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Francisella tularensis Live Vaccine Strain capB Mutant and
Recombinant Attenuated Listeria monocytogenes Expressing F.
tularensis 1glC Induces Potent Protective Immunity in Mice against
Virulent F. tularensis Aerosol Challenge
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Francisella tularensis, the causative agent of tularemia, is a category A bioterrorism agent. A vaccine that is safer and more effec-
tive than the currently available unlicensed F. tularensis live vaccine strain (LVS) is needed to protect against intentional release
of aerosolized F. tularensis, the most dangerous type of exposure. In this study, we employed a heterologous prime-boost vacci-
nation strategy comprising intradermally administered LVS AcapB (highly attenuated capB-deficient LVS mutant) as the primer
vaccine and rLm/iglC (recombinant attenuated Listeria monocytogenes expressing the F. tularensis immunoprotective antigen
IgIC) as the booster vaccine. Boosting LVS AcapB-primed mice with rLm/iglC significantly enhanced T cell immunity; their
splenic T cells secreted significantly more gamma interferon (IFN-y) and had significantly more cytokine (IFN-y and/or tumor
necrosis factor [TNF] and/or interleukin-2 [IL-2])-producing CD4* and CD8* T cells upon in vitro IglC stimulation. Impor-
tantly, mice primed with LVS AcapB or rLVS AcapB/IglC, boosted with rLm/iglC, and subsequently challenged with 10 50% le-

thal doses (LDs,) of aerosolized highly virulent F. tularensis Schu S4 had a significantly higher survival rate and mean survival
time than mice immunized with only LVS AcapB (P < 0.0001); moreover, compared with mice immunized once with LVS,
primed-boosted mice had a higher survival rate (75% versus 62.5%) and mean survival time during the first 21 days postchal-
lenge (19 and 20 days for mice boosted after being primed with LVS AcapB and rLVS AcapB/IgIC, respectively, versus 17 days for
mice immunized with LVS) and maintained their weight significantly better (P < 0.01). Thus, the LVS AcapB-rLm/iglC prime-
boost vaccination strategy holds substantial promise for a vaccine that is safer and at least as potent as LVS.

F rancisella tularensis is the causative agent of tularemia. There
are four subspecies of F. tularensis: F. tularensis subsp. tularen-
sis (type A), F. tularensis subsp. holarctica (type B), F. tularensis
subsp. mediasiatica, and F. tularensis subsp. novicida (1), although
F. tularensis subsp. novicida is considered by some to be a separate
species (2). F. tularensis subsp. tularensis and F. tularensis subsp.
holarctica are two clinically important entities, both of which can
be transmitted among animals and from animals to humans by
arthropod bites or by aerosol. F. tularensis subsp. tularensis, found
in the United States, is highly virulent in rodents (3), nonhuman
primates (4), and humans (5, 6), causes the most severe disease,
and is the subspecies of greatest concern as a weapon of bioterror-
ism. F. tularensis subsp. holarctica, found in Eurasia and in North
America, causes less severe disease than F. tularensis subsp. tular-
ensis in humans. Following cutaneous exposure, tularemia typi-
cally presents as an ulceronodular disease with painful, ulcerated
skin lesions and swollen lymph nodes. In 15% of untreated cases,
the ulceronodular disease spreads hematogenously to involve
lungs and pleura. Following inhalation exposure, tularemia pres-
ents with acute flu-like symptoms followed by pleuro-pneumonic
and typhoidal illness. Pneumonic tularemia is difficult to diagnose
(7),and delay in treatment can be fatal (8). Even when successfully
treated with appropriate antibiotics, pneumonic tularemia causes
substantial morbidity; most patients require hospitalization and
administration of parenteral antibiotics (7), typically in intensive
care units. Because of its high degree of pathogenicity in humans,
its low infectious dose, and the relative ease with which it can be
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cultured and aerosolized, F. tularensis is classified as a category A
agent of bioterrorism and is considered one of the most likely
pathogens to be employed in a bioterrorist attack.

Currently, there is no licensed vaccine available against F. tu-
larensis. The F. tularensis live vaccine strain (LVS), a multidele-
tional mutant of virulent F. tularensis subsp. holarctica, is the only
vaccine against tularemia used in the United States, and then only
under special circumstances. Among 17 unique genetic regions
found in the highly virulent F. tularensis subsp. tularensis Schu S4
strain, 12 are absent from the F. tularensis subsp. holarctica LVS
genome (9), 2 of which encode the major virulence factors
FTT0918 and PilA (10, 11); complementation of LVS with these
two genes fully restores virulence of LVS to that of the virulent
parental F. tularensis subsp. holarctica (12). LVS has major limita-
tions, including the following: (i) it retains significant toxicity (5),
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(ii) it provides poor protection against high-dose aerosol chal-
lenge (13), and (iii) it displays mixed (blue-gray) colony morphol-
ogy, with only one colony type inducing protective immunity (14,
15). Nevertheless, from the standpoint of efficacy, LVS, adminis-
tered by scarification as a single dose, is the current standard for
protection against challenge with F. tularensis.

In searching for a vaccine that is safer than LVS, we previously
developed LVS AcapB, an LVS mutant with a targeted deletion in
a putative capsular gene, capB. Thus, LVS AcapB has three major
attenuating deletions, in capB, FTT0918, and pilA (12). LVS
AcapB is significantly attenuated in mice. Whereas the 50% lethal
dose (LDs) for LVS by the intranasal (i.n.) route is 700 CFU, the
LDs, for LVS AcapBis >10” CFU (16). Mice immunized with LVS
AcapBi.n. or by the intradermal (i.d.) route develop humoral and
cellular immune responses comparable to those of mice immu-
nized with LVS, and when these mice are challenged with a lethal
dose of LVS i.n. 4 or 8 weeks later, they are 100% protected from
illness and death and have significantly lower levels (3 to 5 log) of
LVS in the lung, liver, and spleen than unimmunized mice. Most
importantly, mice immunized i.n. or i.d. with LVS AcapB and then
challenged 6 weeks later by aerosol with 10 LDy, of the highly
virulent F. tularensis subsp. tularensis Schu S$4 strain are signifi-
cantly protected. By the i.n. route, mice immunized with LVS
AcapB are 100% protected, as are mice immunized with LVS;
however, whereas LVS AcapB is nontoxic, LVS immunization kills
~25% of i.n. vaccinated mice. By the i.d. route, LVS AcapB is less
potent than LVS (16).

In further search for a better vaccine alternative to LVS, we
previously developed a recombinant Listeria monocytogenes vac-
cine expressing F. tularensis immunoprotective proteins as a vac-
cine against F. tularensis. L. monocytogenes, like F. tularensis, is a
facultative intracellular bacterium; moreover, it shares a similar
intracellular lifestyle with F. tularensis, escaping the phagosome
and multiplying free in the cytoplasm of the host cell (17, 18). L.
monocytogenes is known to induce innate and adaptive immune
responses (19) and has been developed as a cancer vaccine vector
(20). In a previous study, we chose a highly attenuated L. mono-
cytogenes mutant with a deletion in actA, L. monocytogenes AactA,
as a vector, and constructed a recombinant L. monocytogenes vac-
cine expressing F. tularensis IglC (rLm/iglC) (21). IgIC (intracel-
lular growth locus subunit C) is encoded by genes (FTT1712 and
FTT1357) on the Francisella pathogenicity island (FPI), which is
highly upregulated during macrophage intracellular infection, re-
quired for intracellular survival, growth, and phagosome escape
(22-24), and essential for virulence (25). It is highly immunogenic
(21, 26-28) and was previously identified by our group as an im-
munoprotective antigen (21). Our previous study showed that
mice immunized i.d. with rLm/iglC developed significantly higher
IglC-specific T cell immune responses than sham-immunized
mice, and when these mice were challenged i.n. with F. tularensis
LVS (6 LDs,), they had a significantly lower mean tissue bacterial
burden and a higher survival rate than those of animals immu-
nized with saline or the vector control. Most importantly, mice
immunized with rLm/iglC i.d. were protected against aerosol
challenge with F. tularensis Schu S4. However, in subsequent stud-
ies using higher aerosol challenge doses of F. tularensis Schu S4,
rLm/iglC was not as potent as LVS. This prompted us to develop a
more consistently potent vaccine—one that was not only safer
than LVS but at least as potent.

