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Recombinant botulinum neurotoxin serotype A binding domain [BoNT/A(H,)], expressed in Pichia pastoris,
was developed as a vaccine candidate for preventing botulinum neurotoxin type A (BoNT/A) intoxication. After
fermentation and cell disruption, BONT/A(H,_) was purified by using a three-step chromatographic process
consisting of expanded-bed chromatography, Mono S cation-exchange chromatography, and hydrophobic
interaction chromatography. Two pools of immunogenic product were separated on the Mono S column and
processed individually. Both products were more than 95% pure and indistinguishable by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, Western blot analysis, and enzyme-linked immunosorbent assay
(ELISA). Each protein was assayed for potency in mice at immunogen doses ranging from 2.4 ng to 10 pg,
followed by challenge with 1,000 mouse intraperitoneal 50% lethal doses (i.p. LD5,) of BoNT/A. The calculated
50% effective dose for both peaks was approximately 0.1 pg/mouse. Peak 1 was evaluated further in a mouse
efficacy assay. Mice were injected either once, twice, or three times at five different doses and subsequently
challenged with 100,000 mouse i.p. LD, of BoNT/A. In general, multiple injections protected better than one,
with complete or nearly complete protection realized at doses of =0.5 pg/mouse. Serum neutralization and
ELISA titers were also determined. Tellingly, 82 of 83 mice with antibody titers of =1,600, as measured by
ELISA, survived, but only 6 of 42 mice with titers of =100 survived. This work shows that the purified
BoNT/A(H,) produced was a highly effective immunogen, able to protect against a high challenge dose of

neurotoxin.

The botulinum neurotoxins (BoNT) are the causative agents
of botulism and represent a family of seven structurally similar
but antigenically distinct serotypes (A to G). These toxins exert
their action by blocking release of the neurotransmitter ace-
tylcholine at the neuromuscular junction (15, 22, 30). BoNT
are usually expressed in Clostridium botulinum as a single
polypeptide chain and then posttranslationally nicked, forming
a dichain consisting of a 100-kDa heavy chain and a 50-kDa
light chain held together by a single disulfide bond (9, 10).
Topologically, these neurotoxins are composed of three do-
mains, a binding domain, a translocation domain, and a cata-
lytic domain, each of which is believed to play a role in intox-
ication. The carboxy-terminal portion of the heavy chain is
responsible for binding nerve cell receptor(s) (2, 18, 26). After
toxin binding, it is thought to be internalized into an endosome
through receptor-mediated endocytosis (27). It is believed that
the 50-kDa amino-terminal domain of the heavy chain pos-
sesses channel-forming capabilities when in the acidic environ-
ment of the endosome, allowing internalization of the toxin
(20, 30). The final step in the mechanism involves zinc-depen-
dent proteolysis (22, 23) by the catalytic domain of key cyto-
solic substrates (19, 22, 24, 28) necessary for neurotransmitter
release.

Inhibition of BoNT action at a key step of the process out-
lined above could abolish the onset of botulism. One approach
to developing a vaccine against botulism would be to construct
and express a gene encoding only the binding domain of BONT
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[BoNT(H,)] and purify the translated product. This material,
when administered to an organism, would not cause botulism,
because it lacks the enzyme and should not be able to enter
the nerve cell without the translocation domain. Antibodies
toward the product which neutralize BoNT serotype A
(BoNT/A) toxicity when the host is directly challenged could
be produced. This strategy was applied with fragments of tet-
anus toxin (12, 16) when researchers demonstrated that the
binding domain protected mice against a challenge of 10 50%
lethal doses (LDs,) of tetanus toxin. Currently, a toxoid vac-
cine against BoNT serotypes A to E is used (1, 11, 14, 29).
However, there are inherent problems with the toxoid. The
product consists of a crude extract of clostridial proteins. The
material is dangerous to produce, and thus there is a high cost
associated with preparing the toxoid vaccine. The toxoid also
contains formalin, which is very painful for the recipient. Fi-
nally, only five of the seven serotypes are represented in the
formulation.

