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ABSTRACT Francisella tularensis is the causative agent of tularemia and a potential bioterrorism agent. In the present study, we isolated, identiﬁed, and quantiﬁed the proteins
present in the membranes of the virulent type A strain, Schu S4, and the attenuated
type B strain, LVS (live vaccine strain). Spectral counting of mass spectrometric data
showed enrichment for membrane proteins in both strains. Mice vaccinated with whole
LVS membranes encapsulated in poly (lactic-co-glycolic acid) (PLGA) nanoparticles containing the adjuvant polyinosinic-polycytidylic acid [poly(I·C)] showed signiﬁcant protection against a challenge with LVS compared to the results seen with naive mice or mice
vaccinated with either membranes or poly(I·C) alone. The PLGA-encapsulated Schu S4
membranes with poly(I·C) alone did not signiﬁcantly protect mice from a lethal intraperitoneal challenge with Schu S4; however, this vaccination strategy provided protection
from LVS challenge. Mice that received the encapsulated Schu S4 membranes followed
by a booster of LVS bacteria showed signiﬁcant protection with respect to a lethal Schu
S4 challenge compared to control mice. Western blot analyses of the sera from the Schu
S4-vaccinated mice that received an LVS booster showed four immunoreactive bands.
One of these bands from the corresponding one-dimensional (1D) SDS-PAGE experiment
represented capsule. The remaining bands were excised, digested with trypsin, and analyzed using mass spectrometry. The most abundant proteins present in these immunoreactive samples were an outer membrane OmpA-like protein, FopA; the type IV pilus ﬁber building block protein; a hypothetical membrane protein; and lipoproteins LpnA and
Lpp3. These proteins should serve as potential targets for future recombinant protein
vaccination studies.
IMPORTANCE The low infectious dose, the high potential mortality/morbidity rates,
and the ability to be disseminated as an aerosol make Francisella tularensis a potential agent for bioterrorism. These characteristics led the Centers for Disease Control
(CDC) to classify F. tularensis as a Tier 1 pathogen. Currently, there is no vaccine approved for general use in the United States.
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F

rancisella tularensis is a Gram-negative bacterium that is the causative agent of
tularemia. Natural infection in humans can occur by contact with contaminated
materials, insect bites, ingestion of contaminated water and food, or inhalation (1). The
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route of infection and the bacterial subspecies with which a person is infected serve as
the main determining factors for the severity of disease. Some strains of F. tularensis are
highly virulent and are able to cause disease with an infectious dose of as few as 10
organisms (2). The low infectious dose, the high potential mortality/morbidity rates,
and the ability to be disseminated as an aerosol make this organism a potential agent
for bioterrorism; therefore, the Centers for Disease Control and Prevention (CDC)
has classiﬁed F. tularensis as a Tier 1 pathogen (3). However, no vaccine is currently
approved for general use in the United States.
F. tularensis can be divided into subspecies, with two subspecies, subsp. tularensis
(type A) and subsp. holarctica (type B), able to cause disease in humans. Type A strains
are more virulent than type B strains. An attenuated type B strain designated the live
vaccine strain (LVS) was developed in the Soviet Union and given to the United States
in the 1950s (4). This vaccine has been used to immunize those at highest risk of
infection, but widespread use of this vaccine was not implemented in the United States
due to adverse reactions and residual virulence, and it can be presumed that
the vaccine is no longer available for general use for these reasons (2, 5–7). These
characteristics highlight the need for a better-deﬁned and more effective vaccine for
F. tularensis to be developed.
Recombinant subunit vaccines are attractive targets for the development of new
F. tularensis vaccines because they eliminate the possibility of reversion of a live
attenuated vaccine and reduce the potential toxicity associated with killed vaccines.
The utilization of one or more proteins as possible subunit vaccines for F. tularensis has
been explored by a number of groups (8). Ashtekar et al. demonstrated that the surface
lipoprotein Tul4, in combination with the heat shock protein DnaK and an adjuvant,
was able to provide protection against an intranasal challenge of LVS; however, the
efﬁcacy of the approach for challenge with the more virulent type A strain Schu S4 was
not presented (9). FopA, an outer membrane protein (OMP), has also been shown to
provide protection against a lethal challenge with LVS, but responses to this protein
were not protective against a challenge with Schu S4 (10). In a different study, LVS outer
membrane protein fractions emulsiﬁed in Freund’s adjuvant protected 50% of the mice
that were challenged intranasally with Schu S4; however, the speciﬁc immunogenic
proteins were not identiﬁed (11). More recently, Chandler et al. utilized a reverse
vaccinology approach to identify a subset of 13 LVS membrane-associated proteins that
were potentially immunogenic to LVS challenge (12). That study, however, did not
evaluate the use of these proteins in vaccination studies, so their ability to protect
against a bacterial challenge remains unknown (12). Thus, the search for a well-deﬁned,
protein-based vaccine able to protect against Schu S4 is ongoing.
In the present study, inner and outer membrane proteins were isolated from both
LVS and Schu S4 strains followed by proteolytic digestion and high-resolution mass
spectrometric (MS) analyses. Quantitation of the relative levels of the proteins, using
weighted spectral counting, was performed to assess protein abundances in the
membrane fractions (13, 14). Subsequently, mouse vaccination studies were performed
using membrane fractions from LVS or Schu S4 plus polyinosinic-polycytidylic acid
[poly(I·C)] that were either encapsulated in poly (lactic-co-glycolic acid) (PLGA) nanoparticles or used neat. Mice were then challenged with either LVS or Schu S4, and the
antibody titers, as well as morbidity and mortality, were assessed. Immunogenic
proteins were identiﬁed using a combination of Western blotting and mass spectrometric analyses. Five proteins were identiﬁed as immunogenic; four of these proteins
were also highly abundant in the outer membrane of Schu S4.
RESULTS AND DISCUSSION
Membrane fractionation. Membranes were initially isolated from lysed Schu S4 or
LVS strains of F. tularensis using differential centrifugation. Further separation of the
membrane material was performed using a discontinuous sucrose gradient. Fractions
from the sucrose gradient were collected, and absorbance readings were performed to
detect which samples contained protein. The samples with protein were separated by
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FIG 1 Representative results of silver-stained SDS-PAGE analysis of LVS outer and inner membrane
fractions. LPS bands, shown in the red box in the outer membrane fraction panel, assisted in differentiating between the inner and outer membrane fractions.

