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Abstract

The ability to protect mice against respiratory infections with virulent Francisella tularensis has been
problematic and the role of antibody-versus-cell-mediated immunity controversial. In this study, we
tested the hypothesis that protective immunity can develop in mice that were given antibiotic therapy
following infection via the respiratory tract with Francisella tularensis SCHU S4. We show that
mice infected with a lethal dose of SCHU S4, via an intra-nasal challenge, could be protected with
levofloxacin treatment. This protection was evident even when levofloxacin treatment was delayed
72 hours post-infection. At early time points after levofloxacin treatment, significant numbers of
bacteria could be recovered from the lungs and spleens of mice, which was followed by a dramatic
disappearance of bacteria from these tissues. Mice successfully treated with levofloxacin were later
shown to be almost completely resistant to rechallenge with SCHU S4 by the intra-nasal route. Serum
antibody appeared to play an important role in this immunity. Normal mice, when given sera from
animals protected by levofloxacin treatment, were solidly protected from a lethal intra-nasal
challenge with SCHU S4. The protective antiserum contained high titers of SCHU S4 specific 1gG2a,
indicating that a strong Th1 response was induced following levofloxacin treatment. Thus, this study
describes a potentially valuable animal model for furthering our understanding of respiratory
tularemia and provides suggestive evidence that antibody can protect against respiratory infections
with virulent F. tularensis.

Introduction

Francisella tularensis is a small, gram-negative, bacterium that is the causative agent of
tularemia, a zoonotic disease. It is an aerobic, non-spore-forming coccobacillus, that infects
the host as a facultative intracellular pathogen. It has been considered one of the most infectious
pathogens known, since very few bacteria can result in infection leading to significant
pathology, disease, and death (1). Since it can be aerosolized, is extremely infectious, and is
surprisingly stable in different environments for long periods of time, F. tularensis is
considered a Category A bioweapon (2-5).
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Human pathogenic F. tularensis has been divided into two major subspecies. F. tularensis
subspecies tularensis or Type A is highly virulent to humans and animals and is the most
common biotype isolated in North America. In contrast, Francisella tularensis subsp.
holarctica (Type B) is less virulent to humans and common in Europe and Asia but also found
in North America (4,6,7). A relatively well characterized strain of the subspecies holarctica
was shown to be immunogenic and protective when injected into animals and was denoted F.
tularensis live vaccine strain (LVS). This strain has been used in humans, but because its
attenuation is uncharacterized, it is not licensed. However, mice challenged with LVS have
served as a valuable model for examining the immune response to this bacterium (8,9). The
bacteria have a thin capsule that appears unique from those of other gram-negative bacteria
(10,11). Additionally, lipopolysaccharide (LPS) from this bacterium seems to differ
significantly from that of other gram-negative bacteria (12—14). No protein toxins have been
found to be associated with this bacterium (15,16) and only recently has progress been made
in understanding some of the virulence factors that may be important for the high infectivity
and pathogenesis (17-20).

There is now significant evidence that the best protective immune responses against respiratory
bacterial infections are induced via intra-nasal or inhalation vaccination (21-24). Thus,
understanding the lung immune response and developing a vaccine that would protect against
this route of infection would be crucially important, given that any biological weapon using
Francisella would use this mechanism for dispersal. In fact, it is now well established that
many different mouse strains can be immunized by systemic administration of LVS against
subsequent intradermal challenge with virulent Francisella, but these mice do not survive
exposure to low doses of aerosols of virulent Francisella (25). Although much knowledge has
been gained about the role of different immune functions with regard to systemic LVS
infections, it has been only recently that new insights have been gained into how LVS and
virulent Francisella interact with different host immune functions following intra-nasal or
inhalation infection (26-29). However, the role of antibody-versus-cell-mediated immunity in
establishing protective immunity to inhalation infection with virulent Francisella is still not
completely understood. Conlan et al. (30) have shown that mice immunized via aerosol
exposure to LVS had enhanced protection against virulent type A Francisella, which was T
cell-dependent. Lyons and co-workers (31) have also shown that intra-nasal vaccination with
LVS could protect Balb/c mice, but not C57BL/6 mice, against intra-nasal or subcutaneous
challenges with virulent Francisella. In this study, protection was dependent upon T cells. A
recent study by Kirimanjeswara et al (32) has shown that antiserum generated in Balb/c mice
by intraperitoneal immunization with LVS was protective, via passive transfer to normal mice,
against a lethal respiratory infection with LVS. Interestingly, this protection was dependent
upon T cells and cell-mediated immunity.

