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Abstract
Successful treatment of pneumonic infection with Francisella tularensis, the causative agent of
tularemia, requires rapid initiation of antibiotic therapy, yet even then treatment failures may
occur. Consequently, new treatments are needed to enhance the effectiveness of antimicrobial
therapy for acute pneumonic tularemia. In a prior study, immunization with F. tularensis
membrane protein fraction (MPF) antigens 3 days prior to challenge was reported to induce
significant protection from inhalational challenge. We therefore hypothesized that MPF
immunization might also be effective in enhancing infection control if combined with antibiotic
therapy and administered after infection as post-exposure immunotherapy. To address this
question, a 24 h post-exposure treatment model of acute pulmonary Schu S4 strain of F. tularensis
infection in BALB/c mice was used. Following exposure, mice were immunized with MPF and
treated with low-dose gentamicin, alone or in combination and the effects on survival, bacterial
burden and dissemination were assessed. We found that immunization with MPF significantly
increased the effectiveness of subtherapeutic gentamicin therapy for post-exposure treatment of
pneumonic tularemia, with 100% of combination-treated mice surviving long-term. Bacterial
burdens in the liver and spleen were significantly reduced in combination MPF-gentamicin treated
mice at 7 days after challenge. Passively transferred antibodies against MPF antigens also
increased the effectiveness of gentamicin therapy. Thus, we concluded that post-exposure
immunization with MPF antigens was an effective means of enhancing conventional antimicrobial
therapy for pneumonic tularemia.
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Introduction
Francisella tularensis (Ft), a Gram negative, intracellular bacterium, is the causative agent of
tularemia. Ft has an extremely low infectious dose [1, 2], and can be transmitted to humans
via several routes including inhalation which is associated with higher mortality in humans
[3, 4]. The Ft subspecies of clinical significance are tularensis (type A), which is associated
with the most severe form of tularemia and includes the Schu S4 strain and holarctica (type
B), which is less virulent and includes the live vaccine strain (LVS). Ft infections are
treatable with a wide variety of antibiotics, including aminoglycosides, such as gentamicin
[5-9], provided they are administered shortly following exposure. Improper diagnosis of
tularemia can delay antibiotic treatment and result in increased mortality and disease relapse
[3, 10]. In some cases, antibiotics fail to completely clear the infection or have toxic side
effects such as hearing loss or kidney damage [11-16]. Therefore, increased dose or
prolonged administration is not ideal.

The combination of immunotherapy with antibiotic therapy has been demonstrated for other
bacterial infections and could reduce or eliminate treatment failures. Using the mouse
pathogen, Ft novicida, Pammit et al. administered intranasal interleukin-12 (IL-12) to mice
in conjunction with gentamicin and observed a 50% increase in survival [17]. Likewise,
gentamicin augmented by interferon gamma (IFN-γ) increased survival by 41% in Swiss
mice infected with drug-resistant Enterococcus faecalis [18]. We reported that IFN-γ used
in combination with ceftazidime exerted synergistic activity against Burkholderia
pseudomallei [19]. Thus, immune augmentation of antibiotic therapy is a promising
approach to developing therapeutics against bacterial infections.

Humoral immunity must be considered when developing an immunotherapy strategy for
controlling Ft infections. Several studies show that anti-Ft live vaccine strain (LVS)
antibodies provide protection against virulent murine tularemia [20-23] and adoptive
transfer of Ft LVS immune serum fully protected mice when administered 24 h prior to a
lethal, respiratory Ft LVS infection [22]. The administration of immune serum not only
augmented bacterial clearance, but also limited dissemination [22]. The membrane and
surface antigens of Ft are likely targets for an immunotherapeutic strategy encompassing
adaptive immunity. Huntley et al. identified 15 outer membrane proteins of Ft LVS and
Schu S4 that, when given to mice, protected against intranasal Ft Schu S4 challenge [24, 25]
and induced both Th1 and Th2 antibody responses in mice [24]. Ireland et al. administered
the membrane protein fraction (MPF) from Ft LVS along with cationic liposomal DNA
complex (CLDC) adjuvant three days prior to a virulent Ft Schu S4 challenge in mice, and
achieved 100% protection [26]. Thus, the rapid immune response generated against CLDC-
MPF along with adaptive immunity to the membrane proteins led us to hypothesize that
MPF of Ft LVS can be applied as a post-exposure combination therapeutic with a
conventional antibiotic against tularemia.

