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One sentence summary: This work is focused on characterization of immune response during in vivo infection of two attenuated Francisella tularensis

mutant (�dsbA and �iglH) strains; importantly, the �dsbA mutant, but not the �iglH mutant, induced an early innate in�ammatory response leading

to strong Th1-like antibody response.
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ABSTRACT

Francisella tularensis subspecies tularensis is a highly virulent intracellular bacterial pathogen, causing the disease tularemia.

However, a safe and effective vaccine for routine application against F. tularensis has not yet been developed. We have

recently constructed the deletion mutants for the DsbA homolog protein (�dsbA/FSC200) and a hypothetical protein IglH

(�iglH/FSC200) in the type B F. tularensis subsp. holarctica FSC200 strain, which exerted different protection capacity against

parental virulent strain. In this study, we further investigated the immunological correlates for these different levels of

protection provided by �dsbA/FSC200 and �iglH/FSC200 mutants. Our results show that �dsbA/FSC200 mutant, but not

�iglH/FSC200 mutant, induces an early innate in�ammatory response leading to strong Th1-like antibody response.

Furthermore, vaccination with �dsbA/FSC200 mutant, but not with �iglH/FSC200, elicited protection against the

subsequent challenge with type A SCHU S4 strain in mice. An immunoproteomic approach was used to map a spectrum

of antigens targeted by Th1-like speci�c antibodies, and more than 80 bacterial antigens, including novel ones, were

identi�ed. Comparison of tularemic antigens recognized by the �dsbA/FSC200 post-vaccination and the SCHU S4

post-challenge sera then revealed the existence of 22 novel SCHU S4 speci�c antibody clones.
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INTRODUCTION

Tularemia is a severe disease caused by the intracellular

pathogenic bacterium Francisella tularensis (F. tularensis). Human

infections are most commonly acquired through direct con-

tact with infected material (usually animals) or through vector-

borne transmission, such as bites by infected insects. By in-

fection through skin, the ulceroglandular tularemia form de-

velops, which represents approximately 90% of all tularemia

cases (Tarnvik and Berglund 2003). A more severe form of tu-

laremiamay be caused by respiratory infections after inhalation

Received: 9 October 2014; Accepted: 4 August 2015
C© FEMS 2015. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

1

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/fe
m

s
p
d
/a

rtic
le

/7
3
/8

/ftv
0
5
8
/2

4
6
7
5
5
0
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

http://www.oxfordjournals.org
mailto:straskova@alga.cz
mailto:journals.permissions@oup.com


2 FEMS Pathogens and Disease, 2015, Vol. 73, No. 8

of aerosols containing as little as 10 bacteria of subsp. tularensis,

which may result in 30–60% mortality if untreated (Evans et al.

1985). The potential risk of F. tularensis to be misused as a bio-

logical weapon led to this bacterium being classi�ed as a cate-

gory A agent by Centers for Disease Control and Prevention, USA

(Oyston, Sjostedt and Titball 2004).

In general, tularemia is treated with antibiotics where strep-

tomycin is recommended as the drug of �rst choice with tetra-

cyclines serving as potential alternatives (Russell et al. 1998;

Dennis et al. 2001; Johansson et al. 2001). However, the success-

ful antibiotic therapy requires prompt diagnosis which is still a

serious problem in some countries, and therefore, the develop-

ment of a safe vaccine is urgently needed. Currently, tularemia

vaccine development focuses on improvement of existing at-

tenuated Francisella live vaccine strain (LVS) or on construction

of new attenuated mutant strains for genes that are involved

in pathogenic mechanisms of tularemic microbe (Marohn and

Barry 2013). Compared to these two approaches, designing a sub-

unit vaccine represents much more dif�cult task because of the

current lack of knowledge of suitable immunodominant anti-

gens. Up to now, immunoproteomics exploiting immune sera

for identi�cation of new immunoreactive antigens has been the

easiest way to acquire information about candidates for protec-

tive antigens (Kilmury and Twine 2010).

Previously, we constructed two attenuated type B F. tularen-

sis strains, one with deletion in gene encoding a homolog to

the protein family of disul�de oxidoreductases DsbA (FTS 1067)

and the second one with deletion in gene encoding the FPI pro-

tein IglH (FTS 0106/FTS 1134) (Straskova et al. 2009, 2012). Both

mutants showed attenuated phenotype and protective potential

against subsequent subcutaneous challenge with parental Euro-

pean clinical isolate of subsp. holarctica strain, denoted as FSC200

strain. While immunization with �dsbA/FSC200 led to complete

protection of BALB/c mice against the FSC200 strain challenge,

administration of the �iglH/FSC200 mutant provided only par-

tial dose-dependent protection with maximal protective effect

when a dose of more than 3 × 107 CFUs was applied (Straskova

et al. 2009, 2012).

In this study, we investigated the immunological parameters

which might be responsible for differential protection capacity

of the �dsbA/FSC200 and the �iglH/FSC200 mutant strains. We

found that the ability of in vivo induction of early innate in�am-

matory response and the Th1-like antibody response clearly dif-

fer between both mutants. Furthermore, we demonstrated that

immune response induced by the �dsbA/FSC200 mutant is also

suf�cient for protection against challenge with Francisella type A

strain SCHU S4. Finally, using an immunoproteomic approach,

we de�ned the pro�le of Francisella membrane proteins recog-

nized by post-vaccination and post-challenge sera and their

comparison enabled the determination of novel immunoreac-

tive SCHU S4 antigens.

