the ¢C31 integrase recognition sites attB and attP in pMC.BESPX,
the MC producer plasmid.”* Upstream of the attB site was a block
of 32 tandem repeats of the I-Scel homing endonuclease recogni-
tion sequence.”” FL. pDNA was transformed into an E. coli strain
(ZYCY10P3S2T) engineered to express ¢C31 integrase and I-Scel
endonuclease.” Upon induction, ¢ C31 integrase activity generated
the MC and circular plasmid backbone; the latter was subsequently
degraded by host bacterial exonucleases after linearization by the
I-Scel endonuclease. Densitometry analyses of ethidium bromide-
stained agarose gels revealed that less than 2% of the parental FL-eff
pDNA remained in the purified MC-eff preparations (Figure 1b).
MC-Ag preparations were comparably pure (data not shown).

Enhanced expression of MC-encoded eff luciferase

in vitro

To determine if the expression levels or transfection efficien-
cies of MC-encoded genes were enhanced as compared with FL
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plasmid-encoded genes, we transfected COS cells transiently with
equimolar amounts of MC-eff or FL-eff DNA. Two days later, the
cells were analyzed by flow cytometry for intracellular luciferase
expression (Figure 2a). On average, ~14% of cells transfected
with MC-eff expressed luciferase, more than twice the frequency
(6%) of luciferase-expressing cells transfected with an equimo-
lar amount of FL-eff (Figure 2b). However, the median fluores-
cent intensities of the two luciferase-expressing populations were
comparable (P = 0.65). Together, these data suggest that under
the conditions used, the smaller MC-eff (3348 bp) is superior to
the larger FL-eff (7262bp) in transfection frequency but not in
gene expression level on a per cell basis as assessed 2 days after
transfection.

Enhanced expression of MC-encoded eff luciferase in
skin

Because our goal is to develop MC-based vaccines, we next deter-
mined the intensity and duration of MC gene expression in vivo
following intradermal delivery via tattooing. Each mouse in the
experimental cohort was tattooed on the left and right thighs
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Figure 1 Minicircle derivation. (a) Plasmid construct and minicircle
generation. The expression cassette is cloned between the ¢C31 inte-
grase recognition sites attB and attP in the minicircle producer plasmid
pMC.BESPX, which also contains I-Scel homing endonuclease recognition
sequences. Following transformation of the E. coli strain ZYCY10P3S2T
with a full-length (FL) parental plasmid, $C31 integrase activity gener-
ates a minicircle (MC) containing the expression cassette and a circular
plasmid backbone; the latter is subsequently degraded by host exonucle-
ases following linearization by the I-Scel endonuclease. (b) Agarose gel
electrophoresis analysis of linearized FL-eff and its MC derivative (MC-eff).
The arrow indicates residual FL plasmid in the purified MC-eff DNA
preparation. Sizes of the DNA species are noted next to each band. eff,
enhanced firefly luciferase; FL-eff, full-length plasmid encoding eff; I-Scel
x32, 32 tandem repeats of the I-Scel homing endonuclease recognition
sequence; Kan', kanamycin-resistance gene; MC-eff, minicircle-encoding
eff; MW, molecular weight standards; pUC, plasmid origin of replication.
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Figure 2 Enhanced expression of minicircle-encoded eff in vitro. COS cells were transiently transfected with equimolar amounts (1.1 pmol;
2.5 pg MC-eff) of each DNA species. A luciferase-specific antibody was used to determine the frequencies of luciferase-expressing cells 48 hours
later. (a) Flow cytometric analysis of transfected COS cells. These are representative flow cytometry contour plots used to determine the frequen-
cies of eff-positive COS cells shown in b. (b) Frequencies of luciferase-positive COS cell transfectants. Data are presented as means £ SEM (n = 3)
(**P < 0.01) and represent three experiments. eff, enhanced firefly luciferase; FL-eff, full-length plasmid encoding eff; MC-Ag, minicircle encoding eff;

VC, empty full-length plasmid vector control.

while lying supine with equimolar amounts of FL-eff and MC-eff
DNA, respectively. Mice in a separate cohort were tattooed with
equimolar amounts of FL pDNA lacking an expression cassette
(empty vector control (VC)). The mice were then injected with
saturating amounts of D-luciferin substrate on the indicated days
and imaged for bioluminescence (Figure 3a). Expression peaked
2-3 days after delivery in both groups (Figure 3b).

The groups differed, though, in that luciferase activity encoded
by MC-eft was consistently and significantly higher than that of
FL-eff. Luciferase activity decayed to background levels by day
42 in the FL-eff cohort but it remained detectable in the MC-eff
cohort throughout the 63-day—observation period. It is notewor-
thy that the MC-eff luciferase activity on day 63 was comparable
with the FL-eff peak response on day 3. It also took twice as long
for luciferase activity to decay to levels significantly lower (P <
0.05; paired t-test) than the peak response in MC-eff (56 days)
versus FL-eff (28 days) mice. Together, these data indicate that
luciferase expression in the skin persists significantly longer and
at significantly higher levels in mice tattooed with MC-eff relative
to FL-eff.

