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Abstract
Francisella tularensis is pathogenic for many mammalian species including humans, causing a
spectrum of diseases called tularemia. The highly virulent Type A strains have associated
mortality rates of up to 60% if inhaled. An attenuated live vaccine strain (LVS) is the only vaccine
to show efficacy in humans, but suffers several barriers to licensure, including the absence of a
correlate of protection. An immunoproteomics approach was used to survey the repertoire of
antibodies in sera from individuals who had contracted tularemia during two outbreaks and
individuals from two geographical areas who had been vaccinated with NDBR Lot 11 or Lot 17
LVS. These data showed a large overlap in the antibodies generated in response to tularemia
infection or LVS vaccination. A total of seven proteins were observed to be reactive with 60 % or
more sera from vaccinees and convalescents. A further four proteins were recognised by 30–60 %
of the sera screened. These proteins have the potential to serve as markers of vaccination or
candidates for subunit vaccines.
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INTRODUCTION
Tularemia is a disease in primates caused by the Gram-negative facultative intracellular
bacterium, Francisella tularensis. F. tularensis has received increasing attention in the last
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decade due to its potential for use as a bioweapon (Kortepeter and Parker, 1999; Dennis et
al. 2001b). Several subspecies exist, with the most clinically relevant subspecies denoted
holarctica and tularensis, commonly known as Type B and A strains, respectively (Sjostedt,
2001). The subspecies tularensis (Type A) is endemic only to North America. Mortality
rates of up to 60% have been reported for untreated human cases of disseminated infection
caused by Type A strains of the pathogen (DIENST, Jr., 1963). The subspecies holarctica
(Type B), endemic to both Europe and North America, is associated with lower mortality
rates. Type B strains are responsible for almost all European cases of tularemia (Sjostedt,
2007).

A live vaccine strain (LVS) was derived in the 1950’s from a Soviet strain type B, S15, and
protects humans to some degree against subsequent exposure to Type A strains of the
pathogen (Hornick and Eigelsbach, 1966). Human LVS vaccination studies were conducted
under the Operation Whitecoat (OW) program in the 1950’s. These data showed that LVS
administered by scarification was 25–100% effective against aerosol challenge with SCHU
S4 (Hornick and Eigelsbach, 1966). All vaccinees were shown to seroconvert to an
undefined set of Francisella antigens, but no immunologic correlation was established with
the protective status of the host. When LVS replaced killed bacteria as the vaccine at the
United States Army Medical Research Institute for Infectious Diseases (USAMRIID), the
incidence of respiratory infections among at-risk personnel was significantly reduced
(Burke, 1977; Eigelsbach et al. 1967).

Due to renewed concerns regarding the threat of bioterrorism, there has been an increased
interest in licensing a tularemia vaccine for general use. However, both the absence of a
correlate of protection and the unknown mechanisms of attenuation are significant barriers
to LVS licensure. Recent studies using the murine model of tularemia show that adaptive
host defense against F. tularensis is likely mediated by both cell mediated immunity (CMI)
and humoral immunity (Tarnvik, 1989; Elkins et al. 2003; Kirimanjeswara et al. 2008).
Although CMI is thought to be the most essential mechanism in host defense against Type A
Francisella, specific antibody responses are mounted during natural Francisella infections
or following vaccination (Saslaw and CARHART, 1961; Carlsson et al. 1979; Viljanen et
al. 1983; Dennis et al. 2001). The humoral immune response will therefore serve as a facile
means of screening sera for markers of successful LVS vaccination.

Ethical considerations prevent a repeat of human LVS vaccine efficacy studies, such as
those conducted under OW. Instead, we sought to compare the repertoire of antibodies
generated by humans in response to natural tularemia infection with Type A or Type B
strains and vaccination with NDBR lot 11 LVS or DVC lot 17 LVS (escalating dose study).
Patients that recover from types A and B Francisella infections are rarely reported to show
signs of disease following a second exposure, and therefore could be considered a group that
is protected from further challenge. This affords the opportunity to compare the repertoire of
antibodies between infected, but presumably protected individuals, and vaccinated
volunteers whose protective status is unknown.

