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The invasiveness and virulence of Shigella spp. are largely due to the expression of plasmid-encoded virulence
factors, among which are the invasion plasmid antigens (Ipa proteins). After infection, the host immune re-
sponse is directed primarily against lipopolysaccharide (LPS) and the virulence proteins (IpaB, IpaC, and
IpaD). Recent observations have indicated that the Ipa proteins (IpaB, IpaC, and possibly IpaD) form a
multiprotein complex capable of inducing the phagocytic event which internalizes the bacterium. We have iso-
lated a complex of invasins and LPS from water-extractable antigens of virulent shigellae by ion-exchange
chromatography. Western blot analysis of the complex indicates that all of the major virulence antigens of Shi-
gella, including IpaB, IpaC, and IpaD, and LPS are components of this macromolecular complex. Mice or
guinea pigs immunized intranasally with purified invasin complex (invaplex), without any additional adjuvant,
mounted a significant immunoglobulin G (IgG) and IgA antibody response against the Shigella virulence an-
tigens and LPS. The virulence-specific response was very similar to that previously noted in primates infected
with shigellae. Guinea pigs (keratoconjunctivitis model) or mice (lethal lung model) immunized intranasally
on days 0, 14, and 28 and challenged 3 weeks later with virulent shigellae were protected from disease (P < 0.01
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for both animal models).

Shigellosis is a leading cause of human diarrheal disease.
Each year millions of cases occur, particularly in developing
countries, with over 1 million cases resulting in death (15). The
constant emergence of antibiotic resistance in Shigella spp.
(12), even to the newest antibiotics, underscores the need
for an effective vaccine to help control Shigella disease. Vac-
cine strategies must consider the need for protection against
four species of Shigella (S. flexneri, S. sonnei, S. dysenteriae,
and S. boydii) with over 45 different serotypes, and also en-
teroinvasive Escherichia coli (EIEC), as cross-protection is not
significant between the species. Historically, successful Shigella
vaccines have emphasized presentation of lipopolysaccharide
(LPS) in a manner that will elicit protection. Such vaccines
include live attenuated vaccines (25, 32) and delivery of Shi-
gella LPS or O polysaccharides with carriers such as proteo-
somes (28), tetanus toxoid (6), or ribosomes (16). Of these vac-
cine approaches, only the live attenuated vaccines utilize the
native invasiveness of the shigellae to deliver the LPS and oth-
er antigens to the mucosal immune system, presumably via the
follicle-associated epithelium (33). The residual pathogenicity
of the attenuated vaccine strains may limit this approach unless
further attenuation is achieved (7).

The pathogenesis of Shigella is attributed to the organism’s
ability to invade, replicate intracellularly, and spread intercel-
lularly within the colonic epithelium. The invasion of host cells
by Shigella spp. is a complex multifactorial event in which many
different bacterial proteins are involved. Many of the genes for
key Shigella virulence proteins are located on a 140-MDa plas-
mid and are conserved in all Shigella spp. Several of the plas-
mid-encoded proteins, called the invasion plasmid antigens
(IpaA, IpaB, IpaC, and IpaD) (3), are essential virulence fac-
tors. Upon contact or attachment to host cells, the Shigella
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invasins induce a phagocytic event which results in engulfment
and internalization of the bacterium by the host cell (21). Re-
cent reports have identified protein complexes consisting of
either IpaB and IpaC (23) or IpaB, IpaC, and IpaD (43) in the
growth medium of Shigella cultures. The components of this
complex are involved in the invasion process and are released
upon contact with host cells (43) by a type I1I secretion appa-
ratus (22). Roles for individual proteins in the complex range
from induction of apoptosis by IpaB (5) to attachment to host
cells and actin polymerization by IpaC (20, 40). It has been
proposed that the IpaB-IpaC complex integrates into the host
cell membrane, forming a channel by which other Shigella
proteins gain entry into the host cell (33).

Involvement in the early host-pathogen interaction and the
induction of phagocytosis suggests that the invasins or the in-
vasin complex might be a critical target that the immune re-
sponse may attempt to neutralize or inhibit. In theory, the
conserved sequences and immunologic cross-reactivity of the
Ipa proteins of all Shigella species may enable a vaccine con-
taining the Ipa proteins to be effective against more than one
Shigella species. Previously it has been shown that IpaB, IpaC,
and IpaD, along with LPS, are major antigens recognized by
Shigella-infected individuals (17, 26, 31, 39). Monkeys or hu-
mans infected with Shigella produce antibodies predominantly
to IpaB and IpaC (26) and at lower frequency to IpaA, IpaD,
and VirG (IcsA; another plasmid-encoded virulence protein
which is required for intercellular spreading). One of the best
antigen preparations for measuring the immune response to
virulence components of Shigella is the water-extractable anti-
gen (13, 17, 26) which is capable of measuring the antibody
response to IpaB, IpaC, IpaD, and VirG. It is not clear if an-
tibodies reactive with the water extract bind to individual sol-
uble proteins or bind to a native virulence structure within the
water extract.

To better understand the immunology of shigellosis and the
role of the invasin complex in protective immunity, we have
developed a method for purifying a native invasin-LPS com-
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plex from water-extractable antigens of intact invasive shigel-
lae. This isolated invasin complex (invaplex), which contains
the major antigens of virulent Shigella, is shown to be immu-
nogenic when delivered by a mucosal route without the need
for any additional adjuvant. Furthermore, guinea pigs and
mice immunized with invaplex are protected from disease
upon challenge with virulent Shigella.