The aim of the work presented here was to develop a process
for isolating a highly immunogenic recombinant BoNT(H,)
which could protect animals against a direct challenge of
BoNT and be cheaper and less dangerous to produce. Ulti-
mately, the developed process will be licensed as a vaccine.
Previous work with BoNT/A demonstrated that the binding
domain of serotype A [BoNT/A(H,)] expressed in Escherichia
coli partially protected mice challenged with up to 1,200 LD,
of BoNT/A (17). In this study, a synthetic gene encoding
BoNT/A(H,) (6) was modified, constructed, expressed in the
yeast Pichia pastoris, and purified. The recombinant product
was evaluated as a vaccine candidate for its ability to protect
mice against a direct challenge of BoNT/A in potency and
efficacy studies.
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MATERIALS AND METHODS

Synthetic gene modification and vector construct. A synthetic gene encoding
BoNT/A(H,) was inserted into the vector pHILD4 (gift from the Phillips Petro-
leum Company, Bartlesville, Okla.) and expressed intracellularly in P. pastoris
GS115. The synthetic gene used for expression in yeast was initially constructed
(6) with restriction enzyme sites Ncol at the 5" end and Smal at the 3’ end for
insertion into the E. coli expression vector pTrc 99. PCR primers were designed
to remove the Ncol site and a GCT (Ala) codon spacer at the 5 end of the gene
and the Smal site at the 3’ end. The 5" PCR primer provided an EcoRI site, an
ACG codon (for translational regulation), and an initiation codon at the 5’ end,
while a second EcoRI site was incorporated at the 3’ end. The modified gene was
then inserted into the unique EcoRI site of pHILDA4.

The vector harboring the BONT/A(H,) gene was linearized with Sacl, and the
cassette was integrated into the chromosomal AOXI locus of P. pastoris (5).
Yeast transformants expressing the selectable markers histidine dehydrogenase
(7) and aminoglycoside phosphotransferase 3’ (I) (25) were isolated and shown
to be capable of expressing recombinant BONT/A(H,). Stock seed cultures were
prepared for protein expression.

Protein expression. A stock seed culture of P. pastoris was grown at 30°C to an
Agoo of 20 in shake flasks containing 0.5 liter of YNB medium (13.4 g of yeast
nitrogen base without amino acids, 20 g of glycerol, and 0.4 mg of biotin per liter,
in 100 mM sodium phosphate [pH 6.0]). The shake flask culture was used to
inoculate a 5-liter BioFlo 3000 fermentor (New Brunswick Scientific, Edison,
N.J.) containing 5% glycerol in 2.5 liters of basal salt medium plus PTM, trace
mineral salts. Dissolved oxygen was maintained at 40%, and the pH was main-
tained at 5 with 30% ammonium hydroxide. After the initial glycerol was con-
sumed, 50% (wt/vol) glycerol was added at a rate of 15 ml/liter/h for 3 h.
Methanol feed was started at 2.5 ml/liter/h and gradually increased to a final feed
rate of 11 ml/liter/h over 74.5 h. The methanol feed rate was adjusted by using the
dissolved oxygen-spike method (4). A saturated solution of Casamino Acids
(66.67% [wt/vol]) was added to the culture 1.5 h after the start of methanol
feeding at a rate of 10 ml/h. After 74.5 h of methanol induction, the cells were
harvested by centrifugation for 15 min at a relative centrifugal force of 12,000,
using a Beckman JA-10 rotor (Beckman Instruments, Palo Alto, Calif.), and then
stored frozen at —20°C.

Cell disruption. For the purification, 222.2 g of frozen cell paste was dissolved
in 2 liters of 20 mM Na-MES (morpholineethanesulfonic acid-5 mM EDTA-2
mM phenylmethylsulfonyl fluoride [pH 5.7]) at 4°C. Cells were disrupted with a
Gaulin APV 30CD cell disrupter (Gaulin APV Inc., Everett, Mass.), in series
with a 0.08-ft> shell-and-tube heat exchanger (Allegheny Bradford Corp., Brad-
ford, Pa.), equilibrated at 2°C. The homogenate was subjected to 10 passes
through the disruption cell at 16,000 Ib/in?, with alternate passes through the
system at low pressure for cooling. The resulting cell lysate had a volume of 1,970
ml and a total protein concentration of 3.29 mg/ml.

