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The protective antigen (PA) is one of the three components of the anthrax toxin. It is a secreted nontoxic protein with a
molecular weight of 83 kDa and is the major component of the currently licensed human vaccine for anthrax. Due to
limitations found in the existing vaccine formulation, it has been proposed that genetically modified PA may be more
effective as a vaccine. The expression and the stability of two recombinant PA (rPA) variants, PA-SNKE-���FF-E308D
and PA-N657A, were studied. These proteins were expressed in the nonsporogenic avirulent strain BH445. Initial
results indicated that PA-SNKE-���FF-E308D, which lacks two proteolysis-sensitive sites, is more stable than PA-
N657A. Process development was conducted to establish an efficient production and purification process for PA-
SNKE-���FF-E308D. pH, media composition, growth strategy and protease inhibitors composition were analyzed. The
production process chosen was based on batch growth of B. anthracis using tryptone and yeast extract as the only
source of carbon, pH control at 7.5, and antifoam 289. Optimal harvest time was 14–18 h after inoculation, and EDTA
(5 mM) was added upon harvest for proteolysis control. Recovery of the rPA was performed by expanded-bed
adsorption (EBA) on a hydrophobic interaction chromatography (HIC) resin, eliminating the need for centrifugation,
microfiltration and diafiltration. The EBA step was followed by ion exchange and gel filtration. rPA yields before and
after purification were 130 and 90 mg/l, respectively. The purified rPA, without further treatment, treated with small
amounts of formalin or adsorbed on alum, induced, high levels of IgG anti -PA with neutralization activities.
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Introduction

Anthrax, a potentially fatal disease, is caused by Bacillus anthracis.

The virulence of this pathogen is mediated by a capsule of a poly -

D-� -glutamic acid and an exotoxin composed of three proteins

[15,17,18]. The three protein components are the protective

antigen (PA, 83 kDa), lethal factor (LF, 90.2 kDa) and edema

factor (EF, 88.8 kDa) These proteins, nontoxic by themselves,

form lethal toxins when combined with an activated PA [17]. The

genes coding for these three protein components and the capsule

are found in the endogenous plasmids pXO1 and pXO2, res-

pectively [33].

There is only indirect evidence, albeit extensive, identifying the

components of vaccine- induced immunity to anthrax and there is

evidence that anti -PA neutralizing antibody titers can be a reliable

surrogate marker for protective immunity [27]. The PA seems to be

an essential component of all vaccines for anthrax [8,20,34]: both

mono and polyclonal antibodies to PA neutralize the anthrax toxin

and confer immunity to B. anthracis in animal models. The US

licensed vaccine for anthrax ‘‘Anthrax Vaccine Adsorbed’’ (AVA)

is produced from the formalin - treated culture supernatant of

B. anthracis Sterne strain, V770-NP1-R (pXO1+ , pXO2� ),

adsorbed onto aluminum hydroxide [26]. Although AVA has been

shown to be effective against cutaneous infection in animals and

humans and against inhalation anthrax by rhesus monkeys [13], it

has several limitations: (1 ) AVA elicits a relatively high degree of

local and systemic adverse reactions probably mediated by variable

amounts of undefined bacterial products, making standardization

difficult; (2 ) the immunization schedule requires administration of

six doses within an 18-month period, followed by annual boosters

for those at risk; and (3) there is no defined vaccine- induced

protective level of serum PA to evaluate new lots of vaccines.

Development of a well - characterized, standardized, effective

and safe vaccine that would require fewer doses to confer immunity

to both inhalational and cutaneous anthrax is needed [10,34]. It has

been suggested that a vaccine composed of modified purified

recombinant PA (rPA) would be effective, safer, allow precise

standardization and probably would require fewer injections [31].

Such a PA can be designed to be biologically inactive, more stable

and still maintain high immunogenicity.

We report the development of a production and purification

process for rPA from the nonsporogenic avirulent B. anthracis

BH445 (pXO1� , pXO2� ) strain. Following an 18-h fermentation

and three purification steps, large quantities of PA suitable for

vaccine production were obtained. The purified rPA was tested in

mice for its ability to elicit neutralizing antibodies.

