1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Vaccine. 2009 February 18; 27(8): 1216-1229. doi:10.1016/j.vaccine.2008.12.014.

Recombinant Attenuated Listeria monocytogenes Vaccine
Expressing Francisella tularensis IglC Induces Protection in Mice
Against Aerosolized Type A F. tularensis

Qingmei iial, Bai-Yu Leel, Daniel L. Clemens?, Richard A. Bowen?, and Marcus A.
Horwitz1

1 Division of Infectious Diseases, Department of Medicine, 37-121 Center for Health Sciences, School of
Medicine, University of California— Los Angeles, 10833 Le Conte Avenue, Los Angeles, CA 90095-1688

2 Department of Biomedical Sciences, ARBL, Colorado Sate University, Fort Collins, CO 80523

Abstract

Fransicella tularensis, the causative agent of tularemia, is in the top category (Category A) of
potential agents of bioterrorism. To develop a safer vaccine against aerosolized F. tularensis, we
have employed an attenuated Listeria monocytogenes, which shares with F. tularensis an intracellular
and extraphagosomal lifestyle, as a delivery vehicle for F. tularensis antigens. We constructed
recombinant L. monocytogenes (rLm) vaccines stably expressing 7 F. tularensis proteins including
IgIC (rLm/iglC), and tested their immunogenicity and protective efficacy against lethal F.
tularensis challenge in mice. Mice immunized intradermally with rLm/iglC developed significant
cellular immune responses to F. tularensis IgIC as evidenced by lymphocyte proliferation and CD4
+ and CD8+ T-cell intracellular expression of interferon gamma. Moreover, mice immunized with
rLm/iglC were protected against lethal challenge with F. tularensis LVS administered by the
intranasal route, a route chosen to mimic airborne infection, and, most importantly, against aerosol
challenge with the highly virulent Type A F. tularensis SchuS4 strain.
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1. Introduction

Francisella tularensis is a gram-negative coccobacillus that causes tularemia, a zoonotic
disease spread among small animals by blood sucking insects. There are four subspecies of F.
tularensis: tularensis (Type A), holarctica (Type B), mediasiatica, and novicida. Of these,
subsp. tularensis, found in North America, causes the most severe disease. Depending largely
upon the mode of F. tularensis transmission, there are several forms of tularemia, including
ulceronodular, typhoidal, and pneumonic, the most dangerous form as it carries a high fatality
rate. Under natural circumstances, F. tularensis rarely infects humans. However, because it is
one of the most pathogenic human pathogens known and can be spread by the airborne route
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to cause a highly fatal form of pneumonia, F. tularensis is classified as a Category A agent of
bioterrorism, i.e. among the most likely pathogens to be employed in a bioterrorist attack.
Indeed, F. tularensis has a long history of development as a bioweapon, having been stockpiled
as a biowarfare agent by Japan in World War 11 [1] and by the U.S. and Soviet Union during
the Cold War [2,3].

Several vaccine strategies have been developed against virulent F. tularensis infection,
including killed whole cell vaccines, subunit vaccines, live attenuated Type A strains and live
attenuated non-Type A strains [4]. Killed whole cell vaccines have not afforded high-level
protection against Type A F. tularensis in animal models [5,6]. Subunit vaccines comprising
an F. tularensis protein in an adjuvant formulation or F. tularensis lipopolysaccharide (LPS)
purified from the Live Vaccine Strain (LVS) have not demonstrated high-level efficacy against
non-Type A or virulent Type A F. tularensis in animal models [7-10]. Intraperitoneal
immunization with an F. tularensis LVS outer membrane protein preparation protected 50%
of mice challenged intranasally (i.n.) with Type A SchuS4 [11]. A spontaneous attenuated
mutant of Type A F. tularensis SchuS4 strain was shown to be able to induce protective
immunity [12]; however, attenuated Type A strains carry a potential risk of reversion to
virulence. A purified auxotroph of F. tularensis SchuS4 was recently found to give poor
protection against i.n. challenge with the homologous parental organism and no better than an
analogous purine auxotroph of the Type B LVS strain [13].

LVS is a live attenuated strain of F. tularensis subsp. holarctica, a relatively mild subsp. of
F. tularensis. It was approved as an investigational new drug by the U.S. FDA and has been
studied extensively in humans. However, there are several major limitations for LVS as a
vaccine against tularemia [4,5]. First, it retains significant toxicity, even when administered
by the intradermal (i.d.) route. Second, when administered by the relatively safe i.d. route, it
provides incomplete protection against high dose aerosol challenge. Third, the underlying
mechanism of attenuation is poorly characterized genetically making it difficult to assess the
likelihood of reversion to virulence. Fourth, it displays a mixed colony morphology type (blue/
grey colonies), and only one colony type induces protective immunity [14]. Recently, efforts
have been made to further attenuate the LVS strain for vaccine purposes. However, several
such mutants were unable to induce protective immunity against Type A strains [15-17].
Efforts have also been made to improve the vaccine’s efficacy by administering it by aerosol.
While highly efficacious by the aerosol route, it was much more virulent, with most volunteers
developing typhoidal tularemia [18].

Macrophages are the major host cells for F. tularensis [19]. Other cell types, e.g. hepatocytes,
type 1l alveolar epithelial cells, and neutrophils can also serve as host cells for F. tularensis
[20-22]. After entering human mononuclear phagocytes, both the highly virulent F.
tularensis Type A and the F. tularensis LVS strain briefly inhabit a phagosome and then exit
the phagosome and multiply free in the cytoplasm [23,24]. Precise correlates of protective
immunity against Type A F. tularensis challenge have not been defined. In the mouse, the LVS
vaccine, which offers substantial protection against Type A F. tularensis, induces both humoral
and cell-mediated immune responses, including CD4+ and CD8+ T-cell responses, to F.
tularensis antigens [25].

In search for a safer vaccine against F. tularensis infection, we chose to use an attenuated
heterologous intracellular bacterium, Listeria monocytogenes, as a live vaccine vector to
express F. tularensis immunogenic proteins. L. monocytogenes is a facultative intracellular
bacterium. It expresses cell-surface and secreted proteins that enable attachment to host cells,
escape from the phagosome and movement in the cytosol of the invaded cells. Listeriolysin O
(LLO) and actin-assembly-inducing protein (ActA), encoded by L. monocytogenes hly and
actA genes, respectively, are both secreted proteins and virulence factors. LLO lyses the
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phagosomal membrane and mediates the invasion of the cytosol, triggering innate and adaptive
immune responses. ActA propels bacteria through the cytoplasm and into neighboring cells.
ActA-deficient L. monocytogenes strains are highly attenuated. However, vaccination with
ActA-deficient L. monocytogenes induces innate immune responses and primes protective T-
cell responses [26]. The parental L. monocytogenes strain selected in this work [Strain 10403S
(serotype 1/2a)] was previously employed as a vaccine delivery vehicle for antigenic cancer
proteins and an actA/pclB-deletion mutant of this strain has been demonstrated safe in humans
[27,28]. ActA-deficient L. monocytogenes is cleared within 7 days of administration [29] and
pre-existing anti-listerial immunity does not affect therapeutic efficacy [30]. Using the highly
attenuated recombinant ActA-deficient form of the L. monocytogenes strain (rLmAactA), we
constructed recombinant L. monocytogenes strains in which the F. tularensis genes were fused
to the signal sequence and promoter of hly, such that the F. tularensis antigens expressed by
the recombinant L. monocytogenes should be released into the cytosol of the infected host cells.

For F. tularensis antigens, we focused on seven major F. tularensis proteins: AcpA, Bfr, DnaK,
GroEL, KatG, IglIC, and PId. AcpA (57 kDa) is a highly expressed respiratory-burst-inhibiting
acid phophatase that exhibits some phospholipase C activity and shows no significant global
amino acid sequence similarity to any other protein [31]. In F. tularensis subsp. novicida, AcpA
is a virulence determinant [32]. Catalase-peroxidase (KatG) is an 80-kDa protein abundantly
secreted into the culture filtrate of virulent F. tularensis and exhibits a functional signal peptide
[33]. Bacterioferritin (Bfr), DnaK, and GroEL are also among the most abundant proteins in
the culture filtrate of F. tularensis [33]. IgIC is a 23-kDa protein encoded by the iglABCD
operon in the Francisella Pathogenicity Island (FPI) [34], and shows no similarity to other
known prokaryotic proteins. It is one of the most upregulated F. tularensis proteins during
intracellular infection of macrophages, and is required for intracellular survival, replication
and phagosome escape of F. tularensis [35-38]. Studies on iglC mutants in F. tularensis subsp.
novicida, holarctica, and tularensis demonstrated that IglC is essential for virulence in mice
[12,39,40]. Lastly, phospholipid D (PId) belongs to the Pld superfamily that includes enzymes
involved in signal transduction, lipid biosynthesis, and endonuclease activity in pathogenic
viruses and bacteria, although the function of PId in F. tularensis is not known.

