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Identification of Mechanisms for Attenuation of the FSC043 Mutant

of Francisella tularensis SCHU $S4
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Previously, we identified a spontaneous, essentially avirulent mutant, FSC043, of the highly virulent strain SCHU $4 of Franci-
sella tularensis subsp. tularensis. We have now characterized the phenotype of the mutant and the mechanisms of its attenuation
in more detail. Genetic and proteomic analyses revealed that the pdpE gene and most of the pdpC gene were very markedly
downregulated and, as previously demonstrated, that the strain expressed partially deleted and fused fupA and fupB genes.
FSC043 showed minimal intracellular replication and induced no cell cytotoxicity. The mutant showed delayed phagosomal es-
cape; at 18 h, colocalization with LAMP-1 was 80%, indicating phagosomal localization, whereas the corresponding percentages
for SCHU S4 and the AfupA mutant were <10%. However, a small subset of the FSC043-infected cells contained up to 100 bacte-
ria with LAMP-1 colocalization of around 30%. The unusual intracellular phenotype was similar to that of the ApdpC and
ApdpC ApdpE mutants. Complementation of FSC043 with the intact fupA and fupB genes did not affect the phenotype, whereas
complementation with the pdpC and pdpE genes restored intracellular replication and led to marked virulence. Even higher vir-
ulence was observed after complementation with both double-gene constructs. After immunization with the FSC043 strain,
moderate protection against respiratory challenge with the SCHU $4 strain was observed. In summary, FSC043 showed a highly
unusual intracellular phenotype, and based on our findings, we hypothesize that the mutation in the pdpC gene makes an essen-

tial contribution to the phenotype.

F rancisella tularensis is the etiological agent of tularemia, a dis-
ease widespread in mammals. Apart from infecting rodents,
hares, and rabbits, F. tularensis is capable of causing disease in
humans. The spread to humans occurs mainly via ticks or mos-
quitoes and may lead to seasonal outbreaks, although many cases
are solitary (1). F. tularensis subsp. holarctica and tularensis are the
clinically important subspecies. Strains of the latter subspecies are
highly virulent and may cause lethal disease, whereas strains of the
former subspecies show lower virulence and are lethal for humans
only in exceptional cases. Regardless of the subspecies, F. tularen-
sis strains are highly infectious, and as few as 10 bacteria can elicit
infection in humans (1). There has been a renewed interest in
Francisella during the past decade, since its high infectivity and the
subsequent serious disease has resulted in its categorization as a
CDC tier 1 agent, i.e., a member of a group including the most
likely bioterrorist agents.

The renewed interest in research on Francisella has led to an
intense effort to understand the virulence of this potent pathogen.
Some of the work has been combined with studies of attenuated F.
tularensis strains. The best known of these is the live vaccine strain
LVS (2). The precursor of LVS was derived from a Russian isolate
of F. tularensis subsp. holarctica and was attenuated by repeated
passages in vitro. The LVS strain was subsequently derived in the
United States from the precursor, and it has been used for vacci-
nation of at-risk individuals in several countries and also widely
used in the mouse experimental model of tularemia. Comparative
genomic analyses identified a genomic region containing two
genes that were partially deleted in LVS (3). Subsequent work
found that one of these genes, fupA, encodes a protein that is an
important virulence factor and is essential for regulation of iron
uptake (4). Notably, this deletion appears to be the primary reason
for the attenuation of the LVS strain, since complementation of
FupA renders LVS as virulent as clinical isolates of F. tularensis
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subsp. holarctica (5). Moreover, the encoding fupA gene appears
to be a hot spot for genomic arrangement, since several spontane-
ous mutants lack the same region (3). Despite its common use,
protection afforded by LVS against laboratory-acquired tularemia
is incomplete (6-8), and vaccination gives suboptimal protection
against respiratory challenge in both humans and animals (7, 9),
and this has been an incentive for the development of improved F.
tularensis vaccines.

Our previous work has involved characterization of a sponta-
neous mutant of the highly virulent F. tularensis subsp. tularensis
strain SCHU S4. We demonstrated that it is essentially avirulent in
mice and markedly impaired in replication in murine monocytes
(10). Moreover, infection with the mutant resulted in long-lasting
immunity and conferred effective protection against challenge
with an F. tularensis subsp. tularensis strain (10). Thus, under-
standing mechanisms behind its attenuation may reveal impor-
tant clues for the development of a rationally attenuated F. tular-
ensis vaccine. It was the first example showing that a safe and
effective live vaccine could be derived from F. tularensis subsp.
tularensis strains. Several such vaccine candidates have been char-
acterized more recently (11-18).

The genetic defects of FSC043 have been identified because the
strain was included in a study aimed at understanding the genetic
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TABLE 1 Bacterial strains and plasmids used in the study

Characterization of the SCHU S4 Mutant FSC043

Strain or plasmid Description Reference or source
Strains
F. tularensis
SCHU §4 F. tularensis subsp. tularensis FSC*
ApdpC SCHU $4 with in-frame deletion of pdpC codons 6-1325 This study
AiglC SCHU $4 with in-frame deletion of igIC codons 28-205 10
AFTL0439 SCHU $4 with partial deletion of ORFs fupA and fupB, identical to ORF FTL0439 in LVS This study
ApdpC ApdpE SCHU $4 with in-frame deletion of ORFS FTT1354-FTT1355 and FTT1709-FTT1710 This study
ApdpE SCHU $4 with in-frame deletion of ORFS FTT1355 and FTT1710 This study
FSC043 Spontaneous mutant of SCHU $4 10
pdpC pdpE FSC043 complemented with pdpC and pdpE genes in trans This study
fupA fupB FSC043 complemented with fupA and fupB genes in cis This study
E. coli
S17-1\pir recA thi pro hsdR hsdM ™", Sm" <RP4:2-Tc:Mu:Ku:Tn7> Tp* 54
Plasmids
pDMK3 pDM4 derivative; Km* 55
pFNLTP6groGFP pFNLI10 derivative; Km" Cb" 56
pKK289Km pKK214 derivative carrying gfp; Km" 27

@ FSC, Francisella Strain Collection, Swedish Defense Research Agency, Umed, Sweden.

basis behind different mechanisms of attenuation of SCHU S4
(19). The genomes of the two F. tularensis subsp. tularensis strains
FSC043 and FSC198 were sequenced and compared, since the
former most likely was derived by repeated passages of SCHU S4
on media, similar to LVS, whereas the latter is a naturally occur-
ring mutant. Compared to SCHU $4, only four mutations were
identified in FSC043, one of which was the aforementioned partial
deletion of fupA and fupB, whereas the other three had not been
described in other F. tularensis strains at that time. One of the
mutations leads to premature translational termination of the
gene encoding a putative metal ion transporter protein, FTT0615,
while the other two mutations were homologous and localized in
each of the two copies encoding the pdpC gene, also leading to
premature translational termination (19).

The gene encoding PdpC is located in the gene cluster desig-
nated the Francisella pathogenicity island (FPI), encoding an un-
usual variant of a type VI secretion system (T6SS) (20). The FPI
region consists of almost 20 genes, many of which have been
found to play critical roles in the unique intracellular life style of
the bacterium (20, 21). After phagocytosis by monocytic cells, F.
tularensis escapes from the phagosome before lysosome fusion
and multiplies in the cytosol, eventually causing host cell death
(22-26). Although no effector functions have been assigned to the
proteins of the FPI, many of those studied so far have been found
to be essential for phagosomal escape and intracytosolic replica-
tion of the pathogen, as well as modulation of the host response
(14, 27-35). Several recent publications have addressed the role of
PdpC by investigating the phenotypes of specific pdpC mutants or
a spontaneous mutant (14, 35-37). Mutants derived from strain
LVS or SCHU $4 have both demonstrated unique phenotypes,
since they showed incomplete phagosomal escape, growth in only
a small subset of macrophages, intermediate cytopathogenic ef-
fects, and marked attenuation in vivo but modulation of the mac-
rophage inflammatory response similar to that of the parental
strains (14, 35, 36). Very recently, a spontaneously attenuated
SCHU S4 mutant was described (37). The reason for the attenua-
tion was a nonsense mutation in pdpC; thus, the gene appears to be
prone to spontaneous mutations. In contrast to the findings on
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these two subspecies, the pdpC mutant of Francisella novicida
showed intact intracellular replication (38).