SDS-PAGE and visualized using silver staining (Fig. 1). Fractions containing outer
membrane proteins were identiﬁed by the presence of lipopolysaccharide (LPS) (Fig. 1).
Inner membrane fractions were identiﬁed as the fractions that did not have lipopolysaccharide but had high protein levels.
Analysis of inner and outer membrane proﬁles using liquid chromatographytandem mass spectrometry (LC-MS/MS) and spectral counting. In an effort to more
clearly deﬁne the components of the inner and outer membranes of LVS and Schu S4,
proteolytic digestion of the isolated fractions was performed. Analysis of the resulting
peptides, using four injection replicates, was performed on an orthogonal time of ﬂight
mass spectrometer (TripleTOF 5600). Data from data-dependent acquisitions were
searched against custom F. tularensis LVS or Schu S4 databases using Protein Pilot.
Peptide lists from these searches were generated and ﬁltered to include only those with
at least a 99% conﬁdence level. Weighted spectral counts were then calculated using
these peptide lists (Tables S1 to S4), and proteins were ranked from highest to lowest
spectral counts. These lists were then sorted from highest-ranked to lowest-ranked
proteins from biological replicate 2 for all sample types.
The three biological replicates of the LVS inner membranes showed good reproducibility, with 16 of the top 20 proteins found in all three biological replicates and all
of the top 20 proteins found in at least two of the biological replicates (Table S1). The
LVS outer membrane protein samples also demonstrated good reproducibility, with 18
of the top 20 proteins found in all three biological replicates (Table S2). The top 20
proteins from the inner and outer membrane samples also showed enrichment for
membrane proteins, with 16/20 proteins and 11/20 proteins, respectively, predicted to
be membrane proteins, lipoproteins, or extracellular proteins. Similar spectral count
rankings were seen for 12/20 proteins from the LVS inner membrane samples and
13/20 proteins from the LVS outer membrane samples. The seven proteins with the
highest spectral counts, in the LVS inner membrane samples, showed consistently high
spectral counts across two or more biological replicates. The proteins ranking among
the top ﬁve, in the LVS outer membrane samples, had high spectral counts across all
three biological replicates. The outer membrane-associated protein (Q2A2Q8; gene,
FTL_1328), the 17-kDa major membrane protein (A0A0B6DRV9; gene, FTL_0421), and a
hypothetical membrane protein (A0A0B3VEP0; gene, FTL_0105) were among the topranking proteins in all of the biological replicates of both the inner and outer membrane samples.
The Schu S4 inner and outer membrane protein samples showed good reproducibility, with 19 of the top 20 proteins seen in all three biological replicates (Tables S3
and S4). Inner and outer membrane samples were enriched for membrane proteins
among the proteins ranking in the top 20, with 17/20 proteins and 16/20 proteins,
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FIG 2 Mice were intramuscularly vaccinated with a physical mixture of 25 g LVS membrane (LVS mem) preparations and 5 g
poly(I·C) or the same amount of LVS membranes and poly(I·C) encapsulated in PLGA nanoparticles. (A) LVS-speciﬁc IgG titers from
serum 30 days postvaccination. (B and C) At 40 days postvaccination, mice were challenged with 2,000 CFU LVS intranasally and
morbidity (B) and mortality (C) levels were assessed. **, P ⬍ 0.01 (determined by one-way ANOVA). LOD, limit of detection.