In this study, to develop a more potent vaccine than LVS with-

May 2013 Volume 81 Number 5

Prime-Boost Vaccination Strategy against Tularemia

out sacrificing safety, we utilized a heterologous prime-boost vac-
cination strategy with LVS AcapB or LVS AcapB overexpressing an
F. tularensis antigen as the prime vaccine and rLm/iglC as the
booster vaccine. We show that the LVS AcapB-rLm/iglC prime-
boost vaccine induces strong cellular immune responses and con-
fers protective immunity against F. tularensis Schu S4 aerosol chal-
lenge that is comparable to or greater than that conferred by LVS.

MATERIALS AND METHODS

Bacteria and vaccines. F. tularensis LVS and Schu $4 strains were obtained
from the Centers for Disease Control and Prevention (Atlanta, GA). LVS
AcapB, LVS AwbtDEF (LVS ALPS), and rLm/iglC were constructed in our
laboratory as described previously (16, 21, 29). To prepare the LVS stocks,
we passaged the bacteria once on phorbol-12-myristate-13-acetate
(PMA)-differentiated monolayers of THP-1 cells, amplified them on
chocolate II agar (BD BBL, Sparks, MD) for 2 to 3 days, scraped the
colonies into sterile phosphate-buffered saline (PBS), resuspended the
bacteria in the presence of 20% glycerol, and stored them frozen at —80°C.
In some experiments, we used chocolate agar made with GC medium base
(BD Difco) supplemented with 1% hemoglobin and 1% IsoVitalex en-
richment (BD BBL). Before use in animals, one vial of the LVS or Schu S4
strain was removed from the freezer, immediately thawed in a 37°C water
bath, diluted in sterile saline, and kept on ice until use. To prepare heat-
inactivated (HI) bacteria, we propagated the LVS on chocolate agar for 2
to 3 days, resuspended the bacteria in PBS to a final optical density at 540
nm (ODs,,) of 1 (equivalent to 2 X 10° CFU/ml), killed the bacteria by
incubation at 80°C for 1 h, and stored the bacteria frozen at —80°C until
use. Immediately after it was heat inactivated, LVS was plated on choco-
late agar and incubated for 3 days at 37°C to verify that there were no live
bacteria remaining.

The LVS AcapB and LVS ALPS stocks were prepared by culturing on
chocolate agar as described for LVS and were stored frozen at —80°C. The
L. monocytogenes AactA and rLm/iglC stocks were prepared by culturing
the bacteria in brain heart infusion (BHI) broth (BD BBL) overnight at
37°C with agitation, subculturing them in BHI medium until late log
phase, harvesting them by centrifugation, washing the bacterial pellet
once with PBS, resuspending the bacteria in PBS in the presence of 20%
glycerol, and storing them frozen at —80°C. The stocks were thawed pe-
riodically, cultured on agar to verify the titer of viable bacteria, and pre-
pared for animal use as described above for the LVS and Schu S4 strains.

Mice. Six- to 8-week-old specific-pathogen-free female BALB/c mice
were purchased from Charles River Laboratory (Wilmington, MA) and
used according to protocols approved by the animal research committees
of UCLA and Colorado State University.

Construction of recombinant attenuated LVS strains expressing F.
tularensis proteins. LVS AcapB strains overexpressing F. tularensis IglC or
IglA were constructed by electroporating a shuttle plasmid carrying an
IglA or IgIC expression cassette into LVS AcapB. To construct the shuttle
plasmid, the coding sequence for F. tularensis IglC or IglA was amplified
by PCR, using the genomic DNA of a virulent F. tularensis subsp. tularen-
sis recent clinical isolate (RCI) as a template, with the primer pair 5'-GG
ATCATATGATGATTATGAGTGAGATGAT-3" and 5'-GAACGGATCC
CTATGCAGCTGCAATATATC-3' for IglC and 5'-GGATCATATGCTT
ATAAGGTGTTGTGAAAAAAAGG-3" and 5-GAACGGATCCCTACT
TACCATCTACTTGTTGATTA-3" for IglA, incorporating Ndel and
BamHI sites at the 5" and 3’ ends, respectively. The PCR product, Ndel-
IglC-BamHI or Ndel-IglA-BamHI, was cloned into the pFNLTP6 gro-gfp
shuttle plasmid, replacing gfp downstream of the groE promoter (30). The
inserted DNA sequences were verified by restriction enzyme digestion and
nucleotide sequencing. The resultant plasmid carrying the F. tularensis
IglC or IglA expression cassette, pFNL/gro-IglC or pFNL/gro-IglA, was
electroporated into LVS AcapB, and transformants were selected as kana-
mycin-resistant clones. The selected clones were verified by colony PCR,
amplifying the sequence encoding F. tularensis protein by use of primers
specific to the pFNLTP6 vector. The resultant strains, rLVS AcapB/IglC
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FIG 1 Immunization and challenge protocols. (a) Immunogenicity study.
BALB/c mice were primed i.d. with LVS AcapB at week 0 and boosted i.d. with
rLm/iglC or with L. monocytogenes AactA (vector control) at week 4. Mice
sham immunized with PBS or immunized once with LVS or LVS AcapB at
week 0 and not subsequently boosted served as controls. At week 6, all mice
were euthanized, their sera were assayed for antibody titer, and their splenic
lymphocytes were assayed for antigen-specific production of IFN-y and IL-
17A or for cytokine-producing CD4" or CD8" T cells by multiparameter
intracellular cytokine staining and flow cytometry. (b) Efficacy study. Mice
were primed with LVS AcapB or rLVS AcapB/IglC at week 0 and boosted with
rLm/iglC at week 4. Mice not immunized (not shown) or immunized once
with LVS AcapB, rLVS AcapB/IgIC, rLVS AcapB/IglA, or LVS at week 4 served
as controls. At week 10, 6 weeks after the last or only immunization, such that
the immunization-challenge interval was held constant, all mice were chal-
lenged with the F. tularensis subsp. tularensis Schu S4 strain by aerosol, after
which the mice were monitored for weight loss, signs of illness, and survival for
3 weeks.

and rLVS AcapB/IglA, were evaluated for levels of F. tularensis protein
expression. The stocks used for in vitro and in vivo experiments were
prepared similarly to LVS stocks.

