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We previously showed that a multiple antigenic peptide (MAP) displaying amino acids (aa) 305 to 319 from
the 2[32-233 loop of protective antigen (PA) can elicit high-titered antibody that neutralizes lethal toxin (LeTx)
in vitro and that this loop-neutralizing determinant (LND) specificity is absent in PA-immune rabbits. Some
immune rabbits were, however, nonresponders to the MAP. We hypothesized that the immunogen elicited
suboptimal major histocompatibility complex (MHC) class II-restricted T-cell help and that introduction of a
functional helper T-cell epitope would increase MHC-restricted responsiveness and the magnitude and affinity
of the antibody responses. In the current study, we characterized the T- and B-cell responses to LND peptides
in mice, then designed second-generation MAP immunogens for eliciting LND-specific immunity, and tested
them in rabbits. The 305-319 sequence was devoid of helper T-cell epitopes in three strains of mice; however,
a T-B peptide comprising aa 305 to 319, colinearly synthesized with the P30 helper epitope of tetanus toxin,
elicited robust LeTx-neutralizing immunity in mice. T-B MAPs displaying B-cell epitopes 304 to 319 (MAP304)
or 305 to 319 (MAP305) elicited high-titer, durable antibody responses in rabbits which exhibited potent
neutralization of LeTx in vitro. All MAP304-immune rabbits demonstrated neutralization titers exceeding that
of hyperimmune sera of rabbits immunized with PA in Freund’s adjuvant, with peak neutralization titers 23-,
6-, and 3-fold higher than that of the PA antiserum. Overall, immunization with MAPs containing the P30
epitope elicited higher antibody and toxin neutralization titers and peptide-specific affinity than immunization
with an LND MAP lacking a helper epitope. P30-containing MAP304 represents a promising LND-specific

vaccine for anthrax.

Bacillus anthracis is a gram-positive, spore-forming bacte-
rium that naturally infects wildlife and livestock and, less fre-
quently, humans. Since 2001, when spores of B. anthracis sent
through the U.S mail resulted in infection in 22 individuals,
including five fatal cases of inhalation anthrax, considerable
effort has been directed toward reevaluating our preparedness
for possible bioterrorist threats, including weaponized anthrax.

The morbidity and mortality associated with inhalation
anthrax are largely a result of the elaboration of two toxins,
lethal toxin (LeTx) and edema toxin. These toxins are classic
A-B toxins, where lethal factor and edema factor represent
the active moieties and protective antigen (PA) represents the
cell-binding moiety (5, 6, 20). Humoral immunity to PA can
successfully mediate protection from lethal challenges in ani-
mal models of inhalation anthrax, and the protection is corre-
lated with the ability of PA-specific antibodies to neutralize
LeTx in vitro in the toxin neutralization assay (TNA) (17, 21,
22, 35, 36, 41).

While PA-specific antibody titer has been shown to correlate
with TNA titers in vitro, this relationship demonstrates vari-
ability among different studies and in different species (19, 37,
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40, 43, 48, 50). Most PA-specific neutralizing monoclonal an-
tibodies (MAbs) show a more invariable linear relationship
between concentration and toxin neutralization (4, 46). These
findings can be reconciled, in part, by the fact that only a
fraction of the polyclonal antibody produced in response to
vaccination with PA contributes to LeTx neutralization (4, 39,
40). Indeed, analyses of human and murine MAbs suggest that
whereas immunization with whole PA elicits antibodies to a
wide range of sequences within the protein, the repertoire of
neutralizing antibodies is considerably more focused, limited
perhaps to only a couple of major regions in PA, including the
anthrax toxin receptor binding region in domain 4 and the
lethal factor- and edema factor-binding regions in domain 1 (4,
24, 25, 40). Though PA-specific antibody may contribute to
protection through mechanisms other than neutralization, for
example, by facilitating opsonization of spores (49), a re-
stricted neutralizing antibody repertoire represents a potential
vulnerability in PA-based vaccines (42, 44).