The aim of the present study was to better understand the
mechanisms behind the attenuation of FSC043 and to character-
ize its phenotype in detail. To this end, we compared the pheno-
types of several targeted deletion mutants of SCHU S4 and also
performed complementation of FSC043.

MATERIALS AND METHODS

Bacterial strains and growth conditions. F. fularensis strains were grown
either on modified Thayer-Martin agar at 37°C in 5% CO, or in Cham-
berlain’s medium at 37°C. Escherichia coli strains were grown on Luria
agar (LA) plates at 37°C or in Luria broth (LB) at 37°C. The AfupA and
AiglC mutants of SCHU $4 and strain FSC043 have been described pre-
viously (10). For construction of green fluorescent protein (GFP)-ex-
pressing bacteria, all strains were transformed with pKK289Km-gfp (27).
When required, antibiotics were added at a concentration of 10 pg/ml of
kanamycin for F. tularensis or 50 pg/ml for E. coli. In-frame SCHU S4
ApdpC, ApdpE, ApdpC ApdpE, and AFTL0439 (a mutant carrying par-
tially deleted and fused versions of the fupA and fupB genes identical to the
deletions present in strains LVS and FCS043) deletion mutants were cre-
ated by allelic replacement, as described previously (39); more than 90%
of the respective open reading frames (ORFs) were deleted. Complemen-
tation of FSC043 with the fupA and fupB genes was performed following
the same principles as for allelic replacement, resulting in an FSC043
strain expressing the fupA and fupB genes in cis under the control of their
native promoter. The pdpC and pdpE genes were expressed by the
PENLTP6 vector under the GroE promoter. Reverse transcription (RT)-
PCR was used to verify gene expression levels. The plasmids and strains
used in the study are listed in Table 1. Primers are available upon request.

Microarray analysis. Bacteria were grown on plates overnight before
total RNA was isolated using the TRIzol reagent according to the manu-
facturer’s instructions. Superscript II (Invitrogen) was used for first-
strand cDNA synthesis of total RNA, and subsequent coupling of either
Cy-3 or Cy-5 (Amersham) fluorophores was done to separate the two
strains. Cy-3 and Cy-5 were switched in half of the reactions to compen-
sate for technical differences between the two fluorophores. The cDNAs
from the two strains were mixed. Prehybridization and hybridization us-
ing a Pronto! Universal Hybridization Kit were performed in accordance
with the manufacturer’s instructions. Washing was done at 50°C in 0.1 X
SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% SDS,
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followed by 0.1X SSC. The F. tularensis arrays were obtained from BEI
Resources (http://www.beiresources.org/). Four technical replicates were
used for analysis. The arrays were scanned using the Scanarray 4000 XL
microarray scanner (PerkinElmer) at three laser/photomultiplier tube
(PMT) voltage settings. Images were analyzed using ScanarrayExpress
software (PerkinElmer). The median signal intensities of the three scans
were merged using restricted linear scaling (40) and normalized using
print-tip MA-loess (41). The replicated genes were merged by their me-
dian intensity. Genes with top-ranked B statistics (42) and at least 3-fold
regulated were classified as differentially expressed (40, 42). After identi-
fication, a normalization including local background correction was per-
formed to estimate the regulations reported.

RT-quantitative PCR (qPCR). The method of RNA isolation, cDNA
synthesis, and PCR has been described previously (33). Statistical analysis
was performed on AC; values using Student’s two-tailed ¢ test. FPI genes
and genes identified by Twine et al. (10) were analyzed >4 times, while all
other transcripts were tested twice. Primer sequences are available upon
request.

Western blot analysis. Bacterial lysates were prepared in Laemmli
sample buffer and boiled prior to separation on 10 to 12% sodium dodecyl
sulfate (SDS)-polyacrylamide gels. Proteins were transferred onto nitro-
cellulose membranes using a semidry blotter (Bio-Rad Laboratories, CA,
USA). Filters were incubated with antibodies specific to the IglA, IglB,
IglC, or IglD protein as described previously (27, 33) or with polyclonal
anti-IglH (a-IglH) and a-VgrG (Storkbio, Talinn, Estonia). For PdpC
detection, a polyclonal antibody targeting the N-terminal part of PdpC, a
kind gift from Katy Bosio and Jean Celli, Rocky Mountain Laboratories,
Hamilton, MT, was used. Following incubation with secondary horserad-
ish peroxidase-conjugated antibodies, proteins were visualized by addi-
tion of the ECL reagent (Amersham, GE Healthcare).

Proteomic analyses. (i) Growth conditions. F. tularensis subsp. tula-
rensis strains SCHU S4 and FSC043 were grown as confluent lawns on
cysteine heart agar supplemented with 1% (wt/vol) hemoglobin (CHAH).
Bacteria were harvested after 48 to 72 h of incubation into 7 M urea, 2 M
thiourea, 1% (wt/vol) dithiothreitol (DTT), 4% (wt/vol) CHAPS {3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, and 0.5%
(wt/vol) amidosulfobetaine-14 (ASB-14). ASB-14. The cell pellets were
resuspended by vortexing and then shaken for 30 min at room tempera-
ture and incubated for at 4 h at 4°C. After centrifugation at 14,000 X g for
10 min, the protein concentrations of the extracts were determined using
a modified Bradford assay (43). Three independent growths were pro-
cessed on three separate occasions, representing three biological repeti-
tions: BR1, BR2, and BR3.

(ii) Protein digests and fractionation. Aliquots of F. tularensis lysates
containing 100 pg total protein were reduced in the presence of 5 mM
DTT for 45 min, followed by alkylation with 15 mM iodoacetamide for 30
min. The proteins were then precipitated with acetone at —20°C and
incubated overnight at —20°C. The precipitated proteins were pelleted by
centrifugation at 15,000 X g for 10 min. The air-dried pellets were resus-
pended in 100 pl of 50 mM Tris, pH 8.5, 0.1% SDS and trypsin digested
overnight at 37°C. The resulting peptides were diluted in loading buffer
(10 mM potassium phosphate and 30% acetonitrile, pH 3) and loaded
onto a strong cation-exchange column (SCX; Applied Biosystems). The
peptides were either eluted in elution buffer or, where indicated, fraction-
ated in a step gradient using a mixture of load and elution buffers.

(iii) Nano-LC-MS. For each BR, 10 .l of each peptide fraction was
analyzed three times by nano-liquid chromatography mass spectrometry
(nano-LC-MS) by alternating injections on a QTOF Ultima coupled to a
CapLC capillary LC system (Waters, Milford, MA, USA). Samples were
separated on a 0.075-mm by 150-mm reversed phase column (PepMap
C,; capillary column; Dionex/LC-Packings, San Francisco, CA) with a
flow rate of 250 nl/min using a 50-min gradient of 5 to 75% B (100%
ACN-0.2% formic acid). Continuum MS spectra were acquired in the
time of flight (TOF)-MS mode between 11/z 400 and 2,000 with an acqui-
sition duration of 2 s per spectrum.
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(iv) Auto-nano-LC-MS-MS analysis. For each BR, 10 pl of peptides
was analyzed by auto-nano-LC-tandem MS (MS-MS) on an LTQ XL
linear trap mass spectrometer (Thermo) coupled to an MDLC chroma-
tography system (GE Healthcare) or on a QTOF Ultima coupled to a
CaplLC. Identification was performed separately from quantification to
allow adequate sampling for quantification. MS and MS-MS data were
collected in enhanced profile and normal centroid mode, respectively.
MS-MS was triggered by automatic switching on the top two peptides
with a 40-s dynamic-exclusion window and exclusion mass widths of 0.1
(low) and 1.5 (high). The collision-induced dissociation (CID) settings
were as follows: isolation width, 1.0; normalized collision energy, 35; ac-
tivation Q, 0.25; activation time, 30 ms.