Vaccination and challenge of mice. Vaccination and challenge of
mice were conducted as described previously (21). For immunology stud-
ies (Fig. 1a), mice were primed i.d. at week 0 with 10* CFU LVS, 10° CFU
LVS AcapB, or PBS (sham control), either not boosted or boosted at week
4 with 10° rLm/iglC or 10° L. monocytogenes AactA (vector control), bled,
and then euthanized at week 6. Sera were prepared and assayed for anti-
body endpoint titer. Spleens were removed, and a single-cell suspension of
splenocytes was prepared for assaying T cell immune responses. For study
of the efficacy of prime-boost vaccination utilizing LVS AcapB (Fig. 1b
and Fig. 6), mice were primed i.d. with 10° CFU LVS AcapB or rLVS
AcapB/IglC at week 0, boosted i.d. with 10° CFU rLm/igIC at week 4, and
challenged by aerosol with 10 LD, of F. tularensis subsp. tularensis Schu
S4 at week 10, at Colorado State University. Mice not immunized or
immunized once at week 4 with LVS, LVS AcapB, rLVS AcapB/1gIC, or
rLVS AcapB/IglA and challenged at week 10 (so as to keep the immuniza-
tion-challenge interval constant) served as controls. For study of the effi-
cacy of prime-boost vaccination utilizing rLVS ALPS/IgIC (see Fig. S4 in
the supplemental material), mice were primed i.d. with 10° CFU rLVS
ALPS/IgIC at week 0 and boosted with rLm/iglC twice, at weeks 3 and 6, or
primed once at week 3 and boosted once at week 6, and then challenged by
aerosol with 3 or 10 LDy, of the F. tularensis subsp. tularensis Schu S4
strain at week 12 at Colorado State University. Mice immunized twice, at
weeks 3 and 6, with normal saline (sham), LVS, LVS ALPS, or rLVS ALPS/
IglC and challenged at week 12 served as homologous prime-boost con-
trols. The aerosol challenge was conducted in a chamber of 5 cubic feet,
with conscious and active mice, using a Glas-Col inhalation exposure
system (Glas-Col, LLC, Terre Haute, IN). The doses of 3 and 10 LD, for
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the Schu S4 strain were obtained by aerosolizing 5 ml of a suspension
containing 3.2 X 10° to 3.4 X 10° and 1.1 X 10 to 1.2 X 10’ CFU/ml,
respectively, over a period of 15 min. The actual number of bacteria in the
nebulizer was confirmed by culturing the bacterial suspension in dupli-
cate on Mueller-Hinton agar. Challenged mice were weighed and moni-
tored for illness and death for 3 weeks. Mice that met predetermined
humane endpoints for euthanasia were euthanized and counted as a
death. Mean survival time (MST) was calculated by dividing the sum of
the surviving days of all mice by the total number of mice examined, with
animals surviving until the end of the experiment given a survival time of
21 days, when the experiment was terminated.

Isolation of lymphocytes from mouse spleen. Groups of four BALB/c
mice were sham immunized or immunized i.d. as described previously
(16). At various times postvaccination, mice were anesthetized by intra-
peritoneal (i.p.) injection of ketamine (80 mg/kg of body weight) and
xylazine (10 mg/kg), bled, and then euthanized. Spleens were removed,
placed in a petri dish containing 5 ml T cell medium (Dulbecco’s modified
Eagle’s medium [DMEM] supplemented with 10% heat-inactivated fetal
bovine serum [HI-FBS], penicillin [100 IU/ml]-streptomycin [100 pg/
ml], 0.1 mM nonessential amino acids, 4 mM L-glutamine, 1 mM sodium
pyruvate, and 0.05 mM B-mercaptoethanol), and gently pressed with the
flat end of a 5-ml syringe to release the splenocytes into the medium.
Erythrocytes were subsequently lysed using PharmLyse (BD Pharmin-
gen), and tissue debris and cell aggregates were cleared by filtration
through cell strainers with 70-m-pore-size nylon membranes (Falcon).
Single-cell suspensions of splenocytes in T cell medium were used for
assaying T cell immune responses as described below.

Production of IFN-v, IL-17A, and TNF by immune splenocytes. Sin-
gle-cell suspensions of splenocytes from mice that were sham immunized
or immunized with various vaccines were stimulated with IglC protein
(10 pg/ml) (21), HI-LVS (5 X 10°/ml), or concanavalin A (ConA; 5 pg/
ml) for 3 days. After 3 days, the culture supernatant fluid was collected,
cell debris was removed by centrifugation, and the supernatant fluid was
either assayed immediately or stored in assay diluent (BD Biosciences) at
—80°C until use. The production of mouse gamma interferon (IFN-vy),
interleukin-17A (IL-17A), and tumor necrosis factor (TNF) in the culture
supernatant fluid was assayed by using a mouse cytokine enzyme immu-
noassay (EIA) kit (BD Biosciences) following the manufacturer’s instruc-
tions.

Intracellular cytokine staining and flow cytometry analysis. Spleno-
cytes (10° cells per well) were seeded in U-bottom 96-well plates and
incubated with medium alone or with medium containing IglC protein,
anIglC peptide (TDEAWGIMIDLSNLE; kindly provided by Justin Skoble
of Aduro Biotech) (2 wg/ml), or HI-LVS overnight. GolgiPlug (protein
transport inhibitor containing brefeldin A) diluted in T cell medium was
then added to all wells; PMA was additionally added to positive-control
wells. Five hours after addition of GolgiPlug, cells were harvested, washed
with PBS, and stained with Live/Dead fixable violet dead cell stain (Invit-
rogen) for 10 min at room temperature. Subsequently, cells were incu-
bated with Fc block for 15 min, followed by incubation with allophyco-
cyanin (APC)-Cy7-conjugated anti-CD4 (clone RM-4-5) and peridinin
chlorophyll protein (PerCp)-Cy5.5-conjugated anti-CD8 (clone 53-6.7)
antibodies in Fc block for an additional 15 min. The cells were then
washed, fixed, permeabilized with Cytofix/Cytoperm, and stained with
fluorescein isothiocyanate (FITC)-conjugated anti-CD3 (clone 17-A2)
and panels of antibodies against the intracellular markers IFN-vy (phyco-
erythrin [PE] conjugated; clone XMG 17A2), TNF (PE-Cy7 conjugated;
clone MP6-XT22), and IL-2 (APC conjugated; clone JES6-5H4). All
intracellular cytokine staining reagents were purchased from BD Bio-
sciences, except where noted. A total of 100,000 lymphocytes per sam-
ple were acquired with an LSRII-HT (BD) flow cytometer. The fre-
quencies of live CD4™ and CD8™ T cells expressing each of the seven
different possible combinations of IFN-v, TNF, and IL-2 were deter-
mined using FACSDiva (BD) software. Background numbers of cells
producing cytokines without antigen stimulation were subtracted.

Infection and Immunity
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Serum antibody detection by enzyme-linked immunosorbent assay
(ELISA). Sera collected from sham-immunized mice or mice immunized
with various vaccines were analyzed for levels of IgG and subtype IgG1
and IgG2a antibodies specific for HI-LVS as described previously (16).
The endpoint antibody titer was calculated as the reciprocal of the highest
serum dilution that was a minimum of 0.05 optical density units above the
mean plus 3 standard errors of the sham-immunized animals.

Statistics. One-way analysis of variance (ANOVA) with Tukey’s mul-
tiple-comparison test or two-way ANOVA with Bonferroni’s posttest was
performed using GraphPad Prism 5 (San Diego, CA) to determine the
significance of differences in comparisons of mean mouse cytokine pro-
duction, mean serum antibody endpoint titers, and mean frequencies of
cytokine-producing CD4* and CD8™ T cells among mice in vaccinated
and control groups. A log-rank analysis (Mantel-Cox test) in GraphPad
Prism 5 was used to determine the significance of differences in survival
curves among mice in immunized and control groups.

RESULTS

Boosting of LVS AcapB-immunized mice with rLm/iglC in-
duces antigen-specific cytokine production and a Th1-type an-
tibody response. Previously, we showed that immunization with
LVS AcapB induces protective immunity against F. tularensis chal-
lenge in mice (16). We also showed that immunization with rLm/
iglC elicits IglC-specific T cell-mediated protective immunity
against F. tularensis challenge in mice (21). To examine whether
priming with LVS AcapB and boosting with rLm/iglC enhances T
cell-mediated immunogenicity, we primed mice with LVS AcapB
and boosted them 4 weeks later with rLm/iglC or its vector con-
trol, L. monocytogenes AactA. Mice immunized with PBS (sham),
LVS, or LVS AcapB once, at week 0, served as controls (Fig. 1a). At
week 6, mice were euthanized, their spleens were removed, and
single-cell suspensions of splenocytes were prepared. The spleno-
cytes were stimulated with IglC protein, HI-LVS, or ConA for 3
days, and the culture supernatants were assayed for IFN-y. As
shown in Fig. 2a, when stimulated with IglC protein, the immune
splenocytes from mice primed with LVS AcapB and boosted with
rLm/iglC secreted IFN-vy at a significantly higher level than that of
sham-immunized mice, mice immunized with LVS AcapB alone,
or mice primed with LVS AcapB and boosted with the L. monocy-
togenes AactA vector (P < 0.01). Similar results were obtained in a
separate experiment, except that the difference in IFN-y produc-
tion between mice primed-boosted with LVS AcapB-rLm/iglC
and mice immunized with LVS AcapB did not reach statistical
significance (see Fig. Sla in the supplemental material). Mice
primed with LVS AcapB and boosted with rLm/iglC also secreted
IFN-+ at a higher level than mice immunized once with LVS in the
experiment shown in Fig. 2a, although the difference did not reach
statistical significance; in a separate experiment, there was no dif-
ference between these groups (see Fig. S1a). When stimulated with
HI-LVS, the immune splenocytes from all immunized mice se-
creted IFN-vy at significantly higher levels than those in sham-
immunized mice (P < 0.001) (Fig. 2a); this was also seen in a
separate experiment (see Fig. Sla). When cells were stimulated
with ConA, there were no significant differences in the levels of
IFN-vy secretion among sham-immunized mice and mice immu-
nized with various vaccines (Fig. 2a). These results show that
boosting of LVS AcapB-primed mice with rLm/iglC enhances
IglC-specific IFN-y secretion by immune lymphocytes.