MATERIALS AND METHODS

Bacterial growth and strains. The Shigella strains used in these studies, all part
of the Walter Reed Army Institute of Research collection, were Shigella flexneri
5 M90T-W (a virulent [Vir*] strain), S. flexneri 5 M90T-55 (Vir™), and S. flexneri
2a 2457T. S. flexneri 5 INC103 is a clinical isolate from Peru kindly provided by
C. Fernandez-Prada.

Isolated red Shigella colonies grown on Congo red tryptic soy agar plates (29)
were used to inoculate 50 ml of Penassay (antibiotic medium 3; Difco Labora-
tories, Detroit, Mich.) broth at 37°C. After 4 h of growth, 10 ml of the log-phase
culture was added to each liter of prewarmed (37°C) Penassay broth. The 1-liter
cultures were incubated overnight at 37°C in a shaking incubator.

Water extraction of Shigella proteins. A modification of the original water
extraction procedure described by Oaks et al. (26) was used to prepare the
material from which the Shigella invasin complex was isolated. Typically, 4 liters
of an overnight culture of virulent shigellae was used for one batch of water
extract. The bacterial cells were collected by centrifugation, suspended in sterile,
deionized water (0.45-pm-pore-size membrane filtered) at a volume of 50 ml per
liter of overnight culture, and then incubated at 37°C in a shaking water bath (ca.
200 rpm) for 2 h. After extraction with water, the cells were collected by cen-
trifugation at 16,000 X g for 30 min at 4°C. The supernatant was collected and
centrifuged at 100,000 X g for 1 h at 4°C to pellet membrane fragments. All
100,000 X g supernatants for a single batch of water extract were pooled and
stored at —70°C. The water extract was maintained on ice when possible, and
protease inhibitors were not used during the procedure.

Characterization of water extract. The total protein content of each batch of
water extract was measured by the bicinchoninic acid assay (Pierce Chemical Co.,
Rockford, 111.). Water extract was analyzed for the presence of IpaB and IpaC by
Western blot or spot blot assays using monoclonal antibodies (MAbs) specific for
IpaB (2F1) and IpaC (2G2) (24). Only water extracts that were positive for these
Ipa proteins were used for invasin complex purification.

FPLC (fast protein liquid chromatography). Ion-exchange chromatography
was used to isolate invasin complex fractions from water extract. A 5-ml anion-
exchange HiTrap Q (Amersham Pharmacia Biotech, Inc., Piscataway, N.J.) col-
umn was equilibrated with 20 mM Tris-HCI (Sigma Chemical Co., St. Louis,
Mo.), pH 9.0 (buffer A), at ambient temperature. Prior to loading, Tris-HCI (0.2
M, pH 9.0) was added to the water extract sample to a final concentration of 20
mM, after which 20 to 150 ml (approximately 8 to 80 mg of total protein) of the
water extract was loaded onto the column at a flow rate of 2 ml/min. After
loading, the column was washed with at least 6 column volumes of buffer A. All
elutions were carried out with step gradients of 24% buffer B followed by a 50%
buffer B step, and finally the column was washed with 100% buffer B (1 M NaCl
in 20 mM Tris-HCI, pH 9.0). Protein passing through the column was monitored
at 280 nm and recorded via the PowerChrom data acquisition and analysis
software (ADInstruments, Mountain View, Calif.) for the Macintosh computer
operating system. Two-milliliter fractions were collected in polypropylene tubes
and immediately placed at —70°C. Buffer steps were changed after the optical
density at 280 nm (OD,g,) returned to baseline for the previous buffer. The
buffer B diluent was 20 mM Tris-HCI, pH 9.0. After washing with 100% buffer
B, the column was reequilibrated with buffer A before the next run. Each column
used in these studies was dedicated to a specific serotype and strain of Shigella.

Each fraction was analyzed by spot blotting for the presence of IpaC and IpaB.
Fractions (usually one or two) containing the greatest amount of IpaB and IpaC
in 24% buffer B were pooled, as were peak Ipa protein fractions in 50% buffer
B, resulting in invaplex 24 and invaplex 50, respectively, for a run. Invaplex 24
and invaplex 50 run pools, once determined to be relatively similar with respect
to IpaB, IpaC, and IpaD content (determined by Western blotting), LPS content
(determined by silver stain analysis of gels [see below]), and total protein com-
position, were combined, identified as a particular lot of invaplex 24 or invaplex
50, and stored at —80°C.

Water extract and LPS ELISAs. Antigens used in enzyme-linked immunosor-
bent assays (ELISAs) include water extracts from Vir® (M90T-W) and Vir~
(MY0T-55) strains of S. flexneri 5 (26, 38) (referred to as Vir" and Vir~ water
extracts) and also purified LPS from either S. flexneri 2a or S. flexneri 5. Antigen
was diluted in carbonate coating buffer (0.2 M carbonate, pH 9.8) and was added
to polystyrene 96-well antigen plates (Dynex Technologies, Inc., Chantilly, Va.)
at a concentration of 1 pg/well. Primary antibody was diluted in casein (2%
casein in a Tris-saline buffer, pH 7.5) and incubated with the antigen-coated
plates for 2 h. After four washes in phosphate-buffered saline (10.75 mM sodium
phosphate, 145 mM NaCl) with 0.05% Tween 20, plates were probed with
commercial anti-guinea pig immunoglobulin G (IgG), anti-mouse IgG, or anti-
mouse IgA conjugated with alkaline phosphatase (Kirkegaard & Perry, Gaith-
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ersburg, Md.). The ELISA substrate was para-nitrophenyl phosphate (1 mg/ml in
10% diethanolamine buffer, pH 9.8, containing MgCl, [0.1 mg/ml] and 0.02%
sodium azide). The OD was measured at 405 nm on a Molecular Devices (Menlo
Park, Calif.) ELISA plate reader.