MATERIALS AND METHODS

Animals

Female BALB/c mice were purchased from Velaz, s.r.o. (Unetice,

Czech Republic) and entered experiments at 6–8 weeks of age.

All procedures using mice were performed in accordance with

guidelines of Animal Care and Use Ethical Committee of the Fac-

ulty ofMilitary Health Sciences, University of Defence, Czech Re-

public. At USAMRIID, research was conducted under an IACUC

approved protocol in compliance with the Animal Welfare Act

and other federal statutes and regulations relating to animals

and experiments involving animals. The facility where this re-

search was conducted is accredited by the Association for As-

sessment and Accreditation of Laboratory Animal Care Interna-

tional and adheres to principles stated in the Guide for the Care

andUse of Laboratory Animals, National Research Council, 2011.

Bacteria and culture conditions

Wild-type F. tularensis subsp. tularensis SCHUS4 strain (Collection

of Animal Pathogenic Microorganisms, No. 5600, Veterinary Re-

search Institute, Brno, Czech Republic or USAMRIID strain collec-

tion) and F. tularensis subsp. holarctica FSC200 strain were used.

Generation of mutant strains with the in frame deletion of the

iglH gene in the FSC200 strain (�iglH/FSC200) and with the dele-

tion of the dsbA gene in FSC200 (�dsbA/FSC200) strain has been

described previously (Straskova et al. 2009, 2012). Bacterial stocks

of each strain were grown on McLeod agar supplemented with

bovine hemoglobin (Becton Dickinson San Jose, CA) and IsoVi-

talex (Becton Dickinson) for 24 h at 37◦C and 5% CO2. Before

each experiment, bacteria were grown for 24 h at 37◦C and 5%

CO2 on McLeod agar plates and thereafter suspended in PBS

(phosphate-buffered saline, pH 7.4) to an OD600 = 1, which is ap-

proximately 3 × 109 bacteria mL−1. Studies involving F. tularensis

SCHU S4 strain were conducted at the BSL-3 facility at the Fac-

ulty of Military Health Sciences following appropriate biosafety

requirements.

Animal infection, cytokine and antibody assays

For immunological assays, groups of BALB/c mice (n = 3) were

subcutaneously (s.c.) infected with 102 CFU/mouse of F. tularen-

sis strain FSC200 and with 107 CFU/mouse of the �iglH/FSC200

or the �dsbA/FSC200 mutant strain. After 1, 3, 5, 7, 14, 21 and

28 days post-infection, mice were killed and sera together with

livers and spleens were collected. Blood was obtained from vena

cava and pooled for each strain from three mice per treatment.

Sera were then separated from blood, �ltered through a 0.22-

μm�lter and stored at −80◦C until needed. Individual livers and

spleens were aseptically removed from each mouse, homoge-

nized in PBS and stored frozen at −20◦C until needed. Organ ho-

mogenates and sera samples were used undiluted and analyzed

for levels of cytokines and antibodies using Custom Quantibody

Array technology (RayBiotech, Inc., Norcross GA, USA) following

the manufacturer´s protocol. The cytokine/antibody concentra-

tions were calculated against the standards using software H20

OV Q-Analyzer v8.10.4 (Raybiotech, Inc., Norcross, GA).

To determine bacterial burden in targeted organs, BALB/c

mice (n = 3 for each treatment) were infected with 102 CFU/

mouse of the F. tularensis FSC200 parental strain or with

107 CFU/mouse of the �dsbA/FSC200 mutant. Control group of

mice was inoculated with sterile saline solution only. After 1, 3,

5, 7, 14, 21 and 28 days of infection, livers, spleens and lungs

were aseptically removed, homogenized in 2 mL of PBS, seri-

ally diluted and plated on McLeod agar plates enriched with 100

U mL−1 of penicillin to minimize unwanted contamination. Af-

ter 3 days of incubation at 37◦C in 5% CO2, the bacterial colonies

were enumerated and CFUs per organ were calculated.

For in vivo subcutaneous protection studies, groups of BALB/c

mice (n= 5) were s.c. inoculatedwith 10, 102, 103, 104, 105 and 107

CFU/mouse of the �dsbA/FSC200mutant or with 107 CFU/mouse

of the �iglH/FSC200 mutant strain. After 3 weeks of immuniza-

tion, mice were challenged s.c. with 102 CFU/mouse of viru-

lent SCHU S4 strain. For intranasal protection studies, groups of

BALB/c mice (n = 10) were vaccinated intranasally (i.n.) with 10,
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102, 103, 104, 105 or 106 CFU/mouse of the �dsbA/FSC200mutant.

After 4 weeks, mice were challenged i.n. using 102 CFU/mouse of

the F. tularensis SCHU S4 strain. In both studies, mice weremoni-

tored daily for morbidity and mortality. The study endpoint was

euthanasia when moribund or survival to 21 days following ex-

posure.

For immunoproteomic studies, BALB/c mice (n = 10) were s.c.

vaccinated with 107 CFU/mouse of the �dsbA/FSC200 mutant

strain. After 21 days, �ve �dsbA/FSC200-vaccinated mice were

killed to obtain sera. The remaining �dsbA/FSC200-immunized

mice were further s.c. challenged with 102 CFU/mouse of highly

virulent SCHU S4 strain. After 21 days of infection, sera were col-

lected and stored at −80◦C until needed.

