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Abstract

A safer and more effective vaccine than the unlicensed Francisella tularensis Live Vaccine Strain 

(LVS) is needed to protect against the biowarfare agent F. tularensis. Previously, we developed an 

LVS ΔcapB mutant that is significantly safer than LVS and provides potent protective immunity 

against F. tularensis respiratory challenge when administered intranasally but limited protection 

when administered intradermally unless as part of a prime-boost vaccination strategy. To improve 

the immunogenicity and efficacy of LVS ΔcapB, we developed recombinant LVS ΔcapB (rLVS 

ΔcapB) strains overexpressing various F. tularensis Francisella Pathogenicity Island (FPI) proteins 

- IglA, IglB and IglC, and a fusion protein (IglABC) comprising immunodominant epitopes of 

IglA, IglB, and IglC downstream of different Francisella promoters, including the bacterioferritin 
(bfr) promoter. We show that rLVS ΔcapB/bfr-iglC and bfr-iglABC express more IglA, IglB, IglC 

or IglABC than parental LVS ΔcapB in broth and in human macrophages, and stably express FPI 

proteins in macrophages and mice absent antibiotic selection. In response to IglC and heat-

inactivated LVS, spleen cells from mice immunized intradermally with rLVS ΔcapB/bfr-iglC or 

bfr-iglABC secrete greater amounts of interferon-gamma and/or interleukin-17 than those from 

mice immunized with LVS ΔcapB, comparable to those from LVS-immunized mice. Mice 

immunized with rLVS ΔcapB/iglA, iglB, iglC or iglABC produce serum antibodies at levels 

similar to LVS-immunized mice. Mice immunized intradermally with rLVS ΔcapB/bfr-iglABC 
and challenged intranasally with virulent F. tularensis Schu S4 survive longer than sham- and LVS 

ΔcapB-immunized mice. Mice immunized intranasally with rLVS ΔcapB/bfr-iglABC - but not 
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with LVS - just before or after respiratory challenge with F. tularensis Schu S4 are partially 

protected; protection is correlated with induction of a strong innate immune response. Thus, rLVS 

ΔcapB/bfr-iglABC shows improved immunogenicity and protective efficacy compared with 

parental LVS ΔcapB and, in contrast to LVS, has partial efficacy as immediate pre- and post-

exposure prophylaxis.

Keywords

Francisella tularensis; Vaccine; LVS ΔcapB; Francisella Pathogenicity Island; Type VI Secretion 
System; Bioterrorism

1. Introduction

Francisella tularensis subsp. tularensis is a Tier 1 Select Agent that can cause highly fatal 

pneumonic tularemia when inhaled [1–4]. As pneumonic tularemia is difficult to diagnose, 

requires hospitalization - typically in an intensive care unit - and can be fatal even with 

appropriate treatment [5, 6], the most practicable way to defend against an intentional 

airborne attack with F. tularensis is with a safe and effective vaccine. The unlicensed F. 
tularensis Live Vaccine Strain (LVS), derived from the less virulent subsp. holarctica and the 

only vaccine against tularemia currently available, is protective but retains significant 

toxicity [3].

Several strategies have been employed to develop a safer and more efficacious tularemia 

vaccine including 1) using further attenuated subsp. holarctica LVS strains [7, 8]; 2) using 

deletional mutants of subsp. tularensis Schu S4 [8, 9]; and 3) using attenuated F. novicida 
strains [10]. Deletional mutants of subsp. holarctica are safer than LVS; however, only a few 

of them have been tested against subsp. tularensis Schu S4 challenge in animal models [7, 

8]. The deletional mutants of subsp. tularensis are typically either hyper- or hypo- 

attenuated, rendering them either poorly immunogenic or too virulent for use [8].

We previously developed LVS ΔcapB, an LVS mutant with a targeted deletion in a putative 

capsular gene, capB. This vaccine is highly protective against respiratory challenge with the 

highly virulent F. tularensis Schu S4 strain when administered by the intranasal (i.n.) route, 

comparable in efficacy to LVS, but poorly protective when administered by the intradermal 

(i.d.) route unless used as a prime vaccine in a heterologous prime-boost vaccination strategy 

[11]. We also previously developed recombinant LVS ΔcapB (rLVS ΔcapB) vaccines 

expressing Francisella pathogenicity island (FPI) proteins IglA or IglC downstream of the F. 
tularensis groES (FTL_1715) promoter; these vaccines generally showed improved efficacy 

compared with LVS ΔcapB [11] when administered i.d. These proteins and IglB are part of a 

FPI-encoded Type VI Secretion System (T6SS) which F. tularensis requires to escape from 

its phagosome and multiply intracellularly in host cells; IglA/IglB heterodimers assemble to 

form the Francisella T6SS outer sheath [12], which upon contraction, thrusts an inner tube 

likely comprising IglC through the bacterial wall and into the target phagosomal membrane.

In the present study, to improve the immunogenicity and efficacy of the rLVS ΔcapB 
vaccines expressing FPI proteins, we have evaluated two additional transcription promoters 
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as drivers of the FPI protein expression cassette in the shuttle plasmid – the promoter of the 

F. tularensis bacterioferritin (bfr, FTL_0617), which is about 10 times more potent than the 

groES promoter [13], and the promoter of a putative outer membrane protein 26 (omp, 

FTN_1451) [14]. We additionally have evaluated rLVS ΔcapB vaccines expressing several 

versions of a fusion protein of IglA, IglB, and IglC that are major constituents of the 

Francisella T6SS, essential for virulence, and immunogenic [11, 15–21]. The T6SS requires 

assembly of hundreds of these three proteins; hence, by virtue of their abundance, they are 

likely to be available for processing and presentation by antigen presenting cells. This is 

especially so for IglC, which is secreted by the T6SS; this laboratory has developed several 

potent vaccines based upon abundantly secreted proteins of intracellular pathogens [22–27]. 

