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Bacteremia causedbynontyphoidal strainsofSalmonella is endemic
among African children. Case-fatality rates are high and antibiotic
resistance increasing, but novaccine is currently available. T cells are
important for clearance of Salmonella infection within macro-
phages, but in Africa, invasive Salmonella disease usuallymanifests
in the blood and affects children between 4 months and 2 y of age,
when anti-Salmonella antibody is absent. We have previously
found a role for complement-fixing bactericidal antibody in protect-
ing these children. Here we show that opsonic activity of antibody
and complement is required for oxidative burst and killing of Sal-
monella by blood cells in Africans. Induction of neutrophil oxidative
burst correlated with anti-Salmonella IgG and IgM titers and C3
deposition on bacteria and was significantly lower in African chil-
dren younger than 2 y comparedwith older children. Preopsonizing
Salmonella with immune serum overcame this deficit, indicating a
requirement for antibody and/or complement. Using different
opsonization procedures, both antibody and complement were
found to be necessary for optimal oxidative burst, phagocytosis
and killing of nontyphoidal Salmonella by peripheral blood cells in
Africans. Althoughmost strains of African nontyphoidal Salmonella
can be killed with antibody and complement alone, phagocytes in
the presence of specific antibody and complement can kill strains
resistant to killing by immune serum. These findings increase the
likelihood that an antibody-inducing vaccine will protect against
invasive nontyphoidal Salmonella disease in African children.
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Infection with nontyphoidal strains of Salmonella (NTS), in
particular Salmonella enterica serovar Typhimurium (S. Typhi-

murium) are a major cause of invasive bacterial disease, which
typically manifest as bacteremia and meningitis, among African
children (1–3). In some African countries such as Malawi, NTS is
the commonest cause of bacteremia (1). Among children younger
than 5 y of age in Kenya, the estimated minimum incidence of
NTS bacteremia is 175 per 100,000 (2). Case-fatality rates exceed
20% and 50% for NTS bacteremia (3) and meningitis (4),
respectively. Antibiotic resistance is an increasing problem (1)
and currently no vaccine is available. There are well recognized
clinical associations with young age, malaria, anemia, malnu-
trition, and HIV infection (1–3). A better knowledge of the
mechanisms of immunity that protect against fatal infection from
invasive strains of NTS in Africans is required both for under-
standing why invasive NTS disease is endemic in Africa and for
developing an effective vaccine against NTS.
Animal studies have long implicated cellular mechanisms as

being of key general importance for immunity to Salmonella (5,

6). This is explained in part by Salmonellae being facultative
intracellular organisms and strains that are incapable of intra-
cellular survival are avirulent (7). The importance of oxidative
burst for protection against Salmonella in man is demonstrated by
the high susceptibility of patients with chronic granulomatous
disease to severe Salmonella infections (8, 9). Likewise, phox-
knockout mice are very sensitive to Salmonella infections (10).
Further evidence for the importance of cellular immunity in pro-
tecting against Salmonella inman is shownby the high frequency of
severe Salmonella infections in individuals with defects in the IL-
12/23–IFN-γ axis (11, 12), IFN-γ fromCD4+ lymphocytes and NK
cells being important for activating macrophages to produce an
oxidative burst. Both in Africa and worldwide, individuals with
HIV/AIDS, especially those with low CD4+ lymphocyte counts
(13), are particularly vulnerable to fatal NTS infection (1, 14–16).
NTS bacteremia most commonly occurs in African children

younger than 2 y of age (1, 2, 17), and we found a relative sparing
of infants younger than 4 months of age in Malawi (18). This
period coincides with the loss of maternal antibody and lack of
production of antibody by the child’s own immune system. We
have recently shown an important role for antibody-mediated
complement-dependent killing in protecting children younger
than 2 y against invasive African strains of NTS, a protection that
is not dependent on cells (18). Antibody can also protect against
Salmonellae through opsonization of these bacteria promoting
uptake and killing by phagocytic cells, thereby linking humoral
and cell-mediated immunity against Salmonella. An important
role for the opsonic mechanism is suggested by studies on murine
salmonellosis. Although mouse complement has limited bacter-
icidal activity (19, 20), adoptive transfer studies (21, 22) and
studies in T cell–deficient mice (23, 24) demonstrate the impor-
tance of antibody in immunity against Salmonella. Antibody is
required for phagocytosis, oxidative burst function, and cellular
killing of Salmonella by mouse macrophages (25).
In the present study, we investigate oxidative burst function in

relation to age, antibody levels, and complement deposition on a
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typical invasive African strain of nontyphoidal Salmonella among
healthy children in Malawi. We go on to investigate the relative
importance of both antibody and complement for oxidative burst,
phagocytosis, and killing of invasive NTS by peripheral blood cells
in Africans.