Electrophoresis and Western blotting. Western blot analyses were performed
as previously described (26). Antisera used for Western blots included MAbs to
IpaB (2F1), IpaC (2G2), and IpaD (16F8) (24, 38) and a monkey convalescent
serum pool (M213) which contains antibodies to all Ipa proteins (IpaA, IpaB,
IpaC, and IpaD) and VirG. Guinea pig sera used for Western blots were from
animals immunized with invaplex 24 or invaplex 50; these sera were collected on
days 0 (prebleed) and 42 (14 days postimmunization) and were diluted 1/300.

Silver staining (36) was used to stain LPS in samples treated with proteinase
K (PK; Gibco-BRL, Bethesda, Md.) prior to loading on gels (11).

Immunogenicity and protective capacity of invaplex 24 and invaplex 50. The
ability of the invaplex fractions to promote an immune response in BALB/cByJ
mice was tested in groups of five mice. Each mouse was immunized intranasally
with 5 pg of invaplex 24 or invaplex 50 from S. flexneri 2a or S. flexneri 5 on days
0, 14, and 28. Saline was used to immunize control animals. A total antigen
volume of 25 pl was delivered in 5 to 6 small drops applied to the external nares
with a micropipette. Blood was taken by tail bleed from all mice on days 0, 28,
and 42.

Three weeks after the final immunization with either S. flexneri 2a invaplex 24,
invaplex 50, or saline, mice (15 per group) were challenged intranasally with a
lethal dose of S. flexneri 2a 2457T (107 CFU/30 pl) as described for the mouse
lung model (18). The mouse challenge dose was prepared from a frozen lot of S.
flexneri 2a that had been harvested during the log phase of growth, which is the
time of optimal invasiveness for shigellae, and then stored in liquid nitrogen
(E. V. Oaks, unpublished data). Prior to intranasal immunization or challenge,
mice were anesthetized with a mixture of ketamine hydrochloride (40 mg/kg)
(Ketaset, Fort Dodge Laboratories, Inc., Fort Dodge, Towa) and xylazine (12
mg/kg) (Rompun; Bayer Corp., Shawnee Mission, Kans.).

In immunogenicity and protection experiments, guinea pigs (Hartley strain;
Charles River) (four to five per group) were immunized intranasally with either
invaplex 24 or invaplex 50 (25 pg/dose). Diluent (0.9% saline) was used to
immunize control animals. In the dose-response experiment, guinea pigs were
immunized as above with either 5, 10, 25, 50, or 100 pg of protein. The antigen
was applied to the external nares with a micropipette in a total volume of 50 pl
per nostril. In all studies with guinea pigs, animals were immunized on days 0, 14,
and 28. Guinea pigs were bled from the lateral ear vein on day 0, day 28, day 42,
and 14 days after challenge (day 56). Prior to intranasal immunization, guinea
pigs were anesthetized with a mixture of ketamine (40 mg/kg) and xylazine (4
mg/kg).

Three weeks after the third immunization, guinea pigs were challenged in-
traocularly with S. flexneri 5 INC103 (3.6 X 10% CFU) or S. flexneri 2a 2457T
(6.0 X 10° CFU) and observed daily for 5 days for the occurrence of keratocon-
junctivitis. The degree of inflammation and keratoconjunctivitis was scored as
previously described (10). Eyes with complete or partial protection at day 5 were
considered protected.

Statistical analysis. Statistical computations were performed with the Statview
program (SAS Institute Inc., Cary, N.C.). The Fisher exact test was used for
protection experiments, and the Wilcoxon signed rank test was used for analysis
of serological data. Linear regression was used for analysis of dose-response
experiment data.

RESULTS

Isolation and characterization of invaplex 24 and invaplex
50. In preliminary experiments, S. flexneri water extract mate-
rial was fractionated on an FPLC ion-exchange column by
elution with continuous 0 to 1.0 M NaCl gradients in 20 mM
Tris, pH 9.0 (0 to 100% buffer B). It was found that the IpaB
and IpaC consistently eluted in two peaks near 24% buffer B
and 50% buffer B (data not shown). Therefore, step gradients
of 24% buffer B, 50% buffer B, and a final wash at 100% buffer
B were used in all subsequent experiments. Typical FPLC
chromatographs of water extracts from S. flexneri 5 and S.
flexneri 2a eluted with step gradients are shown in Fig. 1 (peak
0 [0% buffer B] represents protein that did not bind to the
HiTrap Q anion-exchange column). Each fraction was evalu-
ated by spot blotting using IpaB and IpaC MAbs (data not
shown). The fractions containing most of the IpaB and IpaC
activity were in the invaplex 24 and invaplex 50 peaks. Unde-
tectable or very low amounts of IpaB and IpaC were in peaks
0 (0% buffer B) and 100 (100% buffer B). This FPLC profile is
reproducible in that identical results were obtained with the
same batches of water extract, with different batches of water
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FIG. 1. FPLC ion-exchange chromatography of water-extracted proteins pre-
pared from S. flexneri 5 (A) and S. flexneri 2a (B). Water extracts (8 mg of total
protein) were separated on 5-ml columns of anion-exchange resin HiTrap Q
(Pharmacia). Two tracings are plotted: OD,g, (Arbitrary units [AU]; thick line),
which shows the four protein peaks (peak 0, invaplex 24, invaplex 50, and peak
100); and conductivity (thin line), representative of percent buffer B (1 M NaCl
in 20 mM Tris-HCI, pH 9.0) and clearly showing the 24, 50, and 100% buffer B
steps. The flow rate was 2.0 ml/min, and 2-ml fractions were collected throughout
the run. The invaplex 24 and invaplex 50 peak fractions were collected and used
in further experiments. All fractions were analyzed for IpaC and IpaB content by
spot blotting. Quantities of IpaC and IpaB were greatest in the invaplex 24 and
invaplex 50 peak fractions.

