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The lipopolysaccharide (LPS) of Francisella tularensis (Ft), the Gram negative bacterium that causes tularemia, has
been shown to be a main protective antigen in mice and humans; we have previously demonstrated that murine
anti-Ft LPS IgG2a monoclonal antibodies (MAbs) can protect mice against otherwise lethal intranasal infection
with the Ft live vaccine strain (LVS). Here we show that four IgG2a anti-LPS MAbs are specific for the
O-polysaccharide (O-antigen [OAg]) of Ft LPS. But whereas three of the MAbs bind to immunodominant
repeating internal epitopes, one binds to a unique terminal epitope of Ft OAg. This was deduced from its even
binding to both long and short chains of the LPS ladder in Western blots, its rapid decrease in ELISA binding to
decreasing solid-phase LPS concentrations, its inability to compete for LPS binding with a representative of the
other three MAbs, and its inability to immunoprecipitate OAg despite its superior agglutination titer. Biacore
analysis showed the end-binding MAb to have higher bivalent avidity for Ft OAg than the internal-binding
MAbs and provided an immunogenicity explanation for the predominance of internal-binding anti-Ft OAg
MAbs. These findings demonstrate that non-overlapping epitopes can be targeted by antibodies to Ft OAg,
which may inform the design of vaccines and immunotherapies against tularemia.

Introduction

F rancisella tularensis (Ft), the Gram negative intra-
cellular bacterium that causes tularemia, has been classi-

fied by the Centers for Disease Control and Prevention as a
Category A select agent, a likely bioweapon, due to its low
infectivity dose (<10 CFU) and the high mortality rate asso-
ciated with respiratory tularemia (30–60% in untreated
patients). Two of the F. tularensis subspecies, tularensis (type
A) and holarctica (type B), cause most cases of human disease;
type A, found predominantly in North America, is the more
virulent of the two.(1–3) Ft types A and B have high genomic
sequence homology (BioHealthBase BioDefense Public Health
Database, www.biohealthbase.org) and the same LPS struc-
ture, with an OAg consisting of four sugar repeats, connected
at its reducing end to a core oligosaccharide, which in turn is
connected at its reducing end to lipid A.(4–8) An attenuated Ft
type B strain, designated live vaccine strain (LVS), partially
protects against pathogenic Ft in humans,(9) but is virulent
in mice.(10)

Tularemia is usually treated with intravenous and later oral
antibiotics, but infection is still associated with considerable
morbidity and up to 2% mortality in treated patients.(2,3,11)

LVS, the partially protective vaccine, is not currently licensed
due to safety concerns.(2,9) These considerations, combined
with the threat of engineered multiple antibiotic-resistant
strains for bioterrorism, suggest the need for additional
strategies to combat tularemia, including vaccines and
immunotherapeutics, and hence an understanding of the
immune response to Ft.

Based on literature reports, immune protection against
Ft involves a dominant role for CD8 and TH1-type CD4
Ft-specific T cells,(12–14) and the cytokines IL-12, IFN-g, and
TNF-a.(12,13,15,16) Despite the critical role of T cells, B cells
are required for generation of memory to Ft,(17) and poly-
clonal IgG antibodies to Ft or to Ft LPS have been reported
to transfer resistance against Ft to naı̈ve hosts, including
humans.(10,18–26) Furthermore, the protective immune re-
sponse to Ft in mice correlates with generation of antibodies
of the IgG2a isotype,(27) the mouse analog of human
IgG1,(28) which binds better than other isotypes to the ac-
tivating Fc receptor FcgRI.(28–30) This was confirmed by our
studies, which have shown that anti-Ft LPS MAbs of the
mouse IgG2a isotype, but not of the IgM, IgG3, or IgG1
isotypes, can protect mice against intranasal (i.n.) lethal LVS
challenge.(31)

1Department of Pathology and Laboratory Medicine, Boston University School of Medicine, Boston, Massachusetts.
2Current address: Pulmonary and Critical Care Unit, Massachusetts General Hospital, Boston, Massachusetts.
*These authors contributed equally to this work.

