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The background for developing conjugate vaccines for shigellosis composed of the 0-specific polysaccharide
(O-SP) bound to a protein is described elsewhere (C. Y. Chu, R. Schneerson, and J. B. Robbins, submitted for
publication). Briefly, there is direct evidence for type (lipopolysaccharide [LPS])-specific protection after
infection with the wild type or with attenuated strains of shigellae. Prospective studies of Israeli armed forces
recruits show a correlation between preexisting serum immunoglobulin G (IgG) LPS antibodies and resistance
to shigellosis (D. Cohen, M. S. Green, C. Block, R. Slephon, and I. Ofek, J. Clin. Microbiol. 29:386-389,
1991). In order to elicit IgG LPS-specific antibodies to Shigella dysenteriae type 1, the O-SP of this pathogen
was purified and bound to tetanus toxoid (TT) by three schemes. The most immunogenic used a modification
of a published method (C. Y. Chu, R. Schneerson, J. B. Robbins, and S. C. Rastogi, Infect. Immun.
40:245-256, 1983). The resultant O-SP-TT conjugates were stable and elicited high levels of IgG O-SP
antibodies and booster responses in young mice when injected subcutaneously in saline at 1/10 the proposed
human dose. Adsorption onto alum or concurrent administration with monophosphoryl lipid A enhanced both
the IgG and IgM antibody responses to the O-SP of the conjugate; both the nonadsorbed and adsorbed
conjugates elicited higher rises of IgG than of IgM antibodies. Clinical evaluations of S. dysenteriae type 1
O-SP-TT conjugates are planned.

Another article outlines the need and rationale for devel-
oping conjugate vaccines composed of the 0-specific
polysaccharides (0-SP) of nontyphoidal salmonellae and
shigellae for the prevention of enteric diseases caused by
these pathogens (8). In that article, we cite evidence, albeit
indirect, that serum immunoglobulin G (IgG) lipopolysac-
charide (LPS) antibodies (Ab) may confer protective immu-
nity to shigellosis.

Shigella dysenteriae type 1 (Shiga's bacillus) was isolated
in 1897 from patients with dysentery in Japan (48). Subse-
quently, bacilli with similar properties isolated from patients
with dysentery were also referred to as shigellae (16, 19, 28,
49). Later, Kauffmann classified shigellae into groups A, B,
C, and D on the basis of "distinctive" antigens and biochem-
ical traits (28). Group A shigellae, which include S. dysen-
teriae type 1, do not produce acid from mannitol. The 10
LPS types of S. dysenteriae are structurally and serologi-
cally distinct, and only a few cause shigellosis (16, 20, 22, 28,
32, 38, 49, 55, 64).

S. dysenteriae type 1 is the most virulent of the shigellae,
with a low infectious dose, high attack rate, high mortality,
and extraintestinal manifestations such as bacteremia, he-
molytic uremic syndrome, and postinfection arthritis (Reit-
er's syndrome) (19, 22, 32, 38-42, 49, 55, 61, 64). Infection
with S. dysenteriae type 1 is rare in developed countries, but
epidemic and endemic dysenteries caused by this pathogen
are still present in developing nations (2, 3, 32, 38-43, 64).

* Corresponding author.

The most recent pandemic in the Western Hemisphere began
in Guatemala in 1969 and spread to all of Central America
over the next 4 years (22, 61). About 5 x 105 individuals
contracted disease due to this pathogen, and -20,000 (4%)
died. Recently, a fivefold rise in the number of infections due
to S. dysenteriae type 1 occurred in travelers returning to the
United States from southern Mexico (39). Clinical data from
42 of 44 of these patients were available: 26 (64%) were

hospitalized, 3 (7%) had bacteremia, and 3 (7%) had hemo-
lytic uremic syndrome, but none died. The antibiotic resis-
tance and plasmid profiles of strains isolated from these
patients were similar to those from the pandemic of 1969 to
1973. These findings indicate that a reservoir of this patho-
gen has retained its virulence and remains in Central Amer-
ica.
The structure, synthesis, and insertion of the LPS in S.

dysenteriae type 1 are encoded in the his' locus in the
chromosome and on a 6-MDa plasmid (4, 20, 23, 51, 55, 59,
60). Variants which lack these DNA segments do not ex-
press the LPS antigen and are avirulent in in vitro models (4,
21, 23, 59, 60, 64). Dmitriev et al. reported the following
structure for the repeat unit of the O-SP (14): ->3)-a-L-Rhap-
(1-*3)-a-L-Rhap-(1---*2)-ac-D-Galp-(1--*3)-a-D-GlcpNAc-(l-.
Sturm et al. proposed that the biosynthetic unit is as follows
(51): ->3)-ot-D-GlcpNAc-(l1-3)-ot-L-Rhap-(l1-3)-ot-L-Rhap-
(1-*2)-OL-D-Galp-(1-.