MATERIALS AND METHODS
Sera used in this study

Four distinct collections of human sera were used in this study, including sera from two
groups of human tularemia patients, LVS vaccinated laboratory personnel and clinical trial
subjects immunized with LVS (Table 1). For each study group, informed consent was
obtained by the study directors prior to serum collection.
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The Type B convalescent sera were from patients diagnosed with tularemia in Sweden,
where the disease is considered endemic. In total, sera were available from 12 tularemia
patients and 3 healthy individuals with no history of tularemia. The Swedish patients were
infected with type B strains and the route of infection for the majority of these patients was
intradermal.

The Type A convalescent sera were a subset from a total of 59 subjects with tularemia
reported on Martha’s Vineyard between 2000 and 2006. Approximately 60 % of cases were
thought to be due to inhalation of the bacterium (Feldman et al. 2003; Matyas et al. 2007).
In this study, sera from the first physician visit were available from 12 confirmed Type A
tularemia patients.

Two sets of sera from separate human LVS vaccinations were studied. In the first set, at-
risk laboratory workers in Sweden were immunized with LVS NDBR101 Lot 11. The set
was comprised of five sets of paired pre- and post-vaccination samples and an additional
three post-vaccination serum samples. NDBR lot 11 was prepared as per the vial
instructions. Briefly, the vaccine preparation was reconstituted in 2.0 ml of water to give a
concentration of 2.5 × 109 CFU/ml. A droplet of approximately 20 μL (containing ~ 5 × 107

CFU) was administered by scarification using a bifurcated needle to puncture the skin.

The second human vaccinee serum set was from subjects vaccinated with DVC lot 17 LVS
(Pasetti et al. 2008), obtained from a Phase I clinical trial carried out at the Baylor College
of Medicine, Houston, TX. The vaccine used was manufactured at Cambrex Bio Science,
Baltimore, MD, under contract with DynPort Vaccine Company LLC (DVC). The vaccine
was administered as described previously (El Sahly et al. 2009). Briefly, the lyophilized
vaccine was reconstituted with 0.25 ml of sterile water for injection yielding a vaccine
concentration of 1.6×109 CFU/ml. The study design and administration of the vaccine were
described in detail previously (El Sahly et al. 2009), with dosages of 103, 105, 107 and 109

CFU/ml administered by scarification with a bifurcated needle. Five paired sera (pre- and 42
days post-vaccination) and three unpaired sera (post-vaccination) were provided.

Two-dimensional polyacrylamide gel electrophoresis (2D PAGE) Western blotting
The protein antigen used in Western blotting experiments was an LPS deficient mutant,
SCHU S4 ΔwbtI, to prevent interfering immunoreactivity towards the O-antigen of LPS.
Bacterial proteins were extracted as described previously, using a method that solubilizes a
broad range of cytoplasmic and membrane associated proteins (Twine et al. 2005). Briefly,
the SCHU S4 ΔwbtI mutant was grown in modified Cysteine Heart Agar (CHA) for 24–36 h
at 37 °C within a BioSafety (BS) Level 3 containment facility. Bacteria were harvested from
plates and lysed using a solution of 5 M urea, 2 M thiourea, 1% DTT, 4% CHAPS, 0.5%
ASB-14, as described in our earlier work (Twine et al. 2005). Proteins were separated using
immobilized pH gradient strips (IPG), linear pH 4–7, 17 cm (Bio-Rad, Hercules, CA) or
linear pH 6–11 (GE Healthcare, Piscataway, NJ), using 100 μg of protein/gel. Much of our
previous work with murine sera showed few if any proteins with a pI <4 or >7 to be reactive
with sera from LVS immunized BALB/c or C57/BL6 mice. Given the limited amounts of
sera available from clinical samples, therefore, the analyses in this study were initially
confined to pH 4–7 (Twine et al. 2010). One serum sample from each study set was also
screened against antigen separated in the pH range 6–11. Immunoblotting was carried out
according to methods previously published by others (Mansfield, 1995) and described in our
own work (Twine et al. 2010).
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Identification of immunoreactive proteins
Protein spots corresponding to identified areas of immunoreactivity on Western blots were
excised from protein stained 2D-PAGE gels and tryptically digested, as described previously
(Twine et al. 2010; Twine et al. 2006). The in-gel digests were analyzed by nano-liquid
chromatography-MS/MS (Twine et al. 2010). The peaklist files of MS2 spectra of the
excised protein spots were searched against a database (2008.03.10) with 11947 entries
consisting of the NCBI reference genomes for seven strains of Francisella (NCBI ids:
NC_006570, NC_007880, NC_008245, NC_008369, NC_008601, NC_009257,
NC_009749) using MASCOT™ (version 2.2.03, Matrix Science, London, UK) for protein
identification, as detailed previously (Twine et al. 2010).

