
Generation and characterization of hybridoma antibodies for
immunotherapy of tularemia

Zhaohua Lua, Marly I. Rocheb, Julia H. Huia, Berkay Unalc, Philip L. Felgnerc, Sunita
Gulatid, Guillermo Madicoe, and Jacqueline Sharona,*

a Department of Pathology and Laboratory Medicine, Boston University School of Medicine, Boston, MA
02118, USA

b Department of Microbiology, Boston University School of Medicine, Boston, MA 02118, USA

c Division of Infectious Diseases, Department of Medicine, University of California, Irvine School of
Medicine, Irvine, CA 92697, USA

d Division of Infectious Diseases and Immunology, University of Massachusetts Medical, Center, Worcester,
MA 01605, USA

e Department of Medicine, Boston Medical Center, Boston, MA 02118, USA

Abstract
Tularemia is caused by the Gram-negative facultative intracellular bacterium Francisella
tularensis, which has been classified as a Category A Select Agent – a likely bioweapon. The high
virulence of F. tularensis and the threat of engineered antibiotic resistant variants warrant the
development of new therapies to combat this disease. We have characterized 14 anti-Francisella
hybridoma antibodies derived from mice infected with F. tularensis live vaccine strain (LVS) for
potential use as immunotherapy of tularemia. All 14 antibodies cross-reacted with virulent F.
tularensis type A clinical isolates, eight bound to a purified preparation of LVS LPS, and six bound
to five protein antigens, identified by proteome microarray analysis. An IgG2a antibody, reactive
with the LPS preparation, conferred full protection when administered either systemically or
intranasally to BALB/c mice post challenge with a lethal dose of intranasal LVS; three other
antibodies prolonged survival. These anti-Francisella hybridoma antibodies could be converted to
chimeric versions with mouse V regions and human C regions to serve as components of a
recombinant polyclonal antibody for clinical testing as immunotherapy of tularemia. The current
study is the first to employ proteome microarrays to identify the target antigens of anti-Francisella
monoclonal antibodies and the first to demonstrate the systemic and intranasal efficacy of monoclonal
antibodies for post exposure treatment of respiratory tularemia.
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1. Introduction
Francisella tularensis, a Gram negative facultative intracellular bacterium that causes
tularemia, has been classified as a category A select agent – a likely biowepon, due to its high
infectivity (10 inhaled CFU can cause respiratory disease in humans) and high mortality rate
(up to 30% of cases for untreated respiratory tularemia) [1,2]. F. tularensis comprises four
subspecies: tularensis (type A), holarctica (type B), novicida, and mediasiatica. F. tularensis
tularensis (type A) and F. tularensis holarctica (type B) cause most cases of human disease;
type A, found predominantly in North America, being the more virulent of the two [1,2]. An
attenuated F. tularensis type B strain, designated live vaccine strain (LVS), is partially
protective against pathogenic F. tularensis in humans [3] but is highly virulent in mice [4].

The genomes of two type A strains, Schu S4 and FSC198, two type B strains, OSU 18 and
LVS, and the novicida strain U112 have been sequenced (BioHealthBase BioDefense Public
Health Database, www.biohealthbase.org). Schu S4 was found to contain 1804 predicted
coding sequences [5], most of which have been expressed as recombinant proteins and used
to generate a proteome microarray chip. A smaller chip, containing 244 proteins most often
identified by human and mouse anti-tularemia immune sera, has also been generated [6] The
current study provides a first demonstration of the use of these chips to identify the target
antigens of F. tularensis-specific monoclonal antibodies.

Tularemia is usually treated by i.v. then oral administration of antibiotics but infection is still
associated with considerable morbidity and up to 2–3% mortality in treated patients [7].
(http://www.uos.harvard.edu/ehs/fs_tularemia.shtml). And LVS, the partially protective
vaccine, is not currently licensed [8]. These considerations, combined with the threat of
engineered multiple antibiotic-resistant strains for bioterrorism, suggest the need for additional
strategies to combat tularemia. One such strategy could be antibody immunotherapy.

Antibodies, in the form of serum from immunized goats or horses, were used in the management
of tularemia in the pre-antibiotic era [9]. Although some reports claimed that antibodies were
ineffective and even harmful, others described a significant reduction in both morbidity and
mortality, with the greatest benefit obtained when the antibodies were given within two weeks
of the onset of symptoms [9]. Mice treated with human or mouse immune serum to LVS showed
protection from infection with LVS [4,10–12] and mice treated with mouse immune serum to
F. tularensis LPS showed protection from infection with LVS and delay in time of death after
infection with the type A F. tularensis strain Schu S4 [13]. LVS-specific mouse serum and
LVS-specific human IgG were also shown to partially protect mice against virulent type B
strains [3,12]. Similarly, pre-treatment with the mouse IgG2a hybridoma antibody FB11,
specific for F. tularensis LPS, was shown to partially protect mice and guinea pigs against
subcutaneous (s.c.) infection with a virulent F. tularensis type B strain [14]. And recently,
LVS-specific mouse serum was shown to confer protection against intranasal LVS infection
even when given 24–48 h post-exposure [15].

These reports are encouraging, even though no immune serum or IgG protection of mice against
type A F. tularensis strains has been shown [3]; because only a fraction of antibodies in immune
sera and IgG preparations is likely to be specific for F. tularensis and an even smaller fraction
is expected to comprise antibodies to protective antigens or of an optimal isotype. Single
hybridoma antibodies, even of an optimal isotype, are also not expected to protect against type
A F. tularensis strains because all antibody molecules would compete against the same epitope.

