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Serologic tests play an important role in diagnosis of typhoid fever. In an effort to develop a more defined
reagent for these tests, purified Salmonella enterica serovar Typhi (ST) 0:1,9,12 polysaccharide was conjugated
to human serum albumin (HSA), and the conjugate was purified chromatographically to yield a reagent with
2 moles ST O polysaccharide per mole HSA. In 40 patients with bacteriologically confirmed typhoid fever,
significant dot immunobinding titers (=20,000) were present in 28 (70%) tested with 100 ng of ST O antigen-
HSA (ST O-HSA) conjugate, in 38 (95%) tested with 100 ng of ST lipopolysaccharide, and in 16 (40%) tested
with purified unconjugated ST O chains. In sera from 22 patients with other nontyphoid fevers, 2 (9.1%) had
such reactivities with 100 ng of ST O-HSA, 1 (4.5%) had such reactivity with 100 ng of ST lipopolysaccharide
(4.5%), and none reacted with 100 ng of unconjugated ST O chains. None of the 17 healthy-control sera reacted
significantly with any of the ST reagents. None of the patient or control sera reacted with unconjugated HSA.
The sensitivity of dot immunobinding for typhoid fever was 70% with 100 ng of ST O-HSA, somewhat lower
than that with 100 ng of ST lipopolysaccharide (95%) but similar to that of the Widal H agglutination test with
a =1/160 cutoff (74%). Specificities of these tests were 91%, 95%, and 86%, respectively. These preliminary
results suggest that ST O polysaccharide-protein conjugates could provide a nontoxic, easily quality-controlled
synthetic reagent for analysis of human immune responses to ST as well as for the development of new

diagnostics and vaccines for typhoid fever.

Typhoid fever is an enteric fever of humans caused by in-
fection with Salmonella enterica serovar Typhi (ST). It is trans-
mitted by the ingestion of water or food contaminated with
infected feces (20) and is an important public health problem,
especially in the developing world, where sanitary measures
are lacking and/or do not keep up with the pace of rapid urban
growth (28). The estimated worldwide annual incidence of this
disease is about 16 million cases (7 million cases in the areas of
typhoid fever endemicity in Southeast Asia alone), with ap-
proximately 600,000 deaths (19). Sporadic cases of typhoid
fever occurring in developed countries are concentrated in
immigrant populations and in tourists who have visited zones
of high typhoid fever endemicity (6).

Diagnosis of typhoid fever can be difficult because its non-
specific symptoms and signs can be easily confused with those
of other acute and subacute infectious and noninfectious fe-
brile diseases (20). Culturing of the causative organism pro-
vides definitive diagnosis. While up to 95% of bone marrow
cultures can be positive, only 60 to 80% of the more commonly
obtained blood cultures are positive, and serological tests for
the presence of anti-ST lipopolysaccharide (LPS) O antigens
and flagellar H antigens in patients’ sera provide an important
adjunct to diagnosis (20). Unfortunately, the Widal agglutina-
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tion assay, introduced over 100 years ago but still in common
use, is unreliable, especially in areas of typhoid fever endemic-
ity (18, 21, 22, 28). Furthermore, its interpretation is often
problematic (6, 11, 22). More-recent assays to detect anti-ST O
and H antibodies with sensitivities and specificities greater
than those of the Widal tests have employed enzyme-linked
immunosorbent assay (ELISA), immunoblotting, dot immuno-
binding, and dipstick methodologies (1, 5, 7, 11-13, 18, 24), but
none has been widely adopted as yet (23).

At least some of the lack of specificity and sensitivity in these
serodiagnostic assays for typhoid might be a result of the use of
poorly characterized and/or standardized antigens (15). Con-
jugates of purified ST O polysaccharide to well-defined pro-
teins provide a ready means of obtaining chemically defined
antigens free from contamination from other LPS components
for use in serodiagnosis. Such polysaccharide-protein conju-
gates have been previously shown to be immunogenic in mice
and to generate high levels of protective anti-ST immunity
(26). They also exhibited high specificities and sensitivities for
detection of anti-ST O in commercially available rabbit and
patient sera (1). We have now prepared ST O chain conjugated
to human serum albumin (HSA) and have characterized and
used it in a dot immunobinding assay to detect antibodies in
patients with culture-positive typhoid fever.