HYBRIDOMA
Volume 30, Number 1, 2011
ª Mary Ann Liebert, Inc.
DOI: 10.1089/hyb.2010.0083

19



To gain insight into the specificities and avidities of pro-
tective anti-Ft LPS antibodies, we now compared the binding
characteristics of four anti-Ft LPS IgG2a MAbs. We show that
all four MAbs are specific for the O-polysaccharide (OAg) of
Ft LPS; but whereas three of the MAbs bind to repeating in-
ternal OAg epitopes, one MAb binds with higher avidity to a
unique terminal epitope.

Materials and Methods

Bacterial strains

F. tularensis holarctica strain LVS was obtained from Jean-
nine Petersen (Centers for Disease Control and Prevention,
Fort Collins, CO). F. tularensis tularensis strain SchuS4 was
obtained from BEI Resources (Manassas, VA). Escherichia coli
strain TG1 was purchased from Stratagene (La Jolla, CA). For
experiments, LVS and SchuS4 bacteria were grown on choc-
olate agar plates (Remel, Lenexa, KS); TG1 bacteria were
grown on LB plates at 378C in a humidified environment of
100% air for 2.5 days (LVS and SchuS4) or overnight (TG1) and
pools of single colonies were scraped and resuspended in PBS.
Heat-killed bacterial samples were prepared by 2 h incubation
at 808C. Heat-killed (808C, 2 h) WbtIG191V (WbtI), an OAg-
deficient LVS mutant,(32) was obtained from Dr. Thomas In-
zana of Virginia Polytechnic Institute (Blacksburg, VA).

Hybridoma and recombinant antibodies

Four IgG2a hybridoma antibodies (Ab) specific for Ft LPS
were used in this study (FB11, Ab3, Ab52, and Ab54). Protein
G-purified FB11(33) was purchased from GeneTex (Irvine, CA)
and dialyzed against PBS on a Centricon YM-30 centrifugal
filter (Millipore, Billerica, MA) to remove the sodium azide
used as preservative by the manufacturer. An IgG2a hybrid-
oma antibody (GTX40330) to E. coli J5 LPS was purchased
from GeneTex as a positive control for E. coli TG1. The Ab3
hybridoma, generated in our laboratory from LVS-infected
mice, was previously described.(31) The Ab52 and Ab54 hy-
bridomas were generated in our laboratory from BALB/c
mice repeatedly immunized with LVS and Ft LPS admixed
with CpG ODN 1826 (TCC ATG ACG TTC CTG ACG TT) (an
oligodeoxynucleotide containing unmethylated CpG dinu-
cleotides with fully phosphorothioate backbone [CPG-ODN,
Coley Pharmaceutical Group, Wellesley, MA]) by fusion of
splenocytes with the Sp2/0-Ag14 mouse myeloma cell line as
described previously.(31) The anti-Ft GroEL IgG2a hybridoma
Ab53 was similarly generated in our laboratory from mice
immunized and boosted with LVS (Lu et al., unpublished
results). Mouse hybridoma cell line CO17-1A,(34) producing
an IgG2a antibody specific for the human tumor associated
Ag EpCam,(35) used as isotype control, was obtained from
Dr. Dorothee Herlyn of the Wistar Institute (Philadelphia,
PA). Mouse IgG2a (mIgG2a, a MAb specific for non-human
PBLs), used as isotype control in ELISA, was purchased from
Sigma (St. Louis, MO).