Expanded-bed chromatography. Expanded-bed chromatography was carried
out with Streamline SP XL cation-exchange resin in a Streamline 25 column
(Pharmacia, Uppsala, Sweden) with a 20-cm settled bed height (packed-column
volume of 98 ml). The column was equilibrated with 20 mM Na-MES-10 mM
NaCl-5 mM EDTA (pH 5.7) at 4°C in expanded-bed mode for 10 column
volumes at a linear flow rate of 200 cm/h. At this flow rate, the height of the
expanded volume was 42 cm. The cell lysate was loaded at 200 cm/h for a total
of 1,970 ml or 6.5 g of total protein. The column was then washed with 5 column
volumes of 20 mM Na-MES-10 mM NaCl-5 mM EDTA (pH 5.7) at 4°C in
expanded-bed mode. Flow was then stopped, the bed was allowed to settle, and
the column adapter was lowered to form a packed-bed column. The packed-bed
column was connected to a BioCad 60 workstation (PerSeptive Biosystems,
Framingham, Mass.) for programmed elution and monitoring of A,g,. The col-
umn was washed in downward flow for 3 column volumes and then eluted with
4 column volumes of 20 mM Na-MES-400 mM NaCl-5 mM EDTA (pH 5.7). A
product peak fraction of 248 ml was collected based on the resulting UV absor-
bance chromatogram trace with a protein concentration of 0.923 mg/ml. This
material was immediately frozen at —20°C.

FPLC purification. All protein purification steps, except as described above
for expanded-bed chromatography, were performed with a Pharmacia model 500
FPLC (fast protein liquid chromatography) system. Briefly, Streamline product
(0.92 mg/ml) was dialyzed extensively against 1.5 liters of 50 mM Tris-HCI-1 mM
EDTA (pH 7.5) at 4°C by using Pierce Slide-a-lyzer dialysis cassettes. The
resulting material (32 ml) was further purified by FPLC with a Pharmacia HR 5/5
Mono S cation-exchange column equilibrated with 50 mM Tris-HCl-1 mM
EDTA (pH 7.5) (buffer A). The material was loaded onto the column by using
a Pharmacia 50-ml loading loop at a flow rate of 1.5 ml/min. Flowthrough was
collected as one fraction, and the column was washed with 12 column volumes of
buffer A. Protein was eluted from the column with a linear NaCl gradient of 0 to
300 mM over a span of 60 column volumes. Fractions containing 1 ml each were
collected beginning at the start of the elution gradient.

Eluted fractions that were positive for BONT/A(H,) by Western blot analysis
and enzyme-linked immunosorbent assay (ELISA) were combined into two
separate pools: peak 1 at 2.52 mg of total protein in 2.7 ml, and peak 2 at 1.69
mg of total protein in 2.7 ml. Each pool was diluted fourfold with 2 M ammonium
sulfate-100 mM sodium phosphate-1 mM EDTA (pH 7.5). The resulting protein
dilutions were further purified by FPLC by using a Pharmacia 10/10 C,z hydro-
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phobic interaction chromatography (HIC) column. Peak 1 and peak 2 pools were
each purified under identical conditions. The material was loaded on the HIC
column by using a 50-ml loading loop at 1.5 M ammonium sulfate. Protein was
eluted by a decreasing gradient of ammonium sulfate with the following sched-
ule: 1.5 to 1.2 M ammonium sulfate over 5 ml; 1.2 to 0.95 M ammonium sulfate
over 25 ml; 0.95 to 0 M ammonium sulfate over 5 ml; and 0 M ammonium sulfate
held constant over 8 ml. Fractions positive by ELISA and Western blot analysis
were combined. Both peaks were greater than 95% pure as assayed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Protein assays. Total protein concentrations were determined by using either
a Bio-Rad protein assay (Bio-Rad, Hercules, Calif.) at one-half volume of their
standard protocol and bovine serum albumin as the protein standard or the
Pierce BCA (bicinchoninic acid) protein assay (Pierce, Rockford, Ill.) with the
microscale protocol as directed, with bovine serum albumin as the protein stan-
dard.

ELISA for analyzing FPLC fractions. All incubations were at 37°C unless
indicated differently. Microtiter plates (Immulon 2; Dynatech Laboratories,
Chantilly, Va.) were incubated for 1 h with 100 ul of coating monoclonal anti-
body (MAb) 5BA2.3 (Chemical and Biological Defense Establishment, Porton
Down, England) at 2.0 wg/ml in phosphate-buffered saline (PBS), followed by a
blocking step with 200 wl of 5% skim milk-0.01% thimerosal in PBS (SMD) for
30 min. BONT/A(H,) FPLC fractions (50 pl) were added to the microtiter plates
at dilutions of 1:9, 1:45, and 1:225 in SMD and incubated for 90 min. One
hundred microliters of affinity-purified horse anti-BoNT/A(H,) (gift from R.
Schoepp) was added to each well at 2.0 wg/ml in 5% SMD and incubated for 60
min, followed by a 60-min incubation with 100 pl of peroxidase-labeled goat
anti-horse immunoglobulin G (IgG) (Kirkegaard & Perry Laboratories, Gaith-
ersburg, Md.) at 2 pg/ml in 5% SMD. Finally, 100 pl of ABTS [2,2'-azinobis(3-
ethylbenzthiazolinesulfonic acid)] peroxidase substrate (Kirkegaard & Perry
Laboratories) was added to each well, the plates were incubated at room tem-
perature in the dark for 30 min, and the A,s was read with a Bio-Tek microplate
reader (Bio-Tek Instruments, Winooski, Vt.).