MATERIALS AND METHODS

Study population. A convenience sample of sera from 79 hospitalized patients
and healthy controls obtained in the course of diagnosis and treatment was
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tested. Patients and controls of 12 to 63 years old were seen at the Lucio Cérdova
Infectious Diseases, Sotero del Rio, and Catholic University hospitals in San-
tiago, Chile. All patients were Hispanic, 60% were male, and 70% were under
the age of 30. Diagnosis of typhoid fever was made in 40 patients on the basis of
one or more positive blood cultures of ST. Etiologic diagnosis of 22 patients with
other acute febrile diseases due to systemic infections with gram-negative bac-
teria, gram-positive bacteria, or fungi was made on the basis of positive blood
cultures; diagnoses of these patients included urinary tract infection, renal sepsis,
pyelonephritis, pneumonia, bronchopneumonia, acute pancreatitis, thrombo-
phlebitis, catheter infection, wound infection, and coma. Blood donors (17 sub-
jects) at the hospital with no illnesses were used as healthy controls. The median
duration of fever in typhoid patients at the time of diagnosis was 12 days (range,
3 to 60 days); seven patients had had fever for 21 to 60 days. Of the patients with
typhoid, four had stool cultures positive for ST and one had a stool culture
positive for Salmonella enteritidis B. The following complications occurred in 13
patients with typhoid: gastrointestinal hemorrhage (7 patients), hepatitis (1 pa-
tient), hepatitis with cholecystitis (1 patient), septic shock (1 patient), and relapse
(3 patients). Results of agglutination titers for Widal O and H were available for
35 patients with typhoid and for 22 patients with other acute febrile diseases.
Patients with typhoid were treated with chloramphenicol for an average of 5 days
before blood samples were withdrawn. Sera from patients and healthy controls
were obtained with informed consent and stored frozen at —80°C until analyzed.
All serum samples were coded, and the code was not broken until all assay
measurements had been completed.

Preparation of ST O-HSA conjugate. A conjugate of ST O chains and low-
endotoxin-level-containing HSA (Sigma Chemical Co., St. Louis, Mo.) was pre-
pared using essentially the same procedures previously described for the prep-
aration of ST O chains conjugated to bovine serum albumin (1). Briefly, ST LPS
(Sigma) was purified by enzymatic treatment and ultracentrifugation and hydro-
lyzed in 1% acetic acid for 1.5 h at 100°C, and the precipitated lipid A was
removed by centrifugation. The high-molecular-mass glycose-positive fractions
excluded from gel filtration chromatography (Sephadex G-50; Amersham Bio-
sciences, Piscataway, N.J.) were pooled, lyophilized, dissolved in water, and
oxidized with 100 mM sodium metaperiodate at 4°C for 1 h, a procedure fol-
lowed by a Smith hydrolysis in 1% acetic acid for 1 h to yield oxidized ST O chain
polysaccharide. Oxidized ST O chain polysaccharide was conjugated to HSA by
reductive amination in the presence of sodium cyanoborohydride for 7 days at
25°C, and the conjugate was purified by gel filtration chromatography (Bio-Gel
A 0.5m; Bio-Rad Laboratories, Hercules, Calif.). Conjugated material was dia-
lyzed against distilled water and lyophilized. Protein in the conjugate was deter-
mined using HSA as a standard (4). Carbohydrate in the conjugate was deter-
mined using purified ST O polysaccharide as a standard; galactose was used in
assay standardization and validation (8).

Endotoxin measurement. The endotoxin content of HSA was measured by the
end-point method using the Limulus amebocyte lysate test (Associates of Cape
Cod, East Falmouth, Mass.) according to the manufacturer’s instructions.

Immunoblotting. Purified ST O chains, ST O-HSA conjugate, ST LPS, and
HSA were separated electrophoretically on a 7.5% sodium dodecyl sulfate-
polyacrylamide gel, transferred electrolytically to a nitrocellulose membrane
(14), and developed using optimal dilutions of rabbit anti-Salmonella 0:1,9,12
(group D) (DIFCO, Detroit, Mi.) and alkaline phosphatase-conjugated anti-
rabbit immunoglobulin G secondary antibodies (Jackson ImmunoResearch Lab-
oratories, West Grove, Pa.) and enhanced chemiluminescence (ECL) technology
(Amersham, Arlington Heights, I11.) (14). Developed blots were analyzed using
a Storm 860 PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.).