Here, we describe the synthesis, characterization, stabil-
ity, and comparative immunogenicity of S. dysenteriae type
1 O-SP bound to tetanus toxoid (TT) by three different
methods.
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MATERIALS AND METHODS

Reagents. Sterile pyrogen-free water and pyrogen-free
saline (Travenol Laboratories, Deerfield, Ill.) were used in
all experiments. G-25 Sephadex, CL-6B Sepharose, and
dextrans for calibration of Superose 12 were from Pharmacia
LKB Biotechnology Inc., Piscataway, N.J. P-10 BioGel was

from Bio-Rad, Richmond, Calif. Imject Alum and N-succin-
imidyl 3-(2-pyridyldithio)propionate (SPDP) were from
Pierce Chemical Co., Rockford, Ill. Dithiodipropionic acid
was from Fluka, Buchs, Switzerland. DNase, RNase, pro-

tease, bovine serum albumin, ketodeoxyoctonate (KDO),
sodium cyanoborohydride (NaCNBH3), adipic acid dihy-
drazide (ADH), cyanogen bromide (CNBr), 1-ethyl-1-3-(3-
dimethylaminopropyl)carbodiimide (EDAC), and dithiothre-
itol were from Sigma Chemical Co., St. Louis, Mo. Tryptic
soy broth and MacConkey's medium were from Difco Lab-
oratories, Detroit, Mich. Monophosphoryl lipid A (MPL) in
oil-in-water emulsion (O/W) with squalene was from Ribi
Immunochemical, Hamilton, Minn. (46). Affinity-purified,
alkaline phosphatase-labeled goat antibodies to mouse Ig,
IgG, IgA, and IgM were from Kirkegaard & Perry Labora-
tories, Inc., Gaithersburg, Md.

Assays. Protein was measured with bovine serum albumin
as a standard (65). Polysaccharide (PS) was measured with
O-SP as a standard (47). Nucleic acids were measured by
their A260 (65). Sulfhydryl groups were measured by using
cysteamine as a standard (18). KDO was measured by the
thiobarbituric acid reaction with KDO as a standard (58).
The adipic hydrazide (AH) content of derivatized O-SP was

assayed with ADH as a standard (9). LPS was assayed by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) (56) and by the rabbit thermal induction
and the Limulus amebocyte gelation assays (24). '3C and 'H
nuclear magnetic resonance spectra were obtained on a

General Electric/Brucker hybrid spectrometer for which the
nominal 'H and 13C resonance frequencies were 300 and 75
MHz, respectively. 'H broad-band decoupling was used
during the acquisition of the 13C spectrum. 13C chemical
shifts are referenced to the N-acetyl methyl group, set to
22.9 ppm. The molecular weight of the O-SP was estimated
by gel filtration through a Superose 12 HR 10/30 column in
0.1 M Na2SO4-0.02 M sodium phosphate (pH 6.98) at 1
ml/min. The effluent was monitored by a Pharmacia model
UV-1 280-nm detector and a Waters R401 refractometer.
The void volume was determined with T2000 dextran, and
the total volume was determined with glycine. The Kds of
the dextrans, from 10 to 500 kDa, were fitted to a least-
square line by plotting the log1o molecular weight versus the
Kd with a correlation coefficient of 0.985. The conjugates
were assayed for blood group A substance by using the
standard of the Food and Drug Administration (36).

Bacterial strains. S. dysenteriae type 1 strain 1617, Shi-
gella flexneri 2a strain 2457T0, and Shigella sonnei 53G
WRAIR were kindly donated by Sam Formal, Walter Reed
Army Institute of Research. Salmonella paratyphi A strain
NDPG was obtained from Iswar Acharya, Kathmandu,
Nepal. The serological and metabolic identifications of these
strains were confirmed by Vee Gill and James MacLowry,
Microbiology Service, Clinical Center, National Institutes of
Health. These strains were maintained in the freeze-dried
state at -20°C.

Purification of LPS and O-SP. The procedure followed that
of Westphal and Jann with several modifications (62). S.
dysenteriae type 1 was cultivated in a 100-liter fermentor
with tryptic soy broth at 37°C with vigorous aeration and was

harvested when the pH started to rise and the oxygen
consumption ceased (the optical density at 550 nm was
-8.0). The identity and purity of the bacteria were confirmed
by Gram stain and culture on MacConkey's medium. The
bacteria were harvested by centrifugation, and the pellet was
divided into -200-g aliquots and stored at -20°C. For a
typical purification, -200 g was mixed with 2 liters of a 95%
aqueous phenol solution, and H20 was added to a final
volume of 4 liters. The suspension was stirred at 68°C for 30
min, cooled in an ice bath, and centrifuged at 7,300 x g and
10°C for 1 h. The upper layer was withdrawn, and the bottom
layer was brought to 4 liters with water. The suspension was
stirred again at 68°C for 30 min and centrifuged as described
above. The upper layer was withdrawn and combined with
the upper layer from the first centrifugation.
The combined supernatants were brought to 10 mM so-

dium acetate-2 mM CaCl2-25% ethanol, mixed, and stored
overnight at 3 to 8°C. This suspension was centrifuged at
7,300 x g and 4°C for 1 h, and the supernatant was brought
to 70% ethanol and stored overnight at 3 to 8°C. This
suspension was centrifuged at 7,300 x g and 4°C for 1 h, and
the pellet was suspended in 300 ml of 2 mM MgSO4-50 mM
Tris, pH 7.6. The material was added to a dialysis bag and
equilibrated against this buffer at 37°C. DNase and RNase
(50 mg each) were added, and 6 h later, 100 mg of protease
was added for 24 h at 37°C (9). The contents were dialyzed
against H20 at 3 to 8°C for 2 days with four changes of the
outer fluid and then centrifuged at 5,000 x g and 3 to 8°C for
30 min. The supernatant was ultracentrifuged at 64,000 x g
and 10°C for 5 h, and the pellet was drained, suspended in
200 ml of water, and reextracted by hot phenol (62). The top
phase was dialyzed against H20 at 3 to 8°C for 2 days with
two changes daily and then freeze-dried.
The LPS was dissolved at 10 mg/ml in 1% glacial acetic

acid and placed in a boiling water bath for 1 h. After being
cooled, the reaction mixture was ultracentrifuged at
64,000 x g for 5 h at 10°C, and the supernatant was passed
through a 0.2-,um-pore-size filter, brought to pH 7.0 with 1.0
M NH40H, and freeze-dried. This product was dissolved in
H20 at 10 mg/ml and passed through a G-25 Sephadex
column (5 by 30 cm) in H20. Fractions (10 ml each) were
collected, and the major peak adjacent to the void volume
was freeze-dried and stored at -20°C. This product is
referred to as the O-SP.