Hence, these three T6SS proteins are promising vaccine candidates.

2. Materials and Methods

2.1. Bacteria and vaccines

F. tularensis LVS and Schu S4 strains were obtained from the Centers for Disease Control 

and Prevention (Atlanta, Ga.). Stocks of LVS, Schu S4, heat-inactivated (HI) LVS, LVS 

ΔcapB, and attenuated recombinant rLVS ΔcapB strains expressing F. tularensis antigens 

were prepared as described previously [7, 11, 28].

2.2. Mice

Six to eight week old specific-pathogen-free female BALB/c mice were purchased from 

Charles River Laboratory (Wilmington, MA) and used according to protocols approved by 

the Institutional Animal Care and Use Committees of UCLA and Colorado State University 

(CSU).

2.3. Construction of recombinant attenuated LVS strains expressing F. tularensis proteins

LVS ΔcapB strains overexpressing F. tularensis FPI protein(s) IglA, IglB, or IglC under the 

control of groES promoter [29] - rLVS ΔcapB/gro-iglA (previously rLVS ΔcapB/iglA), rLVS 

ΔcapB/gro-iglB, and rLVS ΔcapB/gro-iglC (previously rLVS ΔcapB/iglC) - were 

constructed by electroporating a shuttle plasmid carrying an F. tularensis antigen expression 

cassette into LVS ΔcapB [11]. The shuttle plasmid for expressing IglA, IglB, IglC, or the 

fusion protein comprising the immunodominant epitopes of IglA, IglB, and IglC (IglABC) 

under the control of the F. tularensis bfr or omp promoter followed by a Shine-Dalgarno 

sequence was constructed by multi-step overlap extension PCRs and traditional cloning 

methods as described in the supplemental methods.

2.4. Growth kinetics, protein expression, and shuttle plasmid stability of recombinant 
vaccines in broth and in PMA-differentiated monocytic THP-1 cells

To follow the growth kinetics of individual vaccines in broth, we cultured bacteria on 

chocolate agar for 2 days, scraped the colonies into Chamberlain Defined Medium (CDM) 

[30] or 3% Tryptic Soy Broth supplemented with 0.1% L-cysteine (TSBC), adjusted to an 

optical density of 0.01 at 540 nm, and incubated at 37 C with vigorous shaking for 24 hours. 

Intra-macrophage (THP-1) growth and protein expression of individual vaccines were 

examined as described [7, 28] and in the supplemental methods.
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2.5. Immunization of mice, vaccine dissemination, clearance, stability, and immunology 
studies

Mice were immunized i.d. with phosphate buffer saline (PBS, sham control), 104 CFU LVS, 

106 CFU LVS ΔcapB, or 106 CFU of rLVS ΔcapB/bfr-iglA, iglB, iglC or iglABC or i.n. with 

102 CFU LVS or 105 CFU of LVS ΔcapB, rLVS ΔcapB/bfr-iglA, iglB, iglC or iglABC; 

euthanized at days 1, 4, 7, and 14 post-vaccination; and their spleen, liver, lung, skin (at the 

base of tail, the site of i.d. immunization), and inguinal lymph nodes removed and assayed 

for bacterial CFU [31] and plasmid stability. T-cell mediated immune responses were 

examined by preparing single cell splenic suspensions; incubating with T-cell medium 

comprising Advanced RPMI-1640 (Invitrogen) supplemented with 2% heat-inactivated (HI) 

fetal bovine serum (Seradigm Premium Grade), penicillin (100 I.U./ml), streptomycin 

(100μg/ml), 0.1 mM non-essential amino acids, 4 mM L-glutamine, 1 mM sodium pyruvate, 

and 0.05 mM β-mercaptoethanol in the presence of various F. tularensis antigens; and 

assaying for mouse interferon-gamma (IFN-γ) and interleukin-17A (IL-17A) [11] or 

quantitating intracellular cytokine staining by flow cytometry analysis [28]. Humoral 

immune responses were examined by analyzing sera for levels of IgG and subtypes IgG1 

and IgG2a antibodies specific for HI-LVS [11].

To assay IFN-γ and IL-17A secretion by splenocytes from mice sham-immunized or 

immunized with various vaccines, we seeded single cell suspensions of splenocytes at 1.5 

×105 cells per well in 96-well plates and incubated with T-cell medium in the presence IglC 

protein (10 μg/ml, prepared from recombinant E. coli) [28] or HI-LVS (5 × 107/ml) for 3 

days. After 3 days, the culture supernatant fluid was collected and assayed for mouse IFN-γ 
and IL-17A using a mouse cytokine EIA kit (BD Biosciences) following the manufacturer’s 

instructions, as described previously [11].

To assay cytokine expression by intracellular cytokine staining, we seeded single cell 

suspensions of 1.5 ×106 splenocytes per well in U-bottom 96-well plates and incubated the 

cells with T-cell medium in the presence of Interleukin 2 (BD Pharmingen, 2 U/ml) and IglC 

protein (10 μg/ml), an IglC peptide (TDEAWGIMIDLSNLE, kindly provided by Justin 

Skoble of Aduro Biotech) (2μg/ml), or HI-LVS (5 × 107/ml) overnight. Then, GolgiPlug 

(protein transport inhibitor containing Brefeldin A) diluted in T cell medium was added to 

all wells and PMA was additionally added to positive control wells. Cells were incubated for 

an additional four hours, harvested, and stained with AlexaFlour 700-conjugated anti-CD4 

antibodies (clone RM 4–5), PerCp-Cy5.5-conjugated anti-CD8 antibodies (clone 53-6.7), 