Enhanced presentation of MC-encoded Ag in vitro

As a prelude to vaccination, we assessed Ag secretion and presen-
tation in vitro by transfecting a dendritic cell line, DC2.4 (H-2°
haplotype) with equimolar amounts of VC, FL-Ag or MC-Ag
DNA. The Ag cassette encoded the chicken ovalbumin-derived
peptide SIINFEKL linked to a secretion sequence and a histidine
tag (Supplementary Figure S1). Western blot analysis of tran-
siently transfected COS cells revealed the Ag was secreted (data
not shown). To measure presentation of the SIINFEKL peptide,
we analyzed DC2.4 cells at 1, 3, and 5 days after transfection for
reactivity with 25-D1.16 (Figure 4a). This monoclonal antibody
specifically binds SIINFEKL only when presented by H-2K"* The
frequency of cells bearing detectable SINFEKL/H-2K" complexes
was significantly higher and persisted longer in the MC-Ag trans-
fectants as compared with the FL-Ag transfectants (Figure 4b).
These MC-Ag transfectants also expressed significantly higher
levels of SIINFEKL/H-2K® complexes than the FL-Ag transfec-
tants, as measured by median fluorescent intensity (Figure 4c).
This level of enhanced Ag expression in the MC-Ag versus the
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Figure 3 Enhanced intensity and duration of minicircle-encoded eff
expression in the skin. The ventral skin on both thighs of C57BL/6 mice
was tattooed with equimolar (9.2 pmol; 20 ug eff-encoding minicircle
DNA) amounts of empty full-length plasmid VC, FL plasmid encoding eff
luciferase, or the MC-eff derivative. (@) Xenogen IVIS imaging of in vivo
luciferase activity 4 days after gene delivery. FL-eff and MC-eff luciferase
activities are shown on the left and right thighs, respectively, of the first
four mice as they lie in the supine position. (b) Quantitative long-term in
vivo luciferase expression. The data for the FL-eff and MC-eff cohorts are
presented as the mean + SEM (n = 4), corrected for background biolumi-
nescence. Values for the VC cohort (n = 4) never exceeded background
and are not shown. Luciferase activity in the FL-eff and MC-eff cohorts
was significantly different (P < 0.05) on each day analyzed except the
first day (P < 0.06). This is representative of two similar experiments.
eff, enhanced firefly luciferase; FL-eff, full-length plasmid encoding eff;
MC-eff, minicircle-encoding eff; VC, vector control.
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Figure 4 Enhanced presentation of minicircle-encoded Ag by dendritic cells. Cells from the C57BL/6-derived dendritic cell line DC2.4 were
transiently transfected with equimolar (1.8 pmol; 2.8 pg MC-Ag) amounts of empty full-length plasmid VC, full-length plasmid encoding the chicken
ovalbumin-derived peptide SIINFEKL, or the SIINFEKL-encoding minicircle derivative of the full-length plasmid. The latter two samples are respectively
abbreviated FL-Ag and MC-Ag, as SIINFEKL presented by the MHC class | molecule H-2K® is an Ag recognized by specific CD8* T cells. Cells were
analyzed by flow cytometry for presentation of SIINFEKL by H-2K®, as determined by reactivity with the monoclonal antibody 25.D1-16. (a) Flow
cytometric analysis of transfected DC2.4 cells. These are representative flow cytometry contour plots (day 3) used to determine the frequencies of
Ag-positive DC2.4 cells shown in b. (b) Frequencies of Ag-positive DC2.4 cells. Data are presented as the means + SEM (n = 3) (***P < 0.001) and
represent three experiments. (c) Median fluorescent intensities (MFls) of Ag-positive DC2.4 cells. Data are presented as the MFI + SD (n = 3)
(*P < 0.05; **P < 0.01; ***P < 0.001) and represent three experiments. Ag, antigen (SIINFEKL/H-2K®); FL-Ag, full-length plasmid encoding SIINFEKL;

MC-Ag, minicircle-encoding SIINFEKL; VC, vector control.
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Figure 5 Enhanced activation of Ag-specific CD8* T cells in vivo
following immunization with MC-Ag. C57BL/6 mice were adoptively
transferred with OT-I cells and 24 hours later tattooed with equimolar
(13.8 pmol; 20 pg MC-Ag) amounts of VC, FL-Ag, or MC-Ag. Mice were
killed 1 week later and their splenocytes analyzed by flow cytometry.
(a) OT-l cell quantification. OT-I cells were identified by their expres-
sion of CD8 and Thy1.1 (CD57BL/6 endogneous CD8* T cells express
Thy1.2). (b) Frequencies of interferon-y* (IFN-y*) OT-I cells. Splenocytes
from adoptively transferred, immunized mice were incubated with or
without SIINFEKL peptide in vitro before analysis by flow cytometry for
intracellular IFN-y expression. Data are presented as the means + SEM
(n = 3) and represent three experiments. (*P < 0.05). FL-Ag, full-length
plasmid encoding SIINFEKL; MC-Ag, minicircle-encoding SIINFEKL;
VC, vector control.
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FL-Ag transfectants on a per cell basis contrasts with the compa-
rable levels of eff expression level in the MC-eff and FL-eff trans-
fectants noted above. We speculate that the SIINFEKL/H-2K"
complexes on the cell surface have a greater half-life than intracel-
lular eff. An alternative, but not mutually exclusive, possibility is
that the Ag-transgene encoded protein containing the SIINFEKL
peptide and the eff protein are degraded at similar rates but the
resultant pool of SIINFEKL peptides provides a reservoir for pro-
longed presentation by H-2K®.

