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The lethal toxin (LeTx) of Bacillus anthracis plays a key role in the pathogenesis of anthrax. The protective
antigen (PA) is a primary part of the anthrax toxin and forms LeTx by combination with lethal factor (LF).
Phenylalanine-427 (F427) is crucial for PA function. This study was designed to discover potential novel
therapeutic agents and vaccines for anthrax. This was done by screening PA mutants that were mutated at the
F427 residue for a dominant-negative inhibitory (DNI) phenotype which was nontoxic but inhibited the toxicity
of the wild-type LeTx. For this, PA residue F427 was first mutated to each of the other 19 naturally occurring
amino acids. The cytotoxicity and DNI phenotypes of the mutated PA proteins were tested in the presence of
1 pg/ml LF in RAW264.7 cells and were shown to be dependent on the individual amino acid replacements. A
total of 16 nontoxic mutants with various levels of DNI activity were identified in vitro. Among them, F427D
and F427N mutants had the highest DNI activities in RAW264.7 cells. Both mutants inhibited LeTx intoxi-
cation in mice in a dose-dependent way. Furthermore, they induced a Th2-predominant immune response and
protected mice against a challenge with five 50% lethal doses of LeTx. The protection was correlated mainly
with a low level of interleukin-13 (IL-13) and with high levels of PA-specific immunoglobulin G1, IL-6, and
tumor necrosis factor alpha. Thus, PA DNI mutants, such as F427D and F427N mutants, may serve in the

development of novel therapeutic agents and vaccines to fight B. anthracis infections.

Anthrax is a contagious zoonotic disease caused by Bacillus
anthracis. B. anthracis is a rod-shaped, gram-positive, spore-
forming bacterium. The spores are highly resistant to adverse
environments, can survive for long periods, and are easy to
produce. The bacteria initiate infection by the entry of spores
into the host through abrasions in the skin, ingestion, or inha-
lation (7), and most B. anthracis infections are highly lethal.
Naturally occurring human anthrax infection is rare, and it
occurs primarily as a professional disease found in farmers and
veterinarians through direct exposure to spores from infected
animals or animal products such as hides or wool (28). How-
ever, the potential use of the spores as a biological weapon in
terrorism and warfare poses a great threat to the public. There-
fore, there is an urgent need for effective means of protection
against anthrax (1, 5).

The virulence of B. anthracis is attributed primarily to two
major factors, i.e., a tripartite toxin and the poly-y-p-glutamic
acid capsule (5, 7, 39). Anthrax toxins play a key role in the
pathogenesis of anthrax, both in the early stages of disease and
during disease progression. There are three toxins involved in
anthrax, namely, protective antigen (PA), lethal factor (LF),
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and edema factor (EF). The combination of PA with LF results
in lethal toxin (LeTx), while the combination of PA with EF
forms edema toxin (19, 25).

The current standard of care for postexposure prophylaxis of
inhalational anthrax is ciprofloxacin therapy twice daily for 60
days (8). Because of a demonstrated propensity to develop
resistance and the ineffectiveness of antibiotic therapy during
the late stage of B. anthracis infection, when the toxins are
responsible for pathogenesis, vaccination may provide a novel
approach to protection against B. anthracis infection (11, 26,
32, 36, 38, 42). PA is an essential component of the currently
approved vaccines against anthrax (10). The antibodies to PA
can neutralize anthrax toxin by blocking the adherence of PA
to host cells, the binding of LF/EF to PA, or the assembly of
the PA heptamer (1, 2).

However, it is dangerous to administer native PA as a vac-
cine either during or shortly after anthrax infection. As a func-
tional part of anthrax toxin, PA (83 kDa) binds to the cell
surface receptors, and furin or a furin-like protease will cleave
it to an active, 63-kDa form (PA63). PA63 subsequently oligo-
merizes into a heptameric, receptor-bound prepore that can
bind up to three molecules of EF and/or LF competitively. The
resulting toxin-receptor complexes are endocytosed into endo-
somes, where the prepore experiences a conformational rear-
rangement under acidic pH to form a transmembrane pore.
Subsequently, EF or LF is transported through the pore into
the cell cytosol, where it exerts its enzymatic toxic actions (5).

It has been demonstrated that mutations of PA in domains



4680 CAO ET AL.

2 and 3 block translocation or self-assembly of the toxin spe-
cifically, but they do not seriously impair proteolytic activation
and receptor binding (20, 35, 37). Some PA mutants, such as
K397D, D425K, and F427A mutants or the domain II B2-83
loop deletion mutant, inhibit toxin action strongly in cell cul-
tures and provide immediate protection against anthrax toxins
in vivo by coassembling with the wild-type protein (WPA) and
blocking its ability to translocate the enzymatic moieties across
membranes (35, 37). This is called the dominant-negative in-
hibitory (DNI) phenotype. In protection against anthrax, the
induction of a DNI phenotype may be advantageous since a
stronger immunogenic effect than that with WPA is obtained
(1, 44). Therefore, postexposure use of PA DNI mutants may
provide improved immunogenicity and therapeutic activity si-
multaneously.

