RESEARCH ARTICLE

Differential Killing of Salmonella enterica
Serovar Typhi by Antibodies Targeting Vi and
Lipopolysaccharide O:9 Antigen
Peter J. Hart1, Colette M. O’Shaughnessy1, Matthew K. Siggins1, Saeeda Bobat1, Robert
A. Kingsley2, David A. Goulding2, John A. Crump3,4,5,6, Hugh Reyburn7, Francesca Micoli8,
Gordon Dougan3, Adam F. Cunningham1, Calman A. MacLennan1,2,9*
1 School of Immunity and Infection, College of Medicine and Dental Sciences, University of Birmingham,
Birmingham, United Kingdom, 2 Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus,
Hinxton, Cambridge, United Kingdom, 3 Centre for International Health, University of Otago, Dunedin, New
Zealand, 4 Kilimanjaro Christian Medical Centre and Kilimanjaro Christian Medical University College,
Tumaini University, Moshi, Tanzania, 5 Division of Infectious Diseases and International Health, Duke
University Medical Center, Durham, United States of America, 6 Duke Global Health Institute, Duke
University, Durham, United States of America, 7 London School of Hygiene and Tropical Medicine, Keppel
Street, London, United Kingdom, 8 Sclavo-Behring Vaccines Institute for Global Health, a GlaxoSmithKline
Company, Siena, Italy, 9 Jenner Institute, Nuffield Department of Medicine, University of Oxford, Oxford,
United Kingdom
OPEN ACCESS
Citation: Hart PJ, O’Shaughnessy CM, Siggins MK,
Bobat S, Kingsley RA, Goulding DA, et al. (2016)
Differential Killing of Salmonella enterica Serovar
Typhi by Antibodies Targeting Vi and
Lipopolysaccharide O:9 Antigen. PLoS ONE 11(1):
e0145945. doi:10.1371/journal.pone.0145945
Editor: Mikael Skurnik, University of Helsinki,
FINLAND
Received: September 2, 2015
Accepted: December 10, 2015
Published: January 7, 2016
Copyright: © 2016 Hart et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.
Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.
Funding: PJH was supported by an MRC PhD
studentship. CAM received a clinical research
fellowship from GlaxoSmithKline. The funders had no
role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.
Sclavo Behring Vaccines Institute for Global Health, a
GlaxoSmithKline Company, provided support in the
form of salary for author FM, but did not have any
additional role in the study design, data collection and
analysis, decision to publish, or preparation of the

* calman.maclennan@ndm.ox.ac.uk

Abstract
Salmonella enterica serovar Typhi expresses a capsule of Vi polysaccharide, while most
Salmonella serovars, including S. Enteritidis and S. Typhimurium, do not. Both S. Typhi and
S. Enteritidis express the lipopolysaccharide O:9 antigen, yet there is little evidence of
cross-protection from anti-O:9 antibodies. Vaccines based on Vi polysaccharide have efficacy against typhoid fever, indicating that antibodies against Vi confer protection. Here we
investigate the role of Vi capsule and antibodies against Vi and O:9 in antibody-dependent
complement- and phagocyte-mediated killing of Salmonella. Using isogenic Vi-expressing
and non-Vi-expressing derivatives of S. Typhi and S. Typhimurium, we show that S. Typhi is
inherently more sensitive to serum and blood than S. Typhimurium. Vi expression confers
increased resistance to both complement- and phagocyte-mediated modalities of antibodydependent killing in human blood. The Vi capsule is associated with reduced C3 and C5b-9
deposition, and decreased overall antibody binding to S. Typhi. However, purified human
anti-Vi antibodies in the presence of complement are able to kill Vi-expressing Salmonella,
while killing by anti-O:9 antibodies is inversely related to Vi expression. Human serum
depleted of antibodies to antigens other than Vi retains the ability to kill Vi-expressing bacteria. Our findings support a protective role for Vi capsule in preventing complement and
phagocyte killing of Salmonella that can be overcome by specific anti-Vi antibodies, but only
to a limited extent by anti-O:9 antibodies.
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Introduction
Salmonella enterica serovar Typhi (S. Typhi) is the causative agent of the systemic disease
typhoid fever. Humans are the only known natural hosts of S. Typhi [1] with an estimated 12
to 22 million cases of typhoid fever per annum resulting in between 129,000 and 217,000
deaths [2, 3].
The majority of clinical S. Typhi isolates express a polysaccharide capsule (Vi CPS) known
as Vi (Vi+ S. Typhi) [4] which is associated with virulence [5, 6]. Vi exhibits immunomodulatory activities. For example, Vi expression on Salmonella can reduce the inflammatory
response in intestinal epithelial cells [7] and throughout systemic infection. Such signatures
include reduced levels of growth related oncogene α (GROα) and IL-17, and reduced fluid
influx and neutrophil recruitment in the Salmonella bovine ileal loop model [8]. Vi expression
can thus facilitate a stealth mode of pathogenesis promoting systemic spread and limiting the
clinical signatures of gastroenteritis [9]. Vi expression can also reduce the deposition of C3 on
the surface of S. Typhi and provide protection against non-specific antibody killing [6, 10].
In addition to Vi capsule, S. Typhi also expresses the O:9 antigen of lipopolysaccharide, a
feature shared with other clinically important Salmonella serovars, particularly S. Enteritidis.
Antibodies to O:9 have bactericidal potential, reducing bactericidal loads post challenge with S.
Enteritidis, and consequently O:9-based conjugate vaccines are in development to prevent
invasive nontyphoidal Salmonella disease in Africa [11]. Characterizing the action of anti-O:9
antibodies against S. Typhi, and the effect of Vi expression on activity of these antibodies
could help understand what potential O:9 conjugate vaccines might have in protection against
typhoid fever.
Three licensed vaccine types have been used to prevent typhoid fever [12]. Inactivated
whole cell vaccines have some efficacy, but these are associated with high reactogenicity. Ty21a
is a live attenuated oral vaccine derived from S. Typhi Ty2, that does not express a Vi polysaccharide capsule due to mutations within the Vi locus (viaB). While the Ty21a typhoid vaccine
lacks Vi capsule, it is unclear whether the protection afforded by this vaccine is mediated by
anti-O:9 antibodies.
A third type of vaccine is based on Vi CPS administered intramuscularly. Ty21a and Vi CPS
have similar limited cumulative efficacies of approximately 55% at 3 years post-vaccination,
despite being based on different antigens and formulations. These vaccines are not recommended for use in children under two years of age [12]. Both Ty21a and Vi CPS vaccines
require refrigeration and neither has been implemented in national public health programs.
An effective vaccine that can be used in infants remains a public health priority, and new Vi
glycoconjugate vaccines are currently in development [12, 13].
This study uses both wild-type S. Typhi and pairs of isogenic Vi+ and Vi- derivatives of S.
Typhi and S. Typhimurium [14] to investigate the relationship between the Vi capsule and
antibody-dependent immunity to Salmonella, in particular the role of human anti-Vi and antiO:9 antibodies.