To further explore the possibility of using antibodies as therapy for tularemia, we have
generated anti-Francisella hybridomas from LVS-infected mice, to identify antibodies that
could constitute components of a therapeutic recombinant chimeric polyclonal antibody with
mouse V regions and human C regions for clinical use. Unlike immune serum or IgG
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preparations, all antibodies in a recombinant polyclonal antibody preparation would be of the
optimal isotype and specific for protective F. tularensis antigens. In the current study, we
analyzed 14 anti-LVS hybridoma antibodies for their target antigens and for their efficacy
against intranasal LVS infection in mice, and identified four antibodies with therapeutic or
prophylactic potential.

2. Materials and Methods
2.1. Generation of hybridomas

All animal studies have been reviewed and approved by the Boston University Medical Center
Institutional Animal Care and Use Committee. BALB/cJ and C57BL/6J female mice were
obtained from the Jackson Laboratory, and 8–10 week old mice were infected with LVS by
the intranasal (i.n.), intradermal (i.d.), or i.p. routes. Splenocytes were prepared from
euthanized mice by lysis of erythrocytes with 0.83% NH4Cl, and used in polyethylene glycol-
mediated fusions with Sp2/0-Ag14 mouse myeloma cells [16] as previously described for
spheroplast fusions with mouse myeloma cells [17]. Hybridomas were obtained in 96-well
tissue culture plates in IMDM (GIBCO) supplemented with 20% FBS, 10% Hybridoma
Enhancing Supplement (Sigma-Aldrich) and HAT (13.9 μg/ml hypoxanthine, 6 μg/ml
aminopterin, and 7.2 μg/ml thymidine), and cell supernatants were screened for binding to
whole LVS bacteria by ELISA as described below. Cells from positive wells were subcloned
in 96-well plates, and single clones recovered and gradually adapted to growth in serum free
medium (SFM, HYQ® SFM4Mab™ - Utility, HyClone) supplemented with 2% FBS.

2.2. Cell Lines, monoclonal antibodies, and bacterial strains
Hybridoma cell lines generated in our laboratory were cultured in IMDM/10% FBS or SFM/
2% FBS. Mouse hybridoma cell line CO17-1A [18], producing an IgG2a antibody specific for
a glycoprotein on human colorectal cancer cells [19] was obtained from Dr. Dorothee Herlyn
of the Wistar Institute (Philadelphia, PA) and cultured in IMDM/10% FBS. All cell cultures
were maintained at 37°C in a humidified environment of 5% CO2/95% air. Protein G-purified
mouse IgG2a monoclonal antibody FB11, specific for the O-antigen polysaccharide chain of
F. tularensis LPS [20], was purchased from GeneTex® Inc. F. tularensis holarctica strain LVS
was obtained from Jeannine Petersen (Centers for Disease Control and Prevention, Fort Collins,
CO). It was certified to be type B (F. tularensis subspecies holarctica) based on the
amplification of PCR products [21] with primer set pdpDh but not with primer sets hyp4, hypR,
hyp6 or pdpDn (Madico, G. et al., unpublished data). To prepare LVS stocks, bacteria were
grown on chocolate agar plates (REMEL, Inc.) at 37°C in a humidified environment of 100%
air for 2.5 days and pools of single colonies were scraped and resuspended in PBS. Eight heat-
inactivated (2 h 80°C) F. tularensis clinical isolates (strains KU29, KU37, KU40, KU42,
KU44, KU47, KU49 and KU54) [22] were the gift of Michael Parmely and Rebecca Horvat
(University of Kansas Medical Center, Kansas City, KS). To identify their subspecies, a sample
of DNA from each strain was prepared and analyzed by PCR (Madico G. et al., unpublished
data). The following species- or subspecies-specific primers were used: hyp4 (F. tularensis
subsp. tularensis), pdpDh (F. tularensis subsp. holarctica), hypR (F. tularensis subsp.
mediasiatica and F. tularensis subsp. tularensis), pdpDn (F. tularensis subsp. novicida), and
hyp6 (F. tularensis subsp. tularensis and Francisella philomiragia). Strains KU29, KU37,
KU40, KU42, KU44, KU47, KU49 and KU54 were designated type A (F. tularensis subsp.
tularensis) based on the amplification of PCR products with primers hyp4, hypR, and hyp6
but not with primer pdpDh or pdpDn. Preparations from these eight strains were pooled to test
reactivity of antibodies by ELISA.
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2.3. Preparation of antibodies
Hybridoma cell supernatants were used as sources of antibodies. Supernatants from hybridoma
cells grown in SFM supplemented with 2% FBS were concentrated 10–20 fold on Centricon®
Plus-70 centrifugal filter devices (Millipore). Purified FB11 antibody was dialyzed against
PBS then SFM to remove the sodium azide used as preservative by the manufacturer, then
supplemented with 20% FBS.

2.4. Purification of LPS
LVS bacterial lawns were grown at 37°C in a humidified environment of 5% CO2/95% air for
48 h on 200 cysteine heart agar (CHA) plates supplemented with 5% defibrinated rabbit blood
and LPS was extracted from the bacteria with hot phenol as described [23–25].