In this study, we have shown that mice infected via intra-nasal challenge with virulent F.
tularensis SCHU S4 and then treated with levofloxacin developed protective immunity against
subsequent intra-nasal challenge with SCHU S4. Interestingly, sera from mice challenged with
SCHU S4 that had been treated with levofloxacin was shown to be protective when passively
transferred to normal, naive, mice. The most abundant class of immunoglobulin in this
protective serum was 1gG2a, suggesting that a Th1 type of immune response was dominant.
We believe that this mouse model could be helpful in identifying F. tularensis antigens that
elicit the formation of protective antibodies. The model might also yield valuable insight into
a number of questions still unanswered with regard to protective immunity against inhalation
infection with virulent Francisella.
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Materials and Methods

Mice and bacteria

BALB/c female mice, 5-6 weeks old, were purchased from The Jackson Laboratory. F.
tularensis SCHU S4 was obtained from U.S. Army DPG, Life Sciences Division, Dugway,
UT. IsoVitaleX was purchased from Becton Dickinson (Cockeysville, MD). Brain heart
infusion (BHI) medium was purchased from Difco Laboratories (Detroit, MI). Bacteria were
stored frozen at —85°C, until used in experiments. Bacteria from frozen stock were grown in
modified Muller Hinton broth (MHB; Difco Laboratories) enriched with IsoVitaleX. The
bacteria were grown for 15-18 h, at which times, bacteria consistently reached 2 x 109 - 3 x
10° colony forming units per ml (CFU/ml). We used bacteria from cultures at this growth phase
in each experiment below and the actual concentration of bacteria was verified by a Petroff-
Hausser counting chamber and viable plate counts after growing aliquots on BHI plates. All
animal procedures were approved by the UTMB institutional animal care and use committee.

Intra-nasal infection of mice and passive transfer of serum

Mice were anesthetized with ketamine-HCI (35 mg/kg) and xylazine-HCI (5 mg/kg) by
intraperitoneal injection (i.p.) and were then suspended vertically by the upper incisors using
commercial fishing line looped behind the upper incisors and connected to a support platform.
Ten microliters of phosphate-buffered saline (PBS) containing approximately 99 CFU of
SCHU $S4 (3 LDsgq doses) were then placed at the anterior of each naris, and the mice then
allowed to inhale the bacteria (33). The number of SCHU S4 given to mice in different
experiments did sometimes differ and the actual dose is noted in the figure legends. Following
intra-nasal administration, the mice were given 10 pl of sterile PBS per naris to ensure that the
bacteria were washed into the lungs. Mice were then returned to their cages, and then at varying
times, given either levofloxacin (i.p.) or PBS. In some experiments, mice were given sera from
either immune or control mice. For these experiments, pooled sera were obtained and 250 pl
transferred to mice via the i.p. route.

Analysis of bacterial load in different tissues of infected mice

Mice were sacrificed at varying times post intra-nasal infection and spleen and lungs obtained
aseptically. Spleen and lungs from individual mice were homogenized in 1 ml of PBS, and
various dilutions plated on BHI agar plates.

ELISA for detecting different classes of Imnmunoglobulins

F. tularensis SCHU S4 cultures were resuspended, at concentration of 5x108 CFU/ml, in PBS,
0.5% glutaraldehyde and incubated for 1 hour at room temperature. High-binding 96-well
plates (Evergreen Scientific) were coated with 50 pl of 10 pg/ml poly-I-lysine (Sigma) in PBS
for 30 minutes at room temperature. After removing the poly-I-lysine, 50 pl of bacteria were
added per well. Plates were sealed and centrifuged at 250 x g for 5 minutes. Plates were washed
once by immersion in PBS then, 200 ul per well of 0.1M Glycine, 0.1% BSA in water was
added for 30 minutes at room temperature. Plates were washed twice in PBS and then 50 ul of
0.1% BSA in PBS was added to the wells and the plates were frozen at —20°C until use.