A recombinant IgA version of hybridoma antibody Ab3
(Ab3IgAR) was generated by RT-PCR amplification of the
expressed VH and VL region genes from Ab3 hybridoma
RNA, as previously described, for generation of recombinant
polyclonal antibodies from immunized mice(36) and sub-
cloned into an intermediate bidirectional vector containing a
head-to-head mammalian expression cassette.(36) The DNA

segment, including the VH and VL region genes and the ex-
pression cassette, was then inserted into the bidirectional
mouse pMDVIgA mammalian expression vector containing
the Ck and Ca genes (derived from pMDVIgG2b(36) by sub-
stitution of the Cg2b gene with the Ca gene obtained from the
J558.1 mouse myeloma cell line, which produces an anti-
a(1? 3) dextran IgA antibody) and the resulting construct
transfected into Sp2/0-Ag14 myeloma cells by spheroplast
fusion(36) to obtain an IgA-producing transfectoma.

Hybridoma and transfectoma cells were cultured in IMDM
(Gibco, Grand Island, NY) supplemented with 10% FBS or
SFM (Hyclone, Logan, UT) supplemented with 2% FBS at
378C in a humidified environment of 5% CO2/95% air. Ab3,
Ab52, Ab53, Ab54, and CO17-1A were separately purified
from culture supernatants on Protein G-Sepharose (Pierce,
Rockford, IL) according to the manufacturer’s instructions
and their purity verified by SDS-PAGE.

ELISA and Western blot analysis

ELISA was performed as previously described.(31) Briefly,
EIA/RIA microtiter plates were coated with Ags diluted in
50 mM sodium carbonate buffer (pH 9.6). Coating with heat-
killed (808C for 2 h) LVS or WbtI, at 0.04 OD600/mL, was by
overnight air-drying in a laminar flow hood, and with various
concentrations of Ft LPS (previously described(31)) by over-
night incubation at 48C. Coating with 10mg/mL of Ft OAg
(Sussex Research, Ottawa, Canada) was by overnight air-
drying in a laminar flow hood. After washing and blocking,
the plates were incubated sequentially with 3-fold serial di-
lutions of mouse IgG2a MAbs and HRP-conjugated anti-
mouse IgG2a (SouthernBiotech, Birmingham, AL). Assays
were developed by the addition of 60 mL/well TMB substrate
(Kirkegaard & Perry Labs, Gaithersburg, MD) and 15 min
incubation at room temperature in the dark. The reaction was
stopped with 60 mL/well of 0.2 M H2SO4, and absorbance at
450 nm measured in a microplate reader.

For isotype-specific competition ELISA, plates were coated
with 5mg/mL of Ft LPS, and the binding of a fixed concen-
tration (1 mg/mL) of Ab3IgAR, in the presence of graded
concentrations of IgG2a competitor MAb (starting at 1 mg/
mL), was determined using HRP-conjugated anti-mouse IgA
secondary antibody (Sigma, St. Louis, MO). The presence/
binding of all IgG2a anti-LPS competitor MAbs to LPS was
verified in a duplicate plate by developing the ELISA with
HRP-conjugated anti-mouse IgG2a secondary Ab.

Western blot analysis was performed as previously
described,(31) using precast preparative 4� 15% polyacryl-
amide gradient gels (2-D/Prep) and broad range pre-stained
SDS-PAGE molecular weight standards (Bio-Rad Labora-
tories, Hercules, CA). After electrotransfer to nitrocellu-
lose membranes and blocking, the membranes were cut into
strips and each strip incubated sequentially with a MAb and
alkaline phosphatase-conjugated anti-mouse IgG2a second-
ary Ab (SouthernBiotech), then developed with Western
Blue stabilized substrate for alkaline phosphatase (Promega,
Madison, WI).

Immunoprecipitation and microagglutination

Immunoprecipitation by double immunodiffusion in agar
was performed using 8-hexagons Ouchterlony plates (MP
Biomedicals, Solon, OH). Purified MAb, starting at 6 mg/mL
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followed by 2-fold serial dilutions, was added clockwise to the
outer wells of each Ouchterlony hexagon beginning in the top
well. After 8 h, 1 mg/mL of Ft OAg (14 kDa average molec-
ular mass, Sussex Research) was added to the center wells,
and the plate incubated at room temperature in a humidified
chamber overnight. Visible precipitin lines were recorded and
photographed.