We previously showed that immunization of rabbits with a
multiple antigenic peptide (MAP) displaying amino acids (aa)
305 to 319 from the 2B2-2B3 loop in domain 2 of PA was
capable of eliciting antibody specific for a linear determinant in
the 2B2-2B3 loop, which mediated high-titer neutralization of
LeTx in vitro (31). This potentially important antibody speci-
ficity, referred to as the loop-neutralizing determinant (LND),
targets a critical molecular structure of PA involved in trans-
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locating edema and lethal factors into cells, where their enzy-
matic activities mediate their toxic effects. Importantly, anti-
bodies to the LND appear to be virtually absent in PA-immune
rabbits and may be present only at functionally insignificant
levels in human anthrax vaccine adsorbed (AVA) serum (14,
31). Thus, the LND appears to be immunologically silent or
cryptic in animals immunized with PA. Development of immu-
nogens which effectively target this cryptic epitope therefore
could be strategic in the event of malicious attempts to engi-
neer PA so as to escape the neutralizing specificities elicited by
AVA or other PA-based vaccines.

While capable of eliciting high-titer neutralization in re-
sponder rabbits, a first-generation LND-specific MAP ap-
peared to exhibit major histocompatibility complex (MHC)-
restricted nonresponsiveness, as it did not elicit antibody in two
of six MAP-immune rabbits. We hypothesized that this was
likely a result of deficient helper T-cell activity in the MAP
construct in general and specifically within the 305-319 peptide
sequence itself. We further hypothesized that the inclusion of
a potent helper epitope in a second-generation MAP construct
would result in immune responses characterized by decreased
MHC-restricted nonresponsiveness, higher antibody titer, and
higher antibody affinity, ultimately resulting in increased LeTx
neutralizing titers in vitro compared to those observed in a
previous study in which rabbits were immunized with a MAP
displaying the 305-319 sequence but without a defined helper
T-cell epitope (31). In the current study, we characterized the
T- and B-cell responses to the LND peptide sequence through
the analysis of linear peptides in the mouse model. Insight
from these studies was then used to design and study second-
generation MAP constructs in rabbits, with the goal of eliciting
high-titer, high-affinity LND-specific antibody responses capa-
ble of neutralizing B. anthracis LeTx in vitro at levels consistent
with protection of rabbits from an inhalation challenge with
aerosolized spores of B. anthracis.

MATERIALS AND METHODS

Synthetic peptides and recombinant proteins. Linear synthetic peptides used
for the T-cell proliferation studies of mice included aa 305 to 319 (GNAEVHA
SFFDIGG) from PA and a peptide representing the P30 helper epitope (GNN
FTVSFWLRVPKVSASHLE) from tetanus toxin (GenBank accession no.
AAA23282) (7, 33). A panel of peptides was also synthesized that comprised the
P30 peptide colinearly synthesized at the N terminus of peptide sequences from
the LND region of domain 2 of PA, as outlined in single-letter code in Fig. 3.
MAP304 and MAP305 are four-branched MAPs displaying P30 helper epitope
colinearly synthesized to either aa 304 to 319 (HGNAEVHASFFDIGG) or 305
to 319 from PA. The T-B peptides are linked at their C terminus to the lysine
core of the MAP. All synthetic peptides were synthesized commercially (Sigma-
Genosys, The Woodlands, TX). A recombinant protein for use in assessing
anti-LND peptide immunity by enzyme-linked immunosorbent assay (ELISA)
was molecularly constructed, expressed, and purified as previously described
(31). The recombinant protein displays two tandemly repeated copies of aa 299
to 327 (HTSEVHGNAEVHASFFDIGGSVSAGFSN) from domain 2 of PA
linked to maltose binding protein.

Immunization of animals and sample collection. Eight- to 12-week-old female
C57BL/6, SIL, C3H, BALB/c, or B6C3F1 (C57BL/6 X C3H) mice (Jackson
Laboratory, Bar Harbor, ME) were used for all mouse experiments. For mouse
antibody experiments, mice were immunized subcutaneously (s.c.) four times at
2-week intervals with 50 ug of PA (PA83; List Biological Laboratories, Inc.,
Campbell, CA), 12 nmol of a linear T-B peptide, or the P30 peptide alone mixed
with 10 pg of Quil A adjuvant. New Zealand White rabbits were used for all
rabbit experiments (Covance Research Products, Denver, PA). For immuniza-
tion of rabbits, female New Zealand White rabbits were immunized on day 0 with
250 pg of MAP304 or MAP305 or the linear T-B peptide, P30-PA305-319, in an
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emulsion with complete Freund’s adjuvant (CFA). Rabbits were then boosted at
2-week intervals with 125 ug of the respective MAP or linear peptide in an
emulsion with incomplete Freund’s adjuvant (IFA). Serum samples were col-
lected prior to the first immunization (day 0) and approximately 10 to 12 days
after each booster immunization. For MAP304-immune rabbits only, serial
bleeds were obtained at 2- to 4-week intervals after the final booster immuniza-
tions until sacrifice 7 months later, as noted in Results. Positive control hyper-
immune PA antiserum was generated and aliquoted from a previous study for
use as a standard reference reagent in the ELISA and LeTx neutralization assay
(31). These PA reference antisera have antibody titers (50% effective concen-
tration [ECsq]) of 34,291 and 37,225. All animal experiments and procedures
were approved by an Institutional Animal Care and Use Committee, and all
animals were cared for in accordance with the standards of the Association for
Assessment and Accreditation of Laboratory Animal Care International.

