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As a first step in formulating an improved plague vaccine, we developed a simple purification strategy that
produced high yields of pure cell-associated and culture supernatant-derived fraction 1 capsular antigen (F1)
from both avirulent Yersinia pestis CO92 (Pgm™~ Lcr™) and an Escherichia coli F1-producing recombinant
strain. Cell-associated F1 was partially purified by sequential ammonium sulfate precipitations of a sodium
chloride extract of acetone-dried bacteria harvested from broth cultures. Cell-free F1 was precipitated directly
from culture supernatants with a single application of 30% ammonium sulfate. By exploiting the aggregative
property of F1, large quantities of purified high-molecular-weight F1 species from both cell extracts and
supernatants were isolated in the void volume of a preparative gel filtration column. Highly purified, endo-
toxin-free F1, combined with two different adjuvants, induced very high F1 titers in mice and protected them
against either subcutaneous (70 to 100% survival) or aerosol (65 to 84% survival) challenge with virulent or-
ganisms. This protection was independent of the source of the antigen and the adjuvant used. F1-induced pro-
tection against both subcutaneous and aerosol challenge was also significantly better than that conferred by
immunization with the licensed Kkilled whole-cell vaccine. Our results indicate that F1 antigen represents a
major protective component of previously studied crude capsule preparations, and immunity to F1 antigen pro-
vides a primary means for the host to overcome plague infection by either the subcutaneous or respiratory route.

Yersinia pestis fraction 1 capsular antigen (F1) is a plasmid
(pFra)-encoded, proteinaceous capsule, synthesized in large
quantities by the pathogen, and reported to confer antiphago-
cytic properties on Y. pestis by interfering with complement-
mediated opsonization (40). The protein is highly immuno-
genic and has been indirectly associated with eliciting a
protective immune response in humans, as evidenced by the
detection of high levels of anti-F1 antibody in F1-immunized
volunteers (28). Hyperimmune sera from these individuals
possessed F1 antibody levels comparable to those levels found
in human convalescent sera and were subsequently shown to
passively protect mice from virulent plague challenge (28).
Direct evidence that F1 can function as a protective immuno-
gen was originally reported by Baker and others (4) and con-
firmed by Zakrevskiy and Plekhanova (41). Recently, as little
as 1 pg of recombinant F1 from an acrylamide gel cut pro-
tected mice against 10° parenterally administered virulent or-
ganisms (33). Furthermore, mice immunized with live recom-
binant Salmonella strains expressing F1 were protected against
a parenteral plague challenge (16, 29). Although few experi-
mental data exist for protection elicited by F1 against aerosol-
ized Y. pestis, early studies with nonhuman primates suggest
that hyperimmunization with the antigen can partially protect
against the pathogen (11).

The current licensed vaccine for plague consists of killed
whole cells of virulent Y. pestis (27). Efficacy conferred by the
vaccine against bubonic plague has been suggested by epide-
miological studies in humans and directly demonstrated in
experimental animals (8, 27, 39). Despite this finding, the pri-
mary protective components in this preparation remain unde-
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fined, although F1 may, at least, partially contribute to the
protection conferred by the vaccine (39). Additionally, there is
no evidence demonstrating protective efficacy of the licensed
vaccine against pneumonic plague.

The structural gene for F1 is temperature regulated (10, 33)
and is part of an operon (caf) which also encodes a trans
activator (21), a periplasmic binding protein (14), and a puta-
tive anchor protein (22), which are all required for full expres-
sion and secretion of F1 (33). The caf operon has been cloned
into Escherichia coli (33), and the structural gene and the
accessory loci have been sequenced (14, 15, 21, 22). The size of
the antigen subunit, predicted by the coding sequence of the
structural gene, agreed well with previous studies which re-
ported a 17.0- to 17.6-kDa polypeptide with an isoelectric point
of 4.1 to 4.4 in denaturing polyacrylamide and isoelectric fo-
cusing (IEF) gels (32, 37). The F1 open reading frame also
predicts a hydrophobic protein with a B-sheet secondary struc-
ture (15), which correlates with the observation that the sub-
unit forms aggregate under physiological conditions (5, 38).
Additionally, an early in vitro study suggested that the F1
capsule is released from the cells (12).

Baker and coworkers (4) first extracted F1 with a solution of
toluene-saturated sodium chloride from acetone-dried Y. pestis
grown on agar plates. The antigen was partially purified by
differential ammonium sulfate precipitations, which yielded
two F1l-containing fractions, 1A and 1B. Fraction 1A consists
of protein and carbohydrate, whereas fraction 1B is composed
entirely of protein. Although F1 antigen was the primary com-
ponent of both fractions, other Y. pestis-specific antigens, in-
cluding lipopolysaccharide (LPS), most likely were present in
these preparations, which had been used for early plague pro-
tection studies in an animal model (4). Therefore, to determine
the contribution of F1 to the protective immune response
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against plague, we extended the Baker extraction technique
and developed a scheme that produced highly purified, endo-
toxin-free preparations of F1 from E. coli F1-producing recom-
binant strains as well as an avirulent F1-producing strain of Y.
pestis. We then examined cell-associated F1 as well as cell-free
culture supernatant F1 from both sources for their protective
efficacy against subcutaneous (s.c.) and aerosol wild-type Y.
pestis challenge.

