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Anthrax lethal and edema toxins (LeTx and EdTx, respectively) form by binding of lethal factor (LF) or
edema factor (EF) to the pore-forming moiety protective antigen (PA). Immunity to LF and EF protects
animals from anthrax spore challenge and neutralizes anthrax toxins. The goal of the present study is to
identify linear B-cell epitopes of EF and to determine the relative contributions of cross-reactive antibodies of
EF and LF to LeTx and EdTx neutralization. A/J mice were immunized with recombinant LF (rLF) or rEF.
Pools of LF or EF immune sera were tested for reactivity to rLF or rEF by enzyme-linked immunosorbent
assays, in vitro neutralization of LeTx and EdTx, and binding to solid-phase LF and EF decapeptides.
Cross-reactive antibodies were isolated by column absorption of EF-binding antibodies from LF immune sera
and by column absorption of LF-binding antibodies from EF immune sera. The resulting fractions were
subjected to the same assays. Major cross-reactive epitopes were identified as EF amino acids (aa) 257 to 268
and LF aa 265 to 274. Whole LF and EF immune sera neutralized LeTx and EdTx, respectively. However, LF
sera did not neutralize EdTx, nor did EF sera neutralize LeTx. Purified cross-reactive immunoglobulin G also
failed to cross-neutralize. Cross-reactive B-cell epitopes in the PA-binding domains of whole rLF and rEF occur
and have been identified; however, the major anthrax toxin-neutralizing humoral responses to these antigens
are constituted by non-cross-reactive epitopes. This work increases understanding of the immunogenicity of EF
and LF and offers perspective for the development of new strategies for vaccination against anthrax.

Infectious agents with biological-weapon potential have be-
come the focus of intense interest since the malicious release
of anthrax spores through the U.S. postal system in 2001.
Bacillus anthracis, the etiological agent of anthrax infection, is
a gram-positive, rod-shaped, spore-forming bacterium that is
commonly found in soil (37). The use of this agent as a biot-
error weapon has highlighted the importance of developing
improved vaccination strategies.

The virulence of B. anthracis is attributable to a tripartite
protein complex consisting of the receptor binding component
protective antigen (PA) and two catalytic components, lethal
factor (LF) and edema factor (EF). Combination of PA and
LF forms lethal toxin (LeTx), and combination of PA and EF
forms edema toxin (EdTx) (26). Interestingly, the PA-binding
domains of both EF and LF, corresponding to the N-terminal
regions, have been shown to share large regions of structural
and amino acid similarities that have been implicated in bind-
ing to PA (6, 9, 17, 20). The simultaneous addition of an excess
of LF to cells treated with EF plus PA (EdTx) prevented an
increase of cyclic AMP (cAMP) in vitro (21). Monoclonal
antibodies have also been shown to inhibit the binding of EF to

PA, and these antibodies also recognize epitopes within the
PA-binding domain of EF (22). In addition, binding of LF-
neutralizing antibodies to EF by enzyme-linked immunosor-
bent assays (ELISAs) suggests that host immune responses
against these domains may prevent toxin components from
entering target cells (23). While studies have shown that even
when aggressive, early antibiotic therapy eradicates bacterial
load within 72 h, anthrax toxins are still present in concentra-
tions sufficient to cause death (8, 16). Since death can result
even with bacterial clearance, vaccine- or toxin-directed immu-
notherapeutic development is essential to prevent or stop in-
fection at an early stage.

The human vaccine currently available in the United States,
anthrax vaccine absorbed (AVA), contains mainly PA as the
protective component. AVA has many disadvantages, includ-
ing a complicated dosing schedule (five intramuscular injec-
tions with yearly boosters), batch-to-batch variation of the pro-
tective bacterial components, limited duration of protection,
requirement for containment facilities for production, and
transient reactogenicity in many vaccinees (14, 15, 30, 37).
Second-generation vaccines based on recombinant PA are cur-
rently in development; however, these vaccines will not elicit
antibodies to LF and EF (2). Although PA has been shown to
be the main protective component in the currently licensed
vaccine, studies in which mice were immunized with strains of
mutant B. anthracis revealed the significant individual contri-
butions of antibodies to EF and LF toward immunoprotection
(27, 29). Further studies have shown that immunization with a
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DNA construct encoding the N-terminal fragment of EF elic-
ited protective immunity against a subcutaneous challenge of
A/J mice with the B. anthracis Sterne strain (38). Moreover,
our studies have demonstrated that immunization with recom-
binant LF (rLF) can induce high-titer protective antibodies in
vivo and in vitro (28).

Despite significant achievements toward understanding the
contribution of EF and LF antibodies to protection, consider-
able gaps remain in understanding the fine specificity of the
protective responses to these components of the tripartite
toxin. The purposes of this study were to identify sequential
B-cell epitopes within EF and to determine the relative con-
tributions of cross-reactive antibodies in the conserved PA-
binding domains of EF and LF to LeTx and EdTx neutraliza-
tion. Host immune responses against these cross-reactive
domains may prevent both EF and LF from gaining access into
cells. We hypothesized that the protective host immune re-
sponse following EF and LF vaccination would include anti-
bodies directed to cross-reactive epitopes that prevent binding
to PA and thus entry into target cells. We found that immu-
nization of A/J mice with recombinant EF (rEF) generated
high-antibody titers capable of neutralizing EdTx in vitro and
in vivo. Furthermore, cross-reactive B-cell epitopes in the PA-
binding domains of whole rLF and rEF have been identified.
However, there was no evidence for contribution of these
epitopes to toxin neutralization.