V450-conjugated anti-CD3 antibodies (clone 17-A2), and panels of antibodies against 

intracellular markers IFN-γ (PE conjugated, clone XMG 1.2), TNF (PE-Cy7 conjugated, 

clone MP6-XT22), and IL-2 (APC conjugated, clone JES6-5H4), as described previously 

(16). All intracellular cytokine staining reagents were purchased from BD Biosciences 

except where noted. 100,000 lymphocytes per sample were acquired with an LSRII-HT 

(BD) flow cytometer. The frequencies of live CD4+ and CD8+ T cells expressing IFN-γ, 

TNF, and/or IL-2 were determined using FACSDiva (BD) software. Background numbers of 

cells producing cytokines without antigen stimulation were subtracted.
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2.6. Protective Efficacy and Pre- and Post-Exposure Prophylaxis

Efficacy studies were conducted at CSU as described [7, 11, 28]. For study of rLVS ΔcapB/
bfr-iglABC efficacy as an immediate pre- or post-exposure vaccine, mice were immunized 

i.n with 1 × 106, 5 × 106, or 5 × 107 CFU of rLVS ΔcapB/bfr-iglABC or 102 CFU of LVS as 

a control from 2 days before to 2 days after i.n. challenge with a lethal dose (~ 10 CFU) of F. 
tularensis Schu S4. Challenged mice were weighed and monitored for illness and death for 3 

– 4 weeks.

2.7. Cytokine assay

Mice were immunized as described above. At day 2 post-immunization, mice were 

anesthetized, bled, and euthanized; blood collected in Capiject tubes (Terumo) and serum 

isolated by following the manufacturer’s instructions; lungs removed and homogenized in 1 

ml PBS supplemented with Complete Ultra Proteinase Inhibitor (Roche). Cytokine analysis 

was performed by the Immune Assessment Core at UCLA and as described by others [32, 

33]. Briefly, a magnetic multiplex kit for mouse cytokines and chemokines (32-plex) was 

purchased from EMD Millipore and used per the manufacturer’s instructions. 25 μl of 

undiluted mouse lung homogenate and diluted (1:2) mouse serum samples were mixed with 

25 μl magnetic beads, and allowed to incubate overnight at 4°C while shaking. Separate 

standards were made for both sample types, using the appropriate sample matrix. After 

washing the plate two times with wash buffer in a Biotek ELx405 washer, 25 μl of 

biotinylated detection antibody was added and incubated for 1 hour at room temperature. 25 

μl streptavidin-phycoerythrin conjugate was then added to the reaction mixture and 

incubated for another 30 minutes at room temperature. Following two additional washes, 

beads were resuspended in sheath fluid, and fluorescence was quantified using a Luminex 

FLEXMAP 3D instrument. Data were analyzed using MILLIPLEX Analyst 5.1 software.

2.8. Statistics

Statistical analyses were performed as described previously [11]. Briefly, ANOVA with 

Tukey’s multiple comparisons test was performed using GraphPad Prism 6.04 (San Diego, 

CA) to determine significance in comparisons of mean mouse bacterial burden, mean 

cytokine production, mean serum antibody endpoint titer, and mean frequencies of cytokine-

producing CD4+ and CD8+ T cells among mice in vaccinated and control groups. A log-

rank analysis (Mantel-Cox test) using GraphPad Prism 6.04 was used to determine 

significance of survival curves among mice in immunized and control groups.

3. Results

3.1. Construction of rLVS ΔcapB overexpressing FPI T6SS proteins

To improve the potency of the rLVS ΔcapB vaccines, especially for i.d. administration, we 

sought to improve the activity of the promoter for antigen expression in the shuttle plasmid 

and to increase the F. tularensis antigen pool. To improve promoter activity, we constructed 

rLVS ΔcapB strains expressing FPI proteins under the control of the groE, bfr, or omp 
promoters and compared their protein expression levels. To increase the antigen pool, we 

constructed rLVS ΔcapB expressing the fusion protein of IglA (residues 33–132, necessary 
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for efficient binding to IglB and for IglB protein stability and intramacrophage growth [34]), 

IglB (residues 446 – 506, mapped as CD4+ epitopes in C57BL/6 mice [21]) and IglC 

(residues 29 – 149, containing CD4+ or CD8+ immunodominant epitopes in BALB/c or 

C57BL/6 mice [personal communication, Justin Skoble]) – proteins that comprise the outer 

sheath (IglA and IglB) or inner core (IglC) of the F. tularensis T6SS. The three protein 

residues were expressed either directly fused to each other in frame or separated by a 

flexible linker - GGSG or GGSGGGSG (Fig. 1A) - and downstream of the bfr or omp 
promoter and the Shine-Dalgarno sequence. Western blotting analyses using polyclonal 

antibodies specific to IglA (BEI Resources) or IglC (prepared by our laboratory) or 

monoclonal antibody to IglB (BEI Resources) showed that IglA, IglB, and IglC expression 

by rLVS ΔcapB/bfr-iglA, rLVS ΔcapB/bfr-iglB, and rLVS ΔcapB/bfr-iglC was 1.5 – 1.6-fold 

higher than that of the parental LVS ΔcapB (Fig. 1B, 1C). IglABC fusion proteins, whether 

the three protein residues were directly fused or linked by flexible linkers, were expressed by 

each rLVS ΔcapB/bfr-iglABC and detected by antibody to IglA or IglC; fusion protein 

expression was higher when the protein residues were linked by flexible linkers than when 

fused directly, and the IglABC fusion protein with two linkers had a higher expression level 

than the one with one linker. In subsequent studies, rLVS ΔcapB/bfr-iglABC(GGSG) 

induced greater IglC- and HI-LVS-specific humoral and cell-mediated immune responses 

than rLVS ΔcapB expressing IglABC with the protein residues linked directly or by 

GGSGGGSG (data not shown). Hence, we chose rLVS ΔcapB/bfr-iglABC(GGSG) 

(simplified as rLVS ΔcapB/bfr-iglABC) for further analysis.