Enhanced immunogenicity of MC-encoded Ag in vivo
in an adoptive transfer model

To determine if the enhanced presentation of MC-encoded Ag
observed in vitro corresponded to increased immunogenicity
in vivo, we adoptively transferred equal numbers of CD8* OT-I
(Thy1.1%) cells into congenic C57BL/6 (Thy1.2*) mice and tracked
the OT-I cell responses following DNA immunization. One day
after OT-I cell adoptive transfers, recipients were tattooed with
equimolar amounts of VC, FL-Ag or MC-Ag DNA. At the peak of
the response 7 days later, flow cytometry was used to identify OT-I
cells by their expression of CD8 and the allelic marker Thy1.1. The
proliferative responses of OT-I cells, as measured by an increase
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Figure 6 Enhanced cytolytic activity of Ag-specific CD8* T cells follow-
ing immunization with MC-Ag. C57BL/6 mice were adoptively trans-
ferred with OT-I cells and 24 hours later tattooed with equimolar (13.8
pmol; 20 pg MC-Ag) amounts of VC, FL-Ag, or the MC-Ag. Control mice
were immunized subcutaneously with 50 pug SIINFEKL peptide emulsified
in complete Freund’s adjuvant (CFA). Eight days later, mice were adop-
tively transferred with equal numbers of syngeneic splenocytes pulsed
with SIINFEKL peptide (labeled with 5 umol/l CFSE) and unpulsed sple-
nocytes (labeled with 0.5 pmol/l CFSE). Mice were killed 14 hours later
and their splenocytes analyzed by flow cytometry for the frequencies of
CFSE°" (unpulsed) and CFSE"s" (peptide-pulsed) cells. (a) Representative
histograms of CFSE°* and CFSE"e" cells. The numbers show the frequencies
of CFSE® and CFSE"" cells in the CFSE* populations in immunized mice.
(b) Ag-specific in vivo cytolytic activity. The frequency of unpulsed cells
(CFSE®") was divided by the frequency of peptide-pulsed cells (CFSEMs")
to determine the ratio of Ag-negative to Ag-positive target cells in each
mouse. These ratios were then used to calculate the percent Ag-specific
cytolytic activity by the equation: [1-(VC ratio/FL-Ag or MC-Ag ratio)] x
100]. Data are presented as means + SEM (n = 5) (*P < 0.05; **P < 0.01)
and represent three replicate experiments. CFA, complete Freund'’s adju-
vant; CFSE, 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester;
FL-Ag, full-length plasmid-encoding SIINFEKL; MC-Ag, minicircle-encoding
SIINFEKL; VC, empty full-length plasmid vector control.

in absolute OT-1 cell numbers, in MC-Ag-immunized mice were
significantly greater than the responses in mice immunized with
FL-Ag or VC. This was true in the spleen (Figure 5a) and draining
lymph nodes (data not shown). To assess their functionality, OT-I
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Figure 7 Enhanced expansion of endogenous Ag-specific CD8*
T cells in vivo following immunization with MC-Ag. C57BL/6 mice
were immunized via tattooing three times, 3 days apart (days 0, 3,
and 6) with equimolar (13.8 pmol per immunization; 20 pg MC-Ag)
amounts of VC, FL-Ag, or MC-Ag. Twenty-four hours after each immuni-
zation, mice were injected subcutaneously on the ventral portion of the
tattooed thigh with 10 pg of polylIC. Five days following the last immuni-
zation (day 11), the mice were bled via the facial vein. (a) Representative
flow cytometry plots showing the gates set on CD8* SIINFEKL/K" tetra-
mer-binding subsets of lymphocytes. Cells were identified by reactiv-
ity with anti-CD8-allophycocyanin monoclonal antibody and SIINFEKL/
K°-PE tetramer. (b) Frequency of antigen-specific CD8* T cells. Data are
presented as the mean + SEM (n = 5) (*P < 0.05; Kruskal-Wallis test
corrected with a Dunn’s multiple comparison test) and represent three
experiments. FL-Ag, full-length plasmid encoding SIINFEKL; MC-Ag,
minicircle-encoding SIINFEKL; VC, vector control.

cells from immunized mice were stimulated briefly in vitro with
cognate Ag (syngeneic H-2" splenocytes pulsed with SIINFEKL
peptide) and examined for interferon-y (IFN-y) expression.
IFN-y was expressed by significantly more OT-I cells from mice
immunized with MC-Ag than from mice immunized with FL-Ag
(Figure 5b). Moreover, the levels of intracellular IFN-y tended to
be higher in OT-I cells from MC-Ag-immunized mice than in
FL-Ag-immunized mice (median fluorescent intensities of 370
versus 235, respectively).

To assess in vivo cytotoxicity, C57BL/6 mice were adoptively
transferred with OT-I cells and the next day immunized with

www.moleculartherapy.org vol. 21 no. 8 aug. 2013
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Figure 8 Enhanced protection from challenge with Listeria monocytogenes following immunization with MC-Ag. C57BL/6 mice were immu-
nized via tattooing three times, 3 days apart (days 0, 3, and 6) with equimolar (13.8 pmol per immunization; 20 ug MC-Ag) amounts of VC, FL-Ag,
or MC-Ag. Twenty-four hours after each immunization, mice were injected subcutaneously on the ventral portion of the tattooed thigh with 10 pg of
polylCLC. Five or 30 days following the last immunization (days 11 or 36), mice were infected with LM-OVA intravenously in the tail vein. Five days
following infection (days 16 or 41), mice were bled by the facial vein, killed, and their spleens harvested. Ag-specific T cells were identified by staining
with anti-CD8-allophycocyanin and SIINFEKL/K®-PE tetramer. Bacterial burden was measured as the number of Listeria colony-forming units (CFUs) in
the spleen. Frequencies of antigen-specific CD8* T cells in the peripheral blood and spleen on days (a,b) 16 and (d,e) 41. Data are presented as the
mean + SEM (n = 10) (*P < 0.05; **P < 0.01; Kruskal-Wallis test corrected with a Dunn’s multiple comparison test) and represent three experiments.
(c) Bacterial burden in the spleen on day 16. Mice were infected intravenously with 6x10* CFUs of LM-OVA on day 11 and bacterial burden was
measured 5 days later (day 16). (**P < 0.01; Kruskal-Wallis test corrected with a Dunn’s multiple comparison test). (f) Bacterial burden in the spleen
on day 41. Mice were infected intravenously with 4 x 10* CFUs of LM-OVA on day 36 and bacterial burden was measured 5 days later (day 41). Data
are presented as the mean + SEM (n = 10) (*P < 0.05; Kruskal-Wallis test corrected with a Dunn’s multiple comparison test). These are pooled data

