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Vi polysaccharide from Salmonella enterica serotype Typhi is used as one of the available vaccines to prevent
typhoid fever. Measurement of Vi-specific serum antibodies after vaccination with Vi polysaccharide by
enzyme-linked immunosorbent assay (ELISA) may be complicated due to poor binding of the Vi polysaccharide
to ELISA plates resulting in poor reproducibility of measured antibody responses. We chemically conjugated
Vi polysaccharide to fluorescent beads and performed studies to determine if a bead-based immunoassay
provided a reproducible method to measure vaccine-induced anti-Vi serum IgG antibodies. Compared to
ELISA, the Vi bead immunoassay had a lower background and therefore a greater signal-to-noise ratio. The
Vi bead immunoassay was used to evaluate serum anti-Vi IgG in 996 subjects from the city of Kolkata, India,
before and after vaccination. Due to the location being one where Salmonella serotype Typhi is endemic,
approximately 45% of the subjects had protective levels of anti-Vi serum IgG (i.e., 1 �g/ml anti-Vi IgG) before
vaccination, and nearly 98% of the subjects had protective levels of anti-Vi serum IgG after vaccination. Our
results demonstrate that a bead-based immunoassay provides an effective, reproducible method to measure
serum anti-Vi IgG responses before and after vaccination with the Vi polysaccharide vaccine.

Typhoid fever is caused by Salmonella enterica serotype
Typhi (32). Humans are the only natural host and reservoir of
S. enterica serotype Typhi (32, 41). Typhoid fever represents a
spectrum of diseases ranging from an acute uncomplicated
disease—including fever, headache, malaise, and disturbances
of bowel function (constipation in adults and diarrhea in chil-
dren)—to a more severe, complicated form of disease in 10 to
20% of infected patients that includes bleeding in the gastro-
intestinal tract, intestinal perforation (in 1 to 3% of hospital
typhoid fever cases) and an altered mental state (32, 41). The
case fatality rate is highly variable, depending on the medical
treatment available and geographic location. For example, the
average fatality rate is less than 1% overall but may range
between 2% fatality in hospitalized patients in Pakistan and
Vietnam and 50% fatality in hospitalized patients in some
parts of Indonesia and Papua New Guinea (32, 41). World-
wide, typhoid fever remains a significant public health prob-
lem, with an estimated 17,000,000 cases of typhoid fever each
year and up to 600,000 deaths (2, 10, 32, 41).

Typhoid vaccines currently available are composed of puri-
fied Vi polysaccharide or live attenuated S. enterica serotype
Typhi (Ty21a) organisms (10, 39). The Vi polysaccharide vac-
cine induces protective serum antibody responses that reach a
maximum at 28 days after a single intramuscular vaccination
with 25 �g purified Vi polysaccharide (39), a capsular polysac-

charide (Vi for virulence) that increases the virulence of S.
enterica serotype Typhi (32). Protective antibody levels have
been estimated to be 1 �g/ml anti-Vi IgG antibody in the
serum (20). Protective efficacy of the Vi polysaccharide vaccine
as determined by protection against disease is modest, with
only 55 to 72% of subjects protected against disease through 3
years postvaccination (1, 20, 39). The live attenuated Ty21a
vaccine is administered orally as three or four doses of enteric
capsules (39). Due to its use as an oral, mucosally administered
vaccine, the Ty21a vaccine induces protection against typhoid
fever by induction of mucosal IgA and serum IgG antibodies
specific for lipopolysaccharide antigens (39). The protective
efficacy of the Ty21a vaccine at 3 years postvaccination was
reported to range from 42 to 67% when using three doses of
Ty21a enteric capsules (11, 39). Next-generation vaccines that
utilize Vi conjugated to protein carriers that provide superior
induction of anti-Vi antibodies are currently in development
(14, 21, 25, 36).

Despite its ability to induce protective immune responses
when used alone or conjugated to protein carriers, the use of
Vi polysaccharide as a coating antigen in enzyme-linked im-
munosorbent assay (ELISA) to measure vaccine-induced anti-Vi
antibody responses has been reported to be problematic. The
use of polysaccharides (lipopolysaccharide [LPS], Haemophilus
influenzae type b capsular polysaccharide, Vi polysaccharide)
as coating antigens for immunoassays is plagued by problems
such as a poor binding of polysaccharides to ELISA plates and
inconsistent results (3, 15, 16, 26, 33). To increase binding of Vi
antigen to ELISA plates and produce more-robust assays, oth-
ers have biotinylated Vi and then added it to streptavidin-
coated plates (12) or conjugated Vi to tyramine (22, 26). How-
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ever, some reports indicate that Vi was used without any
additional treatment as an ELISA coating antigen (7, 19, 21)
although a Vi ELISA performed on plates was less sensitive
than a radioimmunoassay procedure (19).

Immunoassays based on the use of fluorescent beads as the
solid surface have recently been developed and compared to
ELISA for the measurement of antigen-specific antibodies for
polysaccharides from Streptococcus pneumoniae, Neisseria menin-
gitidis, or Haemophilus influenzae type b (HiB) (5, 8, 23, 27, 34,
35). The fluorescent bead assays were comparable to ELISA and
sometimes were noted as having enhanced dynamic ranges or
increased sensitivity (5, 8, 27, 35). An additional benefit of fluo-
rescent bead immunoassays is their ability to be multiplexed to
permit the simultaneous measurement of antibodies specific for
different antigens (8, 23, 27, 34, 35). This study was performed to
evaluate a fluorescent bead immunoassay for its ability to mea-
sure vaccine-induced antibodies specific for Salmonella serotype
Typhi Vi polysaccharide. The performance of the fluorescent
bead assay was compared to that of ELISA.