Proteins. TT from clinical lot XI, kindly donated by Ivan
Heron, Statens Seruminstitut, Copenhagen, Denmark, con-
tained 1,732 Lf and >100 IU of nitrogen per mg of total
protein. Cross-reacting mutant Pseudomonas aeruginosa
exotoxin A (designated rexoprotein A, or rEPA) was pre-
pared (49a).

Derivatization and conjugation of O-SP. Conjugates were
prepared by three methods with ADH as a linker. The first
two methods used ADH bound to the carbonyls of KDO at
the reducing end of the core (26, 45), and the third method
used ADH bound to CNBr-activated O-SP (9). The O-SP
was derivatized for the first two methods as follows. To 100
mg of the O-SP in 5.0 ml of 0.1 M sodium borate (pH 8.5)
were added 100 mg of ADH and then 100 mg of NaCNBH3.
The tube was flushed with N2, sealed, and slowly tumbled at
room temperature for 7 days. The reaction mixture was
dialyzed extensively against H20 at 3 to 8°C and passed
through a G-25 Sephadex column (5 by 30 cm) in H20, and
the void volume fractions were freeze-dried. This material,
designated O-SP-AHRE, contained 0.52% (wt/wt) AH or -1
mol of AH per mol of O-SP.

(i) Method 1. O-SP-AHRE and TT were dissolved in 0.2 M
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NaCl to a final concentration of 20 mg/ml of each. The pH
was brought to 5.6 with 0.1 M HCI at 4°C, and EDAC was
added to 50 mM. The pH was maintained at 5.6 for 4 h, the
reaction mixture was dialyzed against 0.2 M NaCl at 3 to 8°C
for 2 days and passed through a CL-6B Sepharose column
(2.5 by 90 cm) in 0.2 M NaCl, and the void volume fractions
were pooled. Conjugates prepared by method 1 are denoted
O-SP-TT88-1 and O-SP-TT88-3.

(ii) Method 2. O-SP-AHRE (35 mg) was dissolved in 3.5 ml
of H20. Dithiodipropionic acid (0.1 M) was adjusted to pH
6.0 with 0.1 M HCl, and 30 mg was added to the O-SP-
AHRE. Then, 70 mg of EDAC was added, and the pH was
maintained between 5.75 and 6.0 in a pH stat (Radiometer,
Copenhagen, Denmark). After 1 h, the reaction mixture was
passed through a column of P10 (5 by 30 cm) in H20, and the
void volume fractions were freeze-dried. ItT was thiolated
with SPDP (7, 54) and passed through a column of P-10 (5 by
30 cm) in phosphate-buffered saline. The dithiodipropionic
acid-derivatized O-SP-AHRE was reduced with 100 mM
dithiothreitol at room temperature for 1 h, dialyzed against 1
mM EDTA in phosphate-buffered saline, and passed through
a column of P-10 (5 by 30 cm) in 1 mM EDTA. The sulfhy-
dryl contents of the void volume fractions were determined
and then mixed with the SPDP-derivatized TT, flushed with
N2, sealed, and tumbled for 2 h at room temperature and
overnight at 3 to 8°C. The reaction mixture was passed
through a column of CL-4B Sepharose (2.5 by 90 cm) in
saline, and the fractions were assayed for O-SP and protein
(see above). The void volume contained -18% of the con-
jugate (O-SP-TTSpDP-1), and the remainder emerged as a
broad peak with a Kd of 0.40 (O-SP-TTsPDP-2).

(iii) Method 3. Multipoint attachment of the two reactants
was achieved as described elsewhere for Haemophilus influ-
enzae type b PS (9). S. dysenteriae type 1 O-SP (5.0 mg/ml of
H20) was brought to pH 11.0 with 1 N NaOH in a pH stat,
and aq equal weight of CNBr (1 g/ml of acetonitrile) was
added. The pH was maintained at 11.0 with 1.0 N NaOH for
6 ,min, at 4°C. An equal volume of 0.5 M ADH in 0.5 M
NaHCQ3 was added, and the pH was adjusted to 8.5 with 1.0
M ICl. The reaction mixture was tumbled overnight at 3 to
8°C and dialyzed against 0.2 M NaCI at 3 to 8°C. The outer
fluid was changed to H20, and the dialysis was continued for
2 days with four changes of H20. The contents of the dialysis
bag were freeze-dried, dissolved in H20 (20 mg/ml), and
passed through a G-25 Sephadex column (5 by 50 cm) in
H20, and the void volume was freeze-dried. The AH content
was 3.9% (wt/wt). This derivative was dissolved in H20 to 20
mg/ml, added to an equal volume of TT-20-mg/ml saline, and
placed in an ice bath, and the pH was adjusted to 5.6 with 0.1
M HCI. EDAC was added tpo 0.05 M, and the pH was
maintained at 5.6 in a pH stat for 4 h. The reaction mixture
was dialyzed against 0.2 M NaCI for 2 days at 3 to 8°C with
two changes of the outer fluid daily. This material was
centrifuged at 14,700 x g and 10°C for 1 h, and the super-
natant was applied to a CL-6B Sepharose column, (5 by 95
cm) in 0.2 M NaCI-0.01% thimerosal. The void volume was
stored at 3 to 8°C. Conjugates prepared by method 3 are
designated O-SP-TT884, O-SP-TT89-1, and O-SP-TT49782.
The preparation and characterization of S. flexneri type 2a