In the present study, we established a subtherapeutic gentamicin treatment model of
tularemia in mice and applied this model to demonstrate that post-exposure vaccination with
MPF allowed for survival of animals infected with virulent Ft. We further demonstrated that
anti-MPF antibodies elicited by post-exposure vaccination were protective when passively
transferred to mice infected with Ft Schu S4.

Materials and Methods
Mice

Specific pathogen-free 8 week old female BALB/cJ mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). Mice were used between 8 and 12 weeks of age. All studies
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were conducted in ABSL-3 facilities and were approved by the Institutional Animal Care
and Use Committee at Colorado State University. The pre-determined end points of
infection were 20% weight loss, lack of spontaneous movement for more than 10 seconds,
respiratory distress and lack of response to tactile stimulus.

Bacteria and culture conditions
Ft strains Schu S4 and LVS were grown as previously described [27]. Frozen stocks of Ft
for murine infections were prepared by adding 15% glycerol to the 50 ml culture and
dividing the sample into 1 ml aliquots. Aliquots were stored at −80°C and titered prior to
use. Ft LVS used to generate MPF was cultured in Modified Mueller Hinton (MMH) and
harvested in late-log phase.

Preparation of MPF, CLDC, and antibiotics
MPF was prepared as previously described [26]. Lyophilized CLDC was provided by
Juvaris BioTherapeutics (Burlingame, CA) and reconstituted with 5% dextrose water (D5W)
to a concentration of 205 μg/ml of non-coding DNA. Gentamicin (Sigma, St. Louis, MO)
was diluted in Dulbecco's phosphate buffered saline (dPBS) for injections.

Intranasal challenge
Mice were anesthetized by intraperitoneal (i.p.) injection of 100 mg/kg ketamine plus 10
mg/kg zylazine diluted in sterile water. Mice were infected with 50 colony forming units
(CFU) of Ft in a total volume of 20 μl of dPBS, administered in sequential droplets on
alternating nares.

Bacterial Burden in Organs
Lungs, liver, and spleen were harvested and placed in 5 ml of sterile dPBS (pH 7.4). Organs
were homogenized using a Seward Stomacher 80 Biomaster (Seward, Bohemia, NY).
Homogenates were diluted 1:10 and 100 μl was inoculated on 9% chocolatized sheep blood
agar (CHAB) plates and placed at 35°C for 48 h after which, CFUs were enumerated.

MPF, CLDC, and gentamicin treatment
MPF was administered to mice at a concentration of 10 μg in 200 μl of D5W i.p. on days 1
and 4 post-infection. CLDC (102.5 μg/ml) was administered i.p. in 200 μl of D5W on days
1 and 4 post-infection. For experiments where MPF was mixed with CLDC, the MPF and
CLDC were diluted to a 2× concentration in D5W and mixed 1:1 resulting in a final
concentration of 10 μg of MPF and 102.5 μg/ml of CLDC. Gentamicin was diluted to 40,
20, 10, or 5 mg/kg in 200 μl and injected i.p., daily, for 10 days, post-infection.