MATERIALS AND METHODS

Vi polysaccharide. The Vi polysaccharide antigen utilized in our initial screen-
ing ELISA to identify the samples to prepare the pooled standard curve was
provided by Shousun C. Szu, National Institute of Child Health and Human
Development, National Institutes of Health, Bethesda, MD (21, 25). Vi polysac-
charide utilized for conjugation to fluorescent beads and used in ELISA per-
formed in parallel with the bead assay was supplied by Fina Biosolutions (Rock-
ville, MD).

Vaccine and immunization. Vi polysaccharide was used as the vaccine. Sub-
jects received a single intramuscular immunization containing 25 �g of purified
Vi polysaccharide. Blood samples were collected before and 28 days postvacci-
nation via venipuncture. Study participants provided informed consent, and the
project had institutional review board (IRB) approval. Ethical approvals for this
study were obtained from the Institutional Ethics Committees and the Health
Ministry Screening Committee, Government of India, was well as the IRBs from
Duke University and Research Triangle Institute. Approval for use of the
Typherix vaccine was obtained from the Drug Controller General of India.

ELISA. Day 0 and day 28 serum samples from study participants were
screened by ELISA as described by others (21, 25) to identify high responders to
make a pooled serum anti-Vi standard, using day 28 samples with high anti-Vi
IgG responses. This anti-Vi standard was assigned an arbitrary anti-Vi IgG value
of 200 ELISA units (EU) per ml. For comparison of the Vi bead assay to ELISA,
we utilized an ELISA protocol similar to what we have previously reported (6,
28–30) with modifications as described below. Vi polysaccharide (1.0 �g/ml) was
diluted in CBC coating buffer (pH 9.5; 15 mM Na2CO3 and 35 mM NaHCO3)
before adding 15 �l to each well of a 384-well black Nunc Maxisorp plate (catalog
no. 62409-062; Thermo Fisher Scientific, Rochester, NY) followed by incubation
for 3 h at 37°C. After incubation, plates were washed four times with wash buffer
(0.85% NaCl, 0.1% Brij 35, 0.1% Kathon) before the addition of 30 �l per well
of blocking buffer (CBC buffer with 3% nonfat dry milk, 0.1% Kathon) followed
by incubation at 4°C overnight. The Vi standard curve and serum samples were
diluted in sample diluent buffer (phosphate-buffered saline [PBS], 0.1% Brij 35,
1% bovine serum albumin [BSA], 0.1% Kathon) before addition to the ELISA
plates (15 �l per well) that had been washed four times with wash buffer followed
by incubation at 37°C for 1 h. After incubation, plates were washed four times
with wash buffer followed by the addition of 15 �l of detection antibody (goat
anti-human IgG-AP; Southern Biotech Associates, Birmingham, AL) diluted
1:5,000 in sample diluent buffer and incubated at 37°C for 1 h. Plates were then
washed four times with wash buffer followed by the addition of 15 �l per well of
AttoPhos fluorescent substrate (catalog no. S1000; Promega, Madison, WI).
After 60 min of room temperature incubation, plates were read by a fluorescent
plate reader (excitation at 440 nm, emission at 570 nm). For comparison to the
Vi bead assay, each ELISA plate included the anti-Vi serum standard as well as
test samples tested at dilutions of 1:50 to 1:6,400. The values obtained for the
serum standard were used to generate a standard curve that was used to calculate
the anti-Vi IgG EU/ml in the test samples.

The serum/sample diluent for the ELISA is a buffered saline solution contain-
ing protein, detergent, and microbicide (PBS, 0.1% Brij 35, 1% BSA, 0.1%

Kathon), and since we are using at least a 1:50 dilution, the maximum concen-
tration of sample in the diluent is 2%. The sample diluent buffer is also used to
dilute the detection antibodies. We therefore expect that matrix effects (40, 43)
are minimal under the sample testing conditions (for either ELISA or the bead
assay).

Conjugation of Vi polysaccharide to fluorescent beads. Vi conjugation to
fluorescent beads was performed by Solulink (San Diego, CA).

Derivatization of polysaccharide with 1,6-hexanediamine. Vi polysaccharide
was activated with 1-cyano-4-dimethylaminopyridinium tetrafluoroborate for
conjugation to the fluorescent beads, using a protocol similar to that reported
elsewhere (24). Polysaccharide was dissolved in molecular biology grade water at
a concentration of 10 mg/ml. Periodic gentle vortexing over a period of several
hours was required to dissolve the lyophilizate in its entirety. The resulting
solution was notably viscous.