RESULTS
Human serum antibody response is directed towards a relatively small number of proteins

The details of sera used in this study are shown in Table 1. Over 95 % of the type B
tularemia patients, had the ulceroglandular form of tularemia. Sera from each of twelve type
B tularemia patients and from three individuals with no history of tularemia were screened
by 2D-Western blotting in the pH range 4–7. Representative Western blots are shown in
Figure 1a and b (The complete series of Western blots are shown in Figure S1), with a total
of 31 identified immunoreactive proteins (Table 2, Figure 1i). Of the three control sera,
drawn from volunteers with no history of tularemia, one serum showed low reactivity with
the Chaperonin GroEL. Sera from all 12 tularemia infected individuals showed intense
reactivity with the Chaperonin GroEL (FTT_1696). The protein dihydrolipoamide
succinyltransferase component of 2-oxoglutarate dehydrogenase complex (FTT_0077) was
immunoreactive with 11 of the 12 patient sera screened but none of the control sera. Due to
limited volumes or sera, a single serum sample from patient 1671 was screened against
antigen separated in the pH range 6–11 (Figure 2a). Some background interference was
observed in the low MW region of the blot, and a single area of immunoreactivity was
observed in the basic high molecular weight region. This protein was not able to be
identified and is indicated by arrows in Figure 2e. Further to this, the proteins 50S ribosomal
protein L1/L12 (FTT_0143), hypothetical membrane protein (FTT_1778c), and acetyl CoA
carboxylase (FTT_0472) were immunoreactive with 8 or more patient sera screened and
with none of the control sera. Of note, the proteins FTT_1778c and FTT_0143 focus to
discrete spots on 2D-PAGE within close proximity of one another. In some cases the
immunoreactivity of these proteins was intense and it was not always possible to discern
which individual protein was immunoreactive. In these cases, we have indicated that both
proteins were immunoreactive and reported the overall intensity of immunoreactivity. These
data are also represented visually as a matrix of immunoreactive proteins, as shown in
Figure 3a, with the shading indicating the comparative intensity of the observed
immunoreactivity for each spot, as measured by densitometry.

Figure 1c and d show representative Western blots probed with sera from patients
recovering from Type A tularemia (complete series of Western blots are shown in Figure
S2). A total of 19 proteins were identified as immunoreactive with sera from one or more of
the Type A tularemia patients (Figure 1i, Table 2). Serum number 711 was used to probe
antigen separated in the pH range 6–11 (Figure 2b) and two very weakly reactive areas were
found to correspond to protein spots on equivalent 2D-PAGE, stained for proteins. These
were identified as glutamate dehydrogenase (FTT_0380c) and sugar transamine/perosamine
synthetase (FTT_1455c), as indicated in the protein stained gel image shown in Figure 2e.
No single protein was observed to be immunoreactive with all Type A tularemia patient sera
screened, although the proteins pyruvate dehydrogenase E2 (FTT_1484c) and ribosomal
protein L7/L12 (FTT_0143) were observed to be reactive with ten of the twelve sera studied.
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In addition, the proteins dihydrolipoamide succinyltransferase component of 2-oxoglutarate
dehydrogenase (FTT_0077) and chaperonin protein DnaK (FTT_1269c) were reactive with
8 of the total 12 sera.