Microagglutination assays were performed using 4�109/
mL fixed/crystal violet-stained LVS prepared as previously
described.(37) Thirty mL per well of fixed/ stained LVS were
added to a 96-well round-bottom plate (Corning, Corning,
NY) containing 30mL/well of 2-fold serial dilutions of MAbs
in SFM, and incubated overnight at room temperature. Wells
showing a carpet-like pattern were recorded as positive and
those showing a small, tight button were recorded as nega-
tive. Microagglutination titers were calculated as the recip-
rocal of the last MAb dilution that showed agglutination.

Biacore analysis

Surface plasmon resonance (Biacore) analysis to determine
equilibrium dissociation constants (KD) of MAbs was per-
formed by Precision Antibody (Columbia, MD) using two
assay formats. In the first format, MAbs were immobilized on
anti-mouse IgG-coated chips and probed with Ft OAg (avg.
molecular mass 14 kDa, Sussex Research). In the second for-
mat, purified MAb Ab52 was immobilized on anti-mouse
IgG-coated chips and used to capture Ft LPS; the chip was
then probed with anti-Ft OAg MAbs.

Results

Ft OAg targeted by anti-LPS IgG2a MAbs

Four anti-Ft LPS IgG2a(k) MAbs, one commercial (FB11),
and three in-house-generated (Ab3,(31) Ab52 and Ab54) were
characterized for their Ag-binding specificity by ELISA. All
four MAbs bound to both heat-killed LVS and SchuS4 Ft
strains, which have the same LPS structure,(4–7) but did not
bind to the TG1 strain of E. coli, demonstrating their specificity
for Ft (Fig. 1). As expected, all four MAbs bound to Ft LPS. In
addition, all four MAbs failed to bind to a heat-killed prepa-
ration of the WbtI OAg deficient LVS mutant and bound to

purified Ft OAg (Fig. 2), demonstrating their OAg specificity.
(Although Ft OAg is uncharged and has been reported not to
adhere to ELISA plates,(4) we found that it can be immobilized
on EIA/RIA plates by air-drying, which facilitated the iden-
tification of OAg as the target of all four MAb.) Reassuringly,
the anti-Ft GroEL IgG2a MAb Ab53, used as Ag specificity
control, bound only to LVS and WbtI, and the CO17-1A and
mIgG2a MAbs, used as isotype controls, did not bind to any
of the ELISA plates. The order of binding potency of the
four anti-LPS IgG2a MAbs to immobilized OAg was FB11>
Ab52>Ab54>Ab3 (Fig. 2D), suggesting that FB11 has the
highest and Ab3 has the lowest avidity for OAg.