Materials and methods

Strains and plasmids
The nonsporogenic, protease deficient, avirulent strain B. anthracis

BH445(pXO1� , pXO2� , cmr )wasused [18].TheBacillus–E.coli

shuttle vector pYS5 (ampr, kanr ) [30] was used to clone two
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recombinant forms of the PA: N657A and SNKE-�FF-E308D

[32]. In the N657Amutant, the receptor-binding domain of PAwas

altered by substitution of Asp with Ala at position 657 (domain 4).

In the SNKE-�FF-E308D mutant, two regions were altered, the

furin site (RKKR167 to SNKE167) and the chymotrypsin site ( two

Phe at positions 313–314 were deleted and Glu at position 308 was

substituted with Asp). Both rPA constructs contain the DNA

sequence encoding the signal peptide of rPA.

Culture and expression conditions
Modified FA medium [24] containing (per liter ) 35 g tryptone

(Difco Laboratories, Detroit, MI), 5 g yeast extract (Difco

Laboratories ), and 100 ml of 10� salt solution was used in all

experiments. The 10� salt solution consisted of (grams per liter ) 60

Na2HPO4�7H2O, 10 KH2PO4, 55 NaCl, 0.4 L- tryptophan, 0.4

L-methionine, 0.05 thiamine, and 0.25 uracil. It was filter -

sterilized and added to the fermentor after it had cooled. The pH

of the medium was adjusted to 7.5; 100 �g/ml kanamycin and

20 �g/ml chloramphenicol were added. Fermentation experi-

ments were performed by inoculating a 12- to 14-h-old starter

culture grown from a frozen stock. The medium in the fermentor

was supplemented with 0.2 ml / l of antifoam 289 (Sigma, St.

Louis, MO). Three - to ten- liter fermentations were carried out

using a B. Braun Biostat MD DCU (Melsungen, Germany),

controlling dissolved oxygen (DO) at 30% saturation, temperature

at 378C, and pH at 7.5 with HCl and NH4OH. At harvest time,

5 mM EDTA and 10 �g/ml PMSF (phenylmethyl sulfonyl

fluoride) were added to the culture. Shake flask experiments

(100 ml ) utilizing modified FA medium were supplemented with

glucose, lactose, glycerol or casitone at a concentration of 10 g/ l.

Analytical methods
Optical density (OD) was measured at 600 nm. Protease analysis

was carried out on supernatant samples collected during growth and

stored frozen at �208C. EDTA was added to supernatant samples

used for SDS-PAGE and radial immunodiffusion to a final

concentration of 10 mM.

Figure 1 Production and proteolytic activity of PA-SNKE-�FF-E308D and PA-N657A. ( a ) rPA production (mg/g cells ) (� ) SNKE, (& ) N657A;
proteolytic activity (6 ) SNKE, (& ) N657A; (b ) SDS-PAGE analysis of partially purified PA-N657A and PA-SNKE-�FF-E308D.

Table 1 Effect of various carbon sources on rPA production

Medium rPA production

mg rPA/g cell mg rPA/ l culture

Glycerol+basic medium 23.7 117.3

Glucose+basic medium 25.3 113.3

Lactose+basic medium 33.9 116.0

Casitone+basic medium 28.3 135.1

Figure 2 Effect of EDTA and PMSF on proteolytic activity. Supernatants
from two different cultures taken after 24 h of growth were analyzed without
inhibitors ( control ), with 1 �g /�L PMSF and with 15 mM EDTA.
Fluorescence is proportional to proteolytic activity.

Protective antigen from Bacillus anthracis
DM Ramirez et al

233



Extracellular protease activity was detected using the EnzChek

green fluorescence assay kit (Molecular Probes, Eugene, OR).

Fluorescence was measured with a LS50B luminescence spectro-

photometer (Perkin -Elmer, Boston, MA). This assay was con-

ducted at pH 7.5 or 6.0 depending on the experiment. Proteolytic

activity is reported as fluorescence change per unit sample.

Protein was determined using BCA assay (Pierce, Rockford,

IL). PA expression was quantified by SDS-PAGE (Invitrogen /

Novex, Carlsbad, CA) gel analysis and by the Mancini immuno-

diffusion assay [21] using agarose plates containing polyclonal PA

antibody. Pure PA was used as the standard, both polycolonal PA

antibodies and pure PAwere supplied by S. Leppla (NIH, NIDCR,

Bethesda, MD, USA).