2.5. ELISA for antigen-binding, isotyping, and quantification of hybridoma antibodies
For antigen-binding ELISA, EIA/RIA High Binding polystyrene 96-well plates (Corning) were
coated with 50 μl/well of 0.04 OD600/ml of bacteria in 50 mM sodium carbonate buffer pH 9.6
by leaving the plates uncovered to dry overnight in a laminar flow hood; or with 2 μg/ml of
purified LPS preparation in the same buffer by 3 h incubation at 37°C followed by overnight
incubation at 4°C. Plates coated with buffer only were used as nonspecific control in the assay.
Coated plates were washed twice with PBS supplemented with 0.05% Tween 20 (PBST) and
blocked for 1 h at room temperature with either PBST - 2% non-fat dry milk (2% MPBST) or
PBST - 10% BSA. Antibody-containing hybridoma supernatants or purified antibodies in the
respective blocking agent, or only blocking agent, were added to the blocked plates and the
plates were incubated, with shaking at 160 rpm, for 1 h at room temperature. After 3 washes
with PBST, 50 μl/well of blocking agent containing one or more of three peroxidase-conjugated
antibodies (anti-mouse IgG, anti-mouse IgM, anti-mouse IgA, diluted 1/4,000) (Sigma-
Aldrich) was added and the plates were incubated, with shaking, for 1 h at room temperature.
After 4 washes with PBST, the ELISA was developed by addition of 60 μl/well of TMB
substrate (Kirkegaard & Perry Labs) and 15 min incubation at room temperature in the dark.
The reaction was stopped with 60 μl/well of 0.2 M H2SO4, and absorbance at 450 nm measured
in a microplate reader. For isotyping, plates were coated with LVS bacteria as described above,
and assayed with the Mouse MonoAb ID Kit (HRP) from Zymed Laboratories according to
the manufacturer’s instructions. For Ig quantification, plates were coated with biotin-
conjugated (incidental for the current assay) anti-mouse IgG (Fc specific) or anti-mouse IgM
(μ chain specific) (Sigma-Aldrich) diluted 1/2,000 in 50 mM sodium carbonate buffer pH 9.6
at 4°C overnight. After blocking as described above, 3-fold serial dilutions of hybridoma
supernatants or purified antibodies were added, and the reactions visualized using peroxidase-
conjugated anti-mouse IgG or anti-mouse IgM secondary antibodies, as appropriate, as
described above for the antigen-binding ELISA. Serial dilutions of known concentrations of
mouse IgG or IgM (Sigma-Aldrich) were included and their OD values were plotted against
their concentrations. The linear portions of the curves were re-plotted by the least squares
method in Microsoft Excel® and the least squares equations used to calculate the Ig
concentrations in the hybridoma samples.

2.6. Bacterial cell lysate
Two OD600 of LVS in PBS were centrifuged at 1,800 × g for 10 min and the bacterial pellet
was resuspended in 400 μl of QIAGEN P1 buffer without RNase A (50 mM Tris-HCl pH 8.0,
10 mM EDTA). After 5 min at room temperature, 400 μl of lysis buffer [1% NP-40, 10 mM
Tris-HCl pH 7.4, 0.14 M NaCl, and one Protease Inhibitor cocktail tablet (Roche Diagnostics,
Indianapolis, IN) per 4 ml of buffer], was added and the mixture kept at room temperature for
1 h till clear.
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2.7. Immunoblot analysis
SDS-PAGE of LVS lysate (prepared from 0.55 OD600 of LVS per gel), that has or has not been
treated with Proteinase K (PK), or of purified LPS preparation (15 μg per gel) was performed
under reducing conditions (5 min boiling in SDS sample buffer supplemented with 5% 2-
mercaptoethanol) using precast preparative 4–15% polyacrylamide gradient gels (2-D/Prep)
and Broad Range Prestained SDS-PAGE molecular weight standards from Bio-Rad
Laboratories. After electrotransfer, nitrocellulose membranes were blocked with 10% MPBST
and used directly or “aged” by storage at 4°C in minimal volumes of PBST supplemented with
1% BSA then re-blocked. Blocked membranes were cut into strips and each strip incubated
for 2–3 h at room temperature with a different hybridoma antibody diluted in 10% MPBST.
After three washes with PBST, the strips were incubated for 1–2 h at room temperature with
alkaline phosphatase-conjugated anti-mouse IgG + IgM secondary antibodies (Promega for
anti-IgG and SouthernBiotech for anti-IgM) diluted 1:1,000 and 1:1,200 respectively in 10%
MPBST. The strips were washed 2X with PBST, 1X with TBST, and 1X with TBS, then
developed with Western® Blue Stabilized Substrate for alkaline phosphatase (Promega).

2.8. Proteome microarray analysis
Proteome microarray chips consisting of 244 F. tularensis strain Schu S4 recombinant proteins
were fabricated by PCR amplification of each open reading frame, in vivo recombination
cloning, and in vitro transcription/translation and microarray chip printing onto nitrocellulose
coated glass slides, as described previously [6,26] The arrays were rehydrated for 30 min in
Protein Array Blocking Buffer (Whatman) containing Escherichia coli lysate at a final
concentration of 30% and probed with concentrated hybridoma supernatants overnight at 4°C
with constant agitation. The slides were then washed five times in TBST, and incubated in
biotin-conjugated goat anti-mouse Ig diluted 1:200 in blocking buffer; the secondary antibodies
were obtained from Jackson Immuno Research and were either anti-IgG subclass specific (G1,
G2a, G2b or G3) or anti-IgM or a mixture of anti-IgG + anti-IgM, depending on the experiment.
The slides were washed five times in TBST and bound antibodies were detected by incubation
with streptavidin-conjugated PBXL-3 (Martek). The slides were then washed three times in
TBST and three times in TBS followed by a final water wash. The slides were air dried under
brief centrifugation and examined in a Perkin Elmer ScanArray Express HT microarray
scanner. Fluorescence signal intensities were quantified using QuantArray software. All signal
intensities were corrected for background.

2.9. LD50 determination and antibody efficacy studies in the mouse model
BALB/cJ female mice (5–6 wk old) obtained from Jackson Laboratories were used for in
vivo efficacy evaluation of hybridoma antibodies against LVS infection. For intranasal (i.n.)
inoculation, freshly grown LVS bacteria were diluted in PBS to the desired CFU/ml
concentration based on OD600, using the formula 1 OD600 = 2×109 CFU/ml, then the actual
CFU/ml determined, retrospectively, by plating serial dilutions of the LVS suspension on
chocolate agar plates. Forty μl of LVS suspension were instilled drop-wise with a micropipette
in the right nostril of each mouse under anesthesia with 60 mg/kg ketamine (Fort Dodge Animal
Health) and 6 mg/kg xylazine (Beb Venue Laboratories) administered i.p. Three-fold serial
dilutions of LVS were used for LD50 determination. The LD50 was calculated as described
[27]. For body weight determination, mice were weighed daily on a battery-operated scale. For
i.n. administration of antibody, 40 μl of antibody or mock control in SFM/20% FBS were
instilled in the left nostril while the mouse was still under anesthesia. For i.p. administration
of antibody or mock control, 0.4 ml injections were given 1 h after the i.n. LVS inoculation.
Survival was monitored daily for 28 days and biweekly thereafter.