Anti-OAg MAbs distinguished by Western blot
reactivity to LPS ladder

The differences in binding potency observed in ELISA on Ft
OAg (and Ft LPS) were also evident in Western blots on LVS
lysate. There, Ab3, Ab52, and Ab54 required 100-fold higher
concentrations to show similar intensity binding to the longer
chains of the LPS ladder, and, even so, only FB11 showed
binding to the shortest LPS chains (Fig. 3A). In contrast to the
(fairly) equal binding intensity of FB11 to all rungs of the LPS
ladder, the binding intensity of the other three MAbs de-
creased with decreasing chain size (Fig. 3A). Because the
ladder pattern formed by LPS on Western blots is due to the
varying numbers of four-sugar repeats in the LPS OAg
chains,(38) we reasoned that the longer OAg chains will ac-
commodate a higher number of antibody molecules than the
shorter chains if the antibody molecules bind to repeating
internal epitopes. On the other hand, head-on binding to the
OAg non-reducing end, or binding to the unique reducing
end of OAg, which, by currently known isolation procedures,
still contains the (reduced) core oligosaccharide,(39) will be
independent of chain size because all OAg chains contain a
single non-reducing end and a single reducing end. This
suggests that FB11 binds to a terminal epitope of LPS OAg on
both long and short OAg chains whereas Ab3, Ab52, and
Ab54 bind to internal LPS OAg repeating epitopes on the
longer OAg chains only (as illustrated in Fig. 3B for the hy-
pothetical binding of Ab52 to internal epitopes and of FB11 to
the non-reducing end of OAg).
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FIG. 1. All four anti-LPS IgG2a MAbs are specific for virulent type A strain by ELISA. ELISA plates were coated with heat-
killed (HK) SchuS4 (A) or TG1 (B), as described in Materials and Methods. IgG2a MAbs Ab53 (anti-GroEL), CO17-1A (anti-
human EpCam), and GTX40330 (mouse monoclonal IgG2a to Gram negative endotoxin) were used as specificity and isotype
controls.
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FIG. 3. FB11 binds with equal intensity to all rungs of the LPS ladder, whereas the binding intensity of the other three anti-
OAg IgG2a MAbs decreases with decreasing chain size. (A) Western blot analysis of the indicated MAbs, at the indicated
concentrations, on LVS lysate. The positions of pre-stained molecular weight standards (in kDa) are indicated. (B) Model of
antibody binding (only one antibody arm shown) to terminal or internal OAg epitopes for the lower rungs of the LPS ladder in
the Western blot. Schematic of Ft LPS and the four sugar repeating unit of OAg is shown at top. QNF, QuiN4Fm, 4,6-dideoxy-4-
formamido-D-glucose; GNA, GalNAcAN, 2-acetamido-2-deoxy-D-galacturonamide; QN, QuiNAc, 2-acetamido-2,6-dideoxy-
D-glucose.(5,6) The higher sensitivity and different laddering pattern of FB11 compared with the other three IgG2a anti-Ft OAg
MAbs were observed on numerous Western blots.
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FIG. 2. All four anti-LPS IgG2a MAbs are specific for OAg by ELISA. ELISA plates were coated with heat-killed (HK) LVS
(A), Ft LPS (B), HK WbtI (C), or Ft OAg (D), as described in Materials and Methods. IgG2a MAbs Ab53 (anti-GroEL), CO17-
1A (anti-human EpCam), and mIgG2a (anti-non-human PBLs) were used as specificity and isotype controls. Data shown are
from one of two (A, C) or three (B, D) experiments with similar results.
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Different OAg target epitopes supported
by differential MAb reactivity in decreasing Ag
and competition ELISAs

Consistent with recognition of a single terminal epitope
of OAg by FB11, the LPS ELISA binding of FB11 decreased
much quicker than that of Ab3, Ab52, and Ab54 with de-
creasing LPS coating concentrations, as the terminal but not
the internal OAg epitopes become limiting (Fig. 4A). Fur-
thermore, Ab3, Ab52, and Ab54, but not FB11 (or the con-
trol MAbs Ab53, CO17-1A, and mIgG2a) inhibited the LPS
binding of a recombinant mouse IgA version of Ab3 used as
reporter in an isotype-specific competition ELISA (Fig. 4B,
left). This indicates that Ab3, Ab52, and Ab54 bind to the
same or overlapping epitope(s) of OAg. The LPS binding of
all four anti-LPS IgG2a MAbs in the competition ELISA was
verified in a duplicate plate by developing the reaction
with anti-mouse IgG2a secondary antibody (Fig. 4B, right).
Nucleotide sequence analysis of the H and L chain V region
genes of the three in-house generated anti-Ft OAg IgG2a
MAbs revealed that Ab52 and Ab54 are partially encoded
by the same VL germline gene and, except for one amino
acid difference, share the same VL region complementarity
determining regions (data not shown). This suggests that
Ab52 and Ab54 may in fact be binding to the same Ft OAg
epitope.

