INFECTION AND IMMUNITY, Aug. 2009, p. 3424-3431
0019-9567/09/$08.00+0  doi:10.1128/IA1.00196-09

Vol. 77, No. 8

Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Reintroduction of Two Deleted Virulence Loci Restores Full
Virulence to the Live Vaccine Strain of Francisella tularensis’

Emelie Salomonsson,'* Kerstin Kuoppa,' Anna-Lena Forslund,' Carl Zingmark,® Igor Golovliov,

3

Anders Sjostedt,® Laila Noppa,' and Ake Forsberg!?*

FOI Swedish Defence Research Agency, Division of CBRN Defence and Security, 901 82 Umed, Sweden'; Umed Centre for
Microbial Research (UCMR) and Laboratory for Molecular Infection Medicine, Sweden (MIMS), Department of
Molecular Biology, Umed University, 901 87 Umed, Sweden?; and Umed Centre for Microbial Research (UCMR) and
Laboratory for Molecular Infection Medicine (MIMS), Sweden, Department of Clinical Microbiology,

Umed University, 901 85 Umed, Sweden®

Received 19 February 2009/Returned for modification 30 March 2009/Accepted 29 May 2009

A disadvantage of several old vaccines is that the genetic events resulting in the attenuation are often largely
unknown and reversion to virulence cannot be excluded. In the 1950s, a live vaccine strain, LVS, was developed
from a type B strain of Francisella tularensis, the causative agent of tularemia. LVS, which is highly attenuated
for humans but still virulent for mice by some infection routes, has been extensively studied and found to
protect staff from laboratory-acquired tularemia. The efforts to improve biopreparedness have identified a
demand for a vaccine against tularemia. Recently the rapid progress in genomics of different Francisella strains
has led to identification of several regions of differences (RDs). Two genes carried within RDs, pil4, encoding
a putative type IV pilin, and FTT0918, encoding an outer membrane protein, have been linked to virulence.
Interestingly, LVS has lost these two genes via direct repeat-mediated deletions. Here we show that reintro-
duction of the two deleted regions restores virulence of LVS in a mouse infection model to a level indistin-
guishable from that of virulent type B strains. The identification of the two attenuating deletion events could

facilitate the licensing of LVS for use in humans.

Francisella tularensis is the causative agent of tularemia, and
natural infections have been reported in a range of vertebrates
and invertebrates (22). Infections can occur by many different
routes, via ingestion of contaminated food or water, contact
with infected animals, bites by infected arthropods including
mosquitoes or ticks, or via inhalation (36). F. tularensis is fur-
ther divided into three subspecies and one proposed subspe-
cies, where F. tularensis subsp. holarctica (type B) is found in
most of Europe, Asia, and North America and F. tularensis
subsp. tularensis (type A) is found in North America. F. tula-
rensis subsp. mediasiatica has been identified only in Central
Asia, and “Francisella tularensensis subsp. novicida” has been
isolated in several locations in North America and Australia
(25, 39). Human infections are mainly caused by type A and
type B strains, where type A strains cause severe infections
and are significantly more virulent than type B strains. In
mouse infection models, F. tularensis subsp. mediasiatica is
as virulent as, or even slightly more virulent than, type B
strains (unpublished results). However, infections with F.
tularensis subsp. mediasiatica appear to be rare in humans
(30). F. tularensis subsp. novicida is significantly less patho-
genic than the other subspecies in humans and is only known
to cause infection in immunocompromised persons. Due to
the high infectivity and potential for airborne transmission,
F. tularensis has been designated a category A agent of
bioterrorism (4, 14). Still, relatively little is known about the
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virulence determinants of F. tularensis. The recent develop-
ment of genomics and genetic tools (9) has been the key to
increasing the understanding of the molecular mechanisms
of F. tularensis infections.

In a recent study, comparisons of different strains revealed
the presence of regions of differences (RDs) (35). These RDs
are flanked by direct-repeat sequences that are assumed to
have facilitated deletion events in certain strains. Two RDs are
particularly interesting, since they have been linked to viru-
lence. One region, denoted RD19, encodes a putative type IV
pilin (PilA) that has been shown to contribute to virulence in
a type B strain, FSC354 (7). Type IV pili (Tfp) are complex
adhesins involved in important host cell interactions and are
required for virulence in many human pathogens, such as Neis-
seria spp., Pseudomonas aeruginosa, and Vibrio cholerae (8, 18,
37). Tfp have also been shown to be involved in twitching
motility, biofilm formation, and cell signaling (13, 17, 23). The
second region, RD18, has been shown to be essential for vir-
ulence of a highly virulent type A strain, SCHU S4 (38). One
spontaneous avirulent variant of SCHU S4, FSC043, was found
to lack RD18 (35, 38). Two genes, FTT0918 and FTT0919
(SCHU S4 nomenclature), were identified as defective in
FSCO043, and DNA sequencing showed that the deletion event
resulted in an in-frame fusion consisting of the N terminus of
the FTT0918 protein and the C terminus of the FTT0919
protein (35, 38). Both the FTT(0918 and FTT(0919 proteins
belong to a novel protein family that is unique to Francisella
and without any known function so far (38). Importantly,
Twine and colleagues were able to establish the attenuation of
strain FSC043 as being directly linked to FTT0918, since mu-
tation of this gene in the highly virulent strain SCHU S4 re-
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sulted in attenuation (38). In contrast, mutation of FTT0919
had no effect on virulence.