(v) Data analysis and statistics for protein analysis. Relative quanti-
fication was performed using in-house software, MatchRx, as previously
described (44). Initial data analyses were performed independently on
BRs before combining them for final relative quantification and statistical
analyses. Each peptide ion was associated with a specific m/z, charge, and
elution time profile, and its abundance was quantified by calculating the
area under the curve of its elution time profile. Each peptide ion was then
aligned among multiple samples, and relative abundance values were
compared (44). All abundance values were normalized so that the median
peptide abundances were equal for all runs in the data set. For statistical
analyses, only multiply charged ions detected in at least two out of the
three nano-LC-MS runs were included. The LC-MS data set was visual-
ized using MSight Viewer (45). This was used for verification of the accu-
racy of the peptide alignments and matching. We performed a pairwise,
two-sided ¢ test between the corresponding MS runs and selected only
those peptides with a P value of <0.01. For these significantly different
peptides, the relative ratios were derived by calculating the fraction of
aggregated intensities in the corresponding replicate runs. Since often
more than one peptide per protein was detected, we combined these pep-
tide ratios using a P value-based weighted average, as described previously
(46). Relative abundance differences of 2-fold or greater were considered
significant.

(vi) Peptide identification. Peak lists were generated by Extract_msn
in BioworksBrowser 3.3.1 build 7 using the default parameters. MS-MS
spectra were searched against the Francisella SCHU $4 translated genome
sequence database using SEQUEST within BioworksBrowser.

Infection of macrophages. J774A.1 macrophages or bone marrow-
derived macrophages (BMMs) were used in the cell infection assays.
J774A.1 macrophages were cultured and maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Gibco BRL, Grand Island, NY, USA) with
10% heat-inactivated fetal bovine serum (FBS) (Gibco). BMMs were gen-
erated by flushing bone marrow cells from the femurs and tibias of
C57BL/6 mice. These cells were cultured for 4 days in DMEM containing
10% FBS, 5 wg/ml of gentamicin, and 20% conditioned medium (CM)
from 1929 cells (ATCC no. CCL-1) overexpressing macrophage colony-
stimulating factor (M-CSF), after which they were grown in medium lack-
ing gentamicin. The CM was replaced every 2 or 3 days.

For all infections, BMMs or J774A.1 cells were seeded in tissue culture
plates the day before infection in DMEM (Gibco BRL, Grand Island, NY)
with 10% heat-inactivated FBS and then incubated overnight at 37°C, 5%
CO,. Following incubation overnight, the wells were washed and recon-
stituted with fresh culture medium. Bacteria were grown overnight and
resuspended in ice-cold phosphate-buffered saline (PBS) to a density of
approximately 2.5 X 10° bacteria/ml. Bacteria were added to each well at
multiplicity of infection (MOI) of 100, and bacterial uptake was allowed
to occur for 120 min at 37°C. After infection, the monolayers were washed
three times, followed by incubation for the indicated periods in pre-
warmed DMEM with FBS supplemented with 5 pug/ml of gentamicin. The
time point after the 120-min uptake was defined as 0 h.

At0, 24, and 48 h, supernatants were collected for further analysis, and
the macrophage monolayers were lysed in 0.1% deoxycholate in PBS. One
hundred microliters of serial dilutions in PBS of the lysates were inocu-
lated on plates containing GC II Agar Base (BD Diagnostic Systems, MD,
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USA) with the addition of hemoglobin and Isovitalex (BD Diagnostic
Systems) and incubated at 37°C until colonies could be enumerated. The
total number of bacteria per well was calculated. The assay was performed
in triplicate and repeated three times.

Assay of cell cytotoxicity. J774A.1 cells or BMMs were infected for 2 h,
washed, and incubated in the presence of 5 wg/ml of gentamicin. The
supernatants were sampled at 0, 24, or 48 h and assayed for the presence of
released lactate dehydrogenase (LDH) using the Cytotox 96 Kit (Promega,
Madison, WI, USA) according to the manufacturer’s instructions. The
absorbance at 490 nm was determined using a microplate reader (Tecan
Systems, San Jose, CA, USA). The data are means and standard deviations
of three wells from one representative experiment of three. Uninfected
macrophages lysed in PBS with 0.1% deoxycholate served as a positive
control, and the value for this control was arbitrarily considered 100% cell
lysis. Sample absorbance was expressed as a percentage of the positive-
control value. The assay was performed with triplicate samples and re-
peated at least twice.

Intracellular immunofluorescence assay. J774 cells (2.5 X 10°/well)
in DMEM plus 10% FBS were seeded onto glass coverslips in 24-well
plates. The following day, the cells were infected with a green fluorescent
protein (GFP)-expressing F. tularensis strain at an MOI of 30 and then
washed three times and fixed at 0 h, 3 h or 18 h. Fixation was carried out in
4% paraformaldehyde for 30 min to ensure complete killing of the viru-
lent strains. Thereafter, the coverslips were washed with PBS and then
permeabilized with 0.15% saponin, blocked in 2% bovine serum albumin
(BSA)-saponin, and further incubated in blocking buffer with primary
antibodies against the LAMP-1 glycoprotein diluted 1:700 (BD Pharmin-
gen, San Jose, CA). Then, an anti-rat IgG antibody conjugated to Alexa
594 (Molecular Probes, Eugene, OR) was added at a dilution of 1:1,000.
After three washes in PBS, coverslips were mounted using Prolong gold
mounting medium (Molecular Probes, Eugene, OR).

Glass slides were analyzed by use of an epifluorescence microscope
(Zeiss Axioskop2; Carl Zeiss Microlmaging GmbH, Germany) or a con-
focal microscope (Nikon C1 confocal microscope; Nikon Instruments
Europe B.V., Amstelveen, The Netherlands) for determination of the de-
gree of colocalization of GFP-labeled F. tularensis and LAMP-1 staining.
In total, 100 bacteria on each coverslip were scored; each stain was ana-
lyzed in triplicate, and experiments were repeated three times.

Electron microscopy. J774 cells (2 X 10°) in 6 ml DMEM plus FBS
were seeded in 6-well tissue culture plates. The following day, the mono-
layers were infected with the indicated F. tularensis strains at an MOI of 50
for 1 h and then washed three times and further incubated for 18 h. Before
fixation, the monolayers were rinsed briefly with DMEM and then fixed
for 2 h at room temperature in 2.5% glutaraldehyde in sodium cacodylate
buffer (0.1 M, pH 7.4). Thereafter, the cells were washed with sodium
cacodylate buffer and postfixed for 1 h with 1% osmium tetroxide and
then washed again and contrasted with 1% uranyl acetate for 1 h. Follow-
ing dehydration in an ethanol series, the cells were scraped off the dishes,
and after centrifugation (3 min at 3,500 rpm) were embedded in epoxy
resin. Ultrathin sections (70 nm) were cut and contrasted with uranyl
acetate and lead citrate before viewing with a JEOL 1200 EX-II electron
microscope (JEOL Ltd., Tokyo, Japan). To examine membrane integrity,
at least 100 bacteria from different sections of duplicate samples were
analyzed and categorized as (i) bacteria with intact/slightly damaged pha-
gosomal membranes or (ii) bacteria with mostly degraded/absent mem-
branes.

Statistical analysis for macrophage experiments. One-way analysis
of variance (ANOVA), followed by post hoc testing (Bonferroni) or a two-
tailed Student’s t test, was used to identify differences between groups.
Statistical analyses were carried out using SPSS software, version 18.0, or
Microsoft Excel.

Mouse infections. For testing of SCHU S4, FSC043, AfupA, AiglC,
ApdpC, ApdpE, ApdpCA pdpE, and AFTL0439 strains or FSC043 comple-
mented with the fupA-fupB and/or pdpC-pdpE construct, specific-patho-
gen-free female BALB/c mice were purchased from Charles River Labo-
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ratories (St. Constant, Quebec, Canada). The mice were maintained and
used in accordance with the recommendations of the Canadian Council
on Animal Care Guide to the Care and Use of Experimental Animals in a
federally licensed, select agent-approved, small animal containment level
3 facility, National Research Council, Ottawa, Canada. The experiments
had been approved by the IRB of the National Research Council, Ottawa,
Canada. F. tularensis strains were injected in a volume of 50 pl intrader-
mally. Intranasal (i.n.) challenge was performed on anesthetized mice (10
wl of inoculum was administered to each nare, followed by an equal vol-
ume of saline). The actual concentrations of inocula were determined by
plating 10-fold serial dilutions. The mice were examined daily for signs of
infection and were euthanized by CO, asphyxiation as soon as they dis-
played signs of irreversible morbidity.