ELISA analysis. Individual rabbit antiserum was analyzed in duplicate by
ELISA as described previously (26). For analysis of antibodies specific for PA,
wells of microtiter plates (Immulon 2; Thermo Labsystems, Franklin, MA) were
coated overnight at 4°C with 100 ng of PA in a 0.05 M carbonate buffer, pH 9.5.
For analysis of antipeptide binding, wells were coated with 100 ng of a recom-
binant protein displaying two copies of the PA peptide spanning aa 299 to 327 as
a fusion with maltose binding protein. Bound antibody was detected with sec-
ondary biotinylated antibody specific for either mouse or rabbit immunoglobulin
G (Southern Biotechnology, Birmingham, AL), followed by streptavidin-alkaline
phosphatase and 4-nitrophenylphosphate (Roche, Indianapolis, IN). Absorbance
at 405 nm minus absorbance at 650 nm was determined using an ELISA reader
(EMax microplate reader; Molecular Devices, Menlo Park, CA). Antibody titers
were determined as previously described (31).

Antibody affinity. For the determination of peptide 50% inhibitory concentra-
tion (ICsy), serial twofold dilutions starting at 256 pM (2X) in dilution solution
(phosphate-buffered saline, 2% bovine serum albumin, 0.05% Tween 20) were
performed with either the P30-PA304-319 peptide or the P30 peptide. Experi-
mental serum was added to the diluted peptides in duplicate at a predetermined
dilution of one-half the reciprocal ECs, titer (2X). The serum-peptide mixtures
were allowed to equilibrate at room temperature for 2 h and then overnight at
4°C. On the following day, the serum-peptide mixtures were analyzed in the
standard ELISA as described above, and peptide ICs,s were determined for each
serum sample by using nonlinear regression to fit a variable slope sigmoidal
equation to the serial dilution data with Prism 5.0 (GraphPad Software, Inc., San
Diego, CA). Peptide IC5s were considered to represent good approximations of
the antibody dissociation constant (K,) (10).

Anthrax TNA. The ability of antibody to block LeTx action in vitro was
assessed using RAW 264.7 cells as described previously (31). Each TNA was
validated by a contemporaneous PA titration. For neutralization studies, 110
ng/ml PA was used along with 150 ng of lethal factor. The reciprocal of the
effective dilution at which 50% of the cells are protected from cytotoxicity (EDs)
(16) was determined for each serum sample by using nonlinear regression to fit
a variable slope sigmoidal equation to the serial dilution data set with Prism 5.0
(GraphPad Software, Inc., San Diego, CA). For comparative purposes, in some
figures, a y axis is included to enable interpretation of the TNA EDsj, relative to
the neutralization detected in the reference PA antisera described above. The
neutralization EDs, titers of the two PA-immune rabbits comprising the refer-
ence PA antisera fall within a range of titers validated to protect the rabbits from
100 to 200 50% lethal doses in a B. anthracis Ames strain aerosol spore challenge
(22, 23, 36). The TNA has a lower limit of detection of 16. Samples with antibody
or TNA titers below this limit were assigned a value of 16.

T-cell proliferation assay. Mice were immunized s.c. at the base of the tail with
12 nmol of the 305-319 or P30 peptide in an emulsion with CFA. Seven days after
priming, para-aortic and inguinal lymph nodes were aseptically removed, and
single cell suspensions were prepared. Pooled lymph node cells, representing
four to five mice per group, were cultured with the 305-319 peptide, P30 or an
irrelevant peptide, or PA in 96-well microtiter plates (Costar, Cambridge, MA)
at4 x 10° cells/well in AIM V medium (Invitrogen, Carlsbad, CA) supplemented
with 3% fetal bovine serum, 2 mM L-glutamine, and 50 X 10~° M 2-mercapto-
ethanol. The proliferative response was assessed by measuring the incorporation
of 1 uCi/well of [*H]thymidine during the final 16 h of a 4-day culture. The
stimulation index for each replicate was calculated by dividing the geometric
mean (in counts per minute) in the presence of test antigen by the geometric
mean in the presence of medium alone.

