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1 Introduction
Anthrax is a severe infectious disease caused by Bacillus anthracis. Although primarily a
disease of animals, it also infects humans and sometimes with fatal consequences [1]. Until
recently the availability of effective animal vaccines coupled with the scarcity of human
disease resulted in the organism receiving little attention outside of the military. The ability
to form heat-resistant spores, which infect via the lungs, together with its presence in nature
and the simplicity of the production technology makes the organism an attractive biological
weapon for extremist groups [2]. The recent spread of anthrax spores through the U.S. postal
system demonstrates the disruption and dramatic consequences that such an attack can
inflict [2].

The capacity of B. anthracis to cause disease is dependent on the production of a
polyglutamic acid capsule, which confers resistance to phagocytosis, and the expression of a
tripartite toxin comprising protective antigen (PA, responsible for cell binding), edema
factor (EF, a toxin acting via cAMP modulation) and lethal factor (LF, a metalloprotease
which modulates MAP-kinase mediated signal transduction) [3]. The toxin follows the AB
model: the A moiety contains the catalytic subunits LF and EF, while the B moiety, PA,
serves to translocate either EF or LF into the cytosol of the cell [1].
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LF is a 90,000 MW protein containing 776 residues which encompass four distinct domains
[4]. The N terminal domain [domain 1 (LFD1)] facilitates binding of the protein to PA prior
to membrane translocation. This region shares sequence homology with the N terminal
domain of EF, which is not surprising given the fact that EF also binds to the same region of
PA. The remaining regions of EF and LF mediate the catalytic activity of these enzymes. In
the case of LF, domains 2 (LFD2), domain 3 (LFD3) and domain 4 (LFD4) form a long
deep grove that holds the 16-residue N-terminal tail of MAPKK-2 prior to cleavage by the
zinc metalloprotease catalytic centre located within domain IV [5].

PA is a 83,000 MW protein which also comprises four distinct regions [6]. The N terminal
[domain 1 (PAD1)] region contains two calcium ions and a recognition site for protease
activation. Cleavage of PA results in the release of a 20 K amino-terminal (PA20) and the
subsequent assembly by PA63 of a heptamer, a ring-shaped structure with a negatively
charged lumen, leading to the exposure of a large hydrophobic surface to which LF and EF
binds. Currently, the contribution of the released PA20 to pathogenicity is unclear. Gene
expression studies have shown that this fragment is able to induce apoptosis in human
peripheral blood leukocytes [7] and recent studies by Reason and colleagues suggests that
PA20 may have a role as an immune system decoy [8–9].

The cell surface bound PA63 fragment consists of a heptamerization domain [domain 2
(PAD2)] which contains a large flexible loop implicated in membrane insertion, a small
domain of unknown function [domain 3 (PAD3)] and finally a 139 amino acid carboxy-
terminal host cell receptor-binding domain [domain 4 (PAD4)] essential for host cell
intoxication which is thought to contain dominant protective epitopes [10].

Numerous animal studies have confirmed the role of PA as the principal protective
immunogen in the licensed US and UK human vaccines and have demonstrated its ability to
elicit protective immunity against aerosol spore challenge [1]. While effective, these
vaccines suffer from the requirement for a multiple dose priming series followed by yearly
booster shots. In addition, adverse local reactions such as soreness, redness, itching and
swelling at the site of injection have been observed, which have been attributed to trace
amounts of LF and other bacterially derived, immunogenic antigens [11–14]. For this reason
considerable effort is being directed towards developing a replacement, single protein
vaccine comprising non-toxic recombinant PA.

Protective immunity against anthrax is thought to be primarily antibody mediated [15–16];
and strong correlation has been shown between PA-specific antibodies with toxin
neutralizing activity (TNA) and protection in several animal models [17]. A similar
association has also been found between PA-specific IgG and toxin neutralizing activity in
serum from infected and vaccinated humans [18–19]. TNA antibodies are in fact considered
to be a correlate of immunity for protection of vaccinated individuals.

Given the tripartite nature of the anthrax toxin one would also expect other components of
the toxin, LF and EF, to stimulate the production of toxin neutralizing antibodies. Indeed,
LF alone expressed from a DNA vaccine protected mice against a lethal toxin challenge and
when given as a truncate protein, it provided some protection to rabbits against aerosol
challenge with spores of the highly lethal Ames strain [20–21]. In addition to conferring
protection, LF appears to be a more potent human immunogen than PA. Our group has
shown that individuals with cutaneous anthrax had a much faster and robust antibody
response to LF than to PA [22]. The UK human anthrax vaccine (AVP) also stimulates LF-
specific antibodies albeit at a much lower level than that seen for PA, probably reflecting the
relatively smaller amount of LF in the vaccine, i.e., the average concentration of PA and LF
in AVP is 7.5 mg/ml and 2.5 mg/ml respectively [23, B. Hallis, HPA, UK, pers. comm.].
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It has been suggested that vaccines such as AVP which contain both PA and LF would be
able to confer protection against strains of B. anthracis in which PA has been genetically
modified, either by nature or as a consequence of genetic engineering [24–26]. Further
support for the inclusion of biologically inactive LF in a future anthrax vaccine is provided
by the observation that when co-administered with PA, LF enhances the magnitude of the
PA specific antibody response in mice [27–28]. The adjuvant effect of LF resides in the non-
toxic N terminal domain (LFD1, amino acids 1–254). This region has been exploited by
researchers as a means of delivering foreign antigens, leading to the stimulation of CD8+