For vaccination purposes, mice were infected with the indicated doses
of each mutant and challenged 5 weeks later either intradermally or via
aerosol. The mice were followed for 28 days after challenge, and survival
was recorded.

RESULTS

FSC043 demonstrated prominent gene downregulation. To
characterize the gene expression of FSC043 and compare it to
SCHU $4, a whole-genome microarray analysis was performed.
Overall, 19 genes were found to be differentially expressed in com-
parison to SCHU S4 (Table 2). Among these genes, we identified
downregulation of the fusion gene fupA-fupB (FTT0918-
FTT0919), as well as pdpC. Besides these genes, many other genes
were downregulated in FSC043, e.g., a number of 30S and 50S
ribosomal genes, as well as ATP synthase genes. To complement
the microarray analyses, a peptide-based proteomics screen was
performed using nano-LC-MS-MS comparisons of FSC043 and
SCHU S$4 (Table 3). We identified a number of differences in
expression between strains FSC043 and SCHU S4. In agreement
with the microarray data, a multitude of ribosomal proteins were
markedly downregulated in FSC043, but also, some upregulated
ribosomal proteins were identified. The proteomic analysis iden-
tified a few FPI proteins, i.e., IglD, IglC, and IglA, as downregu-
lated; however, this was not verified by RT-PCR (Tables 2 and 3).
To resolve this ambiguity, a Western blot analysis of the FPI pro-
teins IglA, -B, -C, -D, and -H and VgrG was performed and
showed no obvious differences in protein levels between FSC043
and SCHU $4 (Fig. 1A). The levels of most FPI proteins were low,
and the levels of the tryptic FPI peptides detected in the proteomic
analysis were close to the detection limit, and therefore, the de-
tected differences were somewhat uncertain, which could explain
the discrepant results between the methods.

Since microarray analysis may not detect discrete regulation,
expression of selected genes was also studied by use of quantitative
RT-PCR (Table 2). One of the most interesting qPCR results was
the finding that the gene downstream of pdpC (FTT1354), pdpE
(FTT1355) (an overview of the genomic region is presented in Fig.
2), was also downregulated (Table 2), and it suggests that the genes
are expressed in the same operon, as previously suggested (10).
This downregulation was also validated by the proteomic analysis
(Table 3). Although most parts of the pdpC gene were severely
downregulated, 33-fold lower (P < 0.001) than in SCHU S4, the
part upstream of the nonsense mutation did not differ signifi-
cantly from the expression in SCHU $4, 1.1-fold lower than
SCHU S4 (P < 0.001). The nonsense mutation identified in the
pdpC gene (19) has been predicted to lead to a premature stop
codon (localized 643 bp downstream of the transcriptional start
site) (Fig. 2), resulting in a truncated protein of approximately 26
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TABLE 2 Summary of genes tested by microarray analysis and RT-qPCR

Expression”
ORF Microarray qPCR Gene Protein name
FIT0049 —1.08 —20.60 nusA N utilization substance protein A
FTT0061 —7.14% —2.93 atpH ATP synthase delta chain
FTT0068 3.82°¢ sodB Superoxide dismutase [Fe]
FIT0087 —2.30 8.30° acnA Aconitate hydratase
FTT0139 —-1.92 —2.37 nusG Transcription antitermination protein NusG
FTTO0143 —2.93" 0.09 rplL 508 ribosomal protein L7/L12
FIT0144 —2.74 0.89 rpoB DNA-directed RNA polymerase beta chain
FTTO0192 —34.81 lysU Lysyl-tRNA synthetase
FTT0330 —4.52° —6.57 rplV’ 508 ribosomal protein 122
FIT0348 —4.65° —15.78¢ rpsK 30S ribosomal protein S11
FTT0380c —4.65" —3.28 gdh NAD(P)-specific glutamate dehydrogenase
FTT0409 —4.12 —3.97 gevPl Glycine dehydrogenase subunit 1
FIT0709 —2.07 —2.91°¢ eno Enolase (2-phosphoglycerate dehydratase)
FTT0918 —5.98 —13.03 fupA Ferric uptake protein A (specific for the part present in FSC043)
FTT0963c —2.51 1.17 aroG Phospho-2-dehydro-3-deoxyheptonate aldolase
FIT1003c 1.08 -1.39 pheS Phenylalanyl-tRNA synthetase
FTT1129 —17.62 Hypothetical protein FTT1129¢
FTT1269¢ —1.21 0.59 dnaK Chaperone protein DnaK (heat shock protein family 70 protein)
FIT1275 —1.76 mglA Macrophage growth locus subunit A
FTT1276 —1.45 mglB Macrophage growth locus subunit B
FTT1344 1.65 6.26 pdpA Pathogenicity determinant protein A
FIT1345 1.98 1.07 pdpB Pathogenicity determinant protein B
FTT1346 1.31 1.74 iglE Intracellular growth locus protein E
FTT1347 1.14 1.62 vgrG Valine-glycine repeat G
FIT1348 1.40 1.70 iglF Intracellular growth locus protein F
FTT1349 1.08 1.46 iglG Intracellular growth locus protein G
FTT1350 1.10 1.75 iglH Intracellular growth locus protein H
FIT1351 1.04 dotU Defect in organelle trafficking U
FTT1352 1.04 2.01 igll Intracellular growth locus protein I
FTT1353 —1.01 —0.31 iglk Intracellular growth locus protein K
FIT1354 —15.03° —122.61° pdpC Pathogenicity determinant protein C
FTT1355 —1.08 —33.18° pdpE Pathogenicity determinant protein E
FTT1356 1.05 1.01 iglD Intracellular growth locus protein D
FIT1357 —1.27 0.82 iglC Intracellular growth locus protein C
FTT1358 —1.20 2.23 iglB Intracellular growth locus protein B
FTT1359 1.03 2.03 iglA Intracellular growth locus protein A
FTT1360 1.29 4.34 pdpD Pathogenicity determinant protein D

“ Fold regulation.
b Value was significantly differentially expressed (see Materials and Methods).
¢ Value was significantly differentially expressed (P < 0.02).

kDa, which was confirmed using Western blot analysis (Fig. 1B).
The gene FT'T0615 also contains a nonsense mutation in FSC043
(19) and was included in the RT-qPCR analysis, but since its ex-
pression is very low in SCHU $4, we could not determine if the
expression was affected in FSC043.

In conclusion, FSC043 showed very distinct gene and protein
expression patterns compared to SCHU S4, and in particular, nu-
merous ribosomal proteins were differentially expressed. Most
FPI genes appeared not to be affected, while pdpE and most of the
pdpC gene were not expressed.

FSC043, as well as the ApdpC and ApdpC ApdpE mutants,
but not the ApdpE mutant, showed impaired intracellular
growth and marked attenuation. As part of a phenotypic charac-
terization of the F. tularensis strains, their intracellular replication
in J774 cells was followed. We generated specific SCHU S4 dele-
tion mutants that targeted genes whose expression deviated be-
tween SCHU S4 and FSC043 and also included the previously
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described AfupA and AiglC mutants (10). To this end, the
AFTL0439 mutant, harboring the same partial deletions and fu-
sion of the fupA and fupB genes as FSC043, and ApdpC, ApdpE,
and ApdpC ApdpE mutants were generated and characterized.
The SCHU $4 strain replicated at 2.1 log,, during 18 h of in
vitro growth, and the infected J774 cells showed signs of severe
cytotoxicity (Fig. 3A and B). Thereafter, a majority of the infected
cells started to detach, and therefore, infection was not further
followed. In contrast, the FSC043 strain was attenuated for growth
(P < 0.01 versus SCHU S4), and although it replicated slightly, at
0.4 log, o, during the first 18 h, it demonstrated no additional rep-
lication at 48 h (Fig. 3A and data not shown). Additionally, it failed
to induce significant cytotoxicity at any time point (Fig. 3B and
data not shown). The AfupA mutant, deficient in one of the genes
only partially expressed in FSC043, and the AFTL0439 mutant
were both slightly attenuated for growth in J774 cells (P < 0.05
versus SCHU S4) and replicated at approximately 1.5 log;, sig-
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TABLE 3 Proteins determined to be differentially expressed using mass
spectrometry-based proteomics”