For assays, plates were blocked with 200 pl PBS, 10% fetal calf serum (FCS) for 1 hour. Two-
fold dilutions of sera were incubated in the plates for 2 hours at room temperature. This was
followed by washing in PBS, 0.05% Tween 20 (PBST), and the addition of 0.5 g/ml biotinylated
primary goat anti-mouse 1gG, IgM, 1gG1, 1gG2a, 1gG2b, or IgG3 (Caltag Laboratories) for 1
hour at room temperature. Plates were washed with PBST, and 50 pl of Avidin peroxidase
(Sigma) was added per well for 30 minutes at room temperature. Plates were again washed
with PBST, and 100 pl of 2,2'3 azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)
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substrate solution (Sigma) was added per well. After color development, the reaction was
stopped by the addition of 50 pl per well of 1% SDS and the OD was read at 405 nm. The titers
of different SCHU S4-specific antibodies were calculated as the lowest dilution of serum that
gave an OD of 0.1 above the normal serum control.

Statistical Analysis—Survival experimental results were assessed using Kaplan Meier
Survival analysis using GraphPad Prism Program. Additional analysis was also performed
using the Students T Test.

Levofloxacin rescues mice from lethal intra-nasal infections with SCHU S4

In initial experiments, mice were infected with 3 LD5q doses of SCHU S4 (103 CFU) via intra-
nasal challenge, and then 24 hours later given (via intraperitoneal injection) varying doses of
levofloxacin (50, 25, 12.5, and 6.25 mg/kg/day) daily for 13 days. Control mice received daily
injections of PBS. All doses of levofloxacin offered 100% protection from the SCHU S4
challenge. In contrast, control treated mice, infected but not given levofloxacin, started to die
at five days post-infection, with 100% mortality being observed at day seven post challenge.
Data from a representative experiment are presented in Figure 1, using the lowest dose of
levofloxacin. We then investigated how long we could delay levofloxacin treatment following
intra-nasal challenge and still provide protection. For these experiments, we used a high dose
of levofloxacin, i.e. 40 mg/kg/day. Mice were challenged intra-nasally with 3 LDsg doses (116
CFU)of SCHU S4 and then divided into six groups (10 mice per group). The control group
was infected but received no levofloxacin. The remaining mice were then divided into four
groups (10 mice per group), with each group given levofloxacin starting at different times post
challenge as follows: 48 hours, 72 hours, 96 hours, and 120 hours post challenge, with
continued daily injections for thirteen days as above. Results from this experiment are presented
in Figure 2. Levofloxacin treatment could be postponed for up to 72 hours post challenge with
100% of the mice surviving and appearing healthy for up to two months. Delaying treatment
with levofloxacin for 96 hours post-challenge still afforded an 80% survival rate for mice.
However, levofloxacin failed to reverse a lethal infection if postponed until 120 hours post-
infection.

Bacterial load in tissues of levofloxacin-treated mice

To investigate the mechanism of protection afforded by levofloxacin, we examined SCHU S4-
infected control-versus-levofloxacin treated mice for the numbers of viable SCHU S4 present
in their spleens and lungs at varying times post challenge. For these experiments, we treated
mice with either 6.25 mg/kg/day, starting 24 hours post-infection, or with 40 mg/kg/day,
starting at 72 hours post-challenge. Spleen and lungs were then obtained from four individual
mice from each group at varying times and homogenized and plated for determining the number
of CFU per tissue. The results of these experiments are presented in Figures 3 and 4. Mice
receiving no levofloxacin and challenged with SCHU S4 had very high numbers of bacteria in
their spleens and lungs at all time points up until time of death. In contrast, mice receiving
levofloxacin at 6.25 mg/kg/day starting 24 hours post challenge (Figure 3) had low numbers
of SCHU S4 in their lungs and spleens. This was several logs less then what was recovered
from infected mice not treated with levofloxacin. At ten days following treatment, there were
no detectable bacteria in spleens, and barely detectable numbers in lungs from these treated
mice. In contrast, in mice that received levofloxacin at 72 hours post-infection, there were
significant numbers of bacteria in their spleens and lungs early after levofloxacin treatment
(day 4 and 5). However, the bacterial load in these tissues diminished over time to barely
detectable numbers. These results are presented in Figure 4, and demonstrate that there was a
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low level background bacterial presence/growth in levofloxacin treated mice, and that this was
most dramatic when levofloxacin-treatment was delayed until 72 hours post-infection.