from two experiments. FL-Ag, full-length plasmid encoding SIINFEKL; MC-Ag, minicircle-encoding SIINFEKL; VC, vector control.

equimolar amounts of VC, MC-Ag, or FL-Ag DNA via tattoo-
ing. One week later, these mice were injected with equal num-
bers of SIINFEKL-pulsed syngeneic splenocytes labeled with
5 pmol/l 5-(and-6)-carboxyfluorescein diacetate, succinimidyl
ester (CFSE"¢") and unpulsed syngeneic splenocytes labeled with
tenfold less CFSE (CFSE"). The loss of CFSE"&" (Ag-positive)
relative to CFSE"" (Ag-negative) cells provided a measure of OT-I
cytolytic activity in vivo (Figure 6a).>' Ag-specific cytolytic activ-
ity in MC-Ag-immunized mice was significantly greater than that
in FL-Ag-immunized mice (Figure 6b). OT-I cytolytic activity
was comparable between mice immunized with MC-Ag DNA
and SIINFEKL peptide plus complete Freund’s adjuvant (posi-
tive control; Figure 6b). The latter is remarkable given the 3,700
molar excess of peptide (52 nmol) relative to MC-Ag DNA (14
pmol), and that pDNA transfection efficiencies in vivo are poor.?
Together, these data indicate MC-Ag immunization elicits a sig-
nificantly greater OT-I response than does immunization with
FL-Ag pDNA.

Superior protection from a MC vaccine in model of
listeriosis

Vaccine efficacy is measured by the ability of endogenous
Ag-specific immune cells to protect a vaccinated animal
from a subsequent pathogen challenge. To determine if MC
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immunization enhanced the responses of endogenous Ag-specific
CD8* T cells, we first tracked the frequencies of SIINFEKL/K"
tetramer-binding CD8* T cells in immunized C57BL/6 mice that
had not been adoptively transferred with OT-I cells. Bins et al.
showed that three intradermal immunizations 3 days apart were
required for an optimal immune response to a pDNA-encoded
Ag which peaked 5 days after the third immunization.” We rep-
licated this immunization scheme by tattooing mice three times,
3 days apart (on days 0, 3, and 6) with equimolar amounts of VC,
MC-Ag, or FL-Ag DNA. One day after each immunization, mice
were injected subcutaneously at the tattoo site with polyIC, a toll-
like receptor 3 agonist that serves as an adjuvant by eliciting type
I interferons.” The peak response in our immunized mice also
occurred 5 days after the third immunization (on day 11), as mea-
sured by the frequencies of SIINFEKL/K" tetramer-binding CD8*
T cells in the peripheral blood taken over time (data not shown).
Mice immunized with MC-Ag had significantly higher frequen-
cies of tetramer-binding CD8" T cells on day 11 than mice immu-
nized with either the FL-Ag or VC pDNA (Figure 7).

We next asked if vaccination with MC-Ag DNA protected
mice from a challenge of Listeria monocytogenes engineered to
express the model Ag, chicken ovalbumin (LM-OVA).* Listeria
monocytogenes is a gram-positive intracellular bacterium that
can cause fatal listeriosis in neonates, pregnant women, and
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immunosuppressed individuals.** LM-OVA is particularly useful
because it provides a well-defined T cell Ag (e.g., SIINFEKL pep-
tide presented by H-2K") and because CD8" T cells are necessary
for induction of protective immunity to the pathogen.* Mice were
immunized as described above except that polyIC was replaced
with polyICLC because of the latter’s enhanced pharmacokinet-
ics.* At the peak of the immune response 5 days after the last
immunization (day 11), all mice were challenged intravenously
with LM-OVA bacteria. Mice were euthanized 5 days after bac-
terial challenge (day 16) and the frequencies of peripheral blood
and splenic CD8" T cells binding the SIINFKEL/K" tetramer were
determined by flow cytometry. Bacterial burden was measured as
the number of colony-forming units of LM-OVA in the spleen.

Consistent with the day 11 results, on day 16 there were sig-
nificantly higher frequencies of Ag-specific CD8* T cells in the
peripheral blood and spleens of mice immunized with MC-Ag
than in mice immunized with FL-Ag or VC DNA (Figures 8a
and 8b, respectively; gating strategies shown in Supplementary
Figure S2). Vaccination with MC-Ag DNA correspondingly con-
ferred significant protection to challenge with LM-OVA. Bacterial
burden was significantly reduced in mice immunized with
MC-Ag as compared with FL-Ag or VC (Figure 8c). Although the
numbers of colony-forming units were not significantly different
between the FL-Ag and VC groups, challenge with a lower dose
of LM-OVA showed a protective effect of FL-Ag immunization
(Supplementary Figure S3).