SDS-PAGE and Western blot assays. SDS-PAGE was performed in all cases
under reducing conditions with a Novex Mini-cell IT apparatus (Novex, San
Diego, Calif.) with 10% precast tricine gels. Load buffer, tank buffer, and mo-
lecular weight markers were obtained from Novex. Protein bands were visualized
by Coomassie blue staining. Protein purity from SDS-polyacrylamide gels was
measured with a Bio Photonics Gel Print 2000i densitometry system (Bio Pho-
tonics, Ann Arbor, Mich.) and analyzed with National Institutes of Health
imaging software.

For Western blot analysis, proteins separated on SDS-polyacrylamide gels
were transferred to Novex nitrocellulose membranes at 25 V for 60 min with a
Novex blot module. Exposed protein binding sites on the membranes were
blocked by incubation at room temperature in 5% skim milk-Tris-buffered saline
(TBS) for 60 min. Membranes were incubated at room temperature with affinity-
purified MAb 6E9-11 produced against BONT/A(H,.) (gift from S. Bavari) at 2
wg/ml in 5% skim milk-TBS for 3 h. After four washes with TBS, membranes
were incubated at room temperature with affinity-purified goat anti-mouse IgG
(Kirkegaard & Perry Laboratories) at 2 pg/ml in 5% skim milk-TBS for 2 h.
After another four washes with TBS, membranes were incubated with TMB
[3,3",5,5'-tetramethylbenzidine] membrane substrate (Kirkegaard & Perry Lab-
oratories) until color developed.

Potency and efficacy studies. FPLC-purified BoNT/A(H,) from yeast was
assayed for potency and efficacy by using Cr1:CD-1 (ICR) mice (Charles River).
All mice used in the assays were males weighing 16 to 22 g. All injections were
in 0.2% Alhydrogel (Superfos Biosector, Kvistgaard, Denmark) in normal saline
in a total volume of 100 wl per mouse. A group of 10 naive mice was also used
as toxin controls in both the potency and efficacy studies.

For the potency assay, both peak 1 and peak 2 purified material was used. Ten
mice per group were injected once intramuscularly with fourfold dilutions of
antigen at seven dose levels ranging from 10 pg to 2.4 ng. Mice were challenged
21 days after injection with 1,000 mouse intraperitoneal (i.p.) LDs, of BONT/A
toxin complex (Food Research Institute, University of Wisconsin) diluted in gel
phosphate buffer (GPB) in a total volume of 100 pl per mouse. Mice were
observed daily, and deaths were recorded 5 days postchallenge.

For the efficacy study, only purified peak 1 material was used. Each of 10 mice
per group was injected one to three times with 0.01, 0.1, 0.5, 1.0, or 2.0 pg.
Multiple injections were given 14 days apart. Two days before challenge, mice
were bled retro-orbitally for ELISA and serum neutralization testing. Mice were
challenged 21 days after the last injection with 100,000 mouse i.p. LDs, of
BoNT/A toxin complex diluted in GPB in a total volume of 100 pl per mouse.
Mice were observed daily, and deaths were recorded 5 days postchallenge.

ELISA of serum. BoNT/A (List Biologicals, Campbell, Calif.) of >95% purity
was diluted to 2 pg/ml in PBS (pH 7.4), and 100 pl/well was dispensed into
microtiter plates. The plates were incubated overnight in a humidity box at 4°C.
SMD was used to block nonspecific binding and as an antibody diluent. The
plates were washed with PBS (pH 7.4)-0.1% Tween 20 between steps.