Representative Western blots probed using sera from LVS vaccinated Swedish laboratory
workers (LVS NDBR101 Lot 11) are shown in Figure 1e and f, with the total set of blots
shown in Figure S3. Across all eight post-vaccination serum samples screened, a total of 22
immunoreactive proteins were identified (Table 2, Figure 1i). Four proteins were observed
to be immunoreactive to some degree with all of the post-vaccination sera:
dihydrolipoamide succinyltransferase component of 2-oxoglutarate dehydrogenase complex
(FTT_0077), 50S ribosomal protein L7/L12 (FTT_0143), outer membrane protein FopA
(FTT_0583) and hypothetical protein (FTT_1778c). Of the pre-vaccination sera, one
individual showed no detectable immunoreactivity. The remaining four sera showed weak
immunoreactivity with the proteins 30S ribosomal protein S1 (FTT_0183c), 50S ribosomal
protein L7/L12 (FTT_0143) and hypothetical protein (FTT_1778c). In addition, a single
serum sample (# 208) was screened against antigen separated in the basic pH range (Figure
2c). Three weakly immunoreactive regions were aligned with protein spot trains on
equivalent 2D-PAGE and identified as peptidase, M24 family protein (FTT_0609), malate
dehydrogenase (FTT_0535c) and oxidoreductase, short-chain dehydrogenase family protein
(FTT1201c) (Figure 2e).

The second human vaccinee serum set was from humans subjects vaccinated with a new
CGMP formulation of LVS (DVC lot 17) and was obtained from a Phase I clinical trial
carried out at the Baylor College of Medicine, Houston, TX. The study design and
administration of the vaccine was described in detail previously (El Sahly et al. 2009), with
dosages of 103, 105, 107 and 109 CFU/mL administered by scarification. Five sets of sera
(paired pre- and 42 days post-vaccination) and three unpaired sera (post-vaccination) were
provided (Table 1). Representative Western blots probed using sera from vaccinees
receiving LVS lot 17 are shown in Figure 1g and h, with the total set of blots shown in
Figure S4. Blots probed with sera from humans vaccinated with the new lot of LVS (DVC
lot 17) showed immunoreactivity with a total of 18 proteins (Table 2, Figure 1i). For the
post-vaccination sera, no single protein was reactive with all sera; however, the proteins
dihydrolipoamide succinyltransferase component of 2-oxoglutarate dehydrogenase complex
(FTT_0077) and chaperonin dnaK (FTT_1269c) were reactive with seven of the eight post
LVS vaccination sera. It is also interesting to note that the outer membrane protein, FopA
(FTT_0583), was reactive with only three post-vaccination sera. The pre-vaccination sera
showed no or weak reactivity towards the proteins dihydrolipoamide succinyltransferase
component of 2-oxoglutarate dehydrogenase complex (FTT_0077), 30S ribosomal protein
S1 (FTT_0183c), catalase (FTT_0721c), 50S ribosomal protein L7/L12 (FTT_0143), and
hypothetical protein (FTT_1778c). The proteins 50S ribosomal protein L7/L12 (FTT_0143),
and hypothetical protein (FTT_1778c) showed some reactivity with four of the five pre-
vaccination sera screened. The escalating vaccine dose did not appear to influence the
repertoire of immunoreactive proteins, with the exception of post-vaccination sera from one
subject (# 200162938), vaccinated with 107 CFU, which showed no detectable
immunoreactivity. In the basic pH region (Figure 2d), the single serum sample
(#200208090) screened showed reactivity towards two spot trains, corresponding to
unidentified proteins.

Characteristics of the immunoproteomics dataset
The repertoire of immunoreactive proteins catalogued for each serum sample screened in
this study is shown graphically in Figure 3a, which also illustrates the relative intensity of
each observed immunoreactive spot. The bar chart below the matrix of immunoreactive
proteins in Figure 3a shows the sum of the relative intensity values for the identified
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immunoreactive proteins. With the exception of the NDBR lot 11 LVS vaccinees, the mean
total relative intensity in identified immunoreactive spots was similar for each group of sera
screened. One subject from each of NDBR lot 11 LVS vaccinees, Type A and type B
tularemia patients, showed a markedly higher total intensity of immunoreactive proteins
than other subjects in the study. In contrast, two other sera drawn 42 days post-vaccination
with 105 CFU DVC lot 17 LVS, also showed comparatively low immunoreactivity. The
greatest total relative intensity of identified immunoreactive proteins was observed for the
vaccination dose of 109 CFU.