Results
Vi capsule increases resistance of S. Typhi and S. Typhimurium to
antibody-dependent complement-mediated killing by human serum
We performed bactericidal assays using sera from ten healthy adult donors (S1 Table and S1
Fig) and isogenic Vi+ and Vi- isolates of S. Typhi and S. Typhimurium. Vi expression by both
S. Typhimurium (Fig 1A) and S. Typhi (Fig 1B) enhanced bacterial survival indicating that the
protective effect of Vi against complement-mediated killing is not restricted to the serovar
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Fig 1. Vi increases serum resistance of Salmonella and reduces killing of Salmonella by peripheral blood phagocytes. Killing of isogenic Viexpressing and non-expressing S. Typhimurium (A) and S. Typhi (B) strains by ten individual adult sera characterized for anti-Salmonella antibody content in
S1 Fig. For blood cell killing, isogenic Vi-expressing and non-expressing S. Typhimurium (C) and S. Typhi (D) were opsonized with antibodies from ten adult
sera and C6-deficient serum then added to washed peripheral blood cells. Killing of Salmonella strains expressing (dashed lines) or not expressing (dotted
lines) Vi capsule was recorded at 45, 90 and 180 minutes. C6-deficient serum was used as the source of complement, because it permits opsonization with
C3b, but does not result in membrane attack complex formation. Solid lines in A and B are Vi+ and Vi- bacteria incubated with heat-inactivated sera (HiS).
Solid lines in C and D represent Salmonella incubated with PBS and added to blood cells, or opsonized with serum and added to RPMI. Lines represent
mean values using sera from ten adults in triplicate experiments. Error bars represent SEM.
doi:10.1371/journal.pone.0145945.g001

Typhi. Vi+ C5.507 S. Typhimurium was more resistant to killing compared to the isogenic Vistrain, SGB1 (p<0.0001, all time points), and Vi+ S. Typhi BRD948 was more resistant to killing at 45 and 90 minutes compared with Vi- S. Typhi BRD948 (p<0.0001, both time points).
Both Vi+ and Vi- S. Typhi BRD948 derivatives underwent a 3 log10 kill by 3 hours and were
inherently more sensitive to complement-mediated killing than their Vi+ and Vi- S. Typhimurium counterparts.

Vi capsule increases the resistance of S. Typhi and S. Typhimurium to
antibody-dependent phagocyte-mediated killing
Blood cell killing assays were performed using the isogenic Salmonella isolates opsonized with
heat-inactivated serum and fresh C6-deficient serum. C6-deficient serum was used as the
source of complement, because it permits opsonization with C3b, but does not result in membrane attack complex formation. Vi+ and Vi- S. Typhi BRD948 were both more inherently susceptible to phagocyte-mediated killing than Vi+ and Vi- S. Typhimurium. Vi+ S. Typhimurium
C5.507 was more resistant to blood cell killing than Vi- S. Typhimurium SGB1 after 90 and
180 minutes (p = 0.042 and 0.047 respectively) (Fig 1C). Vi+ S. Typhi BRD948 was markedly
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more resistant to phagocyte killing than Vi- S. Typhi BRD948 at 45 and 90 minutes (p<0.01)
(Fig 1D).

Vi expression reduces damage to Salmonella following exposure to
serum
Damage to Vi-expressing and non-expressing Salmonella following exposure to human serum
was explored using serum from donor 1, because it contains IgG antibodies to Vi, O:9 and
O:4,5, and was visualized by transmission electron microscopy (TEM). For all isolates, exposure to PBS for 10 minutes had no obvious effect on cellular integrity (Fig 2A–2D). Vi+ S.
Typhimurium C5.507 exhibited minimal signs of cellular damage following serum exposure
for 10 minutes (Fig 2E), but accumulated a distinct, irregular outer layer on the cell surface,
consistent with complement deposition. Both Vi- S. Typhimurium C5.507 and Vi+ S. Typhi
BRD948 exhibited similar signs of damage, including enlargement of the periplasmic space
with cytoplasmic contraction (Fig 2F and 2G respectively) while Vi- S. Typhi cells showed
extensive damage (Fig 2H). After scoring multiple images (n = 3), more Vi- S. Typhimurium
and Vi- S. Typhi cells displayed indicators of damage compared to their Vi-expressing counterparts (p = 0.008 and 0.004 respectively) (S2 Fig). Hence, the expression of a Vi capsule is associated with reduced damage after short-term exposure to serum, even in the presence of anti-Vi
antibodies.

Vi capsule reduces antibody binding and complement deposition in the
absence of Vi-specific IgG
We measured total IgG and IgM binding, and C3 and MAC deposition on the isogenic Vi+ and
Vi- Salmonella isolates, following independent incubation with the ten human sera in S1 Table.
When incubated with the four sera containing anti-Vi IgG, levels of total IgG binding to both
Vi+ S. Typhi and Vi+ S. Typhimurium were not significantly different compared with their isogenic Vi- partner strains (Fig 3A). When incubated with the six sera lacking Vi-specific IgG,
there was an increase in median total IgG binding to Vi- SGB1 compared with Vi+ C5.507 S.
Typhimurium, although this did not reach statistical significance with the number of samples
involved. In the absence of anti-Vi IgG, significantly less IgG bound to Vi+ S. Typhi BRD948
compared with the isogenic Vi- counterpart (p = 0.026) (Fig 3B).
With sera containing anti-Vi IgG, no significant difference in C3 deposition was detected
between Vi+ S. Typhimurium C5.507 and Vi- S. Typhimurium SGB1, while significantly lower
C3 deposition occurred on Vi+ S. Typhi compared with its Vi- equivalent (p = 0.029) (Fig 3C).
In the absence of anti-Vi IgG, expression of Vi was associated with significantly reduced C3
deposition on both Vi+ S. Typhimurium C5.507 and Vi+ S. Typhi BRD948 compared with the
isogenic Vi- equivalents (p = 0.002 and 0.004 respectively) (Fig 3D). No differences in levels of
MAC deposition were detected between Vi-expressing and non-expressing Salmonella when
anti-Vi IgG was present in the sera, although a trend for increased MAC deposition was
observed with Vi- S. Typhi (Fig 3E). With sera lacking anti-Vi IgG, expression of Vi was associated with significantly reduced MAC deposition on both S. Typhimurium C5.507 and S. Typhi
BRD948 (p = 0.026 and 0.009) (Fig 3F). Binding of total IgM from the ten sera was significantly
lower for Vi+ S. Typhi BRD948 compared with the isogenic Vi- counterpart (p = 0.014), but
not for Vi+ S. Typhimurium C5.507 compared with the Vi- equivalent (Fig 3G). All ten sera
contained IgM anti-Vi antibodies. Incubation with PBS followed by each secondary antibody
was performed as a negative control (S3 Fig).
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Fig 2. Vi capsule protects against cell damage following serum exposure. Cellular integrity of and damage to Salmonella was assessed by transmission
electron microscopy (TEM) after exposure to PBS or human sera. TEM images of isogenic (A and E) Vi+ S. Typhimurium, (B and F) Vi- S. Typhimurium, (C
and G) Vi+ S. Typhi and (D and H) Vi- S. Typhi after incubation with either PBS (A–D respectively) or with undiluted human serum from Donor 1 (E–H
respectively) for ten minutes. Representative images shown.
doi:10.1371/journal.pone.0145945.g002