respectively, classiﬁed as predicted membrane proteins, lipoproteins, or extracellular
proteins. Similar spectral count rankings were seen for at least two biological replicates
in 16/20 proteins from the Schu S4 inner membrane samples and 15/20 proteins from
the Schu S4 outer membrane samples. The top ﬁve proteins for the Schu S4 inner
membrane samples had high spectral counts across all three biological replicates, and
the type IV pilus ﬁber building block protein (Q5NGF5; gene, FTT_0890c) was the
top-ranked protein in two of the biological replicates and the second-highestranking protein in the third biological replicate. In the Schu S4 outer membrane
samples, an outer membrane OmpA-like protein, FopA (Q5NH85; gene, FTT_0583),
and a peptidoglycan-associated lipoprotein (Q5NGJ5; gene, FTT_0842) were among
the highest-ranking proteins.
BLAST searches allowed us to compare the proteins identiﬁed and quantiﬁed in
the LVS and Schu S4 samples (Tables S1 to S4). These alignments showed that most
of the LVS and Schu S4 proteins corresponded to a homologous protein in the other
strain’s database, including most of the highest-ranking membrane proteins. For
example, the peptidoglycan-associated lipoprotein/outer membrane P6 domain
protein (A0A0B3WIA5 and Q5NGJ5; genes, FTL_0336 and FTT_0842) was a top-20ranked protein in the inner and outer membrane samples of both strains. Similarly, the
17-kDa membrane protein/conserved lipoprotein (A0A0B6DRV9 and Q5NGE4; genes,
FTL_0421 and FTT_0901) was also a top-ranked protein in the inner and outer membrane samples of both strains. A full list of the BLAST comparisons can be found in
Tables S1 to S4.
The LVS versus Schu S4 BLAST searches also showed that a small number of proteins
from LVS and Schu S4 had no match in the comparison strain. For example, no match
was found in the BLAST searches for one of the top-ranking proteins in the Schu S4
outer membrane, the Schu S4 type IV pilus ﬁber building block protein (Q5NGF5; gene,
FTT_0890c). Similarly, a hypothetical protein (Q5NGE3; gene, FTT_0902) was observed
in all three biological replicates of the Schu S4 inner and outer membrane samples, but
the BLAST searches showed that there was no match in the LVS strain. Also, no match
was found in the BLAST searches against Schu S4 with the putative outer membrane
lipoprotein from LVS (Q2A4T9; gene, FTL_0491). This protein was observed in one
biological replicate in both the LVS inner and outer membrane samples. The proteins
that differ between the two strains may be interesting targets for future experiments.
Formulation of membranes into nanoparticles enhances immunogenicity and
protects against F. tularensis challenge. To assess vaccine potential, mice were
immunized with LVS membranes in the presence of an immune potentiator [poly(I·C)].
Intramuscular immunization led to elevated membrane-speciﬁc IgG levels (Fig. 2A);
however, it failed to provide signiﬁcant protection against intranasal infection with LVS
(Fig. 2B and C). In an effort to enhance the efﬁcacy of the vaccine, we encapsulated the
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membranes into PLGA nanoparticles as encapsulation of antigens into nanoparticulate
delivery systems can signiﬁcantly boost the immunogenicity of subunit vaccines (15).
PLGA nanoparticles are particularly well studied as vaccine delivery systems, as they
have been shown to enhance B-and T-cell responses (16, 17) and have a very favorable
safety proﬁle (18). Moreover, we performed an experiment with this carrier system in
which we used a Toll-like receptor (TLR) agonist adjuvant [poly(I·C)], a strategy which
has been reported to enhance germinal center formation and T-cell help (19, 20).
Membranes encapsulated in PLGA nanoparticles (average diameter, 286 nm) induced a
signiﬁcantly higher membrane-speciﬁc IgG titer than unencapsulated membranes
(Fig. 2A). After intranasal challenge with a lethal dose of LVS, the majority of LVS
membrane/PLGA-vaccinated mice survived the challenge (Fig. 2C) and recovered more
quickly (Fig. 2B) than naive mice or mice vaccinated with membrane only. Conﬁrming
the protective role of antibodies, mice incapable of producing IgG (S/AID doubly
deﬁcient mice [21]) were not protected from intranasal challenge with LVS after
vaccination with the membrane/PLGA vaccine (see Fig. S1 in the supplemental material). Thus, LVS membranes formulated in nanoparticles protect against an otherwise
lethal challenge of F. tularensis type B by the production of protective IgG.
As encapsulation of membranes into PLGA nanoparticles appeared to be a successful strategy to protect against infection by a F. tularensis type B strain (LVS), we next
sought to assess whether this immunization strategy might protect against the more
virulent F. tularensis type A strain (Schu S4). Mice were intramuscularly immunized with
Schu S4 membranes and poly(I·C) or with membranes and poly(I·C) encapsulated into
PLGA nanoparticles. Again, the nanoparticulate formulation induced a higher Schu
S4-speciﬁc IgG titer than the unencapsulated membranes (Fig. 3A). However, in contrast to the type B vaccine, neither of the formulations provided protection against a
lethal Schu S4 challenge (Fig. 3B). Interestingly, Schu S4 membrane-vaccinated mice
were very resistant to an intraperitoneal (i.p.) LVS infection (Fig. S2). In an effort to boost
antibody response, we took advantage of this and boosted Schu S4 membranevaccinated and Schu S4 membrane/PLGA-vaccinated mice with an intraperitoneal
injection of LVS. This resulted in strongly improved Schu S4-speciﬁc IgG titers (Fig. 3C).
Importantly, Schu S4 membrane/PLGA-primed mice elicited signiﬁcantly higher speciﬁc
IgG titers than mice primed with unencapsulated Schu S4 membranes. When challenged with a lethal dose of Schu S4, a signiﬁcant number of membrane/PLGA-primed,
LVS-boosted mice survived the challenge (Fig. 3D), indicating that encapsulation of
membranes into PLGA nanoparticles may be an interesting vaccine platform for use in
combination with the existing (LVS) vaccine.
A number of different approaches have been undertaken to try and develop an
effective vaccination strategy against F. tularensis; through these efforts, it has become
clear that an effective vaccine would need to evoke a combined T-cell and B-cell
protective response for efﬁcacy (8, 22). It is likely that evoking this type of protective
immune response will require the use of a live attenuated F. tularensis strain as part of
the vaccination strategy. Our studies lend support to this conclusion, as the best
survival in our Schu S4 challenge occurred when the mice were immunized with both
membrane preparations and the live attenuated LVS strain. These mice were challenged with 20 times the 50% lethal dose (LD50) of the virulent F. tularensis Shu S4
strain, and 40% of the mice survived the challenge at this relatively high dose.
Western blotting and protein identiﬁcation. In an effort to identify the components that provided protection of LVS membrane/PLGA-vaccinated mice from an LVS
challenge, Western blots of these mouse sera were probed against the OMP from LVS.
These blots showed that the primary antigenic response in these mice was to capsule
(Fig. S3). Western blots of Schu S4 OMP probed with sera from mice vaccinated with
PLGA-encapsulated Schu S4 membranes and subsequently boosted with LVS also
showed reactivity to capsule. These analyses also showed that there were three
additional bands with strong reactivity to the vaccinated mouse sera (Fig. 4). These
bands were extracted from a duplicate SDS-PAGE, digested with trypsin, and analyzed
September/October 2017 Volume 8 Issue 5 e01592-17
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FIG 3 Mice were intramuscularly vaccinated with a mixture of 10 g Schu S4 membrane preparations and
5 g poly(I·C) or the same amount of Schu S4 membranes and poly(I·C) in PLGA nanoparticles. (A) Schu
S4-speciﬁc IgG titers from serum collected 40 days postvaccination. (B) At 42 days postvaccination, mice
were challenged with 25 CFU Schu S4 and morbidity and mortality levels were assessed. (C and D) Mice
received a prime [mixture of 10 g Schu S4 membranes and 5 g poly(I·C) or the same amount of Schu
S4 membrane and poly(I·C) in PLGA nanoparticles] and after 40 days received a boost (2,000 CFU LVS i.p.).
(C) Schu S4-speciﬁc IgG titers from serum 37 days postboost. (D) Morbidity and mortality levels of mice were
assessed. Numbers of surviving mice are indicated. *, P ⬍ 0.05; ***, P ⬍ 0.001 (determined by one-way
ANOVA).