MATERIALS AND METHODS

Mice. Six-week-old A/J strain female mice were purchased from Jackson
Laboratories (Bar Harbor, ME). The mice were housed in the Oklahoma Med-
ical Research Foundation (OMRF) Chapman Animal Facility. All mouse exper-
iments were approved by the OMRF Institutional Animal Care and Use Com-
mittee.

Immunizations and blood sampling. For antibody studies, experimental mice
(18 to 20 mice per independent mapping experiment) were immunized subcu-
taneously with rEF protein (100 �g) emulsified 1:1 in complete Freund’s adju-
vant (Difco, Lawrence, KS) on day 0 according to a previously described immu-
nization schedule (11). Mice were boosted three times with 50 �g of the
immunizing protein emulsified 1:1 in incomplete Freund’s adjuvant on days 10,

24, and 38. Control mice (18 to 20 mice per independent mapping experiment)
were similarly immunized and boosted with adjuvant alone. Retro-orbital bleeds
were performed on anesthetized mice on days 14, 28, 42, and 111. Immunization
and blood sampling were carried out on a total of three separate and indepen-
dent occasions to ensure reproducibility of data, in which groups of mice (18 to
20 mice per group) were immunized with either rEF or adjuvant alone on each
independent occasion.

Production of rEF and rLF proteins. rEF and rLF proteins were produced as
amino-terminal His6-tagged proteins as previously described (31, 36). Cultures of
BL-21/pET15b (containing LF and EF cDNA from B. anthracis) were grown in
Luria broth containing ampicillin (50 �g/ml) to an optical density at 600 nm
(OD600) of 0.6 to 0.8, and protein expression was induced by addition of 1 mM
isopropyl �-D-thiogalactoside (IPTG) overnight at 16°C. Cells were then pelleted
and disrupted by using a French press. The lysed cells were then centrifuged, and
the supernatant was passed over a Ni2�-charged column equilibrated with a
binding buffer (Novagen, Gibbstown, NJ). The bound fusion protein was re-
moved with 0.5 M imidazole in accordance with the manufacturer’s instructions
(Novagen, Gibbstown, NJ). The eluted protein was then dialyzed against 20 mM
Tris-HCl (pH 7.5). The protein concentration was determined by a standard
Bradford assay (Bio-Rad, Hercules, CA), and the protein was stored at 4°C on
ice. Purified EF and LF (20 �g) were electrophoresed in 12.5% sodium dodecyl
sulfate-polyacrylamide gels and visualized by Coomassie stains to ensure the
purity of the samples.

Standard ELISA. Ninety-six-well microtiter plates (Corning CoStar, Lowell,
MA) were coated with 2.5 �g of antigen/ml in carbonate coating buffer (0.125 �g
of antigen/well; pH 9.6) overnight at 4°C. The plates were then washed four times
with 0.05% Tween 20 in phosphate-buffered saline (PBS) and blocked with 0.1%
bovine serum albumin-0.2% NaN3 in PBS for 1 h at room temperature (RT).
Serial twofold dilutions of the samples were carried out, starting at 1:50 and
ending at 1:25,600, in PBS. Plates were washed again, and appropriately diluted
samples were added to the plates and incubated for 2 h at RT. After the wash,
alkaline phosphatase-labeled goat anti-mouse immunoglobulin G (IgG [H�L];
Sigma, Saint Louis, MO) diluted at 1:5,000 was added. After a 2-h incubation at
RT, �-nitrophenyl phosphate (Sigma, St Louis, MO) in substrate buffer (0.167 M
NaHCO3, 0.012 M Na2CO3, 0.001 M MgCl2, 0.02% NaN3) was added to the
plates, and the ODs of the plates were measured at 410/490 nm. Titer was
defined as the inverse of the last serum dilution giving a positive signal. Positive
signals were defined as OD values exceeding 3 standard deviations (SD) above
the mean 1:50 dilution values for samples from control mice immunized with
adjuvant alone.

In vitro LeTx neutralization assay. RAW 264.7 mouse macrophages were
grown in Dulbecco’s modified Eagle’s medium containing 4 mM L-glutamine
(ATCC) supplemented with 10% fetal calf serum at 37°C in a 5% CO2-95% air
atmosphere. To determine toxin neutralization, 1 � 105 cells were plated per well
of a 96-well flat-bottom tissue culture plate and cultured overnight at 37°C with