Phenylalanine-427 (F427) of PA is a solvent-exposed residue
in the lumen of the pore and is crucial for both steps, pore
formation and protein translocation, in the overall transport
function of PA (41). Sun et al. (41) replaced the PA F427
residue with 11 other amino acids and found that in vitro the
mutants were affected in PA translocation, conformational
transition of the prepore to the pore, or both, depending on
the amino acid species (41). We therefore hypothesized that
the activity of DNI mutants in vivo may also be dependent on
amino acid substitution at F427. To the best of our knowledge,
among all the mutants tested, only the F427A mutant has been
shown to have the DNI phenotype and to have therapeutic
activity in vivo (22).

In this study, we constructed a saturated point mutation
library at residue F427 of PA and screened all 19 amino acid
replacement mutants for the DNI phenotype in vitro. Two
mutants, the F427N and F427D mutants, with the highest
inhibitory activity were tested further for their therapeutic
activity and immunogenicity in mice. In addition, the sys-
temic release of proinflammatory cytokines in mice was
studied to elucidate the underlying mechanism of protection
against LeTx challenge, because proinflammatory cytokines
have been reported previously to be a major factor in an-
thrax mortality (14, 34). The results of this study may be of
significance in developing novel anthrax vaccines and anti-
bacterial therapeutic agents.

MATERIALS AND METHODS

PA gene cloning and F427X mutation. The entire PA gene (GenBank acces-
sion no. AF065404), excluding the portion that encodes the signal sequence, was
PCR amplified from the noncapsulated attenuated strain of B. anthracis (Tecon
Biotechnology Limited Company, Xinjiang, China) and cloned into the expres-
sion vector pGEX-KG, resulting in pPGEX-KG-PA. The oligonucleotides used as
forward and reverse primers for generating F427X mutations of PA in pGEX-
KG-PA were as follows: F427X-f, 5'-CGCATTAAATGCACAAGACGATNNN
AGTTCTACTCC-3'; and F427X-1, 5'-CATTGTAATTGGAGTAGAACTNNN
ATCGTCTTGTGC-3’" (N represents A, T, G, or C).

The four primers used to generate F427W and F427M mutations were as
follows: F427W-f, 5'-CGCATTAAATGCACAAGACGATTGGAGTTCTACT
CC-3'; F427W-1, 5'-CATTGTAATTGGAGTAGAACTCCAATCGTCTTGTG
C-3'; F427TM-f, 5'-CGCATTAAATGCACAAGACGATATGAGTTCTACTCC-
3’; and F427M-1, 5'-CATTGTAATTGGAGTAGAACTCATATCGTCTTGTG
C-3' (mutated codons are shown in bold).

Long PCR was performed in 50-pl reaction volumes, using a DNA thermal
cycler (Applied Biosystems). The reaction mix consisted of 20 ng of template
DNA, a 0.2 mM concentration of each deoxynucleoside triphosphate, 0.1 nmol
of each oligonucleotide, 1 X PrimeSTAR polymerase buffer, and 1 unit of Prime-
STAR HS DNA polymerase (TaKaRa Biotechnology Co., Ltd.). PCR was per-
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formed under the following conditions: initial denaturation for 30 s at 98°C and
15 cycles of 10 s at 98°C, 15 s at 53°C, and 8 min at 68°C. After amplification, the
reaction mix was incubated at 72°C for a further 5 min. The plasmid DNA was
purified using a QIAquick PCR purification kit (Qiagen Co., Ltd.), subjected to
treatment with 1 unit DpnI (NEB, Inc.) at 37°C for 1 h to eliminate any meth-
ylated template, and transformed into competent Escherichia coli DH5a cells.
The amino acid replacements at position 427 of PA were identified by sequenc-
ing of the saturation libraries at Shanghai Sangon Biological Engineering Tech-
nology & Services Co., Ltd.

Protein expression and purification. The proteins used were expressed and
purified as described previously (4, 15). Briefly, the plasmids encoding PA,
F427X mutant PAs (MPAs), and LF were transformed into BL21-CodonPlus
(DE3)-RIL competent cells for expression. A single clone harboring the respec-
tive plasmid was grown at 37°C in 1 liter of Luria broth (LB) containing 100
png/ml ampicillin and 35 pg/ml chloromycetin at 200 rpm. When the optical
density at 600 nm reached 0.8, isopropyl-p-p-thiogalactopyranoside (IPTG) was
added to the culture at a final concentration of 0.4 mM; the bacteria were then
incubated at 28°C for a further 3 h. The culture was subjected to centrifugation
at 8,000 X g for 5 min at 4°C, and the cell pellets were resuspended in 50 ml
precooled phosphate-buffered saline (PBS) buffer and disrupted using a French
cell press (Thermo Fisher Scientific Inc.). The glutathione S-transferase-PA
protein in the supernatant was collected by centrifugation at 12,000 X g for 20
min at 4°C. The supernatant was added to a glutathione-Sepharose column,
followed by washing with 100 ml PBS buffer to elute the unbound proteins.
Subsequently, 20 units of thrombin (Sigma) was added directly to the resin-
bound PA to remove the glutathione S-transferase tag according to the manu-
facturer’s protocols. After the reaction, 15 ml PBS buffer was added to elute the
protein of interest. The protein was then concentrated with a 30-kDa-cutoff
Centriplus YM-30 concentrator (Millipore) and further purified with benzami-
dine-Sepharose (Amersham Pharmacia) to eliminate thrombin. The protein con-
centration was measured by using a bicinchoninic acid protein assay kit according
to the manufacturers’ instructions (Thermo Fisher Scientific Inc. and Pierce
Biotechnology), with bovine serum albumin as the standard. The purity of the
extracted proteins was analyzed by 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE).