Detergent-enriched fraction preparation

The detergent-enriched fraction was prepared using the Triton

X-114 phase separation similar to those described by Shimizu,

Kida and Kuwano (2005). Brie�y, F. tularensis SCHU S4 was grown

in chemically de�ned Chamberlain medium until up to an

OD600nm of 0.8. Culture was then pelleted by centrifugation and

washed twice with cold PBS. The cell pellet was resuspended

in ice-cold PBS supplemented with proteases inhibitors cock-

tail Complete EDTA-free (Roche, A.G., Switzerland) and disinte-

grated by French Pressure Cell Press. Then, the whole cell lysate

was ultracentrifuged at 100 000 × g for 1 h at 4◦C to pellet

membrane-associated proteins. Pellets were resuspended in ice-

cold PTX buffer (PBS supplemented with 350 mm NaCl, 2% Tri-

ton X-114, protease inhibitor mixture) and incubated at 4◦C for

1 h under end-over-end rotation. Samples were centrifuged at

12 000 rpm 4◦C for 30 min, and the supernatants were kept at

37◦C for 10 min to induce detergent phase separation. Follow-

ing centrifugation at 14 000 rpm for 10 min at room tempera-

ture, the upper aqueous phase was discarded and replaced with

the same volume of PBS supplemented with 350 mm NaCl. This

phase separation was repeated three times, and the �nal deter-

gent phase was resuspended in PBS to the original volume. Pro-

tein concentration in the suspension was measured with a BCA

protein assay kit (Sigma-Aldrich, St. Louis, MO, USA).

Pilin protein-enriched fraction preparation

Francisella tularensis SCHU S4 was grown on McLeod plates for

48 h and then the bacteria were harvested from the plates and

suspended in PBS. The supernatant enriched for the pili was ac-

quired by vortexing the suspension at the maximum speed for 2

min. The bacteria were pelleted by centrifugation at 13 000 rpm

for 10 min and the supernatant was collected, which was then

heated at 65◦C for 2 h to eliminate any remaining bacteria. The

pili were left to aggregate on an orbital shaker at 4◦C for 18 h.

The suspension was then ultracentrifuged at 150 000 × g 4◦C for

1 h, the pellets were resuspended in PBS and the protein con-

centration was quanti�ed using a BCA protein assay kit (Sigma-

Aldrich).

Two-dimensional polyacrylamide gel electrophoresis

(2D PAGE), Western Blotting and MALDI TOF/TOF

protein identi�cation

Protein samples were precipitatedwith cold acetone, solubilized

in ASB-D buffer (7 M urea, 2 M thiourea, 40 mM Tris, 1% Tri-

ton X-100, 1% ASB-14, 0.5% bromphenol blue and 1.2% DeStreak)

and separated using immobilized pH gradient strips (IPG), non-

linear pH 3–10, 18 cm or linear pH 6–11, 18 cm (GE Healthcare,

Uppsala, Sweden) using 150 or 200 μg of protein/gel for west-

ern blots and 1 mg of protein/gel for Coomassie blue stain-

ing (Colloidal Blue Stain Kit, Invitrogen). Following IEF, the IPG

strips were equilibrated for 15 min in equilibration buffer (2%

SDS, 50 mM Tris-HCl (pH 8.8), 6 M urea, 30% glycerol and 1%

DTT) followed by a second 15 min equilibration step (2% SDS,

50 mM Tris-HCl (pH 8.8), 6 M urea, 30% glycerol and 14% iodoac-

etamide). Approximately 9–16% gels were used for second di-

mension separations. Proteins from the gels were transferred

onto BioTrace PVDF membrane (Pall Corporation, Pensacola, FL)

and subjected to immunoblotting using the pooled sera either

from the �dsbA/FSC200 vaccinated or SCHU S4-challenged im-

munized BALB/c mice. As a secondary antibody, the polyclonal

goat anti-mouse immunoglobulins/HRP (Dako, Denmark), which

recognizes IgG, IgA and IgM isotypes, was used. Chemiluminis-

cence detection was performed using a BM chemiluminiscence

blotting substrate POD according to the manufacturer’s instruc-

tions (Roche Applied Science). For these experiments, three bi-

ological replicates of detergent and pilin protein-enriched frac-

tions were prepared.

Alignments of immunoreactive spots on 2D blots with

Coomassie blue-stained gels were done manually.

Protein spots corresponding to immunoreactive spots on

western blots were excised from Coomassie blue-stained 2D-

gels and in-gel tryptically digested as described elsewhere

(Balonova et al. 2010). Themass spectrawere recorded in positive

MS and MS/MSmodes on a 4800 MALDI-TOF/TOF mass analyzer

(AB Sciex, Forster City, CA). Internal calibration of mass spec-

tra was performed using tryptic autolytic peptides. Acquired

data were processed using GPS Explorer software version 3.6

(AB Sciex) cooperating with the Mascot search algorithm ver-

sion 2.2 and the search was done against a Francisella tularen-

sis SCHU S4 database (NC 006570.2). Trypsin was selected as the

proteolytic enzyme and one missed cleavage was allowed. Car-

bamidomethylation of cysteine residues and methionine oxida-

tion was set as a variable and �xed modi�cation, respectively.

Proteins were considered identi�ed with the con�dence when

GPS protein score con�dence interval was 100% and at least two

peptides per protein were identi�ed.

