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Francisella tularensis is a Gram-negative immune-evasive coccobacillus that causes tularemia in humans and animals. A safe and
efficacious vaccine that is protective against multiple F. tularensis strains has yet to be developed. In this study, we tested a novel
vaccine approach using artificial pathogens, synthetic nanoparticles made from catanionic surfactant vesicles that are function-
alized by the incorporation of either F. tularensis type B live vaccine strain (F. tularensis LVS [LVS-V]) or F. tularensis type A
Schu S4 strain (F. tularensis Schu S4 [Schu S4-V]) components. The immunization of C57BL/6 mice with “bare” vesicles, which
did not express F. tularensis components, partially protected against F. tularensis LVS, presumably through activation of the
innate immune response, and yet it failed to protect against the F. tularensis Schu S4 strain. In contrast, immunization with
LVS-V fully protected mice against intraperitoneal (i.p.) F. tularensis LVS challenge, while immunization of mice with either
LVS-V or Schu S4-V partially protected C57BL/6 mice against an intranasal (i.n.) F. tularensis Schu S4 challenge and signifi-
cantly increased the mean time to death for nonsurvivors, particularly following the i.n. and heterologous (i.e., i.p./i.n.) routes of
immunization. LVS-V immunization, but not immunization with empty vesicles, elicited high levels of IgG against nonlipopoly-
saccharide (non-LPS) epitopes that were increased after F. tularensis LVS challenge and significantly increased early cytokine
production. Antisera from LVS-V-immunized mice conferred passive protection against challenge with F. tularensis LVS. To-
gether, these data indicate that functionalized catanionic surfactant vesicles represent an important and novel tool for the devel-
opment of a safe and effective F. tularensis subunit vaccine and may be applicable for use with other pathogens.

Francisella tularensis is a Gram-negative coccobacillus that causes
the potentially lethal disease tularemia, and it has a history of be-

ing used as a bioterrorism agent (reviewed in references 1 and 2).
There are multiple subspecies of F. tularensis, including F. tularensis
subsp. holarctica (type B) and F. tularensis subsp. tularensis (type
A). Unlike F. tularensis subsp. novicida, both F. tularensis type A
and B strains are significant causes of human infection. F. tular-
ensis subsp. holarctica is found in North America, Europe, and
Asia, while the more virulent F. tularensis subsp. tularensis is
found primarily in North America (1). F. tularensis Schu S4 is a
highly virulent prototypic type A strain, with a 50% lethal dose
(LD50) of �10 CFU in mice for intranasal/aerosol infections (3).

A live attenuated strain of F. tularensis holarctica was developed
initially in the former Soviet Union and further attenuated in the
United States (i.e., F. tularensis live vaccine strain [LVS]) (4).
While previous clinical studies demonstrated the effectiveness of
this vaccine against more virulent strains (5), it has not been li-
censed in the United States (reviewed in reference 6) due to con-
cerns about its unknown molecular basis of attenuation (7, 8),
phenotypic inconsistencies (4, 9), frequency of reversion to viru-
lence (6), and inability to completely protect against some strains
of F. tularensis (5, 10, 11). While F. tularensis LVS is attenuated for
humans, it causes a lethal tularemia-like disease in rodents when
acquired by certain routes of infection, making it a valuable ex-
perimental model for tularemia (4, 12).

F. tularensis is able to infect many cell types, but it is preferen-
tially recovered from macrophages (13). F. tularensis has devel-
oped multiple mechanisms of immune evasion (reviewed in ref-
erence 14). For example, unlike typical lipopolysaccharide (LPS)
species from Gram-negative bacteria, F. tularensis has an unusual
tetraacylated lipid A structure that precludes the activation of
Toll-like receptor 4 (TLR4) (15–17). F. tularensis is phagocytosed
by macrophages, but phagosomes are only transiently acidified
(14). Ultimately, F. tularensis escapes from macrophage phago-
somes to replicate in the cytoplasm (18, 19). In the late stages of
infection, F. tularensis triggers the apoptosis and pyroptosis of
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macrophages, allowing its release for the next cycle of infection
(reviewed in references 2, 20, and 21), as well as the release of
endogenous TLR ligands, interleukin-1 beta (IL-1�), and the sub-
sequent recruitment of neutrophils (reviewed in references 22 and
23). Endogenous danger signals released by dying cells may con-
tribute to the “cytokine storm” and pathology associated with
tularemia (24).

Intact F. tularensis activates proinflammatory gene expression
through multiple host receptors and signaling pathways, includ-
ing TLR2, the absent in melanoma 2 (AIM2) inflammasome, and
an unknown intracellular receptor that leads to the induction of
beta interferon (IFN-�) (25–28), although the F. tularensis ligands
responsible for this activation have not yet been fully defined (27–
30). Diverse strains of F. tularensis limit the efficiency of comple-
ment-mediated opsonization (31), and for the highly virulent F.
tularensis Schu S4 strain, opsonization by antibodies is signifi-
cantly reduced due to its ability to bind plasmin (32). Further-
more, F. tularensis alters the differentiation of macrophages from
a state that is proinflammatory (classical activation) to one that is
anti-inflammatory (i.e., alternative activation [33]), resulting in a
lack of production of proinflammatory cytokines and increased
bacterial burden. In addition, the early (�48 h) suppression of
host inflammatory responses by F. tularensis has been reported in
pulmonary infections (reviewed in reference 34). Each of these
microbial strategies facilitates F. tularensis survival in the host. The
treatment of mice with monophosphoryl lipid A (MPL), a weak
TLR4 agonist, prior to or concurrent with infection resulted in
significant antibody-independent protection from F. tularensis
LVS and Schu S4 infection (29). This clearly indicates the impor-
tance of the innate proinflammatory response in controlling F.
tularensis infection.

Although immunization with certain attenuated mutant strains
of F. tularensis protects against subsequent challenge (35–37), they
raise safety concerns due to the potential for reversion to full vir-
ulence. Therefore, subunit vaccines are generally considered to be
safer than live attenuated vaccines (38). Immunization with puri-
fied F. tularensis LVS LPS just 2 days before challenge with live F.
tularensis LVS protected mice against challenge with F. tularensis
LVS (29, 39, 40). This protection was mediated by the production
of IgM produced by B1a cells (25, 39, 41) in a process completely
independent of T cell help (39). However, this same F. tularensis
LVS LPS immunization regimen failed to protect mice against F.
tularensis Schu S4 challenge (29). Effective protection against F.
tularensis LVS challenge, but not Schu S4 challenge, was also elic-
ited by immunization with a combination of several F. tularensis
antigens (e.g., Tul4 and DnaK) plus an adjuvant (42 and data not
shown). Immunization with liposomes containing recombinant
F. tularensis outer membrane protein FopA protected mice against
both intradermal and intranasal F. tularensis LVS challenges but
not Schu S4 challenge (43). In short, while immunization with
some live attenuated strains protects against challenge with the
virulent Schu S4 strains (44–46), subunit vaccination success has
largely been confined to protection against the less virulent F.
tularensis LVS strain.

We therefore sought to combine the efficacious immune-stim-
ulating capability of a live attenuated vaccine with the safety pro-
file of a subunit vaccine. Nanoparticles are becoming increasingly
popular as slow-release drug delivery systems (reviewed in refer-
ence 47); however, no work has been published using catanionic
vesicles for vaccine delivery. Catanionic vesicles resemble lipo-

somes structurally but are synthesized from matched pairs of cat-
ionic and anionic surfactants rather than phospholipids, which
are used as the membrane-forming component (48). Surfactant
vesicles have the advantages of being inexpensive to produce, hav-
ing a long shelf life, demonstrating ease of vesicle production, and
having higher stability than that of liposomes (48, 49). We hy-
pothesized that surfactant vesicles would enable us to deliver F.
tularensis nanoparticles that are capable of stimulating protective
immunity without the safety concerns associated with live bacte-
rial immunizations. Herein, we report our initial findings using a
novel surfactant vesicle F. tularensis subunit vaccine approach to
induce high titers of anti-F. tularensis IgG that fully protected mice
against F. tularensis LVS challenge. Importantly, we also demon-
strate significant partial protection afforded by a Schu S4-vesicle
vaccine against intranasal challenge with the highly pathogenic F.
tularensis Schu S4 in mice. This new approach shows high poten-
tial against this immune-evasive pathogen and potentially pro-
vides a vaccine platform that is amenable to use with many other
agents.