by high-resolution mass spectrometry. Spectral counting of the peptides, identiﬁed
with at least 99% conﬁdence, was performed (Table S5). The highest-ranked protein in
gel band 1 was also the predominant protein present in the band and was identiﬁed
as the outer membrane OmpA-like protein, FopA (Q5NH85; gene, FTT_0583), with a
spectral count of 59.79 (Table 1). The next-highest-ranking protein in gel band 1 was
the conserved hypothetical lipoprotein LpnA (Q5NGE4; gene, FTT_0901) with a spectral
count of 3.21 (Table S5). The immunoreactive band 2 had two proteins with high
spectral counts: a conserved lipoprotein, LpnA (Q5NGE4; gene, FTT_0901), and the type
IV pilus ﬁber building block protein (Q5NGF5; gene, FTT_0890c), with spectral counts of
33.46 and 15.00, respectively (Table 1). The third immunoreactive band also had two
proteins with high spectral counts, a hypothetical membrane protein (Q5NE75; gene,
FTT_1778c) and a lipoprotein, Lpp3 (Q5NF33; gene, FTT_1416c), with spectral counts of
23.10 and 18.44, respectively (Table 1). Previous studies have suggested that FopA and
the lipoproteins LpnA and Lpp3 might be possible vaccine candidates (23, 24). The
genomes of approximately 50 F. tularensis strains have been sequenced. Using the NCBI
database, BLAST analysis indicates that the ﬁve proteins described above are highly
conserved among F. tularensis subsp. tularensis strains (Fig. S4). The strong immunoreactivity to and high conservation among the members of this limited set of proteins
indicate that they represent attractive targets, either individually or in combination, for
future vaccine development.
September/October 2017 Volume 8 Issue 5 e01592-17
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FIG 4 Western blot of Schu S4 outer membrane proteins probed with serum from a Schu S4
whole-membrane-PLGA-vaccinated mouse boosted with LVS obtained prior to challenge. The bands
extracted for mass spectrometric analyses are indicated.