Depletion of serum anti-Vi antibodies reduces killing of Vi-expressing
Salmonella
To investigate the functional role of anti-Vi antibodies in killing of Salmonella, donor 1 serum
was used as it contains IgG antibodies to Vi, O:9 and O:4,5. This was adsorbed by incubation
with each of the two pairs of isogenic Vi+ and Vi- S. Typhimurium and S. Typhi isolates, leading to selective depletion of antibodies to Vi, O:9 and O:4,5 (S4 Fig). With the exception of ViS. Typhi, which is sensitive to killing by complement in the absence of specific antibodies,
adsorbed serum was unable to kill the isolate used for adsorption (homologous isolate) (Fig 4).
Adsorbed sera were able to kill all other isolates (heterologous isolates), whether heterologous
by serovar or for Vi expression. Hence, sera adsorbed with Vi- Salmonella could still kill the isogenic Vi+ Salmonella strain of the same serovar (p = 0.005 and <0.0001 for S. Typhimurium
and S. Typhi respectively) (Fig 4A and 4B). This is consistent with complement-mediated killing secondary to binding of anti-Vi antibodies. Similarly, sera adsorbed with the Vi+ Salmonella could kill the Vi+ Salmonella derivative of the heterologous serovar (p = 0.018 and 0.0003
for S. Typhimurium and S. Typhi respectively). This is consistent with killing of Vi+ Salmonella
by non-Vi antibodies such as anti-O:9 and anti-O:4,5 and suggests that the Vi capsule does not
fully prevent access of non-Vi antibodies to their targets.

Altered osmolarity reduces Vi expression, enhancing anti-O:9 antibody
binding to wild-type S. Typhi
Vi expression on Salmonella is influenced by osmolarity, surface expression being down-regulated as osmolarity increases [14, 15]. We affinity purified anti-Vi and anti-O:9 antibodies
from a pool of sera from three healthy adults who had been vaccinated with Vi CPS (S5 Fig)
and used these to examine the effect of altered Vi expression on antibody binding. Five
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Fig 3. Vi expression decreases antibody and complement binding to Salmonella in the absence of
specific antibodies. Levels of (A and B) IgG, (C and D) C3 and (E and F) C5b-9 MAC on Vi-expressing and
non-expressing Salmonella Typhimurium (STM) and S. Typhi (STY) after incubation with sera containing antiVi IgG (A, C and E) or lacking anti-Vi IgG (B, D and F) were measured by flow cytometry. Levels of IgM
binding to Vi+/- Salmonella for all ten sera were also assessed (G). All sera contained IgM anti-Vi antibodies.
Bars represent mean +/- SEM
doi:10.1371/journal.pone.0145945.g003

different wild-type S. Typhi isolates were cultured at 9, 85 and 500 mM NaCl in order to modulate expression of the Vi capsule. Anti-Vi antibody binding to S. Typhi was highest when Salmonella was cultured at 9mM NaCl and minimal when cultured at 500 mM NaCl (Fig 5A),
consistent with increased Vi expression at low osmolarity and the converse at high osmolarity.
Anti-O:9 antibody binding to S. Typhi was highest at 500 mM NaCl, where Vi expression is
minimal, most likely due to enhanced access to target antigen, unimpeded by Vi capsule. AntiO:9 binding in 85 and 9 mM NaCl, where Vi expression is increased, was significantly lower
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Fig 4. Sera depleted of Salmonella-specific antibodies effect variable killing of different Salmonella strains. Killing of Vi+ S. Typhimurium (STM) (A)
and S. Typhi (STY) (B) and Vi- S. Typhimurium (C) and S. Typhi (D) by donor 1 serum adsorbed of antibodies with Vi+ and Vi- S. Typhimurium and S. Typhi or
unadsorbed serum. Dashed lines represent killing of Salmonella by sera adsorbed using the homologous Salmonella strain. Dotted lines represent killing by
unadsorbed serum. Experiments were performed in triplicate and error bars represent SEM. Initial concentration of bacteria in each assay was 106 CFU/ml.
doi:10.1371/journal.pone.0145945.g004

Fig 5. Media osmolarity affects the binding of human anti-Vi and anti-O:9 antibodies to wild-type S. Typhi. Five wild-type S. Typhi isolates, one from
each geographical site to ensure the greatest geographical variation among strains studied, were cultured in LB broth containing 9, 85 or 500mM NaCl and
incubated with either purified human anti-Vi (A) or anti-O:9 (B) antibodies or PBS. Levels of antibody binding to S. Typhi were assessed by flow cytometry.
Values are mean of three separate experiments. Bars represent mean +/- SEM.
doi:10.1371/journal.pone.0145945.g005
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(p = 0.008 for both), but still detectable (p<0.007 for both compared with negative control)
(Fig 5B) Thus, there was a negative correlation between anti-Vi and anti-O:9 antibody binding
to S. Typhi isolates cultured at 9, 85 and 500mM NaCl (S6 Fig) (r = -0.62, p = 0.016). These
findings are consistent with Vi capsule limiting access of anti-O:9 antibodies.

Altered osmolarity and Vi expression modulates killing by anti-Vi and
anti-O:9 antibodies
We assessed the bactericidal and opsonic potential of purified human anti-Vi and anti-O:9
antibodies against 14 wild-type S. Typhi isolates cultured in ordinary LB broth (85mM NaCl),
and five (one from each geographical site to ensure the greatest geographical variation among
strains studied, and the same five as used in Fig 5) cultured in LB broth at 9 and 500 mM NaCl
(Fig 6). Anti-Vi and anti-O:9 antibodies were bactericidal against S. Typhi. Anti-Vi antibodies
killed S. Typhi with normal (Fig 6B) or enhanced (Fig 6A) Vi expression more effectively than
anti-O:9 antibodies. With minimal Vi expression, the effect was reversed, with anti-O:9 antibodies effecting a 3 log10 kill of all five S. Typhi isolates and reduced bactericidal activity of
anti-Vi antibodies (Fig 6C). Anti-O:9 antibodies poorly facilitated opsonophagocytic killing of
S. Typhi expressing normal or elevated amounts of Vi, being unable to kill all but two S. Typhi
strains. In contrast, S. Typhi with normal or elevated Vi and opsonized with anti-Vi antibodies
were effectively killed by blood phagocytes (Fig 6D and 6E). The opsonic activity of anti-O:9

Fig 6. Bactericidal and opsonic activity of anti-Vi and anti-O:9 antibodies against S. Typhi depends on medium osmolarity. The bactericidal (A–C)
and opsonic (D–F) activity of purified human anti-Vi (red lines) and anti-O:9 (blue lines) antibodies supplemented with human complement was tested against
wild-type S. Typhi. S. Typhi isolates were cultured in LB Broth containing 9 (high Vi expression, A and D), 85 (B and E) or 500mM (low Vi expression, C and
F) NaCl. Isolates tested at 9mM or 500mM NaCl concentrations were the same and included in the 14 isolates tested at 85mM NaCl. They were selected
from each geographical site to ensure the greatest geographical variation among strains studied. Each line represents an individual S. Typhi isolate. Data
represent mean of three separate experiments +/- SEM.
doi:10.1371/journal.pone.0145945.g006
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antibodies against S. Typhi was greater than that of anti-Vi antibodies when Salmonella had
reduced Vi expression (Fig 6F).