and CD4+ T cells responses [28–30]. Surprisingly, however, little is known about the human
T cell response to both PA and LF, following both infection and vaccination, other than that
it is relatively long lived [31].

To determine the contribution of LF to the protective immune response stimulated by the
current UK licensed human anthrax vaccine, we characterised the antibody and T cell
responses of immunized volunteers. Animal studies were undertaken to identify the
immunodominant and protective regions of the protein, and the effect of co-administering
individual LF domains with PA. Finally a fusion protein comprising the N terminal domain
of LF (LFD1) and the C terminal, immunodominant domain of PA (PAD4) was constructed
and shown to confer complete protection against lethal challenge with anthrax.

2 Materials and methods
2.1 Construction of recombinant protein expression systems

Recombinant proteins including PA, the C terminal domain of PA (PAD4, amino acids 552–
735), biologically inactive LF (LF7, a mutant in which glutamic acid replaces cysteine at
position 687), the individual domains of LF (LFD1, LFD2, LFD3, LFD4 and LFD2–4 as
described by Pannifer and colleagues [4] on the basis of the crystal structure), and a fusion
protein (LFD1-PAD4) comprising the N terminal domain of LF (LFD1, amino acids 1–254)
and the C terminal domain of PA (PAD4), were cloned and expressed from Escherichia coli
as recombinant N terminal histidine tagged proteins using a commercially available
expression system (pQE30 or pQE80L - QIAgen Inc). Due to the high AT nucleotide
content of both PA and LF the corresponding gene sequences were codon optimised for
expression in E. coli (GenScript Corp). Once constructed all expression vectors were stored
at −70°C until required.

2.2 Expression of recombinant proteins
The individual protein expressions systems were optimised to obtain maximum protein
yield. Briefly, cultures derived from a single colony were grown overnight at 37°C in LB
broth supplemented with either ampicillin (100 µg/ml) or ampicillin plus kanamycin (100
µg/ml and 50 µg/ml, respectively), as appropriate. Overnight cultures were then diluted in
fresh LB broth (containing appropriate antibiotics) and incubated at 37°C (250 rpm) until
they reached an OD600 of 0.550–0.600. To induce protein expression, isopropyl β-D-
thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM. Cultures were
then incubated at the optimum temperature and time period for maximum protein yield;
LF7, LFD2, LFD4, LFD2–4 and LFD1-PAD4 were incubated overnight at 25°C, LFD3 was
incubated overnight at 30°C, PA and LFD4 were incubated for 4 hours at 37°C. Cells were
harvested by centrifugation at 10,000 g at 4°C for 20 minutes.

Bacterial pellets containing the recombinant protein were disrupted using a French Press
(Thermo Scientific, Fisher) and centrifuged at 45,000 g at 4°C for 20 minutes. The resulting
supernatant was then incubated with Talon® metal affinity resin (Clontech Laboratories) to
bind the N terminal histidine tag. Following washing, the protein was recovered at 4°C using
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an elution buffer containing 150 mM imidazole, 50 mM sodium phosphate and 300 mM
NaCl, (pH 7), and dialyzed against HEPES buffer (10 mM HEPES, 50 mM NaCl, pH 7.5)
using a 10,000 MW cut off dialysis cassette (Pierce, Thermo Scientific).

The identity of the proteins was confirmed by SDS-PAGE (PhastGel; Amersham-
Pharmacia) and Western Blot analysis. Protein bands were detected either by staining with
PhastGel Blue R or, after electrophoretic transfer onto polyvinylidene difluoride membranes
(Millipore) by using rabbit anti-LF or anti-PA sera. All exhibited the expected sizes and
were recognized by specific antibodies. The endotoxin content of the different protein
preparations was determined by the Limulus amoebocyte lysate linetic-QCL assay according
to the manufacturer’s instructions (Lonza). Protein concentrations were determined using the
BCA protocol (Pierce, Thermo Scientific) [32].