The properties of the reactive proteins were examined according to computationally
predicted features to determine whether a particular type of protein was overrepresented.
First, we used the PSORT1b algorithm, an algorithm that predicts the subcellular
localization of proteins based upon amino acid sequences (Gardy et al. 2005; Gardy et al.
2003; Rey et al. 2005). Figure 3b shows graphically that the vast majority of identified
immunoreactive proteins were predicted to be cytoplasmic in location (56 %), with an
additional 36 % of the proteins of unknown location. The remaining proteins were predicted
to localize to various locations, including the outer membrane and periplasm. Secondly, we
classified the identified proteins according to the Clusters of Orthologous Groups
(http://www.ncbi.nlm.nih.gov/COG/) where the identified proteins were grouped according
to predicted function. Figure 3c shows that 23 % of the identified proteins are predicted to
be involved in energy production and conversion, 20 % are predicted to be involved in
translation and 15 % to be of unknown function.

Figure 3d shows a graphical representation of the frequency with which each
immunoreactive protein was identified, regardless of experimental group. Of note, the
protein dihydrolipoamide succinyltransferase component of 2-oxoglutarate dehydrogenase
complex (FTT_0077) was reactive with 70 % of all sera screened. By contrast, the outer
membrane protein FopA (FTT_0583) was observed to be reactive with sera from all LVS
NDBR lot 11 vaccinees, but less than half of the subjects from other groups. From this
graph, and the matrix of immunoreactive proteins in Figure 3a, eleven proteins were
identified as commonly reactive antigens, reactive with both patient and vaccinee sera, with
a minimum frequency of 30 %. These included dihydrolipoamide succinyltransferase
component of 2-oxoglutarate dehydrogenase complex (FTT_0077), 50S ribosomal protein
L7/L12 (FTT_0143), 30S ribosomal protein S1 (FTT_0183), DNA-directed RNA
polymerase alpha subunit (FTT_0350), Acetyl-CoA carboxylase (FTT0472), Outer
membrane associated protein, FopA (FTT_0583), Peroxidase/catalase (FTT_0721c),
Chaperone protein DnaK (FTT_1269c), Pyruvate dehydrogenase E2 component
(FTT_1484c), Chaperone protein groEL (FTT1696), and Hypothetical membrane protein
(FTT_1778c).