MAC deposition in the presence of anti-Vi antibodies, but not anti-O:9
antibodies, correlates with killing of S. Typhi in the serum bactericidal
assay
We assessed MAC deposition in the presence of purified anti-Vi and anti-O:9 antibodies on S.
Typhi expressing different amounts of Vi through changes in osmolarity. For anti-Vi antibodies, MAC deposition was highest when conditions favored Vi expression on Salmonella, and
decreased as Vi expression was reduced (Fig 7A). Somewhat surprisingly, there were similar
levels of MAC deposition with anti-O:9 antibodies irrespective of the level of expression of Vi
(Fig 7B). In the presence of anti-Vi antibodies, MAC deposition correlated with killing (Spearman’s r = -0.8, p = 0.0004) (Fig 7C). However, there was no correlation between levels of MAC
deposition with anti-O:9 antibodies and killing of S. Typhi (Fig 7D). This suggests that MAC

Fig 7. MAC deposition in the presence of anti-Vi, but not anti-O:9 antibodies, is associated with bactericidal activity. Levels of C5b-9 MAC deposition
on the surface of five wild-type S. Typhi isolates cultured at 9, 85 and 500mM NaCl in the presence of purified human anti-Vi antibodies (A) or anti-O:9
antibodies (B) were measured by flow cytometry. For each of the five isolates at each concentration of sodium chloride, killing in the serum bactericidal assay
was plotted against the level of MAC deposition for anti-Vi antibodies (C) or anti-O:9 antibodies (D). Data are mean of three separate experiments. Bars
represent mean +/- SEM.
doi:10.1371/journal.pone.0145945.g007
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deposition secondary to binding of O:9 antibodies is not effective at killing in the presence of
high levels of Vi antigen.

Discussion
We have examined the relationship between Vi polysaccharide expression in Salmonella and
sensitivity to killing by antibody, complement and blood phagocytes from healthy adults. We
demonstrate that antibodies to Vi can be bactericidal and opsonic and kill Vi-expressing S.
Typhi and S. Typhimurium. The level of killing correlated with Vi expression.
Our findings indicate an inherent difference in resistance to complement-mediated killing
between Typhi and Typhimurium serovars. Vi- S. Typhi was considerably more sensitive to
complement-mediated killing than the equivalent S. Typhimurium and can be killed by complement alone in the absence of specific antibodies. This may explain why the majority of S.
Typhi that cause disease express a Vi capsule. Our observation that Vi expression by Salmonella is associated with an increase in serum resistance is in agreement with previous findings
[6, 10], but contrasts with work by Bravo et al [16]. This may be a consequence of differing
methods with Bravo et al limiting their serum bactericidal assay to 20 minutes with a maximum serum concentration of 20%.
S. Typhimurium was compared with S. Typhi, because S. Typhimurium is the commonest
serovar responsible for invasive nontyphoidal Salmonella disease, while S. Typhi is the most
common serovar responsible for enteric fever [12, 17]. Therefore, these are the two Salmonella
serovars most in need of a vaccine and so the serovars for which it is most important to understand the basis of protective immunity in man. Similar findings to those obtained with S.
Typhimurium would be expected with S. Enteritidis, since both serovars show a comparable
level of resistance to antibody-mediated killing in serum [18].
As previously shown with O-antigen-expressing invasive clinical S. Typhimurium isolates
from Africa [19], Vi- S. Typhimurium is not susceptible to killing by complement alone and
requires more complement than other Salmonella serovars to be killed [20]. Killing of Vi- S.
Typhimurium by undiluted, control adult human serum is more gradual than for Vi- S. Typhi.
Unlike the Vi- equivalent, Vi+ S. Typhi BRD948 demonstrated similar resistance to killing by
healthy human adult serum as Vi- S. Typhimurium SGB1 with both these strains incurring
similar levels of structural damage following exposure to serum (Fig 2). If, as we have previously suggested [21], such a level of serum resistance is optimal for Salmonella to successfully
survive as a pathogen in man, this could explain in part why the inherently more complementsusceptible S. Typhi have a Vi capsule, while S. Typhimurium do not.
We found a significant reduction in MAC deposition on the Vi+ S. Typhimurium and
Typhi compared to their respective isogenic Vi- counterparts when exposed to sera lacking
anti-Vi IgG. A reduction in C3 deposition, under the same conditions, is in agreement with
previous work [6, 10]. Total IgG and IgM binding to Vi-expressing S. Typhi, was significantly
lower than to Vi- S. Typhi, particularly when sera lacked anti-Vi IgG. Differences in the level of
Vi expression between Vi+ S. Typhi and S. Typhimurium, with relatively lower Vi expression
by the S. Typhimurium strain, may partly explain why Vi expression was not associated with
significant reductions in IgG and IgM binding to S. Typhimurium. However, inactivation of
fepE is common in S. Typhi and results in the loss of very-long O-antigen chains [22], reducing
the opportunity for binding of anti-O-antigen antibodies, particularly in the presence of a Vi
capsule.
These findings are consistent with the concept that Vi expression impedes complementmediated killing, either by 1. restricting binding of antibodies to the Salmonella surface, 2.
restricting binding of antibodies to O-antigen, 3. directly reducing the deposition of
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complement factors, 4. diverting complement deposition to sites where it is not bactericidal or
5. a combination of these mechanisms. A reduction in complement deposition resulting from
the modification of surface structures has been shown to result in increased resistance to killing
in other bacteria including E. coli K1 [23] and N. meningitidis [24].
Purifying human anti-Vi and anti-O:9 antibodies allowed us to explore the role of each type
of antibody in killing of S. Typhi in greater detail. By altering the medium osmolarity, we were
able to vary expression of Vi and investigate how this affected antibody-mediated killing.
Human anti-Vi antibodies effected bactericidal and opsonic activity against wild-type S. Typhi
under conditions of Vi capsule expression. The bactericidal, but not the opsonophagocytic killing activity of anti-Vi antibodies was slightly reduced at 9mM NaCl, where Vi expression is
greatest, compared to 85mM NaCl. This is consistent with the Vi capsule having intrinsic properties which augment resistance to killing by the membrane attack complex, a structure which
is not involved in opsonophagocytic killing, despite the presence of capsule specific antibodies.
Under the same conditions, anti-O:9 antibodies exerted some bactericidal activity against S.
Typhi, but were poorly able to facilitate opsonophagocytic killing. With loss of Vi capsule
expression at 500mM NaCl, binding, bactericidal and opsonic activity of anti-O:9 antibodies
was greatly enhanced.
S. Enteritidis is one of the most prevalent serovars of NTS globally [25], thus circulating
anti-O:9 antibodies are likely to be present in a large proportion of the population. All ten
serum donors had detectable anti-O:9 IgG and IgM. However, it has not been known whether
the presence of anti-O:9 antibodies confers protection against S. Typhi. Our findings suggest
that, while anti-O:9 antibodies may effect some complement-mediated bactericidal activity
against S. Typhi, they are unlikely to contribute to phagocyte-mediated killing in the presence
of Vi capsule. Since ViLOW S. Typhi are highly susceptible to both bactericidal and opsonic
killing by anti-O:9 antibodies, it appears that Vi mitigates the action of anti-O:9 antibodies,
thereby providing another rationale for why the majority of clinical S. Typhi isolates express a
Vi capsule [4].
Anti-O:9 antibodies were still able to bind to S. Typhi under conditions of Vi expression,
resulting in MAC deposition. However, while MAC deposition in the presence of anti-Vi antibodies correlated with killing, this was not the case with MAC deposition secondary to antiO:9 binding. This suggests that Vi capsule does not fully obstruct access to O-antigen allowing
both anti-O:9 antibodies to bind and MAC deposition to occur, but without killing. Such differential killing by MAC suggests that the location of MAC deposition on the bacterium is a
key determinant for whether S. Typhi are killed.
An important implication of these findings relates to the variable expression of Vi [26] and
the frequency of anti-O:9 antibodies in humans. Antibodies to nontyphoidal Salmonella serovars, such as O:9 expressed by S. Enteritidis, are acquired rapidly in the first years of life in
regions such as sub-Saharan Africa [19, 27] and are likely present in most adults in all populations later in life. Since Vi antigen is expressed under conditions of low osmolarity, such as
would be expected within the bloodstream, it can help protect against killing by these widely
prevalent anti-O:9 antibodies aiding the establishment of infection with S. Typhi. Similarly, it
has previously been shown that the Vi capsule, when expressed by S. Typhimurium, reduces,
but does not fully remove, protection mediated by antibodies to Salmonella porins [28].
In conclusion, these results support the concept that expression of the Vi capsule increases
resistance to O:9 and other non-Vi antibodies, complement killing by MAC and opsonization
for killing by phagocytes. Modulation of Vi expression has the potential to vary sensitivity during the infection cycle to O:9-specific antibodies induced through exposure to ubiquitous S.
Enteritidis strains. This may facilitate the establishment of initial systemic infection by S. Typhi
and subsequent chronic carrier state. The study suggests the existence of a dichotomy whereby
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Vi expression prolongs S. Typhi survival in a naive host through enhanced complement resistance, but in the presence of anti-Vi antibodies, protection is overcome. These findings inform
the development of vaccines against typhoid fever and other invasive forms of Salmonella
disease.