Cytotoxicity and DNI assay of PA mutants in vitro. WPA and the F427X
MPAs were tested for susceptibility to cleavage by trypsin. The proteins (0.2
mg/ml) were incubated with trypsin (1:1,000 [wt/wt]) (Sigma) for 30 min at room
temperature in PBS containing 25 mM HEPES, 1 mM CaCl,, and 0.5 mM
EDTA (pH 7.5). The digestion reactions were stopped by adding phenylmeth-
ylsulfonyl fluoride to a final concentration of 1 mM. The samples were isolated
and visualized by 12% SDS-PAGE.

The cytotoxicity of MPAs was tested on the LeTx-sensitive mouse macrophage
cell line RAW264.7. The cells were grown in Dulbecco’s modified Eagle’s me-
dium (Gibco, Invitrogen Corporation) containing 10% fetal bovine serum
(Shanghai ExCell Biology, Inc.), 2 mM L-glutamine, 100 TU/ml penicillin, and 100
pg/ml streptomycin. The cells were plated in 96-well plates (Greiner Bio-One) at
a density of 3 X 10* cells/well. After 16 h of incubation, the medium was removed
by gentle aspiration and replaced with 100 wl of fresh Dulbecco’s modified
Eagle’s medium containing 1 pg/ml LF and various concentrations of WPA or
F427X MPAs, which were twofold serially diluted from 20 pg/ml to 0.04 wg/ml.
After 4 h of coincubation at 37°C, 10 pl (1:10 [vol/vol]) AlamarBlue dye (Bio-
Source International, Inc.) was added as described previously (37). The cultures
were incubated for a further 4 h at 37°C, and the fluorescence of each well was
monitored with a multidetection microplate reader (BioTek) at an excitation
wavelength of 530 nm and an emission wavelength of 590 nm for one cycle, with
the gain set at 35. The viability of the cells was calculated based on the fluores-
cence intensity values at a wavelength of 590 nm (FIsg,) according to the man-
ufacturer’s instructions, as follows: % viability = (FIsq, of test agent well — Flsg,
of negative control well)/(Flso, of positive control well — Flso, of negative
control well) X 100. The negative control wells contained medium plus Alamar-
Blue but no cells, the positive control wells contained viable cells in medium plus
AlamarBlue, and the test agent wells contained cells in medium, toxin proteins,
and AlamarBlue.

For DNI assays, MPAs replaced WPA, with decreasing ratios of MPAs to
WPA (wt/wt), i.e., 2:1, 1:1, 1:2, 1:3, 1:4, 1:6, 1:8, and 1:16, in the mixture of MPAs,
WPA, and LF. For all groups, WPA and LF were kept at a constant concentra-
tion of 1 wg/ml, with previous experiments having established that these condi-
tions induced 100% cell lysis. All of the experiments were performed in triplicate.

Toxicity of LeTx and the mutants in BALB/c mice. Fifty-two female BALB/c
mice (each 15 to 18 g) were randomly assigned to 13 groups, with four mice per
group. Mice were injected intravenously with a mixture of purified LeTx (60 ng
PA plus 25 pg LF), with or without the F427D or F427N mutant. The F427N and
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FIG. 1. SDS-PAGE analysis of purified WPA and MPAs (A) and trypsin cleavage of WPA and MPAs (B). Lanes 1, WPA; lanes 2, F427D
mutant; lanes 3, F427N mutant; lanes M, reference protein marker. The proteins of 83 kDa were cleaved into fragments of 63 kDa and 20 kDa,

as shown in panel B.

F427D mutants were injected in amounts of 60, 30, 15, 7.5, or 5 pg for different
groups in a mixture containing LeTx in PBS buffer. At the same time, 60 ng WPA
and 25 ug LF were injected separately, as the negative controls, or combined, as
the positive control. The final volume of the dose injected into each mouse was
100 wl. After injection, the mice were kept under observation in the animal
facility at Wuhan Ke Qian Biologicals Co. Ltd. for 10 days, and their survival was
recorded.

On day 10 after injection of LeTx, the surviving mice were sacrificed. The
spleens were collected, weighed immediately, and then fixed in 10% neutral
buffered formalin. Paraffin-embedded sections were prepared, stained with he-
matoxylin and eosin according to conventional protocols, and examined under a
light microscope.

Mouse immunization and LeTx challenge. Forty-eight 5- to 6-week-old
BALB/c mice were divided into six groups, with eight mice per group. The mice
in the three immunization groups were injected with purified WPA or the F427N
or F427D mutant, while the three negative control groups were mock immunized
with PBS. For mouse immunization, 20 pg protein in 50 pl PBS buffer was
injected intraperitoneally with an equal volume of AI(OH); containing 0.18 mg
Al(OH); three times at intervals of 2 weeks. Blood samples were collected from
the tail veins at 1 week postpriming and after each booster, and the sera from
each group were collected, pooled, and stored at —80°C for antibody detection.