Results
Opsonization of Nontyphoidal Salmonella Is Required for Normal
Oxidative Burst Function in Blood Neutrophils from African Children.
We first investigated the effect of age on oxidative burst function
of neutrophils in whole peripheral blood samples obtained from
64 healthy Malawian children in response to stimulation with
the invasive Malawian S. Typhimurium isolate D23580 (ref. 26;
see also http://www.sanger.ac.uk/Projects/Salmonella/). Oxidative
burst induced by Salmonellae in the absence of extrinsic opsonins
correlated with age (rs, 0.63; 95% CI, 0.46–0.76; P < 0.0001), the
median oxidative burst in children younger than 24 months being
significantly lower than that in children older than 24 months
(medians, 114 U and 490 U; Mann-Whitney P < 0.0001; Fig. 1A).
Oxidative burst also correlated with serum anti–S. Typhimurium
D23580 IgG titer (rs, 0.62; 95%CI, 0.44–0.75; P< 0.0001; Fig. 1B),
anti-D23580 IgM titer (rs, 0.73; 95%CI, 0.59–0.83;P< 0.0001; Fig.
1C), and deposition of the C3 component of complement on
Salmonella measured in a separate assay using autologous serum
prepared from each blood sample (rs, 0.53; 95%CI, 0.32–0.68; P<
0.0001; Fig. 1D).
These findings suggest that oxidative burst function is depend-

ent on opsonization of Salmonella by antibody binding and/or
complement deposition on Salmonellae. All blood samples had
normal levels of total and alternative pathway hemolytic comple-
ment activity (18), indicating that complement in the absence of
antibody is insufficient for full oxidative burst. As we have shown
that antibody is required for complement-deposition on invasive
African strains of Salmonella (18), complement in the absence of
specific antibody is unlikely to be opsonic. To confirm the need for
opsonization for induction of an oxidative burst, we stimulated
blood from these children with S. Typhimurium D23580 pre-
opsonizedwith exogenous immunehuman serum.The neutrophils
in all 64 blood samples produced a strong oxidative burst response
(median, 956 U) which was independent of the age of the child
(Fig. 1E), blood sample titer of anti-D23580 IgG (Fig. 1F) and
anti-D23580 IgM (Fig. 1G) or C3 complement deposition on
Salmonella by serum prepared from each blood sample (Fig. 1H).
Therefore, the correlation between age and oxidative burst

induced by unopsonized Salmonellae is a result of low or absent
levels of anti-Salmonella antibody in the blood of younger children
and not to a deficiency of the oxidative burst mechanism in the
leukocytes of these children. Preopsonization with immune serum
provided exogenous antibody and complement. Oxidative burst
induced in peripheral blood neutrophils by Salmonellae in the
absence of external opsonins correlated with antibody-dependent
complement-mediated serum bactericidal activity (rs, 0.44; 95%
CI, 0.22–0.62; P = 0.0002; Fig. S1). Hence, African children will
tend to have either both modalities of antibody-mediated
immunity against NTS or neither. This is likely to reflect common
targets on Salmonella for both bactericidal and opsonic antibody.

Complement and Antibody Are Required for Induction of Oxidative
Burst Response in Neutrophils and Monocytes in Peripheral Blood of
Africans by Strains of Invasive NTS Irrespective of Susceptibility to
Killing by Antibody and Complement Alone. Next, we investigated
the effect of different opsonization procedures on the ability of
Malawian adult peripheral blood cells to produce an oxidative
burst to Salmonella. Not all strains of invasive African NTS are
susceptible to antibody-dependent complement-mediated killing
by immune serum (i.e., immune serum–resistant strains), so we
were interested in whether antibody-dependent oxidative burst
was equivalent when induced by immune serum-resistant strains

and immune serum-sensitive strains. To do this, we selected a
immune serum-resistant strain of S. Typhimurium, D26104, as a
second isolate to compare with immune serum-sensitive S.
Typhimurium strain D23580 (Fig S2).

