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Three plasmids expressing derivatives of the Yersinia pestis capsular F1 antigen were evaluated for their
potential as DNA vaccines. These included plasmids expressing the full-length F1, F1 devoid of its putative
signal peptide (deF1), and F1 fused to the signal-bearing E3 polypeptide of Semliki Forest virus (E3/F1).
Expression of these derivatives in transfected HEK293 cells revealed that deF1 is expressed in the cytosol,
E3/F1 is targeted to the secretory cisternae, and the nonmodified F1 is rapidly eliminated from the cell.
Intramuscular vaccination of mice with these plasmids revealed that the vector expressing deF1 was the most
effective in eliciting anti-F1 antibodies. This response was not limited to specific mouse strains or to the mode
of DNA administration, though gene gun-mediated vaccination was by far more effective than intramuscular
needle injection. Vaccination of mice with deF1 DNA conferred protection against subcutaneous infection with
the virulent Y. pestis Kimberley53 strain, even at challenge amounts as high as 4,000 50% lethal doses.
Antibodies appear to play a major role in mediating this protection, as demonstrated by passive transfer of
anti-deF1 DNA antiserum. Taken together, these observations indicate that a tailored genetic vaccine based on
a bacterial protein can be used to confer protection against plague in mice without resorting to regimens

involving the use of purified proteins.

Yersinia pestis, the causative agent of plague, still represents
a serious public health threat in various regions of the world
and at the same time is gaining attention as a potential agent
in bioterrorism. Even though live and killed whole-cell vac-
cines are available for human use, serious drawbacks limit their
use for prevention of natural or human-inflicted outbreaks (22,
23, 39). Two Y. pestis proteins, F1 and V, are known to be
effective immunogens and have been proposed as candidates
for a combined subunit vaccine against plague (2, 38).

The fraction 1 capsular protein (F1), which is encoded by the
100-kb pFra plasmid, forms a large gel-like capsule containing
multimeric F1 aggregates (7). The F1 gene was found to code
for a 17.5-kDa polypeptide carrying a putative secretion signal
(16). F1 is considered an important but not essential virulence
factor unique to Y. pestis (12, 37). Deletion of the F1 gene does
not abolish virulence but leads to a delay in onset of the disease
in animal models.

F1 appears to have a role in blocking uptake by macro-
phages (13), yet its exact function in this respect is not clear.
Interestingly, the structural gene of F1 has been shown to be
homologous to interleukin 1B (IL-1B) and has been suggested
to interact with IL-1 receptors (1). Such interactions may in-
dicate that F1 participates in early stages of plague develop-
ment and regulates the contact of the bacteria with the host.
This could explain the high efficiency of anti-F1 antibodies in
blocking infection.

F1 is an extremely immunogenic protein in both animals and
humans. Immunization with multiple doses of F1 has been
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shown to protect mice against subcutaneous challenge with
wild-type Y. pestis (3, 38), and a combined formulation con-
taining F1 and V antigen confers protection against airborne
infection (39). The protein has been associated with elicitation
of protective immune response in humans as well (24). Hyper-
immune sera from F1-immunized volunteers possessed F1 an-
tibodies that can passively protect mice from virulent plague
challenge.

The observation that genetic immunization is able to elicit
protective immunity (33) has fostered the development of a
new generation of vaccines. DNA vaccines provide prolonged
antigen expression, leading to amplification of the immune
response, and appear to offer certain advantages, such as ease
of construction, low cost of mass production, high levels of
temperature stability, and the ability to elicit both humoral and
cell-mediated immune responses (for recent reviews, see ref-
erences 20 and 26). The endogenous expression of antigen
from DNA introduced into host cells leads to peptide presen-
tation with the major histocompatibility complex class I
(MHC-I), which is ideal for induction of cytotoxic T-cell re-
sponse. Therefore, DNA vaccines have been primarily consid-
ered for use against intracellular pathogens such as viruses (18,
27). Nevertheless, the observed ability of DNA vaccines to
elicit both cell-mediated and humoral immune responses
paved the way for their assessment as expressers of soluble,
secreted bacterial antigens, conferring immunity presumably
by eliciting the classical MHC-II-mediated humoral response.
The efficacy of such DNA vaccines was found to vary from case
to case and depended on the nature of the individual antigen,
on the vaccination mode (15), and on the subcellular location
in which the antigen was expressed (8, 32, 36).

In a previous attempt to develop genetic vaccination against
Y. pestis by using F1 DNA, it was found that outbred mice were
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nonresponsive and inbred mice gave a weak anamnestic re-
sponse (9). The advances in genetic vaccination and the accu-
mulating information on factors that modulate the extent of
response to DNA vaccines led us to reexamine genetic vacci-
nation based on F1 antigen.

In this report, we compare three F1 DNA derivatives carry-
ing different signals for cellular localization and demonstrate
that one such genetic derivative, which presumably targets
expression to the cytosol, induces an effective antibody re-
sponse and confers protection against high doses of infective
Y. pestis.

MATERIALS AND METHODS

Cloning of F1 derivatives and construction of expression plasmids. All con-
structs are based on the eukaryotic expression vector pCI (Promega), which
carries the efficient eukaryotic cytomegalovirus promoter, a recombinant chi-
meric intron, the prokaryotic T7 promoter, the late simian virus 40 polyadenyl-
ation signal, and an ampicillin resistance marker.