To test whether the memory response elicited MC-Ag DNA
was also superior to that elicited by FL-Ag DNA, mice were chal-
lenged with LM-OVA on day 36, 30 days after the last DNA immu-
nization. All mice were euthanized 5 days after bacterial challenge
(day 41) to measure bacterial burden in their spleens and the fre-
quencies of peripheral blood and splenic CD8* T cells binding the
SIINFKEL/K® tetramer. Although the frequencies of Ag-specific
CD8* T cells in the peripheral blood (Figure 8d) and spleens
(Figure 8e) of mice immunized with MC-Ag, FL-Ag, or VC DNA
were not significantly different, vaccination with MC-Ag DNA 30
days before LM-OVA challenge conferred significant protection
(Figure 8f). We speculate that infection leads to priming of naive
SIINFEKL-specific cells in all groups, which mask the prolifera-
tion of memory cells in immunized mice. Together, these data
suggest vaccination with MC DNA encoding a pathogen-associ-
ated Ag can provide protection from a subsequent challenge with
the corresponding pathogen.

DISCUSSION
Our data indicate MC DNAs delivered via tattooing are superior
to their FL counterparts in terms of the expression levels and dura-
tion, as well as the immunogenicity, of the proteins they encode.
The enhanced levels and duration of protein expression we observe
in the skin corroborate studies of MC DNA delivered to various
tissues via other routes for gene therapy.'>**® The novelty of our
report lies in the enhanced Ag-specific CD8" T-cell response to an
epitope encoded by a MC delivered intradermally. This enhanced
response conferred significant protection to mice challenged with
Listeria monocytogenes expressing the MC-encoded Ag.

Standard pDNA has two components: the bacterial backbone
required for plasmid propagation in bacteria and the transcription
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cassette for expression in mammalian cells. Removal of the bacte-
rial backbone reduced the size of MC DNA relative to pDNA by
~50%. pDNA size is inversely related to transfection efficiency'
and correspondingly, the transfection efficiency and expression
levels of MC are higher than pDNA levels.""*** Accordingly, we
showed transfection of cells in vitro with MC resulted in higher
rates of gene transfer (Figure 2a). This was also true in vivo, as
evidenced by the >10-fold levels of luciferase activity in mice tat-
tooed with MC-eff compared with FL-eff at all time points mea-
sured (Figure 3b).

Similarly, the significantly higher frequencies of effector
Ag-specific CD8" T cells measured 5 days following MC-Ag DNA
immunization most likely reflected higher transfection efficien-
cies relative to FL-Ag DNA. We speculate that the Ag provided by
the MC DNA and the adjuvant effect resulting from the thousands
of needle pricks inflicted by the tattoo device combine to pro-
duce a local microenvironment conducive for naive OT-I CD8*
T-cell activation. It is unlikely anything other than inflammation
induced by the needle pricks serves as an adjuvant because the
needles are sterile, the tattoo site is wiped with ethanol to mini-
mize introduction of skin commensals, and the DNA prepara-
tions have exceedingly low endotoxin levels (<0.1 pg/ug DNA).
However, the adjuvanticity of the needle pricks was insufficient to
elicit significant numbers of endogenous Ag-specific CD8* T cells
(data not shown), necessitating the use of polyICLC. This need
for a greater immunostimulatory microenvironment may reflect
the much lower precursor frequency of endogenous SIINFKEL/K®
specific CD8" T cells (100-200 cells/mouse)*’ as compared with
the frequency of OT-I cells in adoptively transferred mice.

Because the majority of cells transfected by tattooing pDNA
are likely keratinocytes,”* we included a secretory signal in the Ag
expression cassette. Our rationale was that secreted Ag by trans-
fected cells could drain to the regional lymph node for presen-
tation or be internalized by resident Ag-presenting cells in the
skin. These cells could then migrate to the draining lymph node
and cross-present SIINFKEL/K® to naive CD8* T cells. This is
consistent with reports that dermal dendritic cells are required
to stimulate naive CD8* T cells upon intradermal immunization
with pDNA.* Studies of pDNA-encoded Ags delivered intrader-
mally suggest, though, that transfection of Ag-presenting cells
themselves is the key event required to elicit specific CD8" T-cell
responses. Ag expression in keratinocytes failed to elicit specific
CD8* T-cell responses upon intradermal delivery of pDNA con-
taining a K14 promoter, whereas Ag expression in dermal den-
dritic cells (via a CD11c promoter) did.** Moreover, depletion of
langerin* dermal dendritic cells ablated the response of CD8* T
cells to Ag encoded by pDNA delivered intradermally, suggest-
ing that specific delivery of MC to dermal dendritic cells should
further enhance immunogenicity upon tattooing. It remains
to be determined if differential cellular uptake of MC versus FL
DNA impacts both the length of expression and the nature of the
immune response.

In addition to enhancing transfection efficiency, a second
critical benefit to the removal of the plasmid backbone elements
relates to their role in gene silencing. We have shown that the depo-
sition of heterochromatin on the bacterial sequences causes the
loss of expression that is independent of DNA methylation, CpG
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content, immune cell clearance, and plasmid copy number.”**
More recent studies confirm silencing is sequence independent
but unexpectedly is dependent on sequence length.!* Silencing
requires the pDNA separating the 5" and 3’ ends of the transgene
expression cassette to be 21 kb; silencing does not occur when this
extragenic DNA is <0.5kb. In our MC constructs, the extragenic
DNA is <40bp. It remains unclear why transgene silencing does
not occur with shorter extragenic DNA.