MATERIALS AND METHODS

Bacterial strains and reagents. Wild-type Y. pestis CO92 was obtained from
the laboratory of T. Quan, Centers for Disease Control, Fort Collins, Colo. A
Pgm™ derivative of this strain was obtained by serial passage on Congo red
medium (35) and was cured of the 75-kb low-calcium response (Lcr) virulence
plasmid by selection at 37°C on magnesium oxalate agar (20). The variant was
completely avirulent in mice at 2 X 10° to 3 X 10° organisms by the parenteral
route and was subsequently used for all Y. pestis-derived F1 preparations. E. coli
(pYPR1), which expressed F1 from the cloned caf operon, was obtained from T.
Schwan, Rocky Mountain Laboratories, Hamilton, Mont. A commercial killed
whole-cell plague vaccine preparation (lot no. 10K02A; Miles, Inc., Cutter Bio-
logical, Elkhart, Ind.) was used as the positive control for virulent challenge
experiments.

Wild-type Y. pestis CO92, used for all challenges, was grown for 24 h at 30°C
in heart infusion broth (HIB; Difco Laboratories, Detroit, Mich.) supplemented
with 0.2% xylose. The broth cultures were then centrifuged, washed with fresh
HIB, adjusted to an A5, of 10.0, and diluted to the appropriate challenge dose.

Adjuvants used in combination with purified F1 preparations were aluminum
hydroxide (Alhydrogel; Superfos Biosector, Vedbaek, Denmark) and R-730
emulsion (Ribi ImmunoChem Research, Inc., Hamilton, Mont.) which contained
50 g of monophosphoryl lipid A, 50 pg of synthetic trehalose dicorynomycolate,
and 50 pg of cell wall skeleton in 2.2% squalene and Tween 80 per 0.2-ml vaccine
dose.

An F1-specific monoclonal antibody used to detect capsular antigen was ob-
tained directly from culture supernatants of hybridoma fusion F1-3G8-1 (HB
192; American Type Culture Collection, Rockville, Md.).

Genetic manipulations. To stabilize the cloned caf operon for batch produc-
tion of F1 from an E. coli recombinant strain, standard genetic manipulations
(31) were used to transfer the original 9.4-kb EcoRI fragment, containing the F1
coding sequences (33), from pBluescript (Stratagene, La Jolla, Calif.) to the
medium-copy-number vector pBR322 (7). Transformants of E. coli HB101 con-
taining the new recombinant plasmid, designated E. coli(pBRF1), were selected
on L agar supplemented with 100 pg of ampicillin per ml. Overnight broth
cultures of selected transformants were tested for the ability to stably express F1
capsule by staining the organisms with India ink (3). Individual cells possessing
a capsule were identified by the ability to display a light-refractory halo under
phase-contrast microscopy.

Preparation of crude F1. Partially pure cell-associated (capsular) F1 was
extracted and isolated by a modification of the method of Baker et al. (4). Ten
milliliters of HIB containing 0.2% xylose was inoculated with a loop of Y. pestis
CO92 Pgm™ Ler™ from a plate stock and grown for 24 h at 37°C. Two to four
liters of HIB were subsequently inoculated with the seed cultures and grown for
48 to 72 h at 37°C with agitation at 175 rpm. E. coli(pYPR1) and E. coli(pBRF1)
were grown in L broth supplemented with 100 pg of ampicillin per ml for 24 to
48 h at 37°C. The bacteria were then harvested by centrifugation at 10,000 X g
for 15 min, and the supernatant was retained for isolation of cell-free F1. The cell
pellets were next resuspended in acetone, recentrifuged, and air dried for 15 h at
room temperature. The dried organisms were extracted twice with toluene-
saturated 2.5% NaCl overnight at 4°C. The reconstituted bacteria were then
centrifuged, and the supernatants were pooled. Crude cell-associated capsular
F1 from the salt extract supernatants was precipitated with ammonium sulfate
added to 30% saturation. Protein that precipitated overnight at 4°C was collected
by centrifugation at 13,000 X g for 45 min, dialyzed against three changes of
phosphate-buffered saline (PBS; pH 7.2), and passed across a 10-ml desalting
column (Presto; Pierce, Rockford, Ill.) to remove any traces of ammonium
sulfate. The preparations were then further enriched for F1 by adding ammo-
nium sulfate to 25% saturation, which precipitated additional contaminating
proteins. The partially pure F1 preparations, soluble in 25% ammonium sulfate,
were then dialyzed extensively against PBS prior to column chromatography.

Cell-free F1 was extracted directly from the culture supernatants of both E.
coli and Y. pestis broth cultures by a single 30% ammonium sulfate precipitation
overnight at 4°C. The protein was collected by centrifugation, resuspended in
0.05X to 0.10X volume of PBS, and dialyzed against PBS. All fractions were
assayed for total protein by the bicinchoninic acid-Lowry method (Pierce) and
analyzed for the F1 subunit by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) and immunoblotting (see below).

Chromatography. Sizing of the native F1 in partially pure preparations was
determined by analytical gel filtration chromatography using a prepacked fast
protein liquid chromatography Superose-6 column (Pharmacia Biotech, Inc.,
Piscataway, N.J.) with an exclusion limit of 4.0 X 107 Da. Fraction 1 antigen,
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obtained from 30% ammonium sulfate precipitates, was applied to the column at
a flow rate of 0.2 ml/min in PBS (pH 7.2) or 50 mM diethanolamine (Sigma
Chemical Co., St. Louis, Mo.) (pH 8.8).