Immunological methods
Immunogens used: (1) purified rPA; (2) formalin - treated rPA:

rPA, at concentrations of 0.3, 3.0 and 7.12 mg/ml, was treated with

0.035% formalin [23,25]. The reaction mixtures were dialyzed

extensively against phosphate -buffered saline, pH 7.4 and sterile -

filtered through a 0.2-�m pore-size membrane; (3 ) rPA alum

adsorbed: rPA at a concentration of 25 �g/ml was adsorbed onto

0.75 mg/ml aluminum hydroxide (Alhydrogel, SuperFos, Copen-

hagen, Denmark); (4) AVA US licensed vaccine: Lot # FAV 057.

Immune response analyses: In a representative experiment

designed to characterize the immunogenicity of rPA, 5- to 6-

week-old female general -purpose mice were injected subcuta-

neously three times two weeks apart [3 ] with 2.5 �g of the various

rPA preparations (1 /10 to 1 /5 of the estimated human dose) in 0.1

ml of saline, and with 0.1 ml (1 /5 of recommended dose) of the

AVA. The mice were exsanguinated 7 days after the last injection

and their IgG anti -PA measured by ELISA using native PA as the

antigen and calculated in reference to a monoclonal anti -PA. The

results are expressed as micrograms Ab per milliliter. Select sera

were also assayed for their neutralization titer [19].

Purification

Packed-bed hydrophobic interaction chromatography:
The cell suspension containing 5 mM EDTA was centrifuged and

Figure 3 Fermentation process for the production of PA-SNKE-�FF-E308D from B. anthracis BH445. (& ) rPA (mg / l ), (� ) OD 600 nm,
(� � � � ) base addition (ml ), (� �� � �� � ) acid addition (ml ). Dissolved oxygen and pH are depicted as solid lines.

Figure 4 SDS-PAGE analysis of culture supernatants obtained throughout
the fermentation. Samples were taken at 13, 14, 16, 18, 22 and 34 h of
growth. Arrow indicates the location of rPA(83 kDa) in the gel.

Figure 5 rPA production and proteolytic activity of B. anthracis BH445
[pSY5:SNKE-�FF-E308D] in fed -batch cultures supplied with tryptone /
yeast extract or glucose. (� ) Specific rPA production in tryptone /yeast
extract (mg/g cells ); (& ) volumetric rPA production in tryptone /yeast
extract (mg / l ); (~ ) proteolytic activity in tryptone /yeast extract; (6 )
specific rPA production in glucose (mg/g cells ); (& ) volumetric rPA
production in glucose (mg / l ); (� ) proteolytic activity in glucose.
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the supernatant was passed through a 0.2-�m hollow fiber filter

(AGT, Needham, MA). The filtered broth was then concentrated

20� using a 10K membrane in a Pellicon-2 (Millipore, Bedford,

MA). Two hundred grams of (NH4)2SO4 per liter (1.5 M) was

added to the concentrated supernatant. The small amount of

precipitate produced after addition of (NH4)2SO4 was eliminated

with centrifugation and filtration. Phenyl Sepharose Fast Flow

(Amersham Pharmacia Biotech, Uppsala, Sweden) was equili-

brated with buffer containing 1.5 M (NH4)2SO4/10 mM HEPES

pH=7.0 /5 mM EDTA (equilibration buffer ) at a flow rate of

15 cm/h. After sample loading, the column was washed with 10

column volumes (CV) of equilibration buffer and rPA was eluted

with a 30-CV linear gradient from 1.5 M to 0 M (NH4)2SO4 in

10 mM HEPES pH=7.0 /5 mM EDTA. Fractions were analyzed by

SDS-PAGE and the rPA-containing samples were pooled for

further purification.

Expanded-bed hydrophobic interaction chromatogra-
phy: The cell suspension containing 5 mM EDTA was diluted

1:1 with buffer containing 3.0 M (NH4)2SO4/20 mM HEPES

pH=7.0 /5 mM EDTA and 0.005% pluronic F-68 (Life

Technologies, Gaithersburg, MD). STREAMLINE2 Phenyl,

(Amersham Pharmacia Biotech) was expanded in a streamline

column in equilibration buffer. The diluted cell suspension was

loaded upward at 300 cm/h. The column was washed in expanded

mode [2] with 10 CV of equilibration buffer containing 0.005%

pluronic F-68. Elution was performed in packed-bed mode with

8 CV of elution buffer at 100 cm/h. The eluent was analyzed by

SDS-PAGE and radial immunodifussion.