Data were analyzed for mean time to death of the mice that died, median survival, and statistical
significance with GraphPad Prism Version 4.0 (GraphPad Software, San Diego, CA). A
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survival curve representing percent survival as a function of time was created for every group
using the method of Kaplan and Meier, in which for each dead mouse the day of death is entered
in the X column and “1” is entered in the Y column; and for each surviving mouse on the end
day of the experiment the end day is entered in the X column and “0” is entered in the Y column.
For statistical analysis, the log rank test was used to compare two or more Kaplan-Meier
survival curves and the log rank test for trend was used to compare the linear trend among three
or more groups. P values of less than 0.05 were considered statistically significant.

3. Results
3.1. Generation and isotyping of anti-LVS hybridomas

Hybridomas were generated from BALB/c and C57BL/6 mice following infection with LVS,
by fusion of splenocytes with Sp2/0-Ag14 mouse myeloma cells, and cell supernatants were
tested for reactivity to whole LVS bacteria and for Ig isotype by ELISA. Supernatants with
OD values of at least 0.25 (5–6 times background) were considered positive for LVS binding.
Twenty eight anti-LVS hybridoma antibodies were obtained, 26 from BALB/c and two from
C57BL/6 mice. The BALB/c anti-LVS antibodies comprised 16 IgM and 10 IgG antibodies
of the IgG1, IgG2a, IgG2b and IgG3 isotypes, and the two C57BL/6 anti-LVS antibodies were
typed as IgM; all antibodies were found to contain κL chain (Fig. 1). One C57BL/6-derived
hybridoma antibody (Ab19), which did not bind LVS, was recovered and used as negative
control (Fig. 1). Fourteen of the 28 hybridomas were subcloned and their antibodies (bolded
in Fig. 1) were further analyzed in the current study.

3.2. Reactivity of anti-LVS hybridoma antibodies with Type A clinical isolates and with a
purified preparation of LVS LPS

To determine if the 14 hybridoma antibodies cross-react with F. tularensis type A antigens,
the antibodies were tested by ELISA, at 1 and 0.04 μg/ml concentrations, for binding to a
mixture of eight heat-killed type A F. tularensis clinical isolates. Because these virulent type
A strains were available only after 2 h heat-killing at 80°C, a preparation of LVS that had been
heated for 2 h at 80°C was included in the experiment for comparison (Fig. 2 Left). In a separate
experiment (using another batch of LVS) the same antibodies were also tested for binding to
the TG1 strain of E. coli, another Gram-negative bacterium and for binding to a purified
preparation of LVS LPS (Fig. 2 Right). The commercially available IgG2a hybridoma antibody
FB11, specific for the O-antigen polysaccharide chain of F. tularensis LPS, served as positive
control; our non-LVS-binding IgM hybridoma antibody Ab19 and the IgG2a hybridoma
antibody CO17-1A, specific for a glycoprotein on human colorectal cancer cells, served as
negative controls. The reactivity of all the 14 LVS-reactive hybridoma antibodies with the type
A strains was similar to their reactivity with both live and heat-killed LVS, except that Ab11
showed very little if any reactivity on either heat-killed LVS or heat-killed type A strains (Fig.
2 Left), suggesting that its target epitope is heat-sensitive. None of the 14 hybridoma antibodies
reacted with TG1 (Fig. 2 Right) or with uncoated wells (data not shown), but eight (Ab2–9)
reacted with the purified preparation of LPS (Fig. 2 Right). To confirm the reactivity of Ab10–
13, 17 and 31 with type A strains and their lack of reactivity with the purified LPS preparation,
these antibodies were re-tested at 10 and 100 μg/ml concentrations. As shown in Fig. 3, all six
antibodies, including Ab11, reacted with both heat-killed LVS and heat-killed type A strains;
Ab10 showing especially high reactivity on heat-killed type A strains. None of the six
antibodies reacted with the LPS preparation even at the 100 μg/ml concentration (Fig. 3),
demonstrating that the relatively high concentrations do no cause non-specific binding. That
the binding of some of the antibodies does not increase with increasing antibody concentration
(Fig. 3) suggests a relatively low abundance of their target antigens on the bacteria. Other
factors that may influence binding in these ELISAs include the reactivity of different Ig isotypes
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with the secondary (anti-IgM + anti-IgG) antibodies and the affinity of each hybridoma
antibody for its target antigen.