One week after the third immunization, the immunized mice and one group of
negative control mice were challenged with LeTx, using a mixture of 60 pg WPA
and 25 pg LF per mouse, representing five 50% lethal doses of LeTx, by tail vein
injection. The other two PBS groups were challenged with either 60 pg WPA or
25 pg LF alone. Two hours after the challenge, four mice in each group were
randomly selected and bled from the tail vein for cytokine detection because it
has been shown that cytokine levels peak at this time point (18). Hemostasis was
performed on the selected mice. All of the mice were kept under observation in
the animal facility at Wuhan Ke Qian Biologicals Co. Ltd. for 10 days, and their
survival was recorded.

Antibody detection. PA-specific IgG titers were detected in all mice by end-
point enzyme-linked immunosorbent assay (ELISA) (26, 32). Ninety-six-well
plates were coated overnight at 4°C with 0.5 pg of purified PA in 100 pl of 50 mM
sodium carbonate buffer (pH 9.6). Serum samples were twofold serially diluted,
beginning at 1:100. After incubation of the samples for 1 h at 37°C, horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (Southern Biotech) was used
as the secondary antibody, and TMB/H,O, was used as the HRP substrate to
develop the reaction. The absorbance was determined at a wavelength of 630 nm.
Titers of IgG subtypes were determined similarly, but HRP-conjugated goat
anti-mouse IgG1 or IgG2a (Southern Biotech) replaced HRP-conjugated goat
anti-mouse IgG as the secondary antibody. End-point titers were calculated as
the reciprocal of the last serum dilution that gave a value two times greater than
that for serum samples from preimmunized mice (26, 32).

Serum cytokine detection. The levels of interleukin-6 (IL-6), IL-1B, tumor
necrosis factor alpha (TNF-a), gamma interferon (IFN-y), and IL-18 in the sera
were measured using commercial ELISA kits according to the manufacturer’s
protocol (R&D). Concentrations of cytokines were determined by comparison to
standard curves produced using the purified cytokines provided in the Kits.

Statistical analysis. Analysis of variance or Student’s unpaired ¢ test was used
to analyze the differences in IgG ELISA titers and cytokine levels of different
groups. Statistical comparisons were made using a 5% level of significance.

RESULTS

Saturation mutagenesis at residue 427 of PA. Sequencing and
restriction digestion confirmed that the PA gene was cloned
correctly into the expression vector pPGEX-KG, resulting in
pGEX-KG-PA. Fifty colonies were sent to be sequenced,
and this confirmed that all colonies had experienced muta-
tion at the expected sites, while the remaining sequence was
unchanged. Among the colonies, 46 had amino acid replace-
ments at residue 427 of wild-type PA, consisting of 17 naturally
occurring amino acids. No tryptophan (W) or methionine (M)
mutation was found. The other four colonies contained non-
sense mutations. The F427M and F427W mutants were ob-
tained by site-directed mutagenesis with specific primers. As a
result, substitutions at the F427 residue of PA were obtained
with all 19 naturally occurring amino acids.

Expression and purification of WPA, MPA, and LF. Soluble
PA, MPAs, and LF were obtained after induction of the ap-
propriate recombinant BL21-CodonPlus (DE3)-RIL strains at
28°C. SDS-PAGE demonstrated that the purified products
were 96% pure. The average yield for PA or MPAs was 2 mg
per liter of bacterial culture. Furthermore, trypsin could suc-
cessfully cleave the WPA, as well as the F427X MPAs, from 83
kDa into two fragments, of 63 kDa and 20 kDa, as expected
(Fig. 1).

Cytotoxicity and DNI assay in vitro. When WPA or LF was
added to the cells separately at all tested concentrations, it was
nontoxic to the RAW264.7 macrophage cell line, and all of the
cells retained 100% viability. However, when WPA ranging
from 0.63 pg/ml to 20 pg/ml was combined with LF at 1 pg/ml,
all of the cells lost viability. Meanwhile, the F427X MPAs
decreased cytotoxicity to different extents. Among the mutants,
16 had completely lost the ability to cause cytotoxicity, with
cells having 100% viability at all concentrations tested, ranging
from 0.04 to 20 pg/ml. Although the remaining three mutants,
the F427W, F4271, and F427Y mutants, retained a small amount
of cytotoxicity, they were significantly attenuated (P < 0.01).
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FIG. 2. Cytotoxicity of WPA and partial MPAs. WPA at concen-
trations ranging from 0.63 wg/ml to 20 pwg/ml was combined with LF at
1 pg/ml; all of the cells lost viability. However, cells incubated with the
F427D and F427N mutants, like the case for the other 14 nontoxic
MPAs, could maintain 100% cell viability. Although the remaining
three mutants, the F427W, F427L, and F427Y mutants, retained some
cytotoxicity, they were significantly attenuated.

For example, at a concentration of 2.5 ug/ml for WPA or
MPAs with LF at 1 pg/ml, the viabilities of the cells treated
with WPA and the F427W, F427L, and F427Y mutants were
—0.8% = 5.0%, 33.0% * 2.0%, 26.9% * 1.4%, and 94.0% =*
6.5%, respectively (Fig. 2).