Even though these two RDs have been studied in two dif-
ferent subspecies (FTT0918 in type A and pil4 in type B), it is
reasonable to assume that these two loci are of significance for
virulence of both type A and type B strains. Indeed, here we
verify that FTT0918 is important for virulence of type B
strains, and in another study, PilA has been demonstrated to
be required for full virulence of a type A strain (unpublished
results). A striking observation is that the extensively studied
live vaccine strain of type B origin, LVS, lacks both the
FTT0918 gene and pilA. Interestingly, in a genomic study with
the aim of identifying mutations in the genome of LVS, Ro-
hmer and colleagues found seven proteins with either an al-
tered or lost function as likely candidates for the attenuation of
LVS (27). Among the genes encoding these seven proteins, the
two deletions described above, pil4 and FTT0918, were in-
cluded, as well as a third deletion of 93 bp in the part of the
FTTO0086 gene encoding the C terminus (SCHU S4 nomencla-
ture) (FTL_1773 in LVS) (27). FTT0086 encodes a protein
showing homology to numerous proteins denoted dyp-type
peroxidases, known to be important to counter oxidative stress.

There has been a significant interest in vaccine development
in recent years, and LVS is frequently used in comparative
studies. LVS appears to provide some protection as judged
from animal infection experiments and from experience with
vaccination of laboratory staff, but the protection may be more
limited against airborne type A strains (2, 5, 12). However, in
the absence of new vaccines, LVS could be an attractive alter-
native. One major argument against licensing LVS is that the
genetic determinants causing the attenuation have not been
identified. In this work, we set out to determine the contribu-
tions of the three different gene deletion events to the atten-
uation of LVS. To avoid any influence of expression from
nonnative promoters or effects of plasmid copy number, we
used a strategy whereby each deleted region was restored by
complementation in cis. Complementation of the gene
FTT0086 had no impact on mouse virulence, while reintroduc-
tion of either the FTT0918 or pil4 gene resulted in increased
virulence. Complementation of LVS with both FTT(0918 and
pilA restored virulence to a level indistinguishable from that of
a recently isolated virulent clinical type B isolate.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The F. tularensis and
Escherichia coli strains used in this study are listed in Table 1. F. tularensis strains
were grown on modified Thayer-Martin agar plates (31) at 37°C in a 5%-CO,
atmosphere. E. coli strains were grown on blood agar base (Merck) plates or in
Luria-Bertani broth at 37°C. Where appropriate, antibiotics were used at the
following concentrations; kanamycin, 10 pg/ml (F. tularensis) or 50 pg/ml (E.
coli); tetracycline, 10 wg/ml; chloroamphenicol, 2.5 wg/ml (F. tularensis) or 25
wg/ml (E. coli); and polymyxin B, 75 pg/ml. Preparation of plasmid DNA,
restriction enzyme digests, ligations, and transformations into E. coli were per-
formed essentially as described previously (29).

Cis and trans complementation of pil4, FTT0086, and FTT0918 in strains
LVS1 and LVS2. For complementation in trans, pilA was amplified with the
primers PilAcomp-1F and PilAcomp-1R using FSC352 as a template (Table 2).
The resulting fragment was sequenced and cloned into pKK214GFP (Ndel-
EcoRI) downstream of the groELS promoter. This construct, denoted pAL10
(7), was introduced into strain FSC155 (here denoted LVS1) and FSC458 (here
denoted LVS2) by cryotransformation (24), and the resulting mutant strains
were denoted FSC472 and FSC681, respectively (Table 1). The cis complemen-
tation constructs were generated by PCR with the primer pairs pilAcomp-4F and
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pilAcomp-4R, using strain FSC352 as a template (pil4) (7), FTT0086-F and
FTT0086-R, using strain FSC200 as a template (FTT0086), and 0918cis_F and
0918cis_R, using FSC200 as a template (FTT0918) (Table 2). The two fragments
with pil4 and FTT0086, including approximately 2-kb flanking regions, were
sequenced and inserted into the suicide vector pDM4 (Xhol-SalI). The FTT0918
construct was sequenced and cloned into pDMK2 (Sall-NotI). The resulting
clones, pAL11, pEMS36, and pKK223, were introduced into E. coli S17-1\pir
and conjugated into strains LVS1 or LVS2 essentially as described previously (9).
The resulting mutant strains, denoted FSC688 (pil4), FSC741 (FTT0086), and
FSC693 (FTT0918), were verified by PCR and sequencing (Eurofins MWG
Operon) (Table 1). The cis complementation ensured chromosomal integration
of the functional gene and expression regulated by its native promoter.