3.3. Immunoblot reactivity of hybridoma antibodies
The eight hybridoma antibodies that reacted with LVS LPS in ELISA also bound to LVS lysate
immunoblots, showing the characteristic LPS ladder pattern (Fig. 4A), which reflects the
incremental sizes of LPS chains. Steps of the ladders identified by our hybridoma antibodies
coincided with steps identified by the commercially available antibody FB11, specific for the
O-antigen polysaccharide chain of F. tularensis LPS. However, all our hybridoma antibodies
lacked the lower part of the FB11 ladder and two (Ab7 and 8) also showed strong reactivity
(and always smearing) with higher molecular weight bands than those identified by FB11.
Furthermore, FB11 bound to all steps of the ladder with similar intensity whereas our
hybridoma antibodies showed a gradient of decreasing intensities from higher to lower
molecular weight steps (Fig. 4A). On immunoblots of the purified LPS preparation, all
antibodies, including FB11, identified higher molecular weight bands; but the lower molecular
weight bands were absent from or barely visible in the ladders of Ab3–6 and 9 (Fig. 4B).
Interestingly, the ladder identified by Ab2 on the LPS immunoblot matched more closely the
ladder identified by FB11 (Fig. 4B). LPS immunoblot ladders comparable to ours were reported
by others for anti-F. tularensis hybridoma antibodies [28–31]

The remaining six hybridoma antibodies (10, 11, 12, 13, 17, and 31) showed a total of five
different reactivity patterns on LVS lysate immunoblots (Fig. 5A); antibodies 13 and 31
identifying the same band. The reactivity of all six antibodies was abolished by pre-treatment
of the LVS lysate with PK (Fig. 5B), suggesting that the target antigens of these antibodies are
proteins. The reactivity of Ab7, which identified an LPS ladder by immunoblot (Fig. 4), was
unaffected by the PK treatment of the LVS lysate (Fig. 5).

3.4. Proteome microarray identification of the target antigens of protein-specific hybridoma
antibodies

To identify the putative protein antigens of the non-LPS-binding hybridoma antibodies, the
antibodies were tested by proteome microarray analysis on a type A (strain Schu S4) chip, and
the identified FTT (assigned Francisella tularensis tularensis) numbers and predicted
functions (from BioHealthBase BioDefense Public Health Database
http://www.biohealthbase.org and the PSORTdb Database http://db.psort.org) were noted. As
shown in Fig. 6, identification of the target antigens of IgG antibodies 10, 11, 12, 13 and 31
was unequivocal, with both antibodies 13 and 31 recognizing FTT1269c, chaperone protein
DnaK (heat shock protein family 70 protein) [32–39]. Antibody 10 recognized FTT0143, the
50S ribosomal protein L7/L12 [34,38,39]. Antibody 11 recognized FTT1778c, a hypothetical
membrane protein. And antibody 12 recognized FTT1696, chaperone protein GroEL (heat
shock protein family 60 protein) [32–40]. Identification of the target antigens of antibody 17,
an IgM antibody, was more difficult. The antigen recognized by antibody 17 was determined
to be FTT0233c, an inner membrane protein homologous to YidC of Escherichia coli, [41,
42] by analysis of two separate chips (see Fig. 6).

Further validation of the antigens identified by proteome microarray analysis came from
comparing their predicted molecular weights with the apparent molecular weights determined
by immunoblot analysis, listed in Table 1 along with other properties of the proteins. The
apparent molecular weights for all five target antigens were in the range of the predicted
molecular weights.
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3.5. Efficacy of hybridoma antibodies against intranasal LVS infection of mice
To determine if single or multiple hybridoma antibodies can confer protection against F.
tularensis, we used i.n. LVS infection as an inhalational mouse model of tularemia. Intranasal
infection with F. tularensis LVS and Schu S4 has been used by others as an inhalational model
in lieu of aerosol exposure [4,15,43–46] and has been found to yield similar results with regard
to LD50 and time to death [44]. In this model, the bacteria enter the lungs, as in aerosol
exposure, but the intranasal route is advantageous from a safety and ease of use standpoint
[44]. Infection spreads from the lungs to other organs including the liver and spleen [44]. To
establish the i.n. mouse model in our laboratory, we inoculated groups of 10 five-week-old
BALB/c mice, i.n., with three-fold serial dilutions of LVS and determined the number of
survivors for each group (Table 2). The i.n. LD50 for LVS was determined to be 5 × 103 CFU,
with LD100 between 1×104 and 2.9×104 CFU (Table 2). The higher LVS doses correlated with
more severe disease, as assessed qualitatively by fur ruffling and inactivity (data not shown),
and quantitatively, through daily weight measurements (Fig. 7). The lone survivor at 1×104

CFU did not recover up to day 28 when the experiment was terminated.

For initial efficacy testing of single hybridoma antibodies, we chose 2×104 CFU as a sensitive
dose, which will likely result in 100% mortality for control mice but may allow survival of
mice treated with potentially efficacious antibodies. However, as described in Materials and
Methods, we used fresh LVS preparations diluted to the intended dose based on OD600 with
subsequent determination of actual CFU, and therefore the LVS dose varied between 2×104

and 4×104 CFU in these experiments. In the first experiment we tested four of the LPS-binding
antibodies of different isotypes. BALB/c mice were inoculated i.n. with 4×104 CFU of LVS,
then 1h later injected i.p. with 100 μg of LPS-binding or isotype control antibody or PBS, and
monitored daily for survival. The LPS-binding antibodies tested included one IgG1 (Ab9), one
IgG2a (Ab3), one IgG3 (Ab2) and one IgM antibody (Ab7); the latter was tested in both the
100 μg and a 600 μg dose (6X). All mice in the control groups died by day 8 post infection
(Table 3 Experiment 1). In contrast, the IgG2a antibody treatment prolonged survival by 2–7
days for three of the five mice and led to complete recovery with long term survival for the
other two mice compared to PBS or CO17-1A isotype control. The IgG1 antibody prolonged
survival up to day 18 post infection, with mean time to death of 13.8 days but did not lead to
recovery for any of the mice (Table 3 Experiment 1). The IgG3 antibody prolonged survival
by one and a half days but the IgM antibody had no effect on survival, even when used at the
600 μg dose (Table 3 Experiment 1). The relative efficacy of the LPS-binding IgG antibodies
was IgG2a > IgG1 > IgG3 (p = 0.018 by the log rank test for trend).