3.2. Growth kinetics and plasmid stability of rLVS ΔcapB vaccines in vitro

To examine whether the protein expression cassette driven by the groE, bfr or omp promoter 

in the shuttle plasmid affected the growth kinetics of rLVS ΔcapB vaccine candidates in 

broth, we cultured the vaccines on chocolate agar, inoculated them into CDM or TSBC 

medium, and followed their growth kinetics by measuring optical density at 540 nm. As 

shown in sFig. 1, rLVS ΔcapB strains overexpressing IglA, IglB, or IglC under the control of 

the groE, bfr or omp promoter grew similarly to LVS and LVS ΔcapB in TSBC (sFig. 1A – 

1C) and CDM (sFig. 1D – 1F). Moreover, these vaccines grew similarly in PMA-

differentiated THP-1 cells (sFig. 1G – I). These results indicate that the shuttle plasmids 

carried by the rLVS ΔcapB vaccines did not affect their growth kinetics. The shuttle 

plasmids were stable under non-selective conditions in infected THP-1 cells (sFig. 2.).

3.3. Safety, dissemination, clearance, and shuttle plasmid stability of rLVS ΔcapB vaccines 
in vivo

To verify the safety, dissemination and clearance of rLVS ΔcapB/bfr-iglA, iglB, iglC, and 

iglABC, we infected BALB/c mice i.n. or i.d. with LVS, LVS ΔcapB, or rLVS ΔcapB/bfr-
iglA, iglB, iglC, or iglABC, and monitored the mice for signs of illness for 14 days. At 1, 4, 

7, and 14 days post-immunization, we assayed the bacterial burden in various organs. As 

shown in Fig. 2, after i.n. vaccination, rLVS ΔcapB/bfr-iglA, iglB, iglC, and iglABC peaked 

in the spleen (Fig. 2A), liver (Fig. 2B), and lung (Fig. 2C) at Day 4 post-vaccination and 

were largely cleared by most mice at day 14 post-vaccination, similar to parental LVS 

ΔcapB in all three organs. These strains were cleared significantly faster than LVS; LVS 

grew to much higher levels (1–2 logs higher) at Day 4 and/or Day 7 and maintained higher 
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levels through Day 14, at which point its level was >1 log higher (p < 0.05 to p < 0.0001) 

than the other vaccines in all three organs. After i.d. vaccination (Fig. 2D–2H), rLVS ΔcapB/

bfr-iglA, iglB, iglC and iglABC peaked at Day 4 post-vaccination in the spleen and liver and 

had minimal growth in the lung, and these vaccines were largely cleared from spleen, liver, 

and lung of all mice at Day 14 post-vaccination. In the local skin, the rLVS ΔcapB strains 

were detected on Day 1 and Day 4 post-vaccination and cleared by all mice at Day 7 post-

vaccination. In the inguinal lymph nodes, the rLVS ΔcapB strains were detected at 1, 4, and 

7 days post-vaccination and cleared (Limit of Detection) at Day 14 post-vaccination, 

similarly to the parental LVS ΔcapB. LVS grew to higher levels in all these sites, peaking at 

Day 4 (spleen, liver, skin, and lymph nodes) or Day 7 (lung) and was not cleared from the 

spleen and lymph nodes by Day 14. Both i.n. and i.d. vaccination with rLVS ΔcapB strains 

did not induce any signs of illness, indicating that these vaccines were as safe as the LVS 

ΔcapB parental strain. In contrast, ~25% of mice immunized i.n. with 200 CFU LVS died 

and mice immunized i.d. with 106 CFU LVS showed ruffled fur in some of our experiments 

– evidence of toxicity of LVS by both the i.n. and i.d. route in BALB/c mice.

To examine whether the shuttle plasmid with the bfr promoter is stable in vivo in the absence 

of antibiotic selection, we harvested animal organs at various times post-vaccination, 

cultured organ homogenates on chocolate agar in the presence or absence of kanamycin for 

3 – 5 days, and tested colonies selected from different animals by colony PCR, amplifying 

the F. tularensis antigen expression cassette in the shuttle plasmid. We found that the shuttle 

plasmids for IglA and IglC were more stable than the one for IglB (suppl. Tables 2 & 3). 

That the expression cassette for the large protein IglB was slightly less stable than the others 

may indicate that stability depends to some degree on the size of the antigen expression 

cassette.

3.4. Immunization with rLVS ΔcapB overexpressing FPI T6SS proteins induces high 
antigen-specific cytokine production and a Th1-type antibody response

Previous studies have shown that IFN-γ, TNF-α, and/or IL-17 are critical for protection 

against challenge with F. tularensis and other intracellular pathogens [35–38]. To examine T 

cell immune responses generated by the rLVS ΔcapB vaccines, we immunized BALB/c mice 

i.d. with various vaccines at Week 0, euthanized them at Week 4, and assayed T-cell 

mediated immune responses and serum antibody. In response to in vitro stimulation with 

IglC protein (produced from recombinant E. coli as we described previously [28]), 

splenocytes from mice immunized with rLVS ΔcapB/bfr-iglC or bfr-iglABC secreted greater 

amounts of IL-17A (Fig. 3A) and IFN-γ (Fig. 3B) into the culture supernatant than sham- or 

LVS ΔcapB -immunized mice, although the differences did not reach statistical significance. 