The DNI activities of 16 nontoxic mutants were tested fur-
ther in RAW264.7 cells by mixing the individual MPAs with
WPA at various ratios while both PA and LF were kept at 1
pg/ml. Generally speaking, the cytotoxicity of the MPA, WPA,
and LF mixtures increased as the proportion of MPA de-
creased. The ratios (MPAs to WPA) of 2:1 and 1:1 provided
complete protection of the cells for all 16 nontoxic mutants.
The interference of MPAs with the cytotoxicity of WPA was
dose dependent, and the average viabilities of the cells at
MPA-to-WPA ratios of 2:1, 1:1, 1:2, 1:3, 1:4, 1:6, 1:8, 1:12, and
1:16 for all 16 mutants were 102.7% = 4.6%, 98.6% * 5.4%,
94.6% * 5.3%, 88.0% = 5.9%, 76.4% = 4.7%, 58.2% * 5.3%,
43.2% * 4.76%, 23.63% = 4.6%, and 11.2% = 5.2%, respec-
tively (Fig. 3).

However, different mutants showed various DNI effects. The
F427D and F427N mutants showed the strongest inhibitory
activities in vitro. For example, at a ratio of 1:4, both the
F427D and F427N mutants protected the cells completely from
toxic effects, while the other mutants only partially inhibited
the cytotoxicity of WPA, to different extents, with the viabilities
of the cells falling below 93.60% = 2.69%. Furthermore, the
F427D mutant exerted a stronger inhibitory effect than that of
the F427N mutant. The MPA-to-WPA ratio that gave the cells
100% protection was 1:6 for the F427D mutant, while it was 1:4
for the F427N mutant (Fig. 3).

Although the F427V mutant showed similar protection to
that of the F427D and F427N mutants at high ratios of MPA
to WPA, it showed a lower inhibitory ability at low ratios. For
example, when the MPA-to-WPA ratio was 1:16, the viability
of the treated cells with the F427V, F427D, and F427N mu-
tants decreased to 3%, 31%, and 21%, respectively. Thus, we
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FIG. 3. DNI activity of F427X MPAs. RAW264.7 cells were incu-
bated with MPAs at different ratios of MPA to WPA, from 2:1 to 1:16,
while both WPA and LF were kept at 1 pg/ml in the mixture of WPA,
LF, and MPA. The viability of the cells was calculated based on the
Flsq, values for AlamarBlue.

selected the F427D and F427N mutants for further investiga-
tion.

DNI assay in mice. To verify the protective activity of the
F427D and F427N mutants in vivo, BALB/c mice were injected
with LeTx, with or without the F427D or F427N mutant. All of
the mice injected with LeTx, containing a mixture of 25 pg LF
and 60 pg WPA, died within 12 h. However, all of the mice
survived the lethal challenge with LeTx when 7.5 to 60 pg of
the F427D mutant or 15 to 60 pg of the F427N mutant was
coinjected with LeTx at the same concentration as that de-
scribed above (Table 1). The lowest ratios of MPAs to WPA
that provided complete protection were 1:8 for the F427D
mutant and 1:4 for the F427N mutant, respectively. The results
confirmed that the F427D mutant had a stronger inhibitory
effect in vivo, similar to the in vitro result.

The splenomegaly shown by surviving mice from different
groups differed significantly at day 10 after LeTx injection,
decreasing with increasing proportions of MPA in LeTx mix-
tures (Table 1 and Fig. 4). When 60 pg of the F427D or F427N
mutant (MPA/WPA ratio = 1:1) was coinjected with LeTx (25
pg LF and 60 pg WPA), no splenomegaly was observed, and
the spleens weighed 0.088 = 0.017 g, similar to the negative
control spleens (0.083 * 0.013 g) (P = 0.688). However, the
weight of the spleen increased significantly, to 0.113 + 0.020 g
(P =0.053), 0.170 = 0.026 g (P = 0.003), 0.255 = 0.031 g (P =
0.0005), and 0.400 = 0.081 g (P = 0.004), when the ratio of
MPA to WPA decreased to 1:2, 1:4, 1:8, and 1:12, respectively.

The histopathological observations confirmed the above find-
ings (Fig. 4). When the ratio of MPA to WPA was 1:12, the
architecture of the spleen was disrupted, as shown by the
disappearance of red and white pulp and a considerable loss of
splenocytes. In contrast, for the groups given an MPA-to-WPA
ratio of 1:1 (60 pg of F427D or F427N mutant and an equal
amount of WPA in LeTx mixtures), the spleens showed normal
histology, with a clear structure of red and white pulp and
normal cell densities. In addition, the apparent germinal cen-
ters developed in experimental groups, as shown by light zones
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TABLE 1. PA F427D and F427N mutants inhibit LeTx toxicity in
BALB/c mice

Amt of added
protein (ug)*

No. of survivors/

Amt of 0. of Degree of ,
WPA (1g) 427D F42IN  challenged mice  Plenomegaly
mutant mutant
60 25 0 0 0/4 ND¢
0 0 0 4/4 -
25 60 0 4/4 -
25 30 0 4/4 +
25 15 0 4/4 +
25 7.5 0 4/4 +++
25 5 0 2/4 ++++
25 0 60 4/4 -
25 0 30 4/4 +
25 0 15 4/4 ++
25 0 7.5 2/4 ++++
25 0 5 0/4 ND?
0 25 0 0 4/4 -

¢ Mixtures of constant amounts of WPA and LF with various amounts of
MPAs were injected intravenously into BALB/c mice. WPA or LF was injected
separately as a negative control, while LeTx injected alone was taken as a positive
control. The mice were observed for 10 days.