Levofloxacin treatment results in the generation of protective immunity

Since levofloxacin treatment provided protection from a lethal challenge of Francisella, we
next investigated whether these mice, that had been given levofloxacin and protected from a
lethal dose of bacteria, had developed any protective immunity against rechallenge with a lethal
dose of SCHU S4. In the first series of experiments to address this question, we used mice that
had been challenged with SCHU S4 and then treated 24 hours post challenge with different
doses of levofloxacin as described above. Thus, mice were challenged intra-nasally with SCHU
S4 (90 CFU) and then assigned into groups, with each group being given a different dose of
levofloxacin 24 hours after challenge (50, 25, 12.5, or 6.25 mg/kg/day for 13 days), as described
above (Figure 1). These mice, which were fully protected by levofloxacin treatment, were then
housed for 50 days and then again re-challenged intra-nasally with 3 LDsq doses of SCHU S4.
Results of this experiment are shown in Figure 5. Mice given the lower doses of levofloxacin
showed immunity/protection towards re-infection/challenge with SCHU S4. Mice initially
treated with 6.25 mg/kg/day of levofloxacin had 90% survival following re-challenge.
However, the higher the initial dose of levofloxacin used in the treatment, the less protected
the mice were from re-challenge. Only 50% survival was achieved in mice that had been treated
with the highest dose of levofloxacin, 50 mg/kg/day. As a control for the possible effects of
levofloxacin, we treated normal, not infected, mice with 50 mg/kg/day for 13 days and rested
these mice for 50 days and then tested them for their susceptibility to SCHU S4 infection.
These mice acted identically to control mice with regard to being fully susceptible to the initial
challenge dose of SCHU S4, 100% mortality at days 5-6 post-infection (data not presented).

We then tested mice for protective immunity to Francisella after they had been treated with
levofloxacin at varying times post-infection, as described in Figure 2. For these experiments,
mice were challenged intra-nasally with a lethal dose of SCHU S4 (88 CFU) and not given
levofloxacin treatment (40 mg/kg/day) until 48, 72, or 96 hours post-infection. These mice
were housed for 55 days and then again re-challenged intra-nasally with 3 LDgg doses of SCHU
S4 (119 CFU). Protective immunity developed in all these mice, as shown in Figure 6. Mice
challenged with SCHU S4 and treated with levofloxacin starting at 48 or 72 hours post-
infection were completely immune to re-challenge. Mice in these groups had a 100% survival
rate. Mice that received levofloxacin at 96 hours post-infection also showed immunity to re-
challenge, with 90% survival.

We next assessed the level of immunity induced by levofloxacin treatment. For these
experiments, mice were challenged intra-nasally with a lethal dose of SCHU S4 and then given
levofloxacin treatment (40 mg/kg/day) starting at 72 hours post-infection, as described in
Figure 2. These mice were housed for 50 days and then again re-challenged intra-nasally with
varying amounts (120 CFU vs 625 CFU vs 1400 CFU vs 3050 CFU vs 6200 CFU) of SCHU
S4. The results from a representative experiment are presented in Figure 7. Significant
protection was observed in these mice following re-challenge with up to 90 LDsgq (3050 CFU)
doses of SCHU S4, 60% survival. Eighty percent survival was observed in these mice follow
challenge with 40 LDsgq (1400 CFU) doses of SCHU S4.

In summary, these results clearly indicated that levofloxacin treatment of Francisella-infected
mice can not only rescue these mice from a lethal intra-nasal infection, but more importantly,
it allows the mice to develop protective immunity. All of the above experiments have been
repeated at least twice with identical results.