In a second experiment, the IgG2a LPS-binding Ab3 was re-tested at 200 μg per mouse i.p. 1
h post infection with 2×104 CFU of LVS along with other hybridoma antibodies (Table 3
Experiment 2). The other hybridoma antibodies included the commercial IgG2a anti-LPS
antibody FB11 and the protein-specific anti-LVS IgG antibodies 10, 11, 12, 13, and 31. Of the
protein-specific antibodies, only the IgG3 Ab12, specific for the chaperone protein GroEL,
conferred partial protection, with long term survival for one mouse and prolongation of survival
by up to 12 days for the other mice, with a mean time to death of 12 days. However, this effect
was not statistically significant compared to the group that received supernatant of the Sp2/0-
Ag14 cell line used as fusion partner due to the large variation in day of death for the Ab12-
treated mice that died (Table 3 Experiment 2). Both antibodies 3 and FB11 conferred full
protection, with 100% of mice showing long-term survival. Thus, of our hybridoma antibodies,
Ab3 was most efficacious, conferring full protection even when administered at 40 μg per
mouse in a mixture with four other antibodies (10, 11, 13, and 31) that were otherwise
ineffective either alone or as a group (Table 3 Experiment 2).

Full protection by Ab3 was also achieved at 50 μg per mouse administered i.n. within minutes
of i.n. infection with 2×104 CFU of LVS (Table 3 Experiment 3A). Intranasal Ab3 conferred
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only partial protection against 2×105 CFU of LVS, with prolongation of survival for all mice,
long-term survival for 60% of mice, and a mean time to death of 16 days compared to 7.8 days
for the isotype control antibody CO17-1A (Table 3 Experiment 3B).

4. Discussion
We have described the derivation and analysis of 14 anti-LVS hybridoma antibodies, all of
which cross-react with virulent F. tularensis type A strains. This extensive cross-reactivity is
not surprising in view of the high genomic sequence and LPS similarity between F.
tularensis type A and type B subspecies (BioHealthBase BioDefense Public Health Database,
www.biohealthbase.org) [2,47]. Eight of the antibodies bound to a purified preparation of LVS
LPS and showed LPS ladder patterns on immunoblots. These ladder patterns overlapped only
partially with that of the commercial hybridoma antibody FB11, specific for the O-antigen
polysaccharide chain of F. tularensis LPS, suggesting that our hybridoma antibodies may bind
to different LPS-associated epitopes.

The LPS-binding IgG2a hybridoma Ab3 conferred full protection against i.n. LVS infection,
when administered post challenge, both i.p. at 200 μg per mouse and i.n. at 50 μg per mouse,
suggesting that either i.v. or i.n. administration of antibodies might be feasible in the clinical
setting. The latter would be more easily administered in the field, with no need for medical
personnel, and would require lesser doses because the therapeutic/prophylactic agent would
be delivered directly to the lung, the site of bacterial entry, in case of a bioterrorist attack with
aerosolized Francisella. Furthermore, the commercial IgG2a hybridoma antibody FB11,
which likely binds to another epitope than Ab3 based on the immunoblot reactivity pattern,
also conferred full protection at 200 μg per mouse i.p., suggesting that IgG2a is an efficacious
isotype, at least among LPS-binding antibodies. The IgG1 Ab9 and, to a lesser extent, the IgG3
Ab2 LPS-binding antibodies tested i.p. at the 100 μg dose showed some efficacy, prolonging
survival by 6 and 1.5 days respectively; the IgM LPS-binding Ab7 (at either 100 or 600 μg)
had no efficacy against LVS infection. The lack of efficacy of the IgM antibody agrees with a
previous report that IgG, but not IgM, anti-LVS serum antibodies were responsible for transfer
of protection against LVS to naïve recipient mice [11]. Furthermore, the superior therapeutic
efficacy of IgG2a antibodies has been previously shown. Mouse IgG2a, like IgG1 in humans,
is the most effective isotype at binding to Fc receptors on effector cells [48–50], leading to
elimination of microbes through opsonophagocytosis [51]. And recently, mouse anti-
Francisella antibody responses in which the IgG2a subclass predominates have been correlated
with protection against F. tularensis and with an IL-12/IFN-γ Th1 response [6]. Consistent
with these results, immune serum-mediated protection of mice against lethal intranasal LVS
infection has been shown to depend on the presence of FcγR on phagocytes [15]. Despite these
arguments, the relative efficacy of our hybridoma antibodies may reflect both isotype and
antigen-binding specificity and/or affinity, as none of the LPS-binding antibodies tested in the
mouse model were identical in both VH and VL region nucleotide sequence (data not shown).

The post-exposure efficacy of LPS-binding antibodies against intranasal LVS infection of mice
extends previous findings in which pre-treatment with anti-LPS immune serum [13] or the
hybridoma antibody FB11 [14] protected mice against i.p. or s.c. infection with F. tularensis
live vaccine strains. It is also consistent with the high density surface exposure of LPS, the
main constituent of the outer membrane of Gram-negative bacteria [52].

The six non-LPS-binding hybridoma antibodies were identified as protein-binders based on
their Proteinase K-sensitive reactivity on LVS lysate immunoblots, and their five target
antigens were identified by proteome microarray analysis. This study provides a first example
of the use proteome microarrays to identify the target antigens of anti-Francisella monoclonal
antibodies. This approach could be used not only to select monoclonal antibodies of potential
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interest in therapeutic or diagnostic applications, but also to identify potential vaccine
candidates or to determine the expression and function of microbial components. Four of the
five target proteins of our hybridoma antibodies (the hypothetical membrane protein
FTT1778c, the chaperone heat shock proteins GroEL and DnaK, and the inner membrane
protein YidC) have been recently identified, using the same proteome microarray chip, to be
among 48 immunodominant antigens in LVS immunized mice [6]. The chaperone, heat shock
proteins GroEL and DnaK (the target antigens of Ab12 and of Ab13 and Ab31 respectively)
were previously identified as potentially surface-exposed LVS proteins by mass spectrometry
[37,39] and were found in culture filtrates of LVS and of a fresh clinical isolate [36]. GroEL
and DnaK were identified as immunoreactive proteins both in sera of mice immunized with
LVS [34] and in sera from tularemia patients [38,39]. GroEL was also reported to stimulate
IFN-γ secreting CD4+ and CD8+ T cells in LVS-infected mice [36] and, along with DnaK and
the heat shock protein Cpn-10, to be a target of human alpha-beta T cells [33]. However, one
study [40] concluded that the protection of mice against F. tularensis type B strains by i.d.
immunization with GroEL may be due to copurified LPS.