> The mice which survived for 10 days were sacrificed, and splenomegaly was
determined by spleen weight.

¢ Not determined. The mice died within 12 h, and spleen weights were in the
normal range.

@ Not determined. The mice died within 72 h, and spleen weights were slightly
increased.

surrounded by dark zones in the white pulp, indicating that a
humoral immune response was induced. This contrasted with
the negative control group, where only dark zones with
dense packing of lymphocytes in the white pulp were ob-
served (Fig. 4).

Antibody response. WPA and the F427D and F427N mu-
tants were all highly immunogenic to BALB/c mice and in-
duced high titers of IgG, as expected, while very low IgG titers
were detected in mock (PBS)-immunized mice. At week 1 after
the third immunization, the F427D and F427N mutants and
WPA elicited IgG production, with titers of 1:512,000,
1:409,600 and 1:281,600, respectively, detected by ELISA (Fig.
5A). The IgG response to the mutants was stronger than that
to WPA, but only the F427D mutant produced a statistically
significantly higher titer of IgG than that with WPA (P =
0.012). Although WPA and the F427N and F427D mutants
induced both IgG1 and IgG2a, the ratios of the mean IgGl
titer to the mean IgG2a titer for WPA, the F427N mutant, and
the F427D mutant were 5, 8, and 5, respectively. Therefore
IgG1, representing a Th2-type response, was predominant
(Fig. 5B).

Protection of immunized mice against LeTx challenge. The
immunized and mock (PBS)-inoculated mice were given LeTx
containing 60 pg PA and 25 pg LF through the tail vein. Mice
in the PBS group showed clinical signs, such as trembling and
unkempt coats, and died within 12 h after LeTx challenge. In
contrast, all 24 mice immunized with WPA or the F427N or
F427D mutant exhibited no clinical signs, survived the lethal
challenge, and remained healthy during the 10-day observation
period.

Cytokine responses after LeTx challenge. Serum samples
from four mice in each group were assayed for the levels of
TNF-a, IL-1B, IFN-y, IL-18, and IL-6. The cytokine levels
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after LeTx challenge in mice from both immunized and nega-
tive control groups were significantly higher than those before
the toxin challenge (P < 0.01) (Fig. 6). The average serum
levels of IL-1B and IFN-y in immunized mice, which were fully
protected from LeTx challenge, were lower than those of the
negative control mice that died from the LeTx challenge (Fig.
6A and B). However, only the mean IL-1p level of the immu-
nized mice (276.36 * 63.18 pg/ml) was statistically significantly
lower than that of control mice (7,463.05 * 532.23 pg/ml) (P =
0.0001). In contrast, the mean serum levels of IL-6, TNF-q,
and IL-18 in immunized mice were higher than those of the
negative control mice (Fig. 6C and D). Among these cytokines,
the greatest statistically significant difference between the im-
munized and negative control mice was seen for mean IL-6
levels (10,923.38 = 891.38 versus 9,163.15 = 470.86 pg/ml; P =
0.0004), with a slight difference in the mean TNF-a levels
(726.87 = 56.98 versus 610.17 + 81.02 pg/ml; P = 0.0553) and
no statistically significant difference in the mean IL-18 levels
(130.73 = 15.29 versus 102.91 = 25.10 pg/ml; P = 0.1089).
Thus, a decrease in IL-1B secretion and an increase in the
production of IL-6 may be significant contributors to the pro-
tective response to immunization. Challenge of PBS-inocu-
lated mice with either PA or LF alone did not induce any
detectable increase in cytokine production (data not shown).

DISCUSSION

There are three ways to tackle anthrax, including vaccination
to prevent bacterial infection in the first place, antibiotics to
cure infection, and antitoxin treatments to prevent the toxic
effects of the bacterium during the late stage of infection (10).