Passive Immunization
To obtain immune serum, naïve mice received two MPF treatments (10 μg in 200 μl D5W
i.p.) four days apart. Seven days after the first MPF injection, the mice were anesthetized as
described above and immune serum was collected via terminal cardiac puncture. IgM and
IgG titers in the immune serum were quantified via ELISA prior to transfer. Passive
immunization was performed in mice infected with Ft Schu S4 by administering immune
serum (300 μl i.p.) at one and four days post-infection in lieu of MPF treatment. Mice were
also given daily gentamicin (10 mg/kg) for 10 days post-infection and survival was
monitored for 25 days.
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Serum Isotyping
Antibody responses were assessed as previously described [28, 29]. Briefly, ELISA plates
were coated overnight with 0.75 μg/ml of MPF, blocked in PBST containing 5% non-fat dry
milk and incubated with immune sera serially diluted (1:2) in blocking buffer for 1 h at
room temperature. All secondary antibodies (diluted 1:2000 in blocking buffer) were
conjugated to horseradish peroxidase including rat anti-mouse IgM (BD Biosciences), goat
anti-mouse IgG3 (Abcam, Cambridge, MA), goat anti-mouse IgG2a (Abcam), rat anti-
mouse IgG1 (BD biosciences) and rat anti-mouse IgG2b (Abcam). 3,3′,5,5′-
Tetramethylbenzidine (TMB) (Sigma) substrate was used to develop the plates. The reaction
was stopped by the addition of 100 μl of 1N HCl. The absorbance at 405 nm was
determined using a Thermo multiskan EX spectrophotometer.

PAGE and Western blot
MPF was separated by SDS-PAGE and electroblotted as previously described [27]. The
membranes were incubated overnight at room temperature with either anti-Ft LPS
monoclonal antibodies (1:250) (Immuno-Precise Antibodies Ltd., Victoria, BC, Canada), or
MPF immune sera (1:400) from either day 7 uninfected mice or day 7 Ft Schu S4 infected
mice that received gentamicin and MPF immunotherapy. Membranes were incubated with
alkaline phosphatase conjugated anti-mouse IgG or IgM (1:5000 in TBS) (Sigma) for 1 h at
room temperature and developed using SigmaFast BCIP/NBT alkaline phosphatase substrate
tablets (Sigma).

Statistical Analyses
Statistical analyses were performed using GraphPad Prism5 software (La Jolla, CA).
Comparisons between multiple groups were done using ANOVA, followed by Tukey's
multiple means comparison test. A student's t test was done to compare individual groups
and a single sample t test was done for samples with a variance of zero. Survival differences
were compared using Kaplan-Meier survival curves, followed by log rank test. Statistical
significance was defined as p < 0.05.

Results
Suboptimal gentamicin treatment decreases mean survival time during a Schu S4 infection

A suboptimal gentamicin dose and administration time was established to allow for
evaluation of immune augmentation of chemotherapy with an MPF-CLDC post-exposure
vaccine. Four gentamicin doses (40, 20, 10, and 5 mg/kg) were administered to mice at 6,
12, 24, or 48 h post-infection, and given daily for 10 days. In agreement with previous
studies, 40 mg/kg of gentamicin was completely protective regardless of administration time
and 5 mg/kg did not significantly extend survival at any of the time points administered (not
shown) [5]. The 20 mg/kg dose showed complete protection when administered at 12 and 24
h post-infection, but showed decreased protection when administered at 48 h post-infection
(not shown). Gentamicin at 10 mg/kg failed to completely protect regardless of the time
administered (Fig. 1). Animals receiving 10 mg/kg of gentamicin, administered 24 h post-
infection, had an extended mean survival time of several days but all animals eventually
reached the pre-determined endpoints for euthanasia. The 10 mg/kg dose of gentamicin
given 24 h post-infection was selected for the suboptimal gentamicin treatment model.

Protection against Ft Schu S4 is MPF mediated
Augmentation of suboptimal gentamicin treatment was evaluated by administering MPF (10
μg), CLDC (100 μg/ml), or a combination of MPF (10 μg) and CLDC (100 μg/ml) at days
1 and 4 post-infection. MPF or MPF-CLDC (not shown) given along with 10 days of

Sutherland et al. Page 4

Vaccine. Author manuscript; available in PMC 2013 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



suboptimal gentamicin therapy, provided 100% protection (Fig. 2). In contrast, CLDC with
gentamicin provided no measurable protective effect compared to the gentamicin alone
control groups. Post-exposure vaccination with MPF or MPF-CLDC (not shown) did not
provide protection in the absence of gentamicin. The average weight of animals (in grams)
per cage correlated with protection elicited by the treatment regimens (Supplemental Fig. 1).
Animals receiving MPF along with gentamicin treatment reached their minimum weight
between days 7 and 9 post-infection and quickly recovered with a rapid weight gain.
Untreated controls, CLDC-gentamicin, and gentamicin alone groups did not show an
increase in weight prior to reaching pre-determined endpoints except in the circumstance
where an outlier survived treatment long term.