It is noteworthy that of our five IgG hybridoma antibodies (the IgM antibody was not tested),
only Ab12, specific for the chaperone protein GroEL, partially protected BALB/c mice against
i.n. LVS infection although the effect was not statistically significant. Because Ab12 is of the
IgG3 isotype, like the least effective LPS-binding Ab2, we expect that recombinant DNA
conversion of Ab12 into an IgG2a version [53,54] will increase its efficacy. Of the other anti-
LVS IgG hybridoma antibodies, the DnaK-specific Ab13 and Ab31 (both IgG1) were
ineffective against LVS even though the LPS-binding IgG1 Ab9 showed some efficacy.
Similarly, the IgG2a Ab10, specific for the 50S ribosomal protein L7/L12 showed no
protection, consistent with the expected cytoplasmic location of the target antigen, even though
L7/L12 was previously described as potentially surface-exposed and as an immunoreactive
protein in sera from mice immunized with LVS or F. tularensis novicida [34], and in sera from
tularemia patients [38,39]. The induction of antibodies with no protective function during
infection underscores the advantage of the hybridoma and recombinant DNA technologies over
the use of serum antibodies for immunotherapy, as the former allow for selection of antibodies
of only the desired specificities, in addition to their conversion into antibodies with C regions
of desired isotypes and species [53,54].

Combining IgG2a-converted efficacious monoclonal antibodies from the ones described in the
current study and from monoclonal antibodies yet to be discovered, may allow the assembly
of a sufficiently potent recombinant polyclonal antibody to protect mice, and eventually
humans, even against type A F. tularnensis infection. A recombinant polyclonal antibody
would target multiple bacterial epitopes, which would enhance effector functions and decrease
the likelihood of emergence of antigen-escape variants, as we previously suggested [54,55].
Such recombinant polyclonal antibodies are already being produced for clinical therapeutic
use [56], and the first such product has recently entered Phase I clinical trials (for treatment of
hemolytic disease of the newborn and/or idiopathic thrombocytopenic purpura)
(http://www.symphogen.com).

For clinical therapeutic applications for tularemia, we envision the use of recombinant chimeric
polyclonal antibodies with mouse V regions and human C regions of the optimal isotype, rather
than all-human antibodies, because of the relatively low immunogenicity of chimeric
antibodies [57] and the ease of generating hybridoma antibodies from mice optimally
immunized with whole microbes or microbial components. Whether chimeric or all-human,
the results of the current study support an important role for recombinant polyclonal antibodies
in the armamentarium against intracellular pathogens in general and F. tularensis in particular.
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Fig. 1.
Derivation of anti-LVS hybridoma antibodies. Antibodies are grouped based on the mouse
strain of origin (BALB/cJ or C57BL/6J), the immunization protocol and day of fusion, and the
isotype (determined with an isotyping ELISA kit). Also listed are the non-LVS binding
hybridoma antibody 19, used as negative control and IgM isotype control; the commercially
available hybridoma antibody FB11, specific for the O-antigen polysaccharide chain of F.
tularensis LPS, used as positive control; and the anti-human colorectal cancer hybridoma
antibody CO17-1A, used as IgG isotype control. Antibodies further characterized in the current
study are bolded.
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Fig. 2.
Reactivity of hybridoma antibodies with virulent F. tularensis type A clinical isolates and a
purified LVS LPS preparation. Hybridoma supernatants containing 1 and 0.04 μg/ml of
antibody were compared by ELISA for binding to LVS, heat-killed LVS, a mixture of eight
heat-killed F. tularensis type A clinical isolates (Left), or for binding to LVS, equal OD of E.
coli TG1 (or equal CFU which yielded the same results) and LPS. The names (numbers) of the
antibodies are indicated. FB11, the positive control, is indicated by “+” and antibodies 19 and
CO17-1A, the negative controls, are indicated by “−”. OD values that exceeded the capacity
of the spectrophotometer (2.5) were recorded as 2.5. Background values (of wells that received
no hybridoma supernatants, generally 0.04–0.05 OD) were subtracted from all other OD values.
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Fig. 3.
ELISA reactivity of high concentrations of non-LPS-binding hybridoma antibodies.
Hybridoma supernatants containing 10 and 100 μg/ml of antibody were processed as described
in the legend to Fig. 2.
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Fig. 4.
Immunoblot analysis of LPS-binding hybridoma antibodies. LVS lysate (A) or purified LPS
preparation (B) was subjected to SDS-PAGE under reducing conditions and transferred to a
nitrocellulose membrane. The membrane was cut into strips and each strip probed with the
indicated hybridoma antibody at 2.5 μg/ml for Ab2–6, and 0.5 μg/ml for FB11 and Ab7–9.
FB11, specific for the O-antigen polysaccharide chain of F. tularensis LPS was used as
standard. The most clearly visible of several similar immunoblots are shown, and the estimated
positions of molecular weight markers (in kDa) are indicated.
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Fig. 5.
Proteinase K (PK) sensitivity of target antigens of anti-LVS hybridoma antibodies. One half
of a sample of LVS lysate was treated with PK, then each the untreated and PK-treated samples
were subjected to SDS-PAGE under reducing conditions and transferred to nitrocellulose
membranes. The membranes were cut into strips and each strip probed with the indicated
hybridoma antibody. Ab7, an LPS-binder, was used as negative control for PK-treatment. The
untreated (A) and PK-treated (B) membrane strips for each antibody were developed
simultaneously and for the same time. Immunoblots from three separate experiments are
shown; the nitrocellulose membranes in the middle and right immunoblots were “aged” for
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two weeks prior to use to allow visualization of the bands identified by antibodies 10 and 17.
The positions of molecular weight markers (in kDa) are indicated for the left immunoblot.
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Fig. 6.
Identification of the target antigens of hybridoma antibodies by proteome microarray analysis.
Separate pads of Chip 1 were probed with the indicated IgG or IgM hybridoma antibodies at
antibody concentrations ranging from 9 to 141 μg/ml, followed by isotype-specific secondary
antibodies. Antibody 17, at a concentration of 150 μg/ml, was re-tested on Chip 2. Microarray
spots giving the highest fluorescence intensity signals on each pad are circled and the FTT
numbers of the corresponding proteins are indicated. The fluorescence intensities of the circled
spots are indicated for antibody 17.
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Fig. 7.
Changes in body weight (BW) of mice inoculated i.n with LVS. Groups of 10 five-week-old
BALB/cJ mice were exposed to the indicated number of LVS CFU and weighed daily. The
daily BW of each mouse was divided by its initial (pre-LVS exposure) BW and the mean BW
ratio (in %) ± SD was plotted for each group as a function of time.
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Table 1
Properties of protein-specific anti-F. tularensis hybridoma antibodies