An aqueous solution of 0.2 M triethylamine was prepared, as was a solution of
0.5 M 1,6-hexanediamine in 0.75 M HEPES (4-[2-hydroxyethyl]-1-pipera-
zineethanesulfonic acid). The pH of the hexanediamine in HEPES solution was
slowly reduced to 7.50 via dropwise addition of 6 M hydrochloric acid under
constant magnetic stirring. A 100 mg/ml solution of CDAP (1-cyano-4-dimeth-
ylaminopyridinium tetrafluoroborate) in dry acetonitrile was prepared immedi-
ately before use. Half a microgram (5 �l) CDAP solution was slowly added to 100
�l (1 mg) of polysaccharide solution with constant gentle vortexing. After 30 s,
5 �l of 0.2 M triethylamine was added with vortexing. A further 120 s elapsed, at
which time 25 �l of 0.5 M 1,6-hexanediamine in 0.75 M HEPES (pH 7.50) was
added while vortexing. The cyanate ester intermediate was allowed to react with
the diamine overnight at 4°C. The next day, the solution was diluted with an
equal volume of PBS (100 mM NaPO4, 150 mM NaCl; pH 7.40) and liberated of
free diamine via two consecutive desaltings over appropriately sized Zeba col-
umns (Thermo Scientific) equilibrated in PBS. The amino-derivatized polysac-
charide solution tested mildly positive for 1° amines by ninhydrin assay.

Activation of Bio-Plex carboxyl beads. One 1-ml vial of Bio-Plex beads (catalog
no. 171-506028; 1.25 � 107 beads/ml; Bio-Rad, Hercules, CA) was vortexed for
30 s at medium-high speed to create monodisperse particles. This solution was
moved to a 1.5-ml microcentrifuge tube and bath sonicated for 30 s. The beads
were pelleted by centrifugation at 14,000 � g for 4 min, and the clear supernatant
was carefully discarded. One milliliter of 50 mM HEPES (pH 7.35) was added to
the bead pellet. Beads were resuspended by vortexing for 10 s and were repel-
leted by centrifugation at 14,000 � g for 4 min. The supernatant was again
discarded, and 800 �l of fresh HEPES (pH 7.35) buffer was added. Beads were
made monodispersed by vortexing for 30 s followed by sonication for 30 s.

Separate solutions of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
and sulfo-N-hydroxysuccinimide (s-NHS) were prepared at 50 mg/ml in HEPES
(pH 7.35) buffer immediately before use. One hundred microliters of EDC
solution was added to the monodispersed beads, followed closely by 100 �l
s-NHS solution. The beads were covered with foil and placed on a circular tube
rotator for 20 min at room temperature to form the s-NHS ester. The beads were
centrifuged as before, and the supernatant was discarded. Beads were resus-
pended in 1 ml of PBS (100 mM phosphate) and vortexed for 10 s. The beads
were again centrifuged, and the supernatant was discarded. The beads were
finally resuspended in 1 ml of PBS and vortexed for 30 s, followed by 15 s of
sonication to create monodisperse particles, followed immediately by the conju-
gation reaction.

Conjugation of polysaccharide to activated beads. For each vial of Bio-Plex
beads (catalog no. 171-506028; 1.25 � 107 beads/ml; Bio-Rad, Hercules, CA),
220 �g of amino-polysaccharide was required. The requisite volume of polysac-
charide solution was added to the monodispersed beads and placed on a circular
tube rotator for no less than 3 h at room temperature to allow stable amide bonds
to form between the amino-polysaccharide and the active ester. The unreacted
ester hydrolyzed to regenerate the carboxyl. The unconjugated polysaccharide
was removed by pelleting the beads at 14,000 � g for 4 min, adding 1 ml of PBS,
and vortexing for 10 s to resuspend the beads (avoid sonication after the antigen
has been conjugated). The wash process was repeated at least three times. The
conjugated beads were finally resuspended at a concentration of 8.33 � 106

beads/ml in PBS.
Bead Vi polysaccharide immunoassay. In a 96-well flat-bottom plate (Becton

Dickinson catalog no. 353911), human serum was diluted in sterile-filtered hu-
man serum diluent (1� PBS, 1% [wt/vol] BSA, 5% [vol/vol] goat serum, 0.05%
[vol/vol] Tween 20, 0.1% [vol/vol] Kathon). Day 0 serum samples were diluted
1:50, 1:400, and 1:3,200, while day 28 samples were diluted 1:200, 1:1,600, and
1:12,800. The standard curve sample was diluted beginning at 1:200 (1 EU/ml
concentration) followed by eight additional 3-fold dilutions (2-fold dilutions in
some assays). Using a 96-well filter bottom plate (MABVN-1250; Millipore), all
wells were prewetted with 100 �l of filtered sterilized wash buffer (1� PBS,
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0.05% [vol/vol] Tween 20, 0.1% [vol/vol] Kathon) and then buffer was removed
by vacuum filtration and 5,000 beads (50 �l per well) diluted in human serum
diluent were added. After removal of liquid by vacuum filtration, each well was
washed with 100 �l wash buffer and removed by vacuum filtration, and this was
repeated for a total of two washes. Fifty microliters of human serum dilutions
(samples, standards, controls) was added to a 96-well filter bottom plate that
contained the Vi-conjugated beads. After the plate was covered with a plate
sealer and aluminum foil, the plate was incubated for 3 h on a plate shaker (300
rpm). After incubation, assay liquid was removed via vacuum filtration, and each
well was washed with 100 �l of wash buffer; this was repeated for a total of three
washes. Following the final wash, the wash buffer was removed by vacuum
filtration, and 50 �l of anti-human IgG–R-phycoerythrin (R-PE) (2040-09;
Southern Biotech), diluted 1:5,000 in human serum diluent, was added to each
well. The plate was again covered with a plate sealer and foil and incubated on
a plate shaker for 30 min (300 rpm). After incubation with anti-human IgG–R-
PE, liquid was removed via vacuum filtration, and each well washed with 100 �l
of wash buffer; this was repeated for a total of three washes. One hundred
microliters of 2% paraformaldehyde (in PBS) was added to each well and then
the plate was covered with a plate sealer and foil and incubated on the plate
shaker for 15 min. The assay plate was read on a Bio-Plex instrument (Bio-Plex
protein array system, catalog no. 171-000005; Bio-Rad, Hercules, CA). Prior to
each run, the Bio-Plex machine was calibrated with Bio-Plex calibration beads
(Bio-Rad catalog no. 171000205) according to the manufacturer’s recommenda-
tions. Standard curves (five-parameter logistic [5PL]) were generated by Bio-Plex
software for the anti-Vi serum standard, and anti-Vi IgG concentrations (EU/ml)
were calculated for the unknowns by comparison to the standard curve.