Dot immunobinding. Anti-ST O titers were determined in duplicate by dot
immunobinding using 100 ng of HSA, 100 ng and 10 ng of ST O-HSA, 100 ng and
10 ng of ST LPS, and 100 ng of ST O chain adsorbed to nitrocellulose in a
filtration manifold (Bio-Dot; Bio-Rad) and serial twofold dilutions of human
sera (initial dilution, 1/1,000) (14). All blots contained positive and negative
control dots. Blots were blocked and developed with alkaline phosphatase-
conjugated secondary antibodies and enhanced chemiluminescence technology
(14). Developed blots were read using a Storm 860 PhosphorImager. The den-
sities of dots in scans were evaluated visually by comparison with control dots
containing no protein and scored as follows: 0, none; +, minimal; ++, moderate;
+++, high; ++++, very high. Titer was defined as the reciprocal of the last
serum dilution to give a score for moderate density (++ response). Previous
studies have indicated that visual and densitometric quantitations yield equiva-
lent results (3, 27, and our own unpublished observations). Titers are reported as
geometric means (= standard errors); for purposes of computation, sera showing
no immunodot reactivity at 1/1,000 dilutions (the lowest dilution tested) were
deemed to be reactive at 1/500 dilutions. A positive dot immunobinding response
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was defined as a titer of =20,000 in this population with heavy exposure to
bacterial enteric infections (9).

Statistical analysis. Significance of differences between mean titers measured
with the various reagents was determined by a Kruskal-Wallis test (nonparamet-
ric analysis of variance) with a Dunn multiple-comparison posttest. A signifi-
cance level of P < 0.01 was used. Sensitivity (the percentage of patients with
typhoid whose sera had dot immunobinding titers of =20,000) and specificity
(the percentage of control subjects without typhoid whose sera had dot immu-
nobinding titers of <20,000) of the dot immunobinding assay were analyzed by
Fisher’s exact test. A significance level of P < 0.05 was used for these data.

RESULTS

Characterization of ST O-HSA conjugate. Analysis of indi-
vidual chromatographic fractions revealed that almost all of
the HSA (98%) in the conjugation reaction mixture of HSA
and purified ST O chains was recovered as conjugate and was
well separated from fractions containing unbound oxidized ST
O chains (Fig. 1A). The salt-free 12 mg of conjugate with the
highest molecular mass (shaded region in Fig. 1A) contained
29% O polysaccharide and 60% protein. If it is assumed that
carbohydrate and protein are the only macromolecular com-
ponents of the conjugates (lipid components of ST LPS are
removed in the course of ST O chain purification) and that
purified O chains have average molecular masses of 15 to 20
kDa, the conjugate was calculated to contain two O chains per
HSA molecule (1). Although this conjugate was aggregated in
solution (it was present in the excluded volume of the gel
filtration column [Fig. 1A]), it was disaggregated under the
denaturing conditions of sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis immunoblotting (Fig. 1B), where it had
a molecular mass of about 120 kDa (Fig. 1B), consistent with
the calculated number of O chain polysaccharide units per
mole HSA. The diffuse staining of ST O-HSA in the silver-
stained blot and immunoblot results from the heterogeneity of
the conjugated ST O chains. Similarly, the diffuse staining of
ST LPS in the immunoblot is due to polysaccharide heteroge-
neity; this low dose was not detected by silver staining (Fig.
1B). The reactivity of HSA with anti-ST O antiserum (Fig. 1B)
is consistent with its low endotoxin content (0.15 endotoxin
unit/mg). The ST O chains ran out of the gel under the con-
ditions of electrophoresis.