Recent studies showed that IL-17A is also important in control
of primary infection and vaccine-induced protection against F.
tularensis (31, 32). To examine IL-17A production after prime-
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FIG 2 Priming with LVS AcapB and boosting with rLm/iglC induce antigen-
specific Th1-type antibody and cytokine production. Mice (# = 4 mice/group)
were vaccinated, bled, and euthanized as described in the legend to Fig. 1a and
then tested for IFN-y secretion and serum antibody production. (a) IFN-y
secretion by splenic lymphocytes. Single-cell suspensions of mouse splenic
lymphocytes were prepared and stimulated with the IglC protein, heat-inacti-
vated LVS (HI-LVS), or ConA for 3 days. Production of IFN-vy in the culture
supernatant fluid was determined by ELISA. Data shown are mean values and
standard errors for 4 mice. A line above the bars indicates a statistical compar-
ison between the bar beneath the left end of the line and the bar beneath the
right end of the line. Only comparisons where differences are statistically sig-
nificant are shown. **, P < 0.01; ***, P < 0.001 (by one-way ANOVA with
Tukey’s multiple-comparison test). (b) Serum antibody titers. Sera were ana-
lyzed for IgG and subtype IgG1 and IgG2a antibodies specific to HI-LVS. The
antibody level was calculated as the log,, of the reciprocal of the endpoint
dilution of the test serum. LOD, limit of detection. The experiment was re-
peated twice, and similar results were obtained (data for one repeat experiment
are shown in Fig. S1 in the supplemental material).

boost immunization with LVS AcapB-rLm/iglC, we assayed IL-
17A in the culture supernatant fluid of immune splenocytes upon
in vitro stimulation with IglC protein or HI-LVS, as shown in Fig.
S1b in the supplemental material. We found that in response to
the IglC protein, splenocytes from mice primed with LVS AcapB
and boosted with rLm/iglC produced a larger amount of IL-17A
than splenocytes from sham-immunized mice and mice primed
with LVS AcapB only, although the differences did not reach sta-
tistical significance; the amount of IL-17A produced by the
splenocytes of primed-boosted mice was comparable to that pro-
duced by the splenocytes of LVS-immunized mice. In response to
HI-LVS, splenocytes from mice immunized with LVS AcapB or
LVS AcapB-rLm/iglC produced significantly more IL-17A than
that in sham-immunized mice (P < 0.001), albeit less than that in
mice immunized with LVS.

It has been demonstrated that the humoral immune response
plays a role in protection against pulmonary F. tularensis infection
(33, 34). To examine the humoral immune response induced by
prime-boost immunization, we immunized mice with the various
vaccines as described above for cytokine production. At week 6,
sera were assayed for antibodies specific to HI-LVS and IglC. Mice
immunized with LVS or LVS AcapB or primed with LVS AcapB
and boosted with L. monocytogenes AactA or rLm/iglC produced
significantly more HI-LVS-specific IgG antibody than did sham-
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FIG 3 Priming with LVS AcapB and boosting with rLm/iglC enhance IglC-specific cytokine-producing CD4" and CD8™ T cells. Splenic lymphocytes were
prepared from sham-immunized mice or mice immunized with various vaccines as shown in Fig. 1a, stained for cell surface and intracellular markers, and
analyzed for the frequency of CD4* or CD8 ™" T cells producing any of the cytokines among IFN-v, IL-2, and TNF, using multiparameter flow cytometry by the
strategy depicted in Fig. S2 in the supplemental material. Data shown are mean values and standard errors for the total frequencies of CD4 " (a to ¢) and CD8"
(d to f) T cells producing one, two, or three of the cytokines among IFN-v, IL-2, and TNF. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (by two-way ANOVA). The

experiment was repeated once, with similar results.

immunized mice (Fig. 2b; see Fig. Slc in the supplemental mate-
rial). Isotype analysis revealed that Th1-type IgG2a, not Th2-type
IgG1, was the dominant subtype. Mice primed with LVS AcapB
and boosted with rLm/iglC produced a larger amount of IgG2a
than mice primed only with LVS AcapB, although the difference
did not reach statistical significance (Fig. 2b; see Fig. S1c). IglC-
specific antibody was not detected in any group of mice (data not
shown). These results show that LVS AcapB-rLm/iglC prime-
boost immunization induces an HI-LVS-specific Th1-type anti-
body response.

Boosting of LVS AcapB-immunized mice with rLm/iglC in-
duces elevated cytokine expression in both CD4* and CD8* T
cells upon in vitro antigen stimulation. Immunization with LVS
AcapB or rLm/iglC induces F. tularensis antigen-specific lympho-
cyte proliferation, and immunization with rLm/iglC induces
IFN-y expression by both CD4" and CD8™ T cells (16, 21). To
examine whether boosting with rLm/iglC enhances cytokine ex-
pression by CD4" and CD8" T cells, we performed multiparam-
eter intracellular cytokine staining and flow cytometry analysis of
the immune splenic lymphocytes, using the gating strategy de-
scribed in Fig. S2 in the supplemental material. As shown in Fig. 3,
mice primed with LVS AcapB and boosted with rLm/iglC had a
significantly higher frequency of cytokine (IFN-y and/or IL-2
and/or TNF)-producing CD4™" T cells in their spleens after in vitro
stimulation with IglC protein (Fig. 3a), IglC peptide (Fig. 3b), or
HI-LVS (Fig. 3¢) than did sham-immunized mice, mice immu-
nized with only LVS AcapB, or mice primed with LVS AcapB and
boosted with the L. monocytogenes AactA vector. The frequency of
cytokine-producing CD4" T cells for mice primed with LVS
AcapB and boosted with rLm/iglC was comparable to that of LVS-
immunized mice in response to IglC and HI-LVS but significantly
greater than that of LVS-immunized mice in response to IglC
peptide. Similarly, in comparison with sham-immunized mice or
mice immunized with LVS AcapB only, mice primed with LVS
AcapB and boosted with rLm/iglC had a significantly higher fre-
quency of cytokine-producing CD8 ™ T cells in the spleen after in
vitro stimulation with IglC protein (Fig. 3d), IglC peptide (Fig. 3e), or
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HI-LVS (Fig. 3f). Interestingly, the IglC peptide used in this study
was identified mainly asa CD4 ™ T cell epitope in BALB/c mice, the
strain used in this study, and asa CD8™ T cell epitope in C57BL/6
mice, after single immunization with an attenuated L. monocyto-
genes strain expressing IglC (Justin Skoble, personal communica-
tion). For mice primed with LVS AcapB and boosted with rLm/
igIC, the frequency of cytokine-producing CD4* T cells specific
for the IglC peptide was ~5-fold greater than that for LVS-immu-
nized mice, the only other group to respond significantly to the
peptide (Fig. 3b). Although the IglC peptide used in this study is
not known to be a CD8™ T cell epitope in BALB/c mice, the fre-
quency of CD8" T cells responding to the peptide was signifi-
cantly elevated for both LVS-immunized and LVS AcapB-rLm/
iglC-primed and -boosted mice (Fig. 3e); however, in contrast to
the case with CD4™" T cells (Fig. 3b), the frequencies of CD8* T
cells responding to this peptide (Fig. 3e) were relatively low and
comparable for the LVS-immunized and LVS AcapB-rLm/iglC-
primed and -boosted mice. These results showed that the heterol-
ogous prime-boost vaccination protocol induces antigen-specific
functional CD4™ and CD8™ T cell immune responses.