STATISTICS

Differences in cytokine levels were compared by two-way

ANOVA followed by Tukey´s multiple-comparison post-test as

appropriate, using GraphPad Prizm 5 software. In all cases, dif-

ferenceswere considered signi�cant at P< 0.05, where the group

of wt FSC200 infected mice and the �dsbA/FSC200 vaccinated

mice were compared and the group of wt FSC200 strain and the

�iglH/FSC200 mutant were compared. Each experiment was in-

dependently repeated two times.

RESULTS

In vivo cytokine immune responses elicited in BALB/c

mice after �dsbA/FSC200 and �iglH/FSC200 s.c.

vaccination

To determine whether the �dsbA/FSC200 mutant or the

�iglH/FSC200 mutant elicited different immune responses in

BALB/c mice, the levels of IFN-γ , IL-10, IL-12, IL-17, IL-1β, IL-2,

IL-23, IL-4, IL-6 and TNF-α were measured in spleens, livers and

sera on days 1, 3, 5, 7, 14, 21 and 28 post-vaccination.

Immunization of BALB/c mice with the �dsbA/FSC200 mu-

tant led to signi�cantly upregulated levels of IFN-γ and IL-12 in
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Figure 1. In vivo cytokine immune responses elicited in BALB/c mice spleens after �dsbA/FSC200 and �iglH/FSC200 vaccination. Groups of BALB/c mice (n = 3) were s.c.

inoculated either with 102 CFU/mouse of wt FSC200 strain (circles) or with 107 CFU/mouse of �dsbA/FSC200 (triangles) or 107 CFU/mouse of �iglH/FSC200 (squares)

mutant strains. Individual spleen was removed at given time interval and analyzed for cytokine levels using cytokine arrays. Statistical comparison was done between

groups vaccinated with �dsbA/FSC200mutant andwt FSC200 strain and between groups vaccinated with �iglH/FSC200mutant andwt FSC200 strain. Results represent

means ± standard errors, where P < 0.05 was considered to be signi�cant. The results shown are representatives of two separate experiments.
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spleen compared to the group infected with wt strain (Fig. 1;

Fig. S1, Supporting Information). The increased levels of these

cytokines started very early on day 3 after vaccination and per-

sisted till day 14 (Fig. 1). Similarly, IL-6 production increased sig-

ni�cantly on day 3, which was maintained until day 5 but then

declined by day 7. Day 5 after �dsbA/FSC200 immunization was

also characterized by steep production of IL-1β and TNF-α. In

contrast to TNF-α, the increased level of IL-1β in spleen declined

more slowly and persisted till day 21 (Fig. 1; Fig. S1, Supporting

Information). Cytokine pro�le after 2 weeks of �dsbA/FSC200 in-

fection is associated with the peaks of IL-4 and IL-23 production

(Fig. 1). The immunization with the �iglH/FSC200 mutant in�u-

enced expression of IFN-γ , IL-2, IL-17, IL-10, IL-23 and IL-12 cy-

tokines in spleen; nevertheless, their levels appeared with a de-

lay of more than 3 weeks in comparison to the �dsbA/FSC200

mutant (Fig. 1; Fig. S1, Supporting Information).

Likewise in spleen, the �dsbA/FSC200 mutant was also able

to induce strong upregulation of IFN-γ , IL-1β and IL-12 levels

in liver (Fig. 2; Fig. S2, Supporting Information). The increased

production of IL-6 was shifted to day 7 after infection in liver,

and on day 7 also the upregulation of IL-17 production occurred.

Both �dsbA/FSC200 and �iglH/FSC200 mutants then stimulated

secretion of IL-2 and IL-4 on day 7 in liver and TNF-α on day 14

after immunization (Fig. 2; Fig. S2, Supporting Information).

Investigation of cytokine patterns in sera of vaccinated

BALB/c mice con�rmed that the �dsbA/FSC200 mutant can up-

regulate the early IFN-γ , IL-12 and IL-6 responses (Fig. 3; Fig. S3,

Supporting Information). Furthermore, there was strong in-

crease of IL-1β, IL-4, TNF-α and IL-10, but in these cases the re-

sponse was divided in two phases, one on day 5 and the sec-

ond 3 weeks after infection (Fig. 3; Fig. S3, Supporting Informa-

tion). The complicated kinetics exhibited production of IL-2 with

three maxima on days 1, 5 and 14. Late time responses are asso-

ciatedwith increased levels of IL-17 and IL-23. Like in spleen and

liver, the �iglH/FSC200 mutant induced only a weak in�amma-

tory cytokine response in serum (Fig. 3; Fig. S3, Supporting Infor-

mation). The only exception was TNF-α production, but even in

this case the �dsbA/FSC200 mutant was more ef�cient than the

�iglH/FSC200 mutant (Fig. 3; Fig. S3, Supporting Information).

As for infection with parental FSC200 strain, there was a dis-

tinct early induction of IL-2, IL-23 and IL-4 in liver and of IFN-γ ,

Il-6 and IL-17 in serum (Figs 2 and 3). Although these mice suc-

cumbing to the infection within 5 days after inoculation.

Humoral immune response in BALB/c mice after

vaccination with the �dsbA/FSC200 and the

�iglH/FSC200 mutant strains

As an additional correlate of in vivo protection, wemeasured the

development of humoral adaptive immune response. Groups of

BALB/c mice (n = 3) were s.c. inoculated with 107 CFU/mouse

of �dsbA/FSC200 or 107 CFU/mouse of �iglH/FSC200 mutant

strains. The levels of IgM, IgG1, IgG2a, IgG2b and IgA antibodies

were analyzed on days 1, 3, 5, 7, 14, 21 and 28 post-vaccination

and compared to antibody levels generated in uninfected mice

and mice infected with the parental FSC200 strain.