Batch quantities of both Y. pestis- and E. coli-derived partially pure F1 were
purified to homogeneity on a Superdex-200 Hiload preparative gel filtration
column (Pharmacia) with a 300-ml bed volume and an exclusion limit of 1.3 X
10° Da. Five- to 10-ml volumes, containing 1 to 2 mg of the partially purified
antigen per ml, were applied to the column at a flow rate of 2.0 ml/min in PBS
(pH 7.2). Fractions (3 ml each) containing F1 were pooled, and the protein was
precipitated with 50% ammonium sulfate for 15 h at 4°C. The precipitated
protein was then centrifuged, concentrated 20-fold in PBS, and dialyzed exten-
sively against PBS. Fractions from both columns were monitored for total protein
by A,g0, and F1 in each fraction was detected by immunoblotting with monoclo-
nal antibody 3G8.

Analysis of pure F1 preparations and endotoxin removal. Both native and
denaturing PAGE were performed on crude and purified preparations of F1,
using Tris-glycine 4 to 20% polyacrylamide gradient gels (Novex, San Diego,
Calif.). Samples run under denaturing conditions were resuspended in 1.0%
SDS-2.5% B-mercaptoethanol (Sigma) and heated to 100°C for 10 min imme-
diately before application on the gel. Denaturing gels were either stained with
0.5% Coomassie blue R-250 (Bio-Rad Laboratories, Hercules, Calif.) or silver
stained after pretreatment with 0.7% periodic acid for 5 min (36). Samples run
under native conditions were added directly to the sample wells of the gels
without addition of SDS or heating.

F1 was immunologically detected by first electroblotting native or denaturing
polyacrylamide gels onto nitrocellulose for 15 h at 100 mA in glycine-methanol
buffer (31). Primary antibody was normally applied at dilutions of 1:200 to
1:1,000 for 3 to 12 h at room temperature, followed by blocking with 5% nonfat
dry milk and 0.25% Tween 20 (Sigma) in PBS. After three washes with PBS—
0.05% Tween 20 (PBST), a 1:500 dilution of alkaline phosphatase-conjugated
goat anti-mouse immunoglobulin (Boehringer Mannheim, Indianapolis, Ind.)
was applied to the immunolabeled electroblots for 1.5 h. After two washes with
PBST, the blots were developed for 1 to 5 min with 50 mM Tris (pH 8.0) con-
taining 1 mg of naphthol AS-MX phosphate (Sigma) per ml and 2 mg of fast red
TR salt (Sigma) per ml.

The isoelectric points of purified F1 antigens from both Y. pestis and E. coli
were determined by IEF gels (pH 3 to 7) (Novex). IEF standards (Pharmacia)
were run in parallel with all F1-containing samples. IEF gels were either stained
with Coomassie blue R-250 after fixation in 10% trichloroacetic acid-3.5%
sulfosalicylic acid (18) or transferred to nitrocellulose in the presence of 0.037%
SDS. The IEF electroblots were then immunolabeled as described above.

Endotoxin levels of purified F1 preparations were estimated by the Limulus
amoebocyte lysate assay (LALA). The procedure was followed essentially as
described by the manufacturer, with E. coli O55:B5 LPS (Sigma) as a standard.
Briefly, freeze-dried amoebocyte lysate from Limulus polyphemus (E-Toxate;
Sigma) was reconstituted in pyrogen-free H,O, and 100 pl was added into each
of six sterile test tubes. Serial dilutions of F1 samples or endotoxin standard were
next added to each tube. After 1 h of incubation at 37°C, approximate endotoxin
levels were determined for each sample by inverting each set of dilution tubes
and recording the lowest dilution of sample that failed to gel the lysate. This
dilution was then compared with the endpoint from the dilution tube set of the
E. coli standard. Contaminating endotoxin in F1 preparations was reduced by
performing two to three passages of approximately 1.5 to 3.5 mg of chromato-
graphed F1 across 1 ml of immobilized polymyxin B (Detoxi-Gel; Pierce) as
recommended by the manufacturer. Alternatively, a column containing 30 ml of
endotoxin-removing gel was used to effectively remove the bulk of contaminating
endotoxin from milligram quantities of F1 by only a single chromatographic pass.
Detoxified F1 preparations were then reassayed by LALA.

Preparation of F1 vaccines. Two days prior to animal immunizations, 500 to
1,000 pg of purified, detoxified Y. pestis and E. coli supernatant F1 (designated
YpF1s and EcF1s, respectively) and cell-extracted F1 (YpF1c and EcFlc) were
adsorbed to 1 to 2 ml of Alhydrogel in PBS overnight at 4°C with gentle rocking.
Adsorption efficiencies for each preparation were calculated on the basis of the
total amount of protein added to the adjuvant compared with the protein re-
maining in the supernatant after adsorption and centrifugation at 2,000 X g for
5 min. After removal of the supernatant, the F1-Alhydrogel complex was ad-
justed to 50 wg of protein per ml with fresh sterile PBS. Mixtures of antigen and
R-730 adjuvant were prepared by heating injection vials of 44 pl of R-730
emulsion to 45°C for 10 min before adding 2 ml of purified, detoxified F1
adjusted to 50 pg/ml.