Statistical analysis. Student’s ¢ test was used to compare antibody affinities
between cohorts of rabbits immunized with MAPs containing the P30 helper
epitope or with no helper epitope. A P value of <0.05 was considered statistically
significant. Spearman’s p correlation was used to calculate correlations between
1C5, data and antibody titers with normalized TNA levels. All statistical analysis
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FIG. 1. Lymph node proliferative responses to the PA305-319 and P30 peptides in three strains of mice. Lymph node proliferative responses
to the PA305-319 peptide or to the P30 peptide in C57BL/6 (A), SJIL (B), or BALB/c (C) mice. Five mice per group were immunized s.c. at the
base of the tail with 12 nmol of the PA305-319 peptide or the P30 peptide in an emulsion with CFA. Ten days later, para-aortic and inguinal lymph
nodes were restimulated with the indicated concentrations of test antigen for 72 h and proliferation was assessed by scintillation counting following
incubation with tritiated thymidine. Stimulation indices represent the proliferation in the presence of test antigen divided by proliferation in the

medium alone. Error bars represent standard errors of the means.

was performed using GraphPad Prism software, version 5.0 (GraphPad Software,
Inc., San Diego, CA).

RESULTS

The PA305-319 peptide lacks helper T-cell activity in three
strains of mice. We suspected that the 305-319 sequence from
the LND of PA might be devoid of helper T-cell epitopes and
therefore evaluated the 305-319 peptide sequence in three
strains of mice with diverse MHC class II alleles, using the
lymph node proliferation assay. As shown in Fig. 1A to C, T
cells from C57BL/6 (H-2"), SJL (H-2°), and BALB/c (H-2%)
mice immunized with the 305-319 peptide failed to proliferate
when restimulated with either the 305-319 peptide or PA,
confirming that this sequence is devoid of helper T-cell activity
in these strains. Separately, we also determined that the 305-
319 peptide sequence fails to elicit T-cell responses in the C3H
strain (not shown). Lacking intrinsic helper epitopes, the
305-319 sequence behaves as a hapten and therefore re-
quires covalent linkage to a helper T-cell epitope for the
stimulation of humoral immunity. For provision of such
help, we evaluated the P30 helper T-cell epitope from tet-
anus toxin, which has been shown by others to stimulate

immune responses in several strains of mice with distinct
H-2 haplotypes and in outbred rabbits and primates (33). In
contrast to the lack of proliferation observed with the 305-
319 peptide, C57BL/6 and SJL mice immunized with the P30
peptide demonstrated robust proliferation to the P30
epitope in vitro (Fig. 1D and E); P30-immune BALB/c mice
exhibited comparatively lower levels of proliferation (Fig.
1F). C3H mice were found to be nonresponders to P30 (not
shown).

A synthetic T-B peptide elicits LeTx neutralizing immunity
in mice. To evaluate a T-B peptide immunogen with the P30
helper T-cell epitope and the LND B-cell epitope, we prepared
a peptide composed of the P30 epitope colinearly synthesized
at the N terminus of the 305-319 peptide sequence and eval-
uated the T-B peptide for immunogenicity in the C57BL/6 and
SJL strains. For these studies, separate groups of mice were
immunized with the P30-PA305-319 peptide, the P30 peptide
alone, or PA, using Quil A adjuvant in all cases. Immunization
of both strains of mice with the P30-PA305-319 peptide elicited
antibodies immunoreactive with immobilized PA by ELISA,
whereas no PA-specific antibodies were detected in the sera of
P30-immune control mice (Fig. 2A and B). As shown in Fig. 2,
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FIG. 2. Antibody and TNA titers in C57BL/6 and SJL mice follow-
ing immunization with PA, P30-PA305-319 peptide, or P30 peptide
alone. Five mice per group of C57BL/6 (A and C) and SJL mice (B and
D) were immunized four times at 2-week intervals with 50 pg of PA or
12 nmol of either the P30-PA305-319 peptide or the P30 peptide mixed
with 10 wg of Quil A adjuvant. Ten days after the last immunization,
mice were bled and sera were analyzed by ELISA for responses to
immobilized PA (A and B) or by in vitro TNA (C and D), performed
as described in Materials and Methods. The lower limit of detection
for both assays is 16, and data below this level are indicated with a
triangle. Bar charts represent geometric means. Error bars represent
standard errors of the means.
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PA was also immunogenic in both strains. When evaluated in
the TNA, the P30-PA305-319-specific antisera from both
strains of mice were shown to neutralize LeTXx in vitro (Fig. 2C
and D). As expected, PA-specific antiserum exhibited high-
titer neutralization in the TNA (Fig. 2C and D).