L. monocytogenes shares with F. tularensis an intracellular and extraphagosomal (cytoplasmic)
life style; hence F. tularensis antigens released by recombinant L. monocytogenes should be
processed and presented in a way similar to antigens released by intracellular F. tularensis
during infection. Our previous work has demonstrated that major secretory proteins of other
intracellular pathogens, including Legionella pneumophila, Mycobacterium tuberculosis and
Mycobacterium bovis, induce potent protective immunity against challenge with these
organisms [41-43].

In this study, using recombinant L. monocytogenes as a delivery vector for F. tularensis
proteins, we show that a) F. tularensis antigens expressed by the recombinant L.
monocytogenes induce strong cell-mediated immune responses; b) animals immunized i.d.
with recombinant L. monocytogenes expressing the F. tularensis protein IgIC (rLm/igIC) are
protected against lethal i.n. challenge with F. tularensis LVS, and ¢) most importantly, animals
immunized i.d. with rLm/igIC are protected against lethal aerosol challenge with the highly
virulent F. tularensis Type A SchuS4 strain.

2. Methods

2.1. Cell lines, bacteria, and mice

Human macrophage-like THP-1 cells (ATCC TIB-202) were cultured in RPMI 1640
containing penicillin (100 pg/ml) and streptomycin (100 U/ml) and supplemented with 10%
FBS. F. tularensis LVS, SchuS4 and a virulent recent clinical isolate (RCI) of Type A strain
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(NY 96-3369) were obtained from the Centers for Disease Control and Prevention (Atlanta,
Ga.). The bacteria were passaged once on monolayers of THP-1 cells, followed by
amplification on chocolate 11 agar (BD BBL, Sparks, MD) for 3 days. The bacteria were then
scraped from colonies on plates, suspended in sterile saline in the presence of 20% glycerol,
and stored at —80°C. The F. tularensis RCI strain was used to isolate genomic DNA that served
as a template for PCR amplification of Type A F. tularensis genes. The F. tularensis LVS
strain served as a positive control for recombinant L. monocytogenes vaccines and was used
to challenge mice by i.n. route. The F. tularensis SchuS4 strain was used to challenge mice by
the aerosol route. Before each use in animals, one vial of LVS or SchuS4 was thawed
immediately at 37°C, diluted in sterile saline and kept on ice until use.

Six to eight week old female BALB/c mice were purchased from Charles River Laboratory
(Wilmington, MA), maintained in a specific-pathogen-free animal facility, and used according
to protocols approved by the Animal Research Committees of UCLA and CSU.

2.2. Construction of recombinant L. monocytogenes vaccine candidates

The attenuated L. monocytogenes host strain, rLmAactA, was generously provided by K. Bruhn
and J. F. Miller at UCLA [27]. The coding nucleotide sequences for F. tularensis AcpA, Bfr,
DnaK, GroEL, IgIC, Pld and the mature peptide of KatG were PCR amplified from the genomic
DNA of the RCI strain using primer pairs listed in Table 1 and cloned into the plasmid, pZErO
(Invitrogen). The inserted nucleotides were confirmed by nucleotide sequencing, all of which
were identical to those of the SchuS4 strain. The F. tularensis genes were subcloned into the
vector pKB199, in which the F. tularensis gene was fused in frame with the promoter and
signal sequence of L. monocytogenes hly. Each F. tularensis protein expression cassette was
then excised from the cloning vector pKB199 by Notl and ligated to the Notl site of a phage-
based Listeria site-specific integration vector pDP4189, which was subsequently transformed
into SM10, the E. coli conjugation donor strain. Through conjugation, the plasmid was
mobilized and transferred from its E. coli SM10 host into the recipient rLmAactA strain. The
conjugation mixture was selected on plates containing streptomycin (200 pg/ml) and
chloramphenicol (7.5 pg/ml). The rLmAactA strain is insensitive to streptomycin since it is
derived from the L. monocytogenes strain 10403S, a spontaneous mutant resistant to
streptomycin. E. coli SM10 is sensitive to streptomycin and therefore is not able to grow on
the selective plate. The plasmid pDP4189 carries the chloramphenicol resistance gene and is
unable to replicate in L. monocytogenes. Under the selection pressure from chloramphenicol,
the integration vector containing the F. tularensis protein expression cassette driven by the
hly promoter was integrated into the 3’ end of an arginine tRNA gene on the chromosome of
the rLmAactA strain. The resulting recombinant L. monocytogenes strains were verified by
colony PCR using two pairs of primers specific for amplifying across the bacterial attachment
site tRNA9-attBB’ and across the hybrid attachment site tRNA9-attBP’, respectively, as
described previously [44], and one pair of primers specific for F. tularensis gene.

2.3. Stability of recombinant L. monocytogenes strains

The stability of the recombinant L. monocytogenes integrants under nonselective growth
conditions was tested by passaging 20 times each of the seven recombinant L.
monocytogenes strains (25 colonies each) on Brain-Heart Infusion (BHI) plates in the absence
of antibiotics. After every 5 passages, the 25 colonies were tested for growth on BHI plates
containing 7.5 ug ml~1 of chloramphenicol and 50 pg ml~2 of streptomycin. At the end of
stability test, one colony from each strain was tested for relevant F. tularensis protein
expression in the culture filtrate.
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2.4. Extracellular expression of F. tularensis proteins by recombinant L. monocytogenes

A single colony of each recombinant L. monocytogenes strain was inoculated into 3 ml BHI
medium containing streptomycin and chloramphenicol and the bacteria were grown overnight
at 37°C with shaking. The overnight culture was inoculated into 40 ml fresh MOPS-buffered
BHI medium containing streptomycin and chloramphenicol at an initial optical density (OD)
of 0.05 at 540 nm. The culture was grown until late logarithmic phase at 37°C with vigorous
shaking before being harvested by centrifugation. The supernate was passed through a 0.2 pm
filter membrane, and proteins in the culture filtrate were precipitated by trichloroacetic acid.
The expression of F. tularensis proteins was analyzed by Western blotting using rabbit
polyclonal antibody against the relevant protein.

2.5. Intracellular expression of F. tularensis proteins by recombinant L. monocytogenes

THP-1 cells were differentiated into a monolayer on a 24-well plate (2 x 10 cells/well) in the
presence of 100 nM PMA (phorbol 12-myristate 13-acetate) and in the absence of antibiotics.
The recombinant L. monocytogenes expressing I1gIC (rLm/igIC) or KatG (rLm/katG) culture
was grown to late logarithmic phase (OD of 1.0 at 540 nm) in BHI broth and used to infect the
THP-1 cell monolayer at a multiplicity of infection (MOI) of 50:1. After infection for 1 h at
37°C, the monolayer was washed twice with RPMI to remove extracellular bacteria and then
treated with 1 ml medium containing gentamicin at a final concentration of 10 ug mi~2 to kill
any remaining extracellular bacteria. At 24 h post-infection, cells were harvested, washed once
with PBS, and boiled for 7 min in Laemmli buffer before analysis by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting.

2.6. Recombinant protein expression, purification and antibody production

Recombinant AcpA, Bfr, DnaK, GroEL, KatG and Pld were expressed as fusion proteins
tagged with 6 histidine residues in the N- or C-terminus of the protein. Purification of
recombinant Bfr, GroEl and KatG has been described previously [33]. Recombinant AcpA was
purified as described previously for KatG [33]. DnaK and PIdD were purified as described for
Bfr and GroEL [33]. The gene for IgIC was PCR amplified from RCI genomic DNA, cloned
into pZErO (Invitrogen) and sequence verified before it was subcloned into pTWIN1 vector
(NEB) in such a way that it fused to the 3’ end of a chimeric gene sequence on the plasmid
vector to generate pTWIN-iglC. The chimeric gene on pTWINL1 consists of the coding sequence
for a chitin binding domain (CBD) and a DnaB intein. Therefore IglC was expressed as a CBD-
DnaB intein-1gIC fusion protein. The purification of 1gIC was carried out by chitin affinity
chromatography, sequential elution with buffers of decreasing pH as recommended by the
manufacturer, and by Q-Sepharose chromatography. The purity of the recombinant proteins
was assessed by SDS-PAGE. IgIC and KatG were tested for endotoxin level with an E-Toxate
kit (Sigma) following the manufacturer’s instructions and had on average 0.3125 and 0.75 EU/
ng, respectively. Purified recombinant proteins were used to immunize rabbits for antibody
production (Covance, Denver, PA).