Mice vaccinated with the �dsbA/FSC200 mutant showed an

early increase of all examined antibody classes except for IgG1

(Fig. 4; Fig. S4, Supporting Information). The most pronounced

differencewas found in the production of IgA and IgG2a antibod-

ies soon after �dsbA/FSC200 vaccination (Fig. 4; Fig. S4, Support-

ing Information). It was striking that production of both anti-

body classes exerted the same kinetics with two peaks on days 5

and 21 post-vaccination (Fig. 4; Fig. S4, Supporting Information).

Surprisingly, the antibody levels detected after the �iglH/FSC200

mutant vaccination did not rise over the cut off levels of unin-

fected mice except for IgG1, where the concentration increased

early at day 3 and later at day 21 post-infection (Fig. 4; Fig. S4,

Supporting Information).

Bacterial burdens in mice organs after the

�dsbA/FSC200 mutant vaccination

The presence of mutant bacteria in mice organs without caus-

ing animal disease is an ef�cient stimulus for the immune sys-

tem. The groups of BALB/c mice (n = 3) were infected s.c. with

the �dsbA/FSC200 mutant using a dose of 107 CFU/mouse. Mice

tissues were then collected on days 1, 3, 5, 7, 14, 21 and 28 fol-

lowing infection, and bacterial numbers were determined in ho-

mogenates of spleen, lungs and liver.

As shown in Fig. 5, the �dsbA/FSC200 mutant strain was able

to spread to the spleen, liver and lungs of BALB/c mice after s.c.

infection. The highest level of recoverable bacteria was found in

spleen and liver, where the CFUs reached more than 105 within

5 days of infection (Fig. 5). Thereafter, the mutant bacteria re-

covered from spleen and liver declined throughout the remain-

ing study period (Fig. 5). The mutant bacteria were completely

eliminated from liver samples within 21 days of infection and

from spleen within 28 days (Fig. 5). It is necessary to mention

that bacterial burdens in spleen and liver roughly followed level

of cytokines and antibodies detected in these organs. In contrast

to the liver and spleen, signi�cantly lower CFUs were detected

in lung tissue early after infection and bacteria were completely

eliminated within 1 week of infection (Fig. 5).

Protection of the �dsbA/FSC200 and the �iglH/FSC200

mutant strains against F. tularensis SCHU S4 challenge

Based on previous data documenting protective potential of

both mutants, we decided to examine their ability to protect

against the challenge with highly virulent F. tularensis SCHU S4

strain. The �dsbA/FSC200 or the �iglH/FSC200 immunized mice

were s.c. challengedwith 100 CFU of SCHUS4 strain.Mice immu-

nized with the �iglH/FSC200 mutant showed rapid signs of ill-

ness and fourmice diedwithin 6–14 days post-challenge. The re-

maining mice returned to health by day 21 (Table 1A). The group

of mice inoculated with the �dsbA/FSC200 mutant survived the

challenge with SCHU S4 strain without any post-infection clin-

ical signs of tularemia (Table 1A). The control group of non-

immunized animals died on days 4–5 post-challenge (Table 1A).

Next, we titrated the immunization doses of the

�dsbA/FSC200 mutant to �nd the lowest possible dose with

protection capability. Therefore, mice were s.c. inoculated with

different doses of the �dsbA/FSC200 mutant and after 3 weeks

s.c. challenged with 100 CFU/mouse of SCHU S4 strain. We

observed that the complete protection of animals against the

SCHU S4 infection can be reached with doses of as low as 104

CFU/mouse (Table 1A). In addition, we tested the intranasal

protection ability of the �dsbA/FSC200 mutant against the i.n.

SCHU S4 challenge. Mice were vaccinated with different doses

of the �dsbA/FSC200mutant strain, where none of mice showed

sickness during 28 days of observation after immunization.

Immunized mice were further infected i.n. with 102 CFU/mouse

of SCHU S4 strain. All mice in the groups vaccinated with 10,

102 and 103 CFU/mouse died on day 4 post-challenge. Protection

was observed in the groups of animals vaccinated with 104, 105

and 106 CFU/mouse, where two of ten, three of ten and �ve of

ten mice survived, respectively (Table 1B).

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/fe
m

s
p
d
/a

rtic
le

/7
3
/8

/ftv
0
5
8
/2

4
6
7
5
5
0
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



6 FEMS Pathogens and Disease, 2015, Vol. 73, No. 8

Figure 2. In vivo cytokine immune responses elicited in BALB/c mice livers after �dsbA/FSC200 and �iglH/FSC200 vaccination. Groups of BALB/c mice (n = 3) were

s.c. inoculated either with 102 CFU/mouse of FSC200 strain (circles) or with 107 CFU/mouse of �dsbA/FSC200 (triangles) or 107 CFU/mouse of �iglH/FSC200 (squares)

mutant strains. At selected time intervals after infection, individual livers were removed and further analyzed for cytokine levels using cytokine arrays. Statistical

comparison was done between groups vaccinated with �dsbA/FSC200 mutant and wt FSC200 strain and between groups vaccinated with �iglH/FSC200 mutant and wt

FSC200 strain. Results represent means ± standard errors, where P < 0.05 was considered to be signi�cant. The results shown are representatives of two independent

experiments.
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Straskova et al. 7