FIG. 1. Immunization of A/J mice results in high-titer anti-EF antibodies that are neutralizing in vitro and protective in vivo. A/J mice were
immunized with either rEF or adjuvant alone on days 10, 24, and 38 and bled on days 14, 28, 42, and 111. (A) IgG anti-EF antibody titers of pooled
sera from A/J mice immunized with rEF or adjuvant alone were assessed at specified time points to quantitate the IgG anti-EF response. Antibody
levels were measured via standard ELISA at OD410/490. (B) Day 111 sera collected were subjected to an in vitro neutralization assay using a 3:1
ratio of PA to EF (EdTx). Serial twofold dilutions (1:50 to 1:1,600) of anti-EF sera were incubated with a 3:1 ratio of PA to EF (EdTx) for 1 h
and added to RAW 264.7 mouse macrophages for 4 h. The cells were lysed, and intracellular cAMP was monitored by ELISA. Percent
neutralization was calculated relative to the level for the control wells containing toxin alone. Sera demonstrate near-maximal neutralization of
toxin activity on day 111 (73 days past the final booster immunization). The neutralization titer of rEF antisera was 800. (C) A/J mice immunized
with rEF are partially protected from an in vivo EdTx challenge using four times the experimentally derived A/J LD50 (360 �g PA plus 144 �g EF,
experimentally determined) for EdTx (P � 0.009).
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5% CO2. The next day, serum samples were diluted at twofold dilutions starting
at 1:2 and ending at 1:2,048 in culture medium. These serum samples were then
incubated for 1 h at RT with LeTx (composed of a 3:1 PA-to-LF ratio [75 ng/well
PA and 25 ng/well LF; final well volume � 100 �l]). Following incubation, the
medium was removed from the cultured cells and 100 �l of the serum-toxin
mixture was added per well. Cells treated with medium alone served as negative
controls. An additional set of controls involved treatment of cells with LF alone,
PA alone, and LeTx alone. All experiments were carried out in duplicate. Fol-
lowing addition of the serum-toxin mixture, the cells were incubated for 2 h at
37°C with 5% CO2. After 2 h, 10 �l of WST-8 (CCK-8; Dojindo Molecular
Technologies, Inc., Gaithersburg, MD) was added to each well and incubated for
an additional 3 h at 37°C with 5% CO2. The OD450 was detected using a Dynex
MRX II microplate reader (Dynex Technologies, Chantilly, VA). Percent via-
bility was calculated based on the absorbance reading from the control wells
containing cells only (medium alone). Neutralization titer was defined as the
inverse of the last serum dilution giving detectable neutralization compared to
the level for wells exposed to active toxin alone.

In vitro EdTx neutralization assay. RAW 264.7 mouse macrophages were
grown in Dulbecco’s modified Eagle’s medium containing 4 mM L-glutamine
(ATCC) supplemented with 10% fetal calf serum at 37°C in a 5% CO2-95% air

atmosphere. To determine toxin neutralization, we utilized a technique adapted
from Taft and Weiss (33). RAW 264.7 cells were harvested to 2 � 106 cells/ml,
and 100 �l was added to a 96-well flat-bottomed tissue culture plate for 2 h.
Serum dilutions were then prepared similarly to those for the in vitro LeTx
neutralization assay, starting at 1:50 and ending at 1:1,600, and incubated with
EdTx (composed of a 3:1 PA-to-EF ratio [75 ng/well PA and 25 ng/well EF; final
well volume � 100 �l]) for 1 h at RT. Following incubation, the medium was
removed from the cultured cells and 100 �l of the serum-toxin mixture was added
per well. The plates were incubated for 4 h at 37°C in 5% CO2. Cells treated with
medium served as controls. An additional set of controls involved treatment of
cells with EF alone, PA alone, EdTx alone, and serum from mice immunized with
adjuvant only. All experiments were carried out in duplicate. After 4 h, intra-
cellular cAMP was measured utilizing a cAMP ELISA kit in accordance with the
manufacturer’s protocol (Cayman Chemical Company, Ann Arbor, MI). Briefly,
the medium was removed, and the cells were lysed with 60 �l of 0.1 M HCl for
20 min at RT. After lysis, cells were spun at 1,000 � g for 10 min. Resulting
supernatant (50 �l) or cAMP standards (50 �l), tracer (50 �l), and anti-cAMP
antibody (50 �l) were added to a 96-well microplate coated with mouse mono-
clonal anti-rabbit IgG. The plate was incubated overnight at 4°C. The plate was
then rinsed five times with washing buffer and then incubated with 200 �l of
Ellman’s reagent for 90 to 120 min. OD was determined using a Dynex MRX II
microplate reader (Dynex Technologies, Chantilly, VA) at 405 and 420 nm as a
reference wavelength. Percent neutralization was calculated based on the absor-
bance reading relative to the level for the control wells containing cells plus toxin
only (toxin alone).

In vivo EdTx challenge. rEF and rPA were produced as described above.
rEF-immunized mice and mice immunized with adjuvant alone were challenged
with four times the A/J 50% lethal dose (LD50) of EdTx (360 �g PA plus 144 �g
EF, experimentally determined). Mice were then monitored for 7 days, and
mortality was recorded. Survival curves and percent survival were generated
using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA).

Solid-phase peptide ELISAs. To determine the fine specificity of the anti-LF,
anti-EF, and cross-reactive antibodies, a solid-phase peptide ELISA was used.
Peptides that were 10 amino acids (aa) in length overlapped by 8 aa and covered
the entire length of the EF (GenBank accession number AAA79215) and LF
(GenBank accession number AAM26117) proteins were covalently synthesized
onto polyethylene pins in a 96-well format as previously described (24, 25). Wash
steps and incubations were carried out using sealed plastic containers. Other
assay steps were performed by lowering the solid-phase peptides into microtiter
plate wells. First, pins were blocked with 3% low-fat milk in PBS for 1 h at RT.
Solid-phase peptides were then incubated in 1:200 dilutions of sera in 3%
milk-PBS with 0.05% Tween for 2 h at RT, washed with PBS-Tween, and then
incubated with a 1:20,000 dilution of horseradish peroxidase-labeled anti-mouse
IgG conjugate (Kirkegaard & Perry Laboratories [KPL], Gaithersburg, MD) at
4°C overnight. Following washing, solid-phase peptides were incubated with

FIG. 2. Fine specificity of the humoral anti-EF response following
A/J immunization. Antibody binding to decapeptides of EF overlap-
ping by 8 aa was measured using a solid-phase ELISA. Shown is the
antibody response in sera from rEF/adjuvant-immunized mice on days
14, 28, and 42 and sera from mice immunized with adjuvant alone.
Data represent the average of results from three independent immu-
nization/mapping experiments. Mapping within each experiment was
performed using sera pooled from 18 to 20 mice. Epitopes were num-
bered in order of reproducibility and reactivity on day 42, as shown in
Table 1. Epitope numbers correspond to epitope numbers in Tables 1
and 2. Horizontal lines indicate extended antigenic regions of epitope
1 as defined on day 42.