Sera were individually tested and also tested as an average for each group of
10 mice. Sera were initially diluted 1:100 and then diluted fourfold for eight
dilutions (1:100 to 1:1,600,000). Diluted sera were added in duplicate to toxin-
coated wells (100 wl/well). The secondary antibody was horseradish peroxidase-
conjugated goat anti-mouse IgG diluted 1:1,000 (Kirkegaard & Perry Laborato-
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FIG. 1. Modification of the synthetic gene encoding BONT/A(H,). (A) Gene
construct as described by Clayton et al. (6). (B) Modified gene construct for the
work presented in this report. In both sequences, only the regions modified are
shown. The cloning restriction sites are shown above the sequence. The initiation
and termination codons are shown in bold, and the one-letter amino acid codes
are depicted below the gene sequences. The initiation codon represents amino
acid 861 of the full-length BoONT/A sequence.

ries). Incubations (37°C) with the primary and secondary antibodies were for 90
and 60 min, respectively.

ABTS substrate (Kirkegaard & Perry Laboratories), 100 pl/well, was added as
the color developer. The plates were incubated at room temperature for 30 min,
and the A,ys was measured with a microplate reader. Mouse MAb 5BA2.3 was
used as the positive control in each assay; naive mouse serum was added as a
negative control. Titers were defined as the reciprocal of the last dilution with an
Ayps of =0.2 above background absorbance.

BoNT/A neutralization assay. For each injection group of 10 mice, 50 .l of
serum per mouse was pooled for the toxin neutralization assay. The pooled
serum samples were initially diluted 1:8 in GPB (pH 6.2) and then diluted
fourfold for five dilutions (1:8 to 1:2,048) per pooled sample. Each sample
dilution was incubated for 1 h at room temperature with a standard concentra-
tion of BoNT/A. Each dilution was injected i.p. into four mice. The mice were
monitored for 4 days, and the number of deaths at each sample dilution was
recorded. If the toxin was neutralized, the mice were protected from challenge
with 10 mouse i.p. LDs,. The detection limit for this assay was 0.1 to 0.2 TU/ml
due to the limited amount of serum available. The concentration of neutralizing
antibody in the serum was calculated against the World Health Organization
botulinum type A antitoxin (3). Antibody titers are defined as the number of
international units of antitoxin per milliliter of serum; 1 IU of type A antitoxin
neutralizes 10,000 mouse i.p. LDs,.

Statistical analysis. Fifty percent effective concentrations (EDs,s) were de-
termined by using probit analysis at the 95% confidence level with SAS (version
6.10; SAS Institute, Cary, N.C.). The logistic regression model was used to test
associations of group ELISA titers and serum neutralization titers with survival,
using SAS version 6.10.

RESULTS

Modification of the synthetic gene. A synthetic gene encod-
ing BONT/A(H,) in E. coli (6) was modified to allow expression
in P. pastoris. Modifications consisted of replacing the Ncol
and Smal restriction sites at the 5" and 3’ ends, respectively,
with EcoRI sites and removing a GCT spacer (Fig. 1). P.
pastoris was chosen as a host because of the high level of
recombinant expression exhibited by this system with other
proteins (8, 21, 33). Another reason for using P. pastoris is the
absence of expressed endotoxin, which is a concern when E.
coli is used as a host. Because we envisioned a potential for
licensing the product, we desired expression without glycosyl-
ation. Secretion of BONT/A(H,) results in glycosylation of ex-
pressed product (31). Therefore, the gene was placed in a
vector that would allow the product to be expressed intracel-
lularly. Expression of the product in P. pastoris would also
eliminate the need for removing endotoxin, which is required
by the Food and Drug Administration for licensing.

Expression and purification of BONT/A(H,) from P. pastoris.
Fermentation conditions were worked out for optimum yield
of product, and intracellular extraction was carried out with a
Gaulin cell disrupter. The yeast cell extract was loaded directly
onto a Streamline expanded-bed chromatography column, and
the product was eluted by a sodium chloride step gradient.
Product eluted from the expanded-bed chromatography col-
umn was estimated to be 10% pure, with a total protein con-
centration of 0.92 mg/ml. After dialysis, the material was
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FIG. 2. Purification of BoNT/A(H,) by sequential chromatography. (A)
Mono § cation-exchange chromatography of the Streamline pool. Proteins were
eluted with an increasing NaCl gradient, yielding two immunoreactive peaks.
Peak 1 (B) and peak 2 (C) were pooled individually and subjected to HIC, and
proteins were eluted with a decreasing ammonium sulfate gradient. Protein
production was monitored by A, (left axis); elution conditions are recorded on
the right axis, with a gradient trace laid over the chromatogram.