End-binding and internal-binding MAbs confirmed
by linear carbohydrate immunoprecipitation assay

To confirm that FB11 binds to a unique terminal epitope
whereas the other three MAbs bind to repeating internal epi-
topes of OAg, we used the linear carbohydrate immunopre-
cipitation assay,(40) the principle of which is depicted in Figure
5A. Because OAg is a linear carbohydrate containing a single
non-reducing end and a single reducing end per molecule,
the binding of an OAg molecule to one molecule of a MAb
specific for one of the ends will leave no exposed epitopes for
binding to other molecules of this MAb and therefore will
result in no immunoprecipitation (Fig. 5A, left). However,
because OAg contains many repeating internal epitopes, the
binding of an OAg molecule to one molecule of a MAb specific
for internal epitopes will still leave many exposed internal
epitopes for binding to other molecules of this MAb, resulting
in immunoprecipitation (Fig. 5A, right). Indeed, Ouchterlony
double immunodiffusion in agar, using OAg in the center well
and serial dilutions of each MAb in the outer wells (Fig. 5B),
showed formation of precipitin lines with Ab3, Ab52, and Ab54
but not with FB11 or the control MAbs Ab53 and CO17-1A. Of
the immunoprecipitating MAbs, Ab52 showed thicker pre-
cipitin lines and a 2-fold higher titer than Ab3 and Ab54 (Fig.
5B), consistent with its higher binding potency than Ab3 and
Ab54 in ELISA (Figs. 1, 2, 4) and Western blot assays (Fig. 3).
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FIG. 4. FB11 binds to a different OAg epitope than Ab3, Ab52 and Ab54. (A) The binding of FB11 to decreasing concen-
trations of Ft LPS decreases at a much higher rate than the binding of the other IgG2a anti-OAg MAbs. Reactivity of IgG2a
anti-OAg MAbs was tested by ELISA on plates coated with the indicated concentrations of LPS. Data from one of three
experiments with similar results are shown. (B) Ab3, Ab52, and Ab54, but not FB11, bind to overlapping OAg epitopes.
Isotype-specific competition ELISA was performed with graded concentrations of the indicated IgG2a competitors and a
fixed concentration of Ab3IgAR, and the ELISA was developed with anti-IgA secondary Ab. The left panel shows the
competition assay. The presence/binding of all IgG2a anti-LPS competitor MAbs to LPS was verified in a duplicate plate by
developing the reaction with HRP-conjugated anti-mouse IgG2a secondary Ab (right panel). Data from one of three ex-
periments with similar results are shown.
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In contrast to its inability to immunoprecipitate OAg, FB11
was better than Ab3, Ab52, and Ab54 at agglutinating LVS
bacteria, which have many OAg ends per bacterial particle,
with a 4- to 8-fold higher agglutination titer (Fig. 5C). The anti-
Ft GroEL MAb Ab53 did not show agglutination, nor did the
isotype control MAb CO17-1A (Fig. 5C). It is noteworthy that
FB11 has an 8-fold higher LVS agglutination titer than Ab52
(Fig. 5C) yet shows the same or even slightly lower potency at
binding to LVS in ELISA (Figs. 1A, 2A). An explanation for
this apparent inconsistency is that bacterial agglutination re-
flects the ability to hold on to LPS chains on two bacterial
particles in suspension and is therefore a measure of antibody
affinity, which favors FB11. However, binding to immobilized
LVS bacteria in ELISA favors the internal-binding Ab52,
which can easily cross-link neighboring densely packed LPS
chains on the same bacterial particle.

Biacore analysis confirms higher avidity
of end-binding MAb

Biacore analysis, using chip-immobilized MAb and solu-
ble Ft OAg, was performed in an attempt to determine
the affinities of the end-binding MAb FB11 and of the stron-
gest internal-binding MAb Ab52 for their OAg epitopes. The

affinity (KD) of FB11 for Ft OAg was found to be 4.0�10�7 M,
with a fast on-rate and a fast off-rate (Fig. 6A, top). The affinity
(KD for the interaction of a single antibody combining site
with a single epitope) of Ab52 could not be determined using
chip-immobilized Ab52 due to the multivalent interaction of
many molecules of Ab52 with the multiple internal epitopes
on each OAg molecule. However, the KD for this multivalent
interaction was 4.4�10�13 M (Fig. 6A, bottom), indicating an
essentially irreversible reaction.