TABLE 1. EF epitope reproducibility

Epitope Decapeptide(s) Amino acids
Epitope

reproducibility
valuea

OD (avg � SEM)b

1 63–67 125–142 3 1.17 � 0.21103
2 291–293 580–593 3 0.883 � 0.09214
3 59, 60 117–128 3 0.674 � 0.06339
4 180–182 359–372 3 0.639 � 0.05979
5 80–82 159–172 3 0.634 � 0.02611
6 94–96 187–200 3 0.532 � 0.11416
7 280–282 558–571 3 0.520 � 0.05566
8 44–47 87–102 3 0.442 � 0.05572
9 52–55 103–118 3 0.418 � 0.06338
10 129–131 257–270 2 0.592 � 0.25024
11 196–199 391–406 2 0.611 � 0.20085
12 19, 20 37–48 2 0.522 � 0.12608
13 30 59–68 1 0.320 � 0.15948
14 35, 36 69–80 1 0.276 � 0.02943
15 246–248 490–503 1 0.258 � 0.13478

a This value is the number of independent immunization and mapping exper-
iments out of three in which a region was identified as an epitope. An epitope
was defined as described in Materials and Methods.

b Values shown were obtained using the results from three independent
epitope mapping studies.
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SureBlue Reserve TMB microwell peroxidase substrate (KPL) for 5 min at RT,
and the reaction was terminated by the addition of TMB stop solution (KPL).
The OD was measured at 450 nm by using a Dynex MRX II microplate reader
(Dynex Technologies). Results for each plate were then standardized by com-
parison with standard positive peptides. The same control peptides were used for
all plates and were allowed to develop to a specific OD with a known concen-
tration of a standard control serum. After completion of an assay, solid-phase
peptide supports were sonicated for 2 h in sonication buffer (40 g sodium dodecyl
sulfate, 4 ml �-mercaptoethanol, and 62.4 g sodium phosphate to give 4 liters) to
remove antibodies, conjugate, and substrate. After sonication, solid-phase pep-
tides were washed twice in hot water and boiled in methanol for 2 min. Pins were
then allowed to air dry for 15 min and were stored with desiccant or used for
another assay. An epitope was defined as two or more consecutive solid-phase
peptide responses exhibiting an OD450 greater than or equal to the average plus
3 SD of “adjuvant only” sera on all decapeptides.

Column absorption. rEF and rLF antigens were both produced as described
above. These antigens were bound onto cyanogen bromide-preactivated Sepha-
rose 4B medium individually, according to the manufacturer’s protocol (GE
Healthcare, Piscataway, NJ). To absorb the antigen-specific or cross-reactive
antibodies, serum was passed at least three times over the columns to ensure
depletion of antigen-specific or cross-reactive IgG. Columns were than washed

with running buffer (0.02 M Tris, 0.15 NaCl, pH 7.4) and subsequently eluted
with 0.2 M glycine-HCl (pH 2.5). Eluates were collected into neutralization
buffer (1 M Tris-HCl, pH 9). All samples were then subjected to buffer exchange
and concentrated to the original start volumes (0.5 ml). Column-absorbed (re-
tained) and three serial unabsorbed (unretained; UR #1, UR #2, and UR #3)
fractions were then used in standard ELISAs to test for reactivity with rEF or
rLF, solid-phase ELISAs were used to test for reactivity to overlapping decapep-
tides of LF or EF, and in vitro LeTx or EdTx neutralization assays were used as
described above.

RESULTS

rEF immunization results in high-titer, neutralizing anti-
EF antibodies and protection from EdTx challenge. The anti-
body titers of female A/J mice immunized with rEF were eval-
uated. Groups (18 to 20 mice/group) of female A/J mice were
immunized with rEF in complete Freund’s adjuvant subcuta-
neously on day 0 and boosted with rEF in incomplete Freund’s
adjuvant on days 10, 24, and 38. Sera were collected 3 to 4 days
after each boost to determine the anti-EF antibody levels by
ELISA. Elevated antibody titers were observed in sera col-
lected 2 weeks after the initial immunization and continued to
intensify (�25,600) by day 42 (Fig. 1A). The titers of anti-rEF
IgG were minimally diminished on day 111, nearly 73 days
after the final booster immunization. Sera collected from mice
immunized with adjuvant alone (control group) failed to bind
EF antigen, as expected.