Protein Description

Upregulated in FSC043
FTTO0015 Adenylosuccinate lyase
FTTO0051 Ribosome-binding factor A
FTT0060 ATP synthase B chain
FTT0068 Superoxide dismutase [Fe]
FTT0109 Lipid A transport protein
FTT0130 Glycerol kinase
FTT0139 Transcription antitermination protein NusG
FTT0150 30S ribosomal protein S16
FTT0153 50S ribosomal protein L19
FTT0196¢ Glutamine synthetase
FTT0221 Acid phosphatase (precursor)
FTT0316 Ribosome recycling factor
FTT0337 508 ribosomal protein L5
FTT0340 50S ribosomal protein L6
FTT0341 50S ribosomal protein L18
FTT0348 308 ribosomal protein S11
FTT0351 50S ribosomal protein L17
FTT0452 Cell division protein FtsW
FIT0472 Acetyl-coenzyne A (CoA) carboxylase
FTT0623 Trigger factor
FTT0630 Host factor I for bacteriophage Q beta replication
FTT0709 Enolase (2-phosphoglycerate dehydratase)
FTT0769 Preprotein translocase subunit A
FTTO0810c Conserved hypothetical UPF0133 protein YbaB
FTTO0812 Glycine cleavage system protein H
FupA Iron utlization protein, FTT0918
FTT0955¢ Glutathione reductase
FTT0960 Hypothetical protein FTT0960
FTT0966 Translation initiation factor IF
FTT1029 D-Alanyl-D-alanine carboxypeptidase
FTT1061c 30S ribosomal protein S18
FTT1124 D-methionine transport protein
FTT1170 Hypothetical lipoprotein
FTT1227 RNase E
FTT1230 D-3-Phosphoglycerate dehydrogenase
FTT1246 Hypothetical protein
FTT1365¢ Fructose-1,6-bisphosphate aldolase
FTT1536¢ Hypothetical protein FTT1536¢
FTT1572¢ Outer membrane protein OmpH
FTT1603 508 ribosomal protein L28
FIT1616 Cysteinyl-tRNA synthetase
FIT1777¢ Hypothetical membrane protein
FTT1793¢ Aminopeptidase N

Downregulated in

FSC043

FTT0963¢ 3-Deoxy-7-phosphoheptulonate synthase

FTT1003¢ Phenylalanyl-tRNA synthetase

FTT1062c 30S ribosomal protein S6

FTTl1116¢c Preprotein translocase family protein

FTT1129¢ Hypothetical protein FTT1129¢

FTT1130c Cyanophycin synthetase

FTT1165¢ Aspartate aminotransferase

FTT1179 GTP binding translational elongation factor Tu
and G family protein

FTT1252 Hypothetical protein FTT1252

FTT1269¢ Chaperone protein DnaK (heat shock protein
family 70 protein)

FTT1276 Macrophage growth locus subunit B

FTT1313c Transcriptional elongation factor
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TABLE 3 (Continued)

Protein Description

FTT1324 Chaperone protein, groEL

FTT1349 Hypothetical protein FTT1349

FTT1352 Hypothetical protein FTT1352

FTT1354 Hypothetical protein FTT1354

FTT1356¢ Intracellular growth locus subunit D

FTT1357¢c Intracellular growth locus subunit C

FTT1359¢c Intracellular growth locus subunit A

FTT1360c Hypothetical protein FTT1360c

FTT1365¢ Fructose-bisphosphate aldolase

FTT1366¢ Pyruvate kinase

FTT1368¢ Glyceraldehyde-3-phosphate dehydrogenase

FTT1375 3-oxoaCytoplasml-(aCytoplasml-carrier-protein)
reductase

FTT1393¢ Exodeoxyribonuclease V

FTT1445 Thioredoxin

FTT1484c Pyruvate dehydrogenase E2 component

FTT1498¢ Acetyl-coenzyme A carboxylase carboxyl
transferase subunit alpha

FTT1525¢ Hypothetical membrane protein

FTT1526¢ Isocitrate dehydrogenase

FTT1600c Fumerate hydratase

FTT1636 Lipoprotein releasing system, subunit A, outer
membrane lipoproteins carrier

FTT1663 Carbamoyl-phosphate synthase small chain

FTT1666¢ 3-hydroxyisobutyrate dehydrogenase

FIT1721c Amidophosphoribosyltransferase

FIT1747 Outer membrane protein OmpH

FTT1750 Recombinase A protein

@ The data listed are the means of biological repeats.

nificantly more than FSC043 (P < 0.05 versus the AfupA mutant
and P < 0.01 versus the AFTL0439 mutant), and both the AfupA
and AFTL0439 mutants induced cytotoxicity like SCHU S4 (Fig.
3A and B). In contrast, the ApdpC, ApdpC ApdpE, and AiglC mu-
tants, like FSC043, showed essentially no replication (P < 0.01
versus SCHU $4) and did not induce any cytotoxicity (Fig. 3A and
B). The AiglC mutant is a prototype for F. tularensis mutants in-
capable of phagosomal escape and intracellular replication. Sepa-
rately, the behavior of the ApdpE mutant was investigated, and it
was found to replicate as well as SCHU $4 in J774 cells (Fig. 4A)
and BMMs (not shown) and showed the same degree of cytotox-
icity as did SCHU $4 (Fig. 4B).

The virulence of the deletion mutants was also characterized in
the mouse model after intradermal challenge. The ApdpC and
ApdpC ApdpE mutants, like FSC043, showed very marked atten-
uation, and all mice survived an inoculum of 10’ CFU, whereas
the AfupA mutant showed a 50% lethal dose (LDs,) of approxi-
mately 10° CFU, the AFTL0439 mutant showed an LD, of 10°
CFU, and the ApdpE mutant appeared to be fully virulent, with an
LD, of <40 CFU (time to death, 7.0 = 0.2 days).

In summary, the data show that FSC043 displayed a phenotype
similar to that of the ApdpC and ApdpC ApdpE mutants, charac-
terized by minimal intracellular growth and lack of cytotoxicity,
whereas the AfupA, ApdpE, and AFTL0439 mutants replicated al-
most as efficiently as did SCHU $4, and all four strains induced
similar degrees of cytotoxicity. The degree of intracellular replica-
tion correlated with the virulence of the mutants, since the ApdpC
and ApdpC ApdpE mutants, like FSC043, were essentially aviru-
lent, whereas the AfupA and AFTL0439 mutants showed high vir-
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FIG 1 Western blot analysis of the Francisella pathogenicity island proteins.
Lysates from strains SCHU S4 and FSC043 were separated by SDS-PAGE,
blotted onto nitrocellulose, and probed with an antibody to the indicated F.
tularensis proteins. (A) Western blot analysis of selected FPI proteins revealed
no differences between strains FSC043 and SCHUS4. (B) The truncated form
of PdpC (26 kDa) is present in FSC043 in contrast to the full-length form (156
kDa) (arrows), which is visible only in the SCHU $4 lysate. There are also a
number of nonspecific bands due to the reactivity of the polyclonal antibody
used for detection.

ulence, although not as high as SCHU $4, and the ApdpE mutant
was found to be fully virulent.