MATERIALS AND METHODS
Vesicle preparation and purification. The vesicle preparation method
was adapted from a protocol developed by Kaler et al. (48) and refined by
Thomas et al. (50). F. tularensis LVS (strain ATCC 29864) was the kind gift
of Karen Elkins (FDA, Bethesda, MD). To prepare cultures for vaccine
preparation, the stocks were grown to mid-log phase in Mueller-Hinton
broth (MHB) (Becton, Dickinson Microbiology Systems), supplemented
with 1% IsoVitaleX (Becton, Dickinson), 0.1% glucose (Sigma), and
0.025% ferric pyrophosphate (Sigma) at 37°C, while shaking. F. tularensis
Schu S4 (FSC237; BEI Resources) was grown in Trypticase soy broth
(TSB) (Becton, Dickinson Microbiology Systems) supplemented with
0.1% L-cysteine hydrochloride (Sigma), 0.1% glucose (Sigma), and 0.1%
ferric pyrophosphate (Sigma) at 37°C, while shaking. To prepare 10 ml of
vesicles, 25 ml (or 3 to 100 ml for experiments measuring the effects of
protein loading on vesicle size and stability) of overnight F. tularensis
cultures (optical density at 600 nm [OD600], 0.4 to 0.6) was pelleted by
centrifugation and lysed in a 7.07-g/liter solution of the anionic surfactant
sodium dodecylbenzenesulfonate (SDBS) (Tokyo Chemical Company,
Ltd., Tokyo, Japan) in ultrapure endotoxin-free water (Sigma, St. Louis,
MO). After 1 h, 30 mg of the ethanol-acetone recrystallized form of the
cationic surfactant cetyltrimethylammonium tosylate (CTAT) (Sigma)
per 10 ml of lysed bacteria was added, for a 3:1 molar ratio of SDBS to
CTAT, and the vesicles were allowed to self-assemble overnight at room
temperature with stirring. At this point, Schu S4-V preparations were
plated on Mueller-Hinton blood plates and kept at 37°C to ensure the
sterility of the vaccine preparations for safe removal from the biosafety
level 3 (BSL-3) laboratory. No colonies were detected on any of the plates
(data not shown). The vesicle preparations were stored at 4°C during this
time. To separate the vesicles from free surfactants and cellular debris, the
vesicle preparations were centrifuged to pellet large detritus, and the re-
sulting supernatant was purified by size exclusion chromatography over a
column composed of 10 ml of washed and packed Sephadex G-100
(Sigma). The vesicles remained stable at 4 to 25°C for �5 months (data
not shown). The protein content in the vesicles was determined by a
modified version of the detergent-compatible (DC) protein assay with
Reagent S (Bio-Rad, Hercules, CA), using bovine serum albumin (BSA) as
a standard (Pierce, Rockford, IL). The vesicles varied in size, with radii
ranging from 70 to 105 nm in bare vesicles and 80 to 120 nm in vesicles
containing F. tularensis components, as determined by dynamic light scat-
tering (DLS) with an LS-DYNA (Livermore Software Technology Corpo-
ration) set to a 90° angle, utilizing PhotoCore 5.3.8 analysis software for
cumulants algorithm (51). Zeta potential was measured with a Malvern
Zetasizer Nano ZS90, using phosphate-buffered saline (PBS) as an elec-
trolyte source (52). Zeta potential measures surface charge on the vesicles
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and has been found to correlate with the stability of vesicles (M. T. Hurley
and P. DeShong, unpublished data).

Immunization protocol and F. tularensis challenge. Wild-type 6- to
8-week-old female C57BL/6 mice were purchased from Jackson Labora-
tories (Bar Harbor, ME) and housed in a specific-pathogen-free facility at
the University of Maryland Baltimore, MD, and in the animal BSL-3
(ABSL-3) suite at the University of Virginia. The mice were immunized
with either the F. tularensis LVS (LVS-V) or the F. tularensis Schu S4
(S4-V) vesicles (35 �g protein) by either intraperitoneal (i.p.), intranasal
(i.n.), or subcutaneous (s.c.) routes, as indicated, up to three times in
2-week intervals, with the last dose administered 14 days prior to live
bacterial challenge. Where indicated, the resting period between the im-
munization and challenge was extended from 14 to 28 days. As a negative
control, the mice received bare vesicles made in endotoxin-free water in
the absence of bacterial pellets but purified identically to LVS-V and S4-V.
For passive immunization experiments, the mice received 60 �l pooled
serum samples from naive mice or from vesicle- or LVS-V-immunized
animals by the intravenous (i.v.) route 1 day prior to challenge. The mice
were challenged by the i.p. route with up to 100,000 CFU F. tularensis LVS
or by the i.n. route with up to 50 CFU F. tularensis Schu S4. The challenge
doses of F. tularensis LVS used in these studies were determined prior to
each experiment to kill �80% of unimmunized mice.

The mice were checked twice daily for clinical symptoms of F. tular-
ensis infection for 21 days following challenge. Clinical scores were as-
signed as follows: for mice infected with F. tularensis LVS, a score of 0 was
assigned for healthy mice with normal behavior (exploring cage, feeding,
alert), 1 for mild illness (usually marked by lower activity and weight loss),
2 for mild-moderate illness (mice showing symptoms of score 1 plus pi-
loerection), 3 for moderate-severe illness (mice showing symptoms of
score 2 plus assuming a hunched posture), 4 for severe illness (mice show-
ing symptoms of score 3 and minimal activity or blepharitis [crustiness
around the eye] involving one or both eyes), 4� for moribund illness
(mice showing symptoms of score 3 and were nonresponsive to stimula-
tion [these mice were euthanized]), and 5 for mice found dead in their
cage. Mice with scores of 4� and 5 were reported on the day of death only
and were excluded from analysis on subsequent days. The arithmetic
means � the standard errors of the means (SEM) of the clinical scores
were reported. For mice infected with the F. tularensis Schu S4 strain, a
score of 0 was assigned for healthy mice with normal mouse behavior
(exploring cage, feeding, alert), 1 for mild illness (decreased movement),
2 for moderate illness (decreased motion, eye closure), 3 for severe illness
(motionless, eye closure, increased respirations, ruffled fur), and 4 for
mice that were moribund (no motion in response to external stimuli plus
meeting the criteria in reference 3) or dead. The moribund mice were
euthanized.

To measure the blood serum antibody titers in F. tularensis LVS-in-
fected mice, �200 �l blood was collected at the indicated intervals. Each
mouse was euthanized and bled at the termination of the experiments. All
animal experiments were conducted with Institutional Animal Care and
Use Committee approval.

ELISA, silver stain, and Western blots. Enzyme-linked immunosor-
bent assays (ELISAs) were performed as previously described (41). Briefly,
ELISA plates were coated with 2 �g/ml purified lipopolysaccharide from
F. tularensis LVS (F. tularensis LVS LPS) or with 5 � 107 CFU/ml F.
tularensis LVS. After washing, the plates were blocked with 10% fetal
bovine serum (FBS). The serum samples were serially diluted in 10% FBS
and 0.05% Tween 20 and were added to the coated plates for 90 min at
37°C. After extensive washing, horseradish peroxidase (HRP)-conjugated
secondary antibodies (SouthernBiotech) were added to the wells at a
1:20,000 dilution. Detection was achieved using the 2,2=-azinobis(3-eth-
ylbenzthiazolinesulfonic acid) (ABTS) system (Sigma) and the plates were
read on a universal microplate reader, ELx800 (Bio-Tek Instruments,
Inc.). The data were analyzed in MS Excel; the antibody titers were defined
as the serum dilution corresponding to an average OD value of 3 standard
deviations above the background OD values. The data for each mouse

were graphed on a logarithmic scale, and the geometric mean was calcu-
lated for each group of mice at each time point. The geometric means were
graphed separately in Fig. 2D for easier comparison.