Anion exchange chromatography: Fractions from HIC

were dialyzed against 20 mM Tris pH=8.9 /5 mM EDTA and

loaded on a Q Sepharose Fast Flow (Amersham Pharmacia

Biotech) column equilibrated with 20 mM Tris pH=8.9 /5 mM

EDTA at 15 cm/h. The protein was eluted using a 20-CV linear

gradient from 0 to 0.5 M NaCl in the same buffer. rPA-containing

fractions were concentrated and dialyzed against PBS.

Gel filtration: The pooled rPA was further purified using a Su-

perdex 75 column (Amersham Pharmacia Biotech) in PBS/5 mM

EDTA pH 7.4 at 12 cm/h.

Results and discussion

Expression of two rPAs: PA-N657A and PA-SNKE-
�FF-E308D
The expression of two recombinant versions of PA and the

extracellular proteolytic activity of the culture were analyzed

(Figure 1). Production of PA-SNKE-�FF-E308D, the protein

lacking the furin and chymotrypsin cleavage sites, was nearly 60%

higher than that of PA-N657A, the protein containing a mutation in

the receptor -binding domain (Figure 1a). The extracellular

proteolytic activity ( fluorescence /OD) of both cultures was

similar. SDS-PAGE analysis of partially purified rPA recovered

from these cultures shows a higher concentration of smaller

fragments in the sample from PA-N657A compared to the sample

from PA-SNKE-�FF-E308D (Figure 1b). Western blot analysis

with polyclonal PA antibody confirmed that the smaller fragments

were reactive against rPA (data not shown). As indicated in Figure

1a , the proteolytic activity was similar in both strains. Therefore, it

was apparent that PA-SNKE-�FF-E308D is a better candidate,

due to its stability, and it was selected for further studies.

pH effect
Based on previous information [6,24], initial production studies

with PA-SNKE-�FF-E308D were done by controlling pH with

NH4OH only, which resulted in a pH of 8.7 at the end of the

fermentation. When pH was controlled at 7.4 during the entire

fermentation, the rPA production was 30 mg/g cell and the

Figure 6 SDS-PAGE analysis of purified rPA fractions. ( a ) rPA purified
by packed-bed chromatography; (b ) rPA after hydrophobic interaction
chromatography and gel filtration; ( c ) rPA fraction shown in lane (b ) after 3
months; (d ) rPA after expanded-bed hydrophobic interaction chromatog-
raphy, anion exchange, and gel filtration. MW indicates molecular weight
markers. Arrows indicate the location of rPA (83 kDa) in the gel.

Table 2 Comparison of packed -bed and expanded-bed adsorption as capturing processes for rPA

Packed-bed Expanded -bed adsorption

1. Total processing time: 15.5 h 1. Total processing time: 8 h

( a ) downstream processing: 6 h (4 unit operations ) ( a ) downstream processing: 1 h (1 unit operation )

(b ) loading: 2 h (b ) loading: 4 h

( c ) column wash: 3.5 h ( c ) column wash: 1.5 h

(d ) elution: 4 h (d ) elution: 1.5 h

2. 400 g (NH4 )2SO4 needed 2. 8000 g (NH4)2SO4 needed

3. 100 ml resin needed 3. 300 ml resin needed

4. Load /wash steps require little attention 4. Load /wash steps cannot be left unattended

5. 82% recovery 5. 70% recovery

Protective antigen from Bacillus anthracis
DM Ramirez et al

235



proteolytic activity per OD unit was 8, compared to values of

20 mg rPA/g cells and proteolytic activity per OD of 30 when the

pH was controlled only by NH4OH. When the process was

performed at a lower pH, both rPA production and protease activity

were lower. At pH 6.1 production declined nearly six times and

protease activity two times compared to what was found at pH 7.4.

Possibly, intracellular expression is lower or secretion is inhibited at

low pH. From the above information, it is obvious that pH

significantly affects the proteolytic activity and the rPA expression.

Controlling pH throughout the fermentation process resulted in a

30% increase in rPA yield, compared to previously reported

strategies.