FSC043 showed impaired phagosomal escape. A prerequisite
for the virulence of F. tularensis is its phagosomal escape, since it
replicates in the cytosol of phagocytic cells. Many attenuated FPI
mutants have been found to be defective for phagosomal escape,
and to investigate if the FSC043 and pdpC mutants showed such
defects, the infected cells were stained with LAMP-1, which is a
late endosomal and lysosomal marker acquired within 30 min by
the Francisella-containing phagosome (27, 28, 30, 31, 47, 48).
Only a minority of the SCHU S4 bacteria colocalized with
LAMP-1 at any of the time points investigated, 0, 3, and 18 h (Fig.
5A), and this was in agreement with previous studies (28, 48-50),
while a majority of the AigIC mutant bacteria remained colocal-
ized with LAMP-1 for up to 18 h, as reported for the correspond-
ing LVS mutant (27). The AfupA and AFTL0439 mutants effec-
tively escaped from the phagosome, whereas the ApdpC and
ApdpC ApdpE mutants, similar to the AiglC mutant, were defec-
tive for phagosomal escape (Fig. 5A). The FSC043, ApdpC, and

pdpD

pdpA

FIG 2 Map of the FPI region of F. tularensis. The pdpC and pdpE genes (black
arrows) and the two adjacent genes are magnified. The location of the sponta-
neous mutation in the pdpC gene in FSC043 is indicated by a gray line. The
locations of the primers used for RT-qPCR analysis are indicated by horizontal
bars. The arrows indicate the direction of transcription.
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FIG 3 F. tularensis infection of J774 cells. (A) Cells were infected for 1 h with
the indicated F. tularensis strains at an MOI of 30 and then incubated for 18 h.
Bacterial replication was determined and expressed as mean log,, CFU of
triplicate wells. Experiments were repeated at least twice with similar results.
The horizontal lines indicate the bacterial numbers after uptake. The asterisks
indicate that the bacterial numbers were significantly different from the repli-
cation of the SCHU $4 strain at the indicated time point (¥, P = 0.05;**, P =
0.01). (B) Culture supernatants of the infected 774 cells were assayed for LDH
activity at the indicated time points, and the activity was expressed as a per-
centage of the level of noninfected lysed cells. Means and standard deviations
(SD) of triplicate wells from one representative experiment of at least two are
shown. The asterisks indicate that the cytotoxicity levels were significantly
different from those of SCHU S4-infected cells for a given time point, as de-
termined by a ¢ test (*, P =< 0.05;***, P < 0.001).

ApdpC ApdpE mutants showed aberrant behavior, since approx-
imately 95% of the infected cells contained only a few bacteria,
80% of which, designated population I, were localized within
LAMP-1-positive vacuoles at 0, 3, and 18 h (P < 0.05 versus 3 h)
(Fig. 5A and B and 6A). The remaining 5% of the cells contained
large numbers of bacteria, designated population II, but only 26 to
35% of them colocalized with LAMP-1 (Fig. 5B). This percentage
increased to 35 to 44% at 30 h. At 18 h, transmission electron
microscopy (TEM) confirmed these findings and showed that
50% of the FSC043 bacteria localized adjacent to phagosomal
membranes, whereas the remaining bacteria had cytoplasmic lo-
calization, in contrast to the AigIlC mutant, which showed >90%
phagosomal localization (Table 4 and Fig. 7).

Altogether, these findings demonstrate that AfupA and
AFTL0439 mutants, like SCHU $4, effectively escaped from the
phagosome, whereas FSC043 and the ApdpC and ApdpC ApdpE
mutants showed predominantly phagosomal localization. How-
ever, a small subset of bacteria of each of the three strains appeared
to replicate, and they showed low degrees of LAMP colocalization.
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FIG 4 Infection of J774 cells with the ApdpE mutant. (A) Cells were infected
for 1 h with the indicated F. tularensis strains at an MOI of 30 and then incu-
bated for 20 h. Bacterial replication was determined and expressed as mean
log,, CFU of triplicate wells. Experiments were repeated twice with similar
results. The asterisks indicate that the bacterial numbers were significantly
different from the replication of the SCHU $4 strain at the 20-h time point.
(*,P = 0.05). (B) Culture supernatants of the infected J774 cells were assayed
for LDH activity at the indicated time points, and the activity was expressed as
a percentage of the level of noninfected lysed cells. Means and standard devi-
ations of triplicate wells from one representative experiment of two are shown.
The asterisks indicate that the cytotoxicity levels were significantly different
from those of SCHU S4-infected cells for the 20-h time point, as determined by
attest (*f, P = 0.001).

Complementation with the pdpCand pdpE genes, but not the
fupA and fupB genes, restored intracellular replication and vir-
ulence of FSC043. Since FSC043 shows minimal intracellular rep-
lication and lacks virulence in the mouse model (10), we asked if
complementation with the SCHU $4 genes that are not expressed
in the strain would restore a virulent phenotype. To investigate
this, we expressed the three constructs containing the pdpE gene,
the pdpC and pdpE genes, or the complete fupA and fupB genes,
which are missing or not expressed in FSC043, under the control
of the strong F. tularensis GroE promoter for pdpE or pdpC and
pdpE or their native promoter for fupA and fupB. The constructs
were expressed in FSC043 either individually or together and
tested for intracellular growth in J774 cells (data not shown) and
BMMs with similar results. The recombinant expression of pdpE
(not shown) or the fupA and fupB genes did not change the phe-
notype, since the mutants, like FSC043, showed only minimal
intracellular replication in BMMs (Fig. 8A). In contrast, expres-
sion of the pdpC and pdpE gene or pdpC and pdpE gene and fupA
and fupB gene recombinant constructs dramatically affected the
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FIG 5 Quantification of LAMP-1 colocalization with F. tularensis strain
SCHU S4.]774 cells were infected for 1 h with the indicated F. tularensis strains
at an MOI of 30 or latex beads at an MOI of 10, and after washing, they were
further incubated for up to 18 h. Fixed samples were labeled for the late endo-
somal/lysosomal marker LAMP-1. (A) Percentages representing the fractions
of F. tularensis- or latex bead-containing phagosomes stained for the late en-
dosomal/lysosomal marker LAMP-1. (B) A separate analysis was performed
for strain FSC043 at 18 h. LAMP-1 colocalization was determined for two
populations of bacteria observed in infected host cells: (i) a majority (95%) of
J774 cells with individual bacteria (designated PI) and (ii) a minority (5%) of
J774 cells with clusters of replicating bacteria (designated PII). The results are
expressed as mean values and SD from one representative experiment in which
100 bacteria each on triplicate coverslips were counted. The asterisks indicate
colocalization levels significantly different from those of SCHU S4 for each
time point. *, P < 0.05; ***, P < 0.001, according to a f test. Experiments were
repeated 2 to 4 times for the 0- and 3-h time points and twice for the 18-h time
point.

phenotype, since the intracellular replication of both these mu-
tants was indistinguishable from that of SCHU S4 (Fig. 8A). Sim-
ilarly, the LDH release was marked and as high as for SCHU S4
when FSC043 was complemented with pdpC and pdpE, but not
when complemented with fupA and fupB (Fig. 8B) or pdpE (not
shown).

The complemented mutant strains were also characterized by
assessing their virulence in the mouse model after intradermal
challenge. Previously, we observed that FSC043 shows dramatic
attenuation, since not even a challenge of 10® CFU is lethal,
whereas the LD5, of SCHU $4 is approximately 1 CFU and the
strain usually kills mice within 6 days (10). Therefore, groups of
mice were challenged with 100 CFU of the three complemented
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FIG 6 Colocalization of GFP-expressing F. tularensis strains and the late endosomal marker LAMP-1. J774 cells were infected for 1 h with the indicated F.

tularensis SCHU S4 strain at an M

of 30 or latex beads at an MOI of 10 and further incubated for 3h (A) or 18 h (B). In the repre
green channel shows bacteria or latex particles and the red channel shows LAMP-1 staining for the indicated strain or latex beads. Co

with the Nikon C1 confocal microscope and assembled using Adobe Photoshop CS4 (Adobe Systems, San Jose, CA).
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TABLE 4 TEM assay of phagosomal-membrane integrity of 774 cells
infected with F. tularensis strains”

Membrane integrityl’ (%)

Strain Intact/partly degraded Mostly degraded/absent
SCHU $4 9.8 90.2

FSC043 50.2 49.8

AiglC 90.3 9.7

@774 cells were infected for 1 h at an MOI of 50, washed, further incubated for 18 h,
and then processed for TEM.

¥ To examine membrane integrity, at least 100 bacteria from different sections of
duplicate samples were analyzed for each time point and categorized as follows: I,
bacteria with an intact or partly degraded phagosomal membrane; II, bacteria with
mostly degraded or absent membranes.

FSC043 strains. All of the mice infected with the mutant express-
ing the fupA and fupB genes survived until the end of the experi-
ment, 28 days (Table 5). In contrast, one mouse infected with the
mutant expressing the pdpC and pdpE genes died after 8 days,
whereas all the others survived 28 days, and all five mice infected
with the mutant expressing genes of both constructs died within
6.4 = 0.3 days (Table 5). When higher doses of the mutants ex-
pressing genes of either of the constructs were given, three of five
mice administered 10’ CFU of the pdpC-pdpE construct died after
6.7 * 0.4 days and all five mice given 10> CFU died after 6.0 = 0.2
days (Table 5). However, no mice died after administration of 10’
CFU of the mutant expressing genes of the fupA-fupB construct or
5 X 10° CFU of the mutant expressing pdpE (Table 5).