DISCUSSION
There is a need for a safe and effective tularemia vaccine, which can be licensed for general
use to address potential bioterrorism threats. LVS has been successfully used in Europe and
the USA to protect tularemia researchers against infection with Type A strains (Oyston and
Quarry, 2005; Conlan, 2004; Titball and Oyston, 2003). During OW and subsequent studies,
there have been reports of seroconversion to undefined Francisella antigens (Hornick et al.
1966). However, no correlation between the antibody titer to protein antigens in humans and
level of protection against challenge with virulent F. tularensis was observed (Saslaw and
CARHART, 1961; Hornick and Eigelsbach, 1966; Saslaw et al. 1961; Saslaw et al. 1961;
Saslaw et al. 1961). In the past decade, a handful of studies have surveyed the repertoire of
murine antibodies generated in response to LVS vaccination (Havlasova et al. 2005;
Sundaresh et al. 2007a; Eyles et al. 2007) and human tularemia infection (Havlasova et al.
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2002; Janovska et al. 2007). These data provide insights into the antigens recognized by the
immune system after natural infection with Francisella strains differing in virulence, or
following vaccination with LVS. We observed that the repertoire of proteins reactive with
sera from individuals recovering from natural Type A and B infection showed a great deal of
overlap, as shown in Figure 3a & d. This is interesting, given that the most common route of
infection for Type A Francisella in the Martha’s Vineyard patients is inhalational (Matyas et
al. 2007), whereas the most common route of infection in the European type B infected
group is presumed to be arthropod-borne intradermal (Sjostedt, 2007). Therefore, the
antibody repertoire generated in response to natural infection with Type A or B strains of
Francisella has a large degree of similarity, despite differences in bacterial strains and
routes of infection. This was also reported in an earlier study that used a proteome
microarray to survey the humoral immune response to tularemia infection (Sundaresh et al.
2007). In this study and our own, subtle differences in the immunoproteomic profiles when
screened against the same Francisella antigen, however, were also observed. For example,
80 % of Type A tularemia convalescent sera showed reactivity towards the protein pyruvate
dehydrogenase E2 component (FTT_1484c). By contrast, sera from type B tularemia
patients showed reactivity towards the same protein in less than 50 % of patients analyzed.
In addition, sera from type B tularemia patients showed reactivity with a greater repertoire
of proteins, with a total of 31 proteins observed, compared to 18 with sera from Type A
patients. Of note, a number of immunoreactive proteins were commonly observed across our
own work and the reported studies (Table 2). A small number of the immunoreactive
proteins were reactive with the majority of sera screened, and many of the antigenic proteins
were also observed to be reactive with sera from our own work, for example the
immunoreactive proteins Pyruvate dehydrogenase E2 component (FTT_1484),
dihydrolipoamide succinyltransferase component of 2-oxoglutarate dehydrogenase
component (FTT_077), Chaperonin protein GroEL (FTT_1696), Acetyl-CoA carboxylase
(FTT_0472), Hypothetical protein (FTT_1441) and 50S ribosomal protein L7/L12
(FTT_0143) (Janovska et al. 2007; Havlasova et al. 2002; Sundaresh et al. 2007). It is
difficult, however, to draw conclusions regarding the significance of these observations,
given that the exact date and route of infection for each patient is unknown, as is the
longevity of the circulating anti-Francisella antibodies. However, one study showed that the
majority of patients lacked demonstrable antibody titres 25 years after infection (Ericsson et
al. 1994). In relation to this, a recent study reported the repertoire of immunoreactive
proteins in the sera of a laboratory worker, accidentally infected with Type A Francisella,
did not markedly change over a period of 16 years (Janovska et al. 2007). The one exception
was a single immunoreactive protein that was observed to be reactive two years after
infection but not at later time points (FTT_0918).

The reactive antigens were not evenly distributed across the proteome. For example, in
terms of predicted subcellular location, cytoplasmic proteins were by far overrepresented.
This may result from a bias introduced by the gel-based immunoproteomics approach, which
is known to have limited capability to resolve very large, small or hydrophobic proteins,
even when combined with detergent solutions designed to enhance the solubilization of
hydrophobic proteins. A recently developed alternative is the proteome chip, where cell-free
expressed proteins immobilized on microarray style chips are probed with immune sera
(Sundaresh et al. 2007; Eyles et al. 2007). This approach was used to screen sera from LVS
vaccinated mice and did not show the same bias towards cytoplasmic proteins. However,
this approach too has limitations, including potential improper protein folding and lack of
post-translational modifications of many proteins (Felgner et al. 2009). For many
laboratories, the cost of this proteome chip approach can also be prohibitive. Aside from
possible limitations of any experimental approach, it may also be that certain functional
categories of proteins are selectively recognized by the human immune system. The
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characteristics of the identified antigenic proteins that allow them to be selectively
recognized by the immune system have not been identified.

From this work, no single protein was observed to be immunoreactive with all sera screened.
However, eleven proteins were observed to react with at least 30% of the sera screened and
are denoted ‘commonly reactive proteins’. Together, reactivity with a combination of these
proteins could potentially be predictive of vaccinees protected from challenge with virulent
strains. What is still lacking, however, is the ability to conclusively correlate the identity of
observed immunoreactive antigens in humans with the protective status of the host. In an
attempt to address the issue of the protective status of the host, we chose to screen sera from
patients recovering from either Type A or B tularemia. Since the incidence of re-infection is
extremely low, these individuals may be assumed to be protected against re-infection. With
this assumption, antigens common to patient and vaccinee sera are more likely to serve as
potential correlates of protection.