Materials and Methods
Bacteria and culture conditions
S. Typhimurium were the Vi-negative isolate SGB1 and the Vi-positive isolate C5.507, which
harbors the S. Typhi viaB locus and expresses the Vi polysaccharide capsule [14]. The Vi-positive S. Typhi aro mutant BRD948 (S. Typhi Ty2 aroC- aroD- htrA-) and an otherwise isogenic
Vi-negative tviB mutant derivative were used throughout. Other wild-type S. Typhi isolates
were from Central Africa, Nepal and Indonesia, and Moshi and Muheza in Tanzania. Bacteria
were cultured on LB agar plates or in LB broth and, in the case of aro mutants, LB broth and
agar were supplemented with tyrosine, tryptophan and phenylalanine at a final concentration
of 40 μg/L and para-aminobenzoic acid (PABA) and di-hydroxybenzoic acid at a final concentration of 10 μg/L, as previously reported [29]. For growth at low osmolarity (9mM NaCl), low
salt LB broth and agar was used (Sigma). Sodium chloride was added to normal LB Broth and
agar to achieve 500mM NaCl.
Vi expression in Vi+ strains and its absence in Vi- strains was confirmed by slide agglutination and flow cytometry (S7 Fig) Vi+ S. Typhi (BRD948) and Vi+ S. Typhimurium (C5.507)
both expressed Vi, with expression lower in S. Typhimurium compared with S. Typhi. This is
consistent with previously reported differential Vi expression levels for these strains [14]. Neither the Vi- S. Typhi (BRD948 tviB-) nor Vi- S. Typhimurium strains (SGB1) expressed Vi.

Serum preparation
Blood was collected from ten healthy adults of mixed age, race and typhoid vaccination history
living in the UK (S1 Table) and left to clot at room temperature for 5 h. Three donors had previously received Vi CPS vaccine more than 3 years prior to serum collection. None had a history of suspected or confirmed Salmonella disease. Serum was then separated by centrifugation
and aliquots stored at -80°C. C6-deficient serum was from an individual with congenital C6
deficiency. When required, heat inactivation of serum was performed at 56°C for 2 hours
prior to use. Ethical approval for the use of blood and serum samples in this study was granted
by Life and Health Sciences Ethical Review Committee of the University of Birmingham.
Informed written consent was obtained from all participants. Anti-Salmonella IgG, IgA and
IgM antibody profiles against Vi and the O:4,5 (present on S. Typhimurium) and O:9 (present
on S. Enteritidis and S. Typhi) LPS-associated antigens were determined in the ten sera by
ELISA (S1 Fig). IgG to O:4,5 and O:9 LPS was present in 9/10 sera, while anti-Vi IgG was present in 4/10 sera. IgM antibodies against all three antigens were detected in eight of the ten sera
and IgM anti-Vi antibodies in all sera.

Production of antibody-depleted human sera
Salmonella, at a concentration of 1 x 1011 CFU/ml, and fresh undiluted human sera were
cooled to 4°C. One part bacterial culture was added to nine parts human serum and the mixture incubated on a rocker plate (20 rpm) at 4°C for 1 h. The sera were then centrifuged at
3,300 x g at 4°C for 5 minutes and aspirated into a new tube and the cycle repeated for three
incubations. Following the final adsorption, sera were filter-sterilized using a 0.2 μm filter and
frozen at -80°C until required.
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Anti-Salmonella antibody binding and complement deposition assay
Antibody binding to Salmonella was performed as previously described [19]. Briefly, 5 μl of
Salmonella in PBS/1% formaldehyde was added to 45μl 10% human serum or 45 μl 10% purified human antibodies in PBS (where 100% purified antibodies is equivalent to the concentration of antibodies in the corresponding whole serum) for antibody deposition assays. For
complement deposition, Salmonella were added to 45μl undiluted human serum or to 45 μl of
an antibody/complement mixture (25% antibody, 75% complement) (final bacterial concentration 1 x 109 CFU/ml). Antibody binding was detected using FITC-conjugated anti IgG, IgA or
IgM (Sigma) and complement binding detected using FITC-conjugated anti-C3 IgG or mouse
anti-C5-9 IgG followed by FITC-conjugated rabbit anti-mouse IgG (DAKO). Samples were
analyzed by flow cytometry using a FACSCalibur instrument (BD Biosciences) and Cell Quest
Pro software (BD Biosciences). Labeled Salmonella were identified based on their forward and
side scatter and the geometric mean fluorescence intensity (GMFI) in the FL1 channel recorded
as the relative antibody or complement binding level.