Silver staining of membranes was performed as previously described
(53). Briefly, vesicles and bacterial pellets were boiled in Laemmli sample
buffer (with �-mercaptoethanol but without protease inhibitor cocktail)
and separated by PAGE on Tris-glycine gels (12%, 10 to 20% gradient, or
4 to 20% gradient, as indicated) (Bio-Rad). The gels were fixed overnight
in 40% ethanol, 0.5% glacial acetic acid, and washed for 5 min in 0.83%
periodic acid (Sigma). After washing with water, the gels were stained with
a basic solution of 0.8% silver nitrate (Sigma) for 15 min, washed exten-
sively, and developed with 0.007% formaldehyde and 50 �g/ml citric acid
for 10 min. The gels were washed with water, at which time they continued
to develop and were scanned after 10 min.

For Western blots, vesicle and bacterial samples were boiled in
Laemmli sample buffer and separated by PAGE as described above. The
gels were transferred to an Immobilon-P membrane (Millipore) by wet
transfer. The membranes were blocked in 5% milk in Tris-buffered saline-
Tween 20 (TBST) (Bio-Rad). Pooled serum samples from LVS-V- or Schu
S4-V-immunized mice were diluted 1:106 or 1:105, respectively, in 5%
milk–TBST and incubated with the membranes overnight at 4°C or 2 h at
room temperature (RT). The dilutions of anti-LVS-V or anti-Schu S4-V
were based on preliminary experiments that optimized the detection of
bands in the F. tularensis lysates. After washing, HRP-conjugated human
adsorbed goat-anti-mouse IgG1, IgG2b, IgG2c, and IgG3 secondary anti-
bodies (SouthernBiotech) were diluted 1:20,000 in 5% milk-TBST and
incubated with the membranes for 60 min at RT. After extensive washing,
the ECL Plus detection kit (GE Healthcare) was used to visualize the
bands, which were recorded on BioMax MR film (Kodak). F. tularensis
LPS-specific rabbit antibodies were kindly provided by Karen Elkins
(FDA). Purified F. tularensis LVS DnaK and Tul4 were prepared as de-
scribed previously (42).

Comparison of different F. tularensis strains by Western blot anal-
ysis. F. tularensis strains Schu S4, MA00-2987, WY96-3418, KY99-3387,
OR96-0246 (BEI Resources, Inc.) and F. tularensis LVS were grown in
enriched TSB medium as described above. To estimate equal loading, each
bacterial culture was grown overnight and was diluted to an OD600 of
0.300 prior to pelleting the bacteria and lysis in Laemmli sample buffer.
PAGE, silver staining, and Western blot analysis were carried out as de-
tailed above.

Real-time PCR. To assess the initial inflammatory responses, each
mouse was euthanized 4 h after the first i.p. immunization with saline,
vesicles, or LVS-V. Total RNA was extracted from the liver samples, and
real-time PCR analysis was performed as previously described (25). In this
study, we report the relative gene expression normalized to the expression
of mouse hypoxanthine phosphoribosyltransferase (HPRT). All primer
pairs used in this study have been published (25). The cytokine protein
levels were measured by the Cytokine Core Laboratory (University of
Maryland Baltimore [UMB]).

Statistics. The data were analyzed with GraphPad Prism 4 for Win-
dows (GraphPad Software, Inc., San Diego, CA). Specific tests include
Fisher’s exact test for comparisons of survival at day 14 postchallenge, the
log rank test for analysis of survival curves, the one-way analysis of vari-
ance (ANOVA), followed by a Tukey’s post hoc test for analyses of multiple
groups of data, and the Mann-Whitney test (nonparametric t test) for
analyses of two groups of data.

RESULTS
Immunization with F. tularensis LVS LPS-V protects against F.
tularensis LVS but not F. tularensis Schu S4 challenge. We pre-
viously demonstrated that immunization with LPS from F. tular-
ensis LVS (F. tularensis LVS LPS) only 2 days prior to live bacterial
challenge fully protected mice against a lethal challenge with F.
tularensis LVS (25, 29). This protection was attributable to B1a
cell- and antibody-mediated responses (39). The same regimen
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did not protect against F. tularensis Schu S4 challenge (29), despite
the fact that both F. tularensis LVS and F. tularensis Schu S4 share
the same O antigen (54), and therefore, antibodies should be
cross-protective. In an attempt to improve the effectiveness of F.
tularensis LVS LPS as a vaccine, we initially incorporated the pu-
rified F. tularensis LVS LPS, with or without a promiscuous Th-
cell epitope called PADRE (55), into catanionic vesicles that were
used as a delivery system. PADRE was covalently modified at the N
terminus with a C12 hydrophobic tail via amide linkage (C12-
PADRE) to enable its coupling to the vesicles (see Supplemental
Methods in the supplemental material for a detailed description of
the chemical methods). Catanionic vesicles form when two sur-
factants with oppositely charged head groups and sufficiently long
hydrophobic tails (�C10) are combined in the appropriate ratio
(i.e., a molar ratio of 3:1 is ideal for SDBS and CTAT) (48). Indeed,
surfactant-based catanionic vesicles have been shown to be more
stable than phospholipid-based vesicles (51, 56). Mice immunized
with two doses of purified F. tularensis LVS LPS (as a positive
control) or with catanionic vesicles functionalized with F. tular-
ensis LVS LPS (�C12-PADRE), administered 2 weeks apart (see
Fig. S1A in the supplemental material), survived i.p. challenge
with F. tularensis LVS 2 weeks after final immunization (see Fig.
S1B in the supplemental material; data not shown). However, no
protection was seen when similarly immunized mice were i.n.
challenged with F. tularensis Schu S4 (data not shown). A serum
IgM anti-LPS antibody response was induced in immunized mice,
which significantly increased following challenge, regardless of the
immunogen used (see Fig. S1C in the supplemental material). The
purified F. tularensis LVS LPS also induced a detectable serum IgG
anti-LPS response (see Fig. S1C in the supplemental material).
The levels of IgG1 antibodies were significantly reduced in the
vesicle-immunized mice, and to a lesser extent, IgG3 levels were
also reduced compared to the controls (see Fig. S1C in the supple-
mental material). Therefore, we sought a new approach that
would lead to a subunit vaccine that would both increase the IgG
response and protect against infection with F. tularensis Schu S4.

Immunization with F. tularensis LVS-vesicles elicits full pro-
tection against F. tularensis LVS challenge. Since F. tularensis
LVS LPS-V failed to protect against F. tularensis Schu S4 challenge,
we next modified our catanionic vesicle system in an effort to
develop an improved F. tularensis subunit vaccine. We hypothe-
sized that immunization with a subunit vaccine that contained a
diverse assortment of the F. tularensis ligands, including hydro-
phobic and amphiphilic bacterial molecules, as well as bacterial
DNA, would enable concurrent engagement of multiple innate
and adaptive signaling pathways. We theorized that a strong
pathogen-specific inflammatory response, coupled with a specific
high-titer IgG anti-F. tularensis antibody response, would protect
not only against F. tularensis LVS challenge but also against F.
tularensis Schu S4 challenge. To this end, we prepared control
vesicles by combining anionic and cationic surfactants in endo-
toxin-free water (50). To prepare vesicles containing F. tularensis
components, the anionic surfactant was first added to pelleted
cultures of F. tularensis LVS or F. tularensis Schu S4 to lyse the
bacteria, and then the cationic surfactant was added to produce
vesicles that incorporated bacterial components from the bacterial
lysates. The resulting F. tularensis nanoparticles are referred to as
LVS-V and Schu S4-V, respectively. No living organisms grew on
Mueller-Hinton blood plates after contact with anionic surfactant
(data not shown). The vesicles were subsequently purified over a

Sephadex G-100 column to separate free bacterial components
and unincorporated surfactants from the vesicles prior to immu-
nizing the mice.