The Y. pestis caf]l gene (GenBank accession no. X61996) was cloned by PCR
from the DNA of the virulent strain Kimberley53. For cloning of the full-length
F1 gene, primers nF1 (ACTGCAGTCCACCCACCATGAAAATCAGTTCCG
TTATCGCC) and cF1 (TCATCGGCGGCCGCCTATTATTGGTTAGATAC
GGTTACGG) were used. To generate an F1 derivative (deF1) lacking the
putative bacterial signal peptide (16), primers nF2 (ACTGCAGTCCACCCACC
ATGGCAGATTTAACTGCAAGCACC) and cF1 were used. The two resulting
PCR products were digested by Sall and Notl and ligated to pCI plasmid
linearized by the same restriction enzymes, yielding the pCI-F1 and pCI-deF1
expression vectors.

The Semliki Forest virus (SFV) E3-Y. pestis F1 fusion protein product (E3/F1)
was generated as follows. The SFV E3 gene (198 bp, coding for 66 amino acids)
was derived from a plasmid carrying SFV DNA (17, 19) as a PCR product using
primers nE (CTCACAAAGCTAGCCACCATGTCCGCCC CGCTGATTAC
TG) and cE (CTCACGAATTCGGAGGCCTCCGGTGTCTTGTT CCGTTTC
G). This fragment was then inserted into pCI between the Nhel and Stul sites.
The F1 sequence was inserted between the Stul and Sall sites to obtain pCI-E3/
F1. All recombinant plasmids were verified by restriction enzyme analysis and
sequencing.

In vitro translation of F1 derivatives. The coupled reticulocyte lysate in vitro
transcription and translation system (TNT; Promega) was used as recommended
by the manufacturer to generate 3*S-labeled F1 derivatives. Translocation of the
newly formed, labeled polypeptides into membranal fractions was examined by
adding canine microsomes (Promega). Where indicated, translation products
were treated with proteinase K (0.2 mg/ml; Sigma) for 15 min at 4°C in the
presence or absence of 1% Triton X-100. The in vitro translated proteins were
resolved by sodium dodecyl sulfate (SDS)-12.5% polyacrylamide gel electro-
phoresis (PAGE). Gels were fixed in 10% acetic acid-30% methanol for 12 h,
soaked in Enhance solution (Du Pont) for 30 min, washed in water for 30 min,
and dried on Whatman 3MM filter paper at 80°C. Gels were then exposed to
Kodak X-Omat AR film at —70°C for the indicated times. '*C-labeled protein
molecular weight (MW) markers (Rainbow High MW; Amersham) were in-
cluded as protein size markers.

Transfection and visualization of expressed antigens. For visualization by
immunofluorescence staining, recombinant plasmids were used to transiently
transfect HEK293 cells (34) in individual wells of a Permonax chamber slide
system (Nunc International) in Dulbecco’s modified Eagle’s medium containing
10% fetal calf serum. At 24 h posttransfection, cells were fixed with acetone for
20 min at —20°C. The fixed cells were incubated with polyclonal rabbit anti-F1
antibodies (1:1,000 dilution) for 60 min, washed three times, and treated for 60
min with goat anti-rabbit antibodies conjugated to fluorescein isothiocyanate
(Sigma). Immunolabeled cells were viewed with a Zeiss fluorescence microscope.

For visualization by Western immunoblotting, transiently transfected HEK293
cells were detached, washed with phosphate-buffered saline (PBS), and resus-
pended in 0.025 M Tris, pH 8.0. Cells were disrupted by three rounds of freeze-
thaw. Following centrifugation at 14,000 rpm in an Eppendorf microcentrifuge,
cleared lysates were collected. Cell extracts were stored at —20°C until further
use. Ten-microliter aliquots were resolved by SDS-12.5% PAGE and electro-
blotted onto nitrocellulose membranes. Blots were probed for 60 min with rabbit
polyclonal anti-F1 antiserum (1/1,000 dilution in skimmed milk) followed by a
60-min incubation with horseradish peroxidase-conjugated goat anti-rabbit an-
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tibody (diluted 1/2,000; Sigma). Bound peroxidase was visualized by chemilumi-
nescence (Pierce SuperSignal kit).

Metabolic labeling and immunoprecipitation. Metabolic labeling of HEK293
cells was performed essentially as described previously (21). Twenty-four hours
posttransfection, cells were washed with fresh medium without methionine and
incubated in the same medium for an additional 1 h. Medium containing
[3*S]methionine (0.8 to 1 mCi/ml) (Easytag; NEN) was then added for labeling
for 1 h at 37°C. Cells were washed once with PBS and then chased at 37°C with
medium containing nonlabeled methionine and 100 U of aprotinin (Sigma)/ml.
At various chase periods, culture medium was collected and washed cells were
lysed with PBS containing 0.5% Nonidet P-40, freshly prepared 0.2 M iodo-
acetamide, and 100 U of aprotinin/ml. Cleared lysates were generated by cen-
trifugation at 14,000 rpm in an Eppendorf microcentrifuge for 10 min.

Extracts of transfected cells were immunoprecipitated with rabbit polyclonal
anti-F1 antibody and protein A-Sepharose. The labeled immunoprecipitated
proteins were analyzed by SDS-PAGE followed by fluorography.