Figure 3. In vivo cytokine immune responses elicited in BALB/c mice sera after �dsbA/FSC200 and �iglH/FSC200 vaccination. Groups of BALB/c mice (n = 3) were

s.c. inoculated either with 102 CFU/mouse of FSC200 strain (circles) or with 107 CFU/mouse of �dsbA/FSC200 (triangles) or 107 CFU/mouse of �iglH/FSC200 (squares)

mutant strains. Mice were killed at given time interval after vaccination and cytokine levels were determined in the serum using cytokine arrays. The results shown

are representatives of two independent experiments.
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Figure 4. Humoral immune responses in BALB/c mice after �dsbA/FSC200 and �iglH/FSC200 vaccination. Groups of BALB/c mice (n = 3) were s.c. inoculated either with

102 CFU/mouse of FSC200 strain (circles) or with 107 CFU/mouse of �dsbA/FSC200 (triangles) or 107 CFU/mouse of �iglH/FSC200 (squares) mutant strains. Mice were

killed at given time interval after vaccination and antibody levels were determined in the serum using cytokine arrays. The results shown are representatives of two

separate experiments.

Our results show that the �dsbA/FSC200 mutant is atten-

uated for s.c. and i.n. infection of BALB/c mice. Moreover, the

�dsbA/FSC200 mutant has protective ability against lethal dose

of SCHU S4 strain in s.c. infection and is able to partially protect

against respiratory SCHU S4 challenge.

Mapping of �dsbA/FSC200 post-vaccination and SCHU

S4 post-challenge immunoproteome

As we have shown, the protective response of the �dsbA/FSC200

mutant strain is accompanied by increased levels of IgA and

IgG2a antibody production. Thus, we decided to examine the

pro�le of the antibody-recognized antigens after s.c. vaccina-

tion with the �dsbA/FSC200 mutant strain. Assuming that the

surface-exposed and membrane-associated proteins are crucial

antibody targets, detergent-enriched and pilin protein-enriched

subproteomes were analyzed using a classical immunopro-

teomic approach with sera pooled from �dsbA/FSC200 vacci-

nated BALB/c mice. Overall, we identi�ed 63 antigens, 22 of

which had not been previously described (Table 2; Table S1, Sup-

porting Information) (Pelletier, Raoult and La Scola 2009; Kilmury

and Twine 2010; Fulton et al. 2011; Golovliov et al. 2013). It is in-

teresting that most of them, 19 antigens in total, were found in

pilin protein-enriched subproteome which seems to be a valu-

able source for antibody-inducing antigens. The group of novel

immunoreactive antigens covered the spectrum of enzymes,

as well as ribosomal and stress proteins. It is worth to men-

tion acid phosphatase (FTT 0221), DipA (FTT 0369c), D-alanyl-D-

alanine carboxypeptidase (FTT 1029), IglE (FTT 1701/FTT 1346),

PdpE (FTT 1710/FTT 1355), PilA orthologs (FTT 0889c, FTT 0890c)

and hypothetical proteins (FTT 0704, FTT 0903, FTT 1407c and

FTT 1653). Because�dsbA/FSC200 vaccination helpsmice to sur-

vive SCHU S4 infection, we also collected sera from SCHU S4

challenged mice to measure possible seroconversion to SCHU

S4 speci�c antigens. In this case, we identi�ed 71 antigens rec-

ognized by SCHU S4 post-challenge sera (Table S1, Support-

ing Information). Of them eight new antibody-binding anti-

gens not found in �dsbA/FSC200 post-vaccination sera were
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Straskova et al. 9

Figure 5. Bacterial burdens in mice organs after �dsbA/FSC200 mutant vaccina-

tion. BALB/c mice (n = 3 per group) were inoculated s.c. with 107 CFU/mouse

of the �dsbA/FSC200 mutant and CFUs were determined for the lung, liver and

spleen tissues at each time point indicated. Results represent means ± standard

errors of CFU counts. The data are representative of three independent experi-

ments.

discovered (Table 2). These antigens recognized uniquely by

SCHU S4 post-challenge sera also formed a functionally hetero-

geneous group involving proteins with the known role in Fran-

cisella pathogenesis such as superoxide dismutase Fe (FTT 0068),

superoxide dismutase Cu-Zn (FTT 0879) and hypothetical pro-

tein (FTT 0910).

DISCUSSION

So far, the development of safe and effective vaccine against tu-

laremia is still far from realization (Pechous,McCarthy and Zahrt

2009). Recently, a hypothetical lipoprotein with high homology

to the protein family of disulphide oxidoreductases DsbA was

identi�ed as a new essential virulence factor of F. tularensis.

The dsbA deletion mutants in both type A and type B F. tularen-

sis strains were constructed and exerted pronounced attenua-

tion in mouse infection models (Qin et al. 2009; Straskova et al.

2009). Furthermore, an intranasal immunization with the �dsbA

mutant in type A strain or subcutaneous immunization with

the �dsbA mutant in type B strain reliably protected against

the challenge with parental virulent strains (Qin et al. 2009;

Straskova et al. 2009). Besides �dsbA/FSC200 mutant strain, our

laboratory has also constructed the deletion mutant for the FPI

protein encoded by iglH gene in FSC200 strain. However, com-

pared to the �dsbA/FSC200 mutant, its preventive effect was

dose dependent and complete protection against the wild-type

parental strain was only found after administration of the high-

est immunization dose of 3 × 107 CFU/mouse used (Straskova

et al. 2009).