and S. sonnei conjugates will be described elsewhere (7a).
Immunization. Hyperimmune sera were prepared by two

methods. (i) Mice were injected intraperitoneally with heat-
killed S. dysenteriae type 1 (1/10 of the dose recommended
for rabbits [37]). (ii) S. dysenteriae type 1-TT conjugates
emulsified in complete Freund's adjuvant (5.0 ,ug of O-SP
per animal) were injected intraperitoneally. Four weeks

later, the mice were reinjected with the same dose in
incomplete Freund's adjuvant, and 2 weeks later, they were
exsanguinated. Each immunogen was injected into 10 mice,
and their postimmunization sera were pooled, sterile filtered,
and stored at -20°C.

For evaluation of immunogenicity, 5-week-old general
purpose mice from the National Institutes of Health were
injected subcutaneously (s.c.) with 2.5 p,g of O-SP alone or
as a conjugate in saline three times 2 weeks apart. Ten mice
were randomly chosen from each group and exsanguinated 2
weeks after the first injection, 10 mice were exsanguinated
10 days after the second injection, and 10 mice were exsan-
guinated 10 days after the third injection.

Serology. S. dysenteriae type 1 O-SP antibodies in hyper-
immune sera were measured by precipitin analysis (27).
Serum (0.2 ml) was added to 3.0-ml conical glass centrifuge
tubes. Antigens or controls, in 0.1-ml saline aliquots, were
added, and the solutions were gently mixed, capped, and
incubated at 37°C for 1 h. The solutions were mixed again
and incubated at 3 to 8°C for 1 week, with gentle shaking
each day. The tubes were centrifuged at 5,000 x g and 4°C
for 1 h, the supernatants were decanted, and the tubes were
drained. The precipitates were suspended in 1.0 ml of cold
saline and centrifuged three times at 5,000 x g for 1 h each
time. The precipitates were dissolved in 1.0 ml of 1% SDS,
and their A280s were recorded. Murine IgG served as a
reference standard, and the results were expressed as micro-
grams of Ab per milliliter of serum. Immunodiffusion was
performed with 0.9% agarose in phosphate-buffered saline-
0.01 M EDTA.
The enzyme-linked immunosorbent assay (ELISA) used

biotinylated O-SP of S. dysenteriae type 1, S. flexneri type
2a, and S. sonnei as described elsewhere (10, 52). The Ab
level was calculated by parallel-line analysis with hyerim-
mune mouse serum, assayed for its precipitin content, as a
standard (see above). TT Abs were measured by ELISA and
expressed in units per milliliter.

Statistical. Logarithms of the Ab concentrations were used
for all calculations. Concentrations that were below the
sensitivity of the ELISA were assigned values equal to
one-half of the sensitivity cutoff point of the ELISA. Com-
parisons of geometric means (GM) were performed with the
two-sided unpaired t test. Data analyses were performed by
using the Statistical Analysis System.

RESULTS

Characterization of LPS and O-SP. The yield of LPS was
-100 mg/liter of culture. Multiple bands, mostly in the
intermediate zone of the SDS-PAGE, were demonstrable in
samples containing as little as 10 ng of LPS (Fig. 1, lane 2).
Following acid hydrolysis of the LPS, the gel filtration
pattern through G-25 Sephadex showed the major peak in
the void volume with a shoulder. These two fractions
precipitated with the S. dysenteriae type 1 hyperimmune
antiserum. The remaining fractions showed no reactivity
with this antiserum. The void volume fractions were freeze-
dried and designated O-SP. In multiple purifications, the
yield of O-SP was -50% of the LPS. The O-SP (1.0 mg/ml)
showed only trace absorption at 260 and 280 nm (65). There
were no detectable bands in SDS-PAGE of samples of the
O-SP containing 200 ,ug, indicating 2,000-fold reduction of
lipid A achieved by the purification. The Limulus lysate
assay showed 0.03 endotoxin unit (EU)/,Lg of O-SP and 3,000
EU/,g of LPS (24), indicating a 105-fold reduction of
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FIG. 3. 13C nuclear magnetic resonance spectroscopy of S. dys-
enteriae type 1 O-SP.

ww- _ gram CASPER) (Fig. 3) (14, 25). That one of the residues is

1 2 3 4 5 6 7 8 9 10 a 2-acetamido-2-deoxy sugar is indicated by the presence of
CH3CO resonances at 22.9 (CH3-) and 175.1 [C(O)] ppm and

3. 1. Silver-stained SDS-PAGE 14% gel of S. dysenteriae type the C-2 resonance of the hexose at 53.7 ppm. The 'H
3 and O-SP. Lane 1, saline; lanes 2 through 8, 50 ng, 100 ng, 200 spectrum shows a characteristic doublet for the CH3 groups
D0 ng, 1 ,ug, 5 ,ug, and 10 ,ug, respectively, of LPS; lanes 9 and of the two rhamnose residues at 1.31 ppm and a singlet for
DO and 200 p.g, respectively, of O-SP. the N-acetyl group at 2.05 ppm (not shown).