Conclusions. We have undertaken an in-depth proteomic analysis of the inner and
outer membranes of F. tularensis LVS and F. tularensis Schu S4. Using sucrose density
gradients, we obtained puriﬁed fractions of both membranes using the presence or
absence of LPS as an indicator of the presence of the respective membrane fractions.
This allowed us to obtain high-resolution proteomic analyses of both membrane
fractions with little overlap. These studies indicated that the membrane proteins of the
two strains were remarkably similar as our analysis identiﬁed only two proteins present
in F. tualarensis Schu S4 which were not present in LVS, the type IV pilus ﬁber building
block protein (Q5NGF5; gene, FTT_0890c), and a hypothetical lipoprotein (Q5NGE3;
gene, FTT_0902). Our vaccination studies demonstrated that encapsulation of LVS or
Schu S4 membrane particles into PLGA nanoparticles enhanced the immunogenicity of
the vaccine in a F. tularensis LVS murine challenge model. We found that while
immunization with the Schu S4 membranes in PLGA had no signiﬁcant effect on
survival of a Schu S4 murine intraperitoneal challenge, if we combined this with
immunization with an LVS booster, a signiﬁcant increase in animal survival was observed in this model. Western blots of the antigenic response to the LVS membrane/
PLGA-vaccinated mice indicated that the capsule is responsible for the strongest
antigenic response with this vaccination strategy. Additionally, mass spectrometric
analyses of the strongest reactive bands in the Schu S4/PLGA mice that received the
LVS booster identiﬁed a number of antigens previously considered possible vaccine

TABLE 1 Proteins identiﬁed from gel bands that reacted with postvaccination mouse
sera
Gel
band
1
2
2
3
3

Protein
Outer membrane-associated protein
Conserved hypothetical lipoprotein
Type IV pilus ﬁber building block protein
Hypothetical membrane protein
Hypothetical lipoprotein