Vaccine. Author manuscript; available in PMC 2009 December 9.
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Sera from Levofloxacin-induced immune mice protect normal mice against intra-nasal
infection with SCHU S4

Since levofloxacin treatment of SCHU S4 infected mice was found to lead to the development
of protective immunity, we investigated whether sera from these mice could provide protection
to normal, naive, mice. Thus, serum was obtained from two different groups of mice. One
group of mice was challenged with SCHU S4, and then treated with levofloxacin (6.25 mg/kg/
day) starting at 24 hours post-infection as described above (Figure 1). A second group of mice
was challenged with SCHU S4, but then treated with levofloxacin (40mg/kg/day) at 72 hours
post challenge (Figure 2). These mice were then sacrificed at 30 days post-infection and sera
obtained and pooled. As a control, non-infected mice were housed identically and then also
sacrificed and sera obtained and pooled. Normal, untreated, mice were then given 250 ul of
sera (normal vs immune) and then challenged (intra-nasal) four hours later with 5 LDgq doses
(172 CFU) of SCHU S4. Results from one of two identical experiments are presented in Figure
8. Sera from mice treated with levofloxacin at 72 hours post-infection offered almost complete
protection to normal, naive, mice. There was one death in this group of ten mice (10%
mortality). These mice stayed disease free for two months before being sacrificed. In contrast,
little protection was transferred using sera from mice challenged with SCHU S4 and then given
levofloxacin at 24 hours post-infection. There was 80% mortality in this group. As expected,
control sera failed to transfer any protection against SCHU S4. Protective sera from mice
treated with levofloxacin at 72 hours post-infection offered almost complete protection to
normal, naive, mice even when administered 24 hours post infection (Figure 9). When
protective sera were analyzed for the amount of different classes of immunoglobulin, IgG2a
was the most dominant SCHU S4-specific antibody present in this sera (Figure 10). This
suggested that levofloxacin induced immunity is associated with a Th1 type antibody response.
Since sera from mice given levofloxacin at 24 hours post-infection did not give significant
protection, we next compared this sera vs the protective sera from mice given levofloxacin at
72 hours post infection. As seen in Figure 11, 1IgG2a and IgM were significantly higher in the
protective serum when compared to the less protective sera obtained from mice given
levofloxacin at 24 hours post-infection.

Discussion

In this report, we show that treatment with levofloxacin can rescue mice from a lethal intra-
nasal challenge with virulent SCHU S4. More importantly, we demonstrate that these rescued
mice developed protective immunity against intra-nasal rechallenge with SCHU S4. These
findings offer a unique model for investigating what potential immune functions are generated
in mice infected with virulent Francisella as opposed to LVS, which has been traditionally
used in studies for investigating the immune responses associated with tularemia. More
importantly, we show that SCHU S4-infected mice treated with levofloxacin develop
protective antibody, as assessed by passive transfer to normal mice.

Levofloxacin is in the quinolone family of antibiotics. Quinolones have been shown to be an
effective treatment against tularemia (34). This has been documented in animal studies and in
some clinical studies (34-36). Quinolones reversibly trap gyrases on DNA as complexes in
which the DNA is broken. The complexes block DNA replication, leading to a bactericidal
activity. Quinolones have also been shown to alter different functions of the immune system
(for review see reference (34)). Usually, immunosuppressive effects have been reported, but
some studies have also reported enhancement of different immune functions, e.g., the
production of select cytokines. In general, most fluoroquinoloine derivatives appear to be
suppressive toward the production of inflammatory cytokines (34,35). The therapeutic benefits
of quinolones are assumed to be mediated via direct action on Francisella. Thus, the possibility
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that Quinolone treatment and resolution of tularemia might result in the generation of protective
immunity has not previously been reported.

Mice given levofloxacin either at 24 hours post-infection or at 72 hours post-infection
developed protective immunity when rechallenged with 3 LDsg doses of SCHU S4. We did
assess the degree of immunity generated in mice given levofloxacin at 72 hours post-infection.
These mice showed significant immunity towards 40-90 LDsg doses of Francisella. The
degree of immunity induced in mice following multiple immunizations is currently under
investigation. However, mice treated at 72 hours post-infection generated protective antibody,
while little protective antibody was present in serum from mice treated at 24 hours post-
infection. Interestingly, antibody could protect mice even when given 24 hours post-infection.
It is probably not a coincidence that protective antibody was generated in mice that had the
greatest bacterial burden, but were capable of surviving. Mice given levofloxacin at 72 hours
post-infection had significant numbers of SCHU S4 in their spleen and lungs when compared
to mice given levofloxacin at 24 hours post-infection. This finding might explain the difference
between these different strategies, and suggests that the magnitude of the immune response
generated in these mice was greater then that of mice given levofloxacin at 24 hours post-
infection. This could also be coupled with the possibility that levofloxacin treatment could
expose determinants not routinely seen during a live infection, where no antibiotic is present.
The predominant class of immunoglobulin in the protective serum was shown to be 1gG2a,
leading to the conclusion that a Th1 type of immune response was dominant in mice that were
rescued by levofloxacin. Additionally, higher levels of 1gG2a and IgM were present in the
protective sera then in the non-protective sera. Thus, we cannot rule out a potentially important
role for IgM in the protection mediated via passive transfer of the sera from mice given
levofloxacin at 72 hours post infection. However, both groups (those in which 24 hour and 72
hour strategies were used) were immune to rechallenge with SCHU S4, indicating that a
protective memory immune response was induced upon rechallenge.