Animal immunizations and virulent challenge. Groups of 10 female, 8- to
10-week-old outbred (Hsd:ND4) Swiss Webster mice (Harlan Sprague Dawley,
Indianapolis, Ind.) were immunized with EcFlc, EcFls, YpFlc, and YpFls
adsorbed to Alhydrogel or mixed with R-730 emulsion (two groups per antigen-
adjuvant mixture). Two hundred microliters of each antigen-adjuvant mixture,
containing 10 pg of F1, was administered at a single s.c. site on the backs of the
animals. After 30 days, the animals were boosted with the identical dose and at
the same inoculation site. Four negative control groups, consisting of 10 mice
each, were immunized with the adjuvants only (two groups per adjuvant). Two
positive control groups of 10 mice each were immunized similarly with two
200-pl doses of the licensed killed whole-cell plague vaccine. F1 antibody titers
of all animal groups were measured 26 days after the second F1-immunizing dose
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by a standard enzyme-linked immunosorbent assay (ELISA), with 200 ng of
either Y. pestis-derived F1 or the recombinant antigen to coat each well of a
96-well flat-bottom microtiter plate.

The 11 immunized and control animal groups to receive the s.c. challenge were
administered 100 50% lethal doses (LDs) of wild-type Y. pestis CO92 (LDs, =
1.9 CFU) 28 days after the F1 booster dose. The second set of 11 animal groups
was next exposed in a nose-only exposure chamber to a dynamic aerosol con-
taining the virulent organisms (13, 26) diluted to give an inhaled dose of approx-
imately 100 LDs, (LDs, = 2.3 X 10* CFU). Samples of the aerosol were plated
on blood agar to assay for the microorganisms, and the actual inhaled dose was
determined by using Guyton’s formula (17). All infected animals were monitored
daily for disease symptoms and/or death until 28 days postchallenge. At day 28,
surviving animals were bled for anti-F1 titer and euthanized, their spleens were
cultured on blood agar base (Difco), and viable organisms were enumerated.

All animals were provided with feed and fresh water ad libitum during the
entire course of this study. All animal experiments were conducted in accordance
with the Guidelines for the Care and Use of Laboratory Animals (10a).

Statistical analyses of protection levels between mouse groups immunized with
F1 and those groups receiving adjuvant alone and between supernatant and
cellular F1-immunized groups were made by the Fisher’s exact test. The two-tail
Fisher’s exact test was used to evaluate differences between protection levels
evoked by the killed whole-cell plaque vaccine and purified F1. Mean time to
death values of the killed whole-cell plague vaccine groups and adjuvant-only
groups were compared by Student’s ¢ test.

RESULTS

Expression of F1 in Y. pestis CO92 Pgm~ Lcr™ and the
E. coli recombinant. Forty-eight- to 72-h broth cultures of the
Pgm™ Ler™ derivative of Y. pestis CO92 grown at 37°C yielded
levels of F1 comparable to those produced by the wild type
when examined by Western blotting (immunoblotting) (not
shown). The capsule was efficiently secreted to the surface of
the microorganism, as evidenced by India ink stain. The avir-
ulent derivative of CO92 also displayed the typical tempera-
ture-regulated phenotype of F1, as evidenced by little or no
capsule production when the organisms were grown at 30°C.
On the basis of these observations, this avirulent variant of
Y. pestis was selected as a suitable strain to extract capsular
antigen in quantity from batch cultures.

F1 was initially cloned and expressed by Simpson and co-
workers (33) from E. coli containing the recombinant plasmid
pYPRI1. When this strain was grown overnight in ampicillin-
supplemented broth and stained with India ink, approximately
50% of the organisms did not express capsule, with many of the
cells appearing elongated. Furthermore, a large number of
cells lacked capsule when mid-log-phase cultures of this strain
were examined. These observations suggested that caf gene
expression was unstable in the original clone. We therefore
created a new recombinant strain [E. coli(pBRF1); see Mate-
rials and Methods] which had more uniform capsule expres-
sion and cell length compared with the original clone. Addi-
tionally, as previously reported for E. coli(pYPR1) (33), the
new F1 recombinant strain maintained the temperature-regu-
lated F1 phenotype.

Extraction of F1 from cells and supernatants of broth cul-
tures. A flowchart of the modified purification scheme for F1
antigen is shown in Fig. 1. This scheme differs from the original
Baker method (4) by the substitution of liquid culture medium
for agar and the application of two chromatographic steps (gel
filtration and endotoxin removal) after two differential ammo-
nium sulfate precipitations. Additionally, analysis of culture
supernatants from both Y. pestis and E. coli(pBRF1) indicated
that significant quantities (30 to 50%) of the antigen were re-
leased from the cells. This cell-free F1 could readily be pre-
cipitated and concentrated in partially pure state by a single
application of ammonium sulfate to 30% saturation (Fig. 1).

Resuspending acetone-dried bacteria in toluene-saturated
2.5% NaCl and mild physical disruption effectively removed
the bulk of the F1 capsule from the cells of both Y. pestis and
E. coli(pBRF1). As shown by the SDS-polyacrylamide gel in
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2-4 L, E. coli (pBRF1)
(L broth + Amp, 37°C, 150-200 rpm, 24 hrs)
or

2-4 LY. pestis CO92 Pgm- Lcr-
(HIB + 0.2% xylose, 37°C, 150-200 rpm, 48-72 hrs)

Culture

Harvest cells by centrifugation Supernatant

'

Dry pellet - 4 to 5 vols. acetone

30% ammonium sulfate,

Extract pellet 2x with 4°C, 15 hrs

toluene-saturated 2.5% NaCl
30% ammonium sulfate, 4°C, 15 hrs

Dialyze against PBS

Desalt 1x across G-25 into PBS

25% Ammonium sulfate, 4°C, 15 hrs

Pellet Supernatant
(contains F1)

/

Dialyze against PBS

Gel Filtration
Chromatography

'

Remove endotoxin
with polymyxin B

FIG. 1. Purification scheme for both Y. pestis F1 and the recombinant E. coli-
derived protein. Amp, ampicillin.