Fig. 1. Oxidative burst in neutrophils in whole blood from Malawian chil-
dren following stimulation with Salmonellae. Neutrophil oxidative burst to
unopsonized (A–D) and preopsonized (E–H) S. Typhimurium D23580 com-
pared with (A and E) age of the child, (B and F) anti–S. Typhimurium D23580
IgG titer, (C and G) anti-D23580 IgM titer, and (D and H) C3 deposition on
D23580. Each point corresponds to blood from one child (N = 64).
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Both Salmonella strains were opsonized with fresh African
adult immune serum, heat-inactivated immune serum, African
child serum lacking antibody to Salmonella, C6-deficient serum
with antibodies to Salmonella, and total IgG from immune
serum. To prevent opsonization by endogenous antibody and
complement from the peripheral blood samples, blood cells were
washed twice in RPMI medium before each assay.
Optimaloxidativeburst inneutrophils andmonocytesoccurred in

response to stimulation with both strains of NTS opsonized with
fresh immune serum.As expected, themagnitude of the response in
neutrophilswas greater than that inmonocytes (Fig. 2), as bloodhad
been taken from healthy adults at rest, and so monocytes were
unlikely to be activated. Only background levels of oxidative burst
occurred with unopsonized Salmonellae, confirming an absolute
requirement for opsonization. Oxidative burst levels in response to
stimulation with Salmonellae opsonized with antibody-deficient
serumwere significantly reduced comparedwith bacteria opsonized
with immune serum (t test, P=0.002 to P< 0.0001), confirming the
need for antibody for an optimal oxidative burst response.
Oxidative burst was absent in response to Salmonellae opsonized

with purified IgG, suggesting an absolute requirement for comple-
ment in theopsonizationprocess.AsopsonizationwithC6-deficient
serum produced the same oxidative burst response as fresh serum,
terminal pathway complement activity is not required. Opsoniza-
tion of D23580 with heat-inactivated immune serum led to a
reduced, but detectableoxidative burst comparedwithopsonization
with purified IgG (t test, P= 0.002 and P < 0.0001), although there
was no response in a similar experiment using D26104.

To confirm that both antibody and complement are both
required for oxidative burst function in response to NTS, we used
five paired Malawian adult whole immune sera and purified IgG
prepared from these sera to opsonize Salmonellae. All sera con-
tained antibody to O-antigen of LPS and to other outer mem-
brane molecules/non–O-antigen components of LPS (Fig. S3).
Whereas there was normal oxidative burst with Salmonellae
opsonized with each serum, none occurred with Salmonellae
opsonized with IgG alone (Fig. S4) or with two commercial nor-
mal human Ig preparations. The same result was obtained when
the diarrhogenic laboratory S. Typhimurium strain SL1344
(http://www.sanger.ac.uk/Projects/Salmonella/) was used instead
of invasive African strain D23580 (Fig. S5).

AntibodyandComplementAreAlsoRequired forOptimal Phagocytosis
of Invasive NTS by Peripheral Blood Cells from Africans. As bacteria
need to be in the intracellular compartment for oxidative burst to
be effective, we looked at opsonization and phagocytosis of Sal-
monellae. Phagocytosis is often a necessary intermediary step for
triggering oxidative burst activity, and we investigated the effect of
the different opsonization protocols on phagocytosis of immune
serum–sensitive and immune serum–resistant strains of NTS by
washed neutrophils and monocytes from adult African blood. The
largest percentages of phagocytosing neutrophils and monocytes
occurred with Salmonellae opsonized with fresh immune serum
and C6-deficient serum, whereas unopsonized Salmonellae and
Salmonellae opsonized with IgG resulted in negligible phag-
ocytosis. Reduced percentages of phagocytosing cells occurred
with antibody-deficient serum (t test, P= 0.001 to P < 0.0001) and
heat-inactivated serum compared with bacteria opsonized with
immune serum (Fig. 3). The insufficiency of antibody alone in
effective opsonization of Salmonellae for phagocytosis by blood
cells was confirmed using the five paired adult Malawian sera and
IgG preparations and two normal human Ig preparations.