loaded onto a Mono S cation-exchange column for further
purification. Western blot and ELISA data indicated that
BoNT/A(H,) eluted from the column in two distinct peaks, at
110 and 130 mM NaCl (Fig. 2A). These two 50-kDa immuno-
logically positive bands were indistinguishable by SDS-PAGE,
ELISA, and Western blot analysis. However, given the fact
that two peaks of BoNT/A(H,) eluted from the cation-ex-
change column, fractions of each peak were pooled separately
as peak 1 (protein that eluted at 110 mM NaCl) and peak 2
(protein that eluted at 130 mM NaCl). After Mono S chroma-
tography, the peak 1 and peak 2 pools were subjected to HIC
as a final purification step and adjusted to 1.5 M ammonium
sulfate. Each protein peak was loaded onto an HIC column
and eluted with a gradient of decreasing ammonium sulfate
(Fig. 2B and C). Peak 1 eluted at 1.04 M ammonium sulfate,
and peak 2 eluted at 1.02 M ammonium sulfate. BONT/A(H,.)
immunologically positive fractions were combined and dia-
lyzed to remove ammonium sulfate. Only a 50-kDa BoNT/
A(H,) band was detected by SDS-PAGE and Western blot
analysis for both peaks, and they were thus judged to be more
than 95% pure after the final step (Fig. 3). Protein determi-
nation revealed that 1.64 mg of peak 1 was recovered at a
concentration of 205 pg/ml and 0.77 mg of peak 2 was recov-
ered at a concentration of 102 pg/ml.

Potency study of purified BoONT/A(H,). To assess the immu-
nogenicity of purified recombinant BoNT/A(H,), a potency
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FIG. 3. (A) Reducing SDS-PAGE of FPLC-purified BONT/A(H,) separated
on a 10% tricine gel and visualized by Coomassie blue. The gel shows Novex
wide-range molecular weight markers (15 pl; lane 1), peak 1 (2 pg; lane 2), and
peak 2 (2 pg; lane 3). (B) Western blot analysis of FPLC-purified BONT/A(H,)
detected with MAb 6E9-11. The blot shows Novex prestained molecular weight
markers (15 pl; lane 1), peak 1 (2 pg; lane 2), and peak 2 (2 pg; lane 3).

study was carried out with mice. Because FPLC data suggested
a possible chemical difference between peak 1 and peak 2, both
proteins were assayed for potency. Mice were injected once
with purified BoNT/A(H,) at seven different doses ranging
from 10 pg to 2.4 ng and then challenged with 1,000 mouse i.p.
LDs, of BONT/A. Results revealed that the proteins had sim-
ilar potencies and were highly immunogenic (Fig. 4). The pro-
bit analysis EDs, for peak 1 was 0.089 ng/mouse, with a 95%
confidence level of 0.049 to 0.162 pg/mouse. Similarly, for peak
2, the ED, was 0.101 pg/mouse, with a 95% confidence level
of 0.056 to 0.183 pg/mouse. These results compare favorably
with those for the control, an E. coli-derived product having an
EDs, of 0.278 wg/mouse, with a 95% confidence level of 0.100
to 0.795 pg/mouse. A single injection of the yeast-derived
products was fully protective (10 survivors among 10 mice
tested for both peak 1 and peak 2) at doses of 0.625 pwg/mouse
or higher. Conversely, there were no survivors among those
animals that received a dose of 9.8 ng or below. The only
difference between the two antigens in this potency assay was
at the 0.156-pg/mouse dose level, where 7 of 10 mice injected
with peak 1 survived and 6 of 10 mice injected with peak 2
survived.

Efficacy study of purified BoNT/A(H,). Purified BoNT/
A(H,) was evaluated for dose response in an efficacy study.
Because the immunogen protected mice challenged with 1,000
mouse i.p. LDs,, we wanted to determine if the immunogen
could protect against a higher challenge of BoNT/A. Mice
were injected once, twice, or three times at five different doses
with peak 1 and then challenged with 100,000 mouse i.p. LDy,
of BoNT/A toxin. There were no survivors after a single im-
munization of 0.01 pg/mouse, but 8 of 10 animals survived
challenge after a dose of 2.0 wg/mouse (Table 1). However,
two injections partially or completely protected the animals at
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all dose levels, with complete protection observed at 1.0 pg/
mouse or above. Three immunizations afforded even greater
protection, as complete or nearly complete survival was pro-
vided by a dose of =0.1 pg/mouse.