In this study, we explored the features of innate and adap-

tive immunity induced by these two attenuated mutants with

differential protective capacity. In agreement with these �nd-

ings, wewere able tomeasure an early increase of IFN-γ and IL-6

in spleen and serum in the �dsbA/FSC200 immunized BALB/c

mice. Higher levels of IFN-γ but not IL-6 were also observed

in liver samples. The strong early in�ammatory response to

�dsbA/FSC200 vaccination was further corroborated by the in-

creased levels of IL-12 and IL-1β in spleen, liver and serum and

TNF-α in spleen and serum. Furthermore, liver and serum sam-

ples exhibited an increased response of IL-2 production after

�dsbA/FSC200 immunization. Furthermore, spleen tissue was

also found to be a source of IL-23 overproduction with a max-

imum on day 14 post-infection. The same time interval of IL-

23 upregulation was observed for serum samples. Mice de�cient

in IL-12p40 but not in IL-12p35 are susceptible to F. tularensis

LVS infections indicating that IL-12p70 is not necessary for bac-

teria elimination (Elkins et al. 2002). As the IL-23 is a complex

of p40 subunit with a 19-kDa protein, it is possible that only

IL-23 can participate in the development of T-cell-mediated

bacterial clearance. Furthermore, IL-23 is an inducer of IL-17

production. As for IL-17, we detected increased levels of this cy-

tokine in liver tissue; however, an even more pronounced ex-

pression was found in serum with maximum at late time point

(21 days post-infection). There is controversy about the role of

IL-17 in protection against respiratory challenge with SCHU S4.

While Skyberg et al. (2013) showed that IL-17 is inef�cient for

intratracheal infection of mice with SCHU S4 strain, Golovliov

et al. (2013) demonstrated that increased ef�cacy of FSC200 clpB

mutant strain in induction protective response against SCHU S4

respiratory infection is associated with the increased IL-17 pul-

monary production after SCHUS4 challenge. A signi�cant upreg-

ulation of IL-4 expression was also observed in liver and spleen

samples on days 7 and 14 post-infection, respectively. Mast cells

were found to be major source of IL-4 capable to restrict intra-

macrophage growth of F. tularensis LVS (Thathiah et al. 2011),

and the production of this cytokine was dependent on mast

cell TLR2 signaling (Rodriguez et al. 2012). In agreement with

less ef�cient in vivo protection of mice against parental virulent

strain, the �iglH/FSC200 mutant strain exerted, besides TNF-α

level in serum, weak and delayed production of in�ammatory

cytokines compared to the �dsbA/FSC200. Recently, a similar

study was published in which four de�ned gene deletion mu-

tants of SCHU S4were examined for their abilities to induce pro-

tective responses against dermal and respiratory challenge with

SCHU S4 strain. Two of them, deletion mutants for clpB and γ -

glutamyl transpeptidase exhibited the most ef�cient protection

in both dermal and resiratory models. Likewise in our study, the

protective capacity of these twomutants correlated, among oth-

ers, with the increased levels of IFN γ , TNF α in serum and IFN γ ,
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Table 1A. Survival of BALB/c mice following subcutaneous immunization with the �dsbA/FSC200 mutant or the �iglH/FSC200 mutant against
SCHU S4 s.c. challenge.

Bacterial strain
s.c. dose CFU/mouse on day
0 (vaccination dose)

s.c. dose of SCHU S4
CFU/mouse on day 21 after
vaccination (challenge dose) Nr. of deaths/total

0 (mock solution only) 102 5/5

�dsbA/FSC200 10 102 4/5

102 102 4/5

103 102 1/5

104 102 0/5

105 102 0/5

107 102 0/5

�iglH/FSC200 107 102 4/5

BALB/c mice (n = 5) were immunized subcutaneously with the �dsbA/FSC200 mutant or the �iglH/FSC200 mutant. Animals were challenged subcutaneously 3 weeks

later with virulent SCHU S4 strain. The mice were monitored daily for morbidity and mortality. The study endpoint was euthanasia when moribund or survival to 21

days following exposure.

Table 1B. Survival of BALB/c mice following intranasal immunization with the �dsbA/FSC200 mutant against SCHU S4 i.n. challenge.

Bacterial strain
i.n. dose CFU/mouse on day
0 (vaccination dose)

i.n. dose of SCHU S4
CFU/mouse on day 28 after
vaccination (challenge dose) Nr. of deaths/total

0 (mock solution only) 102 10/10

�dsbA/FSC200 10 102 10/10

102 102 10/10

103 102 10/10

104 102 8/10

105 102 7/10

106 102 5/10

BALB/c mice (n = 10) were immunized i.n. with the �dsbA/FSC200 mutant, animals were challenged i.n. 28 days later with virulent SCHU S4 strain. The mice were

monitored daily for morbidity and mortality. The study endpoint was euthanasia when moribund or survival to 21 days following exposure.

TNF α, IL-1β, IL-6, IL-17 in spleen (Ryden et al. 2013). Generally,

the cytokine pattern induced by the �dsbA/FSC200 mutant indi-

cates the development of a strong Th1 protective response. This

�nding was further supported by the array analysis of antibody

induction in serum of mice immunized with the �dsbA/FSC200

and the �iglH/FSC200 mutants. We found that �dsbA/FSC200

vaccination induced all antibody classes; nevertheless, themost

robust response concerned the IgA and IgG2a production, which

had two maxima, of which the early one paralleled the tra-

ditional quick IgM antibody secretion. Very recent publication

demonstrated that IgA-de�cient mice exhibited enhanced sus-

ceptibility to pulmonary F. tularensis LVS infection. Additionally,

these mice had signi�cantly reduced pulmonary levels of IFN-γ

and IL-12. The decline in IFN-γ amount re�ects the diminished

numbers of CD4+ and CD8+ T cells in the lungs (Furuya et al.