To determine the functionality of these antibodies elicited
by immunization with rEF, an in vitro neutralization assay with
anthrax EdTx was performed. Neither EF nor PA alone is
capable of elevating cAMP concentrations in RAW 264.7
mouse macrophages. Only EF combined with PA (EdTx) in-
creased intracellular cAMP (data not shown). These values
were then used to calculate the percent neutralization relative
to the level for control wells containing toxin only. Anti-EF
sera were diluted at various concentrations and preincubated
with an EdTx concentration (3:1 molar ratio of PA to EF)
previously shown to result in maximal cAMP production in
RAW 264.7 macrophages and then added to RAW 264.7 cells.
In comparison to what was found for control wells receiving
toxin only, we observed that anti-EF sera diluted 50-fold could
completely neutralize EF and inhibit EdTx from generating
elevated cAMP levels in RAW 264.7 macrophages. This re-

FIG. 3. Sequential epitopes of EF. The 15 most reactive A/J
epitopes are superimposed onto the EF crystal structure (Protein Data
Bank access code 1J7N) (5). Roman numerals indicate structural do-
main numbers. Epitope numbers correspond to those in Fig. 2 and
Tables 1 and 2.

TABLE 2. Most-reactive EF epitopesa

Epitope Sequence Domain Domain function Secondary structure

12 HYTESDIKRNHK I PA binding NA
13 FKDSINNLVK I PA binding Beta
14 TEFTNETLDKIQ I PA binding Beta/loop/alpha
8 KKIPKDVLEIYSELGG I PA binding Alpha helix
9 EIYFTDIDLVEHKELQ I PA binding Beta/beta/loop
3 LQDLSEEEKNSM I PA binding Loop
1 KNSMNSRGEKVPFASRFV I PA binding Loop/alpha/beta
5 YAINSEQSKEVYYE I PA binding Loop/alpha
6 SLDPEFLNIKSLS I PA binding Loop/alpha
10 LELYAPDMFEYMNK I PA binding Alpha helix
4 PVAGYIPFDQDLSK II Catalytic core (CaM binding) Loop/beta/loop
11 ITEHEGEIGKIPLKLD II Catalytic core (CaM binding) Alpha/beta/loop
15 DYDLFALAPSLTEI II Catalytic core (CaM binding) Loop/beta/alpha
7 RLNEAVKYTGYTGG II Catalytic core (CaM binding) Alpha/loop
2 QDNEEFPEKDNEIF II Catalytic core (CaM binding) Loop

a The bolded sequence represents a portion of the published amino acid sequence implicated in binding to PA (22). NA, not available.
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sponse was measured 73 days after the last booster immuniza-
tion. As expected, sera collected from controls immunized with
PBS-adjuvant alone failed to neutralize EdTx (Fig. 1B).

To determine whether immunization with rEF can provide
protection against EdTx challenge in vivo, the rEF-immunized
A/J mice were challenged intraperitoneally with four times the
experimentally determined A/J LD50 of EdTx (360 �g PA plus
144 �g EF) (Fig. 1C and data not shown). Figure 1C shows that
approximately 60% of A/J mice immunized with rEF were
protected from EdTx challenge but that none of the A/J con-
trols immunized with adjuvant alone survived the challenge
(P � 0.009). These results demonstrate that anti-EF antibodies
elicited by immunization with rEF are functional neutralizing
antibodies against EF and have the capacity to inhibit the
activity of EdTx in vivo and in vitro, further supporting previ-
ous studies (22, 38) suggesting that humoral immunity directed
to EF is protective.

Sequential mouse B-cell epitopes cluster in PA- and cal-
modulin-binding domains of EF. To characterize the fine spec-
ificity of the neutralizing antisera from rEF-immunized A/J
mice, we subjected pooled samples (pools contained equal
volumes of sera taken from 18 to 20 mice per immunization
group per independent experiment) to sequential humoral
epitope mapping using a series of solid-phase, overlapping
decamer peptides, representing the whole protein. Reproduc-
ible epitopes were defined by performing three independent
sets of immunization and mapping experiments. Day 14, 28,
and 42 bleeds were mapped as shown in Fig. 2. These results
were compared to the day 42 results for mice immunized with
adjuvant alone (control group). An antigenic epitope was de-
fined as described in Materials and Methods. These epitopes
were ranked in order of reproducibility and reactivity on the
basis of results from three separate immunization and mapping
experiments. The reproducibility and OD (average � standard
error of the mean) values are shown for each defined epitope
in Table 1. These studies revealed 15 major antigenic regions
of rEF. All epitopes defined on day 42 were still present on day
111, with increases in the intensities of epitopes 4, 5, 8, 9, 13,
and 14 (data not shown). Mice immunized with adjuvant alone
did not significantly bind any of the decapeptides.

Superimposition of these 15 identified epitopes onto the EF
crystal structure, shown in Fig. 3, reveals clustering of epitopes

FIG. 4. Cross-reactivity assays using sera from rEF- and rLF-im-
munized mice. (A) IgG anti-EF and anti-LF antibody titers of pooled
sera from A/J mice immunized with rEF (day 111 sera) or rLF (day 42
sera) were assessed to quantitate the levels of cross-reactive IgG in
each sample. Antibody levels were measured by using a standard
ELISA at OD410 and OD490. (B) The fine specificity of the humoral
cross-reactive response was measured using overlapping decapeptides
of EF or LF. The data are the antibody responses in sera from rEF
(day 111 sera) and rLF (day 42 sera) immunized mice on both EF and
LF decapeptide pins. Significant epitopes are defined as the average
for the background plus 3 SD. (C) EF (day 111) and LF (day 42) sera
(serial twofold dilutions from 1:2 to 1:2,048) were both subjected to
LeTx and EdTx in vitro neutralization assays as described in Materials
and Methods. EF and LF immune sera neutralized EdTx and LeTx,
respectively. The LeTx neutralization titer for LF immune sera was
1,024, and the EdTx neutralization titer for EF immune sera was 256.
However, EF sera did not neutralize LeTx, nor did LF sera neutralize
EdTx. Control sera are sera from mice immunized with adjuvant alone.
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in the PA- and calmodulin-binding domains. Sequences, do-
main locations, and secondary structures of the epitopes are
shown in Table 2. Specifically, 10 epitopes were in the PA-
binding domain and 5 epitopes were in the calmodulin-binding
domain (Table 2). Significantly, 4 of the 10 epitopes (epitope
numbers 5, 6, 8, and 10) located in the PA-binding domain occur
within reported regions of amino acid similarity between EF and
LF, and the remaining 6 epitopes have amino acid similarities to
LF ranging from 67 to 92% based on the alignment of Bragg and
Robertson (6). Interestingly, no epitopes were located in the
helical domain (domain III) (Fig. 3 and Table 2).