Because PA is the central component of both anthrax LeTx
and edema toxin, it has been studied extensively as a vaccine
candidate for a long time. As demonstrated previously, PA is
able to elicit neutralizing antibodies that play a major role in
protective immunity against anthrax (1, 11, 12, 36, 38). How-
ever, it is dangerous to administer the native form of PA early
after anthrax infection because PA serves as a portal for the
entry of the enzymatic moieties of the toxin into the cytosol
(13, 16, 21, 45). Therefore, nonfunctional PA DNI mutants
may be an ideal substitute for WPA in a potential vaccine
against anthrax. This theory was confirmed by evidence show-
ing that double mutation, K397D and D425K, of PA not only
rendered PA mutants nonfunctional but also enhanced their
immunogenic potency in mice (1, 33, 35, 44). Phenylalanine-
427 of PA is another candidate site for mutation because it is
crucial for the transport function of PA, being involved in both
pore formation and protein translocation (41). Furthermore,
some F427 mutants have been proven to be DNI, with the PA
F427A mutant having therapeutic activity in vivo (22). In this
study, we replaced the F427 residue of PA with the other 19
naturally occurring amino acids by saturation mutagenesis and
obtained each purified individual mutated PA protein. Trypsin
cleavage in vitro demonstrated that the F427 mutations did not
affect cleavage of 83-kDa PA into its active form, 63-kDa PA,
probably because the enzyme site (RKKR) of PA is situated at
residues 163 to 167, which are located far from the mutated
site, residue 427. Additionally, the receptor binding domain,
which is within domain 4 (residues 596 to 735), is also distant
from the mutated F427 residue (3, 27, 33). This implies that the
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FIG. 4. Histopathologic examination of spleens and splenomegaly response of surviving mice on day 10 after the injection of a mixture of LF
at 25 pg/ml, WPA at 60 pg/ml, and MPAs at different ratios of F427D mutant to WPA, from 1:1 to 1:12, or after injection of WPA alone as a
negative control. Paraffin-embedded sections of the spleen were stained with hematoxylin and eosin and analyzed with a light microscope. (A) Mice
injected with 60 ug WPA alone as a negative control. The spleen showed a normal structure. Magnification, X400. (B) The spleen showed a normal
structure and was associated with a significant immune response, with increased leukocytes and the appearance of germinal centers (indicated by
the white arrow), in the mice coinjected with 60 pg F427D mutant, 60 ng WPA, and 25 g LF. Magnification, X400. (C) The spleen from a mouse
coinjected with 5 ug F427D mutant, 60 pug WPA, and 25 g LF experienced a marked reduction of splenocytes and disruption of the red and white
pulp structure. Magnification, X400. (D) Gross appearance of spleens from mice after injection of LeTx and the F427D mutant before they were
sampled for paraffin-embedded section preparation as described for panels A to C. (E) Different ratios of F427D mutant to WPA in the mixture
of 60 pg WPA and 25 pg LF. (F) Corresponding weight of spleens in panel D.

F427X MPAs may not affect the binding of PA to the cell
surface receptors and/or cleavage by either furin or a furin-like
protease on the cells. The findings in the current study con-
firmed the above hypothesis. All 16 nontoxic F427X MPAs
displayed dose-dependent DNI effects in RAW264.7 cells.
Among them, the F427D and F427N mutants exerted a ther-
apeutic function in mice. This suggests that MPAs are able to
complete the whole process of binding to cell surface recep-
tors, being cleaved by furin or a furin-like protease, and co-
oligomerizing into a heptameric, receptor-bound prepore in a
competitive manner with WPA both in vitro and in vivo. One
previous study has also lent support to the view that F427
mutation does not affect the binding of PA to the cell surface
receptors (41). In this study, the loss of cytotoxicity to various
degrees most likely resulted from deficiencies in the subse-
quent steps of conformational transition of the heptameric PA
prepore to the pore and of protein translocation through the
pore. This conclusion was also reached by Sun et al. (41), with

the ability of F427X MPAs to inhibit pore formation or trans-
location being dependent on the side chain at residue 427. The
replacement of F427 with R, D, or G strongly inhibited the
acidic pH-induced conformational transition, whereas H, S,
and T did not affect this step at all but inhibited translocation
instead (16, 41). Moreover, the current study further confirmed
previous findings by obtaining more PA mutants with amino
acid replacements at residue 427 and determining that 16 of
them were nontoxic, while the other three mutants were atten-
uated.

Although a loss of cytotoxicity is a prerequisite for the pos-
sible utilization of PA mutants in therapy and for vaccination,
it is not directly correlated with the DNI phenotype. In the
LeTx-sensitive cell line RAW264.7, the 16 nontoxic F427X
MPAs exhibited different DNI effects. Among them, the
F427D and F427N mutants had the strongest inhibitory activ-
ities. These activities may result from interference with pore
formation, translocation, or both of these steps by individual
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FIG. 5. PA-specific antibody titers in immunized mice. The mice were immunized with WPA or the F427D or F427N mutant three times at
2-week intervals. Serum samples were collected 3 and 5 weeks after priming, and the IgG titers to PA were detected with end-point ELISA and
are shown as dilutions. (A) Total IgG titers. (B) IgG1 and IgG2a titers at week 5 after priming. Both IgG1 and IgG2a were produced, but IgG1
was the predominant subtype.

amino acid replacements (41). The F427N mutant is a novel as novel antibacterial therapeutic agents, the F427D and
mutant with the DNI phenotype that was developed in this F427N mutants were selected to be tested in mice. The mice
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each group, and the cytokine levels were determined with commercial capture ELISA kits. The data were pooled according to the immunized and
PBS groups. The error bars represent the standard errors for the groups.
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to-MPA ratios of 1:1, 2:1, 4:1, 8:1, and 12:1. The evidence from
the measured parameters, including number of surviving mice,
splenomegaly, and histopathologic examination, demonstrated
that both the F427D and F427N mutants possessed dose-de-
pendent therapeutic activities. As seen in RAW264.7 cells, the
F427D mutant exhibited stronger inhibitory effects than the
F427N mutant in mice. In addition, an immune response was
observed on spleen histology, as indicated by spleen histology
for the surviving mice on day 10 after the lethal LeTx chal-
lenge. When mice were injected with 60 pg of F427N or F427D
mutant with LeTx (60 g PA plus 25 pg LF), the animals were
protected from death and lymphocyte proliferation in their
spleens was induced, as shown by the induction of germinal
centers in the white pulp matter.