2.3 Human immune studies
2.3.1 Immune donors—Blood samples were taken with full informed consent, from four
volunteers routinely vaccinated every 12 months for a minimum of 6 years with the UK
Anthrax Vaccine Precipitated (AVP) vaccine (UK Department of Health) under approval by
the CBD Independent Ethics Committee for the UK Ministry of Defence.

2.3.2 Antibody responses—Western blots were performed to confirm that subjects
responded to both PA and LF. Recombinant PA and LF were produced as previously
described [13,33]. Endotoxin levels for the PA and LF proteins were <1 EU/mg and <4 EU/
mg, respectively. Each protein (5 µg) and a 1 Kb size marker (Bio-Rad, California, USA)
were loaded onto a 4–20% Tris-HCl polyacrylamide gel (Bio-Rad, California, USA) which
was blotted onto nylon membranes. Membranes were washed with PBS (pH 7.2) (1%
Tween-20), blocked overnight at 4°C with 1% PBS-Tween-20 (PBST) containing 5% non-
fat dry milk (PBSTM) and incubated with sera (1:2,500) for 1h at 4°C. A secondary HRP-
labeled goat anti-human antibody (diluted 1:10,000 in PBSTM) (Roche Diagnostics
Corporation, Indianapolis, IN) was added for 30 min at 4°C. The membranes were
developed with 3, 3', 5, 5' - tetramethylbenzidine (TMB) membrane peroxidase substrate
(KPL, Maryland, USA) and the reaction was quenched with dH2O.

2.3.3 T cell analysis—Peripheral blood mononuclear cells (PBMC) were prepared from
whole blood by Ficoll density-gradient centrifugation (Histopaque; Sigma, UK). The cells
were washed and suspended in AIM-V serum-free medium (Invitrogen, UK). Proliferation
in response to PA and LF was determined by 3H-thymidine incorporation. Cells, added in
triplicate to 96-well flat-bottom plates at 3.5 × 105/well, were incubated with media only, 25
µg/ml of recombinant anthrax protein or 25 ng/ml of staphylococcal enterotoxin B (SEB) as
positive control, for 5 days. 3H-thymidine (1 mCi/ well) was added 8 hours prior to cell
harvest and incorporation was measured in a scintillation counter. Results are expressed in
stimulation indices (SI) calculated as mean cpm measured in wells containing cells and
antigens/ cpm in control wells containing cells and media alone.

2.4 Murine immune studies
2.4.1 Immunization—Immunogenicity studies were performed in female BALB/c mice
(8–10 wks-old from Charles-River Laboratories) that were randomly allocated to different
groups (10 mice per group) and immunized intramuscularly (i.m.) on days 0 and 28, with 10
µg of each of the following proteins: LFD1, LFD2, LFD3, LFD4, LFD2–4 and LF(LF7)
alone and in combination with 10 µg of PA, in the presence of 0.5% alum (a 100 µl dose
was given 50 µl in each hind leg). Serum samples were collected on days 0, 28, 56, 71 and
109 after vaccination. Additional groups were immunized with PAD4 and LFD1-PAD4 in a
similar manner and sera were collected on days 0, 13, 27, 42 and 56. Protein-Alhydrogel
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adsorption was performed the day prior to vaccination; the protein was mixed with
alhydrogel (Brenntag Stinnes Logistics, Frederikssund, Denmark) and incubated for 20
minutes at room temperature and then overnight at 4°C. For challenge experiments female
A/J mice (8–12 wks-old obtained from Harlan UK, Ltd.) were immunized i.m. on days 0, 14
and 28 with 10 µg of either LF7 or LFD1 (first experiment) or PA, PAD4 LFD1, LFD1-
PAD4 (second experiment) adsorbed to alum (alhydrogel), as described above. Serum
samples were collected at different time points for antibody measurements. These
experiments were approved by the University of Maryland or DSTL, Porton Down animal
care and use committees.

2.4.2 Antibody responses—Serum IgG antibodies specific for B. anthracis LF and PA
were measured by enzyme-linked immunosorbent assay (ELISA) [13]. Briefly, plates were
coated with LF or PA (List Biological Laboratories) at 1 or 2 µg/ml in PBS, respectively, for
3 h at 37°C. Plates were washed with PBST and blocked overnight with PBS containing
10% dry milk (Nestle USA Inc., Glendale, Calif.). Serially diluted serum samples were
incubated for 1 h at 37°C. PA and LF specific antibodies were revealed with HRP-labeled
goat anti-mouse IgG (Roche Diagnostics Corporation, Indianapolis, IN) followed by TMB
Microwell Peroxidase Substrate (KPL). The reaction was stopped by adding 100 µl of 1 M
H3PO4 after 15 min incubation. Titers were reported as dilutional end-points calculated
through linear regression equations as the inverse of the serum dilution that produced an
A450 value of 0.2 above the blank (ELISA Units per ml), as previously described [34]. All
samples were assayed in duplicate and a positive calibrated control included in each assay.
For measurement of serum IgG specific for LF and PA in the protection experiments,
ELISAs were performed as previously described [34], with titres calculated as the inverse of
the serum dilution that produced an A414 value of 0.1 above the blank.