extract, and for both serotypes of S. flexneri used in this study
(Fig. 1). Typical yields of invaplex 24 and invaplex 50 are
approximately 2 to 3 mg and 1 to 2 mg, respectively, per liter
of original Shigella culture.

Western blot analysis detected the presence of IpaB, IpaC,
and IpaD in the invaplex fractions using convalescent serum
(Fig. 2) or MAbs (data not shown). One difference between the
invaplex 24 and invaplex 50 preparations is that most invaplex
24 samples contained more IpaD than did the corresponding
invaplex 50 preparations (Fig. 2). Using convalescent monkey
serum, it was found that invaplex 50 also contained IpaA and
VirG* (a truncated form of the 120-kDa VirG [IcsA] protein)
(Fig. 2) (40). VirG* has not been detected in invaplex 24 frac-
tions by the methods used. Additional proteins were present in
the invaplex preparations, but their identities are not known
(Fig. 3).

LPS content of invaplex preparations was evaluated by silver
staining PK-treated samples on polyacrylamide gels. Figure 3
shows silver-stained gels of invaplex 24 and invaplex 50 prep-
arations from S. flexneri 2a before and after PK treatment. A
typical LPS core at the bottom of the gel was found in invaplex
24 and invaplex 50 preparations. In addition, LPS bands of

INFECT. IMMUN.

gradually increasing molecular size (representing repeat units
of the O polysaccharide added onto the core) were also pres-
ent.

Immunogenicity and safety of invaplex 24 and invaplex 50 in
mice. Mice were immunized with invaplex 24 or invaplex 50 in
order to determine the immunogenicity and safety of the prep-
arations. Death or visible side effects due to toxicity (such as
ruffled fur or lethargy) did not occur in mice immunized with
5 or 10 pg of invaplex 24 or invaplex 50 prepared from S. flex-
neri 2a or S. flexneri 5.

Invaplex 50 from S. flexneri 2a or S. flexneri 5 elicited signif-
icant IgA and IgG levels against the Ipa-containing water ex-
tract antigen and frequently against the water extract antigen
prepared from plasmid-free, avirulent shigellae (Tables 1 and
2). The invaplex 24 antigen consistently stimulated an IgA
and/or IgG response which was virulence specific, in that it
reacted predominantly with the water extract antigen prepared
from virulent shigellae (Tables 1 and 2).

Significant increases in IgA and IgG to homologous LPS
occurred in mice immunized with S. flexneri 2a Invaplex 24, S.
flexneri 2a Invaplex 50, and also S. flexneri 5 Invaplex 50 (Tables
1 and 2). S. flexneri 5 Invaplex 24 did not stimulate significant
increases of IgA to LPS in mice.

Immunogenicity and safety of S. flexneri invaplex 24 and
invaplex 50 vaccines in guinea pigs. Guinea pigs immunize
intranasally with S. flexneri 2a invaplex 24 or invaplex 50
showed no visible signs of toxicity such as fur ruffling, lethargy,
or diarrhea after immunization with doses ranging from 5 to
100 wg. In addition, guinea pigs immunized with either S.

FIG. 2. Western blot analysis of invaplex preparations from S. flexneri 5 and
S. flexneri 2a. Samples run on the gel are S. flexneri 5 whole cell lysate, Vir"™ (lane
1), S. flexneri 5 whole cell lysate, Vir~ (lane 2), invaplex 24 from S. flexneri 5 (lane
3), invaplex 50 from S. flexneri 5 (lane 4), invaplex 24 from S. flexneri 2a (lane 5),
and invaplex 50 from S. flexneri 2a (lane 6). The blot was probed with pooled
monkey convalescent serum M213. The pooled convalescent serum reacts with
all of the Ipa proteins (IpaA, IpaB, IpaC, and IpaD) and also VirG*. Each lane
containing invaplex preparations was loaded with 3 pg of total protein.
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FIG. 3. Silver stain showing protein and LPS content in invaplex 24 and
invaplex 50 preparations before treatment with PK and LPS content after PK
treatment. Samples on the gel are invaplex 24 from S. flexneri 2a (lanes 1 [no PK]
and 2 [with PK]), 10 pg of purified S. flexneri 2a LPS (lanes 3 and 6), and invaplex
50 from S. flexneri 2a (lanes 4 [no PK] and 5 [with PK]). Bands remaining after
PK treatment are LPS bands which run from the very low molecular size core (at
the bottom of the gels) to larger forms of LPS containing O side chains. Each
lane containing invaplex preparations was loaded with 10 g protein or protein
equivalent in PK-treated samples. Sizes are indicated in kilodaltons.
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flexneri 2a invaplex 24 or invaplex 50 gained weight at a rate
comparable to that for guinea pigs treated with normal saline
(data not shown).