Total IgG bead immunoassay. A Beadlyte human IgG, IgA, IgM kit (catalog
no. 48-302; Millipore, Billerica, MA) was used according to the manufacturer’s
instructions except that goat anti-human IgG–R-PE (catalog no. 2040-09; South-
ern Biotech, Birmingham, AL) was used as the detection reagent. The IgG
standard curve and fluorescence values generated using this kit were used to
estimate the anti-Vi IgG concentration in our anti-Vi serum standard.

Statistics. All statistical analysis was performed in GraphPad Prism (Graph-
Pad Software, Inc., La Jolla, CA). A P value of �0.05 was considered significant.
Specific tests performed are indicated in the figure legends. All standard curves
and sample anti-Vi IgG concentrations were calculated after subtraction of the
background signal measured in diluent controls from the standards and samples.

RESULTS

Development of a bead immunoassay to measure Vi polysac-
charide-specific antibodies. A bead immunoassay utilizing Vi
polysaccharide conjugated to fluorescent beads (see Materials
and Methods for Vi conjugation and bead assay technical de-
tails) was developed to determine if a bead assay would pro-
vide an alternative to ELISA for the measurement of Vi-
specific antibodies. A standard prepared from pooled serum
samples that had been identified using a screening ELISA as
having high anti-Vi IgG responses was used to compare the
performance of the Vi bead assay to an ELISA utilizing a
fluorescent alkaline phosphatase substrate. In both the ELISA
and the Vi bead assay, the anti-Vi standard serum was tested
using dilutions beginning with 1 EU/ml and ending with
0.000152 EU/ml. As a negative control, a diluent control was
included with each assay. Both assays provided dose response
raw data signals with the ELISA producing values higher than
those of the bead assay when testing the same standard dilu-
tion (Fig. 1). However, the ELISA platform had a diluent
control value (i.e., background) that was �42-fold greater than
the diluent control value for the bead assay (147.9 relative light
units [RLU] versus 3.5 median fluorescence intensity [MFI]
units, respectively) (Fig. 1). Both assays generated a standard
curve with high R2 values, with the ELISA standard curve
having an R2 of 0.967 (fifth-order polynomial), and the bead
assay standard curve had an R2 value of 0.899 (fifth-order
polynomial) (Fig. 1). The standard-curve raw data values gen-

erated with the ELISA correlated extremely well with the raw
data values generated with the bead assay (Pearson’s r � 0.989;
95% confidence interval � 0.965 to 0.996) (data not shown)
when comparing raw data values for standard dilutions ranging
from 1.0 EU/ml to 0.000152416 EU/ml. Descriptive statistics
for raw data values from Fig. 1 are provided in Table 1.

To evaluate the performance of the standard curves gener-
ated by ELISA or the bead assay, we performed a “standard
recovery” calculation as described by others (4, 13, 38). The
standard recovery calculation uses the known concentration
for each point of the standard curve (i.e., the expected con-
centration) and the observed concentration for each point of
the standard curve (calculated by entering the raw data value
for each dilution of the standard curve into the standard curve
equation) and calculates the observed concentration as a per-
centage of the expected concentration (observed concentra-
tion/expected concentration � 100%). This approach is incor-
porated into multiplex bead (Luminex and Bio-Plex) assay
reports as “(Obs/Exp) � 100,” The standard recovery calcula-
tion was performed for each standard curve used to compare
the ELISA to the bead assay (Table 2) and demonstrated that
standard curves generated with the ELISA or the bead assay
accurately measured the expected concentration with an aver-
age standard recoveries of 101.9% for ELISA (average of all
points of the standard curve) and 100.5% for the bead assay
(Table 2). However, evaluation of the standard recovery results
for individual concentrations of the standard curves demon-
strated greater variability at low concentrations of the standard
curves generated using ELISA than that of those generated
using the bead assay (Table 2). With the 0.000457 anti-Vi IgG
EU/ml standard, the ELISA standard curve had an observed
anti-Vi IgG EU/ml concentration that was 127.8% of the ex-
pected concentration (95% confidence interval of 102% to
153%), while the bead standard curve provided an observed
anti-Vi IgG EU/ml concentration that was 101.1% of the ex-
pected concentration (95% confidence interval 94%-108.3%).
The 0.000152 anti-Vi IgG EU/ml standard provided similar
results, with the ELISA standard curve providing an observed
anti-Vi IgG EU/ml concentration that was 167.9% of the ex-
pected concentration (95% confidence interval of 65% to