Cross-reactive humoral epitopes of EF and LF are identified
but do not constitute major anthrax toxin neutralization re-
sponses following EF and LF vaccination. In order to measure
the levels of cross-reactive IgG titers present in EF- and LF-
immunized mice, we subjected their sera to EF and LF stan-
dard ELISAs (Fig. 4A). For these studies, we utilized day 42
sera from LF-immunized mice and day 111 sera from EF-
immunized mice, which were available in sufficient quantities.
The IgG titers of both LF sera on EF antigen (Fig. 4A, upper
right) and EF sera on LF antigen (lower left) were up to 3,200.
In contrast, EF and LF sera tested on their respective anti-
gens contained titers up to 25,600, indicating that cross-
reactive IgG constitutes only a small portion of the total
antigen-specific IgG.

To examine the fine specificity of these cross-reactive IgG,
we performed a standard solid-phase peptide mapping assay as

described above. As shown in Fig. 4B, LF sera on EF decapep-
tides (upper right) and EF sera on LF decapeptides (lower left)
bound sequential epitopes of EF and LF, respectively. Specif-
ically, four cross-reactive epitopes were identified in LF sera
(Fig. 4B, upper right) and six in EF sera (Fig. 4B, lower left).
Furthermore, the decapeptides bound by the pooled sera were
located in regions of amino acid similarity (data not shown)
(6). To determine if these antisera could cross-neutralize toxin
activity, both EF and LF serum samples were than subjected to
EdTx and LeTx in vitro neutralization assays. As shown in Fig.
4C, whole LF and EF immune sera neutralized LeTx and
EdTx, respectively. However, LF sera did not cross-neutralize
EdTx, nor did EF sera cross-neutralize LeTx, even at concen-
trated 1:2 serum dilutions (Fig. 4C).

Given that cross-neutralization of LeTx by sera from mice
immunized with an adenovirus encoding the N-terminal frag-
ment of EF was reported in studies conducted by Zeng et al.,
(38) and that the cross-reactive IgG in our whole sera repre-
sented only a relatively small fraction of the total anti-EF or
anti-LF responses, we utilized whole antigen affinity chroma-
tography to enrich for cross-reactive IgG in the serum samples.
We reasoned that isolation and purification of these cross-
reactive antibodies may enhance their neutralization capacity,
so we absorbed sera from EF-immunized mice over an LF
column and sera from LF-immunized mice over an EF column
to isolate cross-reactive IgG. Unretained and retained frac-
tions collected from these columns were then tested in the EF

FIG. 5. Fine specificity of cross-reactive IgG from column purifications using sera from A/J mice immunized with rEF (day 111 sera) and rLF
(day 42 sera). Retained samples containing EF and LF cross-reactive IgG were examined for binding to overlapping decapeptides of both EF and
LF by solid-phase ELISA.
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and LF standard ELISAs, in vitro neutralization assays, and
solid-phase ELISAs.

To ensure successful purification and depletion of cross-
reactive IgG from appropriate samples, we tested all fractions
in EF and LF standard ELISAs. As shown in Fig. S1 in the
supplemental material, retained fractions from EF sera ab-
sorbed with the LF column (upper right; “Ret. Pool” LF col-
umn samples) and LF sera absorbed with the EF column
(lower left; “Ret. Pool” EF column samples) demonstrated
successful purification of cross-reactive IgG. Moreover, exam-
ination of unretained fractions (UR #1, UR #2, and UR #3)
from these columns revealed successful depletion of cross-
reactive IgG as anticipated.

Retained fractions, containing cross-reactive IgG, were then
mapped onto EF and LF overlapping decapeptides to charac-
terize their fine specificities (Fig. 5). Though multiple cross-
reactive epitopes were identified, there were only a few major

cross-reactive epitopes that were strongly bound and were also
raised by both rEF and rLF immunization. These major
epitopes are represented by bolded values in Table 3, in which
the appropriate amino acid positions and ODs are also indi-
cated. Interestingly, sequence comparison of these epitopes
(EF aa 257 to 270 [LELYAPDMFEYMNK] and LF aa 263 to
278 [RDVLQLYAPEAFNYM]) reveals identical (bolded) or
similar (underlined) amino acids that are also located in one of
the major regions of known homology (6). There were also
other weakly cross-reactive epitopes that were induced only in
either rEF- or rLF-immunized mice (Table 3). Most of these
epitopes also lie in regions of amino acid similarity in the
PA-binding domains of EF and LF (data not shown). In addi-
tion, the EF cross-reactive epitopes identified constitute 6 of
the 15 identified major EF epitopes (Table 1), and the LF
cross-reactive epitopes constitute 9 of the 16 epitopes identi-
fied in an earlier study (28).