Dose-response experiments were conducted to determine
the immunogenicity of the S. flexnei 2a invaplex 24 and inva-
plex 50 vaccines in guinea pigs. Guinea pigs (four per group)
were immunized with either 0, 5, 10, 25, 50, or 100 wng of
invaplex per dose. Each animal was immunized intranasally
three times at 2-week intervals. LPS and Vir" and Vir~ water
extracts were used as ELISA antigens to measure the antibody
response generated after immunization with different doses of
invaplex (Fig. 4). Regression analysis indicated that there was
a positive correlation between the ELISA antibody levels and
the quantity of antigen used in the immunization. This was true
for the antibody levels detected after three doses of invaplex 24
for both the LPS (r > 0.9, P < 0.05) and Vir" water extract
(r> 0.8, P <0.05) ELISA. Similar correlations were observed
for invaplex 50 immunized guinea pigs for LPS (r > 0.8, P <
0.05) and Vir* water extract (r > 0.9, P < 0.05). In the invaplex
50-immunized group, there was also a correlation between
antibody levels to the Vir~ water extract antigen and the dose
of antigen used for immunization.

At higher doses of invaplex, antibody levels to LPS and
water extract were detected after only two doses (Fig. 4). At
the 100-pg dose, a positive anti-LPS response was present after
two doses of vaccine, whereas at lower doses a positive anti-
LPS response was not detectable until after three immuniza-
tions. Positive antibody responses against the Vir" water ex-
tract were evident in all dose groups for invaplex 24 after just
two doses, while for invaplex 50 a positive antibody response to
the Vir"™ water extract was evident in animals immunized with
two invaplex doses of 25 g or more. As noted above for mice,
invaplex 24, at all doses, also produced a striking virulence-
specific antibody response in guinea pigs, whereas invaplex 50
produced antibodies reactive with both Vir" and Vir~ water
extract antigens. The invaplex 50 response to both virulence-
associated antigens and antigens not encoded by the virulence
plasmid occurred at all doses. Western blot analysis of invaplex
24 or invaplex 50-immunized guinea pigs revealed that the
invaplex 24-induced virulence-specific response was directed
primarily at IpaB and IpaC (Fig. 5A). Invaplex 50-immunized

TABLE 1. Immune response to LPS and water extract in mice immunized with invaplex 24 or invaplex 50 from S. flexneri 2a“

Median ELISA reading (range)

Water extract

Immunization Day S. flexneri 2a LPS
Vir* Vir~
IgA 1gG IgA 1gG IgA 1gG
Invaplex 24 0 0.066 0.032 0.056 0.021 0.052 0.019
(0.056-0.070) (0.027-0.039) (0.051-0.171) (0.020-0.029) (0.046-0.098) (0.019-0.020)
28 0.268 0.078 0.282 0.929 0.075 0.061
(0.219-0.386)* (0.067-0.111)* (0.157-0.689)* (0.413-1.302)* (0.040-0.102) (0.036-0.127)*
42 1.776 0.461 0.638 1.485 0.069 0.210
(0.838-2.052)* (0.233-0.589)* (0.431-2.065)* (1.267-1.869)* (0.050-0.108) (0.121-0.262)*
Invaplex 50 0 0.070 0.037 0.063 0.024 0.048 0.021
(0.063-0.072) (0.033-0.040) (0.057-0.090) (0.023-0.024) (0.045-0.058) (0.020-0.022)
28 0.121 0.043 0.121 0.244 0.056 0.186
(0.090-0.133)* (0.037-0.052) (0.091-0.213)* (0.125-0.626)* (0.046-0.071) (0.078-0.326)*
42 0.365 0.062 0.511 1.194 0.126 0.615
(0.192-0.834)* (0.050-0.102)* (0.270-0.878)* (0.415-1.654)* (0.080-0.167) (0.268-0.883)*

¢ Mice were immunized intranasally three times with S. flexneri 2a-derived invaplex 24 or invaplex 50. The serum IgA or IgG reactive with S. flexneri 2a LPS and water
extract (Vir" or Vir~) was determined by ELISA. Blood was taken from all mice before treatment (day 0), after the second immunization (day 28), and after three
immunizations (day 42). Values represent the median (25/75 percentile) for each group of mice (n = 10). Values significantly greater (P < 0.05, Wilcoxon signed rank

test) than for the day 0 serum are indicated by asterisks. Sera were diluted 1/180 for IgA analysis and 1/360 for IgG analysis.
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TABLE 2. Immune response to LPS and water extract in mice immunized with invaplex 24 or invaplex 50 from S. flexneri 5

Immunization Day

Median ELISA reading (range)

S. flexneri 5 LPS

Water cxtract

Vir* Vir~
IeA 1eG IeA G IgA G
Invaplex 24 0 0.036 0.026 0.031 0.020 0.040 0.023
(0.035-0.037) (0.025-0.038) (0.03-0.033) (0.019-0.022) (0.034-0.042) (0.021-0.023)
28 0.038 0.036 0.097 0.136 0.035 0.030
(0.035-0.050) (0.026-0.071) (0.084-0.163)* (0.113-0.137)* (0.035-0.042) (0.025-0.051)*
42 0.056 0.077 0.598 0.827 0.043 0.059
(0.038-0.245) (0.059-0.238)* (0.408-0.692)* (0.487-0.957)* (0.039-0.135) (0.050-0.259)*
Invaplex 50 0 0.033 0.027 0.044 0.020 0.046 0.023
(0.033-0.037) (0.026-0.034) (0.040-0.045) (0.020-0.022) (0.044-0.046) (0.022-0.024)
28 0.045 0.056 0.054 0.075 0.069 0.112
(0.043-0.121)* (0.032-0.174)* (0.049-0.066)* (0.060-0.095)* (0.060-0.087)* (0.085-0.192)*
42 1.415 1.315 0.286 0.351 0.603 0.555