Priming with LVS AcapB and boosting with rLm/iglC in-
duces multifunctional Th1l-type CD4™ T cells upon in vitro an-
tigen stimulation. Multifunctional Th-1 type CD4" T cells have
been demonstrated to play a role in protective immunity against
intracellular pathogens such as Leishmania (35) and Mycobacte-
rium tuberculosis (in some studies [36—39]). Therefore, we ana-
lyzed the frequency of splenic CD4™ T cells expressing the intra-
cellular cytokines IFN-y, TNF, and IL-2 as described and
illustrated in Fig. S2 in the supplemental material. After in vitro
stimulation with the IglC protein (Fig. 4a), mice primed with LVS
AcapB and boosted with rLm/iglC had a significantly higher fre-
quency of IFN-v- or TNF-expressing CD4 ™ T cells in their spleens
than sham-immunized mice (P < 0.001), mice immunized with
LVS AcapB only (P < 0.001), and mice primed with LVS AcapB
and boosted with the L. monocytogenes AactA vector (P < 0.001);
the frequency of CD4™ T cells expressing IFN-y or TNF for the
LVS AcapB-rLm/iglC-primed and -boosted mice was comparable
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FIG 4 Priming with LVS AcapB and boosting with rLm/iglC enhance IglC-specific multifunctional CD4 " T cells. Splenic lymphocytes from sham-immunized
mice and mice immunized with various vaccines (n = 4 mice/group) were stimulated with F. tularensis IgIC protein (a and d), IglC peptide (b and e), or HI-LVS
(cand f) and analyzed for cytokine-producing CD4 " T cells by multiparameter flow cytometry. (a to c) Total frequencies of CD4 ™" T cells expressing IFN-y, IL-2,
or TNF (i.e., all T cell subsets producing a given cytokine either alone or with other cytokines). (d to f) Multiparameter analysis of CD4™ T cells. Data shown are
the frequencies of the 7 subpopulations of CD4™ T cells expressing one, two, or three cytokines among IFN-vy, IL-2, and TNF. Values are means and standard

errors for 4 mice. The experiment was repeated once, with similar results.

to that of LVS-immunized mice. The frequency of CD4™ T cells
expressing IFN-y was examined in a separate study, and similar
results were obtained (see Fig. S3a). The frequency of IL-2-ex-
pressing CD4 " T cells was low in all tested groups. After in vitro
stimulation with the IglC peptide (Fig. 4b), mice primed with LVS
AcapB and boosted with rLm/iglC had significantly higher fre-
quencies of IFN-y (P < 0.001)-, IL-2 (P < 0.05)-, and TNF (P <
0.001)-expressing CD4" T cells in their spleens than all other
groups, including mice immunized with LVS. After in vitro stim-
ulation with HI-LVS (Fig. 4c), all immunized mice had signifi-
cantly higher frequencies of IFN-vy-, IL-2-, and TNF-expressing
CD4" T cells than sham-immunized mice (P < 0.001). Mice
primed with LVS AcapB and boosted with rLm/iglC had a higher
frequency of IFN-y-expressing CD4™ T cells after HI-LVS stimu-
lation than mice immunized with LVS AcapB only (P < 0.001) or
with LVS AcapB followed by boosting with the L. monocytogenes
AactA vector (P < 0.001) (Fig. 4c), although the primed-boosted
mice did not show a higher frequency of IFN-y-expressing CD4 ™
T cells after HI-LVS stimulation than LVS AcapB-immunized
mice in a separate experiment (see Fig. S3a).

After analysis of the 7 possible combinations of CD4" T cells
producing one or more cytokines among IFN-v, IL-2, and TNF,
we found that in response to stimulation with the IgIC protein
(Fig. 4d), the largest subsets of T cells were those producing only
IEN-vy or producing both IFN-y and TNF. Mice primed with LVS
AcapB and boosted with rLm/iglC had a significantly higher fre-
quency of CD4™" T cells producing only IFN-v or producing both
IEN-vy and TNF than sham-immunized mice (P < 0.001), mice
immunized with LVS AcapB only (P < 0.001), or mice immunized
with LVS AcapB and boosted with the L. monocytogenes AactA
vector (P < 0.001). Note that the frequency of CD4™ T cells ex-
pressing only IFN-y was significantly lower in mice primed with
LVS AcapB and boosted with rLm/iglC than in mice immunized
with LVS (P < 0.001); however, the frequency of CD4" T cells
expressing both IFN-y and TNF was significantly higher in mice
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primed with LVS AcapB and boosted with rLm/iglC than in mice
immunized with LVS (P < 0.001). In response to IglC peptide
stimulation (Fig. 4e), mice primed with LVS AcapB and boosted
with rLm/iglC had a significantly higher frequency of multifunc-
tional CD4™" T cells producing all 3 cytokines (IFN-vy, IL-2, and
TNF) than sham-immunized mice (P < 0.05) and mice immu-
nized with LVS AcapB only (P < 0.05); the frequencies of CD4™ T
cells expressing all the combinations of any two cytokines or
IFN-v only were significantly higher in LVS AcapB-rLm/iglC-
primed and -boosted mice than in sham-immunized mice, mice
immunized with LVS AcapB only, and mice primed with LVS
AcapB and boosted with L. monocytogenes AactA (P < 0.001 to
0.05). Note that the frequencies of CD4* T cells producing IFN-y
and TNF, IFN-v and IL-2, or IFN-vy only were significantly higher
in LVS AcapB-rLm/iglC-primed and -boosted mice than in LVS-
immunized mice (P < 0.05 to P < 0.001); the frequency of CD4 ™"
T cells producing all three cytokines or the combination of IL-2
and TNF was also greater for LVS AcapB-rLm/iglC-primed and
-boosted mice than for LVS-immunized mice, but the difference
did not reach statistical significance. In response to HI-LVS (Fig. 4f),
multicytokine-producing CD4 ™" T cells were detected in all groups
of mice except sham-immunized mice. These results demonstrate
that LVS AcapB-rLm/iglC prime-boost vaccination induces IglC-
specific multifunctional CD4™ T cells.