Preparation of plasmid DNA for immunization. The Endofree plasmid prep-
aration kit (Qiagen Ltd., Hilden, Germany) was used for preparation of plasmid
DNA stocks. Alternatively, large-scale production of plasmid DNA was per-
formed by the alkali lysis method followed by CsCl gradient centrifugation. The
concentration of plasmid DNA was determined by measurement of optical den-
sity at 260 nm, and its purity was evaluated by calculation of the A,40/4,g ratio
(=1.8). DNA size and homogeneity were determined by 1% agarose gel elec-
trophoresis.

For needle injections, purified DNA preparations were solubilized in pyrogen-
free saline (Mini-Plasco; B. Braun) to a concentration of 3 mg/ml and were kept
frozen in aliquots at —20°C until use. For gene gun vaccination, plasmid stocks
were resuspended at 1 mg/ml in distilled pyrogen-free water and stored at —20°C
until use.

DNA preparations were examined for the presence of endotoxins by Limulus
amebocyte lysate testing using a kit from BioWhittaker (Walkersville, Md.).
Endotoxin levels in all preparations were found to be lower then 0.05 endotoxin
units/ml, which is the detection limit of the kit.

Bacterial strain used for challenge. All challenge experiments were performed
with the Y. pestis Kimberley53 strain. Kimberley53 was obtained by passage of the
Kimberley strain (originating from Instituto Oswaldo Cruz, Rio de Janeiro,
Brazil [5]) in mice (subcutaneous [s.c.] inoculation and harvesting from spleen).

The SCLDs, of this strain in mice is as low as 1 CFU. No difference in
virulence was observed when ICR, BALB/c, and DBA/2 mice were tested. Bac-
teria for challenge were grown for 48 h at 28°C on brain heart infusion agar plates
(Difco).

Immunization and challenge with Y. pestis. The female outbred ICR mice and
inbred BALB/c and DBA/2 mice (5 to 6 weeks old) used for vaccination were
handled in accordance with the National Institute of Health’s guide for the care
and use of laboratory animals and the guidelines of the local commission for
animal care.

For DNA immunization by needle injections, a protocol of three or four
immunizations at 2-week intervals was used. For each immunization, 200 g of
DNA was administered either into the tibialis anterior muscles of the two hind
legs or into the tail base dermis.

For gene gun immunization, plasmid DNA was precipitated onto 1-wm-diam-
eter gold particles at a ratio of 2 wg per milligram of gold and loaded onto
Gold-Coat tubing as suggested by the manufacturer (Bio-Rad). Polyvinylpyrro-
lidone (MW, 360,000) was used as an adhesive at a concentration of 0.05 mg/ml.
Agarose gel electrophoresis was used to determine the amount of DNA. Vacci-
nation was carried out with three immunizations of 0.5 ng of DNA at 2-week
intervals. Gene gun shots were directed into exposed abdominal dermis. At the
indicated times, serum was collected in serum separator tubes (Microtainer
tubes; Becton Dickinson). Antibody enzyme-linked immunosorbent assay
(ELISA) titers were determined as described below. Immunized mice were
challenged by s.c. injection of the indicated amounts of Y. pestis Kimberley53
strain suspension (0.1 ml). Animals were monitored daily for survival for a period
of 3 weeks.

Passive immunization of mice was performed by transfer of serum derived
from DNA-immunized mice or from mice immunized with F1 protein (see
below). Antiserum aliquots of 1 ml per mouse were injected intraperitoneally
(i.p.). Blood was withdrawn from the tail vein 10 h after transfer, and the levels
of anti-F1 antibodies in the circulation were determined. Three hours later, the
passively immunized mice were challenged with Y. pestis as described above.

Generation of purified F1 antigen and anti-F1 antisera. F1 antigen was ex-
tracted from Y. pestis EV76 (5) and purified by the method described by Baker
and coworkers (4) to an estimated purity of ~95%, as evaluated by SDS-PAGE
(Fig. 1B). To generate anti-F1 antibodies, female ICR mice were vaccinated by
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FIG. 1. Generation of vectors for cellular targeting of F1 expres-
sion. (A) The three F1 DNA derivatives used in the study are depicted.
pCI-F1 expresses the intact bacterial coding sequence of the F1 anti-
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three injections of purified F1 with incomplete Freund’s adjuvant (ICFA) at
2-week intervals. Serum was collected 6 weeks postvaccination.

Antisera and serological tests. Determinations of mouse anti-F1 immunoglob-
ulin G (IgG) antibody titers were performed by capture ELISA using the purified
F1 antigen. Fifty-nanogram aliquots of F1 antigen were added to 96-well micro-
titer plates coated with rabbit polyclonal anti-F1 antibodies. After incubation for
1 h at 37°C, excess antigen was removed by washing. Twofold dilutions of the
examined mouse sera were added to wells for 1 h at 37°C. Alkaline phosphatase-
labeled rabbit anti-mouse IgG (1/2,000 dilution; Sigma) was used as the second
layer. Titers were determined as reciprocal numbers of the highest serum dilu-
tion which displayed values for optical density at 405 nm that were twofold higher
than that for control serum. For determination of anti-F1 IgG1 and IgG2a, the
serially diluted F1-bound mouse antibody in the microtiter plates (see above) was
reacted with ISO-2 (Sigma) anti-mouse antibody isotyping reagents prior to
development with alkaline phosphatase rabbit anti-goat conjugates (Sigma).