Construction of an insertion mutation in gene FTT0918 in strain FSC200. The
FTT0918 insertion mutant was generated by PCR using the primers Tn918E_F
and Tn918C_R and strain FSC200 as a template (Table 2). Nucleotides between
bases 497 and 1208 of the 1,674 bp intact gene FTT0918 were inserted into the
vector pFTKan1 (Table 1). The entire fragment groES/FTKan1E-C was isolated
from the pFTKanl vector by digestion with Pvull, cloned into the linearized
blunt-ended suicide vector pDM4, and denoted pKK224. pKK224 was intro-
duced into E. coli S17-1\pir and conjugated into strain FSC200 as described
previously (9). The mutant strain, denoted FSC767, was verified by PCR (Table
1). The insertion mutation resulted in a truncation of the FTT0918 protein by
154 amino acids (see Fig. 1C).

Cloning, expression, and purification of recombinant FTT0918 protein. Prim-
ers were designed to amplify the FTT0918 gene, introducing a BamHI site at the
5" end and a Sall site at the 3’ end. The PCR-amplified fragment was ligated to
the BamHI/Sall-digested expression vector pET-30a(+) (Novagen) and trans-
formed into E. coli BL21(DE3) (Invitrogen). Protein expression was induced by
the addition of isopropyl-B-p-thiogalactopyranoside, and bacterial cultures were
harvested by centrifugation at 6,000 rpm for 20 min 4 h upon addition of
isopropyl-B-p-thiogalactopyranoside. The bacterial pellet was resuspended in
resuspension buffer (1.5 M KCI, 0.5% Triton X-100, 1 EDTA-free protease
inhibitor cocktail tablet, 10 mM Tris-HCI, pH 8) and then freeze/thawed in liquid
nitrogen three times, sonicated, and centrifuged at 24,000 rpm for 30 min at 4°C.
The pellet was dissolved in wash buffer (0.15 M NaCl, 10 mM Tris-HCI, pH 8)
and centrifuged at 24,000 rpm for 30 min at 4°C. The pellet, containing the
inclusion bodies of FTT0918, was dissolved in extraction buffer (8 M urea, 70
mM dithiothreitol, 10 mM Tris-HCI, pH 8) and centrifuged at 24,000 rpm for 30
min at room temperature, and the supernatant containing the protein was col-
lected. This supernatant was further purified by affinity chromatography with
nickel-nitrilotriacetic acid agarose (Qiagen). The purified protein was then used
for immunization, and chicken anti-FTT0918 antibodies were generated by
Agrisera (Vinnis, Sweden).

Gel electrophoresis and Western blot analysis. Samples containing sodium
dodecyl sulfate and B-mercaptoethanol were boiled for 5 min and separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis on either a 10 or 12%
gel as described previously (15). Proteins were transferred to Immobilon-P trans-
fer membranes (Millipore) using a Trans-Blot semidry transfer cell (Bio-Rad).
Membranes were blocked in Tris-buffered saline with 5% nonfat dry milk. The
primary antibodies used in Western blot analysis were a polyclonal anti-PilA
serum (7) and anti-FTT0918 (Agrisera, Vinnis, Sweden). An alkaline phos-
phatase-conjugated (Roche) secondary antibody system was used, and bands
were visualized by incubating the filters with 0.1% (wt/vol) Nitro Blue tetrazo-
lium (Sigma) and 0.05% (wt/vol) 5-bromo-4-chloro-3-indolyl phosphate (Sigma).

RNA isolation and reverse transcription (RT)-PCR. Bacteria were grown for
16 h in Chamberlain medium (3). For RNA extraction, the TRIzol reagent (Life
Technologies) was used. Total RNA was extracted from 0.5 ml of bacterial
culture, treated with RNase-free DNase I (Roche), phenol extracted, and pre-
cipitated by ethanol. An aliquot of the RNA (3 pg) was used to synthesize cDNA
using random hexamers (final concentration, 25 ng/ul) and Superscript IIT re-
verse transcriptase as described by the manufacturer (Life Technologies). In
control experiments, samples processed without addition of reverse transcriptase
enzyme were used.

Animal infections. For virulence studies, C57BL/6 female mice, aged 6 to 9
weeks, were used (Scanbur BK AB, Sollentuna, Sweden). Mice were housed
under conventional conditions, given food and water ad libitum, and allowed to
acclimatized for at least 7 days before infection. The study was approved by the
Local Ethical Committee on Laboratory Animals in Umed, Sweden. F. tularensis
strains were grown for 16 h on plates and diluted in phosphate-buffered saline
(pH 7.4), and 100 pl was injected subcutaneously into the groin area or alter-
natively intraperitoneally. The infection doses were determined by viable counts.
The infected mice were observed twice a day for 2 weeks and sacrificed when
showing severe symptoms (hunched carriage and tousled fur).
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TABLE 1. Strains and plasmids used in this study

INFECT. IMMUN.