Mouse serum ELISA and BoNT/A neutralization assay. Two
days before challenge, the 150 mice plus the 10 controls in the
efficacy study were bled for ELISA titers. Individual serum
samples were diluted fourfold, ranging from 1:100 to
1:1,600,000 (titers from 100 to 1,600,000). ELISA titers corre-
lated well with survival (Table 2), as only 6 of 42 mice with
antibody titers of =100 survived an BoNT/A challenge of
100,000 i.p. LDs,. Conversely, 82 of 83 mice with titers of
=1,600 survived the same challenge. An average ELISA titer
was also determined for each group (Table 1). Group titers
also correlated well with survival (P = 0.0001). If the group
titer was =6,400, complete or nearly complete protection was
observed, but if the group titer was =1,600, there was partial to
complete lack of survival. The group titer increased with the
number of injections at all five dose levels except 0.01 ng,
where two and three injections both elicited titers of 1,600; at
this dose level, 60 and 50% survival, respectively, was observed.
It was also the only case where percent survival did not in-
crease with increasing number of injections.

Serum from the ELISA study was used in a BONT/A mouse
neutralization assay. Due to the limited amount of serum avail-
able, serum from each group of 10 mice was pooled, and so
only the average neutralization titer of the group could be
determined. The lack of serum decreased the sensitivity of the
assay from a possible detection limit of 0.01 IU/ml to a detec-
tion limit of 0.16 IU/ml. A titer of 0.02 IU/ml is considered to
protect against botulinum type A challenge in humans (13).
Since some serum pools had titers of <0.16 IU/ml but some of
the mice survived individual challenge, these pools may have
had a low level of neutralizing antibody not measurable in our
assay. Even with this caveat, the data from serum neutraliza-
tion titers moderately correlated with survival (P = 0.0554)
(Table 1). In one group where 5 of 10 mice survived, the group
serum neutralization titer was 0.49 IU/ml, while in another
group where 8 out of 10 mice survived, the group serum neu-
tralization titer was <(0.16 IU/ml. On the other hand, there
seems to be a threshold value for neutralizing titer where

100
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FIG. 4. Dependence of mouse survival on dose of purified BoNT/A(H,)
administered. Ten mice per group were vaccinated once with peak 1 and peak 2
at doses ranging from 2.4 ng to 10 pg per mouse. Mice were challenged with
1,000 i.p. LDs, of BoNT/A toxin 21 days after vaccination.
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TABLE 1. Survival, group antibody ELISA titers, and serum neutralization titers of mice after vaccination with purified peak 1 BoNT/A(H.,)

Survival (no. alive/10 tested)”

Group antibody ELISA titers”

Serum neutralization titer (IU/ml)"

Vaccination
dose (ug) 1 2 3 1 2 3 1 2 3
0.01 0 6 5 400 1,600 1,600 <0.16 <0.16 0.49
0.1 2 5 9 400 1,600 25,600 <0.16 0.40 26.62
0.5 4 9 10 400 6,400 25,600 <0.21 1.28 13.31
1.0 7 10 10 1,600 6,400 25,600 <0.16 1.28 33.55
2.0 8 10 10 1,600 25,600 102,400 <0.16 13.31 33.55

“ Mice were challenged with 100,000 i.p. LDs, of BoONT/A 21 days after the last injection.
? Reciprocal of the highest dilution having an A,ys greater than 0.2 after correction for background. P = 0.0001 in a test of association of group ELISA titers as a

predictor of survival.

¢ Pooled mouse serum (50 pl per mouse) from each group was diluted initially 1:8 and then fourfold for serum neutralization titers. P = 0.0554 in a test of association

of serum neutralization titers as a predictor of survival.
4 Number of vaccinations.

complete or nearly complete protection is observed. Groups
with 9 or 10 survivors (n = 7) all had neutralizing titers of
=1.28 IU/ml. Though the group neutralizing titer only moder-
ately correlated with survival, it did correlate well with number
of injections. At all five doses, the neutralizing antibody titers
increased with the number of injections. In fact, at all dose
levels, groups that received only a single injection had serum
neutralization titers that were below detectable limits for this
assay.