2.7. Western blot analysis

Protein expression by recombinant L. monocytogenes was analyzed by Western blotting using
rabbit polyclonal antibodies specific to AcpA, Bfr, DnaK, GroEL, IgIC, KatG, or PId at a
dilution of 1:5,000 and subsequently horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin G (Bio-Rad) at a dilution of 1:25,000. The blots were incubated with
chemiluminescent substrate (Pierce) and the proteins were detected by exposing film to the
blot.
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2.8. Vaccination and challenge

Mice were vaccinated i.d. once, or twice at an interval of 4 or 5 weeks, at the base of the tail
with each vaccine strain diluted in 50 ul sterile saline using 27G 1/2 cc Tuberculin syringes
(Becton Dickson, NJ). Mice vaccinated with 50 pl of sterile saline served as negative control
(Sham). Mice vaccinated with 1 to 5 x 10* CFU LVS served as positive control. Four weeks
or later after the last vaccination, mice were challenged. We employed two mouse challenge
models. Mouse challenge model | was used to screen vaccines in an ABSL2 Facility. Mice
were challenged with a lethal dose of LVS by the i.n. route, a route chosen to mimic airborne
infection. In initial studies, we used Isoflurane (Phoenix Pharmaceutical Inc. MO) to
anesthetize mice. Subsequently we changed to Ketamine (80 mg/kg) and Xylazine (10 mg/kg)
administered by intraperitoneal (i.p.) injection. The i.n. challenge was administered by
pipetting F. tularensis LVS in a total volume of 20 pl sterile saline into the nostrils of mice.
Mouse challenge model 11 was used for definitive tests of vaccines for efficacy in an ABSL3
Facility at Colorado State University. The aerosol challenge was conducted in a chamber of 5
cubic feet with the mice conscious and active, using a Glas-Col Inhalation Exposure System
(Glas-Col, LLC, Terre Haute, IN). The estimated 1x and 10x LD1qq dose for the SchuS4 strain
was obtained by aerosolizing 5 ml of a suspension containing 3 or 30 million CFU/ml bacteria,
respectively (15 or 150 million total bacteria, respectively) over a period of 15 minutes.
Challenged mice were weighed and monitored daily for illness and death for 3 weeks. Mice
that were moribund after challenge were euthanized and counted as a death. Mean time-of-
survival (MTS) was calculated by dividing the sum of the surviving days of all mice by the
total number of mice examined, with surviving animals given a time of 21 days, when the
experiment was terminated.

To quantitate bacterial burden in host tissues, mice were euthanized at the indicated times post-
infection. Liver, spleen and lung were removed aseptically and immediately homogenized in
2 ml sterile saline with a Pro200 Homogenizer (PRO Scientific Inc. Oxford, CT). Serial 10-
fold dilutions of the homogenates were plated onto Chocolate agar plates containing
sulfamethoxazole (40 pg/ml), trimethoprim (8 pg/ml) and erythromycin (50 pg/ml) [45], and
incubated in a 5% CO» incubator at 37°C for three days before colonies were enumerated.

2.9. Assay for lymphocyte proliferation and intracellular cytokine staining

Groups of BALB/c mice were sham-immunized or immunized with different vaccines twice
atan interval of 3 to 5 weeks. At various times after the last vaccination, mice were anesthetized
by i.p. injection of Ketamine and Xylazine and euthanized. Spleens were removed and
splenocytes were prepared using PharmLyse (BD) according to the manufacturer’s instruction.
A single suspension of splenocytes was seeded in U-bottom 96-well plates in duplicate at 2 x
108 cells per 0.1 ml per well in RPMI medium containing 10% FBS, polymyxin B (100 U/ml)
in assays of lymphocyte proliferation (to inhibit any effect of endotoxin) or interleukin 2 (50
U/ml) in assays of intracellular cytokine staining, and cultured with or without purified
recombinant proteins (10 ug/ml). Splenocytes from each animal cultured with concanavalin A
(10 pg/ml) served as internal controls in the lymphocyte proliferation assay and splenocytes
cultured with phorbol 12-myristate 13-acetate (PMA) and calcium ionophomore (A23187,
Sigma) served as internal controls in the assay for intracellular cytokine staining. Lymphocyte
proliferation was assayed as described previously with modifications [33]. Briefly, after 48 h
of incubation, splenocytes were pulsed with 0.25 uCi of methyl-[3H]thymidine (Amersham
Pharmacia Biotech) per well and harvested 2 h later with a cell harvester (Skatron). The amount
of incorporated [3H]thymidine was determined by counting in a liquid scintillation counter.
The stimulation index (SI) was defined as the ratio of the counts per minute obtained from cells
incubated with the purified protein divided by the counts per minute obtained from cells
incubated without protein. The mean Sl for triplicate wells for each mouse was then computed
and the mean Sls for three mice per group were averaged.
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Intracellular cytokine staining was performed at day 6 after the last vaccination as described
previously [33], using antibodies purchased from BD Biosciences Pharmingen. Briefly, after
24 h incubation, Golgi-Plug (BD Pharmingen) was added and incubated with cells for an
additional 11 h at 37°C in a 5% CO» incubator. Cells were pelleted at 250 x g for 5 min and
resuspended in staining buffer (BD Pharmingen) containing Fc-Block (BD Pharmingen). After
incubation for 15 min, cells were stained with fluorescein isothiocyanate (FITC)-labeled anti-
CD4 or PE-Cy5-labeled anti-CD8 antibody at a 1:100 dilution for 30 min, washed twice in
staining buffer, fixed with Cytofix solution for 20 min, and washed twice with Perm/Wash
solution. Cells were then stained for intracellular interferon gamma (IFNy) with PE-labeled rat
anti-mouse IFNy or a PE-labeled isotypic control immunoglobulin G at a dilution of 1:100.
All the incubations were performed on ice in the dark. Stained cells were washed, resuspended
in staining buffer, and analyzed on a FACSCalibur flow cytometer using CellQuest software.

2.10. Serum antibody detection by ELISA

In a separate experiment, mice were sham-immunized or immunized twice at weeks 0 and 4.
Sera were collected at 4 weeks after the last vaccination and assayed for antibodies specific to
F. tularensis proteins by ELISA. Briefly, 96-well EIA/RIA plates (Corning, NY) were coated
or not coated with recombinant 1gIC or KatG (10pg/ml) in carbonate buffer overnight at 4°C.
Excess antigen was removed by washing three times with PBS. Sera were diluted in PBS
containing 1% bovine serum albumin. Sera at a starting dilution of 1:25 were titrated in
duplicate wells through a two-fold dilution series down a row of twelve wells coated or not
coated with proteins. The plates were incubated at ambient temperature for 3 h, and washed
three times with TBS (0.05M Tris-HCI pH 7.4, 0.15M NaCl). The plates were subsequently
incubated for 90 min at ambient temperature with alkaline phosphatase-conjugated goat anti-
mouse 1gG (Sigma, St. Louis, MO) at a dilution of 1:1000. The plates were washed three times
after each incubation. One hundred pl of p-nitrophenylphosphate substrate in diethanolamine
buffer (Phosphatase Substrate kit, BioRad, Hercules, CA) was added to each well. The yellow
color that developed was read at 414 nm for absorbance using a multiscan microplate reader
(TiterTek, Huntsville, Al). A dilution curve was plotted for the response to KatG protein. Sera
from LVS-immunized animals at dilutions of 1:25 to 1:1,600 showed a linear increase in
absorbance at 414 nm (A414 nm) When incubated with the KatG protein. Sera from rLm/katG
immunized animals showed linear reading only with lower dilutions (1:25 to 1:200). Overall,
the A414 nm ranged from 0.1 to 0.25 and from 0.1 to 1 in the absence and in the presence of
KatG, respectively. In contrast, A414 nm Was below 0.25 for all serum dilutions when incubated
with 1gIC protein. For comparison, levels of serum antibody specific to KatG and IgIC were
determined by dividing the A414 nm in the presence of protein by the A414 nm in the absence of
protein at dilutions of 1:50 and 1:25, respectively.

2.11. Statistical analyses

The student t-test was used to determine significance in comparisons of mean Sls of
lymphocyte proliferative responses in the initial screening assay. Subsequently, one-way
ANOVA with Bonferroni’s post test was performed using GraphPad Prism version 5.01 (San
Diego, CA) to determine significance in comparisons of mean Sls for lymphocyte proliferative
responses, the percentage of CD4+ or CD8+ T-cells staining for IFNy, antibody responses, and
organ CFU counts among mice in vaccinated and control groups. A logrank analysis was used
to determine significance of survival curves among mice in immunized and in sham-immunized
control groups.
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3.1. Construction of attenuated recombinant L. monocytogenes strains expressing F.
tularensis antigens

Using an ActA-deficient attenuated L. monocytogenes, rLmAactA, as the parental strain, we
constructed rLm/acpA, rLm/bfr, rLm/dnakK, rLm/groEL, rLm/igIC, rLm/katG, and rLm/pld
expressing proteins of F. tularensis AcpA, Bfr, DnaK, GroEL, IgIC, KatG, and PId,
respectively, fused to the signal peptide of LLO under the control of the L. monocytogenes
hly promoter (Fig. 1A). Insertion of each F. tularensis protein expression cassette was
confirmed by colony PCR as described in Materials and Methods, and they had no effect on
the growth kinetics of recombinant L. monocytogenes strains when compared with the parental
rLmAactA strain (data not shown). To test the stability of the inserted F. tularensis protein
expression cassette, we passaged each recombinant L. monocytogenes strain 20 times on non-
selective BHI agar plates and found that all recombinant strains retained drug resistance and
expressed the relevant F. tularensis protein in the culture filtrate at a level similar to the original
stock, indicating that all strains had stably retained the integrated plasmid and a functionally
active F. tularensis antigen expression cassette.