Fig. 2. Effect of different opsonization procedures on oxidative burst
activity in African adult washed peripheral blood phagocytic cells following
stimulation with Salmonellae. Oxidative burst in neutrophils (A and B) and
monocytes (C and D) following stimulation with immune serum–sensitive S.
Typhimurium D23580 (A and C) and immune serum–resistant S. Typhimu-
rium D26104 (B and D). NC, negative control, no stimulant; unop,
unopsonized Salmonellae; ab-def, Salmonellae opsonized with anti-Salmo-
nella antibody-deficient serum; immune, opsonized with immune serum; C6-
def, opsonized with C6-deficient serum; HI, opsonized with heat-inactivated
serum; IgG, opsonized with IgG purified from immune serum; Monos,
monocytes; Neuts, neutrophils. Points in each group of four are from sepa-
rate experiments. *P ≤ 0.0001; †P < 0.002.

Fig. 3. Effect of different opsonization procedures on phagocytosis of
Salmonellae by African adult washed peripheral blood cells. Percentage of
washed neutrophils (A and B) and monocytes (C and D) phagocytosing
immune serum–sensitive S. Typhimurium D23580 (A and C) and immune
serum–resistant S. Typhimurium D26104 (B and D). Abbreviations as for Fig.
2. Points in each group of four are from separate experiments. *P < 0.0001;
†P < 0.01.
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Opsonization with all IgG preparations resulted in minimal
phagocytosis in contrast to phagocytosis by approximately 40% to
70% of neutrophils and monocytes when serum was used (Fig.
S6). Hence, without antibody and complement for opsonization,
there is negligible phagocyte oxidative burst activity and phag-
ocytosis of Salmonellae.

Both Antibody and Complement Are Necessary for Cellular Killing of
Invasive NTS by Peripheral Blood from Africans. It was crucial to
understand whether differences in oxidative burst and phag-
ocytosis with different opsonization regimes paralleled differ-
ences in killing of NTS by peripheral blood cells. In order not to
adversely affect Salmonellae viability by the opsonization process
itself, we limited opsonization to 20 min at room temperature.
Suspensions of washed peripheral blood cells were then inocu-
lated with opsonized Salmonellae at 105 cfu/mL and Salmonella-
killing monitored over 3 h at 37°C. Both immune serum–sensitive
and immune serum–resistant strains of Salmonellae were killed
with an approximate 100-fold reduction in Salmonellae at 3 h (Fig.
4). Similar killing was observed when blood cells were lysed before
plating on agar for viable count determination, indicating that the
reduction in Salmonellae was not a result of internalization of
bacteria within phagocytes. No killing occurred with RPMI
medium instead of washed blood cells, indicating that killing is
cell-mediated and that the opsonization process itself did not
cause Salmonella killing. Similar killing levels occurred with Sal-
monellae opsonized with C6-deficient serum compared with nor-
mal immune serum confirming a lack of cell-free complement-
dependent bactericidal activity in the assay.

Unopsonized Salmonellae and Salmonellae opsonized with
antibody alone were not killed by blood cells paralleling the
absence of phagocytosis and oxidative burst activity observed
with these preparations of Salmonella. No killing occurred with
Salmonellae opsonized with antibody-deficient serum and heat-
inactivated serum, indicating that low levels of phagocytosis and
oxidative burst seen with these opsonization protocols were
insufficient for Salmonella killing. Again, we used Salmonellae
opsonized with the five adult Malawian sera and IgG preparation
and two normal human Ig preparations, this time to confirm that
opsonization of Salmonellae with antibody alone does not result
in peripheral blood cell killing of these bacteria. As for oxidative
burst and phagocytosis, cell killing only occurred in the presence
of antibody and complement, and opsonization with antibody
alone was insufficient for this to occur (Fig. S7).