September/October 2017 Volume 8 Issue 5 e01592-17

Spectral
count
59.79
33.46
15.00
23.10
18.44

Accession
no.
Q5NH85
Q5NGE4
Q5NGF5
Q5NE75
Q5NF33

Gene locus
tag
FTT_0583
FTT_0901
FTT_0890c
FTT_1778c
FTT_1416c
mbio.asm.org 7

Downloaded from mbio.asm.org on April 13, 2018 - Published by mbio.asm.org

®

Francisella tularensis Protein Vaccine Candidates

®

candidates, including FopA, LpnA, and Lpp3. These data suggest that PLGAencapsulated antigens combined with an LVS challenge may be a useful approach
for protection against a virulent F. tularensis infection.
MATERIALS AND METHODS
Bacterial strains and growth conditions. F. tularensis subsp. tularensis strain Schu S4 and F. tularensis subsp. holarctica strain LVS were grown at 37°C on chocolate agar medium supplemented with
IsoVitaleX for a ﬁnal cysteine concentration of 0.1%. All work with F. tularensis Schu S4 was performed
within the Carver College of Medicine Biosafety Level 3 (BSL3) Core Facility, and experimental protocols
were reviewed for safety by the BSL3 Oversight Committee of the University of Iowa Carver College of
Medicine.
Isolation of inner and outer membranes. A complete lawn of bacteria was isolated from 20
chocolate agar plates for each F. tularensis strain and was suspended in a phosphate-buffered saline (PBS)
solution containing cOmplete, Mini, EDTA-free protease inhibitor (Roche, Basel, Switzerland). LVS bacteria
were heat killed at 65°C. Schu S4 bacteria were heat killed at 65°C, frozen at ⫺80°C, and then heat killed
at 65°C a second time to ensure that all organisms were dead prior to handling. Parallel samples were
plated to ensure sterility prior to removal of specimens from the BSL3 container. Samples were
individually homogenized through an Emulsiﬂex-C3 homogenizer three times at 15,000 lb/in2. Cellular
debris was removed by centrifugation at 15,000 ⫻ g for 1 h. The supernatant was further centrifuged at
230,000 ⫻ g for 1.5 h. The membrane pellet from this spin was resuspended in a 50 mM HEPES solution
(pH 7.2, 50 mM NaCl) and homogenized on ice in a Dounce cell grinder.
Resuspended membranes were further fractionated by diluting membrane suspensions 1:1 with a
50% sucrose solution and loading onto the top of a discontinuous sucrose gradient of 30% to 55%. Tubes
were spun at ~256,000 ⫻ g for 20.5 h. A total of 32 fractions (approximately 0.4 ml per tube) were
collected by piercing the bottom of the tubes and were dripped into sterile, capless tubes. Differentiation
of the outer membrane and inner membrane fractions was performed using silver-stained SDS-PAGE.
Then, the appropriate membrane fractions were pooled. Sucrose in the samples was exchanged with
100 mM Tris buffer (ﬁve times), and samples were concentrated to a ﬁnal volume of ~200 l using
3-kDa-cutoff Amicon Ultra-4 spin ﬁlters (Millipore, Billerica, MA). Three biological replicates were generated from each strain for both the inner and outer membrane samples.
Proteolytic digestion. The amount of protein in each pooled membrane sample was determined,
and 20 g of protein from each sample was loaded into separate lanes of a 4% to 12% SDS-PAGE gel
(NuPage; Life Technologies, Inc., Carlsbad, CA). Samples were run 2 cm into the gel and visualized with
Simply Blue Safe Stain (Thermo Fisher Scientiﬁc, Waltham, MA). Alternatively, samples were run on
duplicate gels under normal conditions and either stained or used for Western blot analyses. Bands
shown to react by Western blotting were extracted from a duplicate gel. Manual in-gel trypsin digestion
was performed on all samples as previously described (25). Brieﬂy, proteins were reduced with 10 mM
dithiothreitol (DTT) and subsequently alkylated with 55 mM iodoacetamide. Proteins were digested with
trypsin using a trypsin concentration of 1:20 (trypsin/protein) for 16 to 18 h at 37°C. Extracted peptides
were reconstituted in a ﬁnal volume of 20 l of 1% acetonitrile– 0.1% formic acid to give a concentration
of 1 g/l. Samples were desalted with C18 Zip-tips (Millipore), according to standard procedures, prior
to mass spectrometric analyses.
Mass spectrometric analyses. All samples were analyzed by reverse-phase high-performance liquid
chromatography– electrospray ionization–tandem mass spectrometry (HPLC-ESI-MS/MS) using an Eksigent UltraPlus nano-LC two-dimensional (2D) HPLC system (Dublin, CA) connected to a quadrupole
time-of-ﬂight TripleTOF 5600 mass spectrometer (Sciex, Framingham, MA). Typically, the mass resolution
for the MS1 scans and corresponding precursor ions was ~35,000 whereas the resolution for the MS2