Characterization of Vi expression
Salmonella were grown to an OD600 of 0.5 in LB broth. Bacteria were washed twice and resuspended in PBS. Mouse anti-Vi antiserum from the Sclavo Behring Vaccines Institute of Global
Health (SBVGH, formerly Novartis Vaccines Institute of Global Health) was added to the Salmonella at a final concentration of 1:800. Samples were incubated on ice for 1 hour followed by washing with PBS. Allophycocyanin-conjugated rabbit anti-mouse IgG (Sigma) was added at a final
concentration of 1:800 and samples incubated for 1 h, washed, and resuspended in PBS/1% formaldehyde. Samples were analyzed by flow cytometry using a FACSCanto instrument (BD Biosciences) and FlowJo software (Tree Star, Inc). Salmonella were identified based on forward and side
scatter characteristics and the level of Vi expression determined as the GMFI in the FL4 channel.

Transmission Electron Microscopy (TEM)
Log phase Salmonella at a final concentration of 1 x 108 CFU/ml were exposed to fresh human
serum (Donor 1, S1 Table) or PBS for 10 minutes at 37°C. Following washing with PBS samples,
the bacteria were fixed for 20 minutes with a 1:1 ratio of 5% glutaraldehyde (GA), 1.4% ruthenium hexamine trichloride (RHT) in 0.1M sodium cacodylate buffer (pH 7.42) and 100mM
L-Lysine monohydrochloride in PBS. A further fix of 40 minutes using 2.5% GA and 0.7% RHT
in sodium cacodylate buffer was applied. Following this, samples were washed in cacodylate
buffer and fixed with 1% Osmium tetroxide (Sigma), 0.05M Potassium ferrocyanide and 0.6%
RHT in 0.1M sodium cacodylate buffer for 30 minutes at RT. Cells were resuspended in 2% glutaraldehyde (TAAB Laboratories) and 4% paraformaldehyde (Sigma) in PBS for 1 hour at RT,
centrifuged at 10,000 rpm for 2 minutes and the supernatant replaced with 0.1M sodium cacodylate and post fixed in 1% osmium tetroxide (TAAB Laboratories) in the same buffer at RT for 1 h.
Cells were then dehydrated in an ethanol series, with 1% uranyl acetate added at the 30% stage,
followed by propylene oxide and embedded in resin (TAAB Laboratories) prior to polymerization
at 60°C for 48 h. Sections were cut on a Leica Ultracut UC6 ultramicrotome at 70nm using a diamond knife, contrasted with uranyl acetate and lead citrate and examined on an FEI Spirit Biotwin 120kV transmission electron microscope and imaged with a Tietz F415 CCD camera.

Serum bactericidal assays with human sera
Killing of Salmonella with fresh, human serum was assessed as previously described [19]. 5 μl
Salmonella in log growth at a concentration of 1 x 107 CFU/ml was added to 45 μl human
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serum (final concentration 1 x 106 CFU/ml) and incubated at 37°C for 180 minutes on a rocker
plate at 20 rpm. At 45, 90 and 180 minutes, samples were taken and the concentration of viable
Salmonella was determined by serial dilution and plating on LB agar. Agar plates were incubated overnight at 37°C and colonies counted the following day.

Blood cell killing assays
Killing of Salmonella by peripheral blood cells was based on the assay previously described
[30]. 1 x 107 CFU/ml Salmonella in log growth were opsonized at a 1:10 ratio with either 50%
human serum, which had been heat-inactivated for 2 hours at 56°C, and 50% fresh C6-deficient serum or PBS at RT for 20 minutes. Such C6-deficient serum can act as source of opsonizing complement, but cannot promote C5b-9 membrane attack complex (MAC) formation.
Opsonized Salmonella were added to blood from healthy adult donors, which had been washed
twice with RPMI to remove endogenous antibody and complement, or to RPMI. Salmonella
were added at a 1:10 ratio to give a final concentration of 1x105 CFU/ml and incubated at 37°C
for 180 minutes. Samples were taken at 45, 90 and 180 minutes and the concentration of viable
bacteria assessed by serial dilution.

Serum bactericidal, and blood cell killing assays using purified human
antibodies
Serum bactericidal assays and blood cell killing assays using purified human antibodies against
the Vi and O:9 antigens of Salmonella were conducted as described above. Instead of serum,
11.25 μl anti-Vi and anti-O:9 antibodies (25% final volume) corresponding to 750 and 4268
IgG EU per ml respectively were combined, in a 1:4 dilution series, with 33.75 μl Salmonellaantibody-depleted human serum (75% final volume).

Purification of human antibodies
Affinity purification of human antibodies was performed as previously described [31]. In brief,
sera from three healthy adults who had received the Vi CPS were pooled and passed through
affinity chromatography columns (HiTrap) containing either 2.5 mg Vi PS or 1 mg O:9 antigen. Both purified polysaccharides were activated with adipic acid dihydrazide and linked to
N-hydroxysuccinamide-sepharose resins. Antibodies were sequentially eluted using 0.1 M glycine pH 2.4 and 4M MgCl2 pH 7. Eluates were pooled and dialyzed overnight against PBS.
Purified antibodies were concentrated using Vivaspin columns (GE Healthcare) with a 10,000
MW cut-off.

ELISA for anti-Salmonella LPS O-antigen and anti-Vi antibodies
96-well flat-bottom plates (NUNC Maxisorp) were incubated overnight at 4°C with 100 μl per
well of 5 μg/ml TLR-grade smooth O:4,5 LPS or O:9 LPS (Alexis Biochemicals),1 μg/ml Vi
polysaccharide from SBVGH [32] or 1μg/ml outer membrane proteins (OMPs) produced from
S. Typhimurium SL3261. Plates were washed three times with PBS/0.05% Tween 20 and incubated with 200 μl blocking buffer (PBS/1% BSA) per well at 37°C for 1 h. Plates were washed
again and incubated with a threefold dilution series of each sera in dilution buffer (PBS/1%
BSA/0.05% Tween 20) for 1 hour at 37°C. Plates were washed again and 100 μl of goat antihuman alkaline phosphatase-labeled IgG, A or M (Southern Biotech) diluted 1:2000 in PBS
was added to each well and plates incubated for one hour at 37°C. Finally plates were washed
and 100 μl of substrate (Sigma N2770 p-Nitrophenyl phosphate) added to each well. Plates
were left to develop at 37°C for 1 h. The reciprocal of the dilution of sera giving an OD405 of 1
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was determined. This value was plotted as the anti-Salmonella LPS (O:4,5 or O:9) or anti-Vi
IgG, A or M, concentration.