The immune functions involved in the protective immunity generated in levofloxacin treated
mice are unknown, but currently under investigation. Clearly, antibody must be considered a
potentially important mechanism, since serum from mice given the 72 hours strategy was
protective. However, many investigators now believe that the adaptive immune response
against Francisella is likely mediated by both CMI and humoral immunity. In fact, there is
convincing evidence that antibody can protect against many important intracellular pathogens
(37). CMl is a crucial arm in host defense against Francisella, but specific antibody (1gG, IgA,
and IgM) responses are nevertheless mounted within 10 days during natural Francisella
infections or following vaccination (38-46). In this regard, LVS fails to induce protective
immunity in B cell-deficient mice, although these mice have normal levels of T cells (47,48).
In contrast, depletion of either CD4 or CD8 T cells or neutralization of IFNy at the time of
challenge in LVS-vaccinated mice was shown to result in loss of protection, even though these
mice had normal serum antibody levels (30,31). Conlan et al. (30) have shown that mice
immunized via aerosol exposure to LVS did have enhanced protection against virulent type A
Francisella. However, in this study, not all mice were protected and mice were only followed
for 21 days, but IFNy and CD4 and CD8 T cells were essential for the expression of immunity
in the lungs. Lyons and co-workers (31) have shown that intra-nasal vaccination with LVS
could protect Balb/c mice, but not C57BL/6 mice, against intra-nasal or subcutaneous
challenges with virulent Francisella. This response was shown to be dependent upon T cells
and specific for Francisella, but the role for antibody in this protection was not investigated.
Additionally, protection was only observed when low doses of virulent Francisella were used
for intra-nasal re-challenge. Intra-nasal challenge doses above 2 x 102 CFU proved lethal for
such intra-nasally immunized mice. However, boosting intra-nasal LV S-vaccinated mice with
a sub-lethal dose of virulent Francisella significantly increased resistance to subsequent
challenge with virulent Francisella. This finding was the first real demonstration that mice
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could be significantly protected from intra-nasal exposure to virulent Francisella. However,
neither the protective antigens nor the role of serum antibody in this protection was
investigated. KuoLee et al. (49) have also shown that oral immunization of mice with LVS
results in protection against respiratory challenge with virulent Francisella. Interestingly, this
was successful using Balb/c mice but not C57BI/6 mice. In this study, oral immunization
resulted in detection of antibody in the serum and bronchoalveolar lavage fluids and cytokine
production by splenic T cells.

A recent study by Kirimanjeswara et al. (32) has provided new insights into the role of antibody
and T cells in protection against respiratory infections with LVS. In this study, antiserum was
generated in Balb/c mice by i.p. immunization with LVS. This antiserum, which had high levels
of 1gG2a, was then investigated for its ability to passively transfer protection to naive mice
against respiratory infection with LVS. It was found that the passively transferred immune sera
protected mice from a lethal respiratory infection with LVS. This protection was dependent
upon T cells, FcyR bearing cells (bone marrow derived cells), and IFNy production.
Collectively, these results suggested that both antibody and T cells (CMI) are necessary for
optimal mucosal protection against pulmonary infections with Francisella. It is not yet known
whether T cells, FcyR-bearing cells, and IFNy are also playing a crucial role in our mouse
model where immune sera can protect Balb/c mice from a lethal respiratory infection with
virulent SCHU S4.