Immunogen Specific Activity

INFECT. IMMUN.

Optimization of the LND peptide sequence for elicitation of
neutralizing immunity. We proceeded to more precisely define
the optimal peptide sequence comprising the LND antibody
target. To this end, we synthesized a panel of peptides repre-
senting sequences both N and C terminal to aa 305 to 319 from
the 232-2B3 loop of PA, all colinear with the P30 helper se-
quence at their N termini. Separate groups of B6C3F1 mice
(H-2° X H-2%), a strain we experimentally confirmed to be a
responder to the P30 epitope (not shown), were then immu-
nized four times at 2-week intervals with one of the T-B pep-
tides, and antisera were evaluated by ELISA and TNA. Figure
3 demonstrates the specific activity, operationally defined as
the quotient of the EDs, TNA titers and the ECs, antibody
titers, associated with the group-specific antisera from mice
immunized with each of the T-B peptides. As shown in Fig. 3,
the peptide sequences associated with the highest specific ac-
tivity were focused within the region delineated by aa 304 to
319 of PA, with little activity observed in the sera of mice
immunized with the peptides comprising sequences within the
N- and C-terminal portions of the 232-233 loop region studied.

MAPs displaying T-B peptides elicit potent neutralizing im-
munity in rabbits. We next evaluated P30-containing T-B pep-
tides in outbred rabbits. We first evaluated the immunogenicity
of a linear T-B peptide in rabbits to allow us to determine what
contributions, if any, could be attributed to the MAP architec-
ture. Eight rabbits were immunized five times at 2-week inter-
vals with the P30-PA305-319 linear T-B peptide, using CFA for
priming immunizations and IFA for booster immunizations.
Though the linear P30-PA305-319 T-B peptide stimulated an-
tibody in seven of eight rabbits, only one rabbit had a high titer
response (reciprocal ECs, titer, >8,000) (not shown). This
rabbit, which had an antibody titer exceeding 32,000, devel-
oped significant TNA titers which approximated 50% of the
mean neutralization observed in control PA reference antisera
from two rabbits immunized five times with PA in CFA-IFA.
Sera from the other six responder rabbits demonstrated only
low or nondetectable levels of toxin neutralization in vitro.

We proceeded to evaluate two MAPs, each displaying four
copies per molecule of either aa 304 to 319 or aa 305 to 319,
each colinearly synthesized with the P30 helper epitope at the
N terminus. Three rabbits per group were immunized five
times at 2-week intervals with the respective MAP construct in

B Cell Epitope Sequence

P30-PA299-315
P30-PA304-319
P30-PA305-319
P30-PA308-319
P30-PA310-327

HTSEVHGNAEVHASFFD
HGNAEVHASFFDIGGS
GNAEVHASFFDIGGS
EVHASFFDIGGS
HASFFDIGGSVSAGFSNS

0 2 4 6

TNA /ELISA Ratio

10

FIG. 3. Comparative immunogenicity of P30 containing T-B peptides targeting the LND of PA. Groups of five B6C3F1 mice (C57BL/6 X C3H)
were immunized s.c. four times at 2-week intervals with 12 nmol of a synthetic peptide comprised of the P30 helper T-cell epitope colinearly
synthesized to an LND region peptide as described above. Sera were collected 10 days after the final immunization and analyzed by ELISA for
reactivity with immobilized PA and by TNA. Specific activity = (geometric mean TNA EDj, titer/geometric mean ECs, antibody titer) X 100.
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FIG. 4. Responses of rabbits immunized with MAP304 and MAP305. Antibody responses to immobilized peptide comprising aa 299 to 327
from PA (A and B) and to immobilized PA (C and D) and TNA activity (E and F) in sera from rabbits immunized at 2-week intervals with either
MAP304 or MAP305. Sera were obtained 10 days after the indicated bleed. In panels E and F, the left y axis corresponds to the ECy, neutralization
titer and the right y axis refers to the EDs, of the experimental serum divided by the mean ECs, neutralization titer of the positive control PA
antiserum multiplied by 100. The triangles represent the antibody and neutralization titers from the PA control antisera of two rabbits, which were
immunized as described in Materials and Methods. There was no detectable neutralization in the preimmune sera from any of the rabbits (not
shown). Each circle or square represents an individual rabbit data point, and the horizontal lines are geometric means. The immunization protocol
is diagrammed at the bottom of the figure.