Priming with LVS AcapB and boosting with rLm/iglC in-
duces CD8™ cells producing primarily IFN-y upon in vitro an-
tigen stimulation. Thl-type cytokine-producing CD8" T cells
have been shown to play an important role in vaccine-induced
protection against F. tularensis (40, 41). Therefore, we analyzed
the frequency of CD8™ T cells expressing Th1-type cytokines, in-
cluding IFN-y, TNF, and IL-2. In contrast to CD4™ T cells, im-
mune CD8™ T cells expressed primarily IFN-vy in response to the
IglC protein (Fig. 5a and d). Mice primed with LVS AcapB and
boosted with rLm/iglC had a significantly higher frequency of
IFN-y-expressing CD8 ™ T cells in their spleens than sham-immu-
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FIG 5 Priming with LVS AcapB and boosting with rLm/iglC enhance antigen-specific cytokine-producing CD8" T cells. Splenic lymphocytes from sham-
immunized mice and mice immunized with various vaccines (n = 4 mice/group) were stimulated with F. tularensis IglC protein (a and d), IgIC peptide (b and
e), or HI-LVS (c and f) and analyzed for cytokine-producing CD8" T cells by multiparameter flow cytometry. (a to ¢) Total frequencies of CD8" T cells
expressing IFN-v, IL-2, or TNF. (d to f) Multiparameter analysis of CD8" T cells. Data shown are the frequencies of the 7 subpopulations of CD8" T cells
expressing one, two, or three cytokines among IFN-vy, IL-2, and TNF. Values are means and standard errors for 4 mice. The experiment was repeated once, with

similar results.

nized mice (P < 0.001) and mice immunized with LVS AcapB only
(P < 0.001). Similar results were obtained in a separate experi-
ment (see Fig. S3b in the supplemental material). The frequency of
IglC-specific CD8™ T cells expressing IFN-vy for the LVS AcapB-
rLm/iglC-primed and -boosted mice was comparable to that for
mice primed-boosted with LVS AcapB-L. monocytogenes AactA
vector (Fig. 5a). The response of CD8™ T cells to the IglC peptide
was paltry (Fig. 5b and e), which was not surprising, because the
IglC peptide was identified as a CD4 ™, not CD8™, T cell epitope.
In response to HI-LVS stimulation, immunized mice produced
CD8™ T cells expressing primarily IFN-y or TNF (Fig. 5¢ and f).
Mice primed with LVS AcapB and boosted with rLm/iglC had a
significantly larger number of IFN-vy expressing CD8™" T cells in
response to HI-LVS than sham-immunized mice (P < 0.001),
mice immunized with LVS AcapB (P < 0.001), or mice primed
with LVS AcapB and boosted with the L. monocytogenes AactA
vector (P < 0.01). Similar results were obtained in a separate ex-
periment (see Fig. S3b). The frequency of IFN-y-expressing CD8 ™
T cells for the LVS AcapB-rLm/iglC-primed and -boosted mice
was comparable to that of mice immunized with LVS (Fig. 5¢),
although it was lower in a separate experiment (see Fig. S3b). The
IFN-y-expressing CD8" T cells were comprised primarily of
CD8™ T cells expressing IFN-vy only and, to a lesser extent, CD8*
T cells expressing both IFN-y and TNF (Fig. 5f).

Priming with LVS AcapB and boosting with rLm/iglC in-
duces protective immunity against aerosol challenge with an F.
tularensis Schu $4 strain that is superior to that induced by sin-
gle LVS immunization. To examine the protective efficacy of the
prime-boost vaccination strategy, we utilized LVS AcapB or rLVS
AcapB/IgIC as a primer vaccine and rLm/iglC as a heterologous
booster vaccine. rLVS AcapB/IglC was constructed to overexpress
the immunoprotective antigen IgIC. By Western blotting of
broth-grown bacteria, using a polyclonal antibody to IglC, rLVS
AcapB/1gIC expressed approximately 2-fold more IglC than the
parental LVS AcapB strain (data not shown). Similarly, rLVS
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AcapB/1glA was constructed to overexpress IglA, and by Western
blotting using a polyclonal antibody to IglA, rLVS AcapB/IglA
expressed approximately 2-fold more IglA than the parental LVS
AcapB strain in broth culture (data not shown). IglA, encoded by
FTT1714 and FTT1359 in the FPI, like IglC, is also required for
intramacrophage growth and virulence in mice (25, 42) and is
immunogenic in murine models and human tularemia (28, 43,
44). Mice (8 per group) were immunized i.d. with LVS AcapB or
rLVS AcapB/IgIC at week 0 and boosted with rLm/iglC at week 4.
Mice not vaccinated or mice primed i.d. with LVS, LVS AcapB,
rLVS AcapB/IgIC, or rLVS AcapB/IglA at week 4 and not boosted
served as controls. All mice were challenged at week 10 (6 weeks
after the only or last immunization) with aerosolized F. tularensis
Schu S4 (10 LDy,) as shown in Fig. 1b and 6c¢; the immunization-
challenge interval was kept constant for all immunized groups so
as not to bias the experiment in favor of primed-boosted animals.
After challenge, mice were monitored for weight change, signs of
illness, and death for 3 weeks. As previously reported, mice immu-
nized with the parental LVS AcapB vaccine had a higher survival
rate and survived significantly longer than the unimmunized mice
(16). Mice immunized once with rLVS AcapB/IgIlC or rLVS
AcapB/1glA had a higher survival rate and MST than mice immu-
nized with the parental LVS AcapB vaccine (Fig. 6a and ¢) (P =
0.09 and 0.01, respectively); the survival of mice in these groups
was not significantly different from that of mice immunized with
LVS. Most importantly, mice primed i.d. with LVS AcapB or rLVS
AcapB/1glC and boosted with rLm/iglC had a significantly higher
survival rate and MST than mice immunized with parental LVS
AcapB only (Fig. 6a and ¢) (P < 0.0001). None of the surviving
mice primed with LVS AcapB or rLVS AcapB/IglC and boosted
with rLm/iglC showed weight loss (Fig. 6b), indicating high-level
protection. Importantly, the survival rate and MST for these
primed-boosted mice were higher than those for mice immunized
with LVS, although the difference did not reach statistical signifi-
cance (Fig. 6¢). However, in contrast to mice immunized with the
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FIG 6 Boosting of LVS AcapB-primed mice with rLm/IglC enhances protec-
tive immunity against aerosol challenge with F. tularensis Schu S4, and the
overall efficacy of prime-boost vaccination is superior to that of immunization
with one dose of LVS. Mice (n = 8 mice/group) were primed with LVS AcapB
or rLVS AcapB/IglC and boosted with rLm/iglC. Unimmunized mice or mice
vaccinated with LVS AcapB, rLVS AcapB/IgIC, rLVS AcapB/IglA, or LVS and
not boosted served as controls. All mice were challenged by aerosol with 10
LD, of the F. tularensis Schu S4 strain. The survival (a) and mean weight (b) of
mice in each group were monitored for 21 days postchallenge. The MST of
mice in each group (column 5) and statistical analyses of differences in survival
between each group of mice and unimmunized mice (Ul; column 6), LVS
AcapB-immunized mice (column 7), or LVS-immunized mice (column 8) are
shown in panel c. **, P < 0.01 by Student ¢ test analysis of the difference
between the weights of either LVS AcapB-rLm/iglC- or rLVS AcapB/IglC-rLm/
iglC-primed and -boosted mice and LVS-immunized mice at 7 days postchal-
lenge. The data for unimmunized mice and mice immunized with only LVS
AcapB or LVS were published previously (16). ns, not significant.

prime-boost vaccines (LVS AcapB-rLm/iglC or rLVS AcapB/IglC-
rLm/iglC), mice immunized with LVS suffered significant weight
loss at day 7 postchallenge (P < 0.01 versus each of these prime-
boost vaccines) (Fig. 6b). Among the primed-boosted animals,
there was no significant difference between mice primed with LVS
AcapB and mice primed with rLVS AcapB/IglC.