Column samples were then tested in LeTx and EdTx in vitro
neutralization assays to determine if these cross-reactive and
non-cross-reactive antibodies neutralize toxin activity (Fig. 6).
The non-cross-reactive unretained fraction of LF immune se-
rum from the EF column successfully neutralized LeTx as
expected (Fig. 6A). Likewise, the non-cross-reactive unre-
tained fraction of EF immune serum from the LF column
successfully neutralized EdTx (Fig. 6B). More importantly,
cross-reactive fractions (EF immune sera retained on the LF
column and LF immune sera retained on the EF column) not
only failed to cross-neutralize but, surprisingly, also failed to
directly neutralize the toxin activity corresponding to the pa-
rental proteins of immunization. These studies have revealed
and identified cross-reactive B-cell epitopes in the PA-binding
domains of whole rLF and rEF. However, the major anthrax
toxin-neutralizing humoral responses to these antigens are
constituted by non-cross-reactive epitopes that may reside ei-
ther within or outside of their PA-binding domains.

DISCUSSION

Infectious agents with biological weapon potential have be-
come the focus of intense interest since the terrorist events and
subsequent anthrax attacks of 2001. Indeed, anthrax spores
continue to be one of the most commonly identified potential
risks for bioterrorism. Several problems with the currently li-
censed U.S. AVA vaccine, including limited production capa-
bilities, questions regarding safety and efficacy, an onerous
vaccination schedule, and lack of induced immunity to EF and
LF, have prompted efforts to develop new vaccination ap-
proaches that address these issues.

Although PA is the main protective component in the AVA
vaccine, studies in which mice were immunized with mutant
strains of B. anthracis that expressed each toxin component
independently revealed significant individual contributions of
antibodies to LF and EF to immunoprotection (3, 4, 29, 35).
Moreover, several studies also indicate that antibodies to both
EF and LF can protect experimental animals from challenge
with anthrax toxins or bacteria (1, 7, 9, 19, 32, 38, 39). There-
fore, investigations in our laboratory are focused on defining
protective responses to LF and EF components of the tripar-
tite anthrax toxin and using this information to design new
vaccination approaches that include well-defined determinants

TABLE 3. Cross-reactive epitopesa

Sample group Decapeptide(s) Amino acids OD (range)

Edema factor epitopes
EF sera over LF column 44, 45 87–98 0.873–1.696

67, 68 133–144 0.289–0.562
98 195–204 0.159
129, 130 257–268 0.948–1.675
151–153 301–314 0.109–0.130
184 367–376 0.152

LF sera over EF column 23, 24 45–56 0.135–0.595
59 117–126 0.888
80 159–168 0.487
103 205–214 0.588
109 217–226 0.448
117 233–242 0.479
124 247–256 0.436
129–131 257–270 0.612–1.137
133 265–274 0.551
148, 149 291–306 0.434–0.581
151–154 301–316 0.357–0.772
167–173 333–354 0.437–0.608
182–184 363–376 0.478–0.624

Lethal factor epitopes
EF sera over LF column 50 99–108 0.264

97 193–202 0.182
124 247–256 0.251
132, 133 263–274 0.312–0.389
193 385–394 0.116
196 391–400 0.117
204 407–416 0.102

LF sera over EF column 28 55–64 0.169
109, 110 217–228 0.265–0.268
133–135 265–278 0.207–0.718
145 289–298 0.245
150 299–308 0.189
160, 161 319–330 0.168–0.188
172–174 343–356 0.174–0.495
182 363–372 0.249
193 385–394 0.329
196 391–400 0.189
220, 221 439–450 0.168–0.221

a Bold indicates cross-reactive epitopes raised in both rEF- and rLF-immu-
nized mice.
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of these proteins. In a previous study, we defined sequential
B-cell epitopes of the neutralizing IgG response to rLF (28). In
the present study, we aimed to increase our understanding of
the neutralizing humoral response to EF by defining sequential
B-cell epitopes elicited by rEF immunization. Furthermore, we
examined the cross-reactive IgG response between the N-ter-
minal regions of rEF and rLF proteins and assessed the role
that these antibodies play in toxin neutralization. The N-ter-
minal regions of EF and LF share structural and amino acid
similarities that have been implicated in binding to PA (6, 18,
20). Therefore, the goal of this portion of our study was to
identify protective cross-reactive epitopes in the conserved PA-
binding domains of EF and LF.

We determined that immunization of mice with rEF elicits
anti-EF antibody responses that inhibit the toxicity of EdTx in
vitro and in vivo. Using a solid-phase ELISA technique, we
identified 15 antigenic regions of EF, all of which were located
in the PA-binding and calmodulin-binding domains. Curiously,

no epitopes localized to the helical domain (domain III). This
domain undergoes significant structural changes upon binding
of EF to calmodulin in vivo (10). Although additional studies
are required to determine whether the humoral response to
rEF includes antibodies that require calmodulin-complexed
EF for reactivity, we conclude that the helical domain of EF
does not contain sequential B-cell epitopes following rEF im-
munization.