The near complete absence of plasmid backbone elements
most likely allowed expression of the eff transgene encoded by MC
DNA to persist throughout the duration of the 9-week observa-
tion period. It is noteworthy that MC-eff expression at 7 weeks
was comparable with that at 1 day. This was unexpected because
33-44% of C57BL/6 keratinocytes are replaced weekly and kerati-
nocytes are the predominant cell type in the skin.* Moreover, van
den Berg et al. reported that 99% of human skin cells transfected
by pDNA delivered via tattooing were keratinocytes.?? The persis-
tence of eff luciferase expression we observe is consistent with the
transfection of longer-lived progenitor cells in the skin, such as
hair follicle-associated dermal precursors.*

The duration of Ag expression following intradermal immu-
nization with pDNA affects CD8* T-cell responses to the encoded
Ag.* Hovav et al. reported that Ag-presenting cell activity slowly
increased over a 2-week period following injection of pDNA into
the ear pinnae of mice.*” Removal of the ear pinnae at various times
after immunization diminished this activity and the resultant pri-
mary specific CD8" T-cell responses. These data suggest a depot of
Ag controls CD8* T-cell expansion at the level of Ag presentation.
A persistent Ag depot afforded by MC immunization arguably
could permit sustained CD8* T-cell responses through the initial
activation of naive CD8" T cells and the persistent reactivation
of resultant memory cells or through modification of the kinetics
of memory CD8* T-cell differentiation, as Hovav et al. suggest.”
Our data showing enhanced protection to LM-OVA challenge
30 days after immunization with MC-Ag DNA is consistent with
this possibility. Alternatively, higher Ag-transgene expression fol-
lowing MC-Ag DNA immunization could have generated greater
numbers of Ag-specific CD8* T cells which in turn, yielded higher
frequencies of Ag-specific memory CD8* T cells. Regardless, the
combination of Ag and coadministered proinflammatory cyto-
kines/chemokine all encoded by MC might establish a long-lived
immunostimulatory microenvironment in the skin, leading to
efficacious anti-pathogen and antitumor immunity.

In conclusion, we show for the first time the applicability of
MC DNA to mediate long-term expression of transgenes when
delivered intradermally. Although the immunogenicity of the
MC-encoded Ags undoubtedly needs to be increased for the MC
platform to serve as a potent vaccine, this clinically relevant delivery
method and the inherent safety benefit of the non-integrating MC
DNA represents a novel approach toward DNA-based therapies.

MATERIALS AND METHODS

DNA constructs. The plasmid backbone for the FL constructs (pMC.
BESPX.MCS1) contains the requisite sequences for bacterial propagation
(e.g., the pUC origin of replication), the kanamycin-resistance gene, the
¢C31 integrase recognition sites attB and attP, and a block of 32 tandem
repeats of the recognition sequence for the I-Scel homing endonuclease."
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To generate the FL-eff construct, the eff gene was amplified from
the pUltra Bright eff luciferase* plasmid® and inserted into a vector
containing the bovine growth hormone polyadenylation signal (BpA).
The luciferase-BpA fragment was then PCR amplified. In a parallel
PCR reaction, the hUbC promoter (a generous gift from Michael Kyba,
University of Minnesota, Minneapolis, MN) was amplified. The hUbC
amplicon contains a 5 overlap region with the pMC.BESPX plasmid
upstream of the EcoRI site and an overlapping region with the eff 5
sequence. The luciferase/BpA amplicon contains an overlap region with
the pMC.BESPX plasmid downstream of the EcoRV site. The two PCR
products and the EcoRI/EcoRV digested pMC.BESPX were subjected
to a one-step isothermal DNA assembly protocol allowing for seamless
joining of the overlapping fragments.*

A similar strategy was utilized to generate the FL-Ag construct
containing the hUbC promoter-driven Ag cassette. The cassette encodes a
signal sequence, a 10x histidine tag, a linker and a region that includes the
chicken ovalbumin-derived peptide SIINFEKL (Supplementary Figure
S1). It was amplified from a codon-optimized synthetic gene (GenScript,
Piscataway, NJ) and inserted upstream of BpA. Overlapping PCR products
for cloning hUbC-Ag-BpA were generated and isothermally assembled
into pMC.BESPX. Sequences of all amplifying primers are available upon
request from the authors.

All PCR reactions were performed using Phusion High-Fidelity DNA
Polymerase (New England BioLabs, Ipswich, MA) under the following
conditions: 98 °C x 30 seconds, followed by 35 cycles of 98 °C x 10 seconds,
60 °C x 30 seconds, and 72 °C x 120 seconds. Plasmids containing the eff
or Ag cassettes were then transformed into the ZYCY10P3S2T bacterial
strain. ZYCY10P3S2T bears ten copies of the ¢C31 integrase gene, three
copies of the I-Scel homing endonuclease gene, and the araE and LacY
arabinose transporter genes that constitutively express proteins importing
arabinose to induce $C31 integrase and I-Scel endonuclease expression.'
For FL pDNA preparation, transformed bacteria were grown in LB broth
(Invitrogen, Carlsbad, CA) supplemented with kanamycin. pDNA was
isolated using the GenElute Endtoxin-free Plasmid Maxiprep Kit (Sigma-
Aldrich, St Louis, MO) according to the manufacturer’s instructions. For
MC generation, bacteria transformed with FL pDNA were grown overnight
in Terrific Broth supplemented with kanamycin (Invitrogen). The following
day MC induction media (fresh LB broth containing 0.04 volumes of 1
N NaOH and 0.02% L-arabinose (Sigma-Aldrich, St Louis, MO)) were
added and the culture temperature was decreased from 37 °C to 32 °C for
5-8 hours. The culture was centrifuged and MC DNA was purified with
the GenElute Endtoxin-free Plasmid Maxiprep Kit (Sigma-Aldrich) by
increasing the recommended volumes of buffers six-fold and using four
columns. Following elution in water, the DNA was concentrated to 4-6 ug/
ul by ethanol precipitation, resuspended in water and stored at —20 °C.