Strain Subspecies/alternative strain designation(s)/genotype/phenotype Source/reference
F. tularensis”
FSC155 (LVS1) F. tularensis subsp. holarctica, live vaccine strain, LVS (in strain collection since 1993) ATCC 29684,
FSC458 (LVS2) Past tularemia vaccine, code no. NDBR 101, lot no. 11; vial reconstituted and used, The National Drug
in strain collection since June 2004 Company

FSC200 F. tularensis subsp. holarctica Human ulcer, 1998, Sweden
FSC352 F. tularensis subsp. holarctica Hare, 1974, Sweden
FSC237 F. tularensis subsp. tularensis, SCHU S4 Human ulcer, 1941, Ohio
FSC472 FSC155/pAL10, FSC155 expressing pilA in trans, Tc* This study
FSCo681 FSC458/pAL10, FSC458 expressing pilA in trans, Tc" This study
FSC688 FSC458/pilA™, FSC458 expressing pilA in cis This study
FSC741 FSC458/FTT0086*, FSC458 expressing FTT0086 in cis This study
FSC693 FSC458/FTT0918™, FSC458 expressing FTT0918 in cis This study
FSC694 FSC458/pilA™ [FTT0918", FSC458 expressing pilA and FTT0918 in cis This study
FSC767 FSC200 /FTT0918~, FTT0918 insertion mutant This study
E. coli
Top10 F~ mcrA A(mrr-hsdRMS-mcrBC), $&80lacZAM15 AlacX74 recAl deoR araD139 Invitrogen
(Aara-leu)7697 galU galK rpsL (Sm") endA1 nupG
S17-1\pir recA thi pro hsdR~ M, <RP4:2-Tc:Mu:Km:Tn7>Tp" Sm" 32
BL21 Star (DE3) F~ ompT hsdSy (rg~ mg~) gal dem rme-131 (DE3) Invitrogen
Plasmids
pCR2.1-TOPO Topo cloning vector, Amp" Km" Invitrogen
pCR4.0-TOPO Topo cloning vector, Amp" Km" Invitrogen
pKK214GFP groELS promoter, Ft ori, p15A ori, GFP,” Tc" 1
pDM4 Suicide plasmid. sacB, mobRP4, oriR6K, Cm" 21
pDMK2 Suicide plasmid. sacB, mobRP4, oriR6K, Km" K. Kadzhaev, unpublished
pFTKanl EZ-Tn5, pMOD-2 F. tularensis codon-optimized KanR clone sequence, F. tularensis T. Kawula, unpublished
groELS promoter
pET-30a(+) Cloning vector carrying an N-terminal His-tag/thrombin/S-tag/enterokinase Novagen
configuration and an optional C-terminal His tag sequence, Km"
pAL10 pilA gene cloned into Ndel and EcoRI sites of pKK214GFP, Tc" 7
pALI11l pilA gene and additionally 1 kb upstream and downstream of pil4 cloned into Xhol 7
and Sacl sites of pDM4, Cm"
pEMS36 FTTO0086 gene and additionally 1 kb upstream and downstream of FTT0086 cloned This study
into the Xhol and Sall sites of pDM4, Cm"
pKK223 The cis complementation construct for FTT0918 cloned into Sall and NotI sites of This study
pDMK?2, Km*
pKK224 Pvull fragment generated by PCR using primers groELS/KanR/E-C cloned into This study

blunt-ended pDM4, Cm"

@ All Francisella strains are from the Francisella Strain Collection at FOI, Umead, and each strain has been given a strain collection number.

> GFP, green fluorescent protein.

RESULTS

One isolate of LVS1 shows defects in expression of Tfp
proteins. In a recent study, several regions that differ between
different Francisella strains were identified (35). These RDs
were flanked by direct-repeat sequences that are assumed to
readily mediate deletion of the RDs. Two RDs have been
shown to be required for virulence in a mouse infection model.
One region, denoted RD19, encoding a putative type IV pilin
(PilA), was shown to contribute to virulence in a type B strain
(7), and one protein, FTT0918, encoded within the region
RD18, was verified to be essential for virulence of a type A
strain (38). Interestingly, the live vaccine strain, LVS, lacks
both pil4 and the FTT0918 gene (Fig. 1A and B). Since the
genetic determinants causing the attenuation of LVS are still
unknown, we wanted to examine the contribution of these two
deletions to the attenuation of LVS. First, we attempted to
complement the LVS strain from the Francisella Strain Col-
lection, FSC155 (here denoted LVS1), with pilA4 in trans. How-
ever, trans-complemented LVS1 (FSC472) expressed only low,

barely detectable levels of PilA (Fig. 2). Furthermore, we tried
to accomplish the complementation in cis but without any
success (data not shown). This was somewhat surprising, since
an in-cis complementation of another attenuated type B strain,
FSC354, fully restored the expression of PilA (7). In order to
determine whether the pilin genes were transcribed in LVS,
RNA was prepared and transcription was monitored by RT-
PCR. The transcriptional analysis revealed that all genes pos-
tulated to be important for Tfp expression, secretion, and
assembly were transcribed in the LVS1 strain (Fig. 3). There-
fore, the defect seen in LVS1 is most likely at the level of
protein expression and/or stability.