Initially, the mice were immunized twice by the i.p. route, 2
weeks apart, with sterile saline (as a control), LVS-V (35 �g pro-
tein), or an equivalent volume of bare vesicles as an additional
control. Two weeks after the second immunization, all mice were
challenged by the i.p. route with the indicated dose of F. tularensis
LVS. Weight loss, clinical symptoms, and the survival of each
mouse were monitored for 3 weeks. Figure 1 shows the results of
two separate experiments at this immunization schedule, with
challenge doses of 30,000 CFU F. tularensis LVS/mouse (Fig. 1A to
C) or 70,000 CFU F. tularensis LVS/mouse (Fig. 1D to F). One
experiment in which the resting period after immunization was
extended to 4 weeks prior to challenge with 30,000 CFU F. tular-
ensis LVS/mouse is also shown (Fig. 1G to I). In the saline-immu-
nized groups, mice suffered rapid weight loss (Fig. 1A, D, and G)
and exhibited infection-associated clinical symptoms (Fig. 1B, E,
and H) starting on the second day after infection and either ex-
pired or started to recover 5 to 6 days after infection. Seventy-five
to 80% of the mice immunized twice with saline and challenged
with F. tularensis LVS died when challenged with 30,000 (Fig. 1C
and I) or 70,000 CFU F. tularensis LVS (Fig. 1F). Immunization
with LVS-V fully protected mice, as evidenced by the 100% sur-
vival rate at both challenge doses and the complete absence of
weight loss and other clinical signs of disease, whether the resting
time allowed between the final immunization and challenge was 2
weeks or 4 weeks (Fig. 1). Surprisingly, in both challenges carried
out 2 weeks postimmunization, �80% of mice that were immu-
nized with plain vesicles suffered only moderate weight loss dur-
ing the peak infection period and survived F. tularensis LVS chal-
lenge (Fig. 1). Empty vesicle-immunized animals that were
challenged 4 weeks after the second immunization exhibited more
severe weight loss, similar to the saline controls (Fig. 1G), suggest-
ing that the effect of bare vesicle immunization might wane by 4
weeks postimmunization, but in contrast to the saline controls,
the majority of these animals recovered (Fig. 1I).

LVS-V induced robust antibody responses, including isotype
class switching. To test whether immunization with LVS-V re-
sulted in augmented humoral antibody responses, mice were im-
munized twice with saline, empty control vesicles, or LVS-V and
challenged with 30,000 CFU F. tularensis LVS (challenge 1) by i.p.
injection as described above, and then survivors, as well as a new
group of saline-treated mice, were challenged i.p. with 50,000
CFU F. tularensis LVS (challenge 2) to determine if reexposure
would boost antibody responses in mice previously exposed to F.
tularensis antigens by immunization and/or by the first challenge.
Blood serum samples were collected prior to each immunization
and challenge, as well as 1 week following the second challenge
(Fig. 2A), and the antibody titers were measured by ELISA. To
assess the levels of serum antibody directed against LPS and non-
LPS epitopes, ELISA plates were coated with either purified F.
tularensis LVS LPS or whole F. tularensis LVS (Fig. 2B and C).
Isotype-specific antibodies were detected with secondary antibod-
ies against mouse IgM (Fig. 2B) or a cocktail of secondary anti-
bodies against all four mouse IgG subclasses (Fig. 2C).

While no F. tularensis-specific IgM response was observed in
mice immunized with saline or vesicles (weeks 2 and 4), a low but
significant IgM titer followed live bacterial challenge (weeks 7 and
8). Only mice immunized with LVS-V produced detectable levels
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of F. tularensis-specific antibodies prior to live bacterial challenge:
IgM titers were detected as early as 2 weeks after the first immu-
nization and increased after challenge with live F. tularensis LVS
(weeks 7 and 8). The IgM antibody titers were similar when as-
sayed on plates coated with either purified F. tularensis LVS LPS or
whole F. tularensis LVS (Fig. 2B), indicating that essentially all of
the IgM produced was directed against the LPS.

Immunization with LVS-V, but not saline or bare vesicles, also
induced antibody isotype switching to IgG. IgG titers were detect-
able 14 days after the first immunization, and were increased 2
weeks after the second immunization (Fig. 2C) when assayed by
ELISA on plates coated with whole F. tularensis LVS. Notably, the
prechallenge (week 4) antibody titers directed against whole bac-
teria exceeded anti-LPS IgG titers by 	10-fold, indicating that the
IgG responses were predominantly directed against non-LPS
epitopes (Fig. 2D). Non-LPS-specific IgG antibodies remained
strong and further increased to a titer of �106 following live bac-

terial challenge. Consistent with the responses to natural infec-
tions (12, 39), the antibody responses produced by immunization
with saline or vesicles were detected only after live infection (week
7 and later) and were directed predominantly against the F. tula-
rensis LPS. Thus, immunization of mice with LVS-V induces a
strong IgG response to F. tularensis.

Passive immunization using serum samples from LVS-V-im-
munized mice protects against F. tularensis LVS challenge.
Since we observed high antibody titers following LVS-V immuni-
zation directed predominantly against non-LPS epitopes, we
sought to test whether these antibodies would be protective in F.
tularensis LVS challenge. Donor mice were immunized as de-
scribed above with either saline, LVS-V, or vesicles. Two weeks
following the second immunization, serum samples were har-
vested and pooled according to the immunogen the donor mice
received. It is noteworthy that these mice were not challenged with
F. tularensis LVS. F. tularensis-specific IgM and IgG titers were

FIG 1 LVS-V nanoparticles fully protect mice against F. tularensis (Ft) LVS challenge. (A to C) In experiment 1, mice were injected twice, 2 weeks apart (days 
28
and 
14), i.p. with sterile saline (▫, dotted line), LVS-V (35 �g protein) (}, solid line), or the equivalent amount of vesicles (Œ, dashed line). Two weeks after
the second immunization, all mice were challenged i.p. with 30,000 CFU F. tularensis LVS per mouse. (D to F) In experiment 2, the challenge dose was increased
to 70,000 CFU F. tularensis LVS per mouse. (G to I) In experiment 3, the time after final immunization was increased to 4 weeks. Everything else was kept the same
as for experiment 1. In each experiment, the percent starting weight (A, D, and G), and the severity of tularemia symptoms (B, E, and H), ranging from 0 for
healthy to 5 for dead (see Materials and Methods), and survival of the individual mice following challenge (C, F, and I) are shown.
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FIG 2 LVS-V induce robust antibody responses where IgM is essentially all anti-LPS antibody and IgG is predominantly directed against non-LPS epitopes. (A)
Schematic of immunization and bleeding schedule. The mice were immunized and challenged as described in Fig. 1. The mice were challenged again 22 days following
the primary challenge to determine the effect on antibody responses. (B) ELISA data measuring F. tularensis-specific IgM. (C) ELISA data measuring F. tularensis-
specific IgG (all subclasses). Microwell plates were coated with purified F. tularensis LVS LPS (top panels) or whole F. tularensis LVS bacteria (bottom panels) to
distinguish between LPS-specific and overall anti-F. tularensis antibody levels. The titers are shown on a log scale. Each symbol represents one mouse. ND, none
detected. (D) The geometric means of the ELISA titers detected in B and C were replotted for easier visual comparison between the antibody levels directed against
whole F. tularensis LVS (filled symbols, solid lines) and those against purified F. tularensis LVS LPS (open symbols, dashed lines) in both IgG (�, black) and IgM
(Œ, gray) assays. **, P � 0.01; ***, P � 0.001.
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measured by ELISA. Similar to the data in Fig. 2, serum samples
from LVS-V-immunized mice contained significantly elevated
levels of F. tularensis-specific IgG when assayed by ELISA against
whole organisms (Fig. 3A). Sixty microliters of each serum pool
was administered to naive mice by i.v. injection. The recipient
mice were challenged 24 h later with 100,000 CFU F. tularensis
LVS per mouse by the i.p. route, and weight loss, clinical symp-
toms, and survival were recorded for each mouse over the course
of 2 weeks. Mice that received serum from saline-immunized mice
(control serum) expired in 4 to 6 days (Fig. 3D). Mice that received
serum from LVS-V-immunized mice experienced essentially no
weight loss and much less severe clinical symptoms than controls
(Fig. 3B and C). Six of seven of these animals (86%) recovered in
the second week following infection (Fig. 3C) (P � 0.0002 com-
pared to control serum recipients). Mice that received serum from
bare vesicle-immunized mice showed a slight delay in the onset of
clinical symptoms (Fig. 3C) but mirrored the control serum re-
cipients with respect to weight loss (Fig. 3B). Five of seven recip-
ients of sera from empty vesicle-immunized donors died with the
same kinetics as the control serum recipients (Fig. 3D). These data
suggest that the survival in F. tularensis LVS challenge correlates
with IgG anti-F. tularensis antibody titer. Despite protection
against F. tularensis LVS challenge, serum from an LVS-V-immu-
nized donor, transferred i.v., did not protect against an i.n. chal-
lenge with 50 CFU F. tularensis Schu S4 (data not shown).