In another efficacy study, we compared the efficacy of heterol-
ogous prime-boost vaccination with that of homologous prime-
boost vaccination, using a different and by itself less potent ver-
sion of an attenuated LVS strain—LVS ALPS (16), overexpressing
IglC (LVS ALPS/IglC)—as the primer vaccine (see Fig. S4 in the
supplemental material); LVS ALPS/IgIC expressed IgIC at a level
~2-fold higher than that of the parental LVS ALPS strain (data
not shown). As illustrated in Fig. S4e, mice were primed with LVS
ALPS overexpressing IglC (rLVS ALPS/IgIC) at week 0 and
boosted twice, at weeks 3 and 6, with rLm/iglC, or they were
primed with rLVS ALPS/IgIC at week 3 and boosted once at week
6. Mice immunized with normal saline (sham), LVS ALPS, rLVS
ALPS/IgIC, or LVS twice, at weeks 3 and 6, served as controls. At
week 12, 6 weeks after the last immunization for all vaccine regi-
mens, we challenged mice with either 3 LD5, (4 mice per group) or
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10 LDs,, (8 mice per group) of F. tularensis Schu S4 by aerosol, as in
the experiment shown in Fig. 6, and monitored the animals for
weight change, signs of illness, and death for 3 weeks (the immu-
nization-challenge interval was also kept constant for all immu-
nized groups so as not to bias the experiment in favor of primed-
boosted animals). After a 3-LDs, (see Fig. S4a and e, upper
section) or 10-LDs, (see Fig. S4b and e, lower section) F. tularensis
Schu $4 aerosol challenge, mice primed with rLVS ALPS/IglC and
boosted once or twice with rLm/iglC had significantly higher sur-
vival rates and MST than those of sham-immunized mice and
mice immunized twice (homologously primed-boosted) with the
primer vaccine (rLVS ALPS/IgIC) only (see Fig. S4e, columns 7
and 8). Mice primed with rLVS ALPS/IglC and boosted twice with
rLm/iglC had a higher survival rate and MST than mice primed
with rLVS ALPS/IglC and boosted just once against both a 3-LDs,
and 10-LDs, challenge with F. tularensis Schu S4, although the
differences were not statistically significant. Mice primed with
rLVS ALPS/IgIC and boosted twice with rLm/iglC had a 100%
survival rate in response to a 3-LDs, F. tularensis Schu S4 chal-
lenge, the same as for LVS-immunized mice; however, against a
10-LDs, F. tularensis Schu S4 challenge, their survival rate and
MST were inferior to those immunized with LVS (62.5% survival
rate versus 100% for LVS; MST of 15.3 days versus 21.0 days for
LVS). Consistently, the mice that received a prime-boost vaccina-
tion and survived the F. tularensis Schu S4 challenge had no sig-
nificant weight loss after day 6 postchallenge (see Fig. S4c and d).

These results indicate that boosting with rLm/iglC signifi-
cantly enhances protective immunity induced by i.d. immuni-
zation with the parental LVS AcapB or LVS ALPS strain and
that the heterologous prime-boost vaccination strategy holds
substantial promise for producing a vaccine that is both safer
and more potent than LVS.

DISCUSSION

Our studies show that a heterologous prime-boost vaccination
strategy comprising an attenuated LVS mutant as the primer vac-
cine and an L. monocytogenes strain expressing an F. tularensis
protein as the booster vaccine induces elevated antigen-specific T
cell-mediated immune responses and potent protective immunity
against virulent F. tularensis subsp. tularensis Schu S4 aerosol chal-
lenge. The best heterologous prime-boost vaccines tested, com-
prising either LVS AcapB or rLVS AcapB/IgIC as the primer vac-
cine and rLm/iglC as the booster vaccine, were nontoxic and
induced protective immunity to F. tularensis Schu S4 aerosol chal-
lenge that was superior to that obtained with LVS.

LVS, the only currently available yet unlicensed vaccine against
tularemia, has several shortfalls. While highly efficacious by the
aerosol route in humans (45) and by the i.n. route in animal mod-
els (46), it is much more virulent via these routes, with most hu-
man volunteers developing typhoidal tularemia after inhaling 10°
CFU LVS (45) and with mice dying after i.n. immunization with
only a few hundred organisms (47). LVS is safer, but also less
efficacious, when administered by the i.d. route (45, 46). In hu-
mans, it currently must be administered by scarification (48).
Given the drawbacks of LVS, a safer and more potent alternative
vaccine is needed. The heterologous prime-boost vaccination
strategy described here can fulfill this need.

With respect to safety, the two vaccines comprising our heter-
ologous prime-boost vaccination strategy are much less toxic than
LVS. The LVS AcapB vaccine, while untested in humans, is
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>10,000-fold less virulent than LVS in the mouse model (16).
Even when the dose of LVS is reduced to 200 CFU i.n., where it
retains its immunogenicity and protective efficacy, ~25% of mice
die from the immunization itself, versus 0% for the LVS AcapB
vaccine, even at very high doses (16). Similarly, the rLm/iglC vac-
cine is nontoxic in mice at the doses used. Moreover, the L. mono-
cytogenes vector has demonstrated safety in human clinical trials
(20, 49-51).

With respect to efficacy, the heterologous prime-boost vaccine
was found to be at least as potent as LVS in our mouse challenge
study. Whereas the mean survival time for one-dose LVS-immu-
nized mice during the 21-day period immediately after challenge
with a 10-LDs, aerosol dose of F. tularensis Schu S4 was 17 days,
the mean survival time for the mice immunized with the prime-
boost vaccine was 19 days when LVS AcapB served as the primer
vaccine and 20 days when rLVS AcapB/IglC served as the primer
vaccine—the differences, however, did not reach statistical signif-
icance. Equally important, whereas LVS-immunized mice became
ill and suffered substantial weight loss after challenge, losing over
10% of their body weight by day 10 postchallenge, the primed-
boosted animals did not become ill and maintained their weight
after challenge; differences in weight between the LVS-immunized
and primed-boosted animals were statistically significant at day 7
after challenge. Thus, considering the overall protective capacity
of the vaccines against both illness and death, the prime-boost
vaccination strategy offered protection superior to that of LVS.

Note that the enhanced potency of the prime-boost vaccine
versus LVS was demonstrated under conditions in which the im-
munization-challenge interval was held constant so as not to bias
the study in favor of the prime-boost strategy. As vaccine efficacy
against F. tularensis aerosol challenge wanes with time (46), not
maintaining a constant immunization-challenge interval, defined
as the time between the last (or only) immunization and the chal-
lenge, can bias the results in favor of the most recently adminis-
tered vaccine, typically the booster vaccine in prime-boost studies;
ifanything, considering that the primer vaccines in our studies are
multigenic for F. tularensis proteins, maintaining a constant im-
munization-challenge interval biases the results in favor of the
prime-only vaccine (e.g., LVS).

Aside from the prime-boost vaccine described here, only single
deletion mutants of wild-type type A F. tularensis have demon-
strated efficacy comparable to or greater than that of LVS (52).
However, as these single deletion mutants are one mutation away
from reversion to full virulence, a second major attenuating dele-
tion mutation is needed, at minimum, to ensure the safety of these
vaccines. A second major attenuating deletion often renders these
vaccines overattenuated and, consequently, ineffective. An in-
structive exception is the double deletion mutant Schu S4
AFTTO0918 AcapB; this vaccine, while still potent, retained high
virulence (i.e., was underattenuated), killing 1 of 5 i.d.-immu-
nized BALB/c mice, the only species protected by the vaccine, and
939% and 47% of C3H/HeN mice immunized i.d. with 10° and 10’
CFU, respectively (52). The experience to date suggests that by
starting with a wild-type type A strain, it is difficult to engineer a
deletion mutant that is neither overattenuated nor underattenu-
ated. In contrast to the deletion mutants of highly virulent type A
strains, our LVS AcapB mutant is neither underattenuated nor
overattenuated. LVS AcapB is a single deletion mutant of the LVS
strain, which was gradually attenuated via passages on artificial
medium. Consequently, LVS AcapB has acquired three major at-
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tenuating deletions and several additional minor deletions versus
its wild-type type B parent, making reversion to full type B viru-
lence, which is already markedly less than the virulence of type A
strains, virtually impossible. Thus, the prime-boost vaccine de-
scribed here is the first vaccine demonstrated to be more potent
than LVS that is suitable for human testing.

The safety and potency of the heterologous prime-boost vacci-
nation strategy come at the price of requiring commercial devel-
opment and regulatory approval of two distinct vaccines—the
primer and booster vaccines. However, given the remarkable po-
tency of the heterologous prime-boost vaccination strategy, this
disadvantage might be offset by employing these primer and
booster vaccine vectors as a platform technology for use against
multiple target pathogens. For example, these vectors potentially
could be used to express antigens of the agents of anthrax, plague,
and other bioterrorist threats and so constitute a broad-spectrum
vaccine against bioterrorism agents. Thus, under this scenario,
while two vaccines would still need to be developed, the two vac-
cines could potentially replace multiple individual vaccines.