RESULTS

Generation of expression vectors for subcellular targeting of
F1 expression. Three plasmids carrying different cellular local-
ization signals (Fig. 1A) were designed to direct the expression
of the Y. pestis F1 antigen in eukaryotic cells. pC1-F1 carries
the entire intact bacterial F1 coding sequence, including the
21-amino-acid-long putative bacterial signal peptide (16). pC1-
deF1 carries the coding sequence of the F1 protein but is
devoid of the putative bacterial signal sequence. pCI-E3/F1
codes for the bacterial protein fused to a short viral protein
which provides eukaryotic signals for exporting proteins out of
the cell. In the third construct, we used the E3 envelope pro-
tein of SFV (17), a 66-amino-acid-long peptide involved in the
translocation of the 110-kDa viral envelope precursor, result-
ing in the formation of the viral spike structure located on the
outer side of the cell membrane (28).

The TNT system was used for the analysis of these three
constructs to allow for protein size verification, antigen authen-
tication, and assessment of putative processing in the cell by
monitoring translocation into canine microsomes. All three
constructs expressed the F1 derivatives and were recognizable
by specific antibodies (Fig. 1B and C). The full-length F1
protein expressed by pCI-F1 exhibits a MW of 17,000 to
18,000, which is as expected from its amino acid composition
(16). Truncation of its putative signal sequence (pCI-deF1)
resulted in a shorter polypeptide (~15 kDa), which comigrated
with the native F1 isolated from Y. pestis cultures (Fig. 1B).
The size of the E3/F1 hybrid was ~28 kDa, as expected from
its putative sequence (Fig. 1C).

Addition of canine microsomes to the translation system had
no effect on deF1 but resulted in the formation of a smaller
polypeptide in the case of the full-length F1. The newly formed
cleavage product comigrated with the translation product of

gen, pCI-deF1 expresses the putatively mature F1 devoid of the bac-
terial signal sequence, and pCI-E3/F1 expresses F1 fused to the E3
envelope protein of SFV carrying an eukaryotic signal peptide. (B and
C) Radiolabeled, in vitro expression products of pCI-F1, pCI-deF1,
and pCI-E3/F1. Polypeptides were generated in a TNT system in the
presence or absence of canine microsomes. The B-lactamase cDNA
was used as the control for signal cleavage. Purified bacterial F1 was
used as the reference for migration of the mature gene product.
Prestained, *C-labeled polypeptides (Rainbow; Pharmacia) served as
MW markers. In panel C, translocation of the E3/F1 hybrid into
microsomes was examined by proteinase K treatment in the presence
or absence of Triton X-100.
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FIG. 2. The fate of F1 derivatives expressed in transfected HEK293 cells. Cells were cultivated 24 h posttransfection and then submitted to the
various procedures as described in Materials and Methods. Transfection by pCI was used as the negative control. Expression of F1, deF1, and
E3/F1 in transiently transfected cells was monitored by immunofluorescence staining of cells (A), by immunoblotting of cell extracts (B), and by
immunoprecipitation of metabolically labeled cellular polypeptides (C) with antibodies to bacterial F1. The inset in panel B depicts the effect of

N-glycanase treatment on the SDS-PAGE mobility of E3/F1.

the deF1 DNA as well as with the native bacterial F1 (Fig. 1B).
This suggests that the putative signal peptide of F1 is func-
tional and is actually recognized by a eukaryotic translocation
system.

Addition of microsomes to the TNT system expressing
E3/F1 hybrid DNA resulted in the appearance of a new, slow-
migrating product (Fig. 1C). The new band represented only a
small fraction of the newly translated E3/F1, yet the signal was
distinct and appeared only upon microsome addition (TNT
experiments with the native viral envelope proteins yielded
similar intensities [data not shown]). This larger polypeptide
appeared to reside within the lumen of the microsome, as it
was resistant to proteinase K treatment of intact microsomes
yet was sensitive to proteolysis upon disruption of the micro-
somes by detergent. These observations suggest that E3/F1 is
capable of translocation into the membranal fraction and ap-
parently undergoes glycosylation (see below), as manifested by
the MW shift. It should be noted that when the pCI-F1 and
pCI-deF1 translation products were subjected to the same

treatment (proteinase K digestion of the microsome-supple-
mented TNT product), no indication of translocation into the
microsomal lumen could be obtained (data not shown).
Processing of F1 derivatives in transfected cells. To deter-
mine the fate of the various F1 derivatives in the cell, HEK293
cells were transfected with the plasmids coding for full-length
F1 (pCI-F1), mature F1 (pCI-deF1), or F1 linked to the SFV
secretion system (pCI-E3/F1). All three forms were expressed
in the human cell line, as suggested by staining with fluores-
cein-labeled antibodies (Fig. 2A); however, the staining pat-
tern did not appear to be the same. Cells expressing deF1
exhibited intense fluorescence dispersed throughout the cell,
characteristic of cytosolic staining. On the other hand, in cells
expressing the other two forms, staining was less intense and
appeared to be centered around the nucleus, which could in-
dicate localization in the cisternae of the secretory pathway.
Processing of the three F1 derivatives in the cells was eval-
uated by examining cell-associated F1 at steady state. To this
end, cells expressing the three F1 constructs were lysed and
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their protein content was analyzed by Western blotting (Fig.
2B). This analysis revealed clear differences in the behavior of
the three F1 derivatives. In cells expressing deF1, the expected
~15-kDa polypeptide was accompanied by a ladder of bands of
30, 45, and 60 kDa and greater (the ratio of band intensities
varied between different preparations). This pattern suggests
formation of aggregates of increasing size and is in agreement
with the ability of mature F1 produced by Y. pestis to form
aggregates upon capsule formation (35). Cells expressing the
E3/F1 hybrid also exhibited polymorphic F1 polypeptides, but
this polymorphism was clearly distinct from that of deF1. Here,
the expected 28-kDa band was accompanied by a ladder of
diffuse bands closer in size (Fig. 2B), a pattern which is char-
acteristic of glycosylation-derived heterogeneity. Indeed, treat-
ment of this cell extract with N-glycanase resulted in the dis-
appearance of the larger bands (Fig. 2B, inset). In cells
expressing full-length F1, the polypeptide could not be identi-
fied in Western blots under the same assay conditions (Fig.
2B); nevertheless, a faint band of ~17.5 kDa was detected
when the concentration of anti-F1 antibody used for blot de-
velopment was increased by 10-fold (data not shown). The
small amount of full-length F1 detected by Western blotting
appears to be inconsistent with the intensive immunostaining
observed in cells expressing this derivative and could result
from generation of degraded low-MW products, as is indeed
suggested by the rapid elimination of F1 from transfected cells
(see below).