Significant amino acid similarity (44%) between the N-ter-
minal fragments of EF and LF, along with data showing that a
LeTx-neutralizing, LF-specific monoclonal antibody can bind
to EF (6, 23), suggested to us the hypothesis that LF and EF
cross-reactive antibodies may be cross-neutralizing and that
these cross-reactive epitopes may be excellent vaccine targets.
Indeed, Zeng et al. previously reported that immunization of
mice with an adenovirus vector expressing the N-terminal frag-
ment of EF neutralized not only EdTx but also LeTx (38).
However, demonstration of this cross-neutralizing activity re-

FIG. 6. LeTx and EdTx in vitro neutralization assays with cross-reactive IgG from column purifications. Column-purified sera, serial unretained
fractions (UR #1, UR #2, and UR #3), and the retained pool (Ret. Pool) were tested in both in vitro LeTx and EdTx neutralization assays.
(A) LeTx toxin neutralization data with sera from both EF-immunized and LF-immunized A/J mice absorbed on EF and LF columns. (B) EdTx
toxin neutralization data with sera from both EF-immunized and LF-immunized A/J mice absorbed on EF and LF columns.
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quired concentrated antisera (1:2 serum dilutions), and the
effect of control, nonimmune sera in the neutralization assays
at similar concentrations was not shown. Moreover, this study
did not address the outcome of immunization with intact rEF,
which was the subject of our investigation.

We found that rEF immunization induced antibodies cross-
reactive with LF and also found the converse to be true, i.e.,
rLF immunization induced antibodies cross-reactive with EF.
The cross-reactive antibody titers in both cases were in the
range of 103 and constituted about one-eighth of the titrated
response to the respective proteins of immunization. For com-
parison, the titers of IgG reactive to EF and cross-reactive to
LF in the Zeng et al. study were in the range of 103 (38). We
also mapped the cross-reactive responses by using overlapping
decapeptides of the LF and EF proteins. The most important
cross-reactive epitopes were identified as EF aa 257 to 268 and
LF aa 265 to 274. Cross-reactive antibodies to these epitopes
could be raised either by rEF or by rLF immunization, and
these two sequences demonstrated significant homology at the
amino acid level. In contrast, several other weakly cross-reac-
tive epitopes were induced only in either rEF- or rLF-immu-
nized mice. As expected, all of the identified cross-reactive
epitopes were located in the N-terminal domains of EF and
LF, and several occurred in previously noted regions of se-
quence similarity between the two proteins. Conformational
epitopes purified by column chromatography may not have
been detected by linear epitope mapping. However, cross-re-
active IgG fractions obtained from either rLF- or rEF-immu-
nized mice and containing antibodies recognizing both linear
and conformational epitopes failed to neutralize or cross-neu-
tralize toxin activity.

As expected, whole LF and EF immune sera demonstrated
neutralization of LeTx and EdTx, respectively. However, de-
spite cross-reactive antibody titers that were in the range of
antibody titers reported by Zeng et al., LF sera did not neu-
tralize EdTx, nor did EF sera neutralize LeTx. Cross-neutral-
ization was not observed even at 1:2 concentrated serum dilu-
tions (Fig. 4C). To exclude the possibility that high titers of
non-cross-reactive antibodies present in the serum samples
somehow impeded cross-neutralization, we also affinity puri-
fied the cross-reactive IgG following both rEF and rLF immu-
nization. Examination of these cross-reactive antisera for bind-
ing to EF and LF decapeptides revealed similar levels of
reactivity to the same cross-reactive epitopes identified using
mapping of whole antisera, thus demonstrating that the integ-
rity of the purified antibodies remained intact. However, the
purified cross-reactive IgG also failed to demonstrate cross-
neutralization activity and thus confirmed that immunization
with intact rLF protein fails to provide cross-protection against
EdTx and vice versa.

The availability of purified cross-reactive antisera that
bound to a limited number of EF and LF peptides provided us
with the additional opportunity to assess the capacity of these
responses to directly neutralize toxin formed by the protein of
immunization. These experiments revealed that these antibod-
ies lacked any measurable neutralization activity. We cannot
completely exclude the possibility that some of the weaker
cross-reactive antibodies could directly mediate neutralization
of the toxin corresponding to the protein of immunization if
they were present at higher titers in the absence of competing

antibodies or other serum components; however, our data in-
dicate that antibodies binding to the major cross-reactive
epitopes identified as EF aa 257 to 268 and LF aa 265 to 274
do not contribute to either direct or cross-toxin neutralization.
Although we have excluded these epitopes from contributing
to the protective response and demonstrated that the presence
of non-cross-reactive antibodies in whole immune sera did not
impair potential cross-neutralization, additional studies exam-
ining whether immunization with just the N-terminal domains
of LF or EF can induce cross-neutralizing antibodies by raising
higher titers of IgG to the epitopes that we identified as weakly
cross-reactive are warranted. Inhibition of EdTx should remain
an important consideration when alternative anthrax vaccine
targets are contemplated, not only because systemic EdTx can
be lethal (12) but also because it enhances the lethality of LeTx
(13) and impairs host immunity on its own and in synergy with
LeTx (34).

In summary, we have mapped sequential B-cell epitopes of
the EdTx-neutralizing rEF immune response and shown that
this response is directed to two of the three domains of this
protein. We have further documented and characterized the
cross-reactive, humoral immune response between EF and LF
that is induced by immunization of mice with these intact,
recombinant proteins. We conclude that, although neutralizing
responses to the parental toxins of immunization are generated
and although cross-reactive antibodies to the PA-binding do-
mains of these proteins are raised, the major neutralizing re-
sponses are directed to non-cross-reactive determinants.
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