In response to in vitro stimulation with HI-LVS, splenocytes from mice immunized with 

rLVS ΔcapB/bfr-iglC or bfr-iglABC also secreted greater amounts of IL-17A into the culture 

supernatant than sham- or LVS ΔcapB-immunized mice, comparable to splenocytes from 

LVS-immunized mice. Consistently, splenocytes from these mice generated significantly 

greater frequencies of Th1-type CD4+ T cells expressing IFN-γ (Fig. 3D, sFig. 3), or IFN-γ 
+TNF (Fig. 3E), TNF + IL-2, or IFN-γ + TNF + IL-2 (data not shown) in response to in 
vitro stimulation with IglC, IglC peptide or HI-LVS than splenocytes from LVS ΔcapB-
immunized mice. Splenocytes from mice immunized with rLVS ΔcapB/bfr-iglABC showed 
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the highest frequencies of Th1-type CD4+ T cells expressing IFN-γ (Fig. 3D) or IFN-γ 
+TNF (Fig. 3E) in response to in vitro stimulation with IglC and HI-LVS. However, 

splenocytes from LVS ΔcapB- and rLVS ΔcapB-immunized mice had significantly lower 

frequencies of CD8+ IFN-γ+ T cells in response to HI-LVS (Fig. 3F) than splenocytes from 

LVS-immunized mice. With respect to humoral immune responses, all vaccine candidates 

induced HI-LVS-specific balanced IgG2a and IgG1 antibody levels that were significantly 

greater than that induced by the sham-immunized mice; LVS-immunized mice had the 

highest level of IgG2a serum antibody (Fig. 3C). Thus, overall, the rLVS ΔcapB vaccines 

overexpressing IglC or the fusion protein of IglABC had enhanced T-cell mediated immune 

responses compared with the parental LVS ΔcapB vaccine.

3.5. Immunization with rLVS ΔcapB/bfr-iglABC induces improved protective immunity 
against respiratory challenge with F. tularensis Schu S4

To evaluate rLVS ΔcapB/bfr-iglA, iglB, iglC, or iglABC for efficacy in mice against 

respiratory challenge with virulent F. tularensis Schu S4, we immunized mice i.d. with PBS 

(Sham), LVS, LVS ΔcapB, or rLVS ΔcapB, challenged them 7 weeks later i.n. with a high 

lethal dose of F. tularensis Schu S4 (16 CFU, equivalent to 5 × LD50), and observed the mice 

closely for signs of illness and death. Mice immunized with rLVS ΔcapB/bfr-iglABC 
survived longer (mean survival time 9.1 days) than sham-immunized mice (mean survival 

time 4.5 days) (p<0.0001) and mice immunized with the parental LVS ΔcapB or rLVS 

ΔcapB/bfr-iglA, iglB, or iglC (mean survival time 6.6–8.0 days; difference not statistically 

significant) (Fig. 4A).

To verify further the efficacy of rLVS ΔcapB vaccines against challenge with F. tularensis 
Schu S4, we repeated the above experiment and challenged mice i.n. 6 weeks later with two 

higher lethal doses (31 and 310 CFU) of F. tularensis Schu S4, equivalent to approximately 

10 and 100 LD50, respectively. Consistently, after i.n. challenge with 31 CFU of Schu S4, 

mice immunized with rLVS ΔcapB/bfr-iglA, iglB, iglC, or iglABC survived longer than 

sham-immunized mice (p < 0.0001) and generally longer than LVS ΔcapB-immunized mice 

(differences not statistically significant). In this experiment, mice immunized with rLVS 

ΔcapB/bfr-iglA were especially well protected - mean survival time 11.6 days vs. 4 days for 

sham-immunized mice and 7.1 days for LVS ΔcapB-immunized mice - but not as well 

protected as LVS-immunized mice (mean survival time 15.8 days), but this difference was 

not statistically significant (Fig. 4B, upper section). After i.n. challenge with 310 CFU of 

Schu S4, although all mice died by day 6 post-challenge, mice immunized with rLVS 

ΔcapB/bfr-iglABC survived significantly longer than all other mice including LVS-

immunized mice (Fig. 4B, lower section). Mice immunized with rLVS ΔcapB/bfr-iglA or 

iglB survived significantly longer than sham- and LVS ΔcapB-immunized mice, comparable 

to LVS-immunized mice.

To explore the efficacy of rLVS ΔcapB/bfr-iglABC by the i.n. route, we immunized mice i.n. 

and challenged them 6 weeks later with 26 CFU of F. tularensis SchuS4. As shown in sFig. 

4, the majority of immunized mice survived. Mice immunized with rLVS ΔcapB/bfr-iglABC 
survived significantly longer than sham-immunized mice (p < 0.0001); differences in 

survival between rLVS ΔcapB/bfr-iglABC-immunized mice and mice immunized with LVS 
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ΔcapB or LVS were not statistically significant (sFig. 4A). Immunized mice that survived 

challenge showed temporary weight loss from which they recovered by 2weeks post-

challenge (sFig. 4B).

3.6. Immediate pre- or post-exposure prophylaxis with rLVS ΔcapB/bfr-iglABC but not LVS 
induces partial protective immunity against respiratory challenge with F. tularensis Schu 
S4 strain and protection is correlated with the induction of a strong innate immune 
response

To evaluate the efficacy of rLVS ΔcapB/bfr-iglABC as a pre- or post-exposure vaccine, we 

immunized mice i.n. with PBS (Sham), 102 CFU LVS, or 1 × 106 or 5 × 106 CFU rLVS 

ΔcapB/bfr-iglABC two days before (−2 days), the same day as (0 day), or one day (1 day) or 

two days (2 days) after Schu S4 respiratory challenge and monitored mice closely for signs 

of illness and weight change. We evaluated mice for illness using a Clinical Score (CS) of 0–

4 as follows: 0, normal; 1, questionable illness; 2, mild but definitive illness; 3, moderate to 

severe illness (euthanized if poorly responsive); 4, severe illness, moribund and euthanized. 