2013). In contrast to �dsbA/FSC200, the �iglH/FSC200 infected

mice only upregulated IgG1 levels typical for a Th2 response.

Previously, we had observed that subcutaneous vaccination of

mice with �dsbA/FSC200 can reliably protect mice against 4 ×

105 CFU of the wild-type B isolate FSC200 (Straskova et al. 2009).

In this study, we looked at distribution and persistence of the

�dsbA/FSC200 microbes in selected organs of vaccinated mice.

We have shown that the bacterial burdens following s.c. infec-

tion with the mutant strain were highest in spleen followed by

liver and lungs (Fig. 5). Importantly, the mutant bacteria were

eliminated from all analyzed organs during the time period of 4

weeks (Fig. 5). This �nding shows the ability of the host tomount

the effective immune response after the �dsbA/FSC200 admin-

istration that even protects BALB/c mice against subcutaneous

and respiratory SCHU S4 challenge (Tables 1A and 1B).

Using comparative proteome analyses, we had already

showed that there are differences in protein expression between

type B and type A strains (Hubalek et al. 2004; Pavkova et al. 2006).

Nevertheless, the protective ability of the �dsbA/FSC200 mutant

against type A strain indicates that some immunoreactive anti-

gens can be shared. Data from our present immunoproteomic

study con�rmed that 14 antigens were recognized by both types

of immune sera (Table 2). On the other hand, seroconversion to

SCHU S4 unique response was re�ected by production of anti-

bodies against another eight bacterial proteins (Table 2). Among

identi�ed proteins, DipA, FTT 1407c, PilA, PdpE, FTT 0903, IglE,

acid phosphatase, superoxide dismutase Fe and superoxide

dismutase Cu-Zn represent potential or well-known virulence

factors (Weiss et al. 2007; Melillo et al. 2009; Akimana, Al-Khodor

and Abu Kwaik 2010; Forslund et al. 2010; Chong et al. 2013;

Mohapatra et al. 2013; Robertson et al. 2013). It was already

described that IglE, PdpE superoxide dismutase Fe and acid

phosphatase can be secreted during Francisella growth (Konecna

et al. 2010; Broms et al. 2012). Additionally, we observed that

DipA and IglE can accumulate in a membrane of the �dsbA/LVS

mutant (Straskova et al. 2009) and unpublished observation. It

might be that these proteins are misfolded due to the loss of the

DsbA protein, which has both thiol/disul�de oxidoreductase

and chaperone function (Straskova et al. 2009; Schmidt et al.

2013) and are, therefore, not delivered to proper location. This

situation can lead to the increased immunogenicity of these

misfolded proteins.

Our results show that the �dsbA/FSC200 mutant is able to

mount strong Th1 type immune response in vivo that is even ef�-

cient against a subcutaneous and intranasal challengewith type
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Table 2. Novel immunoreactive SCHU S4 antigens.

SCHU S4 gene
locus Protein name

Detected by
�dsbA/200 serum

Detected by
�dsbA/200 + SCHU
S4 serum Antigen

FTT 0034∗ NADH dehydrogenase I, D subunit x LP fraction

FTT 0068 Superoxide dismutase [Fe] x Pilin fraction

FTT 0080 Triosephosphate isomerase x Pilin fraction

FTT 0139 Transcription antitermination protein nusG x x Pilin fraction

FTT 0142 50S ribosomal protein L10 x x Pilin fraction

FTT 0339 30S ribosomal protein S8 x x Pilin fraction

FTT 0369c Hypothetical protein x x Pilin fraction

FTT 0372c AcetylCoA carboxylase beta subunit x x Pilin fraction

FTT 0624 ATP-dependent Clp protease subunit P x Pilin fraction

FTT 0704 Hypothetical protein x x Pilin fraction

FTT 0879 Superoxide dismutase (Cu-Zn) precursor x LP fraction

FTT 0889c Type IV pili �ber building block protein PilE x x LP fraction

FTT 0890c Type IV pili �ber building block protein PilA x x LP fraction

FTT 0903 Hypothetical protein x x Pilin fraction LP fraction

FTT 0910 Hypothetical protein x LP fraction

FTT 1241 Serine hydroxymethyltransferase x x Pilin fraction

FTT 1260 Hypothetical lipoprotein x LP fraction

FTT 1375 3-Oxoacyl-(acyl-carrier-protein) reductase x x Pilin fraction

FTT 1407c Hypothetical membrane protein x x Pilin fraction

FTT 1459c NAD-dependent epimerase x Pilin fraction

FTT 1701,

FTT 1346

Hypothetical protein x x Pilin fraction

FTT 1710,

FTT 1355

Conserved hypothetical protein x x Pilin fraction

∗Criteria for identi�cation not ful�lled (C.I. 92% and only one peptide per protein was identi�ed), but the protein was identi�ed repeatedly.

A Francisella SCHU S4 strain. Moreover, identi�cation of novel

immunoreactive antigens which are common or unique for the

�dsbA/FSC200 vaccination or the SCHU S4 challenge then con-

tributes to the list of proteins useful for a subunit vaccine design.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSPD online.
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