Dot immunobinding titers to ST antigen-containing re-
agents in patients with typhoid fever and controls. Dot immu-
nobinding titers to HSA were low and similar in typhoid pa-
tients and controls (Fig. 2). In contrast, dot immunobinding
titers to ST O-HSA, ST LPS, and unconjugated ST O chain
polysaccharide were significantly greater in typhoid patients
than in patient or healthy controls (P < 0.001; Kruskal-Wallis
test with Dunn multiple-comparison posttest). Dot immuno-
binding of sera from 40 patients with bacteriologically con-
firmed typhoid fever revealed significant titers (titers of
=20,000) in 28 (70%) and 12 (30%) tested with 100 ng and 10
ng of ST O-HSA, respectively; in 38 (95%) and 34 (85%)
tested with 100 ng and 10 ng of ST LPS, respectively; and in 16
(40%) tested with purified unconjugated ST O chains (Table
1). In sera from 22 patients with other nontyphoid fevers,
similar reactivities to 100 ng and 10 ng of ST O-HSA were
observed only in two sera (9.1%) and one (4.5%) serum sam-
ple, respectively, and to 100 ng and 10 ng of ST LPS in a single
serum sample to both doses (4.5%) (Table 1). None of these
patient controls showed any such reactivity with unconjugated



VoL. 43, 2005

A.

— Blue dextran

BSA
—BSA
Ox STO

Absorbance (595 nm)

SEROVAR TYPHI O ANTIGEN CONJUGATE DIAGNOSTICS 4547

—Glucose

Absorbance (480 nm)

0 15 30 45 60 75 90 105 120 135 150 165

:

Silver stain

41 —

RV VO T |

Immunoblot

FIG. 1. Characterization of ST O antigen-protein conjugate. (A) Gel filtration chromatography (Bio-Gel A 0.5m) of reaction mixture
containing 10 mg of HSA and 10 mg of purified ST O chains eluted with phosphate-buffered saline, pH 7.2. See Materials and Methods for details
of the conjugation reaction. Contents of protein at 595 nm (A) and carbohydrate at 480 nm (@) were determined in each fraction. The shaded area
indicates fractions pooled for further analysis. Note the clear separation of conjugated material from unconjugated oxidized ST O chains. BSA,
bovine serum albumin; BSA,, dimer of BSA; Ox ST O, purified oxidized ST O chains. (B) Immunoblot of 7.5% polyacrylamide gel of 2 pg of HSA,
ST LPS, purified ST O chains (ST O), and ST O-HSA conjugate developed with commercial rabbit anti-ST O:1,9,12. Rabbit anti-ST O reacts with
endotoxin-contaminated (Limulus amebocyte lysate assay-positive) HSA, ST LPS, and ST O-HSA conjugate. ST O did not stain because it ran out

of the gel under these conditions.

ST O chains, nor did any of the 17 healthy-control sera show
significant reactivities with any of the ST reagents. The num-
bers of typhoid patients showing significant responses to ST
O-HSA, ST LPS, or unconjugated ST O chains were signifi-
cantly greater than the numbers of patient or healthy controls
showing such responses to these reagents (P = 0.0226 to
<0.0001) (Table 1).

The sensitivities of dot immunobinding for typhoid fever
patients compared with those of nontyphoid fever patient con-
trols were 70% and 30% with 100 ng and 10 ng of ST O-HSA,
respectively; 95% and 85% with 100 ng and 10 ng of ST LPS,
respectively; and 40% with 100 ng of unconjugated ST O
chains (Table 2). Differences between the sensitivities with ST
LPS and unconjugated ST O chains were significant (P < 0.05;
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FIG. 2. Dot immunobinding titers (geometric mean = standard
errors [SE]) of sera from 40 patients with bacteriologically confirmed
typhoid fever, 22 patients with other acute microbial infections, and 17
healthy controls measured with 100 ng of HSA (antigen 1), 100 ng of
ST O-HSA (antigen 2), 10 ng of ST O-HSA (antigen 3), 100 ng of ST
LPS (antigen 4), 10 ng of ST LPS (antigen 5), and 100 ng of purified
ST O polysaccharide (antigen 6). Titers of individual sera were deter-
mined in duplicate. See Materials and Methods for details. ***, P <
0.001 by a Kruskal-Wallis test with a Dunn multiple-comparison post-
test.

Fisher’s exact test), but the differences in sensitivities between
ST O-HSA and ST LPS were not. The specificities of dot
immunobinding with any of these reagents were similar (91 to
100%) (Table 2). Sensitivity and specificity of dot immuno-
binding for typhoid fever were essentially the same when the
control group included healthy controls as well as nontyphoid
fever patient controls (Table 2).