Effect of various carbon sources and
protease inhibitors
Attempts to increase PA expression by supplementing the basic

growth medium with different carbon sources is summarized in

Table 1. Neither the volumetric production nor the production per

gram cells was enhanced with the addition of various carbon

sources. The effect of PMSF and EDTA on extracellular

proteolysis was also examined. As shown in Figure 2 , addition

of EDTA (15 mM) significantly reduced proteolytic activity

whereas the proteolytic activity of the PMSF-containing fraction

(1 �g/�l ) was similar to that of the control. Based on this

information, EDTA was added at the end of the fermentation,

before the protein was processed.

Growth and production conditions
Based on the parameters determined previously, a production

process for the recombinant PA-SNKE-�FF-E308D from

B. anthracis BH445 was established. The process is based on

growth in a batch fermentation controlled at pH 7.5 with NH4OH/

HCl and at 30% dissolved oxygen saturation for a period of 18 h.

Results of a typical fermentation are shown in Figure 3 .

In general, the final OD600 values fluctuated between 16 and

20. During the first 5 h, growth was exponential and the pH was

controlled by base addition. Later in the fermentation, pH was

controlled by acid addition. Accumulation of rPA occurred mostly

during the stationary phase and reached a final concentration of

160 mg/ l. The results shown in Figure 4 indicate that rPA

degraded if the fermentation was extended for more than 18 h,

therefore, a harvest time between 14 and 18 h was selected.

Attempts to increase the rPA production by implementing a fed-

batch growth strategy were conducted. The addition of 10�
tryptone /yeast extract / salts or 50% glucose /10� salts resulted in a

50% increase in cell density but not an increase in protein

production (Figure 5). The observation that rPA production was not

improved by the implementation of a fed batch growth strategy or

by the addition of various carbon sources such as casein, glucose,

glycerol or lactose is an indication that perhaps a specific nutritional

factor is missing. Moreover, the specific proteolytic activity was

almost five times lower when glucose was added to the tryptone /

yeast extract media (Figure 6). This was expected since glucose

represses proteases in Bacillus [11,29].

Purification
The purification protocol developed for rPA consisted of hydro-

phobic interaction chromatography (Phenyl Sepharose ) followed

by anion exchange (Q Sepharose ) and gel filtration (Superdex 75).

Replacing the initial capturing step with expanded-bed

chromatography [2] can simplify and shorten the recovery process

since it eliminates the clarification steps. Therefore, the use of

expanded-bed adsorption (EBA) was investigated by substituting

the traditional packed-bed resin (Phenyl Sepharose) with the

expanded-bed hydrophobic resin STREAMLINE2 Phenyl. The

static binding capacity for STREAMLINE2 Phenyl was approx-

imately 15 mg protein /ml of resin, which is comparable to the

capacity of Phenyl Sepharose. Optimal binding of rPA to

STREAMLINE2 Phenyl occurred at 1.5 M (NH4)2SO4.

Preliminary experiments performed with cell -containing broth

in expanded mode resulted in the formation of aggregates and

eventual collapse of the bed. It was possible to stabilize the

expanded column only after the addition of a detergent, which

probably altered some of the hydrophobic interactions but did not

Table 3 IgG anti -PA (ELISA) and anthrax toxin neutralization titers of mice (n=10) following three subcutaneous injections of the rPA and its derivativesa

Immunogen Dose (�g) �g IgG of selected mice GMb of group of 10 mice Toxin neutralization titer

rPA 2.5 130.6 24.9 4000
11.2 200

21.3 1000

rPA/AL(OH)c 2.5 725.3 312 8000
770.5 7000

513.5 4000

rPA/ formalin 0.3c 2.5 68.3 182 1500
179.2 2000

rPA/ formalin 3.0c 2.5 77.7 220 1250
214.4 5000

rPA/ formalin 7.12c 2.5 262.5 266 3000
415 5000

AVAd 0.1 ml 339.2 565 3000

Saline 0.1 ml <0.05 <0.05 20

aFive - to six -week-old female general - purpose mice were injected subcutaneously with 0.1 ml of the above immunogens three times two weeks apart. The
mice were bled 7 days after the third injection and select sera were assayed for IgG anti -PA by ELISA, using PA as the antigen, and by toxin neutralization.
bGeometric mean of anti PA antibody.
cPA at a concentration of 0.3, 3.0 and 7.12 mg per ml was treated with 0.035% formalin.
dUS licensed Anthrax vaccine Lot FAV 0 57 was used without further treatment.