emulsions with CFA for priming immunizations and IFA for
booster immunizations. Both MAPs were highly immunogenic,
rapidly inducing antibody responses that were immunoreactive
with both immobilized LND peptide sequence and PA (Fig. 4A

to D). Serum antibody responses from the MAP304-immune
rabbits displayed less variability and were more consistently
elevated compared to the responses seen in the MAP305 rab-
bits and achieved PA-specific antibody titers by their fifth im-
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FIG. 5. Comparison of antibody and TNA titers among rabbits
immunized with LND MAPs containing the P30 helper epitope or no
helper epitope. Comparison of geometric mean antibody (A) or neu-
tralization (B) titers in sera from rabbits immunized six times with
either MAP304 or MAP305, each of which contains the P30 helper
epitope, or a MAP displaying the 305-319 peptide without a helper
epitope. For comparison of neutralization titers, all titers were nor-
malized to neutralization from control PA antiserum, as described in
Materials and Methods. Error bars represent standard errors of the
means.

munization, equivalent to the polyclonal PA-specific antibody
responses from the control PA antiserum (Fig. 4C and D).

In the TNA, sera from the MAP304 rabbits, in particular,
were highly neutralizing, with all rabbits demonstrating neu-
tralization titers considerably exceeding that of the PA control
(Fig. 4E). One MAP304-immune rabbit and one MAP305-
immune rabbit had peak neutralization titers that were 23- and
19-fold higher, respectively, than that of the control PA anti-
serum, confirming previous observations that antibodies to the
LND can demonstrate significant potency (31).

Antibody and TNA titers from the sera of MAP304- and
MAP305-immune rabbits obtained after injection 6 (week 12)
were compared to the antibody and TNA titers from sera of
rabbits vaccinated in a prior study using the same immuniza-
tion regimen but with a MAP displaying the 305-319 sequence
without a helper epitope (31). The PA-specific antibody and
TNA titers in the sera of the MAP304- and MAP305-immune
rabbits were considerably higher than the titers in the sera of
rabbits immunized with the MAP without a helper epitope
(Fig. 5A and B).

MAP304-immune rabbits display durable neutralizing re-
sponses. We had previously observed excellent durability of
antibody and neutralization titers in rabbits immunized with a
MAP displaying the 305-319 LND peptide but lacking a helper
epitope. To assess the durability of the neutralizing responses
from the three MAP304-immune rabbits, we obtained serial
bleeds from the three rabbits following their sixth and final
immunization and evaluated the sera by ELISA and TNA.
Excellent durability of both antibody and neutralization titers
was evident in the antisera from all three rabbits, with little
diminution of the TNA titers over the 7 months following the
last immunization (Fig. 6A and B). At the final serum analysis,
29 weeks after the last immunization, two of three MAP304-
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FIG. 6. Durability of neutralizing antibody responses in
MAP304-immune rabbits. Serial analysis of the antibody (A) and
TNA (B) titers from three MAP304 rabbits at the time points
indicated following their sixth and final immunization. Diamonds
represent the antibody and TNA titers from the two rabbits which
comprise the PA control antisera.

immune rabbits still demonstrated neutralization titers that
were distinctly above the neutralization titers in the control PA
antiserum, and the third rabbit had neutralization levels only
marginally below the neutralization titers of the control PA
antiserum.

Determination of peptide-specific antibody affinity in sera
of MAP304- and MAP305-immune rabbits. We previously
showed that the neutralization present in the sera of rabbits
immunized with an LND-displaying MAP was completely in-
hibitable with peptide (31) and found this to be true in the
current study as well. As shown in Fig. 7, TNA activity in the
sera of MAP304 rabbits is completely and specifically inhibit-
able with the P30-PA304-319 linear peptide but was unaffected
by incubation with the P30 peptide alone. As expected, prein-
cubation of control PA antiserum with the P30-PA304-319
peptide had no effect on the neutralization titers of the control
PA antiserum.