(0.307-1.821)*

(0.455-1.554)*

(0.189-0.882)*

(0.276-0.548)*

(0.373-0.954)*

(0.411-0.725)*

“ Mice were immunized intranasally three times with S. flexneri 5-derived invaplex 24 or invaplex 50. The serum IgA or IgG reactive with S. flexneri 5 LPS and water
extract (Vir* or Vir~) was determined by ELISA. Blood was taken from all mice before treatment (day 0), after the second immunization (day 28), and after three
immunizations (day 42). Values represent the median (25/75 percentile) for each group of mice (n = 5). Values significantly greater (P < 0.05, Wilcoxon signed rank

test) than for the day 0 serum are indicated by asterisks. Sera were diluted 1/180 for IgA analysis and 1/360 for IgG analysis.

animals produced antibodies to IpaB and IpaC and also other
proteins with approximate molecular sizes of 70, 72, and 85
kDa (Fig. 5B). The 70-, 72-, and 85-kDa proteins were not
virulence specific.

Vaccination with invaplex 24 and invaplex 50 and challenge
of animals with virulent shigellae. A significant level of pro-
tection against lethal challenge was achieved in mice immu-
nized with S. flexneri 2a invaplex 24 or invaplex 50 (Fig. 6).
Invaplex-immunized mice lost weight upon challenge, but by
days 3 to 4 they began to recover and gain weight whereas
control mice soon died. Similar levels of protection were af-
forded by invaplex 24 (12 of 15 mice survived) and invaplex 50
(10 of 15 mice survived).

Using the guinea pig keratoconjunctivitis model, animals
immunized intranasally with either invaplex 24 or invaplex 50
from S. flexneri 2a or S. flexneri 5 were significantly protected
against homologous challenge (Table 3). After challenge, the
animals all showed a tremendous boost in antibody levels to
the water extract and LPS, indicating a successful priming by
the invaplex 24 and invaplex 50 vaccines (Fig. 4). Control
guinea pigs immunized with buffer diluent did not produce
antibodies to any of the Shigella antigens tested. Upon chal-
lenge, these animals produced much lower levels of antibodies
(measured at 7 days postinfection) than did those animals first
immunized with invaplex 24 or invaplex 50 vaccine and then
challenged.

DISCUSSION

The protective immune response which is necessary to pre-
vent future Shigella infections is not completely understood. In
a natural infection, the shigellae have direct extra- and intra-
cellular interactions with M cells, macrophages, dendritic cells,
lymphocytes, and the colonic epithelium during the course of
infection (33, 42). The inflammatory and specific immune re-
sponses produced as a result of the pathogen-host interactions
are likely directed at essential virulence components in an
attempt to neutralize and eliminate the pathogen. The result-
ing immunity offers protection against future infection with the
homologous serotype (8, 9). In addition to the LPS antibody
response, the infected host also responds quite vigorously
against the Shigella invasins (13, 26, 27, 31). Most infected

individuals produce antibodies to IpaB and IpaC and, at a
lower frequency, to IpaD, IpaA, and VirG; in fact, it is not
unusual to see an antibody response directed at only the inva-
sins and LPS. Although the function of antibodies to the Ipa
proteins is not entirely understood, it is possible to inhibit the
invasiveness of Shigella or EIEC with anti-Ipa IgA found in
colostrum (4) or MAbs to IpaC or IpaB (24, 34). More re-
cently, a MAb to the carboxy-terminal end of IpaC exhibited
inhibition of IpaC-induced actin polymerization in permeabil-
ized host cells (40). Epitope mapping of IpaC has indicated
that monkeys responding to three epitopic regions are less
likely to develop severe disease (37), and one of these three
epitope regions (region III) colocalizes with the actin polymer-
ization domain (40). Even so, it has not been possible to cor-
relate protective immunity with a specific antibody response to
any of the invasins as measured by Western blot analyses or
ELISAs. In contrast, numerous studies have concluded that
LPS is an essential vaccine component (8, 9, 19, 28, 30), but it
is also clear that LPS delivered by itself is not protective (1,
19). This suggests that presentation of LPS in a manner which
elicits a protective immune response comparable to natural
infection is necessary for a successful Shigella vaccine. A Shi-
gella vaccine which stimulates antibody production to both LPS
and the Ipa proteins might more completely mimic the natural
immune response.

In this study, a novel method has been developed for isolat-
ing a macromolecular complex containing the major known
virulence factors and immunogens from intact, viable, virulent
shigellae. We refer to this structure as the invasin complex, or
invaplex. It has been possible to isolate two forms of the inva-
plex, called invaplex 24 and invaplex 50, by FPLC ion-exchange
chromatography from S. flexneri 2a and S. flexneri 5. Both
forms contain the invasins (IpaB, IpaC, and IpaD) and LPS,
but IpaA and VirG* (41), a truncated form of VirG, were
found only in Invaplex 50. Other unidentified proteins were
also present in both invaplex preparations.