3.2. Expression of F. tularensis antigens by attenuated recombinant L. monocytogenes

strains

We analyzed the culture filtrates for release of F. tularensis proteins by the recombinant L.
monocytogenes strains by Western blotting, using rabbit polyclonal antibody specific to the
relevant F. tularensis protein. As shown in Figs. 1B and 1C, specific antibodies to each of the
proteins reacted only with blots of culture filtrates of strains expressing the cognate protein
and not with blots of the filtrates of other recombinant L. monocytogenes strains or the parental
rLmAactA strain. Antibodies to AcpA (Fig. 1B, top panel), Bfr (Fig. 1B, middle panel), DnaK
(Fig. 1B, bottom panel), GroEL (Fig. 1C, top panel) and IgIC (Fig. 1C, bottom panel) reacted
to bands matching the size of the proteins in the F. tularensis proteome, as did antibody to Pld
(not shown). Antibody to KatG specifically recognized an 80-kDa protein corresponding to
the mass of the F. tularensis protein and a band of 40 kDa, presumably a breakdown product
(Fig. 1C, top panel). These results confirmed that each of the recombinant L. monocytogenes
strains released the relevant recombinant F. tularensis protein into the culture medium.

In immunoprotection studies to be described below, we identified two vaccines, rLm/iglC and
rLm/katG, that protected mice from F. tularensis challenge. To evaluate the capacity of these
two vaccines to express their recombinant F. tularensis protein intracellularly, we studied the
expression of the proteins in human macrophages. We infected THP-1 cells with rLm/igIC or
rLm/katG at an MOI of 50 and analyzed the relevant protein expression by Western blotting.
Cells mock infected or infected with the parental rLmAactA strain were used as negative
controls. The antibody to 1gIC (Fig. 1D) detected a 23-kDa band specifically in rLm/iglC-
infected THP-1 cells (lane 4) but not in mock-infected cells (lane 2) or cells infected with the
parental rLmAactA strain (lane 3). The antibody specific to KatG (Fig. 1E) detected three bands
of approximately 80-, 45- and 35-kDa. The 80-kDa band was specifically detected in THP-1
cells infected with rLm/katG (lane 2) but not in cells infected with the parental rLmAactA strain
(lane 1). The 45- and 35-kDa bands were detected in THP-1 cells infected with both the parental
and the rLm/katG strains, indicating the non-specificity of these two bands. It was noted that
although the KatG protein was abundantly released by the rLm/katG strain into the culture
supernatant (Fig. 1C, upper panel), its expression in the THP-1 macrophage cell line was
relatively low (Fig. 1E). These results showed that the F. tularensis antigens were expressed
by the recombinant L. monocytogenes strains in human macrophages.
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To examine if immunization with attenuated recombinant L. monocytogenes strains expressing
F. tularensis proteins induces immune responses, we immunized BALB/c mice with six
recombinant L. monocytogenes vaccines and analyzed lymphocyte proliferation in response to
the relevant recombinant F. tularensis protein. BALB/c mice in groups of 3 were sham-
immunized or immunized i.d. twice at weeks 0 and 5 with LVS (5 x 10* CFU/mouse) or each
of the six recombinant L. monocytogenes strains (1 x 108 CFU/mouse) expressing different F.
tularensis antigens. Four weeks after the second immunization (week 9), splenocytes were
prepared and tested for lymphocyte proliferation after in vitro stimulation with the relevant
protein. Mice immunized with rLm/iglC induced a significantly greater lymphocyte
proliferative response to IgIC than that induced in sham-, LVS-, and rLmAactA-immunized
mice (P = 0.03, 0.03, and 0.004, respectively). Mice immunized with the recombinant L.
monocytogenes strains expressing AcpA, Bfr, GroEL, KatG, and PId also induced greater
lymphocyte proliferative responses to the relevant protein than the sham-immunized mice and
mice immunized with the parental rLmAactA strain or with F. tularensis LVS(Fig. 2A);
however, such differences were not statistically significant..

To examine the capacity of recombinant L. monocytogenes vaccines to protect against
challenge with F. tularensis, we established an LVS challenge model in an ABSL2 facility
using BALB/c mice, a species that has been shown highly susceptible to F. tularensis infection
[46]. We chose to use an i.n. challenge route to mimic airborne infection. To employ this model,
we first established the LDsg for F. tularensis LVS by both the i.d. and i.n. routes, challenging
groups of 8 BALB/c mice with F. tularensis LVS in doses ranging from 10% — 108 CFU/mouse
i.d. or from 102 — 10% CFU i.n. The LDsy for the i.d. route was calculated to be 3 x 107 CFU.
The LDsgq for the i.n. route was calculated to be 3.2 x 10* CFU. We selected a challenge dose
of 1 x 108 CFU/mouse i.n. for initial experiments testing the protective efficacy of vaccines.
In these initial experiments, mice were anesthetized by inhalation with Isoflurane before i.n.
challenge with LVS. However, we later found that when mice were challenged i.n. with LVS
after inhaled Isoflurane, the survival of the mice varied considerably from one experiment to
the other., Therefore, we changed the method of anesthesia to i.p. injection of Ketamine/
Xylazine, a method of anesthesia that gave consistent survival and organ burden results. By
this method of anesthesia, the LDsg of LVS i.n. was consistently calculated to be approximately
700 CFU.

In our initial screening of recombinant L. monocytogenes vaccines, ten groups of eight BALB/
¢ mice were immunized i.d. twice, 5 weeks apart, with 1 x 108 CFU of each recombinant L.
monocytogenes vaccines expressing F. tularensis antigens. Control animals were sham-
immunized or immunized twice with the vector control (rLmAactA) or with LVS (5 x 10*
CFU); although LVS is typically administered just once, we determined that two
immunizations sometimes provided greater protection with this vaccine than one immunization
(data not shown) and resulted in a lower organ bacterial burden (See Fig. 4). Four weeks after
the second immunization, mice were anesthetized with Isoflurane and challenged i.n. with 1
x 108 CFU LVS (~ 30 x LDsgs) and observed for 3 weeks for illness and death (Fig. 2B).
Among animals immunized with recombinant L. monocytogenes strains, the animals
immunized with recombinant L. monocytogenes expressing IglC, KatG, Bfr, or Pld showed
greater survival than the sham-immunized animals and animals immunized with the rLmAactA
vector control. Notably, animals immunized with rLm/igIC had a significant higher survival
than sham-immunized animals, and animals in this group showed little or no signs of illness
(ruffled fur, hunched back, or swollen eyes) after challenge. Animals immunized twice i.d.
with LVS were 100% protected from i.n. challenge with the homologous LVS strain. Although
the animals immunized with the vector control or recombinant L. monocytogenes expressing
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DnaK and GroEL did not show greater survival than the animals immunized with the vector
control, the mean survival time was greater for these animals than for the sham-immunized
controls, indicating some protection (Fig. 2B). Additional experiments demonstrated that,
while immunization with F. tularensis protein in adjuvant or with recombinant L.
monocytogenes expressing F. tularensis protein induced stronger immunoprotection than
sham-immunization, significantly high-level protection was observed consistently only with
selected recombinant L. monocytogenes vaccines, especially rLm/iglC (data not shown).

In subsequent experiments, we focused on two recombinant L. monocytogenes vaccines that
provided higher protection in the initial screening experiments: rLm/iglC and rLm/katG. In
these experiments, we found that: (i) two immunizations with rLm/iglC, rLm/katG, or the
combination of both strains provided better protection against LVS i.n. challenge than one
immunization; (ii) Animals immunized once with rLm/iglC, rLm/KatG, or the combination of
both strains 4 weeks before challenge were better protected than animals immunized once 8
weeks before challenge; (iii) Animals immunized with rLmAactA vector control were partially
protected against i.n. challenge with LVS; and (iv) immunization with recombinant L.
monocytogenes vaccines at doses ranging from 10° to 10’ CFU/mouse gave similar
immunoprotection (data not shown). In these experiments, we utilized Isoflurane anesthesia
during i.n. LVS challenge. Subsequently, we determined that, in mice challenged with LVS
i.n. using Isoflurane anesthesia, there was variability in survival. Therefore in all subsequent
experiments, we instead anesthetized animals by i.p. injection of Ketamine/Xylazine, which
gave highly consistent results after LVS challenge.

3.4. Intradermal immunization with recombinant L. monocytogenes vaccines reduces
bacterial burden in host tissues after i.n. challenge with LVS

As a prelude to evaluating the impact of immunization with recombinant L. monocytogenes
vaccines on the bacterial burden in host tissues after challenge, we assessed the bacterial burden
in host tissues of non-immunized animals at various times after challenge with F. tularensis
LVS. We anesthetized 40 BALB/c mice i.p. with Ketamine/Xylazine and infected them i.n.
with 4.4 x 103 CFU LVS (=6 x LDsgs). We then monitored their body weight change daily,
and at various times post-infection, we euthanized a subset of 8 mice, removed their liver,
spleen and lung, and assayed CFU of LVS in these tissues. Mice began losing weight by 4 days
post-infection and continued to lose weight until 7 days post-infection when the experiment
was terminated (data not shown). Consistent with the body weight loss, the bacterial burden
in lung, liver and spleen increased daily between 3 and 6 days post-infection and CFU levels
among animals were very consistent at these time points, yielding small standard errors (Fig.
3). These results indicated that i.n. challenge with F. tularensis LVS after Ketamine/Xylazine
anesthesia induces a uniformly large lung infection, which is spread systemically to the liver
and spleen within 3 days after infection. We selected day 5 post-challenge to assess the impact
of vaccines on the organ burden of F. tularensis LVS since animals still appeared relatively
healthy at this time point and the organ bacterial burden was highly uniform in all three organs
assayed.