Since the antibody responsible for the TNA activity in the
sera of MAP-immune rabbits was determined to be completely
peptide specific, we determined the peptide-specific ICss,
which are good approximations of the affinity (K;) of the LND-
specific antibodies present in the rabbit antisera (38). This
allowed us to evaluate (i) whether differences exist between the
peptide-specific affinity of antibodies in the sera of rabbits
immunized with a MAP containing the P30 helper epitope and
that of rabbits immunized without a helper epitope from a
prior study and (ii) whether a correlation exists between the
affinity of the LND-specific antibody and neutralization.

Sera from all six rabbits immunized with the MAP304 and
MAP305 constructs were highly avid, with peptide-specific
ICs0s (K,s) ranging from 37 to 86 nM and a mean ICs, of 56
nM (Fig. 8A). Sera from the four helper-free MAP-responder
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Antiserum Inhibitor was found to be more highly correlated with that of the TNA,
— with an 72 value of 0.68 (P = 0.001) (Fig. 9B).
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None potent specificity in the antibody repertoire elicited by whole
e Fa0 Eeptide PA, makes it an attractive and strategic target for an epitope-
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FIG. 7. Effect of preincubation of MAP304 and PAS83 antisera with
peptides in the in vitro TNA. Antisera from the three MAP304-im-
mune rabbits procured after the fourth immunization and control PA
antisera from two rabbits were incubated with 20 uM of the indicated
peptides for 30 min prior to assessment in the TNA. The lower limit of
detection for the TNA is 16, and data below this level are indicated
with a triangle.

rabbits from a previous study demonstrated significantly lower
antibody affinity, with a mean ICs,, of 105 nM (P = 0.019) (Fig.
8B and C). Peptide ICs,s from all of the MAP-immune rabbits
from the current study and previous study were found to be
inversely correlated with those of the TNA, with a coefficient of
determination (%) of 0.35 (P = 0.04) (Fig. 9A). Antibody titer

Freund’s adjuvant. Though the antibody titers in the control
PA antiserum were essentially equivalent to the antibody titers
in the sera of five of six of the LND-immune rabbits when
tested on immobilized PA (Fig. 4), the control PA titers reflect
immunoreactivity to a multitude of PA epitopes, only some of
which are neutralizing. Conversely, the LND-specific antibod-
ies exhibit considerably greater neutralizing potency, since they
are specific for a linear neutralizing epitope within the 232-233
loop, which our data for mice suggest resides between aa 304
and 319 of PA. The mapping to the peptide region comprising
aa 304 to 319 is inclusive of the >'*SFFD?'” sequences found to
represent the critical neutralizing determinant for several
MADbs specific for this site (13, 51).

MAP304 and MAP305 sera were found to exhibit consider-
ably higher antibody and neutralization titers than sera of
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FIG. 8. Determination and comparison of LND peptide-specific antibody affinities in sera from rabbits immunized with either LND MAPs
containing the P30 helper T-cell epitope or an LND MAP without a helper T-cell epitope. LND peptide-specific ICs,s were determined for antisera
of rabbits immunized with MAP304 or MAP305 (A) and for antisera of rabbits immunized with a MAP without a helper epitope (B) from a
previous study. Antisera from two rabbits immunized with MAP without a helper epitope which had no significant antibody responses were not
considered in this analysis. Peptide ICsys were determined as described in Materials and Methods. (C) Mean peptide-specific ICss in antisera from
rabbits immunized with the LND MAPs containing the P30 helper epitope were significantly lower than mean I1Css from the antisera of rabbits
immunized with MAP without a helper epitope (*, P = 0.019). Error bars represent standard errors of the means.
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FIG. 9. Correlation of peptide avidity and antibody titer with neutralization titers among MAP-immune rabbits. A significant negative
correlation between peptide ICs,s and normalized TNA titers (A) and a significant positive correlation between antibody titers and TNA titers
(B) were observed among all rabbits immunized with LND-containing MAPs. TNA titers from all MAP-immune rabbits were normalized to the
control PA antiserum, as described in Materials and Methods. Correlations were determined using Spearman’s p correlation. Note that two data

points overlap along the x axis at an antibody titer of approximately 0 in panel B.

rabbits immunized with a MAP displaying the 305-319 LND
sequence without a helper epitope from a previous study. The
potentiation of hapten-specific humoral immunity through the
use of helper T-cell epitopes parallels work with other models
but has not previously been shown with anthrax (9, 12, 28, 32).
The P30 helper T-cell epitope has been shown to potentiate
responses to covalently linked B-cell epitopes in both linear
and MAP formats (2, 30, 33, 45). The inclusion of the P30
helper T-cell epitope in MAP304 and MAP305 also likely
reduced the incidence of MHC-restricted nonresponsiveness
in the current study, since all rabbits demonstrated significant
antibody production, whereas two of six rabbits in a previous
study failed to produce meaningful levels of antibody when
immunized with a MAP displaying the 305-319 peptide without
a helper epitope (31).