Characterization of conjugates. The yields, calculated by
recovery of the O-SP in the conjugate and the ratios of O-SP

:tive LPS that resulted in -1.25 EU per proposed to protein in the conjugates, varied (Table 1). The first
an dose of 25 ,g of O-SP (9, 45). process bound ADH to the KDO of the O-SP by reductive
ie LPS and O-SP of S. dysenteriae yielded an identity amination; maximal binding was achieved at pH 8.5 in 0.1 M
Lion with the S. dysenteriae type 1 hyperimmune anti- NaCNBH3-0.1 M borate buffer held at room temperature for
m by double immunodiffusion (Fig. 2). Neither the LPS 3 days. About 5% of the O-SP-AHRE bound to the protein
he O-SP of S.flexneri type 2a, S. sonnei, or S. paratyphi with EDAC, resulting in PS/protein ratios of 0.065 for
acted with this S. dvsenteriae type 1 antiserum. O-SP-TT88,l and 0.081 for O-SP-TT883, or -0.5 mol of
gh-pressure liquid chromatography of the O-SP through O-SP per mol of TT. The second method bound dithiopro-
rose 12 HR showed a minor peak of -65,200 Da and a pionic acid to the AH and then reduced the AH. The
tr peak of -18,700 Da. There was a small UV-absorbing sulfhydryl derivative was then bound to the TT by SPDP
with a molecular mass of 5,700 Da (not shown). (54). The ratios of O-SP to TT were 0.69 and 0.14, indicating
clear magnetic resonance spectroscopy. Consistent with 1.1 to 5.6 mol of O-SP per mol of TT for this type of
oroposed structure of the repeat unit, four sugar residues conjugate.
ndicated by the 13C anomeric resonances at 94.4, 97.8, The third method of attachment used CNBr to bind ADH
5, and 102.2 ppm (these observed resonances are close to the O-SP. The AH derivative was then bound to TT by
lose predicted for this structure by the computer pro- using EDAC to form dihydrazido bonds (8, 9). The average

PS/protein ratio for these conjugates was 0.30, indicating
that there were -2.4 mol of O-SP per mol of TT.
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FIG. 2. Double immunodiffusion. Center well, S. dysenteriae
type 1 hyperimmune serum; outer wells, antigen at 100 jig/ml. Well
1, S. dysenteriae type 1 LPS; well 2, S. dysenteriae type 1 O-SP;
well 3, S. flexneri type 2a LPS; well 4, S. flexneri type 2a O-SP; well
4, S. sonnei LPS; well 6, S. sonnei O-SP.

TABLE 1. Composition of S. dysenteriae type 1
O-SP-TT conjugates

O-SP/protein
Synthetic scheme % O-SP Protein ratio
and conjugate Yield (,ug/ml) (pg/ml)

wt/wt mol/mol

Method 1
O-SP-TT88-1 13.2 66.1 1,020 0.06 0.49
O-SP-TT88-3 11.3 112.9 1,380 0.08 0.65

Method 2
O-SP-TTSPDP-l 14.0 72.0 105.0 0.69 5.62
O-SP-TTSPDP-2 41.9 93.6 670.0 0.14 1.14

Method 3
O-SP-TT88T4 23.6 235.9 868.8 0.27 2.20
O-SP-TT89-1 31.0 310.5 1,088 0.29 2.37
O-SP-TT49782 32.1 422.9 1,270 0.33 2.69
a S. dysenteriae type 1-TI'49782 was prepared for clinical investigation.

Calculation of the molar ratios assumed molecular masses of 18,800 Da for the
O-SP and 155,000 Da for the TT.
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FIG. 4. IgG and IgM compositions of S. dysenteriae type 1 Abs
in immunized mice as assayed by ELISA. The Ab levels are

depicted as A405. Pooled sera from mice were immunized with
heat-killed S. dysenteriae type 1 cells (A) O-SP-TT88-4 (B) O-SP-
TT49782 (C), and O-SP-TT49782 adsorbed onto alum (D). OD 405,
optical density at 405 nm.

The stability of conjugate O-SP-TT49782 in five dose vials
prepared for clinical evaluation and stored at 3 to 8°C, room

temperature, or 37°C was assayed by gel filtration through
Superose 6 at 3 and 6 months. A single peak containing both
protein and O-SP emerged in the void volume at all times and
under all temperatures (data not shown).
Abs in hyperimmune sera. The highest content of precip-

itins (998 ,ug of Ab per ml) to the O-SP was elicited by
multiple injections of heat-killed S. dysenteriae type 1; most
were 1gM Abs (Fig. 4). The next highest was elicited by
O-SP-TT884 in complete Freund adjuvant (747 ,ug of Ab per
ml); -70% was IgG, and the remainder was IgM. The shapes
of the precipitin curves were similar for both serum pools
(not shown). IgA Abs were not detected in these antisera.

Conjugate-induced Abs. The O-SP alone did not elicit
detectable serum Abs; only O-SP-TTsPDP-l and O-SP-
TT88 4 elicited a statistically significant rise of the GM Ab
level after each injection (P < 0.05 for each injection).
O-SP-TT84, prepared by method 3, elicited the highest GM
Ab level after each of the three injections. Accordingly,
more-detailed studies of the serum Ab response and inter-
action with adjuvants of this type of conjugate were made.
Another lot of this conjugate was prepared by method 3 for
clinical evaluation (O-SP-TT49782) (Table 2). Table 3 shows
that O-SP injected alone or adsorbed onto alum or in an O/W
with MPL did not elicit serum IgG Abs. Only the O-SP with
MPL elicited low but statistically significant levels of IgM
Abs after the first injection, which persisted without change
after subsequent injections. O-SP-TT49782, injected as a

saline solution, elicited a statistically significant rise in both
IgM and IgG Abs after each injection. All the mice had both
IgG and IgM Abs after the third injection. Adsorption of
O-SP-TT49782 onto alum or incorporated with MPL in an
O/W increased the serum IgM and IgG Ab levels over those
elicited by the conjugate alone (P < 0.01 for each injection).
The enhancement of O-SP Ab synthesis was higher with the
alum-adsorbed conjugate than with the MPL O/W for IgG
Abs after the second injection (P = 0.04). IgA antibodies
were not detected in these sera.