The heterologous prime-boost vaccination strategy has been
employed against other especially challenging diseases, including
HIV, malaria, and tuberculosis. Primer vaccines have frequently
comprised DNA, a viral vector, or Mycobacterium bovis bacillus
Calmette-Guérin (BCG), and booster vaccines have frequently
comprised recombinant proteins in adjuvant, inactivated vac-
cines, or viral vectors (53). Our choice of an attenuated LVS AcapB
vaccine as the primer vaccine stemmed from observations in our
laboratory and others that subunit vaccines are relatively ineffec-
tive against highly virulent F. tularensis (21, 54, 55). Our choice of
L. monocytogenes as the vector for the heterologous booster vac-
cine stemmed from our appreciation of this vector as sharing an
intracytoplasmic lifestyle with F. tularensis (17); consequently,
protein antigens expressed by L. monocytogenes should be pro-
cessed and presented to the immune system similarly to those
expressed by F. tularensis, and T cells so induced by recombinant
L. monocytogenes should therefore have the capability of recogniz-
ing F. tularensis-infected host cells via the surface expression of
similar major histocompatibility complex (MHC)-peptide com-
plexes in the event of a subsequent infection of the vaccinated host
with F. tularensis.

As an alternative to the prime-boost vaccination strategy, a
single vaccine that is safer and more potent than LVS could po-
tentially be developed that could be administered once or, more
likely, multiple times via homologous boosting. Such a vaccine
will almost certainly need to be comprised of a vaccine homolo-
gous with F. tularensis, such as an LVS AcapB vectored vaccine, as
other types of vaccines have not shown sufficient potency to date.
The LVS AcapB vaccine used in this study was rendered more
potent by using it as a vector to express F. tularensis immunopro-
tective antigens, in this case IglA and IglC. The mean survival time
of mice immunized with LVS AcapB—39.5 days—was increased to
13.5 days for mice immunized with rLVS AcapB/IglC and 15.5
days for mice immunized with rLVS AcapB/IglA. Indeed, these
recombinant vaccines did not differ significantly in potency from
LVS (mean survival time, 17 days) (Fig. 6). With further improve-
ment, e.g., enhanced overexpression of recombinant proteins or
overexpression of multiple proteins, such a single vaccine type
may match the safety and potency of the heterologous prime-
boost vaccine.

Various immune mechanisms against F. tularensis have been
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elucidated in humans and in animal models. In humans, both
humoral and T cell-mediated immune responses are induced
within 2 weeks following vaccination with LVS or natural infec-
tion with tularemia (56). T cell-mediated immune responses per-
sist for at least 25 years, and antibody responses last for at least 11
years (57, 58). Upon F. tularensis antigen stimulation, CD4" and
CD8" T cells from F. tularensis-immune individuals produce
Th1-type cytokines, including IFN-vy, TNF, and IL-2 (57-59). In
murine models, CD4™ T cells, CD8" T cells, and Th1-type cyto-
kines such as IFN-y and TNF are important for LVS-induced
protection against F. tularensis (40, 41). Antibodies induced by
LVS can provide prophylactic and therapeutic protection against
pulmonary F. tularensis infection, but only in the presence of ac-
tive cell-mediated immunity (33, 34). Recent studies show that the
Th17-type cytokine IL-17A also plays an important role in protec-
tive immunity against F. tularensis infection (31, 32).

Although a great deal has been learned about the immune re-
sponses induced in natural infection and after vaccination, corre-
lates of protective immunity against F. tularensis are still not well
understood. One study in mice showed that the strength of vac-
cine-induced protection against LVS intraperitoneal challenge
correlates with the capacity of lymphocytes to control intramac-
rophage LVS growth in vitro and with the degree of upregulation
of a panel of cytokine genes (15). A human study showed that
secretion of cytokines, including IFN-y and macrophage inflam-
matory protein 13 (MIP-13), by T lymphocytes and expression of
IFN-y, MIP-18, and CD107 by CD4" and CD8 " memory T cells
correlate with LVS immunization and naturally acquired tulare-
mia (60). In studies of other intracellular pathogens, such as Leish-
mania major (35) and M. tuberculosis (36—39), IFN-y-, TNF-, and
IL-2-expressing multifunctional T cells have been found to corre-
late with vaccine potency, although this has not been observed
uniformly (61, 62).

To explore potential immune correlates of protective immu-
nity for the heterologous prime-boost vaccine, we measured T
cell-mediated immune responses—IFN-vy, TNF, and IL-17A pro-
duction by splenic lymphocytes and the intracellular expression of
IFN-v, TNF, and IL-2 by CD4* and CD8* T cells—and humoral
immune responses, i.e., serum antibody levels. T cells from LVS-
and LVS AcapB-rLm/iglC-immunized mice recognized the IglC
protein; T cells from mice primed with LVS AcapB and boosted
with rLm/iglC secreted a significantly larger amount of IFN-vy in
response to the IglC protein than T cells from sham-immunized
mice and mice primed with LVS AcapB and boosted with the L.
monocytogenes AactA vector (Fig. 2a; see Fig. Sla in the supple-
mental material). In contrast, none of the T cells from vaccinated
mice stimulated with IglC or HI-LVS secreted appreciable
amounts of TNF (data not shown). In a separate experiment, we
found that the T cells from the primed-boosted mice also secreted
more IL-17A than T cells from sham-immunized mice and mice
immunized with LVS AcapB, although the difference was not sta-
tistically significant (see Fig. S1b). Our multiparameter flow cy-
tometry analysis showed that mice primed with LVS AcapB and
boosted with rLm/iglC induced a significantly higher frequency of
splenic CD4™ T cells producing both IFN-y and TNF upon stim-
ulation with the IglC protein or IglC peptide than sham-immu-
nized mice, mice primed with LVS AcapB only, and mice primed
with LVS AcapB and boosted with the L. monocytogenes AactA
vector (Fig. 4). The LVS AcapB-rLm/iglC-primed and -boosted
mice also induced a significantly higher frequency of CD8™ T cells
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expressing only IFN-y upon stimulation with HI-LVS than mice
primed with LVS AcapB only or mice primed with LVS AcapB and
boosted with the L. monocytogenes AactA vector (Fig. 5; see Fig.
$3). With respect to humoral immune responses, we found that all
immunized mice produced significantly elevated IgG antibody,
predominantly IgG2a, compared with sham-immunized mice.
The elevated intracellular expression of IFN-y by T cells from LVS
AcapB-rLm/iglC-primed and -boosted mice (Fig. 3 to 5) was con-
sistent with the high levels of secreted IFN-y measured in the
supernatants of these cells and with elevated Thl-type (IgG2a)
serum antibody titers (Fig. 2; see Fig. S1). The fact that the fre-
quencies of antigen-specific multifunctional CD4™ T cells and
CD8™ T cells producing IFN-y only or both IFN-y and TNF in
LVS AcapB-rLm/iglC-primed and -boosted mice and in LVS-im-
munized mice were higher than those in other groups and corre-
lated with vaccine potency suggests that these T cells may play
important roles in protective immunity to F. tularensis. We are
further exploring multifunctional CD4 * and IFN-v- and/or TNF-
producing CD8" T cells as potential correlates of protection
against F. tularensis in studies of immune responses generated by
vaccines of escalating potency against aerosol challenge with vir-
ulent F. tularensis.

In summary, we have shown that a heterologous prime-boost
vaccination strategy comprising LVS AcapB or LVS AcapB secret-
ing a key F. tularensis protein as the primer vaccine and rLm/iglC
as the booster vaccine has substantial promise as a safer and more
potent replacement vaccine for the LVS vaccine. The LVS AcapB
and L. monocytogenes vectors may also serve as vectors for a broad-
spectrum vaccine targeting especially challenging intracellular
pathogens, including multiple potential agents of bioterrorism.
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