Statistical Analysis
Data from experiments using different manipulations of Salmonella killing were compared
using Student’s t test. Comparisons of antibody binding and complement deposition on Salmonella were performed using the Mann-Whitney U test.

Ethics statement
Ethical approval for the use of blood and serum samples in this study was granted by Life and
Health Sciences Ethical Review Committee of the University of Birmingham. Informed written
consent was obtained from all participants.

Supporting Information
S1 Fig. Anti-Salmonella antibody levels in sera from ten healthy adults. Levels of IgG (A),
IgA (B) and IgM (C) against the Salmonella antigens LPS O:4,5, LPS O:9 and Vi polysaccharide
as measured by ELISA. Lines represent median and interquartile range.
(TIF)
S2 Fig. Electron Microscopy scoring data. Damage to Salmonella Typhimurium (STM) and
S. Typhi (STY), expressing (Vi+) and not expressing Vi (Vi-) after exposure to human serum
was visualized by electron microscopy and quantified by scoring multiple images. The total
number of bacteria per frame was assessed (blue lines, right Y axis) and the number of damaged Salmonella counted to give the percentage of damaged cells (red lines, left Y axis). Three
frames were counted. Data represent mean +/- SD.
(TIF)
S3 Fig. Background levels of fluorescence following sequential incubation of Salmonella
with PBS and secondary antibodies. The geometric mean fluorescence intensity was measured on the isogenic Vi-expressing and non-expressing S. Typhimurium (STM) and S. Typhi
(STY) strains following incubation with PBS and then FITC-conjugated anti-human IgG, IgM,
C3 and MAC. Values represent mean data from 3 separate experiments +/- SEM.
(TIF)
S4 Fig. Anti-Salmonella antibody titers before and following incubation with isogenic Vi+/S. Typhimurium and S. Typhi. Levels of IgG (A) or IgM (B) against the O:4,5, O:9 and Vi Salmonella antigens in serum from donor 1 (S1 Table) prior to, and following, incubation with
isogenic Vi-expressing or non-expressing S. Typhimurium (STM) or S. Typhi (STY) were measured by ELISA.
(TIF)
S5 Fig. Levels of anti-Vi, O:9, O:4,5 and OMP (STM) antibody in the purified antibody
pools. To assess the titer and presence of non-specific antibody, purified antibody preparations
and fresh serum (FS) were assessed for anti-Vi, O:9, O:4,5 and S. Typhimurium outer membrane proteins (OMP) IgG titers by ELISA.
(TIF)
S6 Fig. Correlation between purified anti-Vi and anti-O:9 antibody binding. Levels of antiVi and anti-O:9 binding to five wild-type S. Typhi isolates cultured at 9, 85 and 500mM NaCl
were plotted against each other to examine the relationship between the binding of the two
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antibodies to the Salmonella surface. Correlation was calculated using Spearman’s rank.
(TIF)
S7 Fig. Vi expression by isogenic Vi-expressing and -non-expressing Salmonella Typhi and
Typhimurium strains. Vi expression levels on isogenic pairs of Vi+/- S. Typhimurium (STM)
and S. Typhi (STY) were measured using flow cytometry. Representative image is shown.
(TIF)
S1 Table. Demographic data for human serum donors in study. Human serum donors used
in this study were of mixed age, sex and race. No donors had reported or confirmed previous
Salmonella infection. Three donors had received ViPS vaccine more than three years previous
to venesection.
(TIF)

Acknowledgments
We thank Professor Ian R Henderson for critical review of the manuscript.

Author Contributions
Conceived and designed the experiments: PJH RAK GD AFC CAM. Performed the experiments: PJH CMO DAG. Analyzed the data: PJH RAK GD AFC CAM. Contributed reagents/
materials/analysis tools: CMO MKS SB RAK DAG JAC HR FM. Wrote the paper: PJH RAK
GD AFC CAM.

References
1.

Wain J, Hendriksen RS, Mikoleit ML, Keddy KH, Ochiai RL. Typhoid fever. Lancet. 2015; 385
(9973):1136–45. doi: 10.1016/S0140-6736(13)62708-7 PMID: 25458731

2.

Crump JA, Luby SP, Mintz ED. The global burden of typhoid fever. Bull World Health Organ. 2004; 82
(5):346–53. PMID: 15298225

3.

Mogasale V, Maskery B, Ochiai RL. Burden of typhoid fever in low-income and middle-income countries: a systematic, literature-based update with risk-factor adjustment (vol 2, pg e570, 2014). Lancet
Glob Health. 2014; 2(12):E696–E.

4.

Wain J, House D, Zafar A, Baker S, Satheesh N, Kidgell C, et al. Vi antigen expression in Salmonella
enterica serovar Typhi clinical isolates from Pakistan. J Clin Micro. 2005; 43(3):1158–65.

5.

Felix A, Pitt RM. A new antigen of B typhosus—Its relation to virulence and to active and passive immunisation. Lancet. 1934; 2.

6.

Looney RJ, Steigbigel RT. Role of the Vi-antigen of Salmonella-Typhi in resistance to host defense in
vitro. J Lab Clin Med. 1986; 108(5):506–16. PMID: 3021879

7.

Sharma A, Qadri A. Vi polysaccharide of Salmonella typhi targets the prohibitin family of molecules in
intestinal epithelial cells and suppresses early inflammatory responses. Proc Natl Acad Sci USA. 2004;
101(50):17492–7. PMID: 15576509

8.

Raffatellu M, Santos RL, Chessa D, Wilson RP, Winter SE, Rossetti CA, et al. The capsule encoding
the viaB locus reduces interleukin-17 expression and mucosal innate. responses in the bovine intestinal mucosa during infection with Salmonella enterica serotype typhi. Infect Immun. 2007; 75(9).

9.

Wangdi T, Winter SE, Baumler AJ. Typhoid fever: "you can't hit what you can't see". Gut Microbes.
2012; 3(2):88–92. doi: 10.4161/gmic.18602 PMID: 22156762

10.

Wilson RP, Winter SE, Spees AM, Winter MG, Nishimori JH, Sanchez JF, et al. The Vi Capsular Polysaccharide Prevents Complement Receptor 3-Mediated Clearance of Salmonella enterica Serotype
Typhi. Infect Immun. 2011; 79(2):830–7. doi: 10.1128/IAI.00961-10 PMID: 21098104

11.