All sham- and LVS-immunized mice became ill (CS ≥ 3) by Day 3 or 4 post-challenge and 

became moribund and were euthanized (CS = 4) at Day 5 post-challenge (Fig. 5A, upper 

section). In contrast, mice immunized with 1× 106 CFU of rLVS ΔcapB/bfr-iglABC at −2 

days were not sick (CS 0 or 1 except one mouse with CS = 2) until Day 6 post-challenge and 

survived significantly longer (mean survival time 10.5 days) than both sham- and LVS-

immunized mice (mean survival time 5 days). Mice immunized with 1 × 106 CFU or 5 × 106 

CFU (Fig. 5A, lower section) of rLVS ΔcapB/bfr-iglABC on the day of challenge (Day 0) 

also survived significantly longer (mean survival times 5.8 and 6.4 days, respectively) than 

both sham-immunized mice and mice immunized with LVS at Day 0. When immunized at 1 

or 2 days post-challenge, mice immunized with rLVS ΔcapB/bfr-iglABC had mean survival 

times comparable to sham-and LVS-immunized mice (Fig. 5A, lower section).

To explore the efficacy of a higher dose of rLVS ΔcapB/bfr-iglABC as immediate pre- and 

post-exposure prophylaxis against Schu S4 respiratory challenge, we repeated the 

experiment described above with an immunizing dose of 5 × 107 CFU (tested as generally 

safe, but somewhat toxic as evidenced by transient weight loss, sFig. 5 and Fig. 5B, left 

panel, Days −2 to 0 relative to challenge). The extent of protection was directly dependent 

upon the time relative to challenge, with mice immunized sooner surviving longer. Mice 

immunized with 5 × 107 CFU rLVS ΔcapB/bfr-iglABC at −2, −1, or even 1 day post-

challenge with Schu S4 survived significantly longer than sham-immunized mice (Fig. 5B, 

middle and right panel).

To explore the mechanism of protection provided by immediate pre-exposure prophylaxis 

with rLVS ΔcapB/bfr-iglABC, we immunized mice in groups of 3 i.n. with PBS (Sham), 102 

CFU LVS, or 1 ×106 or 5 ×107 CFU rLVS ΔcapB/bfr-iglABC; euthanized them 2 days later; 

and assayed lung lysates and sera for cytokine/chemokine production using a mouse 32-Plex 

cytokine/chemokine kit. We found that mice immunized with 1 ×106 or 5 × 107 rLVS 

ΔcapB/bfr-iglABC had significantly higher levels of pro-inflammatory cytokines/

chemokines in their lungs (21 out of 32 cytokines/chemokines assayed) and sera (7 out of 

the 32) than sham-immunized mice and mice immunized with LVS (Fig. 6A–6D); many of 
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the cytokines in rLVS ΔcapB/bfr-iglABC-immunized mice were orders of magnitude higher 

than in sham-and LVS-immunized mice. In most but not all cases, mice immunized with the 

higher dose of rLVS ΔcapB/bfr-iglABC had higher cytokine/chemokine levels than mice 

immunized with the lower dose of this vaccine. In contrast, there were no significant 

differences in cytokine/chemokine levels between LVS- and sham-immunized mice in the 

lungs or sera (Fig. 6A–6D). These results show that mice immunized with rLVS ΔcapB/bfr-
iglABC, which could be administered safely at very high doses, rapidly develop a strong 

innate immune response in the lung and blood, whereas mice immunized with LVS, which 

could be administered safely at only very low doses, do not. Taken together with the above 

results on the efficacy of immediate pre-exposure prophylaxis, where rLVS ΔcapB/bfr-
iglABC but not LVS provided near-term protection, these data show that the level of near-

term protection correlates with the level of the innate immune response.

4. Discussion

In this study, to improve upon the immunogenicity and efficacy of LVS ΔcapB, we 

developed recombinant LVS ΔcapB (rLVS ΔcapB) vaccines overexpressing F. tularensis FPI 

secreted proteins that comprise a T6SS. We show that these vaccines express the T6SS 

proteins in broth culture and in human macrophages, grow similarly to LVS ΔcapB in 

macrophages, are stable in vivo in the absence of antibiotic selection, induce humoral 

immune responses, and induce cell-mediated immune responses comparable to or greater 

than parental LVS ΔcapB. In general, when administered by the intradermal route, rLVS 

ΔcapB vaccines overexpressing FPI proteins IglA, IglB, IglC or IglABC are more 

efficacious than the parental LVS ΔcapB vaccine against F. tularensis Schu S4 respiratory 

challenge. Nevertheless, protection by this route is suboptimal; adequate protection will 

likely require heterologous prime-boost immunization, as shown in our previous study [11]. 

Administered by the intranasal route, rLVS ΔcapB/bfr-iglABC protected the majority of 

animals against F. tularensis Schu S4 respiratory challenge, and protection was not 

significantly different from the more toxic and sometimes lethal LVS vaccine.

While rLVS ΔcapB/bfr-iglABC was consistently more efficacious than the parental LVS 

ΔcapB vaccine, it was not consistently more efficacious than LVS; in two of three 

comparisons where the vaccines were administered by the intradermal route, LVS was 

significantly more potent than rLVS ΔcapB/bfr-iglABC, and in one comparison, rLVS 

ΔcapB/bfr-iglABC was significantly more potent than LVS. In general, both vaccines 

induced strong cellular and humoral immune responses, with LVS sometimes inducing a 

significantly stronger response than rLVS ΔcapB/bfr-iglABC (CD8+ T cells expressing IFN-

γ; Fig. 3F), and sometimes rLVS ΔcapB/bfr-iglABC inducing a significantly stronger 

immune response than LVS (CD4+ T cells expressing IFN-γ alone or IFN-γ +TNF; Fig. 3D 

and E).