MPF treatment reduces bacterial burden
We also investigated whether combination therapy reduced bacterial burden and
dissemination to target organs. Lungs, liver, and spleen from all treatment groups were
harvested at 1, 4, 7, 10, 20, and 40 days post-infection and bacterial burden assessed. Four
days post-infection, all treatment groups showed a significant decrease in bacteria in the
liver, spleen, and lungs when compared to untreated controls (p < 0.001) (Fig. 3a). All
untreated controls reached predetermined endpoints at day 4 following challenge. Therefore,
subsequent time points were compared to animals receiving only gentamicin.

At day 7, MPF treated groups showed a significant (p<0.05) reduction in bacterial burden in
the liver and spleen but not in the lungs (Fig. 3b). By day 10, the liver showed almost
complete bacterial clearance in MPF treated groups, while the lungs and spleen showed
variable reduction in bacteria compared to gentamicin treated groups (Fig. 3c). At day 20
(Fig. 3d) and day 40 post-infection (not shown) all groups not receiving MPF treatments had
reached endpoints. At day 20, all surviving animals (n = 20 total) had low levels of bacteria
still present in at least one organ. By day 40 post-infection, most animals had completely
cleared the infection. CLDC with MPF was not found to significantly reduce bacterial
burden compared to MPF alone. Thus, the addition of CLDC did not increase protection or
reduce bacterial burden compared to groups receiving only MPF. Subsequent experiments
examined the effects of MPF in the absence of CLDC.

MPF protection is antibody mediated
Previous studies suggested that the protective effects of Ft membrane antigens were
dependent on humoral immunity [20, 22, 30]. Thus, we hypothesized that the protective
effects of MPF in our model were mediated by antibodies. To test this hypothesis, MPF
immune serum was generated as described in materials and methods and transferred to mice
infected with Ft Schu S4 and treated with the subtherapeutic gentamicin regime. We
observed that complete resolution of a Ft Schu S4 infection occurred with transfer of MPF
immune serum to mice that were receiving gentamicin (Fig. 4). Control mice given serum
from non-vaccinated mice along with gentamicin treatment showed no significant difference
in survival compared to mice treated with gentamicin alone (Fig. 4 and data not shown).
These data are consistent with the hypothesis that the protective effects of MPF
immunization were mediated primarily by anti-MPF antibodies.

The titers of anti-MPF immune sera generated in BALB/cJ mice by two MPF immunizations
alone (Group 1 mice) were compared to anti-MPF titers generated in mice that were infected
with Ft Schu S4 and then immunized with MPF and treated with gentamicin (Group 2 mice).
In both groups of animals, there were high titers of IgM, IgG3 and IgG2a antibodies (Fig. 5).
The IgM titer against MPF was 1:3,200 in both Groups 1 and 2 at day 7 after immunization.
The IgG3 titer to MPF was 1:800 and 1:400 in Group 1 and Group 2 mice, respectively,
while the IgG2a titers were 1:400 and 1:200 in Group 1 and Group 2 mice. The only
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significant difference in titers was found with IgG1, which was significantly higher in Group
1 mice (1:1,600) versus Group 2 mice (1:50). The IgG2b titers were at or below the level of
detection in our assay for both groups of mice (data not shown). Western blot analysis
revealed that the IgM response in both groups of mice was primarily directed against the
LPS component of MPF, while the IgG response appeared to be directed to a limited number
of MPF membrane proteins (Fig. 6). This suggests that the MPF proteins are quite
immunogenic even when administered without an adjuvant.