Widal H and O agglutination titers in patients with typhoid
fever and controls. Widal agglutination titers were available
for 35 of the 40 patients with typhoid fever and for all 22 of the
patient controls with other fevers (Table 1). Of the typhoid
fever patients, 27 had Widal H titers of =1/80, while 26 had
titers of =1/160, significantly higher than those of the 7 and 3
nontyphoid fever patient controls with responses at these levels
(P = 0.001 and P < 0.0001, respectively) (Table 1). The diag-
nostic sensitivities and specificities of Widal H titers were 77%
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and 68%, respectively, for titers of =1/80 and 74% and 86%),
respectively, for titers of =160. With respect to Widal O titers,
the difference in numbers of typhoid fever patients and con-
trols was significant only with titers of =160 (P = 0.014); the
difference in numbers of typhoid patients and controls was not
significant for Widal O titers of =80 (Table 1). The diagnostic
sensitivity and specificity of Widal O titers were 63% and 73%,
respectively, for titers of =160. Only the Widal H assay using
a cutoff of =160 was comparable in diagnostic sensitivity and
specificity to the dot immunobinding assay with 100 ng of ST
O-HSA conjugate or 100 ng of ST LPS.

DISCUSSION

We have used an ST O-HSA conjugate containing 2 moles of
ST O chain polysaccharide per mole of low-endotoxin-level
HSA to detect anti-ST O antibodies in typhoid patients in a dot
immunobinding assay. At the 100-ng dose, its diagnostic sen-
sitivity (70%) and specificity (91%) were similar to those of the
Widal H agglutination assay with a titer cutoff of =1/160 (74%
and 86%, respectively) and somewhat better than those of the
Widal O assay with a titer cutoff of =1/160 (63% and 73%,
respectively). A comparison of results from the Widal O assay
and dot immunobinding using ST O-HSA conjugate suggests
that the antigenicity of the ST O polysaccharide was not de-
creased by the chemical modifications of oxidation and reduc-
tive amination involved in producing the conjugate (1). It
should be noted that the sensitivities of the Widal assays in the
present study at the 1/160 cutoff were similar or somewhat
higher than the usual quoted values (15) but not appreciably
different from those in several recent studies (18, 22).

The diagnostic sensitivity of the ST O-HSA conjugate assay
was lower than that of a comparable dot immunobinding assay
using 100 ng of ST LPS (95%) and that reported for an anti-ST
LPS ELISA (94%) (24); the specificity of dot immunobinding
with ST O-HSA was similar to those of both dot immunoassays
using ST LPS (92 to 95%) (24). Sensitivity and specificity of ST
O-HSA in dot immunobinding were, however, comparable to
recently reported sensitivities and specificities found for two
rapid diagnostic tests, TyphiDot and TUBEX (18). The simi-
larity of sensitivities obtained with ST LPS in dot immunobind-
ing and ELISA suggests that the difference between the sen-

TABLE 1. Number of patients with significantly elevated dot immunobinding or Widal agglutination titers

No. of sera with positive result when tested with indicated antigen in dot
immunobinding (titer = 20,000)

No. of sera with positive result in indicated Widal test

Group

ST O-HSA ST LPS Widal H Widal O
n ST O (100 ng) n
100 ng 10 ng 100 ng 10 ng =1/80 =1/160 =1/80 =1/160
Typhoid fever 40 28 12 38 34 16 35 27 26 25 22
Nontyphoid fevers 22 2¢ 1° 14 14 04 22 7 3¢ 13 6°
Healthy controls 17 0 0° 0 0 0¢ ND” ND ND ND ND

“ Significantly different from patients with typhoid fever (P < 0.0001; Fisher’s exact test).
? Significantly different from patients with typhoid fever (P = 0.0226; Fisher’s exact test).
¢ Significantly different from patients with typhoid fever (P = 0.0114; Fisher’s exact test).
“ Significantly different from patients with typhoid fever (P = 0.0005; Fisher’s exact test).
¢ Significantly different from patients with typhoid fever (P = 0.0012; Fisher’s exact test).
/ Significantly different from patients with typhoid fever (P = 0.001; Fisher’s exact test).

& Significantly different from patients with typhoid fever (P = 0.014; Fisher’s exact test).