Fig. 2, lane 1, a 30% ammonium sulfate precipitate of a rep-
resentative salt extract from Y. pestis contained the 17-kDa F1
subunit as the major protein extracted from the cell surface.
Almost all of the antigen was precipitated during this step,
while significant amounts of contaminating proteins remained
in solution (Fig. 2, lane 2). Similarly, high levels of F1 were
easily removed from the surface of E. coli(pBRF1) cells, and
adding ammonium sulfate to 30% saturation precipitated the
bulk of the recombinant protein (not shown). After dialysis
and desalting across a buffer exchange column (Fig. 1), Y. pestis
and recombinant crude capsular F1 were further purified by
adding 25% ammonium sulfate. In contrast to the 30% am-
monium sulfate treatment, additional contaminating proteins
were precipitated by using this step, while the majority of the
F1 remained in solution (Fig. 2, lanes 3 and 4).

Sizing of native F1, preparative gel filtration, and charac-
terization of the final product. Native PAGE was performed
on ammonium sulfate-precipitated, partially pure F1 in an
effort to characterize the physical state of the protein to facil-
itate further purification. However, when the gel was stained
for total protein, it was apparent that little, if any, undenatured
F1 entered the gel. To detect low levels of F1 which may have
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FIG. 2. Coomassie blue-stained 5 to 20% gradient SDS-polyacrylamide gel of
Y. pestis cell-derived F1 enriched by differential precipitation with ammonium
sulfate. Lanes: 1, protein precipitated from 30% ammonium sulfate treatment of
salt extract followed by centrifugation and dialysis; 2, soluble protein remaining
in supernatant after 30% ammonium sulfate treatment and centrifugation; 3,
soluble protein after second salt precipitation (25%) and centrifugation; 4, pre-
cipitated protein after second salt treatment and centrifugation; 5, molecular
mass markers. F1 was detected by immunoblotting (not shown) as the predom-
inant 17-kDa band appearing in lanes 1 to 4. Positions of molecular mass markers
are shown on the right.

penetrated the acrylamide matrix, a similar gel was electroblot-
ted and immunolabeled with monoclonal antibody 3GS8. A
ladder-like pattern that corresponded to multimers of the 17-
kDa F1 subunit ranging from 35 kDa to greater than 200 kDa
was detected (not shown). Analytical gel filtration chromatog-
raphy was therefore conducted on F1 to more precisely deter-
mine the size distribution of the antigen subunit aggregates.
Shown in Fig. 3A, Y. pestis ammonium sulfate-precipitated
cellular F1, applied across a Superose-6 column, was recovered
predominantly as an aggregate of 2 X 10° Da. A much lower
level of F1, in addition to other contaminating proteins, was
detected in fractions which spanned a broad A4, peak at 1.5 X
10° Da. When supernatant-derived F1 was chromatographed
under identical conditions, the same high-molecular-mass F1
aggregate was detected at 2 X 10° Da, as well as a minor broad
A peak at 6.0 X 10* Da (Fig. 3B) which was composed of a
mixture of low levels of F1 and contaminating proteins as de-
tected by SDS-PAGE and immunoblot analyses (not shown).
E. coli-derived F1 chromatographic profiles were identical to
the Y. pestis-derived antigen. Additionally, the aggregative
property of F1 from all sources remained unaltered when the
pH of the column elution buffer was increased from 7.2 (PBS)
to 8.8 (50 mM diethanolamine), as indicated by identical elu-
tion profiles which were obtained with the high-pH buffer.
When fractions between A,g, peaks from these chromato-
graphic runs were examined by SDS-PAGE and immunoblot-
ting, low levels of F1 were also detected (not shown).

The aggregative properties of F1 were next exploited to
obtain larger quantities of the antigen through the use of
preparative gel filtration chromatography by selecting a resin
that would allow the isolation of F1 in the void volume of the
column while retaining the contaminating proteins. Milligram
quantities of cellular and supernatant F1 from E. coli or Y.
pestis were applied to a Superdex-200 Hiload preparative gel
filtration column. As analyzed by Western blotting, fractions
containing the bulk of the F1 were recovered consistently at
the exclusion limit of the column (1.3 X 10° Da), while con-
taminating protein species, as well as minor amounts of F1,
were present in pooled fractions from the retained volume (not
shown). A silver-stained SDS-polyacrylamide gel (Fig. 4) re-
vealed that approximately 1 pg of protein (denatured) from
the pooled and concentrated column void volumes from all
four sources of F1 possessed a single species at 17 kDa with no
other contaminating bands.

IEF was conducted on the purified products across a pH 3 to
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7 gradient. A total protein stain of the IEF gel detected a
diffuse band between an isoelectric point of 4.3 to 4.5 in all four
F1 samples examined. Monoclonal antibody 3G8 was then
used to probe an electroblot of an identical IEF gel. The bands
from all four sources reacted strongly with the F1-specific
antibody (not shown).