FIG. 1. Comparison of anti-Vi IgG standard curves using the
ELISA or bead assay. A human serum standard (pooled) containing
anti-Vi IgG (200 ELISA units/ml in undiluted serum) was tested over
various dilutions by ELISA or bead assay, and the raw data values from
each assay platform were plotted against the anti-Vi IgG EU/ml in the
diluted serum. The average values for sample diluent controls included
in each assay are indicated. The results shown in Fig. 1 represent a
total of 32 standard curves generated using ELISA and 46 standard
curves generated using the bead assay.
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272%), while the bead standard curve provided an observed
anti-Vi IgG EU/ml concentration that was 135% of the ex-
pected concentration (95% confidence interval of 106.7% to
163.4%) (Table 2).

The signal-to-noise ratio is an important parameter for any
laboratory assay. The signal-to-noise ratio was calculated for
the ELISA and the bead assay by dividing the raw data values
for each serum standard dilution by the raw data value for the
diluent control. The bead assay provided a signal-to-noise ratio
that was greater than that produced by the ELISA (Fig. 2).

Use of bead immunoassay to measure serum IgG anti-Vi
polysaccharide responses before and after vaccination with Vi
polysaccharide. The Vi ELISA and bead assay were used in

parallel to measure anti-Vi IgG levels in serum samples from
51 subjects that had been vaccinated intramuscularly with the
Vi polysaccharide vaccine to determine if the Vi bead assay
performed as well as or better or worse than ELISA. Paired
day 0 (prevaccination) and day 28 (postvaccination) serum
samples from each subject were tested. In addition to measur-
ing anti-Vi IgG EU/ml in day 0 and day 28 serum samples, we
also calculated “response to vaccination” by calculating the
change in anti-Vi IgG EU/ml responses due to vaccination by
subtracting the day 0 anti-Vi IgG EU/ml value from the day 28
anti-Vi IgG EU/ml value. Results from the bead assay and
ELISA correlated for both day 0 (P � 0.049; Spearman’s r �
0.277) and day 28 (P � 0.0001; Spearman’s r � 0.843) values as

TABLE 1. Descriptive statistics for standard curve raw data values generated using ELISA or bead assaya

Standard
EU/ml

Value generated using:

ELISA Bead assay

Avg Median SD 95% confidence interval
of the mean Avg Median SD 95% confidence interval

of the mean

1 25,024.8 25,131.0 2,819.6 24,047.86–26,001.67 4,464.4 4,209.5 1,270.0 4,080.34–4,848.53
0.5 18,979.3 19,420.0 1,682.7 18,259.60–9,698.97 2,554.7 2,501.7 395.3 2,238.41–2,871.06
0.333333 14,610.3 15,472.0 3,007.3 12,833.17–16,387.47 2,528.4 2,390.8 686.1 2,313.03–2,743.67
0.25 12,155.5 11,667.0 2,032.1 11,286.32–13,024.58 1,720.1 1,636.8 270.4 1,503.77–1,936.43
0.125 6,893.3 6,730.0 1,897.1 6,081.94–7,704.73 1,101.6 1,095.4 196.9 944.03–1,259.15
0.111111 7,389.0 7,431.0 2,051.9 6,176.40–8,601.51 1,079.7 964.1 460.7 936.97–1,222.49
0.0625 3,903.7 3,851.0 1,131.0 3,419.99–4,387.44 631.8 639.3 172.3 493.95–769.67
0.037037 3,209.8 3,370.0 681.8 2,806.84–3,612.71 412.2 386.9 156.4 363.72–460.68
0.03125 2,115.2 2,171.0 591.1 1,862.34–2,367.99 378.3 384.0 106.0 293.46–463.14
0.012346 1,326.6 1,463.0 305.8 1,145.91–1,507.36 153.2 144.9 60.8 134.39–172.07
0.004115 530.4 580.0 130.6 453.17–607.56 54.3 47.0 21.4 47.64–60.90
0.001372 270.1 282.0 64.9 231.81–308.46 19.2 17.0 8.8 16.51–21.94
0.000457 178.3 187.0 38.8 155.34–201.21 7.6 7.0 2.8 6.76–8.49
0.000152 143.1 153.0 33.7 123.19–162.99 4.0 4.0 1.1 3.67–4.33
0 147.9 154.6 48.1 131.25–164.61 3.5 3.0 2.6 2.75–4.22

a Descriptive statistics for standard curves in Fig. 1 from a total of 32 standard curves generated using ELISA and for 46 standard curves generated using the bead
assay.