Simon R, Tennant SM, Wang JY, Schmidlein PJ, Lees A, Ernst RK, et al. Salmonella enterica Serovar
Enteritidis Core O Polysaccharide Conjugated to H:g,m Flagellin as a Candidate Vaccine for Protection
against Invasive Infection with S. Enteritidis. Infect Immun. 2011; 79(10):4240–9. doi: 10.1128/IAI.
05484-11 PMID: 21807909

PLOS ONE | DOI:10.1371/journal.pone.0145945 January 7, 2016

16 / 17

Salmonella Typhi Antibody Killing

12.

MacLennan CA, Martin LB, Micoli F. Vaccines against invasive Salmonella disease: Current status and
future directions. Hum Vaccin Immunother. 2014; 10(6).

13.

Szu SC. Development of Vi conjugate—a new generation of typhoid vaccine. Expert Rev Vaccines.
2013; 12(11):1273–86. doi: 10.1586/14760584.2013.845529 PMID: 24156285

14.

Jansen AM, Hall LJ, Clare S, Goulding D, Holt KE, Grant AJ, et al. A Salmonella Typhimurium-Typhi
Genomic Chimera: A Model to Study Vi Polysaccharide Capsule Function In Vivo. PLoS Pathog. 2011;
7(7):16.

15.

Pickard D, Li JL, Roberts M, Maskell D, Hone D, Levine M, et al. Characterisation of defined OmpR
Mutants of Salmonella Typhi—OmpR is involved in the regulation of Vi polysaccharide expression.
Infect Immun. 1994; 62(9):3984–93. PMID: 8063417

16.

Bravo D, Silva C, Carter JA, Hoare A, Alvarez SA, Blondel CJ, et al. Growth-phase regulation of lipopolysaccharide O-antigen chain length influences serum resistance in serovars of Salmonella. J Med
Microbiol. 2008; 57(8):938–46.

17.

MacLennan CA, Levine MM. Invasive nontyphoidal Salmonella disease in Africa: current status. Expert
Rev Anti Infect Ther. 2013; 11(5):443–6. doi: 10.1586/eri.13.27 PMID: 23627848

18.

Boyd MA, Tennant SM, Saague VA, Simon R, Muhsen K, Ramachandran G, et al. Serum bactericidal
assays to evaluate typhoidal and nontyphoidal Salmonella vaccines. Clin Vaccine Immunol. 2014; 21
(5):712–21. doi: 10.1128/CVI.00115-14 PMID: 24623629

19.

MacLennan CA, Gondwe EN, Msefula CL, Kingsley RA, Thomson NR, White SA, et al. The neglected
role of antibody in protection against bacteremia caused by nontyphoidal strains of Salmonella in African children. J Clin Invest. 2008; 118(4):1553–62. doi: 10.1172/JCI33998 PMID: 18357343

20.

Goh YS, MacLennan CA. Invasive African nontyphoidal Salmonella requires high levels of complement
for cell-free antibody-dependent killing. J Immunol Methods. 2013; 387(1–2):121–9. doi: 10.1016/j.jim.
2012.10.005 PMID: 23085530

21.

Siggins MK, O'Shaughnessy CM, Pravin J, Cunningham AF, Henderson IR, Drayson MT, et al. Differential timing of antibody-mediated phagocytosis and cell-free killing of invasive African Salmonella allows
immune evasion. Eur J Immunol. 2014; 44(4):1093–8. doi: 10.1002/eji.201343529 PMID: 24375424

22.

Crawford RW, Wangdi T, Spees AM, Xavier MN, Tsolis RM, Baumler AJ. Loss of very-long O-antigen
chains optimizes capsule-mediated immune evasion by Salmonella enterica serovar Typhi. MBio.
2013; 4(4).

23.

Gemski P, Cross AS, Sadoff JC. K1 antigen-associated resistance to the bactericidal activity of serum.
FEMS Microbiol Lett. 1980; 9(3):193–7.

24.

Vogel U, Weinberger A, Frank R, Muller A, Kohl J, Atkinson JP, et al. Complement factor C3 deposition
and serum resistance in isogenic capsule and lipooligosaccharide sialic acid mutants of serogroup B
Neisseria meningitidis. Infect Immun. 1997; 65(10):4022–9. PMID: 9317002

25.

Galanis E, Wong D, Patrick ME, Binsztein N, Cieslik A, Chalermchaikit T, et al. Web-based surveillance
and global Salmonella distribution, 2000–2002. Emerg Infect Dis. 2006; 12(3):381–8. PMID: 16704773

26.

Janis C, Grant AJ, McKinley TJ, Morgan FJE, John VF, Houghton J, et al. In Vivo Regulation of the Vi
Antigen in Salmonella and Induction of Immune Responses with an In Vivo-Inducible Promoter. Infect
Immun. 2011; 79(6):2481–8. doi: 10.1128/IAI.01265-10 PMID: 21402763

27.

Nyirenda TS, Gilchrist JJ, Feasey NA, Glennie SJ, Bar-Zeev N, Gordon MA, et al. Sequential acquisition of T cells and antibodies to nontyphoidal Salmonella in Malawian children. J Infect Dis. 2014; 210
(1):56–64. PMID: 24443544

28.

Marshall JL, Flores-Langarica A, Kingsley RA, Hitchcock JR, Ross EA, Lopez-Macias C, et al. The
Capsular Polysaccharide Vi from Salmonella Typhi Is a B1b Antigen. J Immunol. 2012; 189(12):5527–
32. doi: 10.4049/jimmunol.1103166 PMID: 23162127

29.

Dougan G, Maskell D, Pickard D, Hormaeche C. Isolation of stable AroA mutants of Salmonella-Typhi
Ty2—Properties and preliminary characterization in mice. Mol Gen Genet. 1987; 207(2–3):402–5.
PMID: 3039297

30.

Gondwe EN, Molyneux ME, Goodall M, Graham SM, Mastroeni P, Drayson MT, et al. Importance of
antibody and complement for oxidative burst and killing of invasive nontyphoidal Salmonella by blood
cells in Africans. Proc Natl Acad Sci USA. 2010; 107(7):3070–5. doi: 10.1073/pnas.0910497107 PMID:
20133627

31.

O'Shaughnessy CM, Micoli F, Gavini M, Goodall M, Cobbold M, Saul A, et al. Purification of antibodies
to O antigen of Salmonella Typhimurium from human serum by affinity chromatography. J Immunol
Methods. 2013; 387(1–2):199–210. doi: 10.1016/j.jim.2012.10.015 PMID: 23142459

32.

Rondini S, Micoli F, Lanzilao L, Hale C, Saul AJ, Martin LB. Evaluation of the Immunogenicity and Biological Activity of the Citrobacter freundii Vi-CRM197 Conjugate as a Vaccine for Salmonella enterica
Serovar Typhi. Clin Vaccine Immunol. 2011; 18(3):460–8. doi: 10.1128/CVI.00387-10 PMID: 21248155

PLOS ONE | DOI:10.1371/journal.pone.0145945 January 7, 2016

17 / 17