scans and resulting fragment ions was ~15,000 (“high-sensitivity” product ion scan mode). The autosampler was operated in microliter-pickup injection mode, ﬁlling a 3-l loop with 3 l of analyte per
injection. Brieﬂy, after injection, peptide mixtures were transferred onto an analytical C18-nanocapillary
HPLC column (C18 Acclaim PepMap100; Dionex, Sunnyvale, CA) (75-m inner diameter [ID] by 150 mm;
3-m particle size; 100-Å pore size) and eluted at a ﬂow rate of 300 nl/min using the following gradient:
5% solvent B in solvent A (from 0 to 13 min), 5% to 35% solvent B in solvent A (from 13 to 58 min), 35%
to 80% solvent B in solvent A (from 58 to 63 min), and 80% solvent B in solvent A (from 63 to 66 min).
The elution was performed with a total run time of 90 min, including mobile-phase equilibration.
Solvents were prepared as follows: for mobile phase A, 2% of acetonitrile and 98% of 0.1% (vol/vol)
formic acid in water; for mobile phase B, 98% of acetonitrile and 2% of 0.1% (vol/vol) formic acid in water.
Data acquisition was performed in data-dependent mode (DDA) using a TripleTOF 5600 instrument to
obtain MS/MS spectra for the 30 most abundant precursor ions (approximately 50 ms per MS/MS)
following each survey MS1 scan (250 ms). Each sample was analyzed in 3 biological and 4 technical
injection/MS replicates. Raw data can be accessed at the MassIVE repository (https://massive.ucsd.edu;
MSV000080393).
Bioinformatic database searches. All mass spectrometric data were searched using either ProteinPilot 4.5 (rev. 1656) running Paragon Algorithm 4.5.0.0, 1654, or ProteinPilot 5.0 (rev. 4769) running
Paragon Algorithm 5.0.0.0, 4767 (SCIEX) (26), using individual custom databases for the LVS (UniProt) and
Schu S4 (NCBI; AJ749949) strains. Search parameters included the following: the alkylation method used
iodoacetamide; trypsin was the proteolytic enzyme; both “biological modiﬁcations” and “thorough
search” were selected. The proteomics system performance evaluation pipeline (PSPEP) tool was used to
generate the false-discovery-rate (FDR) analyses using a concatenated forward and reverse decoy
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database to search the data. The output from this analysis shows the FDR at the spectrum, peptide, and
protein levels (27). In the present study, we included in our datasets only proteins with an “Unused
ProtScore” value of ⱖ3.0, which corresponds to a protein conﬁdence cutoff threshold of 99%. Only
proteins with at least two unique peptides with ⱖ99% conﬁdence were included in our ﬁnal datasets.
The ﬁltered peptides lists for all biological replicates and all samples can be accessed at the MassIVE
repository (https://massive.ucsd.edu; MSV000080393).
Protein localizations were predicted using the Web-based versions of SOUSI-GramN (http://harrier
.nagahama-i-bio.ac.jp/sosui/sosuigramn/sosuigramn_submit.html) and PSORTb version 3.0.2 (http://
www.psort.org/psortb/index.html) (28, 29) (Tables S1 to S4). BLAST searches were performed using the
BLAST tool (protein BLAST) from NCBI (http://blast.ncbi.nlm.nih.gov/) and databases speciﬁed in the
search summaries (Tables S1 to S4). Additional BLAST analyses were performed using Clustal W in
the MegAlign suite, which is a module of Lasergene (Madison, WI).
Spectral counting. To estimate protein levels of the inner and outer membrane fractions, mass
spectrometric acquisitions were initially subjected to two different types of spectral counting (30): (i)
weighted spectral counting (13, 14), which compares the observed spectral counts for a protein to the
number of theoretically possible tryptic peptides that can be generated from that protein; and (ii)
normalized spectral counting, which factors in the length of the protein (31). The two methods gave
similar results, and weighted spectral counting was chosen for this study (Tables S1 to S4).
Western blot analyses. Western blot analyses were performed as previously described by Towbin
et al. (32). Samples were separated using 4% to 12% gradient gels (Invitrogen, Carlsbad, CA) and were
subsequently transferred to polyvinylidene diﬂuoride (PVDF) (Millipore). Mouse sera from challenged
mice, which were either ﬁrst vaccinated with PLGA encapsulated Schu S4 membranes and then with an
LVS booster or were vaccinated with PLGA encapsulated LVS whole membranes, were diluted 1:5,000.
Detection of the antibody was performed using a peroxidase-labeled goat anti-mouse IgM secondary
antibody (Kirkegaard & Perry Laboratories, Gaithersburg, MD) and SuperSignal West Pico chemiluminescent substrate (Thermo Fisher Scientiﬁc).