PpilA contributes to virulence of LVS2 by subcutaneous route
of infection. Since the history and handling of LVS1 were
somewhat uncertain, we decided to include another LVS iso-
late, FSC458 (here denoted LVS2), in our studies. While LVS1
has routinely been used in the laboratory over the years, LVS2
was obtained from a recently opened vial which was used in
vaccination of staff. In contrast to LVS1, LVS2 can be verified
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TABLE 2. Primers used in this study

Primer Primer sequence” (5'-3") RE site

pilAcomp_1F GCATGTCATATGAAAAAGAAAAT Ndel
GCAAAAAGGT

pilAcomp_1R GCATGTGAATTCGATTAGATAGC EcoRI
ATTACAGTTAGA

pilAcomp_4F CAACGCCAAAGATTACATCAC

pilAcomp_4R TTCTGTCATTCCTGACTCGAC

FTT0086_F CATTGCTATGGCTTGAGTTAT

FTT0086_R GGTTTGTATTGTTGAAGAAGT

0918cis_F GGACAAATGGTAAGGCTCTAA

0918cis_R GTTACTGTTACTAATACTTCTTAA

Tn918E_F AACCGAATTCTAGGAGGCGTCTT EcoRI
TAACCAA

Tn918C_R TTTCAGTCGACGAGTTACCAGCA Sall
CCAGCAAT

AP GATCCCGATGTACTCTAACTA

A* TTCTCACTAGTTGAGTTAATG

B GGGGTAGTACTTTAAATCCT

C TTATTGCGCATGGTGTCTC

D GTGCCTTTGATCGTGCTTAC

E AAGGTAGTATTGATGCTGACAC

F ACCAACAACACCACCTAAGAC

G CTGGGGATTGATAAGCAACA

H CATTAGTACGCTTAGCAACAA

I GTCACAAGATGGCTATACACT

J GCCTGAGCAGTAGTATAGTTT

K ATGATGCGAGATTTAGGGTA

L CAGCAGGTGGAAATACAGAT

M CTTGAGATGCTGATACACCT

“ Restriction sites (RE) are underlined. Generally, the primers were designed
by using the SCHU S4 (16) or FSC200 genome (University of Washington
Genome Center, UWGC).

b Primer A! is specific for the FSC200 genome.

¢ Primer A? is specific for the LVS genome.

to not have been passaged in vitro after the vaccine vial was
reconstituted and the strain was included in the strain collec-
tion. First, we sequenced the regions encoding the two identi-
fied deletions involving pil4 and FTT0918 in both LVS1 and
LVS2 to verify that the two deletions were identical (data not
shown). In order to establish if the defects seen in PilA expres-
sion for LVS1 also applied to LVS2, this strain was comple-
mented both in frans and in cis with pil4. Interestingly, expres-
sion was restored both for frans-complemented (FSC681) and
cis-complemented (FSC688) LVS2 (Fig. 2). The complemen-
tation in trans resulted in slightly elevated levels of PilA and
the appearance of several low-molecular-weight bands that
possibly could have resulted from incomplete glycosylation (7).
Complementation of LVS2 with pil4 in cis resulted in signifi-
cantly increased virulence by the subcutaneous route of infec-
tion in a mouse model to a level intermediate between that of
LVS2 and that of the virulent type B strain FSC200 (Table 3).
However, there was no detectable change in virulence using
the intraperitoneal route of infection. Thus, pil4 also contrib-
utes to virulence in the attenuated type B strain LVS. More-
over, these results show that there are additional defects in
LVSI1 which most likely can be attributed to in vitro passages
over the years.

Deletion within gene FTT0086 does not contribute to at-
tenuation of LVS2. FTT0086 (SCHU S4 nomenclature)
(FTL_1773 in LVS) shows homology to numerous proteins
denoted dyp-type peroxidases, and the gene is highly conserved
among different Francisella strains. Upon phagocytosis by
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macrophages, some microorganisms have developed effec-
tive enzymatic pathways, such as the use of peroxidases to
counteract oxidative stress (20). Interestingly, in LVS this
locus (FTT0086) has undergone a deletion of 93 nucleotides in
a region encoding several of the residues conserved in homo-
logues between many different bacteria (27) (Fig. 1C). Since
Francisella is an intracellular pathogen, this could potentially
render LVS less able to survive and replicate within macro-
phages. In order to establish a possible contribution of the
deletion of FTT0086 to the attenuation of LVS, LVS2 was
complemented in cis with an intact FTT0086 gene, and the
mutant strain was denoted FSC741. The full restoration of the
gene was verified by PCR and sequencing (data not shown).
However, the complementation did not result in any significant
increase in virulence in the mouse infection model (Table 3).