To examine whether immunization with recombinant L. monocytogenes vaccines expressing
F. tularensis IgIC or KatG reduces the bacterial burden of challenge organisms in the host
tissues, we immunized 6 groups of 8 mice once at week 0 with 1 x 104 CFU of LVS (Positive
control, one dose), or twice at weeks 0 and 4 with sterile saline (Sham), 1x10* CFU LVS
(Positive control, two doses), 1 x 106 CFU of rLmAactA (Vector control), rLm/iglC, or rLm/
katG. At week 8, the mice were anesthetized with Ketamine/Xylazine, challenged i.n. with 4.4
x 103 CFU LVS (=6 x LDsgs), euthanized at day 5 post-challenge, and assayed for bacterial
burden in the lung, liver and spleen. As shown in Fig 4, animals immunized with rLm/igIC had
a significantly lower mean bacterial burden in the lung (Fig. 4A), liver (Fig. 4B) and spleen
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(Fig. 4C) than sham-immunized animals (0.7, 1.1, and 1.0 log CFU lower, respectively, with
P < 0.01, 0.001, and 0.001, respectively); animals immunized with rLm/igIC also had a
significantly lower mean bacterial burden in the lung, liver, and spleen than animals immunized
with the vector control (P < 0.05, 0.001, and 0.01, respectively). There was no significant
difference in organ burden between animals in the sham-immunized group and in the rLm/
katG-immunized group. The bacterial burden in the lung, spleen and liver of animals
immunized with one or two doses of LVS were 2 -5 logs lower than those in sham-immunized
animals. Notably, animals immunized with two doses of LVS had a significantly lower organ
bacterial burden in the lung, liver, and spleen than animals immunized with one dose of LVS
(P <0.001, 0.001, and 0.01, respectively).

3.5. Intradermal immunization with recombinant L. monocytogenes vaccines protects
animals against i.n. challenge with F. tularensis LVS

To investigate further the capacity of the recombinant L. monocytogenes vaccines expressing
IgIC or KatG to induce immunoprotection, we immunized 6 groups of 8 BALB/c mice with
the same vaccines described in Fig. 4. At week 8, we anesthetized the mice with Ketamine/
Xylazine, challenged them i.n. with 4.4 x 103 CFU LVS (=6 x LDsgs), and observed them for
survival and illness for up to 3 weeks post-challenge. Consistent with lower bacterial burdens
in their tissues, animals immunized with LVS and rLm/igIC had significantly greater survival
rates than sham-immunized animals (P < 0.01 and 0.05, respectively) (Fig. 5A). Animals
immunized with the vector control also had a higher survival rate than sham-immunized
animals, consistent with the observation that the rLmAactA vector itself provides some
protection against LVS challenge (Figs. 5A and 9). However, immunization with rLm/katG
did not protect animals that were anaesthetized with Ketamine/Xylazine against i.n. challenge
with a lethal dose of LVS in this experiment (Fig. 5A).

To examine whether immunization with the recombinant L. monocytogenes vaccines
expressing 1gIC or KatG could protect animals against higher dose LVS challenge, we
immunized BALB/c mice i.d. twice at weeks 0 and 4 with rLm/iglC, rLm/katG, or the
combination of both vaccines. Animals sham-immunized or immunized i.d. twice with the
parental rLmAactA strain served as negative controls. Animals immunized i.d. twice with 1 x
10% CFU LVS served as a positive control. At four to six weeks after the last immunization,
mice were anesthetized i.p. with Ketamine/Xylazine and challenged i.n. with super lethal doses
of LVS (4.5 x 10% CFU, equivalent to 65 x LDsqs by Ketamine/Xylazine anesthesia). The
results from 3 independent experiments including a total of 20 mice per group are summarized
in Fig. 5B. We first compared the survival curves within each vaccine group, which showed
no significant difference amongst the 3 independent experiments. We then combined the 3
experiments and compared the survival curves of animals immunized with various vaccines.
Consistent with the results obtained from the i.n. challenge with 6 x LDsgs of LVS (Fig. 5A),
immunization with rLm/iglC provided significant protection to mice after i.n. challenge with
65 x LDgps of LVS; the mean survival time of animals immunized with rLm/iglC was 14.6
days vs. 6.8 days for sham-immunized animals and 6.9 days for animals immunized with the
parental rLmAactA strain (P< 0.0001). In this experiment, animals immunized with rLm/KatG
survived significantly longer (P<0.0002) than the sham- and vector-immunized animals (8.3
days vs. 6.8 and 6.9 days, respectively). Animals immunized with rLm/igIC plus rLm/KatG
had a higher survival rate and longer mean survival time than animals immunized with only
rLm/iglC (17.5 vs. 14.6 days). Mice immunized twice i.d. with LVS were 100% protected
against homologous i.n. challenge with a super lethal dose of LVS. These results confirmed
our observations in the initial experiments when mice were anesthetized with Isoflurane, and
demonstrated that a recombinant L. monocytogenes vaccine expressing a single F. tularensis
protein, especially 1gIC, was able to provide protection against a super lethal challenge with
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F. tularensis LVS. In this experiment, where the LVS challenge dose was increased to 65 x
LDs, the rLmAACtA vector itself was not able to induce protection.

3.6. Intradermal immunization with recombinant L. monocytogenes vaccines induces
immune responses specific to F. tularensis antigens

3.6.1. T-cell mediated immune responses—To examine further if immunization with
attenuated recombinant L. monocytogenes expressing F. tularensis 1gIC or KatG induces T-
cell mediated immune responses, we immunized BALB/c mice and analyzed IFN-y secretion
and lymphocyte proliferation in responses to F. tularensis recombinant proteins. BALB/c mice
in groups of 3 were sham-immunized or immunized i.d. twice at weeks 0 and 3 with LVS at a
dose of 1 x 104 CFU/mouse or rLm/igIC, rLm/katG or rLm/iglC plus rLm/katG at a dose of 1
x 108 CFU/mouse. Six days after the second immunization, when the MHC Class | restricted
T-cell immune response induced by secondary infection with recombinant L. monocytogenes
reaches a peak time [26], mice were euthanized, and a single cell suspension of splenocytes
was prepared and tested for lymphocyte proliferation and IFNy secretion upon in vitro
stimulation with recombinant IgIC, KatG, or IgIC plus KatG proteins. Mice immunized with
rLm/igIC had significantly increased lymphocyte proliferative responses to I1gIC (Fig. 6A) or
IgIC plus KatG (Fig. 6C) but not to KatG (Fig. 6B) compared with sham-immunized mice or
mice immunized with the vector control. However, the lymphocyte proliferative response to
KatG in mice immunized with rLm/katG was not significantly different from those in sham-
immunized mice or mice immunized with the vector control (Fig. 6B). Mice immunized with
rLm/igIC plus rLm/katG showed a significantly increased lymphocyte proliferative response
to KatG (Fig. 6B); responses to 1gIC (Fig. 6A) or IgIC plus KatG (Fig. 6C) were greater than
those of sham-immunized mice or mice immunized with the rLmAactA strain, but not
significantly so. These results confirmed those shown in Fig. 2A that immunization with rLm/
iglC induced significantly increased T-cell immune response specific to the F. tularensis 1gIC
protein.

3.6.2. IFNy-secreting CD4+ and CD8+ T-cells—We also tested the capacity of rLm/iglC
and rLm/katG to induce in mice CD4+ and CD8+ T-cells that secret IFNy in response to the
relevant F. tularensis protein. As shown in Figure 7, sham-immunized animals and animals
immunized with the vector control had relatively low CD4+ and CD8+ T-cell responses to
IgIC, KatG, or IgIC plus KatG. LVS-immunized animals showed significantly increased CD8
+ T-cell responses to IgIC, compared with sham-immunized mice (A and B). LVS immunized
animals also showed greater CD4+ and CD8+ T-cell responses to KatG or KatG plus IgIC than
sham-immunized animals, but the differences were not statistically significant (C, D, E and
F). In contrast, animals immunized with rLm/iglC showed significantly increased CD4+ and
CD8+ T-cell responses to IgIC (A and B) or the combination of IgIC and KatG (E and F) but
not to KatG alone (C and D) compared with sham-immunized mice or mice immunized with
the vector control. Animals immunized with rLm/katG showed a significantly increased CD4
+ response to KatG but not to 1gIC or IgIC plus KatG compared with sham-immunized mice
or mice immunized with the vector control (A, C and E). The CD8+ T-cell immune response
in animals immunized with rLm/katG was not significantly increased compared with sham-
immunized mice or mice immunized with the vector control (B, D and F). Animals immunized
with the combination of rLm/iglC and rLm/katG showed a significantly increased CD8+ T-
cell response to IgIC; the CD8+ T cell response to KatG and IglC plus KatG was also increased
compared with sham-immunized mice or mice immunized with the vector control (B, D, and
F), but these differences were not statistically significant. rLm/iglC induced stronger CD4+
and CD8+ T-cell immune responses to IgIC (~1-1.4% of CD4+ and CD8+ T-cells expressed
IFNY) than rLm/katG did to KatG (~0.4% of CD4 and CD8 cells expressed IFNy). The above
results were consistent with those from the lymphocyte proliferation assay and indicate that
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i.d. immunization with L. monocytogenes vaccines expressing 1gIC or KatG induces cell-
mediated immune responses specific to the relevant F. tularensis proteins.