We have not identified the specific Francisella antigens crucial for generating serum capable
of mediating protection via passive transfer. Serum antibodies against both LPS and outer
membrane proteins have been detected in humans naturally infected or immunized with LVS
(38,40). Mice given repeated large doses of LVS LPS were also shown to be protected against
lethal LVS infection but not virulent Francisella (50). In early studies, attempts were made to
treat tularemia in humans with immune sera. Reports from these studies yielded conflicting
results. Some workers showed that immune serum could successfully be used to treat
individuals suffering from tularemia (41), while others reported it as having no value for the
treatment in either humans or animals (42,51). Unfortunately, the protective antibody passively
transferred in these previously reported studies was not characterized. It was suggested that
the conflicting results in humans might have reflected differences in the virulence of the
infecting strains, and it may be significant that most of the recent studies demonstrating
protection with immune sera have used mice challenged mainly with the low-virulence LVS
strain. In this regard, Pasetti et al (53) have recently shown that rabbits immunized with an
improved Francisella tularensis live vaccine strain generated antibody that could recognized
both LVS and SCHU S4 antigens. In fact, from a number of studies in mice and humans, it is
clear that protection against low-virulence strains of Francisella can be mediated by antibody
(43,53). But, the only protective antigen of Francisella that has been identified is
lipopolysaccharide (LPS). Historically, immunization with LPS provides good protection
against only type B strains of Francisella (53,54). Recently, Lu et al (55) have reported that a
monoclonal 1gG2a specific for LVS LPS conferred full protection in mice against intra-nasal
infection with LVS. Thus, the possibility of LPS being an important antigen recognized by
protective serum in our passive transfer model is under investigation.

In summary, we describe in this report a mouse model for investigating intra-nasal infection
with virulent Francisella. This model offers an opportunity to investigate the immune functions
and antigens that are important for mediating protection against respiratory infections with
virulent Francisella. Finally, we demonstrated that antibody can play an important role in
mediating protection against respiratory infections with virulent Francisella.
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Figure 1. Levofloxacin treatment rescues mice from intranasal SCHU S4 infection

Balb/c mice were given 3 LDsgq doses (103 CFU) of SCHU S4 via intra-nasal challenge, and
then 24 hours later given 6.25 mg/kg body weight of levofloxacin via intra-peritoneal
injections. As a control, mice were injected with PBS. Mice (10 mice per group) were given
levofloxacin or PBS daily for thirteen days. Mice were monitored twice daily for up to two
months.
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Figure 2. Levofloxacin treatment given at 96 hours post-infection can rescue mice from intra-nasal
SCHU S4 infection

Balb/c mice were given approximately 3 LDsgq doses (114 CFU) of SCHU S4 via intra-nasal
challenge and then given levofloxacin (i. p., 40 mg/kg body weight) starting at one of the
following times post-infection (Post): 48, 72, 96, or 120 hours. As a control, mice were injected
with PBS. Mice (10 mice per group) were given levofloxacin or PBS daily for thirteen days.
Mice were monitored twice daily for up to two months. Asterisk indicates statistically
significant survival with p<0.0001
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hours post-infection as described in Figure 1. At varying times (3, 5, 8, and 10 days) post-
infection, mice were sacrificed and the spleen and lungs removed and assessed for the number
of SCHU S4 in each tissue by plating. Data is expressed as the mean plus/minus SD from four
mice per group. Asterisk indicates statistically different from untreated control mice at same
time point. p<0.01
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Figure 4. Bacterial load in spleen and lungs of mice given levofloxacin starting at 72 hours post-
infection
Mice were infected via intra-nasal challenge (147 CFU) and treated with levofloxacin at 72
hours post-infection as described in Figure 2. At varying times (3, 4, 5, 7, and 10 days) post

infection, mice were sacrificed and the spleen and lungs removed and assessed for the number

of SCHU S4 present in each tissue by plating. Data is expressed as the mean plus/minus SD
from four mice per group. Asterisk indicates statistically different from untreated control mice
at same time point. p<0.01
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Figure 5. Mice given levofloxacin at 24 hours post-infection are immune to subsequent challenge

with SCHU $4

Mice were infected via intra-nasal challenge (90 CFU) and treated with varying concentrations
of levofloxacin at 24 hours post-infection as described in Figure 1. At 24 hours post-infection,
mice were divided into groups (ten mice per group) and given one of the following doses of

levofloxacin: 6.25, 12.50, 25, or 50 mg/kg body weight. Mice were then housed for 50 days,

and then challenged intra-nasally with 3 LDsgq doses of SCHU S4. Mice (10 per group) were
monitored twice daily for up to one month. Asterisk indicates statistically significant survival
with p<0.0007
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Figure 6. Mice given levofloxacin at 72 hours post-infection are immune to subsequent challenge
with SCHU $4