Discussion
Antibiotic treatment of tularemia is generally successful when administered soon after
infection [5-9, 31]. However, patient responses vary and disease relapse is known to occur
[3, 12, 13]. Therefore, we used a combination treatment model to evaluate the benefit of
adding antigen specific vaccination to antibiotic therapy as a means to improve the control
of acute tularemia. Using this model we demonstrated that post-exposure vaccination with
MPF from Ft LVS augmented the effectiveness of chemotherapy and generated 100%
survival in an otherwise rapidly lethal pulmonary infection. Our studies are unique in that
they demonstrate for the first time that a post-exposure vaccination approach can augment
the effectiveness of antimicrobial therapy against a rapidly lethal strain of Ft.

In the present studies MPF immunization alone did not allow animals to recover from
infection, but did show synergistic activity when combined with gentamicin. Gentamicin has
high bactericidal activity against both intracellular and extracellular bacteria, but slowly
accumulates in eukaryotic cells and only becomes detectable in intracellular vacuoles after
48 h [32]. Thus in our model, gentamicin given daily starting 24 h post-infection would not
be expected to start accumulating in phagocytic vesicles until several days after initiation of
treatment. However, the gentamicin could have suppressed replication of extracellular
bacteria and thereby slowed dissemination from the lungs to distal organs. This possibility
was supported by our bacterial burden data that showed a significant reduction in bacterial
loads at day 4 post-infection even with the gentamicin alone group. Interestingly, at the day
4 time point the post-exposure vaccination did not have an impact on bacterial load as
compared to the gentamicin alone. At days 7 and 10, however, several of the animals in the
gentamicin alone group had succumbed to the infection and those that were still alive had
consistently higher bacterial loads, in the liver and spleen as compared to animals receiving
combination therapy. The day 10 time point also correlated with the stage at which animals
receiving the combination therapy began to gain weight. Thus, MPF vaccination plus
gentamicin enhanced the reduction of the bacterial burdens in the liver and spleen between
days 4 and 10. This suggested that at later time points, specific immunity to MPF antigens
suppressed bacterial dissemination and reduced the bacterial burden.

The passive transfer of anti-MPF immune serum to mice infected with Ft Schu S4 restored
complete protection when given with gentamicin therapy. This sera contained high IgM and
IgG titers to MPF, of similar magnitude to those generated during the course of active
infection. These data are consistent with the work of Huntley et al. that showed robust Th1
and Th2 responses to outer membrane proteins from Ft [24]. Likewise, others demonstrated
the important protective effects of humoral immune responses to Ft infections via passive
transfer experiments (3, 6, 16). Recently, Mara-Koosham et al. demonstrated that sera or
purified IgG from LVS vaccinated rats reduced the severity and duration of disease when
transferred to rats infected with Ft Schu S4 [21]. The data show reactive antibodies to Ft
LPS and a limited number of proteins. MPF contains over 250 proteins [33] as well as
phospholipids and LPS (unpublished data)[34]. Thus, the antibody response required for the
protection observed was focused to select antigens.
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A possible mechanism that would explain our current result is that antibody opsonization of
Ft could provide for more efficient phagocytic uptake and clearance of the organism.
Specifically, immune antibodies and the Fcγ receptor are known to influence the
phagocytosis of Francisella [35] and the work of Geier et al. revealed increased uptake of Ft
Schu S4 by macrophages following opsonization with anti-LPS IgG antibody [36]. An
alternative mechanism is complement mediated lysis of Ft, however, virulent Ft is noted to
be resistant to this effect [37]. Thus, the activation of complement and direct bacterial lysis
is not likely to contribute to the sustained protection and bacterial clearance induced by post-
exposure vaccination with MPF. Instead, enhanced uptake and clearance by activated
neutrophils or macrophages is a more likely explanation for the MPF vaccination effect.
While additional studies will be required to more fully explore the protective mechanisms of
MPF post-exposure immunization, our findings suggest a new approach to improving
antibiotic therapy of acute tularemia and the importance of antibodies for this protection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

These studies provide direct evidence for immunotherapy to treat tularemia.

Post-exposure vaccination augments suboptimal antibiotic therapy of tularemia.

Post-exposure vaccination reduces the load of F. tularensis in distal organs.