In the event of an intentional aerosol release of F. tularensis in a bioterrorism attack, it is 

estimated that the epidemic curve for tularemia by days after exposure would be most severe 

during the first 3 days, with 0% of cases at <1 day; 1% at 1 day; 15% at 2 days; and 45% at 

3 days post-exposure [39]. This raises the possibility that an immediate post-exposure, or in 

the event of knowledge of an imminent attack, pre-exposure vaccine may be useful. 
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Exploring this possibility, we found that, in contrast to the LVS vaccine, which was not at all 

protective immediately pre- or post-challenge, the rLVS ΔcapB/bfr-iglABC vaccine offered 

partial protection when administered 1 or 2 days prior to challenge. Administered post-

challenge, the rLVS ΔcapB/bfr-iglABC vaccine delayed death, but survival was negligible. 

Protection was correlated with the induction of a strong innate immune response in the lung 

and blood by the rLVS ΔcapB/bfr-iglABC vaccine; the strong innate immune response 

induced by this vaccine but not by the LVS vaccine was likely a consequence of the fact that 

it could be administered safely at very high doses, whereas the LVS vaccine could not be. To 

our knowledge, this is the first report on the feasibility of using a live attenuated vaccine as 

near-term pre-exposure prophylaxis against F. tularensis. While the vaccine may have some 

utility in this regard, the relatively low level of protection of near-term prophylaxis 

compared with long-term prophylaxis when vaccines are administered intranasally or using 

a heterologous prime-boost vaccination strategy underscores the importance of long-term 

prophylaxis for protection against this bioterrorist threat.

In summary, we have shown that live attenuated rLVS ΔcapB/bfr-iglABC has improved 

immunogenicity and protective efficacy compared with its parental LVS ΔcapB vaccine and, 

in contrast to LVS, has partial efficacy when used as immediate pre- or post-exposure 

prophylaxis.
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Highlights

• LVS ΔcapB overexpressing FPI proteins IglA, IglB, & IgC and fusion 

protein IglABC are constructed.

• LVS ΔcapB express high amounts of FPI proteins from the 

bacterioferritin (bfr) promoter.

• rLVS ΔcapB/bfr-iglC and bfr-iglABC express more IglC or IglABC 

than parental LVS ΔcapB in human macrophages and are stable in 

mice.

• rLVS ΔcapB/bfr-iglC or bfr-iglABC induce greater T-cell immunity 

than LVS ΔcapB.

• rLVS ΔcapB/bfr-iglABC administered i.d. provides better protection 

against F. tularensis Schu S4 respiratory challenge than LVS ΔcapB.

• rLVS ΔcapB/bfr-iglABC administered i.n. provides high level 

protection against F. tularensis Schu S4 respiratory challenge.

• rLVS ΔcapB/bfr-iglABC - but not LVS – provides partial efficacy as 

immediate pre- and post-exposure prophylaxis; protection is correlated 

with induction of a strong innate immune response.
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Fig. 1. Construction of shuttle plasmids for antigen expression cassettes of IglABC(D), 
IglABC(GGSG), and IglABC(GGSG2) and expression of F. tularensis FPI T6SS proteins by the 
recombinant LVS ΔcapB strains
A. Antigen expression cassette for fusion protein of IglABC. The coding sequences for IglA 

(residues 33–132), IglB (residues 446 – 506), and IglC (residues 29 – 149) either fused 

directly in frame with each other [IglABC(D)] or linked by a flexible linker GGSG 

[IglABC(GGSG)] or GGSGGGSG [IglABC (GGSG2)] was amplified by using overlap 

PCRs from the genomic DNA of a recent clinical isolate of F. tularensis subsp. tularensis 
and primer pairs listed in Supplemental Table 1 as described in the supplemental methods. 

B. The F. tularensis IglA, IglC, IglC and IglABC are overexpressed by rLVS ΔcapB cultured 

in broth medium. Various rLVS ΔcapB glycerol stocks were grown in TSBC for overnight 

with agitation; the overnight culture was sub-cultured to mid-log phase in TSBC; cells 

collected by centrifugation and lysed in SDS buffer; cell lysates equivalent to 1 ×108 

bacteria were analyzed by SDS-PAGE and Western blotting using polyclonal antibodies 

(pAb) to IglA (top), monoclonal antibody (mAb) to IglB (upper middle), pAb to IglC (lower 

middle) and pAb to Bacterioferritin (Bfr, bottom) (loading control). Note, the membrane 

probed with mAb to IglB was stripped and re-probed with pAbs to IglA and Bacterioferritin; 

a separated membrane applied with the same amount of cell lysates was probed with pAb to 

IglC. Lane 1, LVS ΔcapB; Lane 2, rLVS ΔcapB/bfr-iglA; Lane 3, rLVS ΔcapB/bfr-iglB; 
Lane 4, rLVS ΔcapB/bfr-iglC; Lane 5, rLVS ΔcapB/bfr-iglABC(D); Lane 6, rLVS ΔcapB/
bfr-iglABC(GGSG); Lane 7, rLVS ΔcapB/bfr-iglABC(GGSG2). C. Relative intensity of 

protein expression. The intensity of protein bands detected by various antibodies were 

analyzed by QuantityOne (Bio-Rad) and compared with the same protein expressed by the 

parental LVS ΔcapB (IglA, IglB, IglC, and Bfr, left panel) or with the endogenous protein 

from the same strain (IglA or IglC, right penel). Results were representative of multiple 

protein expression experiments tested in broth culture (CDM and TSBC) and in infected 

human (THP-1) and mouse macrophage-like cell lines.
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Fig. 2. The rLVS ΔcapB vaccines are disseminated and cleared similarly to the parental strain 
after i.n. and i.d. vaccination
Mice (4/group) were immunized i.n. (top panels) with 102 CFU of LVS or 105 CFU of LVS 