Discussion
These findings indicate a second mechanism of antibody-
dependent killing of invasive African nontyphoidal strains of Sal-
monella in peripheral blood ofAfricans that complements the cell-
free bactericidal activity of antibody previously described against
immune serum-sensitive strains of Salmonella (18). The impor-
tance of cell-mediated immunity to Salmonella in man is indicated
by the increase susceptibility to Salmonella infections in individ-
uals who are deficient in cellular immune mechanisms (8, 9, 11,
12). Our previous work in Malawi found an epidemiological
association between lack of Salmonella-specific antibody and
incidence of NTS bacteremia in African children (18). By dem-
onstrating the need for antibody for oxidative burst, phagocytosis,
and peripheral blood phagocyte killing of Salmonellae, the current
study serves to link antibody and cell-mediated immunity in pro-
tecting African children against Salmonella. Our findings indicate
that blood phagocytes from even the youngest African children
have a fully functional oxidative burst mechanism, but often lack
specific opsonizing antibody required to activate this mechanism
against Salmonella.
Therefore, African children with antibody to Salmonella can

deal with these bacteria through the dual cell-free and cell-
dependent mechanisms described, but those who lack antibody
are deficient in both humoral and effective cellular immunity to
Salmonella (Fig. S1). These findings are consistent with a previous
study on the bactericidal and opsonic role of antibody and com-
plement against the diarrhogenic laboratory LT2 strain of
S. Typhimurium (27). Therefore, our findings further help explain
the high mortality seen with invasive Salmonella disease in young
African children (3, 4). More positively, this work increases the
expectation that an antibody-inducing vaccine will protect African
children against fatal and recrudescent Salmonella infection.
Bactericidal antibody only acts on Salmonellae while the bacteria
are in the extracellular compartment and Salmonellae are adapted
for intracellular survival (7). In contrast, opsonic antibody facili-
tates killing of internalized Salmonellae by phagocytes, although
antibody still needs to bind Salmonellae before phagocytosis. Even
if Salmonellae avoid opsonization by directly entering into mac-
rophages in gut-associated lymphoid tissue, the hematogenous
spread of Salmonellae from one macrophage to another in the
reticuloendothelial system (23) exposes them to bactericidal and
opsonic antibody.
As many as 10% of invasive NTS strains in Malawi are resistant

to complement-mediated killing by immune serum (18). A major
concern with a vaccine that only induces bactericidal antibody is
that serum-resistant strains would not be affected by such anti-
body. A second concern is that strain replacement could occur
following the introduction of a bactericidal antibody–inducing
vaccine against NTS with serum-resistant NTS becoming domi-
nant. Hence we investigated oxidative burst, phagocytosis, and
cellular killing of an African immune-serum resistant and
immune-serum sensitive strain of NTS. That opsonic antibody

Fig. 4. Effect of different opsonization procedures on killing of Salmo-
nellae by African adult washed peripheral blood cells. In vitro killing of (A)
serum-sensitive S. Typhimurium D23580 and (B) serum-resistant S. Typhi-
murium D26104 at 45, 90, and 180 min. Negative values correspond with a
decrease in viable Salmonellae compared with the initial concentration of
105 cfu/mL Abbreviations as for Fig. 2: Unop (filled circle, solid line); ab-def
(filled triangle, solid line); immune (filled square, solid line); C6-def (empty
square, dashed line); HI (empty triangle, dashed line); IgG (empty circle,
dashed line). Data are mean ± SD of three experiments.
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facilitates cellular killing of both strains of NTS is reassuring. It is
therefore important that a vaccine against NTS induces both
bactericidal and opsonizing antibody.
The mechanisms that allow Salmonellae to survive within

phagocytes (7) protect against oxidative burst with genes in Sal-
monella pathogenicity island 2 inhibiting colocalization of reactive
oxygen intermediates at the phagolysosome (28) and sod genes
encoding scavenger proteins that target reactive oxygen inter-
mediates (29). It is perhaps surprising that despite such adapta-
tions, oxidative burst is highly effective against Salmonellae. An
equilibrium is most likely established between host and pathogen
whereby opsonizing antibody gives the host the advantage,
whereas in the absence of antibody, T helper 1 cytokines (11, 12),
or functional oxidative burst mechanism (8, 9), intracellular Sal-
monellae survive. Only small numbers of bacteria need avoid cell
killing in this intracellular niche to establish latent infection that
can subsequently reactivate leading to recrudescence of invasive
disease, as commonly observed in HIV-infected African adults
(14) and subjects with defective T helper 1 immunity (11).
The critical requirement for complement in the opsonic process