Anthrax toxin neutralizing activity (TNA) antibodies were measured as described previously
[19]. Serially diluted serum samples were incubated with anthrax lethal toxin [PA + LF (List
Biological Labs)] in 96-well plates for 1 h at 37°C and the mixture was transferred to a
monolayer of J774A.1 cells. Viability was assessed by addition of tetrazolium salt MTT at 5
mg/ml. Titers were calculated as the reciprocal of a serum-sample dilution that resulted in
50% neutralization of toxin-mediated cytotoxicity (ED50), corresponding to the inflection
point of a 4-parameter logistic-log fit curve. ED50 data were obtained using an end-point
algorithm (Taylor method) developed by the Centers for Disease Control and Prevention
(CDC) [35–36].

2.5 B. anthracis spore challenge
The challenge experiments were carried out blinded and adhered strictly to the UK Animals
(Scientific Procedures) Act of 1986. B. anthracis STI (Tox+ Cap−) spores were prepared as
described previously [34]. Female A/J mice were immunized i.m. on days 0, 14 and 28 with
10 µg of PA, LF, LFD1, PAD4 or LFD1-PAD4 adsorbed to alum, as described previously.
For the LF protection experiment, serum samples were collected on day 73 and mice were
inoculated intraperitoneally (i.p.) with 100 lethal doses (MLD) of B. anthracis STI spores
(~105 CFU) on day 81. For the fusion protein experiment, serum samples were collected on
day 62 and mice were inoculated i.p. with ~2×105 CFU STI spores on day 70. Following
challenge, mice were closely observed for 14 days to determine their protective status.
Humane endpoints were strictly observed; any animal that displayed a collection of clinical
signs that indicated a lethal infection (e.g., piloerection, posture and mobility problems) was
promptly euthanized.
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2.6 Adsorption assay
ELISA plates were coated with 1 or 2 µg/ml of either LF or PA, respectively, or PBS alone
(negative control) for 3 h at 37°C and washed with PBST. Serial dilutions of mouse sera
were added and incubated overnight at 4°C. After incubation, 100 µl of adsorbed sera were
transferred to a new antigen coated plate and a regular ELISA was run as described above.
Positive anti-PA and anti-LF and negative controls were used in each assay.

2.7 Statistical analysis
Antibody titers were log transformed for calculation of geometric mean titer (GMT) and
confidence intervals. Differences in titers among groups were assessed by Student’s t test
and Mann Whitney Rank Sum Test when normality failed and by ANOVA with Bonferroni
adjustment. For proliferation assays, mean cpm in experimental groups were compared to
unstimulated controls using the Friedman test with Dunn's Multiple Comparison post-hoc
testing. A P value of < 0.05 was considered statistically significant. Statistical analysis was
performed using SigmaStat 3.0 (SPPS Inc. Chicago) and GraphPad® software (Prism,
California, USA).

3 Results
3.1 Human immune response to B. anthracis PA and LF

We examined the antibody and T cell responses to PA and LF of four volunteers immunized
with the UK licensed human anthrax vaccine (Fig. 1). All four vaccinated subjects
developed antibodies in response to LF and PA, with subjects 3 and 4 showing the highest
responses against both proteins (Fig. 1A). These same individuals also exhibited robust
proliferative T cell responses against both PA and LF, whereas the other two responded only
to LF, and to a lower degree (Fig. 1B). Despite the variability, the magnitude of the
serological responses to PA and LF, represented by the band intensity in the western blot
analysis, followed the trend of the T cell proliferation. In all vaccinees, the cellular
responses to LF were of a significantly greater magnitude than those to PA (P = 0.0046),
with the mean stimulation index (SI) to PA being 1.49 compared to 28.08 for LF.