LVS-V induces cytokine gene and protein expression in vivo.
Because partial protection of mice that were immunized with
empty vesicles was observed in response to lethal F. tularensis LVS
challenge (Fig. 1), despite antibody responses that were no differ-
ent than those of naive animals (Fig. 2), we sought to test the
inflammatory potentials of the surfactant vesicles, as this is often a
property of adjuvants (57). Mice were injected i.p. with either
saline, bare vesicles, or LVS-V at the same dose as used for immu-
nization. Four hours later, each mouse was bled and euthanized
and the livers harvested for reverse transcription-quantitative
PCR (qRT-PCR) analysis of proinflammatory gene expression.
Compared to the saline controls, LVS-V induced significantly
higher levels of the following genes: keratinocyte chemoattractant
(KC), 58-fold (P � 0.0061); monocyte chemoattractant protein 1
(MCP-1), 5.7-fold (P � 0.0061); tumor necrosis factor alpha
(TNF-�), 5.3-fold (P � 0.0061); and IL-1�, 4.6-fold (P � 0.0061)
(Fig. 4A). IFN-�, IFN-, gamma interferon inducible protein 10
(IP-10), RANTES (data not shown), IL-6, and inducible nitric
oxide synthase (iNOS) (Fig. 4A) were induced in only some of the
LVS-V-treated mice by 4 h, and consequently, the mean induction
values for these genes were not statistically significantly different
compared to those of the saline controls. Only a few of these in-
flammatory genes were induced in the livers of mice treated with
plain vesicles and to a much lower level than those induced by
LVS-V (Fig. 4A). KC and IL-6 proteins were also detected in the
serum samples of mice 4 h after immunization with LVS-V but
decreased rapidly thereafter (Fig. 4B). No difference was observed
in the Th2-inducing cytokines IL-4 and IL-13 (data not shown).
Spleens were also harvested 4 h after injection and showed similar
expression patterns but lower levels of induction of proinflamma-
tory genes (data not shown).

Reproducibility of size and stability of F. tularensis nanopar-
ticles. To optimize our immunization protocol, we tested whether
the size or stability of the F. tularensis nanoparticles was affected
by the protein content of the vesicles. F. tularensis LVS pellets

containing increasing numbers of bacteria (from 1/8-fold below
up to 4-fold above the standard input concentration of 25 ml of
overnight culture) were processed into vesicles using the identical
amounts of surfactants and water for each preparation, as de-

FIG 3 Passive immunization protects against F. tularensis LVS challenge. (A)
IgM and IgG titers against whole F. tularensis LVS were measured by ELISA in
pooled donor serum of saline-immunized mice (control serum) or of mice
previously immunized twice i.p. with empty vesicles or LVS-V (x axis). *, P �
0.05 by Student t test. (B to D) Sixty microliters of serum was transferred to
naive 6- to 8-week-old mice by tail vein injection 1 day prior to challenge with
100,000 CFU F. tularensis LVS. The percent starting weight (B), severity of
clinical symptoms (C), and survival (D) were measured following challenge.
The combined data from two independent experiments are shown (n � 7).
The error bars represent the standard errors of the means (SEM). *, P � 0.05;
***, P � 0.001 by log rank test.
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scribed in Materials and Methods. Purified nanoparticles were
analyzed for protein content and physical characteristics. Mea-
surement of the zeta potential, a measure of vesicle stability (52),
revealed that vesicles that incorporated more bacterial compo-
nents (as evidenced by increased protein concentration of the pu-
rified vesicle preparations) exhibited lower surface charges (see
Fig. S2A in the supplemental material). Lower surface charge is
typically associated with the destabilization of vesicles (52), yet no
differences in toxicity were observed between mice immunized
with vesicles of low versus high surface charge (data not shown).
The average vesicle size (�80-nm radius) was also not signifi-
cantly affected by the amount of bacterial starting material incor-
porated in the vesicles (see Fig. S2B in the supplemental material).
Importantly, different batches of F. tularensis nanoparticles pre-
pared from either F. tularensis LVS or F. tularensis Schu S4 using
the standard protocol of 25 ml of overnight bacterial culture ex-
hibited a high consistency of physical parameters, such as average
radius and surface charge (see Fig. S2A and B in the supplemental
material; also, data not shown).

F. tularensis LVS LPS and proteins, including epitopes rec-
ognized by immune mouse serum, are extracted into vesicles
with a high degree of consistency. Figure 5A shows a silver-
stained gel in which two independently prepared batches of empty

FIG 4 Comparison of cytokine gene and protein expression induced early after empty vesicle versus LVS-V administration. The mice were injected i.p. with
saline, LVS-V (35 �g protein), or the equivalent amount of empty vesicles. (A) Four hours after vaccination, each mouse was euthanized and the liver harvested.
Gene induction of iNOS and cytokine and chemokine genes representative of inflammatory responses was measured by qRT-PCR. Each symbol represents an
individual mouse. (B) After immunization, mice were bled at the indicated time points and cytokine protein levels were measured in the serum samples of
individual mice by the Luminex assay. The average serum concentrations � the SEM of 5 mice are shown for KC and IL-6.

FIG 5 LVS-V are made with a high degree of consistency and are immuno-
genic. F. tularensis LVS molecules were incorporated into surfactant vesicles to
form LVS vesicles. Lysates derived from a sampling of the F. tularensis bacterial
pellets prior to the addition of surfactants (FtLVS) and empty control vesicles
(V) were also included for comparison. (A) Samples were separated by SDS-
PAGE on a 10 to 20% gradient gel and silver stained for total protein. Asterisks
and filled circles mark bands that were extracted with low and high efficiency
into vesicles, respectively. (B) The same samples were subjected to Western
analysis (WB) with sera from mice that had been immunized twice with LVS-V
(prechallenge) and challenged twice with F. tularensis LVS (postchallenge) as
described in Fig. 2. The silver stain and serum blots are representative of 8
separate experiments.
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vesicles and LVS-V (designated batch 1 and batch 2), as well as
lysed samples of the F. tularensis LVS pellets from which the re-
spective LVS-V batches were produced, were electrophoresed side
by side. Silver staining revealed that there were no detectable
bands in the bare vesicles, whereas most F. tularensis LVS proteins
were consistently extracted into LVS-V preparations (Fig. 5A).
Some bands, such as the one with an apparent molecular mass of
�20 kDa, were enriched in the vesicles, while other proteins were
less efficiently incorporated. Western analysis using a polyclonal
anti-F. tularensis LPS antibody shows that F. tularensis LPS is also
incorporated into LVS-V, as evidenced by the typical LPS ladder
(see Fig. S3A in the supplemental material). Bands detected by
Western analysis using serum samples from immunized mice be-
fore and after F. tularensis LVS challenge are also consistently in-
corporated into LVS-V (Fig. 5B). The vesicles that were made in
the absence of F. tularensis LVS and served as control immuno-
gens were also free from contamination, as evidenced by the ab-
sence of bands in the silver stain and Western analyses (Fig. 5).
Similar batch-to-batch uniformity was observed in vesicles ex-
tracted from F. tularensis Schu S4 by silver stain and Western
analysis (see Fig. S2C and D in the supplemental material).

Antibody epitope specificity matures following infection
with live F. tularensis LVS. Figure 5C also illustrates maturation
of the IgG antibody response in mice that were immunized with F.
tularensis nanoparticles, as evidenced by a comparison of the di-
versity of antigens detected by Western analysis in serum samples
collected before and after challenge with F. tularensis LVS. Using
serum samples collected immediately prior to challenge (two
weeks after the second immunization with LVS-V) and a second-
ary anti-mouse IgG antibody, 5 prominent bands were detected in
the LVS-V samples, one of which exhibited an apparent molecular
mass of �55 kDa and was the predominant species detected by
Western analysis. Minor bands with molecular masses of �50
kDa, �40 kDa, �20 kDa, and �12 kDa were also consistently
detected at the same exposure. Immunoreactive bands of �95
kDa, �45 kDa, �37 kDa, �33 kDa, and �10 kDa were also pres-
ent in LVS-V but were detected only after a long exposure (data
not shown). A very low-molecular-weight species was detected
exclusively in the F. tularensis LVS whole-cell lysates by Western
analysis with both the anti-LPS antibody (see Fig. S3 in the sup-
plemental material) and the LVS-V immune serum (Fig. 5B).
Among the low-molecular-weight bands detected in silver stain-
ing, none were found that corresponded to the F. tularensis LVS
lysate-specific band. In serum samples collected 1 week following
a second F. tularensis LVS challenge, IgG responses to the minor
band at �12 kDa were greatly enhanced to reveal a second immu-
nodominant band. The responses to all other bands were also
enhanced to various degrees, with the greatest increase seen at
bands with apparent molecular masses of �95 kDa, �37 kDa, and
�12 kDa. After the exposure to live bacteria, new minor bands
with apparent molecular masses of �86 kDa, �67 kDa, and �22
kDa were detected. This same pattern was seen in both batches of
LVS-V and F. tularensis LVS lysates. The same bands were de-
tected regardless of whether LVS-V was produced in the absence
or presence of protease inhibitors (see Fig. S3B and C in the sup-
plemental material).