is striking. There is negligible phagocytosis, oxidative burst, or
cellular killing byAfrican peripheral blood cells of invasiveAfrican
strains of S. Typhimurium opsonized with antibody alone. Use of
peripheral blood enabled us to investigate blood cell killing of
Salmonellae, together with phagocytosis and oxidative burst by
monocytes and neutrophils simultaneously. Our findings are
consistent with previous work in developed countries using iso-
lated neutrophils from human blood (27, 30) and human cultured
macrophages (31). These studies demonstrated that antibody and
complement are required for phagocytosis (27, 30), oxidative burst
(31), and cellular killing (27) of laboratory strains of S. Typhi-
murium. Antibody and complement have also been shown to be
necessary for killing of enterococci by human neutrophils (32).
Interestingly, work on mouse macrophages has found that

antibody alone can enhance phagocytosis, oxidative burst, and
killing of S. Typhimurium (25). The reason for the different
requirement for complement in opsonization of NTS in humans
and mice is not clear, although a study using C1q-deficient mice
suggests a role for complement in protecting mice against S.
Typhimurium in vivo (33). Salmonella infections have occasion-
ally been described in patients with primary complement defi-
ciencies (34, 35). Studies in mice have also indicated a role for
phagocyte inducible NO synthase (36) and antimicrobial pep-
tides (37) in protection against Salmonella.
The clinical implications for African children who lack com-

plement, either through genetic defects or consumption, are
serious and potentially have the same effect on protection against
Salmonella as the absence of specific antibody. The clinical asso-
ciation betweenmalaria andNTSbacteremia inAfrican children is
well recognized (38, 39), yet the underlying mechanisms of this
association are poorly understood. Our findings suggest that the
high levels of complement consumption in malaria, particularly in
severe malarial anemia (40), could underlie this association,
together with direct inhibition of oxidative burst activity resulting
from ingestion of malaria-parasitized red blood cells or hemozoin
by phagocytes (41).
To develop a vaccine against NTS for Africa, it is necessary to

identify the targets of opsonizing antibodies that protect against
Salmonella infection. Recent work in a mouse model suggests
that these include porin outer membrane proteins (23, 24), and
previous work has also indicated a role for the O-antigen of
lipopolysaccharide (42). Whether antibody to these targets is
protective in man is currently not known. We found antibody to
both O-antigen of LPS and other Salmonella outer membrane
molecules in immune African sera. Ideally, surface molecules
will be identified that are targets of both opsonizing and bac-
tericidal antibody facilitating both extracellular and intracellular
killing of Salmonellae. Our findings provide further evidence for

the likely feasibility of an antibody-producing vaccine to protect
African children against fatal NTS bacteremia.

Materials and Methods
Study Population. Blood samples were from 64 healthy Malawian children
(median age, 23.5 months) attending surgical outpatient clinics in Blantyre,
Malawi, and fromhealthyHIV-uninfectedadults.No individualhadahistoryof
known Salmonella infection or vaccination. Whole blood was anticoagulated
with sodium heparin at 4 IU/mL and used in study assays within 4 h or allowed
to clot in plain tubes at room temperature for 1 to 2 h followed by serum
separation and freezing in aliquots at −80°C. When required, endogenous
antibody and complementwere removed fromwhole blood bywashing twice
with RPMI and resuspending cells at the initial volume with RPMI.

Salmonellae. Two clinical isolates of invasive nontyphoidal Salmonella from
bacteremic Malawian children were used. D23580 is an immune serum–

sensitive and D26104 an immune serum–resistant strain of S. Typhimurium.
Further details are in SI Materials and Methods. All Salmonella preparations
were in midlog growth. For oxidative burst and phagocytosis assays, bacteria
were heat-killed at 56 °C for 30 min, and for cell killing assays, viable bac-
teria were used. For the phagocytosis assay, Salmonellae were labeled with
FITC by incubating 1010/mL bacteria with FITC at 25 μg/mL for 20 min at 37°C
and then washing twice with PBS solution.

Materials. Unless otherwise stated, chemicals and reagents were obtained
from Sigma.