3.2 Cloning and expression of individual LF domains
The analysis of the crystal structure of lethal factor revealed the presence of four distinct
domains comprising a protein of 776 amino acids [4]. Domain 1 located at the N terminus
(aa 1–254) mediates binding to PA, domain 2 (aa 263–297 and 385–550) shares structural
homology with the catalytic domain of B. cereus toxin VIP2. Domain 3 (aa 303–382) is
located within domain 2 and is involved in substrate recognition, while domain 4 contains a
zinc binding metalloprotease catalytic motif. To determine the contribution of each of these
regions to the immunogenicity and protective efficacy of the entire protein, the following
recombination proteins were expressed from E. coli as histidine tagged proteins; LFD1 (aa
1–254), LFD2 (aa 263–550), LFD3 (aa 303–382), LFD4 (aa 552–776), LFD2–4 (aa 263–
776) and finally full length biologically inactive LF [LF7 (aa 1–776)]. The size of each
fragment was confirmed by SDS-PAGE gel analysis (Fig. 2); all proteins were recognized
by LF-specific rabbit polyclonal antisera in a western blot analysis (data not shown). These
recombinant domains represent a tool for characterisation of immune responses stimulated
by the entire protein. Probing with polyclonal sera obtained from AVP-immunized and
anthrax infected animals and humans revealed that domains 2 and 4 stimulated by far the
strongest IgG antibody responses (Fig. 3A) and T cell proliferation in human AVP vaccines
(Fig. 3B).
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3.3 Serum IgG responses to individual LF domains
We next examined the immunogenicity of each recombinant LF domain when administered
parenterally to mice, as subunit vaccines adsorbed to alum. The kinetics of the serum IgG
responses to each domain are shown in Fig. 4A. All of the domains were found to be highly
immunogenic. LFD3 elicited a robust IgG response but it was significantly lower compared
with the other groups.

3.4 Toxin neutralizing antibodies
It has been shown across different animal species, including mice, that the level of toxin
neutralizing antibodies, a sub-component of the overall toxin specific response, correlates
with protection. Hence, we measured the TNA responses in mice immunized with the
individual LF domains and compared them with those induced by PA, approximately 3
months after the last immunization (Fig. 4B). LF domains 1 and 2 were able to stimulate
TNA antibodies at levels which were previously shown (with serum from PA-immunized
mice) to confer protection against a lethal spore challenge (GMT > 100) [13].

However, no such activity was seen for either domain 3 or domain 4. The failure of domain
3, which is located within domain 2 and is known to contain a linear TNA binding site, and
domain 4 to stimulate TNA is not as easy to explain [37–39]. Indeed the ability of the fusion
protein comprising domains 2, 3 and 4 to stimulate a much greater TNA response suggests
that whole protein contains additional toxin neutralizing epitopes that are lost when the
domains are expressed as individual proteins. Despite eliciting robust IgG responses, neither
the LF fragments, nor the entire LF (LF7) protein, were as effective as PA at raising TNA
antibodies.

3.5 Co-delivery of LF domains with PA
The ability of PA to enhance the host’s immune response to biologically inactive LF and
fusion proteins has been demonstrated in animal studies and is a consequence of the ability
of PA to transport LF into the cytosol of antigen presenting cells [27–28]. This system has
been exploited to deliver payloads such as T cell epitopes to the cytosol of immune cells
[29–30,40] through fusion proteins which carry the desired antigen linked to the non-toxic,
PA binding N terminal domain of LF (LFD1). To determine whether the magnitude of the
domain specific antibody response could be enhanced in the presence of PA, mice were
immunized as described above, with either 10 µg of the LF domain alone or in combination
with 10 µg PA in the presence of alum. The kinetics of the specific IgG antibody responses
determined by ELISA are shown in Fig. 5A. There was no obvious increase in LF-specific
IgG antibody response when an LF domain was co-administered with PA (Fig 4A and 5A).
There were no differences in the PA-specific IgG responses either (data not shown). It
should be noted that the specific antibody responses to the individual domain stimulated
during this study were extremely high and as a consequence any adjuvant effects may have
been masked. The TNA antibody titers for the animals immunized with PA and LF domains
are shown in Fig. 5B. Only LFD1, when administered in combination with PA, had
enhanced levels of TNA. In fact, the presence of some of the LF domains appeared to reduce
the toxin neutralizing response although the differences with the PA group were not
statistically significant.

3.6 LF-specific protection data
Because of the robust TNA responses elicited by LFD1, particularly when co-administered
with PA, this domain became a lead component for a combined multi-subunit vaccine. Thus,
we next examined the capacity of LFD1 and the biologically inactive LF (LF7) to protect
against a lethal anthrax spore challenge. A/J mice were immunized i.m. on days 0, 14 and 28
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with 10 µg of protein adsorbed to alum. Remarkable LF-specific serum IgG titers against
both proteins (mean levels >10,000 µg/ml) were observed prior to challenge (Fig. 6A). The
TNA responses (Fig. 6B) also exceeded levels previously shown to be protective [34]. All of
the animals immunized with either full length LF or LFD1 survived a lethal i.p. challenge
with ~1×105 CFU (100 MLDs) of B. anthracis STI spores, while mice in the naïve control
group all died by day 5 (Fig. 6C).