Sequence analyses verified the genes encoded by the FL pDNAs and
their derivative MCs were identical. The amounts of residual FL pDNA
in the MC DNA preparations were evaluated by Kpnl (FL pDNA) or Stul
(MC DNA) restriction endonuclease-mediated linearization, followed
by agarose gel electrophoresis and DNA visualization using ethidium
bromide (Figure 1b). For the GenElute Endtoxin-free Plasmid Maxiprep
Kits, the manufacturer defines “endotoxin-free” as <0.1 endotoxin unit/
ug DNA. The levels of endotoxin in MC and FL pDNA preparations were
measured by the ToxinSensor Chromogenic LAL Endotoxin Assay Kit
(GenScript, Piscataway, NJ) and were all found to be <0.001 endotoxin
unit/pg DNA (<0.1 pg endotoxin/ug DNA).

Cell lines and transfections. COS cells were maintained in complete
Dulbeccos modified Eagle’s medium (Invitrogen) supplemented with 10%
fetal bovine serum (Invitrogen) and DC2.4 cells were maintained in com-
plete RPMI 1640 (Invitrogen) supplemented with 10% fetal bovine serum
at 37 °C with 5% CO,. Adherent cells were dissociated from tissue cul-
ture flasks with TrypLE Express (Invitrogen) and plated in six-well tissue
culture-treated plates (BD Biosciences, San Jose, CA) at equal numbers
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(2-5x%10° cells) per well without antibiotics. Cells were transfected the next
day using Lipofectamine LTX with PLUS Reagent (Invitrogen) according
to the manufacturer’s protocol. COS cells were transfected with 2.5 pg (1.1
pmol) per well of MC-eff or equimolar amounts of VC or FL-eff and were
harvested 2 days later for flow cytometry analysis. DC2.4 cells were trans-
fected with 2.6 pg (1.8 pmol) of MC-Ag per well or equimolar amounts of
VC or FL-Ag and were harvested 1, 3, and 5 days later for flow cytometry
analysis.

Measurements of eff and Ag expression by flow cytometry. Staining
for intracellular eff luciferase in COS cells was carried out using the BD
Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer’s
protocol. Fixed and permeabilized cells were incubated with an anti-lucif-
erase-fluorescein isothiocyanate conjugate (Lifespan Biosciences, Seattle,
WA) for 20 minutes. The DC2.4 cells were analyzed for cell surface Ag
presentation using a 25-D1.16-allophycocyanin conjugate (eBioscience,
San Diego, CA). 25-D1.16 is an antibody specific for the SIINFEKL/H-2K"
complex.* Cells were stained at 4 °C for 30 minutes. Data were acquired on
a BD FACSCalibur flow cytometer (BD Biosciences) using BD CellQuest
Pro software (BD Biosciences) and analyzed with FlowJo software (Tree
Star, Ashland, OR). Data are reported as the percentage and median fluo-
rescent intensity of cells in a defined gated population.

Mice. Four- to eight-week-old, female C57BL/6 mice were purchased from
the Jackson Laboratory (Bar Harbor, ME) or the National Cancer Institute
(Frederick, MD). C57BL/6-Tg (TcraTcrb) 1100Mjb/] (OT-I) Thyl.1'/
Thyl.2* mice were a generous gift from Stephen Jameson at the University
of Minnesota (Minneapolis, MN). All mice were housed under specific
pathogen free conditions at the University of Minnesota. All animal proce-
dures were carried out according to protocols approved by the Institutional
Animal Care and Use Committee.

OT-1 adoptive cell transfer. All work was carried out under asceptic con-
ditions using sterile reagents. OT-I mice were euthanized and lymph
nodes were harvested. Single cell suspensions were prepared and cells
were washed in phosphate-buffered saline supplemented with 2% (v/v)
fetal bovine serum (Invitrogen). Cells were counted and analyzed by flow
cytometry to determine the percentage and number of OT-I cells with the
following antibody-fluorochrome conjugates: CD44-fluorescein isothiocy-
anate, B220-phycoerythrin, and CD8-allophycocyanin (eBioscience) and
Thy1.1- Peridinin Chlorophyll Protein Complex (PerCP) (BD Pharmingen,
San Diego, CA). The OT-I phenotype was B220-CD8"Thy1.1". In addition,
the OT-I cells were CD44"", indicating they were naive at the time of trans-
fer. To determine the cell count, PKH26 Reference Beads (Sigma-Aldrich)
were mixed with cells; 5,000 bead events were collected on the flow cytom-
eter. The following equation was used to determine the number of lympho-
cytes: Number of cells/ml = (number of cells acquired x dilution factor of
cells x number of singlet beads/ml)/(number of beads acquired x dilution
factor beads). Cell counts were verified manually using a hemocytometer.
Data were acquired on a BD FACSCalibur flow cytometer (BD Biosciences)
using BD CellQuest Pro software (BD Biosciences) and analyzed with
FlowJo software (Tree Star). Cells were washed in phosphate-buffered
saline with 1% (v/v) fetal bovine serum and then in phosphate-buftered
saline before being resuspended at 10° cells/ml in phosphate-buffered
saline. 10° cells were transferred into each anesthetized mouse via retro-
orbital injection using 1 ml tuberculin syringes and 27 gauge needles.