Ab No. Apparent m.w. (kDa)a Schu S4 FTTb Predicted m.w. (kDa)c Predicted function

10 <7 0143 12.8 50S ribosomal protein L7/L12
11 <7 1778c 13.7 Hypothetical membrane protein
12 59 1696 57.4 Chaperone protein, GroEL
13 83 1269c 69.3 Chaperone protein, DnaK
17 61 0233c 61.9 Inner membrane protein, YidC
31 83 1269c 69.3 Chaperone protein, DnaK

a
Apparent molecular weights were determined from immunoblots (Fig. 5A) by comparison to molecular weight markers

b
FTT numbers and predicted functions were obtained from BioHealthBase BioDefense Public Health Database http://www.biohealthbase.org and the

PSORTdb Database http://db.psort.org

c
Predicted molecular weights were calculated based on amino acid sequence by an online Protein Calculator tool

http://www.scripps.edu/cgi-bin/cdputnam/protcalc3
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Table 2
LD50 determination for intranasnal LVS inoculation

LVS inoculum (CFU)a No. of surviving mice/total Mean time to death ± SD (days) Median survival (days)

3.6×102 10/10 Undefinedb Undefined
1.0×103 10/10 Undefined Undefiend
3.2×104 8/10 Undefined Undefiend
1.0×104 1/10 9.2 ± 4.3 9
2.9×104 0/10 10.3 ± 1.3 10
8.7×104 0/10 8.5 ± 1.4 8
2.6×105 0/10 7.9 ± 0.7 8

a
Mice were inoculated i.n. with the indicated number of LVS CFU

b
Survival exceeds 50% at the longest time point
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Table 3
Efficacy of hybridoma antibodies against intranasal LVS infection of BALB/c
mice

LVS inoculation/
Ab treatmenta

No. of
surviving
mice/total

Mean time to
death ± SD

(days)

Median survival (days) p value of log rank test

Experiment 1
4×104 CFU i.n./100 μg i.p. versus isotype control
3 (G2a) 2/5 13.7 ± 2.5 16 0.003
9 (G1) 0/5 13.8 ± 4.7 16 0.033
2 (G3) 0/5 9.4 ± 1.5 9 0.011
7 (M) 0/5 8.2 ± 1.3 8 0.333
7 (M)/600 μg 0/5 7.6 ± 0.9 7 0.918
CO17-1A (G control) 0/5 7.6 ± 0.5 8 NAb
19 (M control) 0/5 7.6 ± 0.5 8 NA
PBS 0/5 8.0 ± 0.0 8 NA
Experiment 2
2×104 CFU i.n./200 μg i.p. versus Sp2/0
FB11 (G2a) 5/5 NA undefinedc 0.003
3 (G2a) 5/5 NA undefined 0.003
10 (G2a) 0/5 7.4 ± 1.5 7 0.133d
3+10 (G2a) 5/5 NA undefined 0.003
11 (G2b) 0/5 10.6 ± 2.7 11 0.192
13+31 (G1) 0/5 7.4 ± 1.5 7 0.044d
12 (G3) 1/5 12.0 ± 6.6 13 0.206
10+11+13+31 (G) 0/5 10.2 ± 3.1 10 0.422
3+10+11+13+31 (G) 5/5 NA undefined 0.003
Sp2/0 (fusion partner) 0/5 9.2 ± 1.3 10 NA
Experiment 3A
2×104 CFU i.n./50 μg i.n. versus isotype control
3 (G2a) 5/5 NA undefined 0.001
CO17-1A (G2a) 0/5 15.6 ± 5.9 17 NA
Experiment 3B
2×105 CFU i.n./50 μg i.n. versus isotype control
3 (G2a) 3/5 16.0 ± 0.0 undefined 0.003
CO17-1A (G2a) 0/5 7.8 ± 1.6 9 NA

a
Mice were inoculated i.n. with the indicated number of LVS CFU, then treated i.p. (1 h later) or i.n. (within minutes) with supernatants containing the

indicated Ab and dose or with PBS or Sp2/0 supernatant

b
Not applicable

c
Survival exceeds 50% at the longest time point

d
The p values are different for Ab10 and Ab13+Ab31 because of differences in the day of death of individual mice in these two groups compared to the

day of death in the Sp2/0 control group
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