In the next series of experiments, blood serum samples were
pooled from mice vaccinated with LVS-V (i.p./i.p.) and chal-
lenged with F. tularensis LVS (i.p.) and from mice vaccinated with
Schu S4-V (i.p./i.n.) and challenged with F. tularensis Schu S4

(i.n.). In preliminary studies, we found that a 1:1,000,000 dilution
of anti-LVS-V serum and a 1:100,000 dilution of the anti-Schu
S4-V serum gave equivalent results in ELISA (data not shown).
These dilutions were chosen for Western analysis, where they also
detected several bands with the same intensity. A recent F. tular-
ensis LVS subunit vaccine composed of Tul4 and DnaK success-
fully protected mice against intranasal challenge with F. tularensis
LVS (42). Indeed, both purified Tul4 and DnaK preparations were
detected with antisera from mice immunized and challenged ho-
mologously with either LVS-V and F. tularensis LVS or Schu S4-V
and F. tularensis Schu S4 (Fig. 6A and B). The anti-Schu S4 serum
reacted more strongly with Tul4 than the anti-LVS serum (note in
Fig. 6B that these were exposed for only 1 s, because a longer
exposure of the Tul4 protein detected by the anti-Schu S4-V an-
tiserum was grossly overexposed). No bands were detected in bare
vesicles with either antiserum preparation (Fig. 6A and B). Five
predominant bands (including one that appears to be a doublet)
were detected by the two antisera: the anti-LVS-V serum detected
bands at molecular masses of �55 kDa, �40 kDa (doublet), �20
kDa, �12 kDa, and a faint band at �90 kDa (Fig. 6A). Interest-
ingly, the anti-Schu S4-V antiserum detected the same bands but
differed in the intensity of the bands. Specifically, the �12-kDa
band was poorly detected, the �20-kDa species was more strongly
detected, and the �90-kDa band, while still faint, was more ap-
parent than in blots developed using the anti-LVS-V antiserum
(Fig. 6A and B). Taken together, these data confirm our finding
that the antibody response matures following exposure to live
bacterial challenge (Fig. 5) and they extend it by showing that
several immunodominant species are differentially detected by
serum produced in response to LVS-V immunization/F. tularensis
LVS challenge versus Schu S4-V immunization/F. tularensis Schu
S4 challenge.

F. tularensis epitopes recognized by either LVS or Schu S4
antiserum are found in other F. tularensis strains as well. We
sought to test whether the epitopes recognized by the immune sera

FIG 6 Serum samples from mice immunized with LVS-V or Schu S4-V and
challenged with live homologous bacteria detect similar bands by Western analysis
but also exhibit differences in their binding specificities. (A) Mice were immunized
either with LVS-V by two i.p. injections and challenged i.p. with F. tularensis LVS
as described in Fig. 1 or immunized with Schu S4-V by i.p. and i.n. routes and
challenged i.n. with F. tularensis Schu S4. Serum samples harvested 3 weeks
postchallenge (LVS serum, 1:106; Schu S4 serum, 1:105) were used to probe
Western blots (4 to 20% gradient gel) of vesicles (V, LVS-V, and Schu S4-V),
whole-lysed bacteria (LVS and Schu S4), and purified recombinant F. tularen-
sis proteins (DnaK and Tul4). (B) The same membrane at a lower (1-s) expo-
sure to show DnaK and Tul4 detected by Schu S4-V-immunized/Schu S4-
challenged survivor serum. Similar results were seen in two separate
experiments.
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from LVS-V-immunized LVS-challenged mice and Schu S4-V-
immunized Schu S4-challenged mice would be present in other
strains, including some that are clinically relevant. F. tularensis
strains MA00-2987 (A1 strain), WY96-3418 (A2 strain), and
KY99-3387 and OR96-0246 (B strains) were grown in enriched
TSB. The samples were subjected to Western analysis with the
antisera described above. Approximately equal loading was con-
firmed by silver staining (data not shown). Prebleed serum failed
to detect any bands by Western analysis (data not shown). Serum
samples collected 2 weeks after the second immunization with
LVS-V (i.p./i.p.) but prior to F. tularensis LVS challenge (week 4)
(Fig. 7A), after i.p. challenge with F. tularensis LVS (week 8) (Fig.
7B), or after immunization (i.p./i.n.) with Schu S4-V and i.n. chal-
lenge with Schu S4 (Fig. 7C) each showed remarkable consistency
in their binding patterns across different F. tularensis strains. In-
terestingly, antiserum from the LVS-V-immunized F. tularensis
LVS challenge survivors recognized an additional high-molecu-
lar-weight band in the type A1 (Schu S4, MA00) and A2 (WY96)

strains (molecular mass, �105 kDa) not detected in the type B
strains (F. tularensis KY99, OR96, and LVS).

LVS-V and Schu S4-V immunization partially protect
against i.n. Schu S4 challenge. The most pressing need for a Fran-
cisella vaccine is for the protection of populations in case of aero-
sol releases of virulent type A strains of F. tularensis. Since LVS-V
appears to be proinflammatory early after immunization and in-
duces robust anti-F. tularensis antibody titers, we sought to test
whether the F. tularensis nanoparticles might also protect against
F. tularensis Schu S4, the most extensively studied model strain of
the type A clade. Initially, the mice were immunized as before
(i.p./i.p., 2 weeks apart) with either sterile PBS, LVS-V, or the
same volume of empty vesicles. Two weeks following the second
immunization, all mice were challenged i.n. with �10 CFU F.
tularensis Schu S4. The mice immunized with PBS rapidly devel-
oped tularemia, and all either died or had to be euthanized by the
end of day 5 postchallenge. In contrast to LVS challenge, mice that
had been immunized with empty vesicles were not protected
against Schu S4 challenge and developed clinical symptoms with
similar kinetics as the saline-immunized mice and exhibited a
nonsignificant delay in time to death. However, in mice vacci-
nated with LVS-V, we observed a delay in the onset of clinical
symptoms, and one of five mice survived (data not shown).

To improve on the partial protection gained by LVS-V immu-
nization against Schu S4 challenge, the mice were next immunized
with Schu S4-V rather than LVS-V. Utilizing the same immunization
regimen as for LVS-V with Schu S4-V (i.p./i.p., 2 weeks apart), only
one of 10 mice survived i.n. challenge with �20 CFU F. tularensis
Schu S4. However, the onset of symptoms and time to death from
tularemia were delayed by almost 2 days, which was significant by
the Mann-Whitney test (nonparametric t test) compared to ani-
mals that had been immunized with vesicles only (Table 1).

Heterologous routes of immunization with Schu S4-V result
in improved protection against Schu S4 challenge. Since the
number of immunizations and the route of administration affect
the strength and type of the subsequent immune response, we
compared outcomes from Schu S4 challenge following immuni-
zation with either 2 or 3 doses, as well as by diverse administration

FIG 7 Prominent F. tularensis epitopes detected in serum samples from vesi-
cle-immunized mice are conserved across multiple strains of F. tularensis. F.
tularensis from strains Schu S4, MA00-2987 (A1 strains), WY96-3418 (A2
strain), KY99-3387, OR96-0246, and LVS (B strains) were grown in enriched
TSB as described in Materials and Methods and subjected to Western analysis
(4 to 20% gradient gel) with the antisera used in Fig. 5 and 6. (A) Sera from
LVS-V-immunized mice before challenge. (B) Sera from LVS-V-immunized
mice after live LVS challenge. (C) Sera from Schu S4-immunized mice after
live Schu S4 challenge.