ΔcapB or rLVS ΔcapB/bfr-iglA, iglB, iglC or iglABC vaccines, or immunized i.d. (middle 

and bottom panels) with 104 CFU of LVS or 106 CFU of LVS ΔcapB or rLVS ΔcapB/bfr-
iglA, iglB, iglC, or iglABC vaccines; euthanized at various times post-vaccination, as 

indicated on the X-axis; and their organs removed and assayed for F. tularensis bacterial 

burden. Values are means ± SE. Shown are the results combined from 3 independent 

experiments comprising 4 – 8 mice per group.
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Fig. 3. Immunization with rLVS ΔcapB overexpressing FPI T6SS proteins induces greater T-cell 
mediated immune response and a Th1-type antibody response
Mice (3/group) were immunized i.d. with various vaccines; euthanized 4 weeks later; and 

their splenocytes isolated and stimulated with IglC or HI-LVS overnight or for 3 days. The 

culture supernatant was assayed for IL-17A (A) or IFN-γ (B) after 3 days incubation with 

antigen and the cells assayed for CD4+ or CD8+ T cells expressing IFN-γ or IFN-γ +TNF 

as indicated after overnight incubation with antigen (D–F). Their sera were isolated and 

assayed for antibodies specific to HI-LVS (C). Values are means ± SE. *, P<0.05; **, P < 

0.01; ***, P< 0.001; ****, P< 0.0001 by Two-Way ANOVA with multiple comparisons 

(Prism 6.04); all comparisons are between the vaccine directly beneath the open bar and the 

other vaccines. The results from the experiment shown are representative of two independent 

experiments.
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Fig. 4. Mice immunized with attenuated rLVS ΔcapB/bfr-iglABC, comprising immunodominant 
epitopes of IglA, IglB, and IglC, survive longer than sham-immunized mice and mice immunized 
with the parental LVS ΔcapB
BALB/c mice (8/group) were immunized i.d. with various vaccines, challenged with (A) 16 

CFU at 49 days post-immunization (A, Experiment I) or with 31 (B) or 310 (C) CFU F. 
tularensis Schu S4 at 42 days (B, Experiment II) and monitored for signs of illness and death 

for 21 days. Mean Survival Day was calculated by dividing the sum of the surviving days of 

all mice by the total number of mice examined, with animals surviving until the end of the 

experiment given a survival time of 21 days, when the experiment was terminated. Survival 

curves between different groups were compared by log-rank test (Mantel-Cox) (Prism 6.04).
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Fig. 5. Immediate pre- or post-exposure prophylaxis with rLVS ΔcapB/bfr-iglABC but not LVS 
induces partial protective immunity against respiratory challenge with F. tularensis Schu S4
BALB/c mice were sham-immunized or immunized i.n. with 102 CFU of LVS (A, 

Experiment I, upper panel), 1 × 106 CFU or 5 × 106 CFU of rLVS ΔcapB/bfr-iglABC (A, 

Experiment I, lower panel), or 5 × 107 CFU of rLVS ΔcapB/bfr-iglABC (B, Experiment II) 2 

days before (−2), 1 day before (−1), the day of (0), 1 day after (1), or 2 days after (2) 

challenge i.n. with 10 CFU F. tularensis Schu S4, and monitored for signs of illness and 

death for up to 21 days. Shown are the results from two independent experiments (one in 

A&B and the other in C). Mean Survival Day was calculated by dividing the sum of the 

surviving days of all mice by the total number of mice examined, with animals surviving 

until the end of the experiment given a survival time of 21 days, when the experiment was 

terminated. Survival curves between different groups were compared by log-rank test 

(Mantel-Cox) (Prism 6.04). In Experiment I, at day 3 post challenge, before any mice had 

died, the mean weight of mice immunized with LVS on day −2 was significantly lower than 

that of the sham-immunized mice (p < 0.05), mice immunized with 1×106 rLVS ΔcapB/bfr-
iglABC at day −2, 0, and 2, and mice immunized with 5×106 rLVS ΔcapB/bfr-iglABC at 

day 0 (A, left panels). At days 4 and 5 post challenge, the mean weight of mice immunized 

with rLVS ΔcapB/bfr-iglABC (Day −2, 1×106) was significantly greater than that of sham-

immunized mice and mice immunized with rLVS ΔcapB/bfr-iglABC at day 0 and day 1 post 

challenge (A, lower left panel). In Experiment II, mice immunized with 5×107 rLVS ΔcapB/
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bfr-iglABC had transient weight loss that partially or fully recovered if they were 

immunized at day −2 or −1 before challenge (B, left panel).
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Fig. 6. 
Immediate pre-exposure prophylaxis with rLVS ΔcapB/bfr-iglABC but not LVS induces 

strong innate immunity. Mice were immunized with PBS (Sham), 102 of LVS, or 1 ×106 or 5 

× 107 of rLVS ΔcapB/bfr-iglABC (bfr-iglABC) as indicated and euthanized at day 2 post 

immunization. Their lung lysates (A – C) and sera (D) were assayed for cytokine/chemokine 

production by a mouse 32-Plex kit. Shown are means ± SE (n = 3 mice) for each cytokine/

chemokine. *, P<0.05; **, P < 0.01; ***, P< 0.001; ****, P< 0.0001 by Two-Way ANOVA 

with multiple comparisons (Prism 6.04).
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