The relationship between the invaplex and Ipa protein com-
plexes recently described (23, 35) has not been determined.
Although both structures contain the Ipa proteins, one clear
difference is the presence of LPS in the invaplex but not in the
IpaB-IpaC complex (23). Interestingly, Kadurugamuwa and
Beveridge (14) have shown that gentamicin-induced micro-
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FIG. 4. Antibody response to LPS and water extract in guinea pigs immu-
nized with different doses of invaplex 24 or invaplex 50 vaccine. Five groups of
guinea pigs (four animals per group) were immunized with 0, 5, 10, 25, 50, or 100
ng of either S. flexneri 2a invaplex 24 or invaplex 50 per dose. Guinea pigs were
immunized intranasally on days 0, 14, and 28; blood was collected on days 0, 28,
42, and 56. The animals were challenged on day 49. The serum IgG response was
measured by ELISA against S. flexneri 2a LPS (top), Vir* water extract (B), and
Vir~ water extract (C). In each panel, the buffer control animal data are on the
for right. The bars represent mean OD,(s *+ standard error of the mean for each
group of four guinea pigs. The horizontal bar at the bottom gives the number of
Sereny test-positive eyes over the number of eyes challenged for a particular group.
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vesicles of shigellae contain LPS and the Ipa proteins but the
predominant proteins are the major outer membrane proteins
(MOMPs). The invaplex 24 and invaplex 50 preparations do
not have detectable levels of the MOMPs. Sizing experiments
indicate that the LPS and invasins of the invaplex comigrate at
a molecular size greater than that of thyroglobulin, which is
about 669 kDa (K. R. Turbyfill and E. V. Oaks, unpublished
data). The invaplex is very likely derived from the outer mem-
brane surface in that it contains LPS and IpaD, both surface-
exposed components of the outer membrane (22, 38), yet it
does not contain detectable quantities of the MOMPs which
are integral membrane proteins. Furthermore, the solubility of
the invaplex in aqueous buffers, without the need for deter-
gents or urea, suggests that the complex may exist in a hydro-
philic environment, possibly at the periphery of the shigella
cell. The IpaB-IpaC complex described by Menard et al. is
released into the medium from shigellae by a type III secretory
event (22, 23). However, the staging area for the secreted
IpaB-IpaC complex is not known.

Run-to-run consistency of invaplex 24 and invaplex 50 iso-
lated from S. flexneri was very reproducible. In addition, the
simplicity of the invaplex purification and the solubility in
aqueous buffer lends itself to rapid purification on a large scale
and adaptation to biological systems. Yields of the invaplex
preparations were approximately 2 to 3 mg for invaplex 24 and
1 to 2 mg for invaplex 50 for each liter of starting Shigella
culture.

Our studies indicate that low doses (5 pg in mice and 5 to 25
pg in guinea pigs) of either invaplex 24 or invaplex 50 are
immunogenic using intranasal immunizations. Successful im-
munizations (eliciting a serum antibody response and protec-
tion) with the invaplex 24 or invaplex 50 preparation did not
require an adjuvant. Neither invaplex preparation resulted in
any visible side effects such as death, weight loss, or lethargy in
the immunized mice or guinea pigs. The slight fur ruffling
noted in mice has resolved within 1 day. Serum IgA and IgG
responses to LPS and protein antigens were produced in inva-
plex-immunized animals.

In dose-response experiments in guinea pigs using S. flexneri
2a invaplex 24 and invaplex 50, it was possible to stimulate a
measurable antibody response to LPS and water extract with
three 5-pg doses. Higher doses (25, 50, and 100 png) in guinea
pigs generated a positive antibody response to water extract
after two intranasal doses. In all cases, animals immunized with
invaplex 24 or invaplex 50 showed a dramatic increase in an-
tibody levels to LPS and water extract after challenge 3 weeks
postimmunization with virulent shigellae of the same serotype
as the invaplex vaccine. This rapid boost in titer (postchallenge
blood was collected 1 week after challenge) was a result of the
effective priming of the immune system by the invaplex vac-
cines.

Interestingly, invaplex 24 produced a virulence-specific an-
tibody response in both guinea pigs and mice very similar to
that produced in monkeys or humans infected with Shigella
spp- (26, 39). Western blot analysis of immunized guinea pigs
indicated that the majority of antibody was directed at IpaB
and IpaC. Invaplex 50 stimulated a serum antibody response
which was not virulence specific (as measured by the water
extract ELISA), suggesting that non-plasmid-encoded antigens
are in the invaplex 50 and are capable of stimulating an anti-
body response. Western blot analysis indicates that 70-, 72-,
and 85-kDa proteins (non-plasmid encoded) were recognized
in invaplex 50-immunized guinea pigs. Even so, invaplex 50
preparations did stimulate antibodies to virulence proteins
such as IpaC and IpaB, as determined by Western blot analysis
of immune sera.



6630 TURBYFILL ET AL.

INFECT. IMMUN.

M + - + - + - 4+ - 4+ - 4+ - 4+ - 4+ - +
A 97
69 ]
] i i { 1 2 \ L
— - —_— <«— [paB
43 oy P - ‘
i -  <€— IpaC
30 - 3 : L : !
Pre  Post Pre  Post Pre  Post Anti- Anti- Casein
5NM SLH 5RS IpaB  IpaC
M + - + - + - 4+ - 4+ - 4+ - + - + - + -
]
B 97 - > o — I
69 - = P - - § - :
43 ‘
- s — <€— IpaC
|
30 : L ; |
Pre  Post Pre Post Pre Post Anti- Anti- Casein
6RS 6LS 6RH IpaB  IpaC

FIG. 5. Western blot analysis of sera collected from guinea pigs immunized with S. flexneri 2a invaplex 24 (A) or S. flexneri 2a invaplex 50 (B). Whole cell lysates
of S. flexneri 5 MOOT-W (+) or S. flexneri 5, MO0T-55 (—) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted to nitrocellulose.
Strips containing both + and — samples were incubated with sera collected prior to immunization (Pre) and after three intranasal immunizations (25 pg/dose) with
Invaplex (Post); numbers below are individual guinea pig numbers. MAbs 2F1 (anti-IpaB) and 2G2 (anti-IpaC) were used to identify the IpaB and IpaC polypeptides.
A negative control strip was incubated with casein alone in place of primary antibody. Molecular mass markers are indicated in kilodaltons on the left.