TABLE 1 Outcome of immunized mice after live intranasal F. tularensis Schu S4 challenge

Immunization typea Immunization routeb

Survival 14 days postchallenge Time to death postchallengec

No. of survivors/total
no. (%) Pd

Avg � SD
(days) Pe

V (control) i.p./i.p., i.p./i.n., i.n./i.p./i.n. 0/34 (0) 4.9 � 0.3

F. tularensis Schu S4-V i.p. 0/5 (0) NS 6.4 � 0.9 �0.01
i.p./i.p. 1/10 (10) NS 6.8 � 1.0 �0.001
i.p./i.n. 7/35 (20) 0.011 6.1 � 0.9 �0.001
i.n./i.p. 2/8 (25) 0.033 6.3 � 1.0 �0.01
i.n./i.p./i.n. 2/9 (22) 0.040 7.0 � 0.8 �0.001
i.n./i.n. 0/11 (0) NS 5.5 � 0.5 NS
i.n./i.n./i.n. 3/15 (20) 0.025 5.9 � 0.8 �0.001
s.c./i.p., s.c./i.n., s.c./s.c. 0/30 (0) NS 5.7 � 0.7 �0.001

a Mice were immunized with control vesicles (V) or Schu S4-V at 2-week intervals by the indicated routes. Two weeks after the final immunization, all mice were challenged with
�20 CFU (ranging from 3 to 49 CFU in different experiments) of F. tularensis Schu S4 by the intranasal route.
b i.p., intraperitoneal; i.n., intranasal; s.c., subcutaneous.
c Mean and standard deviation of time to death were calculated from only those animals that succumbed to infection.
d Fisher’s exact test, P value compared to that of control; NS, not significant.
e One-way ANOVA, P value of Tukey posttest compared to that of control.
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routes. The results from 5 independent experiments are summa-
rized in Table 1. In each experiment, the control group of mice was
immunized with bare vesicles, and all of these mice died within 5
days (on average), even with a challenge dose as low as 3 CFU F.
tularensis Schu S4 per mouse. All mice that received Schu S4-V by
i.p. and/or by i.n. route displayed a delayed onset of symptoms
and delayed time to death by 	1 day. In mice immunized via the
subcutaneous (s.c.) route, the time to death was delayed less but
was still statistically significant. No mice survived challenge after
two immunizations with Schu S4-V by combinations involving
the s.c. route or i.n. route only. Improved partial protection was
gained through heterologous prime-boost using i.p./i.n. and i.n./
i.p. routes. In the single most effective experiment, four of six mice
(66%) that were immunized with Schu S4-V i.p./i.n. survived
challenge with �22 CFU live F. tularensis Schu S4 (data not
shown). The clinical scores of a representative experiment are
shown in Fig. S3 in the supplemental material and illustrate the
effects of the various immunization regimens. The addition of a
third i.n. immunization also improved the outcome of challenge,
assessed by a slight improvement in the fraction of survivors and
further delay in time to death in nonsurvivors (Table 1; see also
Fig. S4A in the supplemental material). Systemic F. tularensis-
specific IgG titers were also increased following a third i.n. immu-
nization (see Fig. S4B in the supplemental material). Heterolo-
gous immunization routes (i.e., i.n. and i.p. administration, with
two immunizations) showed similar titers compared to three
doses administered solely through the i.n. route, and the admin-
istration of a third i.n. dose further increased IgG titers. Regardless
of the route of immunization, the blood serum IgG levels of mice
that survived Schu S4 i.n. challenge (bled 21 days postchallenge)
were approximately 10-fold higher than those of nonsurvivors
(bled 5 to 8 days postchallenge at the time of euthanasia) (i.e.,
average titers of �125,000 and �12,000, respectively). Together,
these data show that significant partial protection against virulent
type A challenge can be achieved with two doses as a heterologous
(i.p./i.n.) prime-boost immunization or by three i.n. immuniza-
tions with Schu S4-V.

DISCUSSION

Vaccines for immune-evasive pathogens must effectively activate
protective innate and adaptive immune responses in order to pre-
clude the pathogens from creating a survival niche in their hosts. In
the case of live vaccines, balancing the risks of overattenuation and
reversion to pathogenicity presents significant regulatory hurdles,
while the usually much safer subunit vaccines often lack efficacy.
Therefore, new approaches are required to improve the efficacy of
subunit vaccines. Herein, we describe the first use of functionalized
catanionic vesicles, a nanoparticulate platform for vaccine delivery
against the intracellular macrophage-tropic pathogen F. tularensis.

Catanionic surfactant vesicles are highly stable, with an overall
slightly negative surface charge, due to the excess of anionic sur-
factant, which allows for the integration of bacterium-derived hy-
drophobic molecular regions similar to phospholipid bilayers. In
contrast, other nanoparticles, e.g., immunostimulatory com-
plexes (ISCOMs), utilize saponin mixed with cholesterol that seg-
regates into distinct patches within phospholipid membranes that
are nonfluid and usually do not accommodate transmembrane
domains of proteins (58). The inclusion of saponin in an artificial
vesicle has been associated with adjuvant activity (47). While
ISCOMs have been used in vaccine candidates in animal models

(reviewed in reference 59), their use was abandoned in small ani-
mal models due to toxicity (reviewed in reference 47). Liposomes
are a related self-assembled structure composed entirely of artifi-
cial lipid membranes. However, unlike catanionic vesicles, lipo-
somes are difficult to produce and fail to maintain their integrity
due to oxidation aggregation under physiological conditions (47).
The catanionic vesicle pair used herein is 3 parts SDBS and 1 part
CTAT (by molar ratio), which is ideal for the formation of small
distinct vesicles, rather than forming lamellar sheets (48). Purified
catanionic vesicles are highly stable in water and saline and are
generally well tolerated in mice at the concentrations required for
effective immunization. Catanionic vesicle preparation for vac-
cines is also economically viable, as the reagents are (i) inexpen-
sive, (ii) highly stable in vitro (unlike other vesicles), with shelf
lives of 	5 months at 4 to 25°C, and (iii) easily purified by size
exclusion chromatography without the need for ultracentrifuga-
tion or other specialty equipment. The average size of bare and
functionalized SDBS-to-CTAT catanionic vesicle preparations
had a �70- to 120-nm radius, about the size of a virus, which is
large enough to allow a multivalent presentation of antigens and
innate stimuli, as well as efficient phagocytosis. Importantly, F.
tularensis failed to survive exposure to the primary surfactant,
SDBS, during the production of the immunogenic nanoparticles.
However, the majority of bacterial components that can be de-
tected by silver stain in whole-cell lysates were also detected in the
resultant catanionic vesicle vaccine preparations (Fig. 5A; see also
Fig. S2 in the supplemental material).

While we expect that hydrophobic and amphiphilic bacterial
molecules (i.e., cell membrane and cell wall components) are in-
serted in the leaflet of catanionic vesicles, the spontaneous assem-
bly into vesicles also permits the entrapment of hydrophilic bac-
terial components, as well as the capture of DNA across the array
of negative charges on the surface of these vesicles. This allows for
the simultaneous presentation of multiple antigens and innate
immune stimulatory molecules to antigen-presenting cells. We
have shown that the production of F. tularensis vaccines from
catanionic vesicles is highly reproducible (Fig. 5; see also Fig. S2
and 3 in the supplemental material). These nanoparticles are also
highly immunogenic, increasing the IgG antibody titers by 	10-
fold to titers that in some cases exceeded 106. Both morbidity and
mortality were diminished in live F. tularensis LVS challenge ex-
periments (Fig. 1), and the immunization regimen induced both
cellular and humoral adaptive immune responses (Fig. 2 to 4). F.
tularensis-specific antibody production was enhanced after vacci-
nation with catanionic vesicles containing LVS particles (Fig. 2),
while previous studies were unable to correlate F. tularensis-spe-
cific antibody production with protection (60, 61). T helper cells
must be activated in our system, as most of the F. tularensis-spe-
cific antibodies produced in response to LVS-V-immunization
are of the IgG isotype (Fig. 2), which is a T cell-dependent phe-
nomenon. Moreover, we were able to reproduce the protection
against live F. tularensis LVS challenge by passive immunization
with the IgG-rich blood serum from LVS-V-immunized mice
(Fig. 3). These data support previous findings that there exists an
extracellular phase of F. tularensis infection that can be targeted by
antibodies (62, 63).