TABLE 2. Standard recovery evaluation of standard curves generated using ELISA or bead assaya

Standard
EU/ml

Value (%) generated using:

ELISA Bead assay

Avg Median SD 95% confidence interval
of the mean Avg Median SD 95% confidence interval

of the mean

1 75.4 89.0 26.7 66–85 84.5 100.0 25.0 76.9–92.0
0.5 90.4 100.0 13.4 85–96 110.8 100.0 41.1 77.9–143.7
0.333333 73.5 72.3 24.4 59–88 89.6 100.0 13.7 85.3–93.9
0.25 100.0 100.0 0.0 100 94.8 100.0 12.8 84.6–105.0
0.125 100.0 100.0 0.0 100 100.0 100.0 0.0 100.0–100.0
0.111111 99.2 100.0 2.7 98–101 98.8 100.0 5.4 97.1–100.5
0.0625 100.0 100.0 0.0 100 100.0 100.0 0.0 100
0.037037 99.9 99.9 0.1 100 99.1 100.0 5.7 97.3–100.9
0.03125 98.8 100.0 5.5 96–101 96.7 100.0 8.2 90.1–103.2
0.012346 100.9 101.5 1.6 100–102 100.1 100.0 1.3 99.7–100.5
0.004115 95.1 93.4 11.8 88–102 100.0 99.9 7.6 97.7–102.4
0.001372 97.5 101.3 23.7 84–112 96.8 97.7 10.7 93.5–100.1
0.000457 127.8 124.0 36.8 102–153 101.1 97.7 23.2 94.0–108.3
0.000152 167.9 134.2 106.5 64–272 135.0 112.7 84.3 106.7–163.4

a Standard recovery (back calculation of standard curves) was used to evaluate the performance of the ELISA and bead assay by using data from Fig. 1. A total of
32 ELISA standard curves and 46 bead assay standard curves were evaluated. To perform the “standard recovery” calculation, the standard-curve raw data values
(diluent background values subtracted) are used to generate a standard curve using a five-parameter polynomial curve fitting (GraphPad Prism). The standard-curve
equation is then used to calculate the observed EU/ml for each standard dilution, and the result is expressed as a percentage of the expected value (i.e., the assigned
EU/ml value of the standard dilution). A standard deviation of 0% and a 95% confidence interval of 100% indicate that all values for that standard dilution had an
observed EU/ml that was 100% of the expected value.
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well as the “day 28 � day 0” value (value calculated by sub-
tracting day 0 anti-Vi IgG EU/ml from day 28 anti-Vi IgG
EU/ml) (P � 0.0001; Spearman’s r � 0.847) (Fig. 3). Our
results suggest that the bead Vi assay is comparable to ELISA
for the measurement of baseline (i.e., prevaccination) and
postvaccination serum anti-Vi IgG responses and for calculat-
ing response to vaccination (i.e., day 28 � day 0).

The Vi bead assay was then used to measure serum anti-Vi
IgG EU/ml in day 0 and day 28 serum samples collected from
996 individuals that participated in a research study to evaluate
the genetics of host response to the Vi polysaccharide vaccines
(P. P. Majumder, H. F. Staats, N. Sarkar-Roy, B. Varma, T.
Ghosh, K. Narayanasamy, C. Whisnant, J. Stephenson, and D.
Wagener, unpublished data). Day 0 serum samples had a me-
dian anti-Vi IgG EU/ml response of 0.21 anti-Vi IgG EU/ml,
while day 28 serum samples had a median anti-Vi IgG EU/ml
of 17.34 anti-Vi IgG EU/ml (Fig. 4). The day 28 values were
significantly increased compared to the day 0 values (P �
0.0001; two-tailed Mann-Whitney U test).

QC of the Vi bead assay. Quality control (QC) measures
were utilized to ensure consistent performance of the assay
over time. To test serum samples from 996 participants, 168
assays were performed over 203 days in two batches (first batch
from 7 January 2008 to 7 February 2008, and second batch
from 3 April 2008 to 28 July 2008). The standard curve and a
control sample were monitored during each assay to evaluate
performance of the assay. The standard curve consisted of the
standard serum sample tested at dilutions of 1:200 through
1:1,312,200 with 3-fold serial dilutions. Standard recovery cal-
culations (described above) were used to evaluate the perfor-
mance of each standard dilution by calculating the “observed”
concentration. To accept the standard curve, the average ob-
served concentration for the dilutions of the standard curve
must be between 80 and 120% of the expected concentration.
Of the 40 assays performed during the first batch, four failed
the standard curve QC and were repeated (all repeated assays
passed the standard curve QC). Of the 128 assays performed in
the second batch, all standard curves performed as expected,
and no assays were rejected due to poor performance of the
standard curve.

A control sample was also tested with each assay. The con-
trol sample had an expected anti-Vi IgG EU/ml value of 200.

At the completion of all assays performed during each batch,
the measured anti-Vi IgG EU/ml value of the controls in-
cluded on each plate was used to calculate the average and
standard deviation of all controls. Any assay that had a control
sample measure outside 2 standard deviations of the average
was considered unacceptable, and those assays were repeated.
Of the 40 assays performed during the first batch, two assays
had control readings outside the acceptable range and were
subsequently repeated. Of the 128 assays performed in the
second batch, seven assays were repeated due to control sam-
ples falling outside the accepted range. The control value for
all assays that passed QC measures from the first batch had an
anti-Vi IgG EU/ml value of 207.0 � 51.2 (standard deviation)
while the control value for all assays that passed QC from the
second batch had an anti-Vi IgG EU/ml of 206.36 � 24.66

FIG. 2. The Vi bead assay provides a superior signal-to-noise ratio
versus ELISA. The signal-to-noise ratio was calculated for the Vi
standard curve raw data for each assay platform by dividing the raw
data value at each standard concentration by the raw data for the
diluent control. Results shown in Fig. 2 represent a total of 32 standard
curves generated using ELISA and 46 standard curves generated using
the bead assay.