Deletion of FTT0918 is a major cause of attenuation of LVS.
In a recent study, a spontaneous avirulent variant of SCHU S4,
FSC043, was analyzed (38). Comparative proteomics demon-
strated two proteins, FTT0918 and FTT0919 (RD18) (SCHU
S4 nomenclature), to be defective in FSC043 and LVS. DNA
sequencing indicated a deletion overlapping the genes, result-
ing in an in-frame fusion consisting of the N-terminal half of
the FTT0918 protein and the C-terminal half of the FTT0919
protein (FTL_0439 in LVS) (35) (Fig. 1B). This deletion was
verified to span the same nucleotides in the two LVS variants
used in this study (data not shown). Both FTT0918 and
FTT0919 belong to a novel protein family that is unique to
Francisella and with no known function so far. However, both
proteins are predicted to contain signal peptides and coiled-
coil domains, indicating that they could be membrane associ-
ated (38). FTT0918 was established to be responsible for the
virulence attenuation of a type A strain, while FTT0919 had no
apparent effect on virulence. In order to establish the impor-
tance of FTT0918 in the virulence of type B strains, an
FTTO0918 insertion mutant was constructed using the virulent
type B isolate FSC200 (FSC767) (Fig. 1B). Interestingly, the
FTT0918 mutant was attenuated in the mouse infection model,
confirming that FTT0918 is also a virulence determinant in
type B strains (Table 3). At this point we cannot exclude that
FTT0919 also contributes to virulence. The lower level of at-
tenuation seen with the type B strain, FSC200, than with the
type A strains (38) is most likely due to the truncated FTT0918
gene (1,208 bp in length, compared to the full-length gene of
1,674 bp) having retained some function (Table 3).

To discern the contribution of FTT0918 to the attenua-
tion of LVS, LVS2 was complemented in cis with an intact
FTT0918 gene (FSC693). The complementation was verified
by Western blot analysis and PCR (Fig. 4A and B, respec-
tively). Interestingly, virulence increased by both the subcuta-
neous and intraperitoneal infection routes, and the infection
dose in this case was similar to that of the virulent type B strain
FSC200 (Table 3). This verifies that FTT0918 is also a major
virulence determinant in type B strains. Since the infection
dose for the FTT0918-positive strain was very low, it was dif-
ficult to discern the contribution of the pil4 region to the
virulence of LVS in this genetic background. However, the
single FTT0918-complemented strain (FSC693) showed slower
infection kinetics than the LVS2 strain complemented in cis
with both pil4 and FTT0918 (FSC694), as well as the virulent
strain FSC200 (Table 3 and Fig. 5). In the doubly comple-
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FIG. 1. Comparison of the RD19, RD18, and FTT0086 regions in different Francisella subspecies and strains. (A) RD19, containing pilA, pilE,
and pill in FSC200 (type B), LVS (type B), FSC688 (LVS2 cis complemented with pil4), and FSC694 (LVS2 cis complemented with pil4 and
FTT0918). A deletion spanning the pil4 gene and the N-terminus-encoding part of pilE results in an in-frame fusion consisting of the N-terminus-
encoding part of pil4 and the C-terminus-encoding part of pilE in LVS. (B) RD18, containing FTT0918 and FTT0919 in SCHU S$4 (type A),
FSC200 (type B), LVS (type B), FSC043 (type A), FSC693 (LVS2 cis complemented with FTT0918), FSC694 (LVS2 cis complemented with pil4
and FTT0918), and FSC767 (FSC200 with a FTT0918 insertion mutation). In LVS and FSC043, a deletion overlapping the genes FTT0918 and
FTT0919 results in an in-frame fusion consisting of the N-terminus-encoding part of FTT0918 and the C-terminus-encoding part of FTT0919. The
solid arrow indicates the truncation of the FTT0918 insertion mutant (FSC767). (C) FTT0086 in FSC200 (type B), LVS (type B), and FSC741
(LVS2 cis complemented with FTT0086). In LVS, FTT0086 has undergone a deletion of 93 nucleotides in the middle part of the gene.

mented strain, the virulence was restored both by the subcu-
taneous and intraperitoneal routes of infection to a level sim-
ilar to that of the clinical isolate FSC200 (Table 3). In addition,
the infection kinetics was also comparable to that for FSC200
(Fig. 5). Taken together, our results indicate that the attenu-
ation of LVS2 seen in the mouse infection model is the result
of repeat-mediated loss of pil4 and FTT0918.
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FIG. 2. Expression of PilA in different strains of F. tularensis ana-
lyzed by Western blotting using an anti-PilA antiserum. Lanes: 1,
LVSI; 2, FSC472 (LVSI trans complemented with pilAd); 3, LVS2; 4,
FSC681 (LVS2 trans complemented with pil4); 5, FSC688 (LVS2 cis
complemented with pil4); 6, FSC200.