The success of the passive immunization and the preservation
of immunogenic epitopes across diverse clinical and laboratory
strains of F. tularensis (Fig. 3 and 7) raise the question of which
epitopes, or combination of epitopes, are essential for a protective
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response. With our method of lysing entire F. tularensis bacteria in
surfactant for producing the immunogenic vesicles, we cannot
currently provide a satisfactory answer to this question. However,
in future studies, we will refine the catanionic F. tularensis vesicle
vaccine by using deletion mutants of F. tularensis to identify im-
portant immunogens, as well as by identifying the immunogenic
epitopes detected by Western analysis using mass spectrometry.
Using catanionic vesicles as a vehicle for immunizing mice is an
extremely flexible platform that will enable us to produce candi-
date vaccines for any F. tularensis mutant strain, including those
that have been used as live attenuated vaccines. This modification
of the approach also obviates problems related to safety during the
preparation of vaccines and of reversion to virulence, while po-
tentially providing protective antigenic epitopes.

It has been proposed that F. tularensis LVS may lack protective
antigens that are necessary for protection against type A strains
(64). Therefore, we produced nanoparticles that incorporate F.
tularensis Schu S4 components. The sera from survivors of Schu
S4 challenge recognized similar epitopes in LVS-V and Schu S4-V
(Fig. 6). However, in lysates from type A strains, one band at �105
kDa was detected only using serum samples from LVS-V-immu-
nized and F. tularensis LVS-challenged mice (Fig. 7B versus C).
This protein may indeed represent a significant modification be-
tween the A and B subspecies of F. tularensis. Future studies will be
required to identify this protein and to determine its molecular
function. The present study demonstrated that multiple common
immunoreactive species are present across diverse strains of F.
tularensis, suggesting that it may be possible to protect against
both type A and B strains using our approach.

One of the more surprising observations from this study is that
the bare vesicles protected mice against challenge with F. tularensis
LVS but not F. tularensis Schu S4. The mice immunized with bare
vesicles survived F. tularensis LVS challenge despite no detectable
antibody response and a relatively low induction of inflammatory
cytokines early after immunization (Fig. 1, 2, and 4). However, the
observed partial protection in weight loss, clinical score, and sur-
vival gained by immunization with vesicles, as shown in Fig. 1,
were not replicated by passive immunization with serum samples
from empty vesicle-immunized mice (Fig. 1 versus 3), indicating
that the vesicles themselves may elicit a sufficient inflammatory
response to overcome infection with a relatively weak strain of F.
tularensis LVS. Inflammation has previously been shown to con-
tribute significantly to the ability to form lasting immunity to F.
tularensis. For example, IFN-
/
 mice cannot be protected by
immunization with live F. tularensis LVS vaccine (65), while even
heat-killed F. tularensis LVS allowed for the development of pro-
tective immunity when coadministered with IL-12 (66), a strong
inducer of IFN- (67). In IL-6
/
 mice, susceptibility to F. tular-
ensis LVS infection is enhanced (68). Moreover, live attenuated F.
tularensis strains, such as the �clpB strain, elicit early inflamma-
tory responses and induce immunity to F. tularensis LVS (35–37).
Immunization with attenuated Schu S4 mutants capable of pro-
tecting mice against subsequent virulent Schu S4 challenge was
shown to correlate with higher blood serum levels of TNF-�,
IFN-, and MCP-1 within the first week postinfection than im-
munization with nonprotective mutants (60). The administration
of F. tularensis components integrated into a catanionic vesicle
also introduced F. tularensis antigens in an inflammatory context,
as evidenced by an increase in inflammatory cytokines as early as 4
h after vaccination (Fig. 4). While the adjuvant effect of bare cat-

anionic vesicles was insufficient to elicit protection against the
more virulent type A F. tularensis, the catanionic vesicle platform
used in this study is fully amenable to the insertion of known
adjuvants (e.g., monophosphoryl lipid A [MPL]) to improve the
adjuvanticity of the F. tularensis-specific vaccine. Consistent with
this observation, we previously reported that the treatment of
mice with MPL alone was sufficient to confer partial protection
against F. tularensis Schu S4 (29). Perhaps the low level of cytokine
production in response to immunization with bare vesicles was
sufficient to result in macrophage activation and partial control of
the F. tularensis LVS.

The main concern regarding a tularemia outbreak is infection
via natural aerosol exposure or aerosolized intentional use be-
cause of the severity of symptoms associated with the pulmonary
form of tularemia. Therefore, protection against i.n. challenge is
highly relevant, particularly for F. tularensis type A strains. This
type of protection has been notoriously difficult to achieve, even
using live vaccines. Partial protection has been achieved previ-
ously with the live vaccine strain F. tularensis LVS (69), and several
live attenuated vaccines have proven to be efficacious (38, 70);
however, subunit vaccines have largely failed to protect against F.
tularensis Schu S4 (70). Nonetheless, Schu S4-V was able to elicit
partial protection in the F. tularensis Schu S4 challenge experi-
ments; i.e., they elicited �20% survival and between one and 2
days delay in F. tularensis-associated symptoms and death in non-
survivors compared to animals that received empty vesicles (Table
1). It should be noted that although C57BL/6 and BALB/c mice are
approximately equally susceptible to F. tularensis LVS infection
(4), differences in their genetic backgrounds make C57BL/6 mice
more difficult to protect (37, 69, 71), and C57BL/6 mice were used
in all of our experiments. Second, intrinsic differences between F.
tularensis strains and their capacity to adapt to changing environ-
ments influence infection efficiency and disease progression.
Growth conditions, such as the choice of medium and tempera-
ture, are known to influence expression patterns (72), and they
have largely been kept the same for these experiments.

The highly virulent F. tularensis type A strain Schu S4 has ad-
ditional immune-evasion strategies that are lacking from the F.
tularensis type B strain, F. tularensis LVS, such as the ability to bind
plasmin, which reduces the effectiveness of antibody opsonization
(32). In our hands, i.p./i.n. heterologous immunization with Schu
S4 vesicles elicited �10-fold-lower levels of F. tularensis-specific
antibodies than i.p./i.p. immunization with F. tularensis LVS ves-
icles. Nonetheless, protection by the i.p./i.n. routes of immuniza-
tion was generally more protective. This indicates that IgA, which
is known to inhibit IgG-mediated phagocytosis (73), did not have
a negative impact on vaccine protection in this model. Perhaps,
the combination of lower antibody titers and plasmin-binding
ability of F. tularensis Schu S4 contribute to its failure to elicit
complete protection against intranasal F. tularensis Schu S4 chal-
lenge. We also speculate that the more potent infectious strains of
F. tularensis are more efficient at inducing antiinflammatory sig-
naling cascades in their host, such as the caspase-1-mediated feed-
back loop of the AIM2 inflammasome activation (74), and tran-
scriptional downregulation of TLR2, phosphoinositide 3-kinase
(PI3K), and Akt, which are important for sustained cytokine sig-
naling, as well as downregulation of major histocompatibility
complex class II (MHCII), which is important in T cell activation
(75, 76). Nonetheless, our ability to consistently protect �25% of
mice by various routes of immunization using Schu S4-V and to

Francisella tularensis Catanionic Vesicle Vaccine

February 2014 Volume 21 Number 2 cvi.asm.org 223

http://cvi.asm.org


delay death significantly in those animals that did eventually suc-
cumb to F. tularensis Schu S4 infection shows that this work is an
important step in the development of an efficacious subunit vac-
cine. Efficacy may be improved by incorporating additional pro-
inflammatory stimuli or by incorporating adjuvants into the ves-
icle preparations. Future experiments will be required to test this
approach.

In conclusion, in seeking an F. tularensis subunit vaccine that is
safe and effective, we investigated the use of functionalized catan-
ionic vesicles that represent an effective delivery system for anti-
gens and proinflammatory molecules. While the protection
achieved against challenge with the most dangerous form of F.
tularensis, the pneumonic form of a type A strain, was only partial,
our results indicate an important step in the right direction. Ad-
ditionally, this nanoparticle methodology of antigen delivery via
functionalized catanionic vesicles has the potential to be used as a
vaccine vehicle against other immune-evasive pathogens.
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