To compare the bivalent avidities of the end-binding and
internal-binding Ft OAg MAbs, we used a Biacore assay for-
mat in which the antigen is immobilized and probed with
soluble MAbs. The assay takes advantage of the strong in-
teraction of immobilized Ab52 with Ft OAg to capture and
immobilize the antigen (except that Ft LPS rather than OAg is
used because LPS molecules tend to aggregate via their lipid A
portions) allowing binding of OAg chains to both immobilized
Ab52 and soluble MAbs. As shown in Figure 7, FB11 has the
highest avidity, with a KD 72-fold lower than that of Ab52 and
200-fold lower than that of Ab54. Although the avidity of Ab3
could not be determined with this assay, the order of avidities
of the other three Ft OAg MAbs correlates directly with their
potency of binding in ELISA (Fig. 2) and Western blot (Fig. 3),
suggesting that Ab3 has the lowest avidity.

FIG. 5. FB11 cannot immunoprecipitate OAg despite its higher bacterial agglutination titer compared to the other three
MAbs. (A) Schematic of end-binding by FB11 versus internal-binding by Ab52 (or Ab3 or Ab54) to OAg chains. (B) Im-
munoprecipitation by double immunodiffusion in agar. The contrast and brightness of the photograph were globally in-
creased to allow better visualization of the thin precipitin lines formed with Ab3 and Ab54, which were clearly visible with
the naked eye. The lowest antibody concentration that showed a precipitin line (the immunoprecipitation titer) is indicated in
parentheses. �, no precipitin line. The Ouchterlony set shown is one of two performed with similar results. (C) Micro-
agglutination of fixed/crystal violet-stained LVS by 2-fold serial dilutions of MAbs, starting with a final concentration of
0.5 mg/mL in well 1. Wells showing a carpet-like pattern were recorded as positive and those showing a small, tight button
were recorded as negative. Microagglutination titers (shown on the right side of the plate) were calculated as the reciprocal of
the last antibody dilution that showed agglutination. The microagglutination assay with fixed/stained cells was repeated
once with the same results. Unfixed LVS bacteria also yielded the same results but were much less visible on photographs.
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Discussion

The characterization of four anti-Ft LPS IgG2a MAbs in
the current study showed that all bind to OAg, with FB11
binding to a terminal epitope, and Ab3, Ab52, and Ab54
binding to internal epitopes. Binding of FB11 to a terminal
epitope of OAg in contrast to the binding of the other three
MAbs to internal OAg epitopes is supported by three inde-
pendent experiments: (1) Western blot analysis on Ft LVS,
showing that FB11 binds with equal intensity to both long
and short LPS chains whereas binding of the other three
MAbs decreases with decreasing LPS chain length; (2) ELISA
on plates coated with decreasing concentrations of LPS,
showing that the binding of FB11 decreases much quicker
than the binding of the other three MAbs with decreasing
LPS concentrations; and (3) the linear carbohydrate immu-
noprecipitation assay showing the inability of FB11, but not
of the other three MAbs, to immunoprecipitate Ft OAg de-
spite the superiority of FB11 in agglutinating LVS bacteria.