3.6.3. Humoral immunity—Groups of 5 BALB/c mice were sham-immunized or
immunized i.d. at weeks 0 and 4 with LVS, the parental rLmAactA, rLm/iglIC, or rLm/katG.
At 4 weeks after the last immunization (week 8), the sera were collected and tested for
antibodies specific to F. tularensis proteins by ELISA. The antibody response to KatG was
significantly increased in animals immunized with LVS and rLm/katG compared with sham-
immunized mice (P < 0.001 and 0.01, respectively) or mice immunized with the parental
rLmAactA strain (P < 0.001 and 0.05, respectively). The antibody response to KatG was also
significantly increased in animals immunized with rLm/igIC plus rLm/KatG compared with
sham-immunized mice (P < 0.05) (Fig. 8A). In contrast, the antibody response to 1gIC was not
detectable in any group of immunized mice (Fig. 8B). These results suggest that KatG, but not
IgIC, induces a humoral immune response when expressed by recombinant L.
monocytogenes and delivered intradermally.

3.7. Intradermal immunization with recombinant L. monocytogenes vaccines protects mice
against aerosol challenge with Type A F. tularensis SchuS4

For more definitive testing of selected vaccines, we employed a mouse model in which animals
were challenged by aerosol with the highly virulent F. tularensis Type A SchuS4 strain in an
ABSL-3 facility. Groups of eight BALB/c mice were immunized i.d. twice at weeks 0 and 4
with sterile saline (Sham), LVS (1 x 104 CFU/mouse), the parental rLmAactA strain, rLm/igIC
or rLm/katG (1 x 107 CFU/mouse). Six weeks after the second immunization (week 10), mice
were challenged with 1 x LD1qq (Fig. 9A) or 10 x LD1qg (Fig. 9B) of F. tularensis type A
SchuS4 strain by the aerosol route, and observed for survival and weight change daily. Sham-
immunized animals had 50% survival when exposed to 1 x LD1qg and 0% survival when
exposed to 10 x LDqqq F. tularensis SchuS4. Animals immunized twice with LVS had a
survival rate of 87.5% when exposed to either dose of F. tularensis SchuS4. Importantly, the
animals immunized with rLm/iglC had 100% survival when exposed to 1 x LD1gg and 75%
survival when exposed to 10 x LDqqq F. tularensis SchuS4, a greater survival rate than sham-
immunized animals or animals immunized with the vector control and a survival rate
comparable to that of animals immunized twice with LVS, which has typically been
administered once in studies of protective efficacy, but which we observed was more
efficacious when administered twice. Animals immunized with rLm/katG also showed greater
survival than sham-immunized animals. Interestingly, animals immunized with the vector
control (rLmAactA) also had a greater survival rate than the sham-immunized animals,
indicating that the vector control itself offers some protection against F. tularensis challenge.
There was no significant weight loss in mice that survived challenge with F. tularensis SchuS4.

4. Discussion

Our study shows that i.d. vaccination with a live attenuated heterologous vector, recombinant
L. monocytogenes, expressing a single F. tularensis protein, 1gIC, is able to induce protection
against i.n. challenge with F. tularensis LVS and aerosol challenge with Type A F.
tularensis in a highly susceptible host. To our knowledge, this is the first genetically defined
vaccine and the first recombinant vaccine that is capable of inducing protection against
aerosolized Type A F. tularensis and the first demonstration that a single F. tularensis protein,
the unique antigen IgIC, delivered by a heterologous vector is capable of inducing protective
immunity against Type A F. tularensis.

The L. monocytogenes vector was chosen specifically because L. monocytogenes mimics the
intracellular life style of F. tularensis. Most importantly, these two intracellular bacteria enter
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the cytoplasm of the host cell and release antigens at that site, one that favors presentation via
Class | MHC molecules. In previous studies, we have employed a similar strategy in developing
vaccines against tuberculosis, i.e. choosing as a vaccine vector an organism, BCG, that mimics
the M. tuberculosis intracellular lifestyle, which, in contrast to F. tularensis, is intraphagosomal
[42]. The strategy of choosing as a vaccine vector one that mimics the lifestyle of the target
pathogen, thereby enabling the correct processing and presentation of recombinant
immunoprotective antigens, may have general applicability to vaccines against intracellular
pathogens. Hence, vectors that enter the cytoplasm, such as attenuated L. monocytogenes and
replication-deficient adenovirus may be most efficacious for pathogens such as F. tularensis,
Trypanosoma cruzi, and rickettsia, that escape the phagosome and multiply
intracytoplasmically, whereas vectors that remain in and multiply within a phagosome, such
as BCG and replication-deficient Legionella pneumophila, may be most efficacious for
pathogens such as M. tuberculosis, Mycobacterium leprae, Leishmania sp., Chlamydia
psittaci, Coxiella burnetii, and Yersinia pestis. While this paper does not focus on nor prove
the general applicability of this strategy, it provides additional evidence in support of the
general applicability of the strategy, which we now have used successfully to develop highly
efficacious vaccines against four different intracellular pathogens — M. tuberculosis, M.
leprae, M. bovis, and F. tularensis.

L. monocytogenes has been extensively studied as a vector to deliver foreign antigens against
various pathogens. Recombinant L. monocytogenes expressing defined proteins or peptides
from other intracellular pathogens such as HIV, SIV, Herpes Simplex Virus, lymphocytic
choriomeningitis virus (LCMV), and M. tuberculosis provide protection against infection with
the relevant pathogen [47-51]. L. monocytogenes vectors with deletions in actA and one
additional gene have been well-tolerated in animal and in human studies [27]. Other types of
attenuated L. monocytogenes vectors designed for safety in humans have also been utilized in
vaccine studies [29,48,52]. Unexpectedly, the L. monocytogenes vector (rLmAactA) itself
provided a small degree of cross-protection against F. tularensis. Consistent with this, the F.
tularensis LVS vaccine similarly provides some protection against a lethal Listeria challenge
[53-55]. Cross-protection may reflect immunoprotective responses to shared antigens of the
two intracellular bacterial pathogens. While not examined in this study, it is possible that a
recombinant vaccine based upon an attenuated L. monocytogenes vector will protect against
L. monocytogenes, a human pathogen, as well as against the target of the recombinant antigen.
If so, this would be an additional benefit of using this vector.

IgIC proved to be the most potent of the F. tularensis antigens evaluated. This 23-kDa protein
is strongly induced by intracellular F. tularensis [35,36] and likely a major factor contributing
to its high pathogenecity and immunogenicity. 1gIC-deficient F. tularensis mutants are
impaired in phagosomal escape and intramacrophage growth [37,39,56]. Interestingly, a F.
tularensis mutant deficient in IglC was unable to protect against Type A F. tularensis challenge,
despite its ability to persist and disseminate to the liver and spleen of the host [12], consistent
with the importance of this molecule in immunoprotection against tularemia. Also of interest,
recombinant L. monocytogenes expressing IgIC induced strong CD4+ and CD8+ T-cell
immune responses but poor antibody responses. This is consistent with a dominant role for
cell-mediated immunity in host defense against Type A F. tularensis, with humoral immunity
playing little or no role. The recombinant L. monocytogenes vaccine described herein is the
first vaccine based upon this antigen, which importantly, has no homolog in the mammalian
genome.

The mouse model provides a stringent test of tularemia vaccines, as mice are even more
susceptible to F. tularensis than humans. Hence, all things being equal, success of a vaccine
against F. tularensis in the mouse bodes well for success of the vaccine in humans. Further
testing of a second-generation version of the rLm/iglC vaccine in non-human primates should
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provide additional safety and efficacy data upon which to base the appropriateness of the
vaccine for human use.

For practical reasons, our study employed two mouse models. The first model was used to
screen vaccines for safety and efficacy. This model, in which mice were challenged with lethal
dose of F. tularensis LVS, has several major advantages. It requires only a BSL2 animal facility
and thus is readily available to most researchers. In addition, work in a BSL2 facility is less
biohazardous and less costly. The second mouse model was a definitive model for testing the
efficacy of selected vaccines against aerosolized Type A F. tularensis. This required a BSL3
animal facility. By screening the vaccines in the first model and selecting only the most
promising ones for testing in the second model, the amount of BSL3 biohazardous work and
the cost of testing were minimized.