B TABLE 2. Total Ab levels elicited in mice by S. dysenteriae
type 1 O-SP-TTa

GM pg of Ab/ml (25th-75th centiles after injection)
Immunogen

1 2 3

O-SP alone <0.10 <0.10 <0.1ob
O-SP-TT88-1 0.52 (0.42-1.02) 0.88 (0.48-2.11) 0.91c (0.53-1.20)
O-SP-TT88-3 0.44 (0.26-0.43) 0.53 (0.39-0.66) 0.70c (0.50-0.93)
O-SP-TTSPDP-l 0.43 (0.32-0.56) 0.66 (0.54-0.81) 1.24c (0.88-1.49)
O-SP-TTSPDP-2 0.26 (0.05-0.53) 0.73 (0.48-1.05) 1.18c (0.54-2.25)
O-SP-TT884 0.98d (0.54-1.85) 5.87e (2.03-11.8) 92.2f (32.8-309)

a Mice were injected three times 2 weeks apart with 0.1 ml of saline
containing 2.5 ,ug of PS alone or as a conjugate. Ten mice from each group
were randomly chosen before injection 2 and at 10 days after injections 2 and
3 and were exsanguinated. Total Abs were measured by ELISA with
hyperimmune serum that was calibrated for its content of O-SP Ab by using
precipitin analysis as a standard (see Materials and Methods). Forf versus e
and e versus d, P < 0.001. For c versus b andf versus c, P = 0.0001.

In another experiment, the immunogenic stability of alum-
adsorbed O-SP-TT49782 was studied. One group of mice
received the conjugate adsorbed onto alum prior to each
injection. Another group of mice received this conjugate
adsorbed onto alum and then stored for 3 months at 3 to 8°C.
Table 4 shows that there was no difference in the levels of
serum Abs elicited by the alum-adsorbed conjugates injected
immediately or stored for 3 months. In another experiment,
O-SP-TT49782 stored for 6 months at 3 to 8, 22, or 37°C was
injected s.c. three times into mice. All preparations elicited
significant IgM and IgG Ab rises after each injection (P <
0.01). The only significant difference after each injection was
a higher GM level of IgG elicited by the third injection of the
vaccine stored at 3 to 8°C (2.97 ,ug of Ab per ml versus 0.83
,ug/ml at 22°C and 0.81 p.g/ml at 37°C; P < 0.01; data not
shown).

Cross-reactions between S. dysenteriae and S. flexneri.
Pooled sera taken after the third injection of either S.
dysenteriae type 1-TT or S. flexneri type 2a-rEPA had both
IgM and IgG Abs to the O-SP of the homologous immunogen
(Table 5). Both pools of antiserum also had IgM Abs but no
detectable IgG to the heterologous O-SP. The sera elicited
by the alum-adsorbed S. dysenteriae type 1-TT had higher
levels of IgM Abs and low but detectable levels of IgG Abs
to S. flexneri type 2a. The alum-adsorbed S. flexneri type
2a-rEPA conjugate elicited higher levels of IgG Abs and
lower levels of IgM homologous Abs than the unadsorbed
conjugate. This pool contained lower levels of IgM Abs and
no detectable heterologous IgG Abs.
TT Abs. TT Abs were elicited by all the conjugates after

the second and third injections: only the conjugates made by
method 1 (O-SP-TT88 1 and O-SP-TT88 3) elicited TT Abs
after the first injection (Table 6). The amount of the O-SP
was 2.5 ,ug per dose. Since the ratio of O-SP to protein
varied, the amount of TT in each injection was different.
There was a rough correlation between the amount of TT
injected and the GM level of Ab elicited by each conjugate.
Conjugates prepared by method 1, with the lowest ratio of
O-SP/protein and the highest amount of TT, elicited the
highest levels of Abs. Conjugates prepared by method 3,
with the highest ratios of O-SP/protein and the lowest
amount of TT, elicited the lowest levels of Abs. On the basis
of our previous experience, the levels of Abs to TT elicited
by our conjugates could be expected to be greater than the
estimated protective level (0.01 IU/ml). As expected, the
O-SP alone did not elicit TT Abs.
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TABLE 3. Serum IgM and IgG O-SP Abs elicited in mice by conjugate O-SP-TT49782a

GM jLg of Ab/ml (25th-75th centiles)

Vaccine IgG after injection: IgM after injection:

1 2 3 1 2 3

O-SP <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
O-SP + alum <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
O-SP + MPL <0.1 <0.1 <0.1 0.38 0.35 0.34

(0.18-1.00) (0.05-0.31) (0.16-0.62)
O-SP-TT 0.21 0.91 2.86 0.16 0.33 4.45

(0.05-0.54) (0.45-2.62) (1.05-4.80) (0.05-0.54) (0.19-0.67) (0.61-48.9)
O-SP-TT + alum 0.42 3.44 67.3b 0.64 1.73 8.62