DISCUSSION

Recombinant BoNT/A(H.) was purified to homogeneity
from the yeast P. pastoris by conventional chromatography.
Since this protein is a vaccine candidate, large quantities will
ultimately need to be prepared. Therefore, it was envisioned
that the resulting purification scheme should be scalable and
include as few steps as possible. Also, the purification process
should include only conventional separation methods to avoid
altering the native structure of the immunogen. Affinity resins
should also be avoided because when the target protein is
eluted from the column, it may leach antibody from the col-
umn matrix. Thus, an appropriate first chromatographic step
would be to use expanded-bed chromatography. This strategy
eliminates the need for a centrifugation or clarifying step after
cell disruption. Because the calculated isoelectric point of
BoNT/A(H,) is 9.2, the second chromatographic technique
used in the process was Mono S cation exchange. Finally, HIC,
which separates proteins by differences in surface hydropho-
bicity, was used to complete the purification. Two immunore-
active pools of BoNT/A(H.) were produced with purities of
>95%. Although these proteins were indistinguishable by
SDS-PAGE and by such immunoreactive methods as ELISA
and Western blot analyses, they separated on a cation-ex-
change column. Analysis of peak 1 and peak 2 by an isoelectric

TABLE 2. Correlation of individual ELISA titers with survival after
vaccination with purified peak 1 BoNT/A(H,)

Individual Survival % Survival

ELISA titer* (no. alive/total)” o Surviva
=100 6/42 143
400 17/25 68.0
=1,600 82/83 08.8

“ Serum was bled from each mouse individually. Titer is the reciprocal of the
highest dilution having an A,,s of greater than 0.2 after correction for back-
ground.

> Mice were challenged with 100,000 i.p. LDs, of BONT/A 21 days after the last
vaccination.

focusing gel (32) indicated that the two proteins had slightly
different isoelectric points, 8.9 for peak 1 and 8.7 for peak 2,
providing a plausible explanation for their chromatographic
behavior on a cation-exchange column. It is possible the dif-
ference in isoelectric point between the proteins is due to
C-terminal amidation, though amidation would not be ex-
pected to alter the isoelectric point of BONT/A(H,.) by 0.2 pH
unit. Another explanation for this difference could be that one
of the proteins was truncated at the N or C terminus. However,
these proteins still had the same molecular weights even when
examined on a large SDS-polyacrylamide gel.

The aim of this study was to produce a recombinant vaccine
that could protect against a high challenge level of BONT/A.
The purpose of conducting a potency study was to answer two
questions. First, how effective is the purified antigen at eliciting
protective immunity to a direct challenge with BONT/A? Sec-
ond, how do the potencies of peak 1 and peak 2 compare? A
single immunization of 0.625 pg/mouse or higher fully pro-
tected the animals against an intermediate challenge level of
1,000 mouse i.p. LDs, of BoNT/A. Material from the two
BoNT/A(H,) peaks had similar EDss, 0.089 and 0.101 g/
mouse, which compare favorably to the value for the control
material expressed in E. coli. The EDsys reported here are
quite impressive, revealing that these antigens were highly im-
munogenic.

We performed the efficacy study to understand the relation-
ship between multiple immunizations and protection at various
dose levels. The higher challenge level of toxin was designed to
reveal the immunogen limits. Clearly, multiple injections of
antigen protected mice better than a single injection. Mice
given two injections survived 20 to 60% better at all dose levels
assayed. However, three injections did not significantly im-
prove survival. Only the 0.1-pg dose resulted in an increase in
survival of more than 10%. Comparing the results of the effi-
cacy study using one injection with the results of the potency
study for peak 1 revealed similar EDygs, even though neuro-
toxin challenge levels were 100-fold different. This finding sug-
gests there may be a threshold dose that could protect against
a wide range of challenge levels. The efficacy study also ad-
dressed the question of how well the yeast-expressed purified
BoNT/A(H,) protected mice subjected to a high BONT/A chal-
lenge. After mice were injected with =1 pg of antigen and
challenged with 100,000 mouse i.p. LD, of BONT/A, there was
significant protection.

Serum neutralization titers for each mouse group and
ELISA titers for each mouse were evaluated in serum taken 2
days before efficacy challenge. These data indicate that ELISA
titers for individual mice successfully predicted survival. When
the titers were at least 1,600, 98.8% of the mice survived. When
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the titers were 100 or less, mice had only a 14.3% survival rate.
As expected, group titers also correlated well with survival.
However, serum neutralization titers only moderately corre-
lated with survival. Serum neutralization titers are commonly
used to assess the antibody titer of an animal and are excellent
predictors of an animal’s ability to survive challenge. However,
it appears that pooled serum titers in the neutralization assay
were not as accurate as individual serum titers in predicting
ability to survive challenge. This was probably due to variation
in response to the vaccine regimen within the group. Although
both group ELISA and serum neutralization titers correlate
well with survival, group ELISA titer has a much greater sta-
tistical significance associated with its predictive power. Our
results suggest that ELISA titer, which is simpler and less
costly to measure than neutralization titer, may be an appro-
priate substitute measure for protection.
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