PA DNI mutants inhibit the toxicity of LeTx by replacing
WPA to form hybrid PA heptamers in a competitive way, as
discussed previously (35; this study). Theoretically, it is neces-
sary for PA mutants to appear before the occurrence of LeTx
(WPA and wild-type LF) to compete with WPA and display
their inhibitory activity. Thus, the clinical therapeutic potential
of these PA mutants for postexposure anthrax treatment might
be exploited if the PA mutants are injected early, before bac-
terial entry into the body or at an early stage of infection when
bacteria are in small numbers and secreting small amounts of
toxin. In these circumstances, PA mutants could be used in
combination with antibiotics for treatment.

Previous studies have demonstrated that the PA DNI phe-
notype is associated with a stronger immune response than that
to WPA (1, 44), and the current study confirmed that both
F427D and F427N PA mutants stimulated higher IgG titers
than WPA did. However, only the F427D PA mutant stimu-
lated statistically significantly higher IgG titers than those of
WPA (P < 0.01). This result suggests that the immunogenicity
of certain PA DNI mutants is related to the individual amino
acid replacements in PA, in a similar manner to the cytotoxicity
and DNI effects of the mutants, as mentioned above. Further-
more, the immunity to PA was a balance of Th1- and Th2-type
responses, because both IgG1l and IgG2a were induced by
WPA or MPA. However, the Th2-type response was predom-
inant.

Based on the fact that systemic proinflammatory cytokines
play a double role in anthrax, serving not only as mediators of
lethality related to apoptotic cell death and inflammation but
also as protectors against bacterial infection (14, 17, 18, 29-31),
we explored whether the proinflammatory cytokine profile was
changed in mice immunized with DNI mutants and protected
from LeTx challenge. The cytokine profiles 2 h after LeTx
challenge of either immunized or PBS-treated control mice,
which later survived or died, respectively, were compared. The
only statistically significant differences between the surviving
and dead mice were in levels of IL-18 (P = 0.0001) and IL-6
(P = 0.0004).

As is well known, IL-18 is a major proinflammatory cytokine
that contributes to LeTx-mediated cytotoxicity and apoptosis
(17, 43). In vitro, macrophages that undergo membrane per-
turbation and cytolysis after LeTx treatment release IL-1 (6,
23, 43). In vivo, IL-1B accounts for the enhanced disease pro-
gression in LeTx-treated BALB/c mice and is considered to be
a key modulator of host septic shock (6, 31), being responsible
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for fever, hypoperfusion, circulatory collapse, shock, metabolic
acidosis, and cardiac dysfunction (46).

Because IL-1B is one of the substrates of caspase-1, the
IL-1B converting enzyme, the mechanism for this cell death
induced by IL-1p is related to activation of caspase-1. As re-
ported previously, LeTx binds to the cell surface receptor, is
internalized, and enters the endosomes. The acidification of
the endosome mediates translocation of LF into the host cell
cytosol. Catalytically active LF cleaves cytosolic substrates and
activates caspase-1 by a mechanism that involves protea-
some activity, potassium efflux, and the inflammasome
adapter Nalpl (24). The active caspase-1 cleaves its substrate,
pro-IL-1B, into mature IL-1B and mediates a pathway of proin-
flammatory programmed cell death termed “pyroptosis.” Py-
roptosis features DNA cleavage, cytokine activation, and ulti-
mately cell lysis resulting from the formation of membrane
pores and pathological ion fluxes (9, 23).

In the current study, a >20-fold decrease in IL-1 level was
detected in the surviving mice compared to the dead mice. The
most obvious reason for this phenomenon is that PA-specific
antibodies effectively neutralized LeTx and significantly de-
creased the LeTx-mediated activation of caspase-1 and pro-
duction of IL-1B. Therefore, the significantly lower level of
IL-1B in serum may be a major reason for the protection of the
immunized mice against LeTx-induced death.

Conversely, significantly higher levels of IL-6 were observed
in immunized, surviving mice than in PBS-treated control
(dead) mice after LeTx challenge. Given that Th2 cells secret
IL-6, this cytokine profile was in agreement with an atmo-
sphere dominated by Th2 cells in the immunized mice, which
was confirmed by the IgG1 response observed in this study.
The much higher level of IL-6 was likely another major reason
that the immunized mice survived the LeTx challenge. This
conclusion is supported by other studies showing that IL-6
contributes to resistance against B. anthracis in mice (31) and
provides the principle mode of protection in the acute re-
sponse of the liver to B. anthracis (40).

In this study, we constructed 19 PA F427X mutants. The
cytotoxicity, DNI potential, and immunogenicity of the mu-
tants were dependent on the individual amino acid replace-
ments. A total of 16 nontoxic mutants were identified in a cell
model. Among them, the PA F427D and F427N mutants were
determined to have a DNI phenotype, both in RAW264.7 cells
and in mice. These two PA DNI mutants possessed dose-depen-
dent therapeutic activities against LeTx challenge in mice. They
induced a predominantly Th2-type immune response and medi-
ated protection against lethal LeTx challenge, which was cor-
related mainly with low levels of IL-1B and high levels of IL-6
and PA-specific IgG1. Therefore, the PA F427D and F427N
DNI mutants have great potential as novel therapeutic agents
and vaccines against B. anthracis.
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