Sera and Ig Preparations. Antibody-deficient serum was from Malawian
children and lacked antibody to and bactericidal activity against S. Typhi-
murium D23580. Immune serum was from Malawian adults and effected
“normal killing” of S. TyphimuriumD23580 (18). C6-deficient serumwas from
a patient with genetic deficiency of C6. Heat-inactivated serum was immune
serum that had been incubated at 56 °C for 30 min. Further details are in SI
Materials and Methods. Total IgG was extracted from immune serum and
prepared using Streptococcal Protein G HiTrap Columns (GE Healthcare) as
previously described (18). Human normal Ig for i.v. administration was from
CSL Behring and for s.c. or intramuscular use was from Baxter.

Opsonization Procedures. Opsonization was by incubating Salmonellae in
serum or IgG (at 10 g/L in PBS solution) for 20 min at room temperature at a
ratio of 1:10 and a final concentration of 109/mL for heat-killed bacteria and
106/mL for viable bacteria. Following opsonization, viable bacteria for killing
assays were used immediately.

Oxidative Burst Assay. This was a modification of the Bursttest assay (Becton
Dickinson), which quantitatively measures oxidative burst activity in neu-
trophils and monocytes by flow cytometry by determining oxidation of
dihydrorhodamine to rhodamine. Heparinized whole blood or washed cells
were stimulatedwith heat-killed Salmonellae at 2 × 108/mL for 10 min at 37°C
according to the manufacturer’s instructions before incubating with dihy-
drorhodamine. Following red cell lysis and fixation, leukocytes were analyzed
on a FACSCalibur flow cytometer (Becton Dickinson). Neutrophils and mon-
ocytes were gated according to light scatter characteristics. Rhodamine flu-
oresces in the FL1 channel and oxidative burst activity was measured
according to the manufacturer’s instructions as geometric mean fluorescence
intensity from the FL1 histogram (arbitrary units).

Phagocytosis Assay. FITC-labeled Salmonellae (10 μL of 109/mL) were added
to paired aliquots of 50 μL washed peripheral blood cells cooled to 0 °C with
one aliquot then incubated at 37 °C in a water bath for 10 min while the
other (negative control) remained at 0 °C. Trypan blue (50 μL 0.16%) was
added to each sample to quench the fluorescence of noninternalized bac-
teria. Cells were washed with PBS solution, resuspended in 1 mL FACS lysing
solution (Becton Dickinson) to lyse red cells and fix leukocytes, and then
incubated at room temperature for 20 min in the dark. Following further
PBS solution washes, the cells were resuspended in 20 μg/mL propidium
iodide before analysis by flow cytometry. Leukocytes were discriminated
from free bacteria, unlysed red cells and cell fragments using an FL2 (pro-
pidium iodide) histogram and neutrophils and monocytes distinguished by
light scatter characteristics. The percentage of each cell type that had
phagocytosed Salmonellae was determined from the FL1 (FITC) histogram.

Salmonella Killing Assays. Killing of Salmonellae by washed peripheral blood
cells was performed using 90 μL washed cells and 10 μL of Salmonellae to
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give a final concentration of 105/mL bacteria. Samples were incubated on a
rocker plate at 20 rpm at 37 °C and numbers of viable Salmonellae deter-
mined after 45, 90, and 180 min by serial dilution on Luria Bertani agar.
When required, blood cells were lysed with saponin immediately before
viable count determination. Serum bactericidal assays were performed in
the same way using serum instead of washed peripheral blood cells and
Salmonellae at a final concentration of 106/mL (18).

Salmonella Antibody Assays and Complement Assays. Anti-Salmonella IgG and
IgM antibody titers and complement C3 deposition on S. Typhimurium
D23580 were by flow cytometry as previously described (18). Further details
and details of the fluorescent bead–based immunoassay for antibodies to S.
Typhimurium LPS and functional complement assays are in SI Materials
and Methods.

Statistical Methods. The Spearman approach was used for estimation of
correlation with 95% CIs. The Mann-Whitney U test was used to compare
neutrophil oxidative burst activity in children younger than 2 y with those

older than 2 y. Comparisons of data from experiments using different
opsonization procedures were made using a Student t test.

Ethical Approval. The studywas approved by the College ofMedicine Research
andEthicsCommittee,CollegeofMedicine,UniversityofMalawi,andtheethics
committeeof the Liverpool Schoolof TropicalMedicine. Informed consentwas
obtained from all participants or their parents or guardians.
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