In summary, expression of the genes of the pdpC-pdpE con-
struct was necessary for intracellular replication and virulence,
since FSC043 and the strain expressing the genes of the fupA-fupB

Characterization of the SCHU S4 Mutant FSC043

construct showed only minimal intracellular replication and an
LDy, of >10” CFU. In contrast, expression of the genes of the
pdpC-pdpE construct restored intracellular replication and mark-
edly affected virulence, since the LD, was approximately 10’
CFU. For high virulence, similar to that of SCHU $4, the concom-
itant expression of both the pdpC and pdpE genes and the intact
fupA and fupB genes was needed, leading to an LDy, of <10* CFU.

Vaccination with the mutants confers varying degrees of
protection against SCHU $4 challenge. In our previous study of
the vaccine properties of FSC043, we observed that it conferred
significant protection, similar to the LVS strain (10). In light of the
new genomic information regarding FSC043, we wanted to com-
pare how mutants in the affected genes conferred protection. All
five of the mutant strains provided efficient protection (P < 0.005
versus naive mice) against an intradermal challenge with ~1,000
lethal doses of SCHU S4 (Table 6). There were marked differences
in their efficacies in protecting against an intranasal challenge with
25 lethal doses of SCHU $4, however, and regardless of the dose,
the ApdpC and ApdpC ApdpE mutants did not confer any signif-
icant protection, with a median survival of 8 days versus 6 days for
naive mice, whereas FSC043 and AfupA conferred intermediate
protection (P < 0.01 versus naive mice) and some of the mice
survived until the experiment was terminated at day 28 (Table 6).
In contrast, the AFTL0439 mutant conferred highly significant
protection, and all of the mice survived until day 28 (P < 0.001
versus naive mice); this was superior to the protection conferred
by the FSC043 or AfupA mutant (P < 0.05 for both).

Altogether, the highly attenuated ApdpC and ApdpC ApdpE
mutants conferred protection against intradermal challenge but
not against intranasal challenge, whereas FSC043, despite being

September 2014 Volume 82 Number 9

FIG 7 Electron micrographs of J774 cells infected for 1 h with F. tularensis FSC043 or SCHU $4, the AiglC mutant, or the AigIlC mutant and then further
incubated for 18 h. (A) The AiglC strain. (B and C) A host cell containing an individual FSC043 bacterium enclosed by a phagosomal membrane (B) and a host
cell containing a cluster of FSC043 bacteria without discernible phagosomal membranes (C). (D and E) A host cell containing an individual ApdpC mutant
bacterium enclosed by a phagosomal membrane (D) and a host cell containing a cluster of ApdpC mutant bacteria without discernible phagosomal membranes
(E). The electron micrographs were acquired with a JEOL 1200 EX-II electron microscope (JEOL Ltd., Tokyo, Japan) and assembled using Adobe Photoshop CS4.
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FIG 8 Intracellular replication and cytotoxicity in BMMs of F. tularensis
strains. (A) BMMs were infected by the indicated strains of F. tularensis at an
MOI of 200 for 2 h. Upon gentamicin treatment, the cells were allowed to
recover for 30 min, after which they were lysed immediately (0 h) or after 24 h
and plated to determine the number of viable bacteria (log,,). All infections
were repeated twice, with triplicate data sets, and a representative experiment
is shown. Each bar represents the mean value, and the error bar indicates the
standard deviation. The asterisks indicate that the log,, number of CFU was
significantly different from that of the FSC043 strain as determined by a
2-sided t test with equal variance (**, P = 0.01; ***, P =< 0.001). (B) The
cytotoxicity of the infected BMMs was determined using the LDH assay (*, P <
0.05; **, P < 0.01; ***, P =< 0.001). No bar is shown for the 48-h time point for
SCHU $4, since all cells had lysed before that.

highly attenuated, and the less attenuated AfupA strain conferred
full protection against intradermal challenge and intermediate
protection against intranasal challenge; some of the latter mice
survived for the whole study period. In contrast, the AFTL0439
mutant provided highly efficacious protection against both intra-

TABLE 5 Survival of mice following intradermal challenge with
complemented strains”

Time to death (days)®

Challenge strain 10°CFU 10’ CFU 107 CFU
FSCO43/fupA fupB >28 >28 >28
FSC043/pdpC fupE 8,>28(4) 6,7,7,>28,>28 5,6,6,6,7
FSC043/fupA fupB pdpC pdpE  6,6,6,7,7 NA NA

@ Groups of five mice were challenged with various doses of the indicated strains and
monitored for 28 days for signs of illness.

b The number in parentheses is the number of mice with the preceding time to death.
NA, not applicable.
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TABLE 6 Survival of mice following immunization with mutant strains
of SCHU $4

Vaccine  Time to death Median time to

Vaccine strain dose (days)® death (days)
Intradermal challenge®

None None 4,5,5,5,5 5

AFTL0439 10 >28 (5) >28

AfupA 10° >28(5) >28

ApdpC ApdpE 107 5,13,>28 (3) >28

FSC043 107 6, >28 (4) >28

ApdpC 10° 7,9,25,>28 (2) 25

ApdpC 107 5,>28 (4) >28
Intranasal challenge”

None None 5,6,6,6,6 6

AFTL0439 10 >28 (5) >28

AfupA 10° 10,11,21,22,>28 21

ApdpC ApdpE 107 7,8,8,9, 10 8

FSC043 107 9,13, 13,>28(2) 13

ApdpC 10° 7,7,8,8,8 8

ApdpC 107 7,7,7,8,9 7

“ Five-week-old immune mice were challenged with 2,400 CFU of strain SCHU S4. The
mice were followed for 28 days after challenge.

b Five-week-old immune mice were challenged with 25 CFU of strain SCHU S4. The
mice were followed for 28 days after challenge.

¢ The numbers in parentheses are the numbers of mice with the preceding time to death
when more than 1.

dermal and intranasal challenge, and all mice survived during the
study period.

DISCUSSION

The aim of the study was to understand how the previously iden-
tified mutations present in strain FSC043, a spontaneous mutant
of the highly virulent strain SCHU S4, contributed to its unique
phenotype. To this end, we compared the phenotype of the strain
with those of specific deletion mutants in the known mutated
genes of FSC043: fupA, fupA and fupB (AFTL0439), pdpC, and
pdpCand pdpE. In addition, we also performed complementation
of the two chromosomal segments that are missing (fupA-fupB) or
not expressed (pdpC-pdpE) in FSC043 in order to infer the con-
tributions of each of the genes. Our characterization identified
several interesting phenotypes that collectively help to explain the
unique phenotype of FSC043. We observed that the AfupA and
AFTL0439 mutants were slightly attenuated for growth in mono-
cytic cells but still demonstrated as distinct toxicity as did SCHU
S4. This phenotype markedly differs from that of FSC043 and
implies that the mutation, although it may contribute to the at-
tenuation of FSC043, does not explain its peculiar intracellular
phenotype and lack of virulence. In this regard, our finding that
the nonsense mutation in both copies of pdpC resulted in expres-
sion of only the 5" end of the gene and also in the lack of expression
of pdpE was of considerable interest. There have been several re-
cent publications concerning PdpC, and collectively, they have
identified it as an FPI protein with unique functions (14, 35). For
example, we have observed that the ApdpC mutant of LVS shows
no multiplication, aberrant phagosomal escape, and lack of viru-
lence, and Long et al. demonstrated that a pdpC mutant of SCHU
S4 shows a very similar phenotype (14, 35). Thus, the previous
findings on the ApdpC mutants, regardless of genetic background,
show great similarity to our findings on FSC043. In addition, it
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was recently reported that repeated in vitro passages of SCHU S4
led to a spontaneous single-nucleotide mutation of both copies of
pdpC (37). Thus, the findings are highly similar to the findings on
FSC043. Moreover, our findings on the SCHU S4 ApdpC and
ApdpC ApdpE mutants likewise showed that they exhibit minimal
intracellular replication, very marginal cytotoxicity, and lack of
virulence in the mouse model. In addition, we observed that the
ApdpC and ApdpC ApdpE mutants replicated in a small subset of
macrophages, as previously demonstrated by Long et al. for the
SCHU $4 ApdpC mutant (14). Moreover, our data provide no
evidence that the deletion of the pdpE gene, in the absence of
pdpC, affects the phenotype of the SCHU S4 mutants, and further-
more, we have previously demonstrated that the ApdpE mutant of
LVS is fully virulent and shows intact phagosomal escape and
normal cytotoxicity during intracellular infection (20), as did the
SCHU S4 ApdpE mutant characterized in the present study. Col-
lectively, these findings provide strong evidence that the lack of a
functional PdpC is the most likely explanation for the peculiar
phenotype of FSC043. Our findings also demonstrate that the ab-
sence of phagosomal escape renders F. tularensis mutants highly
attenuated, and this completely obscures the role of major viru-
lence factors, such as FupA, since their absence or presence does
not affect virulence when bacteria are confined to the phagosome.