DISCUSSION

Live attenuated F. tularensis vaccines were developed in
Russia in the 1950s by in vitro passage of different type B
strains. One strain, the live vaccine strain (LVS), provided
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FIG. 3. Transcription of pilin genes in wild-type and mutated
strains of F. tularensis. (A) RT-PCR on mRNA demonstrates the pilin
genes, pilA, pilE, and pilV, and several pilus genes involved in assembly/
secretion of type IV pili, pilC, pilD, pilQ, and pilT, to be equally well
transcribed in LVS1 and in the virulent type B strain FSC200. As a
result of the repeat-mediated deletion of pil4 in LVS, the transcript is
shorter. (B) Transcription studies of FSC472 (LVS1 trans comple-
mented with pil4) and FSC681 (LVS2 trans complemented with pil4)
demonstrate pil4 to be transcribed in both strains. (C) The locations of
the different primers used (A to M) are indicated by small arrows.
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TABLE 3. Infection doses for different F. tularensis strains in C57BL mice?
Genotype No. of CFU (lethal dose)”
Strain Phenotype or complementation
FTT0918 pilA FTT0086 Subcutaneous Intraperitoneal
LVS1 - - A93bp LVS wt 3% 107 1 x 10!
LVS2 - - A93bp LVS wt 1 x 10° 5% 10!
FSC688 - + A93bp LVS2, pilA in cis 5% 103 3 x 10t
FSC741 — - + LVS2, FTTO0086 in cis 2 X 10° NT
FSC693 + - A93bp LVS2, FTT0918 in cis <5¢ <5
FSC694 + + A93bp LVS2, pilA and FTT0918 in cis <5 <5
FSC200 + + + Type B wt <5 <5
FSC767 — + + FSC200, insertion mutation in FTT0918 2 X 10? <5

“ Mice in groups of five were infected subcutaneously. The result is from one single experiment representative of three experiments of similar design. wt, wild type;

A, deletion; NT, not tested.

® The CFU value is a 50% lethal dose (LDsy) calculation (26), but this should not be seen as a standard LDs, experiment since mice were sacrificed if they showed
severe sickness. A lethal dose indicated as <5 CFU was used for strains where all animals showed lethal symptoms of infection for doses between two and five bacteria.
¢ The infection kinetics was delayed compared to that for the pil4/FTT0918 double complementation (Fig. 5).

effective protection against laboratory-acquired tularemia (19).
The introduction of the use of the LVS vaccine in laboratory
workers at the U.S. Army Medical Research Institute of In-
fectious Diseases yielded a significant decrease in incidences of
laboratory-acquired tularemia (2, 28). It was also concluded
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FIG. 4. PCR and Western blot analysis of FTT0918. (A) PCR anal-
ysis of FTT0918 in different strains of F. tularensis. Lanes: 1, LVS2; 2,
FSC688 (LVS2 cis complemented with pild); 3, FSC693 (LVS2 cis
complemented with FTT0918); 4, FSC694 (LVS2 cis complemented
with pil4 and FTT0918); 5, FSC200. An intact FTT0918 gene gives a
PCR fragment of 4.4 kb, while the FTT0918 deletion gives a PCR
fragment of 2.8 kb. (B) Expression of FTT0918 in different strains of
F. tularensis analyzed by Western blotting using an anti-FTT0918 an-
tiserum. Lanes: 1, LVS2; 2, FSC688 (LVS2 cis complemented with
pilA); 3, FSC693 (LVS2 cis complemented with FTT0918); 4, FSC694
(LVS2 cis complemented with pil4 and FTT0918); 5, FSC200; 6,
FSC767 (FTT0918 insertion mutant of FSC200). The size of the intact
FTT0918 protein is 58.8 kDa, the FTT0918-0919 fusion protein is 58.5
kDa, and the truncated FTT(0918 protein is 42 kDa.