3.7 LFD1-PAD4 fusion protein
The results presented above support the supposition that the addition of biologically inactive
LF or indeed domain 1 of LF to a vaccine comprising PA would enhance both the level and
spectrum of protection. While it is technically feasible to express and individually purify
each protein, a more elegant and cost effective approach would be to combine the essential
regions from PA and LF into a single fusion protein. In a previous study we demonstrated
that domain 4 of PA, the region of the protein which binds to a receptor on the surface of the
target cell, is able to confirm protection when given as a recombinant protein [34]. Given
that domain 1 of LF is also protective and represents the region through which LF binds to
PA we reasoned that a fusion protein comprising domain 1 of LF and domain 4 of PA would
confer a level of protection comparable to that achieved by PA. Therefore, a fusion protein
comprising both domains was constructed and its immunogenicity in mice determined as
previously described. High levels of LF and PA-specific IgG antibodies were produced after
immunization (Fig. 7). The results suggest that the orientation of the LFD1-PAD4 fusion
had no deleterious effect on its ability to stimulate antigen specific immune responses.
Somewhat surprising was the finding that animals immunized with recombinant LF (LF7)
mounted a weak cross reacting antibody response to PA, which was subsequently boosted
by repeat immunization (Fig. 7B). Extensive characterisation of the LF used in these studies
confirmed that the response was not due to contamination with PA (data not shown). We
confirmed this observation by absorbing mouse sera with PA or LF, revealing the remaining
antibodies by ELISA. Table 1 shows that mice immunized with LF mounted a PA specific
response, the magnitude of which was substantially reduced following adsorption with PA.
A similar response was not observed with LFD1 suggesting that the cross reaction is likely
due to cryptic epitopes located within the remaining domains of LF.

3.8 Protection against injected B. anthracis STI challenge following immunization with
recombinant fusion proteins

Finally, we determined the ability of the fusion protein (LFD1-PAD4), individual domains
(LFD1 and PAD4), and PA to protect groups of A/J mice against a lethal anthrax spore
challenge. Mice were immunized with the proteins adsorbed to alum, as described above.
Two months after immunization, they were challenged i.p. with ~2×105 CFU (200 MLDs)
of B. anthracis STI spores and monitored for 14 days for signs of morbidity. The
unvaccinated (PBS) control group died by day 5 after challenge. In contrast, for all the
protein tested, a high degree of protection (87.5 to 100%) against anthrax infection was seen
in the immunized groups (Table 2). PA and LF-specific antibodies were measured prior to
the challenge (Table 2). The antibody response stimulated by the LFD1-PAD4 fusion
protein was lower compared to that induced by the individual domains, which probably
reflects a difference in antigen content, 10 µg of LFD1-PAD4 would contain roughly half
the amount of LFD1 or PAD4 present in 10 µg of each protein alone. In spite of the slightly
lower antibody responses, the ability of the fusion protein to confer solid protection
indicates its potential as a future vaccine candidate.

Baillie et al. Page 8

Vaccine. Author manuscript; available in PMC 2011 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4 Discussion
The AVP vaccine has been in use for nearly 40 years [1] and while animal studies have
identified the production of toxin neutralizing antibodies as the key protective component,
surprisingly little attention has been paid to the contribution of the vaccine specific T cell
response. Indeed memory CD4+ T cells are likely to be essential for the generation of
neutralizing antibody, class switching, and affinity maturation [41]. A recent paper from
Allen and colleagues reported that the memory T cell response to the whole vaccine of AVP
immunized humans was long-lived and involved a high frequency of Th1 and Th2 cells [31].
To better understand the responses generated by the individual antigens which comprise
AVP we examined the antibody and T cell responses to PA and LF in four volunteers
immunized with AVP. Somewhat surprisingly, given the fact that AVP contains lower levels
of LF than PA (2.5 mg/ml vs. 7.5 mg/ml, respectively), the LF specific T cell responses
(mean SI = 28.1) were found to be significantly higher (P = 0.0046) than those seen for PA
(SI = 1.49), suggesting that LF is able to stimulate robust memory T cell responses. As a
matter of fact, 2 of the 4 vaccinated subjects failed to mount a detectable PA-specific T cell
recall response, indicating that there may be some value in modifying PA to enhance its
CD4 T cell composition, particularly if the protein is to be employed as the sole immunogen
in a next generation human vaccine.

To further investigate the T cell and antibody responses invoked by LF we determined the
ability of AVP immunized volunteers to respond to individual LF domains. While these
vaccinees mounted strong antibody and T cell recall responses to domains 2 and 4, they
showed relatively poor responses to domain 1 and 3. The lack of T cell response to domain 1
was unexpected given that this region contains at least one human toxin neutralizing B cell
epitope and has recently been shown to contain a further five strong murine B cell epitopes
[38–39]. Thus the context in which individual domains of LF, rather than the whole protein,
are presented to the immune system may affect the quality of the resulting protective
antibody response.