Final total yields of purified F1 from Y. pestis (YpFlc plus
YpF1s) and E. coli(pBRF1) (EcF1c plus EcF1s) from a 2-liter
broth culture were 35 and 375 mg/liter, respectively (Table 1).
For purposes of comparison, yields of a representative F1
preparation from the original E. coli clone, E. coli(pYPR1) are
also presented in Table 1. Equivalent dry weights of both
recombinant strains from 2-liter cultures indicated that the
stabilized F1 construct, E. coli(pBRF1), produced approxi-
mately threefold-higher levels of the antigen from cellular ex-
tracts as well as from the culture supernatants compared with
E. coli(pYPR1). More strikingly, the new recombinant strain
produced 10-fold-higher total F1 yields compared with Y. pes-
tis. Supernatant-derived F1 from Y. pestis and both E. coli
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FIG. 3. Analytical gel filtration chromatography of Y. pestis-derived crude
cellular F1 (A) and cell-free F1 (B). Regression lines drawn across both y axes
were derived from the molecular mass calibration curve. @, A,g,; [, molecular
mass markers. Identical chromatographic profiles were obtained with the recom-
binant protein (not shown).
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FIG. 4. Silver-stained gradient SDS-polyacrylamide gel (5 to 20%) of F1
preparations after preparative gel filtration across Superdex-200. Lanes: 1, cell-
derived E. coli recombinant F1; 2, cell-free recombinant F1; 3, cell-derived Y.
pestis F1; 4, cell-free Y. pestis F1. All lanes were loaded with approximately 1 g
of purified protein.

recombinant strains also represented >50 and 30% of the total
F1, respectively (Table 1).

Despite the apparent purity of the chromatographed F1
preparations, significant endotoxin levels were detected in F1
from all sources by the LALA. Purified F1 preparations were
therefore passed across immobilized polymyxin B to adsorb the
contaminating endotoxin. As shown in Table 1, >90% of the
endotoxin in Y. pestis F1 was removed after passage across the
column. Much higher levels of endotoxin detected in the E. coli
(pBRF1) recombinant antigen preparations were similarly re-
duced.

Lethal challenge of mice immunized with purified F1. After
detoxification, the highly purified F1 preparations were ad-
sorbed to Alhydrogel or mixed with R-730 emulsion. By anal-
ysis of postadsorption adjuvant supernatants, adsorption of F1
to Alhydrogel, in all cases, was >85%. All four F1 preparations
were then used in combination with the two adjuvants to im-
munize 16 groups of outbred mice before challenge with a
lethal dose of Y. pestis CO92.

As indicated in Table 2, animals immunized with Y. pestis or
E. coli(pBRF1)-derived F1 were protected from a lethal s.c.
challenge, with 70 to 100% survival in the different groups
(Table 2). Survival within each Fl-immunized animal group
was independent of the source of the antigen, whether cell de-
rived or cell free, from either Y. pestis or E. coli, and the adju-
vant used (P = 0.211 to 1.00). There was decreased survival in
the licensed killed whole-cell plague vaccine group (50% [5 of
10]) compared with the F1-immunized groups (91% [73 of 80];
P = 0.0032), although mice succumbing to the infection pos-
sessed a mean time to death of >20 days, compared with 5 days
for animals immunized with the adjuvants alone (Table 2, P =

TABLE 1. Total yields of pure F1 from broth cultures of
Y. pestis and E. coli recombinant strains

Endotoxin level”

Source of F1 Fl }ii.eld
(mg/liter) Preadsorbed Postadsorbed

Y. pestis

Whole cells (YpFlc) 16 2,500 147

Supernatant (YpF1s) 19 282 4
E. coli(pBRF1)

Whole cells (EcFlc) 240 12,800 200

Supernatant (EcF1s) 135 24,600 13
E. coli(pYPR1)

Whole cells 76 ND ND

Supernatant 40 ND ND

“ Expressed as endotoxin units per milligram of F1 pre- and postadsorbed with
polymyxin B as determined by LALA. One endotoxin unit is 0.1 ng of E. coli
055:B5 LPS standard. ND, not determined.
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TABLE 2. Survival of mice after s.c. challenge with
100 LDs, of wild-type Y. pestis CO92*

No. of Mean time to No. of_ )
Treatment group survi'vors” death (days) culture-positive
+ SD spleens/total

R-730 only 0 53+1.0
Alhydrogel only 0 49 x0.7
Plague vaccine 5 20.6 = 4.6 0/5
EcFlc + R-730 10 1/10
EcFl1s + R-730 10 1/10
EcFlc + Alhydrogel 7 153 £3.5 0/7
EcFl1s + Alhydrogel 10 0/10
YpFlc + R-730 10 0/10
YpFl1s + R-730 7 103 £4.2 0/7
YpFlc + Alhydrogel 10 0/10
YpFls + Alhydrogel 9 11.0 £ 0.0 0/9

“1In each case, 10 mice were examined.

0.0016). Only 2 of the 78 spleens removed from animals sur-
viving infection yielded cultures positive for Y. pestis (Table 2).