Passive transfer of anti-F. tularensis antibodies augments treatment of tularemia.
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Figure 1.
Gentamicin (10 mg/kg) given 24 h post-infection is a suboptimal antibiotic dose and
administration time. Following i.n. challenge with 50 CFU of Ft Schu S4, BALB/c mice
(n=5) were given 10 mg/kg of gentamicin (i.p.) as a time-delayed treatment, starting either
6, 12, 24, or 48 h post-infection. Gentamicin was continued daily for 10 days and survival
was monitored for 25 days. Untreated controls received PBS alone. Data are representative
of two independent experiments.
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Figure 2.
MPF augments a suboptimal gentamicin regime. Mice (n=10) were infected with 50 CFU of
Ft Schu S4 (i.n.) and gentamicin (10 mg/kg) was given starting 24 h post-infection. MPF (10
μg) or CLDC (100 μg/ml) was given i.p. on days 1 and 4 post-infection along with the
gentamicin treatment. Untreated controls were given D5W i.p. in lieu of immunotherapy.
Survival was monitored for 25 days. Data are representative of three independent
experiments. Statistical significance was determined using a Mantel Cox log rank test. **p <
0.001.
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Figure 3.
MPF immunotherapy significantly reduces the dissemination and accumulation of Ft Schu
S4. Mice were challenged i.n. with 50 CFU of Ft Schu S4 and euthanized at days 4, 7, 10,
and 20 post-infection. Lungs, liver, and spleen were harvested and processed to determine
bacterial burden. Bacterial burden was assessed on day 4 (A), day 7 (B), day 10 (C), and day
20 post-infection (D). At day 20, only MPF treated groups remained. The total number of
animals present in each group is represented to the right of each treatment group. Data are
representative of two independent experiments. A one-way Anova with Tukey's multiple
comparison test was done to determine significance between treatment groups. Bars
represent groups mean ±SD. **p < 0.001. *p < 0.05.
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Figure 4.
Anti-MPF antibodies are protective against a Ft Schu S4 infection. Anti-MPF immune sera
for passive transfer was generated by giving naïve mice two MPF boosts (10 μg, i.p.), 3
days apart, and collecting sera 7 days after the first injection. Ft Schu S4 infected mice (n=5,
50 CFU i.n.) were given anti-MPF immune sera (300 μl) i.p. either alone, or in addition to
daily gentamicin but in lieu of MPF treatment at days 1 and 4 post-infection. Controls
groups received naïve sera in addition to the gentamicin treatment. Data are representative
of two independent experiments. Statistical significance was determined using a Mantel Cox
log rank test. **p < 0.001.

Sutherland et al. Page 14

Vaccine. Author manuscript; available in PMC 2013 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
MPF immune serum from uninfected mice has similar immunoglobulin titers to serum from
infected mice. Immune serum was generated by giving naïve mice two MPF boosts (10 μg,
i.p.), 3 days apart, and collecting sera 7 days after the first injection. The IgM, IgG3, and
IgG2a titers were quantified via ELISA and compared to the titers of sera collected 7 days
post-infection from mice with Ft Schu S4 who received gentamicin and MPF treatment.
Data are representative of three independent experiments. A student's t test was done to
determine statistical significance between groups. Bars represent groups mean ±SD. **p <
0.001.
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Figure 6.
Anti-MPF antibodies are directed to LPS and membrane proteins. Western blots of MPF (5
μg) with anti-serum from naïve mice receiving 2 MPF injections or from mice infected with
Ft Schu S4, 7 days post-infection that received daily gentamicin and 2 MPF injections.
Lanes 2-4 show anti-mouse IgG reactivity and lanes 5-7 show anti-mouse IgM reactivity.
The 5 most dominant reactive bands in lanes 3 and 4 (*) have apparent masses of 46, 20, 18,
15, and 11 kD respectively. Lane 8 is anti-Ft LVS LPS reactivity. Lanes 2 and 5 contain
naïve sera as a control. Lanes 3 and 6 are immune sera from uninfected donor mice. Lanes 4
and 7 are from mice infected with Ft Schu S4 at day 7 post-infection. Lane 1 is a molecular
weight marker. Antiserum was pooled from 5 mice for each group.

Sutherland et al. Page 16

Vaccine. Author manuscript; available in PMC 2013 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