FIG. 3. Measurement of anti-Vi IgG in serum samples from vacci-
nated subjects (ELISA versus bead). Anti-Vi IgG EU/ml was mea-
sured in 51 serum samples collected before vaccination with Vi (day 0)
or 28 days after vaccination (day 28). Response to vaccination was
calculated by subtracting the day 0 anti-Vi IgG EU/ml from the day 28
value (day 28 � day 0).
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(standard deviation). If we combine the values from all assays
performed that passed the QC rules, the anti-Vi IgG EU/ml
value for our control sample would measure 206.52 � 31.88.

Estimation of protective levels of anti-Vi polysaccharide se-
rum IgG. Although our assay performed reproducibly and
allowed us to measure serum anti-Vi IgG responses before and
after vaccination, we had no information regarding the ability
of the antibody responses to protect against Salmonella sero-
type Typhi infection. As mentioned above, others have deter-
mined that serum anti-Vi IgG responses of 1 �g/ml represents
a protective serum antibody response based on protection
against Salmonella serotype Typhi infection and that 1 �g/ml
serum anti-Vi IgG is now considered a protective immune
response (17, 20, 31). We therefore performed an experiment
that would allow us to estimate the level of anti-Vi IgG in the
serum of study participants when expressed as �g/ml. In this
experiment, we utilized a bead-based immunoassay kit that
measured total IgG to generate a standard curve that plotted
IgG versus the assay raw data (MFI units) (Fig. 5A). The MFI
units for the Vi bead assay standards that had MFI units that
fell within the linear range of the MFI units in the total IgG
standard curve were used to estimate the IgG ng/ml values for
our anti-Vi EU/ml standard curve used in bead immunoassay
(Fig. 5B). Using this information, we estimated that 1 �g/ml
(i.e., protective anti-Vi IgG serum antibody level) was equal to
0.267 anti-Vi IgG EU/ml. Evaluation of our day 0 and day 28
anti-Vi IgG EU/ml allowed us to estimate that �45% of par-
ticipants had protective serum levels of anti-Vi IgG at day 0
and �98% had protective serum levels of anti-Vi IgG at day 28
(Table 3). These results suggest that some individuals living in
areas where Salmonella serotype Typhi is endemic have pro-
tective levels of anti-Vi IgG without vaccination and that the
Vi vaccine is effective at inducing protective levels of serum
anti-Vi IgG.

DISCUSSION

In this study, we have developed a bead immunoassay for
use in the measurement of serum anti-Salmonella enterica se-
rotype Typhi Vi polysaccharide IgG responses in vaccinated
individuals. The bead assay performed comparably to an

ELISA for the measurement of serum anti-Vi IgG in subjects
before and after vaccination with the Vi polysaccharide vac-
cine.

Our Vi polysaccharide bead assay is similar in design to
other bead assays that utilize polysaccharide antigens co-
valently conjugated to fluorescent assay beads (5, 8, 23, 27, 34,
35). In our study, due to a much lower background signal, the
Vi bead assay provided a signal to noise ratio at each standard
dilution that was superior to the signal to noise ratio obtained
by ELISA. In agreement with our observation, others have
reported that a bead assay developed to measure antibodies
specific for polysaccharide antigens from Neisseria meningitidis
had a lower background signal and therefore a greater dynamic
range than an ELISA used for comparison (27).

Results generated with bead immunoassays have been re-

FIG. 4. Serum anti-Vi IgG EU/ml before and after vaccination with
Vi polysaccharide, as measured with the Vi bead assay. Serum samples
from 996 participants were collected before (day 0) and after (day 28)
vaccination with the Vi polysaccharide vaccine and tested for the
presence of anti-Vi IgG with a bead immunoassay. The box represents
the median and the 25th and 75th percentiles, while the whiskers the
represent the largest and smallest values. *, day 28 values significantly
increased compared to the day 0 values (P � 0.0001; two-tailed Mann-
WhitneyU test).

FIG. 5. Estimation of anti-Vi IgG �g/ml. (A) A human immuno-
globulin isotyping kit (catalog no. 48-302; Millipore, Billerica, MA)
was performed according to manufacturer’s instructions except that
the anti-human IgG-rPE detection reagent utilized in the Vi bead
assay was used as the detection reagent. (B) MFI values for the anti-Vi
IgG standard curves that were within range of the total IgG standard
curve were used to estimate the median IgG concentration of the
Vi-specific IgG in the standard. This was used to plot anti-Vi IgG
EU/ml versus anti-Vi IgG ng/ml to estimate protective levels of anti-Vi
IgG (i.e., 1 �g/ml).