DNA immunizations. Mice were anesthetized and their inner hind legs
were shaved and wiped with 70% ethanol. On the basis of pilot experi-
ments, mice were immunized with 20 pug of MC DNA in 10-15 ul vol-
umes. This mass converts to 9.2 and 13.8 pmol for MC-eff and MC-Ag,
respectively. Equimolar amounts of VC and the corresponding FL pDNA
samples were diluted in sterile water to the same volumes. All DNA was
delivered intradermally over an area of ~1cm? for 30 seconds using a
Cheyenne Hawk PU II tattoo device (Unimax Supply, New York, NY) set
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at 110 Hz using 9-point needles adjusted to a depth of 0.5 mm. Mice were
immunized once for adoptive transfer experiments. For endogenous T-cell
tracking and LM-OVA challenge experiments, mice were immunized
three times, 3 days apart and 10 ug of polyIC (Sigma-Aldrich) or polyICLC
(Oncovir) adjuvant were administered subcutaneously 24 hours after each
immunization in the same inner hind leg as the DNA.

Bioluminescence measured in vivo. Mice were imaged for biolumi-
nescence using a Xenogen IVIS Imaging System (Caliper Life Sciences,
Hopkinton, MA). Animals were imaged daily for 18 days and then weekly
from days 21 to 63. Mice were injected intraperitoneally with 100 pl of
30mg/ml D-luciferin and anesthetized with isoflurane. Bioluminescence
was measured for 5 minutes. Data were analyzed using Living Image 2.5
Software (Caliper Life Sciences).

CD8* T-cell proliferation and function assays. Mice were adoptively trans-
ferred with 10° OT-I cells and the next day immunized with DNA using a
tattoo device as described above. Splenocytes and the draining inguinal
lymph nodes were harvested 7 days later and analyzed by flow cytometry
for percentages of OT-I cells. Functionality was assessed by IFN-y produc-
tion following a brief exposure of cells to Ag in vitro. Splenocytes were
incubated with or without 1 pmol/l SIINFEKL for 4 hours at 37 °C and
then examined for extracellular expression of CD8 and Thyl.1 (to iden-
tify OT-I cells) and intracellular expression of IFN-y using BD Cytofix/
Cytoperm kit (BD Biosciences). Data were acquired on a BD FACSCalibur
flow cytometer (BD Biosciences) using BD CellQuest Pro software (BD
Biosciences) and analyzed with Flow]Jo software (Tree Star).

In vivo cytotoxicity. C57BL/6 mice were adoptively transferred with 10°
OT-I cells and were immunized the next day with equimolar amounts of
DNA using the tattoo device as described above. Eight days later these mice
were adoptively transferred with equal numbers (107 each) of syngeneic
splenocytes that had been pulsed or not with SIINFEKL peptide (1 pg pep-
tide per 2.5 107 cells for one hour at 37 °C). To distinguish these cells from
one another and from host cells, peptide-pulsed and unpulsed splenocytes
were respectively labeled with 5 and 0.5 pmol/l CESE. Fourteen hours later,
the mice were euthanized and their splenocytes harvested and analyzed by
flow cytometry for percentages of CFSE"e" (peptide-pulsed) and CFSE""
(unpulsed control) cells. The percent specific killing was determined using
the following formula: [1-(ratio in VC-immunized mouse/ratio in FL-Ag
or MC-Ag-immunized mouse)] x 100.*!

Endogenous T-cell analysis. Peripheral blood samples taken from the facial
vein and single cell suspensions prepared from harvested spleens were
incubated with CD44-fluorescein isothiocyanate, CD8-allophycocyanin
(eBioscience), and SIINFEKL/H-2K" tetramer formed with streptavidin
coupled to phycoerythrin. Splenocytes were counted manually using a
hemocytometer. Data were acquired on a BD FACSCalibur flow cytometer
(BD Biosciences) using BD CellQuest Pro software (BD Biosciences) and
analyzed with Flow]Jo software (Tree Star).

Infection with LM-OVA. Mice were infected with 4-6x10* colony-form-
ing unit intravenously in the tail vein 5 days after the last immunization.
Bacteria were grown in tryptic soy broth with 50 pg/ml of streptomycin to
an absorbance at 600 nm of about 0.1. Actual numbers of colony-forming
unit injected were determined for each experiment by plate count. Five
days following infection, mice were bled from the facial vein, killed, and
their spleens harvested. Half of the cells from each spleen were used for
flow cytometric analysis and the other half were serially diluted and plated
on tryptic soy agar plates containing streptomycin. Bacterial colonies were
counted after plate incubation for 24 hours at 37 °C.

Statistical analysis. Data were graphed and analyzed using Prism v5.0c
(GraphPad Software, La Jolla, CA). Statistical analyses were performed by
the unpaired two-tailed Student’s t-test unless noted otherwise.
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SUPPLEMENTARY MATERIAL

Figure $1. Single letter amino acid sequence of Ag insert.

Figure $2. Gating strategy for detecting Ag-specific CD8* T cells in
mice challenged with LM-OVA.

Figure $3. Protection against lower dose LM-OVA challenge elicited
by MC-Ag or FL-Ag immunization.
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