Numerous animal studies have confirmed the ability of PA, the principal immunogen of the
US (AVA) and UK (AVP) human vaccines to stimulate protective TNA antibodies. While
PA also invokes the production of antibodies in humans, the quality of this response has yet
to be fully characterised. Reason and colleagues recently found that the PA specific antibody
response of AVA immunized humans is biased towards the N terminus of the immunogen,
specifically PA20, a region which is cleaved following cell surface binding and is thought to
play no further role in intoxication [8–9]. It is yet to be determined if a similar bias is
observed with AVP. Interestingly, only 18% of the antibodies generated by AVA which
recognised PA20 possessed toxin neutralizing activity, while 31% of the antibodies directed
against PA63, the region of the molecule that includes the cell surface binding region domain
4, were toxin neutralizing [8]. The role PA20, if any, in protection is presently unclear.
While it is not thought to play a direct role in toxin uptake, it may act as an antibody decoy,
allowing subsequently expressed PA free access to cell surface receptors. Thus the
protective efficacy of PA could be further enhanced by altering the structure of PA to shift
the epitope bias towards more functionally relevant regions of the molecule, such as domain
4, which as a recombinant protein can protect mice against a lethal spore challenge [8,10].

In addition to PA the AVP vaccine also contains trace amounts of LF capable of stimulating
T cell and antibody specific responses [23,42, B. Hallis, HPA, UK, pers. comm.]. The ability
of biologically inactive LF and individual domains of the protein alone to invoke protection
against anthrax has been demonstrated in this and other studies [20,22]. While all of the LF
domains with the exception of domain 3 stimulated robust antibody responses, only domains
1 and 2 generated TNA titers comparable in magnitude to the protective levels achieved
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following immunization with PA [12]. While a direct correlation between LF-induced TNA
and protection has yet to be reported, a number of studies, including our own, have
demonstrated the ability of toxin neutralizing LF specific monoclonal antibodies to protect
naive animals against lethal anthrax spore challenge, supporting the assumption that
immunization with LF is able to stimulate a protective TNA response [37–39,43]. Indeed the
presence of linear B cell epitopes recognized by TNA antibodies within domains 1 and 2
may in part explain their neutralizing activity [37–39].

The failure of domain 3, which is located within domain 2 and is known to contain a linear
TNA binding site, and of domain 4 to stimulate detectable levels of TNA was surprising
[37,39]. This lack of response could reflect a failure of the immune system to process the
isolated recombinant domains in the same manner as it would if they were presented in the
context of the complete protein [39]. Alternatively, whole protein contains additional linear
and conformational toxin neutralizing epitopes which are lost when domains are expressed
as individual recombinant proteins. The ability of a fusion protein comprising domains 2, 3
and 4 of LF to stimulate much greater TNA titers than seen with domain 2 alone lends
support to this supposition.

The ability of PA to enhance the antibody response to biologically inactive LF and fusion
proteins has been reported and thus we sought to determine if co-delivery of PA with
individual LF domains would enhance the protective efficacy of the resulting antibody
immune response, specifically the toxin neutralizing titer. Only domain 1, the region of LF
which mediates binding to PA, was found to enhance the TNA response. Surprisingly, some
combinations of PA and LF regions, such as domain 3, appeared to suppress the TNA titer.
Indeed mice immunized with full length recombinant LF (LF7) but not LFD1 mounted a
cross reacting antibody response to PA. It is possible that the process by which recombinant
LF and its domains are expressed from E. coli resulted in recombinant proteins whose
physical properties are sufficiently altered from those of native LF to result in the
presentation of previously unseen B cells epitopes to the immune system [44]. Thus while
these epitopes fail to stimulate an antibody response on primary immunization with PA they
are recognised in animals given rLF. Conceivably cross reacting antibodies could hinder the
binding of toxin neutralizing antibodies and thus account for the reduction in titer.

The results from this study suggest that a vaccine formulation comprising domain 1 of LF
and a protective region of PA such as domain 4 would enhanced both the level and spectrum
of protection compared to PA alone. While it is technically feasible to express and purify
individual immunogens, a more elegant and cost effective approach would be to combine
the protective regions into a single fusion protein. To this end we constructed a fusion
construct comprising LFD1 and PAD4 which when administered to mice stimulated solid
protection. Indeed it should be possible to further refine the composition of this vaccine by
including only those B and T cell epitopes which are essential to protection [45–47]. Such
an approach would enable researchers to maximize the epitope copy number (optimize the
magnitude of the immune response) and edit out conflicting epitopes thereby preventing
deleterious antigen competition.