Mice were infected via intra-nasal challenge (88 CFU) and treated with levofloxacin at varying
times post-infection (Post) as described in Figure 2. At 72, 96, and 120 hours post-infection,
mice were divided into groups (ten mice per group) and given levofloxacin 40 mg/kg/body
weight. Mice were then housed for 55 days, and then challenged intra-nasally with
approximately 3 LDsg doses (116 CFU) of Schu 4. Mice (10 per group) were monitored twice
daily for up to one month.
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Figure 7. Assessment of immunity in mice given levofloxacin at 72 hours post-infection

Mice were challenged intra-nasally with SCHU S4 and then treated with levofloxacin at 72
hours post-infection (40 mg/kg/body weight), as described in Figure 2.
; Mice were then housed for 50 days, and then challenged intra-nasally with varying numbers
of SCHU S4 (120, 625, 1400, 3050, and 6200 CFU). Mice (10 per group) were monitored
twice daily for up to one month. Asterisk indicates statistically significant survival with

p<0.0005
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Figure 8. Normal mice are protected from intra-nasal challenge with SCHU S4 by passive transfer
of sera from levofloxacin protected mice

Mice were challenged intra-nasally with SCHU S4 and then treated with levofloxacin at either
24 hours post-infection (6.25 mg/kg body weight) or at 72 hours post-infection (40 mg/kg/
body weight), as described in Figures 1 and 2. Thirty days following intra-nasal challenge,
mice were sacrificed and sera obtained. Serum was also obtained from control mice, not
challenged with SCHU S4. Sera from mice were pooled and then used for passive transfer into
normal mice. Normal, naive, mice were then given 250 pl of serum from either control mice
or from mice challenged with SCHU S4 and treated with levofloxacin at 24 vs 72 hours post
challenge. Four hours after the transfer of sera, mice were challenged with 5 LDsq doses (172
CFU) of SCHU S4. Mice were monitored twice daily for up to one month. Asterisk indicates
statistically significant survival with p<0.0005
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Figure 9. Immune sera can protect normal mice even when given 24 hours post-infection

Mice (normal/naive) were challenged intra-nasally with approximately 3 LDsq doses (109
CFU) of SCHU S4. At 24 hours post-infection, mice were then given 250 pl of serum from
either control mice or immune sera from mice challenged with SCHU S4 and treated with
levofloxacin at 72 hours post challenge, as described in Figure 8. Mice were monitored twice
daily for up to one month. Asterisk indicates statistically significant survival with p<0.0005
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Figure 10. Characterization of protective immune serum

Immune sera obtained from mice treated with levofloxacin at 72 hours post-infection, which
showed protection in passive transfer experiments (Figures 8 and 9), was characterize by
ELISA for SCHU S4 specificity. Titers were calculated as the lowest dilution of serum that
gave an OD of 0.1 above the normal serum control.

Vaccine. Author manuscript; available in PMC 2009 December 9.



1duosnue Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Klimpel et al.

()]
8 0.6

Page 22
IgG3

1.2 *
y
0.8

06.25 mg/kg
* m 40 mg/kg

0.4
0.2 4

1:3200  1:1600 1:800 1:400 1:200

Dilution of Serum

Figure 11. Comparison of protective vs non-protective serums for levels of different Igs

Immune sera obtained from mice treated with levofloxacin at 72 post-infection (protective)
was compared with immune sera obtained from mice treated with levofloxacin at 24 hours
post-infection (non-protective) by ELISA for the levels of different classes of immunoglobulin
specific for SCHU S4. The OD units from control sera were subtracted from the OD units
obtained from the corresponding dilution of immune sera and the resultant OD units plotted
for each serum dilution. Asterisk indicates statistically significant differences between
protective versus non-protective sera.
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