Guinea pigs immunized intranasally with invaplex 24 or in-
vaplex 50 from S. flexneri 2a or S. flexneri 5 were protected from
severe keratoconjunctivitis upon challenge with the homolo-
gous organism. The level of protection ranged from complete
to partial protection. Invaplex 24 and invaplex 50 also pro-
tected mice from a lethal challenge of S. flexneri 2a. Although
many of the immunized mice lost weight during the first 2 to 3
days after challenge, they began to recover by day 4, whereas
control mice continued to lose weight. The level of protection
afforded by the invaplex vaccines in guinea pigs or mice is
comparable to that generated by live attenuated vaccines or
other subunit vaccines targeting LPS (10, 19). However, unlike
other subcellular vaccines such as proteosomes (19, 28), ribo-
somes prepared from avirulent shigellae (16), or O-polysac-
charide conjugates (6), the Invaplex vaccines were capable of
stimulating antibodies against the invasins. Previous outer
membrane protein-LPS vaccines described by Adamus et al.,

which were delivered subcutaneously with complete Freund’s
adjuvant, were likely deficient in the invasins due to the deter-
gents used in vaccine preparation (1). Live attenuated vac-
cines, such as S. flexneri 2a SC602, which is an icsA deletion
mutant, are capable of stimulating antibodies to the virulence
proteins but only at a low frequency unless higher, reactogenic
doses are given (7).

Successful mucosal vaccination and protection with invaplex
indicates that an effective immune response to LPS and other
Shigella antigens, such as the Ipa proteins, was produced in
immunized animals. The availability of a subunit preparation
derived from shigellae which contains the major antigens and
virulence factors, possibly in the form of an intact virulence
structure, provides a novel approach to Shigella vaccines. Fur-
thermore, the lack of apparent toxicity of the Invaplex vaccines
suggests that higher doses are possible and that combining
invaplex preparations from multiple Shigella serotypes will
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FIG. 6. Protection of mice from lethal lung challenge by immunization with
either invaplex 24 or invaplex 50. Three groups of 15 mice were immunized with
either S. flexneri 2a invaplex 24 (squares), S. flexneri 2a invaplex 50 (circles), or
buffer (triangles). Mice were immunized intranasally at 2-week intervals with 5
ng of invaplex administered at each immunization. Three weeks after the final
immunization, all animals were intranasally challenged with 107 CFU of S.
flexneri 2a 2457T. Percent survivors is plotted for each of 14 days postchallenge.
P values, calculated by the Fisher exact test, are 0.001 for invaplex 24-immunized
mice and 0.008 for invaplex 50-immunized mice.

make a multivalent vaccine extremely likely. Preliminary stud-
ies have successfully produced Invaplex vaccine preparations
from all species of Shigella and also EIEC (K. R. Turbyfill,
E. V. Oaks, and A. B. Hartman, Abstr. 100th Gen. meet. Am.
Soc. Microbiol., abstr. E-103, 2000).

Delivering subunit vaccines by the mucosal route (intrana-
sal, oral, etc) is difficult and not very effective unless suitable
mucosal adjuvants are used (2). The potent immune response
generated by the invaplex preparations without any additional
adjuvant and the known capacity of the Ipa proteins to interact
with host cells, and in particular immune cells (33), suggest
that the invaplex may be able to enhance the immune response
to coadministered antigens, somewhat like cholera toxin. In
fact, studies evaluating adjuvanticity have indicated that inva-
plex 24 and invaplex 50 stimulate an IgG subclass response to
ovalbumin comparable to that of cholera toxin (E. V. Oaks,
K. R. Turbyfill, W. D. Picking, and W. Picking, abstr. 100th

TABLE 3. Protection in the guinea pig keratoconjunctivits model
using invaplex 24 or invaplex 50 vaccine prepared
form virulent S. flexneri

Vaccine treatment? No. positive/no. challenged” P
S. flexneri 2a invaplex 24 2/18 <0.001
S. flexneri 2a invaplex 50 3/16 <0.001
None (buffer control) 15/15
S. flexneri 5 invaplex 24 1/8 0.003
S. flexneri 5 invaplex 50 0/10 <0.001
None (buffer control) 9/10

“ Guinea pigs were immunized intranasally three times (on days 0, 14, and 28)
with 25 pg of invaplex preparation per dose and challenged on day 49. Animals
were infected with 3 X 108 to 6 X 10® CFU of the challenge agent, which was the
same strain as that used to prepare the invaplex vaccine.

> Animals were considered positive for disease if they had on day 5 a 2+ or 3+
rating (keratoconjunctivitis without purulence or severe keratoconjunctivitis with
purulence) based on the scale developed by Hartman et al. (10).

¢ Determined by the Fisher exact test.
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Gen. meet. Am. Soc. Microbiol. abstr. E-58, 2000). The capac-
ity of invaplex to serve as a vaccine and a mucosal adjuvant will
make the construction of a vaccine against multiple mucosal
pathogens feasible.
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