The efficacy of the rLm/igIC vaccine against SchuS4 compared favorably with that of the more
toxic LVS vaccine (Fig. 9). LVS is designed for single administration in humans. However,
in our study, one administration of LVS gave relatively poor protection against i.n. challenge
with lethal doses of LVS — only 37% of animals survived in one study in which a single dose
was tested (data not shown). In the same study, 75% of animals administered two doses of
rLm/iglC survived. To achieve a high level of protection with LVS, two doses were required.
Consistently, after lethal dose LVS challenge, animals immunized with two doses of LVS had
bacterial burdens in the host tissues significantly lower than those in animals immunized with
only one dose of LVS (Fig. 4). Hence, in our definitive study of the protective efficacy of
recombinant L. monocytogenes vaccines against aerosolized Type A F. tularensis, we
administered two doses of LVS as a positive control. Nevertheless, two immunizations with
rLm/iglC gave protection comparable to two immunizations with LVS against challenge with
aerosolized F. tularensis Type A.

Safety is of paramount importance in the development of vaccines against agents of
bioterrorism, particularly because the threat from these agents is uncertain. In this regard, our
approach, using live attenuated heterologous vectors to deliver key immunoprotective antigens,
offersan attractive alternative to attenuated F. tularensis vaccines including LVS, which retains
considerable toxicity. Attenuated F. tularensis vaccines investigated to date generally fall into
one of two categories. One category consists of non-Type A F. tularensis vaccines more
attenuated than LVS. Such vaccines, while less toxic than LVS, have not demonstrated high
efficacy against Type A F. tularensis challenge [4,15-17,57], although a recent study showed
that intranasal immunization with an attenuated LVS provides protection to F. tularensis
SchuS4 challenge [58]. The second category consists of attenuated Type A F. tularensis.
Generally, these vaccines have also not been efficacious against Type A challenge.
Exceptionsare two Type A F. tularensis SchuS4 mutants with a deletion in either the FTT0918
[12] or the FTT1103 gene [59], which do protect against F. tularensis Type A challenge.
However, attenuated Type A strains carry a potential risk of reversion to virulence. The deletion
of additional genes will likely be required by regulatory authorities to ameliorate this concern;
however, additional gene deletions may also diminish or even eliminate vaccine efficacy.

While the rLm/igIC vaccine described herein offers substantial protection against Type A F.
tularensis challenge in a highly susceptible host, an even more potent vaccine may be needed
to protect against aerosol challenge with high doses of Type A F. tularensis, such as might
occur in a bioterrorist attack. With this in mind, we are pursuing several approaches to enhance
the potency of the vaccines. One approach is to increase the intracellular expression of IglC
by the rLm/iglC vaccine, e.g. by the use of promoters that are stronger inducers of the protein
intracellularly in macrophages. Another approach is to employ a heterologous prime-boost
vaccination strategy, utilizing a second unrelated highly attenuated recombinant vector
expressing IgIC in conjunction with the rLm/iglC vaccine described herein.
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In summary, immunization with a recombinant L. monocytogenes vaccine expressing a single
antigen unique to F. tularensis induces protection against aerosolized Type A F. tularensis; it
is the first genetically defined vaccine and the first recombinant vaccine capable of so doing.
A recombinant L. monocytogenes vaccine expressing 1gIC potentially offers a safer and
genetically defined alternative to LVS for protection against a bioterrorist attack with F.
tularensis. The strategy of using a vaccine vector that mimics the lifestyle of the target pathogen
and enables correct processing and presentation of immunoprotective antigens may have
general applicability to vaccines against intracellular pathogens.
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Figure 1.

Construction and expression of F. tularensis antigens by attenuated recombinant L.
monocytogenes vaccines in broth culture and in human macrophages. A. Construction of
attenuated recombinant L. monocytogenes expressing F. tularensis antigens. The F.
tularensis nucleotide sequence encoding each antigen was PCR amplified from F. tularensis
RCI genomic DNA and cloned into the vector pKB199 downstream of the promoter (Phly)
and signal sequence (hly S.S.) of L. monocytogenes hly to generate pKB/Ft. The expression
cassette of the fusion protein in pKB/Ft was excised by Notl and subcloned into the Notl site
of the integration plasmid pDP4189 to generate pDP/Ft. The pDP/Ft plasmid was then
integrated into the 3’ end of an arginine tRNA gene in the attenuated L. monocytogenes strain
rLmAactA through conjugation [60]. The resulting recombinant L. monocytogenes vaccines
carried one single copy of the F. tularensis gene. A portion of the Figure was modified from
Bruhn et al [60]. B and C. Protein expression in the culture supernatant of recombinant L.
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monocytogenes. Culture filtrates of each recombinant L. monocytogenes strain were
concentrated and a volume of filtrate equivalent to 1 ml of the bacterial culture was analyzed
by Western blotting using rabbit polyclonal antibody to AcpA (B, top panel), Bfr (B, middle
panel), DnaK (B, bottom panel), GroEL and KatG (C, top panel), or IgIC (C, bottom panel).
D and E. Protein expression in human macrophages. THP-1 cells were mock infected or
infected with the parental rLmAactA strain, or the recombinant L. monocytogenes vaccines
expressing F. tularensis 1gIC (rLm/igIC) or KatG (rLm/katG) at an MOI of 50. At 24 h post-
infection, the infected cells were lysed and subjected to Western blotting using polyclonal
antibody to IgIC (D) or KatG (E). On the right border of each blot are listed the proteins of
interest and their predicted mass. On the left border are listed the sizes of the molecular mass
standards. M, Molecular mass standards.

Vaccine. Author manuscript; available in PMC 2010 February 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jiaetal.

Page 22
A 14 *
| —
O sham —
ok
121 0 LVS
B rLmAactA
101 = [ m/Ft protein
®
Q
k]
&
g 8
=
=
£ 61
7
4
0 T T T T
AcpA Bfr GroEL IglC KatG Pld
B P (logrank)
Vaccine Survival (%) vs Sham MTS
—+ LVS (2 doses) 100 0.003 21*
s o rLm/iglC 75 0.03 18.4
< -m rLm/katG 62.5 ns 16.5
£ 60 WA APACk AR, ] /bfr 50 ns 13.8
Z 50 4 wewr  — rLm/pld 50 ns 15.5
& 40 —— rLm/dnaK 25 ns 13.4
30 4 —¢ rLm/GroEL 25 ns 12.9
20 & A SXAS —A— rLmAactA 25 ns 11.9
10 -6 Sham 25 - 9.5
0 - rLm/acpA 0 ns 7.8
1 3 5 7 9 11131517 19 21 * no deaths.
Days post-challenge
Figure 2.

Immunogenicity and protective immunity induced by attenuated recombinant L.
monocytogenes vaccines. A. Immunogenicity. Nine groups of 3 BALB/c mice were sham-
vaccinated, or vaccinated twice at weeks 0 and 5 with 1 x 106 CFU of the parental recombinant
L. monocytogenes vector (rLmAactA) or the rLm vaccines expressing various F. tularensis
antigens as indicated on the horizontal scale of the graph. Mice vaccinated twice with 5 x
10% CFU LVS served as positive controls. At week 9, mice were euthanized, a single cell
suspension of splenocytes was prepared and incubated with the F. tularensis antigen (10 pg/
ml) indicated on the horizontal scale of the graphs, and the culture then pulsed with 0.25 pCi
of [3H]thymidine/ml for 2 h. The mean CPM varied from group to group, ranging from 90 to
380 in the absence of the F. tularensis protein and from 350 to 1500 in the presence of F.
tularensis protein. The Stimulation Index (SI) was determined by dividing the mean CPM in
the presence of the F. tularensis protein by the mean CPM in the absence of the F. tularensis
protein. Values are the mean + SE of the SI. The asterisks indicate that the difference in SI
between the mice in a control group and the mice in the rLm/iglC-vaccinated group was
significant. *, P < 0.05 and **, P < 0.01 by student t-test. B. Protective Immunity. Ten groups
of 8 mice were immunized as described in A. At week 9, mice were anesthetized with
Isoflurane, challenged i.n. with 1 x 108 CFU LVS (30 x LDsggs), and monitored for illness and
survival for three weeks. The differences in survival between the mice in the vaccinated groups
and mice in the sham-vaccinated group were evaluated using a logrank analysis. ns, not
significant (P > 0.05). Mean survival time (MST) was calculated by dividing the sum of the
survival times of all mice in a group by the total number of mice challenged, with surviving
animals given a survival time of 21 days, when the experiment was terminated.
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Figure 3.

Bacterial burden in the host tissues of mice after intranasal challenge with F. tularensis LVS.
Forty BALB/c mice were anesthetized with Ketamine/Xylazine and then infected i.n. with
4400 CFU of LVS. At the indicated times post-infection, 8 mice per group were euthanized
and the liver, spleen and lung were removed and homogenized in 2 ml of sterile PBS for 15
seconds in a Pro200 homogenizer. CFU of F. tularensis in each organ was determined by
plating serial dilutions of the homogenates on Chocolate agar containing sulfamethoxazole (40
mg/ml), trimethoprim (8 mg/ml) and erythromycin (50 mg/ml) and culturing for 3 days at 37°
C. Values represent the mean Log CFU per organ + SE.
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Figure 4.