Preparation of nanoparticles. PLGA nanoparticles were prepared using a double emulsion technique previously described (33). In short, PLGA (Sigma-Aldrich, St. Louis, MO) was dissolved in dichloromethane (2.5% [wt/vol]) and emulsiﬁed with F. tularensis membranes (combined inner and outer
membrane preparations) and/or poly(I·C) dissolved in PBS by sonication. This mixture was emulsiﬁed
with an aqueous phase containing 1% (vol/vol) Tween 20 and transferred into an excess amount of warm
(⬎40°C) demineralized water and stirred for 1 h to harden the particles. Nanoparticles were collected by
centrifugation and washed twice with PBS.
Determining IgG titers. High-binding microtiter plates were coated with 500 ng F. tularensis
membranes mixed with 40 mM sodium carbonate buffer (pH 9.4) for 24 h at 4°C. Subsequently, wells
were blocked with 1% (wt/vol) bovine serum albumin (BSA)–PBS for 1 h at 37°C. After extensive washing
with PBS, serial dilutions of serum ranging from 20 to 2 ⫻ 106 were applied and incubated for 2 h at room
temperature. After extensive washing, F. tularensis-speciﬁc antibodies were detected using horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG, IgG1, and IgG2a (Southern Biotech, Birmingham, AL)
and by incubation with 0.1 mg/ml TMB (3,3’,5,5’-tetramethylbenzidine)–30 g/ml H2O2–110 mM sodium
acetate buffer (pH 5.5) for 15 min at room temperature. Reactions were stopped with 2 M H2SO4, and
absorbance was determined at 450 nm.
T-cell responses. Blood was collected by retro-orbital bleeding using heparinized capillaries, and
erythrocytes were removed using ammonium chloride and washed twice. Subsequently, cells were
stained with ﬂuorescently labeled anti-CD8a, anti-CD4, anti-Thy1.2, anti-CD11a, and anti-CD49d antibodies (EBioscience, San Diego, CA) for 20 min. Flow cytometry was performed using a BD Fortezza cell
analyzer.
Mouse vaccination protocol. For the F. tularensis LVS challenge experiments, groups of 5 BALB/c
mice that were 6 to 8 weeks old were intramuscularly vaccinated with 25 g of LVS membrane
preparations (combined inner and outer membranes) with 5 g poly(I·C) or with 25 g of LVS membrane
preparations with 5 g poly(I·C) in PLGA nanoparticles. At 30 days postvaccination, blood was collected
from vaccinated mice and titers of speciﬁc LVS IgG were determined. At 40 days postvaccination, mice
were challenged with 2,000 CFU of the F. tularensis LVS strain intranasally and assessed for morbidity and
mortality. To address whether protection was antibody mediated, wild-type mice (C57Bl/6) and S/AID
double knockout mice (generously provided by F. E. Lund, University of Alabama, Birmingham) were
immunized with 20 g LVS membrane and 5 g poly(I·C) in PLGA nanoparticles. After 40 days, mice were
challenged with 2,000 CFU LVS intranasally and morbidity was assessed.
For the F. tularensis Schu S4 challenge experiments, groups of 5 BALB/c mice that were 6 to 8 weeks
old were intramuscularly vaccinated with 10 g Schu S4 membrane preparations with 5 g poly(I·C) or
10 g of a Schu S4 membrane with poly(I·C) in PLGA nanoparticles. At 40 days postvaccination, blood
was collected from vaccinated mice and titers of speciﬁc Schu S4 IgG were determined. At 42 days
postvaccination, mice were challenged with 25 CFU of F. tularensis Schu S4 intraperitoneally and assessed
for morbidity and mortality. As an alternative vaccination protocol, mice received intramuscularly a prime
of 10 g Schu S4 membrane preparation with 5 g poly(I·C) or with 10 g of a Schu S4 membrane with
poly(I·C) in PLGA nanoparticles and after 40 days received a boost of 2,000 CFU of F. tularensis LVS
delivered intraperitoneally. At 42 days postboost, mice were challenged with 25 CFU of F. tularensis Schu
S4 intraperitoneally and assessed for morbidity and mortality. The statistical signiﬁcance of the results of
the antibody titer determinations and morbidity studies was determined using one-way analysis of
variance (ANOVA). The statistical signiﬁcance of the results of the mortality studies was determined using
a Mantel-Cox (chi-square) test.
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deﬁned by the relevant national and/or local animal welfare bodies, and all animal work was approved
by the University of Iowa Animal Care and Use Committee (ACURF 1305086 —J. A. Rasmussen and B. D.
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Medicine Biosafety Level 3 (BSL3) Core Facility, and all experimental protocols were reviewed for safety
by the BSL3 Oversight Committee of the University of Iowa Carver College of Medicine. Guidelines
provided by the NIH were followed in all experimentation. The University of Iowa is a PHS Assured
institution.
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