The linear carbohydrate immunoprecipitation assay was
first used by Cisar and colleagues(40) to distinguish between
end-binding and internal-binding anti-carbohydrate MAbs.
In the original assay, an end-binding anti-dextran myeloma
antibody was distinguished from an internal-binding anti-
dextran myeloma antibody by the inability of the end-binding
antibody to immunoprecipitate a linear a(1? 6)-linked dex-
tran (which contains a single non-reducing end per molecule)
despite the ability of both antibodies to immunoprecipitate a
branched dextran (95% a(1? 6)/5% a(1? 3), which contains
multiple non-reducing ends per molecule). Based on this

assay, Cisar and colleagues(40) suggested that the antibody
binding to the terminal epitope has a ‘‘cavity-like’’ binding site
whereas the antibody binding to a non-terminal (internal)
epitope has a ‘‘groove-like’’ binding site. Cavity-like and
groove-type sites for anti-carbohydrate antibodies, including
antibodies to LPS OAg from Shigella flexneri, Vibrio cholerae,
and Brucella abortus, were supported by immunochemical,
computer modeling, and x-ray crystallographic studies.(41–50)

These showed a maximum of five sugar residues accommo-
dated by cavity-type sites and six to eight sugar residues ac-
commodated by groove-type sites. In the current study, FB11
may have a cavity-type site and the other three anti-Ft OAg
MAbs likely have groove-type sites. Consistent with a cavity-
type (or pocket-like) site, which buries more of the epitope
and is therefore expected to have higher complementarity,
and hence affinity and avidity, for Ag than groove-type
sites,(40) the avidity of FB11 for OAg is higher than those of
Ab3, Ab52, and Ab54, as suggested by ELISA and Western
blot analysis and demonstrated by Biacore analysis. The af-
finity of FB11 (4.01�10�7 M), determined by Biacore analysis,
is in the upper range of affinities reported for MAbs specific
for the OAg of Shigella flexneri (2.7�10�5 – 2.9�10�6 M) and
Vibrio cholerae (4.0�10�4 – 4.5�10�7 M) or for a(1? 6) dextran
(1.5�10�4 – 5.9�10�6 M).(40,42,43,50–52)

The affinity of Ab52 could not be determined by Biacore
analysis of immobilized MAb binding to soluble Ft OAg be-
cause of the multivalent binding of immobilized Ab52 to each
soluble OAg molecule. Instead, the equilibrium dissociation
constant for this multivalent interaction was calculated to be
4.37�10�13 M, which describes an essentially irreversible

FIG. 6. The affinity of FB11, but not of Ab52, can be determined using immobilized MAb and soluble Ft OAg. (A) Biacore
analysis of the binding of immobilized FB11 (top) and Ab52 (bottom) to Ft OAg. MAbs were captured on anti-mouse IgG-
coated chips and probed with Ft OAg. (B) Schematic of the monovalent binding of immobilized FB11 to Ft OAg (top) and of
the multivalent binding of immobilized Ab52 to Ft OAg (bottom).
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reaction. This very tight ‘‘Velcro-like’’ interaction of soluble
OAg with immobilized Ab52 illustrates the in vivo advantage
of B cells expressing (immobilized) internal-binding surface B
cell receptors at holding onto LPS and becoming activated.
The prevalence of internal-binding anti-Ft LPS antibodies is
therefore not surprising: although FB11 was reported to have
been obtained from BALB/c mice immunized with LVS
or with Ft LPS in complete Freund’s adjuvant, using ‘‘differ-
ent immunization schemes,’’(33) no other anti-Ft LPS MAb,
obtained by us or described by others, shows binding to
the short chains of the LPS ladder in Western blot analy-
ses.(31,53–56) This suggests that the repeating internal epitopes
of Ft-LPS OAg are much more immunogenic than the OAg
ends, even though, evidently, BALB/c mice have the ability to
produce FB11-like antibodies.

Thus, the current findings demonstrate that antibodies to
non-overlapping epitopes of Ft OAg can be generated and
suggest that antibodies targeting terminal epitopes of Ft OAg
are more difficult to induce but may have higher avidities
than those targeting internal OAg epitopes. End-binding an-
tibodies may therefore be beneficial in defense against Ft.
Because end-binding anti-Ft LPS antibodies are distinguished
from internal-binding anti-LPS antibodies by their ability
to bind to short LPS chains, our results support the use of
short-chain LPS or short-chain OAg as a tularemia vaccine
component.
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