Unlike our SCHU S4 ApdpC deletion mutant, the previous
study employed an intron insertion mutant of pdpC, and since the
intron was located inside the gene, it is possible that this would
affect the phenotype in a different way than a complete gene de-
letion (14). However, coincidentally, the intron insertion was lo-
cated in the proximity of the premature stop codon of pdpC in
FSC043, and the similar phenotypes of the two pdpC mutants and
FSC043 indicate that the N-terminal end of PdpC does not affect
the phenotype. Furthermore, our analysis of the expression of FPI
components other than PdpC and PdpE revealed that IglA, IglB,
IglC, IglD, IglH, and VgrG were expressed at normal levels, mak-
ing it unlikely that other components of the T6SS contributed to
the FSC043 phenotype. Therefore, the lack of full-length PdpC
expression appears to be sufficient to explain the unique intracel-
lular phenotype and lack of virulence exhibited by FSC043. One of
the most remarkable findings related to FSC043 is the presence of
identical nonsense mutations in the two copies of the pdpC gene.
Presumably, this has occurred as a result of homologous recom-
bination; however, it is difficult to envision how this clone was
originally selected, since we have not observed any growth defect
or macroscopic phenotype that distinguishes it from the parental
strain (35). Also, we have consistently found that inactivation of
only one copy of an FPI gene does not result in any phenotypic
change compared to the parental strain. One possibility is that a
SCHU $4 derivative that contained the nonsense mutation in one
copy of pdpC was subjected to repeated animal passages, and
thereby, the attenuated clone with duplicated mutations was se-
lected by virtue of its marked attenuation, but this has not been
documented in any publication.

The phenotype of FSC043 resembles previous descriptions of
Brucella, since it has been reported that an absolute majority of
brucellae are initially killed but the surviving bacteria start to rep-
licate and eventually show net replication despite the initial killing
(51). Likewise, we believe that our findings are compatible with
the hypothesis that most of the FSC043 bacteria are killed or con-
tained within the phagosome but a small majority are able to es-
cape from the phagosome and then start to replicate, and this
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would explain the limited systemic spread that the strain demon-
strates (10).

Our data on FSC043 improves our understanding regarding
the prerequisites for the high virulence of SCHU S4. Although the
partial deletions of the fupA and fupB genes appear to be the most
important reason for the attenuation of LVS (5), the complemen-
tation of FSC043 with the intact fupA and fupB genes or pdpE still
resulted in an essentially avirulent strain. In contrast, complemen-
tation with pdpC and pdpE resulted in a dramatic increase in vir-
ulence: the LDy, was >100,000-fold lower than for FSC043. The
combined complementation with both gene constructs led, how-
ever, to even higher virulence than did the pdpC-pdpE construct
alone. This implies that the phagosomal escape of F. tularensis is
essential for any virulence, since FSC043 has an LDy, of >10°
CFU, and this was not markedly changed by complementation
with the fupA-fupB construct. In contrast, complementation with
the pdpC-pdpE construct leads to a phenotype that is character-
ized by phagosomal escape and rapid intracellular replication, like
SCHU $4, and concomitantly, high virulence. However, when
phagosomal escape occurs, the role of fupA becomes critical for
the extreme virulence exhibited by SCHU §4, as evidenced by the
even higher virulence of the mutant complemented with both
constructs than the one complemented with the pdpC-pdpE con-
struct only. Since the fupA mutant showed normal escape, our
findings also demonstrate that the role of FupA is unrelated to
phagosomal escape. Presumably, the very important role of FupA
for the attenuation of LVS and full complementation of FSC043 is
solely related to its critical function for iron utilization (4).

It is believed that escape of F. tularensis strains from the phago-
some followed by intracellular replication is a crucial prerequisite
to confer protective immunity on mammals (2). As shown here,
the FSC043 strain is capable of minimal intracellular replication,
in agreement with previous findings (10). We hypothesize that the
finding of a mixed intracellular localization of strain FSC043 may
be important for its overall phenotype, which includes very lim-
ited systemic spread in mice but still induction of intermediate
protection. This is in contrast to the AigIB, AiglC, and AiglD mu-
tants of SCHU $4, all of which are equally attenuated but confer
minimal or no protection (10, 52). Presumably, their lack of im-
munogenicity is a result of the complete phagosomal confinement
and thereby absence of systemic spread (10). Here, we observed
that all of the mutants tested, FSC043, ApdpC, ApdpC ApdpE,
AfupA, and AFTL0439, conferred significant protection against
intradermal challenge with SCHU $4, and almost all mice sur-
vived until the experiment was terminated at day 28; however,
there were marked differences in their protective efficacies against
respiratory challenge. Regardless of the immunization dose, the
ApdpC and the ApdpC ApdpE mutants did not confer any signif-
icant protection, whereas FSC043 and the AfupA mutant con-
ferred intermediate protection, and in fact, some of the mice sur-
vived until the experiment was terminated. In contrast, the
AFTL0439 mutant conferred highly significant protection and all
immunized mice survived until the end of the experiment. Thus,
the highly significant attenuation resulting from the deletion or
truncation of pdpCresults in mutants with limited protective abil-
ities, presumably related to their limited intracellular replication
and lack of efficient systemic spread after immunization (14). In
contrast, the AFTL0439 mutation, identical to the one that pro-
vides the most significant contribution to the attenuation of LVS
(5), leads to intermediate attenuation and confers efficacious vac-
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cine properties. The data also indicate that the partial deletions of
the fupA and fupB genes present in the AFTL0439 mutant lead to
more marked virulence than does deletion of the AfupA gene
alone and that the former mutant shows somewhat superior vac-
cine efficacy. Thus, this implies that the N-terminal part of FupA
that is expressed in FSC043 and LVS affects virulence and protec-
tive efficacy. FSC043 showed superior protective efficacy com-
pared to the ApdpC and ApdpC ApdpE mutants, although all three
strains showed the same aberrant phagosomal escape and very
limited intracellular replication. A notable observation was the
abnormal expression of many genes and even more proteins in
FSC043, and this may explain its superior immunogenicity. The
reason for this aberrant protein expression is unknown, and it will
be important to determine if it is in any way indirectly related to
the impaired expression of fupA fupB and/or pdpC and pdpE.
However, since strain SCHU S4 was derived from the original
SCHU isolate before 1951 (53), it is possible that the mutations
present in FSC043 may have occurred more than 60 years ago;
therefore, the identified aberrant protein expression may be the
result of adaptation after many passages in vitro. Overall, the data
regarding the protection conferred by the mutants demonstrate
that there is no absolute correlation between their ability to dis-
seminate and to confer protection and, in addition, that some
bacterial determinants should be preserved in order for the corre-
sponding mutants to provide efficacious protection.

Collectively, our data demonstrate that the spontaneous
FSC043 mutant exhibits a unique phenotype, as evidenced by
variable phagosomal escape, minimal intramacrophage growth
and cytotoxic effects, and lack of virulence, despite being derived
from the highly virulent SCHU S4. We infer from our data that the
most important reason for these phenotypes is the expression of a
truncated form of PdpC, and the findings emphasize the essential
role of phagosomal escape for expression of any virulence by F.
tularensis. Furthermore, our study improves the understanding of
the mechanisms leading to the very high virulence of SCHU $4.
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