Though all six MAP304- and MAP305-immune rabbits de-
veloped significant antibody titers, one rabbit failed to develop
meaningful levels of neutralization. The explanation for the
poor neutralizing response of this one MAP305 rabbit is un-
clear, but since this rabbit had the lowest PA- and LND-
specific antibody titer and LND-specific antibody affinity
among all the MAP-immune rabbits, it may have been a low
responder to the P30 helper epitope. The mouse strains used
to screen the P30 epitope were chosen to model the MHC
restriction present in an outbred population, based on their
relative diversity at the class II loci (18, 34). Though our in vivo
screening of the P30 helper epitope in mice revealed that
C57BL/6 and SJL mice were strong responders to the P30
epitope, BALB/c mice responded less well and we observed
nonresponsiveness to the P30 epitope in C3H mice. The mouse
results predict that in an outbred population, strong responses
are possible and perhaps most likely, though low-responder
animals will be seen as well. The rabbit with poor TNA titers
may be one such animal. Among the five other MAP304 and
MAP305 rabbits which did demonstrate neutralization, four

would have been expected to survive a lethal aerosol chal-
lenge with B. anthracis administered subsequent to the
fourth immunization and all five would have been expected
to survive a challenge administered after the sixth immuni-
zation (22, 23, 36).

The neutralization observed in the MAP304-immune rabbits
was found to be exceptionally durable, with TNA titers at 7
months after the last immunization still exceeding the PA
control levels. Though not of the duration observed in the
current study, we have noted durable antibody and neutraliza-
tion responses to a MAP containing the LND sequence in a
previous study (31). In both cases, rabbits received priming
immunizations with MAPs in CFA and booster immunizations
in IFA. It remains unclear to us whether the durability is a
function of the MAP and/or the use of CFA, though excep-
tional durability has been demonstrated in other models using
MAPs (47).

LND-specific antibody in the sera of MAP304- and
MAP305-immune rabbits was shown to have a significantly
higher affinity than the LND-specific antibody in the sera of
rabbits immunized without a helper epitope from a prior study.
This result is consistent with early seminal work with 2,4-
dinitrophenol, highlighting the critical role of cognate T-cell
help for the induction of high-affinity antibody to a covalently
linked hapten (11). The increase in affinity of LND-specific
antibodies in the sera of MAP304 and MAP305 rabbits may
have contributed to the increased TNA titers observed in the
sera of these animals compared to the neutralization titers
observed in rabbits immunized with an LND MAP without a
helper epitope. A few studies examining MAbs specific for PA
have demonstrated associations between antibody affinity and
anthrax toxin neutralization (27, 29). In the current study,
antibody affinity was found to correlate with TNA titer, with an
% value of 0.35. Not surprisingly, however, PA-specific anti-
body titer was shown to be more highly correlated to neutral-
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ization, with an r* value of 0.68. We anticipate that the corre-
lations between antibody titer and antibody affinity with TNA
may be higher than currently observed once we determine the
minimal epitope responsible for the TNA activity. Though we
have not yet mapped the minimal epitope, we have observed
that the correlations between peptide-specific antibody titer
and neutralization determined from analysis of MAP304 and
MAP305 antisera are higher when evaluating reactivity to the
299-315 peptide sequence than to the 304-319 peptide se-
quence (not shown). These data suggest that the minimal neu-
tralizing epitope likely resides between aa 304 and 315.

A totally synthetic LND vaccine for anthrax might find utility
in a number of potential scenarios where the induction of
rapid, high-titer neutralization might be needed. These might
include postexposure scenarios where the administration of a
whole PA-containing vaccine might present safety concerns,
unvaccinated but high-risk populations, individuals poorly re-
sponsive to AVA vaccination (15), and lastly, but perhaps most
importantly, scenarios where the neutralizing specificities stim-
ulated by AVA might be intentionally subverted (1, 3, 8).
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