(0.22-0.53) (1.67-11.4) (9.66-549) (0.32-1.17) (0.72-5.28) (1.46-36.0)
O-SP-TT + MPL 0.51 4.25 8.63c 0.98 3.75 9.61

(0.20-0.88) (1.25-23.4) (1.33-49.4) (0.52-1.54) (0.94-33.1) (2.48-16.7)
a Mice were injected s.c. three times 2 weeks apart with 0.1 ml of 2.5 jig of O-PS alone, as a conjugate in saline, admixed with MPL in an O/W, or with alum

(see Materials and Methods). Ten mice from each group were exsanguinated before injection 2 and 10 days after injections 2 and 3. For b versus c, P = 0.04

DISCUSSION

We assume, mostly from studies of S. flexneri type 2a, that
either immunization with attenuated strains or natural infec-
tion induces type (LPS)-specific protection (19-21, 32, 35,
64). In one report from China, the etiology of shigellosis was
recorded during two epidemics several years apart: each was
caused by multiple groups (3). This study showed -85%
type protection against reinfection with S. flexneri and -60%
protection against S. dysenteriae type 1 and S. sonnei. This
partial type-specific protection waned 3 years after the
second outbreak. The nature of this type-specific protective
immunity elicited by experimental challenge, immunization
with attenuated strains, or convalescence from shigellosis is
not known. Data from prospective surveys of armed forces
recruits in Israel show that serum IgG LPS Abs are corre-
lated with resistance to shigellosis (11). Using these data and
an analogy with the pathogenesis of and protective immunity
to salmonellosis, we have designed conjugate vaccines to
elicit O-SP Abs in humans (8).
The immunogenicity of O-SP conjugates prepared by three

synthetic schemes was compared in young outbred mice.
The immunization protocol, which used -1/10 the human
dose injected in saline by the s.c. route, was predictive of the
immunogenicity of H. influenzae type b, pneumococcus
types 6B and 12F, and Staphylococcus aureus capsular PS
conjugates in humans (44). The LPS content of the conju-
gates was low and could not account for the increased
immunogenicity and acquisition of the T-cell-dependent
properties of the O-SP. The superior immunogenicity of
O-SP conjugates prepared by multipoint attachment with

AH as a spacer is consistent with two clinical evaluations of
H. influenzae type b conjugates: higher levels of capsular PS
antibodies were elicited in infants by an H. influenzae type
b-TT conjugate prepared by method 3 than by conjugates
prepared by other methods (1, 9, 13). The mechanism(s) of
this increased immunogenicity is not yet understood.

S. dysenteriae type 1 is an inhabitant of and a pathogen for
humans only. In monkeys, doses of 1010 to 1011 organisms
are required to induce dysentery (5, 21, 34). In contrast,
dysentery is regularly induced in volunteers fed i103 organ-
isms of S. dysenteriae type 1 (15, 31). For this reason, we

question the validity of using monkeys as a model for disease
caused by this pathogen. One method of evaluating the
secondary biological activities of LPS Abs, which may be
correlated with protective immunity, is to measure the
bactericidal activity of sera. IgG LPS Abs have been shown
to induce complement-dependent bacteriolysis in a variety
of gram-negative pathogens. But shigellae, including S.
dysenteriae type 1, are susceptible to the bactericidal action
of serum alone (43). Clinical trials will be required to
demonstrate whether our O-SP conjugate vaccines will con-
fer protective immunity. Because there are no in vivo or in
vitro correlates of protection, we plan to study the region of
the O-SP that determines type (LPS)-specificity in human
sera by inhibition reactions with oligosaccharides corre-
sponding to the repeat unit (14, 51). In this way, we hope to
measure the amount and fine specificity of Abs elicited by
our O-SP conjugate vaccines.
As described for hyperimmune antiserum prepared by

immunization of rabbits with whole inactivated bacteria (16),

TABLE 4. Stability of alum-adsorbed S. dysenteriae type 1 O SP-TT49872a

GM ,ug of Ab/ml of serum (25th-75th centiles)

Vaccine IgG after injection: IgM after injection:

1 2 3 1 2 3

Saline <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
O-SP-TTA 0.18 1.88 25.3 0.28 1.67 10.4

(0.10-0.24) (0.64-4.66) (6.22-171) (0.09-0.23) (0.40-4.66) (3.45-19.3)
O-SP-TTA3 0.13 10.6 18.1 0.57 6.04 2.06

(0.10-0.19) (3.54-40.3) (7.98-39.6) (0.04-1.20) (1.84-32.6) (0.50-3.76)
a S. dysenteriae type 1 O-SP-TT49782 was injected s.c. alone or adsorbed to alum at a dose of 2.5 ,ug of O-SP three times 2 weeks apart. Representative mice

[n = 10] were exsanguinated from each group 14 days after injection 1 and 10 days after injections 2 and 3. The conjugate was either adsorbed prior to each
injection (O-SP-TTA) or adsorbed and stored for 3 months at 3 to 8°C before injection (O-SP-TTA3).
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TABLE 5. Cross-reactions between Abs (jig/ml) induced by
O-SP of S. dysenteriae type 1-TT49782 and S. flexneri

type 2a-P. aeruginosa rEPAa

Antigen used for ELISA

Immunogenb S. dysenteriae S. flexneri

IgG IgM IgG IgM

S. dysenteriae type 1-TT 2.64 1.50 <0.1 0.99
S. dysenteriae type 1-TT (ads) 5.32 1.19 0.22 1.85
S. flexneri type 2a-rEPA <0.1 0.74 1.63 6.23
S. flexneri type 2a-rEPA (ads) <0.1 0.1 2.65 2.32

c Groups of 10 mice were injected three times 2 weeks apart, and their
pooled sera were assayed for O-SP antibodies 7 days after the last injection.

b The conjugates were injected in saline or adsorbed to alum (ads) as
described in Materials and Methods.

a cross-reaction with the O-SP of S. flexneri type 2a was
observed in sera taken after the third injection of S. dysen-
teriae type 1-TT. A similar cross-reaction was noted in sera
elicited by the S. flexneri type 2a-rEPA. These cross-react-
ing Abs were mostly IgM. These cross-reactions are proba-
bly due to the -ca-L-Rhap-(1---3)-a-L-Rhap- moiety in the
repeat units of S. dysenteriae type 1 and S. flexneri type 2a
and will have to be accounted for during clinical evaluation
of these conjugates (6, 29, 33).