Intradermal immunization with attenuated recombinant L. monocytogenes vaccines expressing
IgIC reduces the bacterial organ burden after i.n. challenge with LVS. Six groups of 8 BALB/
¢ mice were sham-immunized, immunized once with LVS [LVS(1)], or twice with LVS [(LVS
(2)], rLmAactA, rLm/igIC or rLm/katG at an interval of 4 weeks. At week 8, mice were
anesthetized with Ketamine/Xylazine and challenged i.n. with 4400 CFU LVS. At day 5 post-
challenge, mice were euthanized, and the liver, spleen and lung were removed and assayed for
CFU of F. tularensis as described in Figure 3B. Values represent the mean Log CFU per organ
+ SE. The asterisks indicate that the differences in bacterial burden among the animals in the
indicated paired groups are statistically significant. *, P < 0.05; **, P < 0.01; and ***, P <
0.001 by one-way ANOVA with Bonferroni’s post test.
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Figure 5.

Intradermal immunization with attenuated recombinant L. monocytogenes vaccines expressing
IgIC protects mice against i.n. challenge with lethal dose of LVS. A. Intranasal challenge with
6 x LDsg of LVS. This challenge study was performed simultaneously with the one shown in
Fig. 4. Six groups of 8 mice were sham-immunized or immunized with LVS or rLm vaccines
at weeks 0 and 4. At week 8, mice were anesthetized with Ketamine/Xylazine, challenged i.n.
with 4400 CFU of LVS, and monitored for survival for up to 3 weeks after challenge. B.
Intranasal challenge with 65 x LDsg of LVS. Groups of mice were sham-immunized or
immunized i.d. twice at weeks 0 and 4 with 5 x 104 CFU LVS or 1 x 10% CFU of rLmAactA
(vector), r(Lm/iglC, rLm/katG or rLm/iglC plus rLm/katG. At 4 — 6 weeks after the last
immunization, mice were anesthetized with Ketamine/Xylazine, challenged i.n. with 4.5 x
10% CFU F. tularensis LVS (65 LDsps), and monitored for 3 weeks. Data shown in Fig. 5B
are combined from three independent experiments totaling 20 mice per group. Survival curves
among mice in the sham or vector-immunized group and mice in the LVS or rLm vaccine-
immunized groups were compared by logrank analysis. ns, not significant (P > 0.05). Mean
survival time (MST) was calculated by dividing the sum of the survival times of all mice in a
group by the total number of mice challenged, with surviving animals given a survival time of
21 days, when the experiment was terminated.
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Figure 6.

Lymphocyte proliferation induced by intradermal immunization with attenuated L.
monocytogenes vaccines expressing F. tularensis 1gIC or KatG. Groups of 3 BALB/c mice
were sham-immunized, immunized i.d. twice with 1 x 104 CFU LVS, or 1x10% CFU
recombinant L. monocytogenes vaccines expressing 1gIC (rLm/iglC), KatG (rLm/katG), or the
combination of both at weeks 0 and 3. Six days after the second immunization, mice were
euthanized and their splenocytes isolated and assayed for lymphocyte proliferation in response
to recombinant IgIC (A), KatG (B) or the IglC plus KatG (C) proteins. The mean CPM varied
from group to group, ranging from 355 to 564 in the absence of the F. tularensis protein and
from 493 to 4840 in the presence of the F. tularensis protein. The Stimulation Index (SI) was
determined by dividing the mean CPM obtained in the presence of the F. tularensis protein by
the mean CPM obtained in the absence of F. tularensis protein. Standard errors of the means
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of triplicate samples from three mice are shown. Asterisks indicate that the differences in Sls

between the indicated groups are significant. *, P<0.05; **P<0.01; and ***P<0.001 by one-
way ANOVA with Bonferroni’s post test.
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Figure 7.

Antigen-specific intracellular IFNy secretion after intradermal immunization with recombinant
L. monocytogenes vaccines expressing F. tularensis proteins. Groups of 3 BALB/c mice were
sham-immunized or immunized i.d. twice at weeks 0 and 3 with 5 x 104 CFU LVS, with
1x10% CFU rLm/igIC, rLm/katG, or the same dose of both vaccines. Six days after the second
immunization, mice were euthanized and their splenocytes were incubated with or without the
relevant F. tularensis protein (10 pg/ml): 1gIC (A and B), KatG (C and D), or 1gIC plus KatG
(E and F). The cells were stained with FITC-conjugated rat anti-mouse CD4 (A, C and E) or
PE-Cy5-conjugated rat anti-mouse CD8 monoclonal antibody (B, D, and F). Cells were then
washed and fixed per protocol and stained for intracellular IFNy with PE-conjugated rat anti-
mouse IFNy antibody. Stained cells were analyzed on a FACSCalibur cytometer using
CellQuest software. Each individual symbol represents result from an individual mouse. The
bars represent the mean value for three animals. Asterisks indicate that the difference in the
cell numbers between the mice in the indicated group and that of mice in the sham- or vector-
immunized group was significant. *, P<0.05; **, P<0.01; ***, P<0.001 by one-way ANOVA
with Bonferroni’s post test.
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Figure 8.

Antibody response induced by intradermal immunization with recombinant L.
monocytogenes. Groups of 5 mice were sham-immunized or immunized i.d. twice at weeks 0
and 4 with LVS, vector control (rLmAactA), or recombinant L. monocytogenes vaccines
expressing KatG (rLm/katG), 1gIC (rLm/igIC), or the combination of both vaccines. At week
8, mice were euthanized and sera were collected to measure the antibody (IgG) response by
ELISA. For measuring antibody response to KatG (A), sera were diluted 1:50. For measuring
antibody response to IgIC (B), sera were diluted 1:25. The antibody responses are presented
as the Absorbance at 414 nm (A414nm) in the presence of antigen divided by the A414nm in the
absence of antigen for each individual mouse. Bars represent the mean of the antibody titer
from the 5 mice per group. Asterisks indicate that the difference between the antibody response
of mice in the indicated vaccinated group and mice in the sham-vaccinated group was
significant. *, P<0.05; **, P<0.01; ***, P<0.001 by one-way ANOVA with Bonferroni’s post
test.
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Figure 9.

Intradermal immunization with recombinant L. monocytogenes vaccines protects mice against
aerosol challenge with F. tularensis Type A SchuS4 strain. Ten groups of eight BALB/c mice
were sham-immunized, or immunized i.d. twice at weeks 0 and 4 with 1x107 CFU rLmAactA,
rLm/igIC or rLm/katG. Mice immunized twice with 1 x 10* CFU LVS served as a positive
control. Six weeks after the second immunization (week 10), mice were challenged by aerosol
with F. tularensis SchuS4 with a dose estimated to be either 1 x LD1gg (A) or 10 x LD1qg (B).
[(The effective dose actually delivered in (A) was less than 1 x LDqgg as 50% of the animals
survived, i.e. the dose was effectively 1 x LDgq. The animals in (B) received 10 times the dose
of the animals in (A), as detailed in Methods]. The difference in survival between the mice in
a vaccinated group and mice in a sham- or vector-vaccinated group was evaluated using a
logrank analysis. ns, not significant (P > 0.05).
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Table 1

List of primers for amplifying nucleotide sequences encoding F. tularensis proteins

Primer Pairs Gene Amplified Nucleotide sequence (5’ to 3')*

1F acpA CGGGATCCAAGCTCAATAAAATTACTTTAGGAATTTTAAGTCTA

1R acpA CGGGATCCTTAGTTTAATTTATCCACTACTAATCCTGTCTTAGGGTC

2F Bfr CGGGATCCAGAACTTCAATTAGAAAATAAACAAGAAATTATTGATCAA

2R Bfr CGGGATCCTTATGCAGGTTTTCTTAACATTTTTTCTACTTCACCAATGTGCGT

3F dnakK GCCCGGATCCCGGAAAAATAATAGGTATAG

3R dnakK CCGCGITAATTAAGCGGCCGCTTATTTTTTGTCGTCTTC

4F GroEL CGGGATCCGGCTGCAAAACAAGTTTTATTTTCAGATGAAGCTC

4R GroEL CGGGATCCCTATTACATCATGCCAGGCATACCGCCCATGCCACCGCC

5F katG CATCGGATCCTGAAGATACCACAACGAAAAATGATAATCTTTCACCACAGAGCGTAGA
5R katG CCTTAATTAAGCGGCCGCTTATTGTTGAACATCAAATCTGCCAAGCATCATAACTTTATGCCAAGC
6F iglC CGGGATCCTAGTGAGATGATAACAAGACAACAGGTAACAAGTGGC

6R iglC CGGGATCCTTACTATGCAGCTGCAATATATCCTATTTTAGCAACTCCTTTATCT

TF pld CGGGATCCTCATGGAATTACTAAAACAATAGTACACAACTATCCTG

7R pld CGGGATCCTTAGGTACAAGACGGAGTTGATATTATACCAACAG

*
, Underlined sequences are restriction enzyme sites used for cloning F. tularensis nucleotide sequences into the vector pZErO.
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