Further to this, ethical considerations preventing LVS vaccine efficacy studies in humans
mean reliance upon animal models to bridge efficacy to humans based on correlates of
protection. Several immunoproteomics studies of the murine humoral response to LVS
vaccination have been reported (Eyles et al. 2007) and eleven antigens in the current study
have been reported previously in mice (Table 2). As other animal models of tularemia are
developed and characterized, there exist opportunities to correlate the profile of
immunoreactive proteins generated by LVS vaccination with the protective status of the host
animal. Immunoproteomics studies by our group using sera from tularemia animal models
including non-human primates are currently underway.

In addition to increasing understanding of the humoral immune response to tularemia and
tularemia vaccination, the identified immunoreactive proteins may be used to design and
develop protein subunit based tularemia vaccine candidates.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative Two-dimensional Western blots probed with sera from tularemia
patients and LVS vaccinees
100 μg of SCHU S4 ΔwbtI (O-antigen negative) was used as the antigen, with first
dimension separation in the pH range 4–7. Blots were probed with 1:500 dilution of human
sera as follows (a) Control 1, (b) Type B tularemia patient serum number 1671, (c) Type A
tularemia patient serum number MV758, (d) Type A tularemia patient serum number
MV756, (e) NDBR lot 11 LVS vaccinee control serum number 110d0, (f) NDBR lot 11
LVS vaccinee day 42 post-vaccination serum number 201d42, (g) DVC lot 17 LVS vaccine
pre-vaccination serum number 200139603 (paired id 02832), (h) DVC lot 17 LVS vaccine
day 42 post-vaccination serum number 2001362794 (paired id 02832). The complete set of
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Western blot images are shown in supplementary data Figures S1–3. (i) Two-dimensional
gel resolving the SCHU S4 proteome. Protein stained 2D-gel, separating SCHU S4 protein
lysates in the pH range 4–7, used for alignment of 2D Western blots and identification of
immunoreactive proteins. Identified proteins are annotated with their locus tags, and listed in
full in Table 2.
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Figure 2. Two-dimensional Western blots probed with sera from selected tularemia patients and
LVS vaccinees
100 μg of SCHU S4 ΔwbtI (O-antigen negative) was used as the antigen, with first
dimension separation in the pH range 6–11. Blots were probed with 1:500 dilution of human
sera as follows (a) Type B tularemia patient serum number 1671 (b) Type A tularemia
patient serum number MV711 (c) NDBR lot 11 LVS vaccinee control serum number
208d42 (d) DVC lot 17 LVS vaccine pre-vaccination serum number 200208090
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Figure 3. Summary of immunoreactive proteins
(a) Listed are the identified immunoreactive proteins from all datasets, and their relative
intensity values, observed for each serum screened. The bar chart below this matrix shows
the total intensity of the immunoreactive proteins for each serum sample screened. (b)
Shown are the predicted subcellular locations for the identified immunoreactive proteins.
These were determined using the PSORT1b algorithm, as described in the methods. (c)
Shown is the Clusters of Orthologous Group classification of the identified immunoreactive
proteins. Control sera, from volunteers with no history of tularemia, or from volunteers pre-
LVS vaccination are indicated by grey shading at the top of the chart. Groups indicated by
letter code are as follows: C Energy production and conversion, J Translation, ribosomal
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structure and biogenesis, D Cell division and chromosome partitioning, E Amino acid
transport and metabolism, F Nucleotide transport and metabolism, M Cell envelope
biogenesis, outer membrane, R General function, G Carbohydrate transport and metabolism,
P Inorganic ion transport and metabolism, O Posttranslational modification, protein
turnover, chaperones, I Lipid metabolism. (d) Bar chart representation of the frequency with
which each immunoreactive protein was observed in the post vaccination and convalescent
sera screened. Square fill indicates immunoreactive proteins that were only observed to react
with sera from tularemia patients. Grey fill indicates proteins that were observed to be
immunoreactive only with sera from LVS vaccinees. Black fill indicates immunoreactive
proteins that were observed to be reactive with sera from both tularemia patients and
vaccinees.
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