To further evaluate the biogenesis of the various F1 config-
urations, transfected HEK293 cells were metabolically labeled
with [**S]methionine for 1 h followed by addition of cold me-
thionine. The presence of F1 antigen in cells was monitored at
various times by immunoprecipitation (Fig. 2C). All three F1
derivatives could be detected in cells following 1-h pulse with
[*>S]methionine: F1 and deF1 appeared as bands of ~17.5 and
~15 kDa, respectively, and E3/F1 appeared as a ~33-kDa
band, suggesting that only the last polypeptide underwent gly-
cosylation. Of the three forms, the full-length F1 was cleared
from cells most quickly, with an approximate half-life of 1 h.
The band intensity of the other two forms decreased more
gradually, and faint bands could still be detected in cell extracts
after 24 h (Fig. 2C). In the case of F1 and deF1, no labeled
polypeptide was detected in the HEK293 cell medium. As for
E3/F1, attempts to detect labeled F1-polypeptide were unsuc-
cessful since in mock-transfected HEK293 cells anti-F1 anti-
bodies precipitated a secreted band with an electrophoretic
mobility similar to that of E3/F1.

Taken together, these observations indicate a different cel-
lular fate for the three F1 forms. Linkage to the SFV E3
polypeptide appears to direct the hybrid F1 polypeptide to the
cisternae of the secretory pathway, whereas deliberate omis-
sion of the signal peptide ensures retention of the newly
formed deF1 molecules in the cytoplasm for a prolonged pe-
riod of time. The cellular fate of the full-length F1 polypeptide
carrying the nonmodified bacterial signal appears to be differ-
ent from that of the other two forms, and it is prone to accel-
erated elimination from the cell by an as-yet-unknown mech-
anism.

Antibody production in mice immunized with F1 plasmid
vaccines. To evaluate the potential of the various F1 plasmids
as DNA vaccines, purified preparations of the plasmid DNAs
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FIG. 3. Induction of antibodies to F1 by the various DNA vaccine
derivatives. pC1-F1, pCl-deF1, and pC1-E3/F1 DNAs were injected
i.m. into the hind legs of 6-week-old female ICR mice. Three doses of
200 g each were injected at weeks 0, 2, and 4. Anti-F1 IgG titers were
determined in individual animals by ELISA 2 weeks following the third
injection. Individual titers in each group are presented, and GMTs are
indicated with thick horizontal lines. The ELISA assay baseline is
indicated with a dotted line.

coding for full-length bacterial F1, deF1, and E3/F1 chimera
were injected into ICR mice by using the vector pCI as a
negative control. Anti-F1 titers were determined 2 weeks fol-
lowing the last immunization. As shown in Fig. 3, plasmid
pCI-F1, coding for the full-length F1 form, was found to be a
poor anti-F1 IgG inducer (geometric mean titer [GMT] =
120). In contrast, the plasmids harboring the two genetically
manipulated F1 derivatives, deF1 and E3/F1 hybrid, were
found to induce substantial IgG titers, with GMTs of 2,700
(geometric standard deviation [GSD], —2.5) and 900 (GSD,
—1.8), respectively. This significant difference (P < 0.01; ¢ test)
in response between deF1 and E3/F1 DNAs was found to be
reproducible in three independent experiments. Furthermore,
deF1 proved to be superior to E3/F1 when the two DNA
vaccines were compared for their ability to prime antibody
induction when a booster of alum-absorbed F1 polypeptide
was injected 14 days following three DNA injections. A GMT
of 400,000 was achieved 2 weeks after the booster injection for
the deFl1-primed mice, compared with a GMT of 80,000
achieved with E3/F1 DNA.