"'ND, not determined.
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TABLE 2. Sensitivity and specificity of dot immunobinding and Widal assays for diagnosis of typhoid fever
Dot immunobinding (titer = 20,000) Widal test
Comparison ST O-HSA ST LPS Widal H Widal O
ST O (100 ng)
100 ng 10 ng 100 ng 10 ng =1/80 =1/160 =1/80 =1/160

Typhoid fever versus patient controls

Sensitivity (%) 70 30 95¢ 85¢ 40 77 74 71 63

Specificity (%) 91 97 95 95 100 68 86 41 73
Typhoid fever versus all controls

Sensitivity (%) 70 30 95¢ 85¢ 40 ND? ND ND ND

Specificity (%) 95 97 97 97 100 ND ND ND ND

“ Sensitivity is significantly different from that with ST O (P < 0.05; Fisher’s exact test).

? ND, not determined.

sitivities of ST O-HSA and ST LPS in dot immunobinding
represents a real difference in the diagnostic sensitivities of
these two reagents. If the decreased sensitivity of ST O-HSA
compared to that of purified ST LPS were a result of the
limited number of ST O antigen epitopes present in the con-
jugate, modified conjugation procedures could be devised to
increase the amount of ST O antigen conjugated to each mol-
ecule of protein (1). The decreased sensitivity of the conjugate
might also be a result of the fact that it contains none of the
protein epitopes closely associated with ST LPS which are not
removed during purification and which have been shown to be
responsible for some of the antigenicity of the purified material
(16, 17, 23; L. Aron-Hott and F. C. Cabello, data not shown).

The hospitalized typhoid fever patients in this study may
possibly have been sicker than those in some recently reported
groups (10, 28), although they appear to be comparable to
those in another recent study using hospitalized patients (18).
One or more blood cultures were positive in all patients, as
opposed to the expected 60 to 80% (10, 20, 28). Our patients
were thus similar to those studied by Olsen and coworkers
(18). The median length of fever before diagnosis was almost
2 weeks, again not markedly different from that in the group
studied by Olsen and coworkers (18). Not surprisingly for a
group of patients who had been ill for this length of time with
typhoid, the rate of complications was 33% rather than the
expected rate of 10 to 15% (20). On the other hand, the 7.5%
rate of relapse was similar to the usual quoted rate of 5 to 10%
(20).

The advantage of the ST O-HSA conjugate is that it repre-
sents a nontoxic, chemically well-defined material that can be
produced in large lots under carefully controlled and docu-
mented conditions. Its use offers the possibility of employing
well-defined reagents for analyzing the immune response in
human beings following infection or vaccination with ST. For
example, the ST O-HSA conjugate described here had only
two O chains per molecule of HSA. As suggested above, in-
creased numbers of O chains per mole of conjugate could
increase both sensitivity and specificity. A similar increase
might also be achieved by conjugating the O chain to specific
highly immunogenic ST proteins (2). However, even with im-
proved methodology and more-specific antigens, the serodiag-
nosis of typhoid can be problematic. First, ST O antigens are
shared with other group D Salmonella serotypes (the 0:9,12
antigen of ST is also found in S. enterica serovar Dublin, S.

enterica serovar Panama, and S. enterica serovar Gallinarum
[20]), and the ST LPS core and lipid A contain epitopes that
are cross-reactive with other Enterobacteriaceae LPS (25). Sec-
ond, patients with typhoid fever may develop no detectable
antibody response or have no increase in titer to these antigens
(15, 20). In one recent study, for example, the Widal test failed
to detect 28% of typhoid cases seen in the first week of illness
and was useful only in the second week of illness or subse-
quently (22). Furthermore, infections with other bacterial
pathogens may generate an anamnestic response against ST
antigens in regions of typhoid endemicity (2), a phenomenon
somewhat evident in sera from patients with other bacterial
fevers (Fig. 2). One approach to these problems has been to
develop local cutoff points (21, 28). Another has been to apply
new methodologies or to standardize the reagents and controls
used in the assay (6, 8-11, 22). Unfortunately, the variable
serum immune responses in ST infections may ultimately make
long-term success impossible even if the practical problems
associated with the use of these assays under conditions of
limited resources are solved.

In sum, we have found that an ST O-HSA conjugate is as
active as purified ST LPS in detecting anti-ST immune re-
sponses in patients with typhoid fever, suggesting that the
chemical modifications involved in generating this conjugate
did not decrease the antigenicity of the ST O polysaccharide.
Improved conjugates may prove useful in the future for ana-
lyzing human immune responses to ST and for developing new
typhoid fever diagnostics and vaccines.
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