Protective antigen from Bacillus anthracis
DM Ramirez et al

236



prevent rPA from binding. Pluronic F-68 was chosen due to its

nontoxicity in humans. The static binding capacities of STREAM-

LINE2 Phenyl were 15, 11 and 5 mg protein /ml resin with 0%,

0.005% and 0.01% pluronic F-68, respectively. Successful

operation of the HIC EBA column occurred when using a load

concentration of 15 g wet cells / l, 0.8 ml resin /g wet cells and

0.005% pluronic F-68 in the load as well as the wash buffer. Under

these conditions, some signs of aggregation appeared at the end of

the loading phase but cell debris was eliminated in the washing

phase. A 70% recovery was obtained.

rPA purity after hydrophobic interaction chromatography was

higher than 80%. Further purification was achieved by adding a gel

filtration step (Figure 6, lane b). However, this material was not

stable when stored at 48C for 3 months (Figure 6, lane c). In

contrast, pure and stable rPAwas obtained after HIC EBA, followed

by anion exchange and gel filtration (Figure 6, lane d). Similar

results to the expanded-bed process were obtained when packed-

bed hydrophobic interaction chromatography was followed by ion

exchange and gel filtration (Figure 6, lane a).

Replacing the packed-bed capturing step with EBA proved to

be more efficient since it eliminated the centrifugation and

filtration steps, however, twenty times more (NH4)2SO4 and three

times more resin were required to process the same amount of

culture (Table 2). Initial work with hydrophobic interaction chro-

matography using EBA to capture rPA resulted in bed collapse.

This was avoided after the addition of a surfactant (pluronic F-68).

These results suggest that the characteristics of the cell membrane

were most likely the cause of cell aggregation. Since no poly-

glutamic acid capsule is present in the recombinant strain, the two

hydrophobic membrane proteins forming the S- layer [5,7] may be

responsible for associating with neighboring cell membranes and

the resin. After evaluating the possible interactions affecting the

system, it was found that successful operation of the expanded bed

was possible by carefully adjusting the cell concentration of the

load, increasing the adsorbent - to -cell ratio, and choosing the

appropriate detergent type and concentration. The expanded-bed

approach was more efficient in spite of the slightly lower yield

(70% vs. 82%) and the higher amount of (NH4)2SO4 and resin

needed since it eliminated the need for centrifugation and filtration.

To obtain stable and highly purified protein, anion exchange and

gel filtration steps were added.

Immunological studies
The results of the immunological studies are summarized in

Table 3 . They showed that all vaccinated groups responded with

significant IgG anti -PA levels. Recipients of the adsorbed rPA,

formalin - treated rPA and AVA had higher antibodies levels than

the recipients of the purified rPA (312, 182, 220, 266, 565 vs.

24.9, P<0.0001): there was no statistical difference between

GM antibody levels of the groups injected with the formalin -

treated rPA, the alum-adsorbed rPA and the AVA. Sera from the

vaccinated mice had toxin neutralizing titers which correlated

with their antibody levels as measured by ELISA (Kendall tau B,

r=0.647; P<0.0001).

The vaccination was done at a dose and route relevant to

immunization of humans (subcutaneously 1 /10–2/10 of the

estimated human dose). The purified rPA is expected to induce

fewer adverse effects than the AVA, which is composed of the

adsorbed and formalin - treated culture supernatant of a toxic,

noncapsulated Stern strain of B. anthracis. In addition, the rPA,

being a purified single component preparation, is easy to cha-

racterize and standardize.

Conclusions

Once the gene encoding PA (pagA ) was cloned [35] and

sequenced [36], several researchers reported on the expression of

PA in hosts like Bacillus subtilis [1,14,22,30], E. coli [9,28,35],

Salmonella typhimurium [4], viruses [12], and avirulant B.

anthracis [6,16]. From these reports, the highest PAyield achieved

has been in the order of 50 mg/ l in B. anthracis [16]. In this work,

a scalable fermentation and purification process suitable for vaccine

development, which produced almost three times more product

than reported earlier, is presented. This was accomplished by using

a biologically inactive protease - resistant PA variant in a protease -

deficient nonsporogenic avirulent strain of B. anthracis. Immuno-

genicity studies in mice indicated that the purified rPA induced high

levels of IgG anti -PA with neutralization activities.
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