When recombinant F1-immunized mice were challenged by
the aerosol route, 84% (32 of 38) of the animals survived, while
65% (26 of 40) of all Y. pestis-derived F1-immunized animals
survived aerosol infection (Table 3). Although it appeared that
the recombinant F1 was slightly more effective at eliciting a
protective response, the difference in protection between the
two sets of immunized animals was not statistically significant
(P = 0.07). However, only 11% (1 of 9) of the killed whole-cell
plague vaccine-immunized mice exposed to aerosolized organ-
isms survived, which was significantly lower than the survival of
groups immunized with purified F1 (74% [58 of 78]; P =
0.00037). While the killed whole-cell vaccine had little effect on
survival, there was a significant prolongation of the time to
death of the vaccine-immunized animals compared with ani-
mals treated with adjuvants alone (Table 3, P = 0.011). As with
the s.c.-challenged immunized animals, there were no differ-
ences in protection from aerosol challenge with F1 combined
with either of the two adjuvants or with supernatant- versus
cell-derived antigen (P = 0.559). Only 2 of 59 animals had
positive spleen cultures.

Figure 5 shows the reciprocal geometric mean F1 antibody
titers as determined by ELISA for pooled serum samples from
each mouse group 56 days after the first immunization (2 days
before s.c. challenge) and 28 days postchallenge (survivors). As
shown in Fig. 5, all Fl1-immunized groups possessed very high
antibody titers to F1. F1 titers of the killed whole-cell vaccine-

TABLE 3. Survival of mice after aerosol challenge with
100 LDs, of wild-type Y. pestis CO92

No. of Mean time No. of. )
Treatment group survivo'rs Jtotal (dto c)ieatl; b cultilre-p/(zsitl\l/e
ays) * spleens/total
R-730 only 0/10 33=x05
Alhydrogel only 0/10 33+0.7
Plague vaccine 1/9 11.8 £ 7.0 0/1
EcFlc + R-730 9/10 6.0 = 0.0 0/9
EcFls + R-730 6/8 17.0 £ 28 0/6
EcFlc + Alhydrogel 8/10 14.0 = 122 0/8
EcF1s + Alhydrogel 9/10 10.0 £ 0.0 0/9
YpFlc + R-730 6/10 8551 0/6
YpF1s + R-730 6/10 9.8 £5.2 0/6
YpFlc + Alhydrogel 7/10 133 £ 119 0/7
YpFl1s + Alhydrogel 7/10 12.0 = 11.4 2/7
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FIG. 5. Reciprocal geometric mean F1 antibody titers of pooled serum sam-
ples from mouse groups immunized with plague vaccine and purified F1, chal-
lenged s.c. (A) or by aerosol (B). Anti-F1 titers for Alhydrogel (Alhydro) and
R-730 adjuvants only for both sets of challenged groups were negligible and are
not shown.

immunized groups, while measurable, were lower than in the
animals receiving purified F1. Pooled sera from animals sur-
viving lethal s.c. challenge had mean F1 antibody titers which
were lower than or unchanged from their prechallenge anti-
body levels (Fig. 5A). Similarly, mean antibody titers from
survivors of the aerosol challenge were unchanged or reduced
in eight of the nine groups (Fig. 5B).

DISCUSSION

Although the Baker extraction method with agar medium
(4) has long been used for preparation of F1 from Y. pestis,
some studies found that Y. pestis grown in liquid culture me-
dium is capable of producing 50 to 1,000 mg of F1 per liter (12,
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37). While yields of F1 from Y. pestis grown in liquid culture in
our laboratory were lower, they were comparable to previously
reported results on the levels of antigen extracted from the
agar-grown organisms (4). Thus, growth of Y. pestis in liquid
culture represents a more practical approach to scale-up pro-
duction of large quantities of the antigen and was incorporated
into our extraction and purification scheme (Fig. 1). Further,
the use of the avirulent Pgm™ Ler™ derivative of Y. pestis CO92
facilitated safe handling of liter quantities of broth cultures.
Interestingly, however, we found that E. coli recombinant
strains expressed F1 in liquid culture constitutively during log
phase growth, whereas a delay of approximately 12 to 24 h was
noted with expression of the antigen from Y. pestis (2). This
observation, in addition to the much higher levels of F1 pro-
duced from our stabilized caf clone, E. coli(pBRF1), favors this
recombinant strain for scale-up production of the antigen.

A previous report of the release of F1 from the cell surface
in liquid culture medium (12) was confirmed by our findings.
This phenomenon was advantageous for our extraction and
purification scheme, as cell-free F1 could be isolated and pu-
rified more easily than the cell-bound antigen, hence simplify-
ing adaptation of the purification procedure for scale-up. Fur-
thermore, supernatant-derived F1 was not exposed to organic
solvents (as was the cell-bound form) during extraction and
purification, which may have altered immunogenicity of the
protein.

Despite the much greater purity of our F1 preparations than
of early crude capsular extracts, analysis by LALA revealed
endotoxin contamination in all of the F1 preparations. We
surmised that early studies attempting to clarify the impor-
tance of F1 as a protective antigen were likely compromised by
the presence of this immunomodulatory outer membrane com-
ponent present in crude capsule preparations. In fact, our
findings indicated that endotoxin levels in crude preparations
of F1 made in other laboratories by the Baker method (4)
ranged between 2,500 and 5,200 endotoxin units/mg of protein
(19). Further, the possibility of endotoxin contamination in the
F1 preparation used by Simpson et al. (33) was not addressed.
Therefore, to preclude endotoxin involvement in protection in
our study, all four F1 preparations were detoxified. Although
traces of endotoxin remained in the F1 preparations after this
procedure, endotoxin levels received by mice upon immuniza-
tion were extremely low (<0.2 ng of endotoxin per F1 dose of
10 pg).