that aerogenic vaccination appeared to induce better protec-
tion than vaccination via acupuncture (12, 19). However, the
nature of the genetic lesions responsible for the attenuation of
LVS has remained unknown. Human and animal studies,
where systemic vaccinations with LVS have been performed,
indicated that LVS provided limited protection against aerosol
challenge with the highly virulent type A strains of F. tularensis
(5, 12). For these reasons, together with the concern for pos-
sible reversion to virulence, mixed colony morphology, and
variable immunogenicity, LVS has not been licensed as a vac-
cine (10). Genome comparisons of different subspecies and
strains have identified regions that differ between Francisella
strains (27, 35). Several strains, including LVS, seem to accu-
mulate virulence-attenuating mutations during in vitro pas-
sage, and these mutations include large repeat-mediated dele-
tions of RDs. Two RDs were verified to be deleted in LVS, and
both have been linked to virulence. Region RD19, encoding a
putative type IV pilin (PilA), was shown to contribute to vir-
ulence in the type B strain FSC354 (7), and one of the genes
contained within RD18, FTT0918, was verified to be essential
for virulence of the type A strain FSC043 (38). It is not obvious
what role a pilin could play in the virulence of an intracellular
pathogen like Francisella. Tfp have been associated with viru-
lence in the intracellular pathogens Burkholderia pseudomallei
(6, 11) and Legionella pneumophila (33, 34). In B. pseudomallei,
the Tfp was found to be important for adherence to human
epithelial cells and for virulence in a nematode and mouse
infection model (6). In L. pneumophila, the Tfp system has no
affect on intracellular growth but promotes attachment to host
cells and is involved in competence for DNA transformation, a
property recognized from other Tfp-expressing bacteria, such
as Neisseria gonorrhoeae (33, 34). In a previous study, we found
that a pil4 mutant of Francisella was attenuated via the sub-
cutaneous route of infection and impaired in its ability to
spread from the initial site of infection to the spleen (7).
However, the mutant was still able to survive and replicate in
macrophages. This implies that the pilin mediates critical in-
teractions during the initial stages of infection and could be
important for attachment to host cells.

The second major deletion in LVS, RD18, containing the
gene FTT0918, was first identified in the avirulent type A strain
FSC043 (35, 38). The encoded protein belongs to a novel
protein family unique to Francisella and without any known
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FIG. 5. Infection kinetic study of a mouse model. Infection of mice with FSC693 (LVS2 cis complemented with FTT0918), FSC694 (LVS2 cis
complemented with pil4 and FTT0918), and FSC200 of F. tularensis. Groups of five mice were infected via the subcutaneous route, and the
infection was followed over time. The exact dose for each strain was determined by viable count and is shown beside the key for the respective

strain.

function so far. The cis complementation of FTT0918 in LVS2
resulted in increased virulence, by both the subcutaneous and
intraperitoneal routes of infection, similar to the virulent type
B strain FSC200. Hence, in this genetic background, it was
difficult to distinguish the contribution of pil4 to the virulence
of LVS2. Importantly, the FTT0918 singly complemented
strain showed delayed infection kinetics compared to that of
LVS2 with both pil4 and FTT0918 restored. Even if the con-
tribution of pilA to virulence in the FTT0918 cis-comple-
mented LVS2 strain is not readily recognized, it is clear that
pilA contributes to virulence, since our pilA cis complementa-
tion of LVS2 resulted in significantly increased virulence. Fur-
ther support for a role of PilA in virulence is provided by a
recent study involving competitive infection experiments with
mice and a virulent type A strain, where a pil4 mutant strain
was outcompeted by the wild-type strain in the mouse infection
model (unpublished results). The third deletion identified in
LVS, FTT0086, encoding a dyp-type peroxidase, was estab-
lished not to be involved in the attenuation. Yet it is very
intriguing that two out of the three deletions identified in the
LVS genome are demonstrated to have an impact on the vir-
ulence of the vaccine strain. Furthermore, our work with PilA
in LVS also verified that in vitro passage could attenuate Fran-
cisella, and these findings stress how important it is to know the
history of the strains and minimize in vitro passage to reduce
the risk of virulence attenuation.

Our study suggests that PilA contributes to virulence of
LVS2 by the subcutaneous route but not by the intraperitoneal
route of infection. FTT0918 contributes to virulence of LVS2
both by the subcutaneous and by the intraperitoneal route of
infection. Reintroduction of both pil4 and the FTT0918 gene
into LVS2 fully restored virulence of LVS2 by both infection
routes to a level comparable to that of virulent type B isolates.
Conclusively, the attenuation of LVS2 seen in the mouse in-
fection model is mainly the result of a repeat-mediated loss of
pilA and FTT0918. Importantly, the attenuation of LVS is the
result of a loss of the pil4 and FTT0918 DNA, and this makes
it unlikely that LVS could revert to higher virulence by restor-
ing the function of these two regions. Our findings may well
facilitate licensing of LVS, which could be an interesting alter-
native until new vaccines become available. In addition, our

work also provides important insight for development of new
defined and efficient vaccines against tularemia. The two genes
identified here as deleted and nonfunctional in LVS clearly
have distinct roles in infection. FTT0918 has a major impact on
mouse virulence both in type A and type B strains but still
allows for induction of protective immunity in the mouse in-
fection model (38). pilA appears mainly to affect virulence by
the subcutaneous route of infection (also the commonly used
route for human vaccinations) and to slow the progress and
spread of the infection from its initial site. The importance of
PilA for virulence has varied in the strains investigated so far,
but there is a tendency for PilA to appear to be less important
in highly virulent type A and type B strains. Here it is impor-
tant to bear in mind that the mouse infection model has lim-
itations in predicting effects on humans. The significance of
both PilA and FTT0918 as a target for vaccine development
will require work with other animal infection models, but the
previous vast experience of LVS vaccinations certainly holds
the promise that LVS could serve as a model for development
of a new defined live vaccine against tularemia.
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