To further evaluate the potential of deF1 DNA as a vaccine,
we compared its ability to induce antibody production in three
different mouse strains: outbred ICR mice and inbred BALB/c
and DBA/2 mice. Two modes of DNA administration, intra-
muscular (i.m.) and intradermal (i.d.), were examined. The
results presented in Tablel indicate that anti-F1 IgG induction
was dependent neither on the mice strain nor on the route of
vaccination. All animal strains immunized with deF1 DNA
produced anti-F1 IgG at comparable titers. In inbred mice, no
substantial difference was observed between animals immu-
nized i.m and those immunized i.d. In outbred mice, i.m. im-
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TABLE 1. Effect of mouse strain and mode of deF1 DNA
vaccination on antibody induction

Anti-F1 IgG GMT

Suain | Mode of (GSD) after": Suvival
immunization (no. alive/total)
Third injection Fourth injection
ICR im. 4,800 (1.3) 19,000 (2.3) 5/5
id. 1,690 (2.2) 7,130 (2.0) 5/5
Control® <50 <50 0/5
BALB/c  im. 1,310 (2.2) 6,620 (2.4) 5/5
id. 1,900 (1.9) 9,100 (2.4) 4/4
Control <50 <50 0/5
DBA/2 im 2,400 (2.2) 4,160 (1.9) 5/5
id. 2,300 (1.6) 6,450 (2.0) 4/5
Control <50 <50 0/4

“ Titers were determined 10 days following the third or fourth injection.

® Animals were challenged s.c. by 50 CFU of Y. pestis strain Kimberly53 3
weeks after the fourth injection.

¢ pCI DNA-vaccinated mice (i.m., three injections).

munization appears to provide some advantage. It should be
noted that in all mouse groups examined a pronounced in-
crease in antibody titer was observed when the number of
DNA injections was increased from three to four.

For further evaluation of the potential of deF1 DNA as a
vaccine, immunizations by gene gun bombardment and needle
injections were compared. Gene gun immunization was found
to be preferable, both by the level of antibody titers and the
amount of DNA vaccine needed for vaccination. A very low
dose of plasmid DNA (0.5 pg) per gene gun shot was sufficient
to induce a very high titer of anti-F1 antibodies, compared with
the 200 g per injection required for needle immunization.
Moreover, after three gene gun injections, the antibody titers
were as high as 55,000, compared with ~8,000 and ~19,000
after three and four needle vaccinations, respectively (Fig. 4A).
It should be noted that high levels of antibody titers were
maintained for a long period of time postvaccination. These
findings were consistent and were observed in three indepen-
dent experiments. A moderate decrease in titers in needle-
vaccinated animals as well as in gene gun-vaccinated animals
was observed 18 weeks postvaccination (Table 2).

Subtyping of antibodies induced by F1 DNA vaccination
revealed the expected difference between needle and gene gun
vaccinations (15). Needle vaccination was characterized by
higher titers of IgG2a than of IgG1. This ratio was inverted in
gene gun vaccination, where IgG1 antibodies were prominent.
In this respect, gene gun DNA immunization resembles immu-
nization with ICFA-formulated F1 antigen (Fig. 4B).

Protective immunity induced by F1 DNA vaccination. The
ability of DNA coding for deF1 to confer protective immunity
was examined by challenging the vaccinated animals with in-
creasing doses of Y. pestis. To this end, we used s.c. inoculation
with the virulent Kimberley53 strain. This protocol mimics the
natural infection mode via flea bites and provides the most
sensitive mode of infection in mice (50% lethal dose [LDs]
equaling 1 CFU). In the first set of experiments, the i.m. and
i.d. vaccinated inbred and outbred mice (Table 1) were chal-
lenged with 50 LDsys of Y. pestis 3 weeks postimmunization.
Practically full protection was achieved independent of the
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FIG. 4. Comparison of anti-F1 antibody induction by needle and
gene gun immunization. Mice (10 per group) were immunized either
by four i.m. needle immunizations (200 wg of DNA per dose) or by
three gene gun bombardments (0.5 pg of DNA per dose) as described
in Materials and Methods. Antisera were collected 2 weeks after each
vaccination. Shown are the development of antibody titers (A) and
antibody subtypes (B). Subtyping was performed after the last vacci-
nation. For comparison, IgG subtypes in a hyperimmune antiserum
obtained by vaccination with bacterial F1 polypeptide formulated in
ICFA (see Materials and Methods) were determined as well.

mouse strain or the mode of vaccination (Table 1). In total, 38
of 39 animals survived challenge. The GMTs of specific anti-F1
antibodies in the various groups ranged from 4,000 to 19,000.

After defining the effective modes of vaccination, protection
against higher challenge doses for a prolonged period of time
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TABLE 2. Effective protection by deF1 DNA immunization

Anti-F1 IgG GMT (GSD)* Challenge

M'ode' of dose Sur'vival

injection 3 wk pi. 18 wk p.i. (CFUY’ (no. alive/total)
Needle® 9,600 (1.6) 2,500 (2.3) 400 5/5
Gene gun? 50,000 (2.0) 20,000 (1.6) 400 5/5
Gene gun" 55,000 (1.7) 26,000 (2.0) 4,000 10/10
Control® <40 <40 400 0/10

“ Titers were determined 10 days following the third or fourth injection. p.i.,
postimmunization.

?1 CFU = 1 SCLDs,.

¢ Four injections of 200 ng of DNA each at 2-week intervals.

@ Three shots of 0.5 p.g of DNA each.

¢ Mice were vaccinated with pCI DNA by gene gun.

was examined (Table 2). Mice vaccinated by four i.m. needle
injections (GMT = 2,500) or three gene gun shots (GMT =
20,000) of pC1-deF1 were challenged 18 weeks postvaccination
with 400 LDss, and all survived challenge. To further evaluate
the protective potential of the deF1 DNA vaccine, gene gun-
immunized mice (GMT = 26,000) were challenged with 4,000
LDss, and all 10 animals in the assay group survived this high
dose of virulent Y. pestis.