Given the vastly improved quality of the new F1 prepara-
tions, their efficacy as protective immunogens could be more
clearly evaluated in vivo. F1 antigen from all four sources
evoked a high degree of protection in animals challenged s.c.
with 100 LDy, of wild-type Y. pestis. Protection also appeared
to be independent of the adjuvant used. Previous studies used
various adjuvants with F1 (30, 41). Our results, however, sug-
gest that F1 combined with Alhydrogel, the only adjuvant ap-
proved for human use, elicits good protective immunity at the
challenge dose administered.

Although not achieving the level of protection seen against
s.c. challenge, F1 from all four sources also protected the
majority of immunized mice against an aerosol challenge of
100 LDs,. These results confirm early reports of partial pro-
tection against aerosolized Y. pestis in rodent models (23, 39).
In contrast, data in some studies derived from aerosol infection
of Fl-immunized nonhuman primates suggested poor protec-
tion (34), while others demonstrated good protection against
experimental aerosol infection in monkeys by hyperimmuniza-
tion (11) or use of more potent adjuvants (30). Despite the
variability seen in protection elicited by F1 immunization
against pneumonic plague in past studies, the degree of pro-
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tection (against parenteral challenge as well) appears to be
correlated with F1 antibody levels (39), although the response
to potential contaminants such as LPS was not measured. In
this study, although all F1-immunized mice possessed very high
anti-F1 antibody in their pooled sera, mortality did occur in
some animals, but lower titers measured in some individual
animals did not appear to correlate with these deaths. One
explanation of this observation may be that even though high
levels of F1 antibody are present, cell-free F1 may bind signif-
icant quantities of this circulating immunoglobulin, titrating
out its activity. Alternatively, cell-associated F1 which has
bound antibody may be sloughed from the bacteria as has been
described for some antibody-bound streptococcal surface an-
tigens (24). These immune-avoidance hypotheses are consis-
tent with our observation that the bulk of the F1 is released
from the microorganism in vitro after an extended growth
period. Furthermore, immunoelectron microscopic analysis of
infected mouse tissue has shown F1 capsular material in areas
devoid of bacteria (data not shown). Higher overall mortality
levels seen in aerosol-challenged F1-immunized mice were ob-
served despite high levels of serum antibody. In this regard,
interaction of circulating antibody with the microorganism may
have been compromised by the capillary endothelial-alveolar
epithelial interface, since serum immunoglobulin must transu-
date this blood-air barrier (6).

We observed a lower level of protection (5 of 10 survivors)
against s.c. challenge of animals immunized with the commer-
cial killed whole-cell plague vaccine compared with that in
the F1-immunized groups. Additionally, plague vaccine-immu-
nized mice challenged by aerosolized organisms were not sig-
nificantly protected against death (P = 0.474). Further, the
lower level of protection in plague vaccine-immunized groups
was associated with a lower pooled serum titer to F1 (Fig. 5).
Despite these findings, estimates of the levels of antigen con-
tained in 200 wl of the commercial vaccine preparation suggest
that mice in these groups actually received two- to threefold-
higher levels of F1 (20 to 30 ng) than received by mice in the
Fl-immunized groups (2). One explanation for the reduced
efficacy of the killed whole-cell vaccine is that irreversible al-
teration of critical protective epitopes of F1 may occur during
the preparation of the vaccine, since the vaccine strain, Y. pestis
195P, is killed by exposure to formalin (27). Long-term storage
of the vaccine (>4 months) at 4°C may also contribute to
reduced protective efficacy of F1, since one laboratory reported
a breakdown and subsequent decrease of immunochemical activ-
ity of the antigen under these storage conditions (37). In fact,
analysis of plague vaccine-derived F1 by analytical gel filtration
chromatography in our laboratory indicated that the bulk of
the antigen existed in lower-molecular-mass aggregates, with
the larger aggregate representing only a minor species (2). This
finding is interesting in light of the fact that protective immu-
nogenicity of other bacterial antigens, such as Vi antigen of
Salmonella species, is a function of molecular mass (25). Al-
ternatively, differences in the protective immunogenicity of the
plague vaccine may be simply due to the absence of any added
adjuvant.

Despite sterile immunity in the vast majority of surviving
animals, Y. pestis was cultured from splenic tissues of four
animals. Interestingly, one isolate was negative for F1 expres-
sion as a result of genetic alteration of regulatory sequences
within the F1 operon (1). The mechanisms whereby the organ-
isms maintain themselves within these few isolated mice are
unknown, although cryptic plague infection in other animal
models has been reported (9). It is quite possible, therefore,
that additional genetic alterations which allowed these isolates
to persist in the spleen may have occurred during the course of
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infection. We are presently exploring this hypothesis in our
laboratory.

Finally, the general observation that some F1l-immunized
animals succumbed to infection by either challenge route sug-
gests the requirement for immunity to additional virulence
determinants for complete protection against plague, particu-
larly against the pneumonic form of the disease. We are there-
fore currently examining the roles of other purified Y. pestis
virulence proteins, individually and combined with F1, in pro-
tection against plague for use in a new multicomponent plague
vaccine.
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