Conjugates of 0-SP from other gram-negative pathogens
have been synthesized. Salmonella typhimurium conjugates
emulsified in complete Freund's adjuvant conferred on mice
passive protection against lethal challenge (53). Conjugates
have been prepared with lipooligosaccharides from neisse-
riae (26, 30, 57). The reducing ends of these saccharides
were bound to the protein by single point attachments. The
0-SP of P. aeruginosa and the 018 LPS of Escherichia coli
have been conjugated with ADH as a spacer (12, 13). In all,
the conjugated 0-SP was more immunogenic than the sac-
charide alone.

Epidemics of S. dysenteriae type 1 are likely to occur in
young children where there are less-than-optimal nutrition,
exposure to multiple infections, and other conditions which
depress Ab responsiveness to vaccines (8, 19, 22, 38-42, 49,
50, 55, 63, 64). For this reason, we evaluated the adjuvancy
of alum and MPL in an 0/W on our S. dysenteriae type 1
conjugates. Reports of the effect of alum on Ab synthesis
elicited by conjugates are confusing. Adsorption of H.
influenzae type b-TT increased the immunogenicity of the PS
component in rhesus monkeys; adsorption of a similar
conjugate onto alum and injection several months later of
18-month-old children resulted in depressed PS and TT Ab

TABLE 6. TT Abs elicited in mice by S. dysenteriae
type 1 O-SP-TT

Lg of GM (range) (U/ml) after injection:
Immunogen TT/dose 1 2 3

O-SP None <0.10 <0.10 <0.10"
O-SP-TT88-1 40.9 0.43 (0.1-1.3) 7.28 (5.4-10) 20.9" (12.5-34)
O-SP-TT88-3 30.6 0.16 (0.1-0.3) 0.94 (0.1-5.4) 8.49' (4.5-22)
O-SP-TTsPDP-l 3.60 <0.10 0.51 (0.1-1.4) 2.53" (1.2-4.9)
O-SP-TTsPDP-2 17.9 <0.10 2.66 (1.7-5.4) 8.30' (4.9-21)
O-SP-TT884 9.20 <0.10 0.43 (0.1-1.4) 0.83" (0.4-2.3)
O-SP-TT49s72 7.50 <0.10 0.36 (0.3-0.6) 2.47" (1.6-4.1)

" ' d For d. c, and b versus a, P < 0.001. For b versus c. P < 0.02. For c
versus d. P < 0.03.

responses (10). Einhorn et al. showed PS Ab responses in
infants elicited by one injection of H. influenzae type b
capsular PS bound to an outer membrane preparation of
group B Neisseria meningitidis adsorbed onto alum and
injected on the same day (17). Evaluation of the adjuvancy of
the alum was not possible, because this conjugate had high
levels of LPS and was not injected alone into infants.
Presumably, the LPS toxicity of this conjugate was rendered
nonreactive by adsorption onto alum. 0-SP-TT49782 showed
enhanced immunogenicity in mice whether injected the same
day or 3 months after adsorption onto alum. Because of the
stability of its adjuvant effect in mice and its widespread use
in human infants, we plan to evaluate alum-adsorbed S.
dysenteriae type 1 0-SP-TT in volunteers.
Most adults in both developing and industrialized nations

have serum Abs to the 0-SP of S. dysenteriae type 1 (8, 33,
49). It is likely that the stimuli for these Abs in developed
countries are nonpathogenic cross-reacting bacteria of the
respiratory and intestinal tracts (8, 44). The immunoglobulin
compositions of serum LPS Abs were assayed in patients
during an outbreak of dysentery in Vietnam caused by S.
dysenteriae type 1 (33). Controls were otherwise healthy
adults in Vietnam and Sweden; all had low levels of IgM,
IgA, and IgG Abs. The patients had significantly elevated
titers of both IgA and IgG Abs. The IgG Abs in the patients
remained elevated longer than either the IgM or IgA titers.
Absorption experiments indicated that Abs to both the core
and 0-SP regions of the LPS were present in almost all the
sera from patients as well as controls. 0-SP-TT conjugates,
especially those synthesized by method 3, elicited high
levels of IgG Abs in mice, thus mimicking the serum Ab
response to infection with S. dysenteriae type 1.

In summary, conjugates of 0-SP of S. dysenteriae type 1
bound to TT, which were prepared by three synthetic
schemes, were evaluated in mice. Injected s.c. in saline
solutions, all elicited both IgM and IgG Abs. Conjugates
prepared with multipoint attachments with ADH as a spacer
were the most immunogenic. Both alum and MPL in an 0/W
enhanced the serum Ab responses to the 0-SP of the
conjugate. The adjuvant effect of alum was stable for at least
3 months. Clinical evaluation of this S. dysenteriae type 1
conjugate is planned.
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