To assess the role of antibodies in the protective immunity
conferred by DNA vaccination, passive transfer experiments
were conducted. To this end, high-titer serum pools (titers of
~30,000) from mice immunized with either deF1 DNA or F1
polypeptide formulated in ICFA were generated and adminis-
tered i.p. to mice. The actual titers in the circulation of the
recipient animals were 1,000 to 8,000 at 10 h after transfer. In
the first set of experiments, mice carrying antisera to the F1
polypeptide vaccine were challenged s.c. with 40 and 400 LDss
of Y. pestis (Fig. SA and B). The passively transferred anti-
polypeptide serum conferred effective protection against 40
LDs,s (Fig. 5SA) and was partially effective against 400 LDs,s
(Fig. 5B). At the lower challenge dose, four of five animals
were protected. At the higher challenge dose, two mice were
protected, while the deaths of the other three were delayed by
2 days; all control animals died within 6 to 7 days. In the next
experiment, recipient mice carrying antisera to the deF1 DNA
vaccine were challenged s.c. with 100 LDss (Fig. 5C). In this
case, three of five animals were protected and the deaths of the
other two were delayed by 5 days compared with those of naive
animals. These results suggest that antiserum induced by the
DNA vaccine is as effective as that induced by the F1 polypep-
tide in conferring protection against lethal doses of Y. pestis.

DISCUSSION

F1 in its native or recombinant form is a potent immunogen
known to induce high titers of circulating IgG as well as pro-
tection against high challenge doses of virulent Y. pestis (3, 24,
29). Nevertheless, when a DNA vaccine based on nonmodified
F1 gene was injected into outbred mice, a poor antibody re-
sponse was detected (Fig. 3). This finding is in good agreement
with observations in a previous study (9), where a similar DNA
construct elicited a very poor immune response. The discrep-
ancy between these results and the notable immunogenicity of
the F1 polypeptide could originate from inadequate presenta-
tion of the DNA vaccine gene product to the immune system.

INFECT. IMMUN.

The goal of this study was to find the optimal DNA vaccine for
induction of a strong humoral response that confers protection
against Y. pestis infection.

The F1 gene codes for a polypeptide of 17.5 kDa that ap-
pears to possess a secretion signal at the N terminus (16).
While the functionality of this signal was not demonstrated
directly, recent mass spectrometric analyses have indicated
that the actual MW of F1 is 15.5 kDa (31), suggesting that the
first 21 amino acids of the polypeptide are cleaved off upon
maturation. Moreover, when analyzed against a eukaryotic da-
tabase by using the Signal algorithm, the putative bacterial
signal of F1 was found to exhibit features of a eukaryotic signal
as well. Indeed, treatment of the full-length F1 in vitro trans-
lation product with canine microsomes resulted in the forma-
tion of a shorter polypeptide, similar in size to the mature
bacterial F1 (Fig. 1B).

The presence of a functional secretion signal could play a
part in determining the low level of response to F1 DNA
vaccination. To examine this possibility, we generated two
modified F1 DNA constructs, one coding for a truncated F1
(deF1) devoid of the 21 amino acid signal and the other in
which an authentic eukaryotic secretion signal was introduced
through fusion of F1 to the SFV E3 polypeptide. Both modi-
fied constructs proved to be superior to native F1 DNA in their
ability to induce antibody response (Fig. 3). The expressions of
these two engineered genes appear to be targeted to different
cellular compartments. The results of TNT assays as well as
cell transfection experiments suggested that the E3/F1 hybrid
is translocated to the vesicles of the secretion pathway, where
it appears as a heterogeneously glycosylated form (Fig. 1C and
2B), consistent with the presence of three putative glycosyla-
tion signals on the hybrid. On the other hand, deF1 remains
localized in the cytosol, where it is able to form discrete mul-
timers (Fig. 2B), resembling the native bacterial capsid prod-
uct. These two F1 derivatives appear to be gradually elimi-
nated from transfected cells. In the case of deF1, this is
probably the result of cytosolic degradation, whereas in the
case of E3/F1, this can reflect either export from the cell or
intracellular degradation of the translocated polypeptide. Our
attempts to demonstrate export of E3/F1 in HEK293 cells
failed, yet with COS cells, we were able to detect small quan-
tities of glycosylated E3/F1 in cell medium (data not shown).

In contrast to the relatively slow elimination of deF1 and
E3/F1 from the cell, nonmodified F1 is rapidly cleared from
transfected 293 cells. The half-life of labeled nontruncated F1
appears to be about 1 h, and the polypeptide is hardly detect-
able in the cell at steady state (Fig. 2B and C). It should be
noted that the cellular fate of F1 expressed from the full-length
DNA could not be fully resolved. While cleavage of its signal
by microsomes (Fig. 1B) and the uneven staining in transfected
cells (Fig. 2A) could suggest translocation into the secretory
vesicles, the inability to demonstrate glycosylation (F1 carries
one putative N-glycosylation signal) or export from the cell
precludes a clear-cut cellular assignment.