TABLE 3. Estimation of protective levels of serum anti-Vi IgG
before and after vaccination with Vi polysaccharide vaccinea

Day No. of total
participants

No. of participants with: % with protective
anti-Vi IgG level

(�1 �g/ml)
�1 �g/ml

anti-Vi IgG
�1 �g/ml

anti-Vi IgG

0 996 549 447 44.9
28 996 23 973 97.7

a The Vi bead assay was used to measure serum anti-Vi IgG at day 0 (before
vaccination) and 28 days after vaccination with the Vi polysaccharide vaccine. By
comparing the anti-Vi IgG RLU to the total IgG standard curve, we estimated
the number of participants with protective (i.e., 1 �g/ml) levels of serum anti-Vi
IgG before and after vaccination.
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ported to correlate well with the results generated using
ELISA (R2 ranges are 0.716 to 0.9779 [8], 0.9083 to 0.9625 [35],
and 0.7471 to 0.9372 [23]). In our study, despite strongly sig-
nificant correlations between the bead assay and ELISA for
day 28 measurements (P � 0.0001) and response-to-vaccina-
tion calculations (i.e., day 28 � day 0; P � 0.0001), day 0 serum
results demonstrated increased variability between the two as-
says although the correlation was significant at P � 0.05 (Fig.
3). This may possibly be explained by the superior sensitivity of
the bead assay since the median bead assay value for day 0
samples was 0.316 anti-Vi IgG EU/ml, while the median
ELISA value for day 0 samples was 3.44 anti-Vi IgG EU/ml, a
10.9-fold difference. The higher standard recovery values at the
low end of the standard curve with ELISA (Table 2) may
contribute to this observation. However, with day 28 samples
(i.e., postvaccination samples with higher responses), the re-
sults generated with the bead assay or ELISA were less diver-
gent with the median anti-Vi IgG EU/ml value of 26.1 for the
bead assay and 53.1 for ELISA (only a 2-fold difference).
Despite other reports indicating that polysaccharide antigens
used as ELISA coating antigens provided inconsistent results
(3, 15, 16, 26, 33), our data suggest that the Vi polysaccharide
used as an ELISA coating antigen provided consistent results
(as long as the serum contained elevated levels of anti-Vi
antibody) and are supported by previous publications that uti-
lize Vi polysaccharide as the coating antigen in ELISA (7, 19,
21). It seems possible that the purity of the Vi polysaccharide,
the type of ELISA reagents utilized (ELISA plates, coating
buffers, wash buffers, etc.) (40, 43), and the level of anti-Vi
antibodies in the serum assayed may influence the observed
performance of ELISA used to measure anti-Vi serum anti-
bodies.

QC guidelines should be established for any assay to ensure
that the assay works reproducibly over time. For our Vi bead
assay, we evaluated the performance of both the standard
curve and control samples as measures of acceptable perfor-
mance. Of 168 assays performed, a total of 13 (7.7%) were
repeated due to the assays failing our QC guidelines. The
interassay coefficient of variation for our control sample was
15.44% and is similar to what others have reported for bead
immunoassays (9 to 27% [8]) and similar to what has been
reported as acceptable performance for ELISA (37).

The evaluation of the induction of vaccine-induced anti-Vi
antibodies is difficult in areas where S. enterica serotype Typhi
is endemic. Indeed, several studies have reported that 19 to
58% of subjects that live in areas where it is endemic and are
involved in Vi polysaccharide vaccine studies exhibit protective
levels (1 �g/ml) of anti-Vi antibodies without vaccination (17,
20, 31). This is in agreement with our observation that approx-
imately 45% of the participants in our study had protective
levels of serum anti-Vi IgG before vaccination. Vaccination
with Vi polysaccharide was effective in our study, since approx-
imately 98% of study participants had protective levels of se-
rum anti-Vi IgG 28 days after vaccination. However, as men-
tioned above, since this study was performed in an area where
Salmonella serotype Typhi is endemic, it is impossible to de-
termine if the increase in serum anti-Vi IgG measured 28 days
after vaccination is due to vaccination or if environmental
exposure to S. enterica serotype Typhi during the performance
of the study contributed to the increased serum anti-Vi IgG

responses observed at day 28. Our estimation of 98% of sub-
jects having protective levels of anti-Vi IgG when measured 28
days postvaccination should not be confused with “seroconver-
sion” as discussed in many studies. For example, seroconver-
sion is often defined as an at least 4-fold increase in antibody
response after vaccination compared to that before vaccination
(18, 31). In our study, subjects may have had a prevaccination
anti-Vi IgG response of �1 �g/ml that increased to �1 �g/ml
postvaccination, although the increase in antibody response
may not have met the seroconversion criteria of increasing at
least 4-fold after vaccination. Others have reported that 85 to
95% of subjects vaccinated with Vi polysaccharide develop
protective levels of serum anti-Vi (18, 42) or serum agglutinat-
ing antibody (9). Therefore, the pre- and postvaccination se-
rum antibody titers observed in our study as measured with a
bead immunoassay are in agreement with the vaccine-induced
serum antibody responses measured by ELISA or tube agglu-
tination assays. In conclusion, measurement of Vi polysaccha-
ride-specific serum IgG with a bead immunoassay may provide
a consistent, reproducible immunoassay method. A potential
benefit of the bead assay, compared to ELISA, is its potential
to be used in a multiplex assay to measure antibodies specific
for more than one antigen in a single assay (5, 8, 23, 27, 34, 35).
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