In conclusion LF is immunogenic in humans and is likely to contribute to the protection
stimulated by AVP. A single vaccine comprising protective regions from LF and PA would
simplify production and confer a broader spectrum of protection then that seen with PA
alone.
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Figure 1.
Human immune responses to recombinant B. anthracis PA and LF. (A) Western blot
analysis of PA and LF serum IgG in four AVP-vaccinated subjects. No responses were
detected in an unvaccinated subject (negative control, not shown); (B) T cell proliferative
responses in AVP-immunized individuals. Results are expressed in stimulation index (SI)
comparing the responses to PA ( ) and LF ( ) for each vaccinated subject and displaying
responses to PA ( ) and LF ( ) as mean SI with range (individual points).
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Figure 2.
SDS-PAGE analysis of purified E. coli expressed recombinant proteins. (A) LF, LF
fragments and LFD1-PAD4 fusion protein; (B) Diagrammatic representation of the location
of the individual LF domains within the full length protein.
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Figure 3.
Antibody and T cell recognition of LF domains. (A) Recognition of individual LF domains
by IgG antibodies produced in AVP-vaccinated humans. The same recognition pattern was
observed in sera from humans or from different animal species following infection or
vaccination; (B) Proliferative T cell responses to LF and LF domains in 3 humans volunteers
immunized with the AVP vaccine; results are expressed as stimulation index (SI) as
described above.
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Figure 4.
Antibody responses in mice immunized with LF domains. (A) LF-specific IgG antibody and
(B) toxin neutralizing activity (TNA) titers in mice immunized with LF domains. BALB/c
mice (10 per group) received 10 µg of each domain protein adsorbed to alum via i.m. on
days 0 and 28. Results are expressed as LF geometric mean IgG titers with 95% confidence
intervals. TNA titers are shown as mean with range; ED50 was <100 for LFD3 and LFD4
groups. Vertical lines indicate immunization days. LF IgG titers among the different groups
were compared at day 56 after immunization (peak); * denotes higher responses for LF vs.
all other groups, higher responses for LFD1 vs. LFD3 but lower compared with all other
groups, and lowest responses for LFD3 vs. all other groups (p<0.05). For TNA titers, *
denotes higher responses to PA vs. LF (p<0.001) and ** higher responses to LF vs. all other
domains (p<0.05)
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Figure 5.
Antibody responses in mice immunized with LF domains in combination with PA. (A) LF-
specific IgG antibody and (B) toxin neutralizing activity (TNA) titers in mice immunized
with LF domains alone or in combination with PA. BALB/c mice (10 per group) received 10
µg of domain protein or 10 µg of domain protein + 10 µg of PA together with alum on days
0 and 28. Results are expressed as LF geometric mean IgG titer with 95% confidence
intervals. TNA titers represent mean with range. Vertical lines indicate immunization days.
LF IgG titers were compared at day 56 (peak); * denotes higher responses to LF+PA and
LFD2–4+PA vs. all other groups and lowest responses to LFD3+ PA vs. all other groups
(p<0.05). For TNA titers, * denotes higher titers to LFD1+PA vs. all other domains
(p<0.05).
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Figure 6.
Protection mediated for antibodies against LFD1 or the full length protein (LF). A/J mice (8
per group) were immunized i.m. with 10 µg of protein adsorbed to alum on days 0, 14 and
28. Animals were subjected to lethal i.p challenge (~105 CFU) with B. anthracis STI spores
on day 81. (A) Serum LF-specific IgG responses measured on day 73, (B) TNA titers
elicited by LFD1 and LF, and (C) Survival curves after challenge. * denotes higher
responses to LF compared with LFD1 (p<0.005).
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Figure 7.
LF and PA-specific antibody responses in mice immunized with the fusion protein LFD1-
PAD4. (A) LF-specific IgG and (B) PA-specific IgG. Mice were immunized i.m. with 10 µg
of the fusion protein LFD1-PAD4 in the presence of alum. Data represents geometric mean
titers and ±95% confidence intervals. Vertical lines indicate days of immunization. LF and
PA titers were compared at day 56; * denotes higher LF IgG responses in mice immunized
with LF and LFD1 vs. LFD1-PAD4 and all other groups; ** denotes higher PA responses in
mice immunized with PA vs. all other groups (p<0,001).
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Table 2

Antibody responses and protective efficacy of PA and LF domains. Groups of A/J mice were immunized with
10µg the different proteins on days 0, 14 and 28, as described in Section 2. Serum samples removed prior to
challenge were pooled and assayed by ELISA for IgG to PA and LF. Mice were subjected to lethal i.p.
challenge (~2×105 CFU) with B. anthracis STI spores on day 70.

Antigen Antibody Titer (EU/ml)a Vaccine efficacy (%)
survivors/total

PA LF

PA 1,280,000 N.D. 100% (8/8)

PAD4 1,280,000 N.D. 87.5% (7/8)

LFD1 N.D. 144,000 100% (8/8)

LFD1-PAD4 320,000 52,000 100% (8/8)

PBS N.D. N.D. 0% (0/8)

a
Serum antibodies were measured on day 62 post immunization.
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