Vaccination with deF1 as well as with E3/F1 DNA resulted
in titers which were at least 1 order of magnitude higher than
those induced by full-length F1 DNA (Fig. 3). While possible
differences in the translation rates of the various F1 derivatives
cannot be precluded, the pronounced differences in cellular
processing of the various gene products strongly suggest that



Vou. 71, 2003

PROTECTION FROM PLAGUE CONFERRED BY F1 DNA VACCINE

381

Survival (out of 5)

0 2 4 6 8 10 12 14

0 2 4 6 8 10 12 14

Days post challenge

Survival (out of 5)

0 2 4 6
Days post challenge

8 10 12 14

FIG. 5. Conferring protection to Y. pestis by passive transfer of anti-F1 antibodies. Pooled mouse antisera generated by F1 polypeptide
immunization (A and B) or deF1 DNA vaccination (C) were transferred to ICR mice as described in Materials and Methods. F1 polypeptide was
formulated in ICFA, and deF1 DNA was administered by gene gun (Fig. 4). Animals were challenged 12 h after serum transfer by s.c. injection
of 40 (A), 400 (B), or 100 (C) LDsgs of virulent Y. pestis. Control groups of five animals consisted of nonimmunized mice receiving the same
challenge doses. Survival was followed for 15 days (solid circles represent passively vaccinated animals and open circles represent controls).

this phenomenon is responsible for the difference in their po-
tentials as vaccines.

The actual process of antigen presentation upon DNA vac-
cination is still under debate (10, 18), and the processing path-
ways of the F1 derivatives in antigen-presenting cells are not
necessarily similar to those in transfected HEK293 cells. It is
difficult, therefore, to draw a correlation between the residence
time of F1 antigens in HEK293 cells and their ability to induce
antibody response upon vaccination. Yet, rapid elimination of
full-length F1 from cells may also occur in vivo and thus pre-
clude its proper presentation to the MHC mediators, while
gradual rates of deF1 and E3/F1 degradations would allow a
more effective presentation. Interestingly, the lack of a major
difference in elimination rates and the similar immunogenicity
between F1 derivatives targeted to the cytosol (deF1) and
endoplasmic reticulum (E3/F1) may imply that both forms
undergo the same process of fragmentation prior to presenta-

tion. This, in turn, may possibly implicate the involvement of
retrograde transport from the endoplasmic reticulum to the
cytosol (the ERAD pathway [25]) in E3/F1 degradation.
Further examination of the potential of DNA vaccination
against plague involved deF1 DNA. The deF1 DNA product
formed in the cytosol of the eukaryotic cell retains its ability to
aggregate, resembling the naturally formed bacterial protein
(35). This observation is also consistent with the predicted
beta-sheet secondary structure of the protein (16) and suggests
that the newly expressed deF1 maintains a native functional
configuration in the cell. The deF1 DNA elicited antibodies in
BALB/c and DBA/2 mice as efficiently as in outbred mice
(Table 1). This is in contrast to previous observations with
nonmanipulated F1 (9), where sensitivity to the mouse genetic
background was observed. Moreover, all vaccinated mice, re-
gardless of strain, were resistant to a challenge by 50 LDs,s of
virulent Y. pestis (Table 1). In order to induce higher re-
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sponses, which would presumably confer resistance to higher
doses of bacteria, the gene gun bombardment approach was
examined. Indeed, three such immunizations resulted in titers
as high as 50,000, similar to those displayed when we employed
a three-dose vaccination regimen with F1 polypeptide formu-
lated with alum or ICFA (data not shown). Such antibody titers
for bacterial DNA vaccination are exceptionally high and are
comparable to those usually achieved with a regimen which
involves priming by DNA and boosting by free protein (9). The
antibody response to gene gun bombardment with deF1 DNA
was characterized by IgG1 predominance (Fig. 4), which is
typical of this mode of DNA administration (15) and is indic-
ative of an ongoing Th2 response (30). It is interesting that Th2
response has been observed in many other cases in which DNA
vaccines have been administered by gene gun and where ex-
pression is most probably localized in the cytosol (6, 11). Thus,
the assumption that cytosolic expression of exogenous DNA is
primarily associated with activation of the nonhumoral arm of
the immune response is not necessarily valid in the case of
gene gun DNA vaccination.

Vaccination by gene gun conferred resistance to Y. pestis
challenges as high as 4,000 LDs,s The essential role of anti-
body response in the protective immunity conferred by F1
protein-based vaccine (3, 14) and in particular the observed
correlation between anti-F1 IgG1 and resistance to challenge
(40), suggest that the protective value of deF1 DNA is due to
its ability to induce elevated antibody response to F1. Indeed,
when antibodies derived from the DNA-vaccinated mice were
transferred to naive mice, significant protection against a chal-
lenge of 100 LDs,s was observed. This protection was as effi-
cient as that conferred upon passive transfer from F1 polypep-
tide-vaccinated mice (Fig. 5). This observation indicates that
humoral immunity plays a central role in the protection con-
ferred by deF1 DNA against plague but does not preclude the
involvement of cellular immunity as well.

Taken together, the results of this study demonstrate that
DNA-based vaccines can confer effective protection not only
against viral pathogens and intracellular parasites (listed in
reference 26) but also against essentially extracellular bacteria
as well. A rather simple protocol, without the need to resort to
complex regimens involving DNA priming and boosting with
protein (9, 41), was found to be effective against one of the
most infectious pathogens. This was achieved by the proper
tailoring of the DNA through removal of the bacterial secre-
tion signal, thus directing cytosolic expression which is not
prone to rapid elimination. Though DNA vaccine development
does not seem to abide by general rules, the approach used
here may be beneficial in overcoming difficulties encountered
in developing DNA vaccines against other pathogenic bacteria.
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