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ABSTRACT B cell antigen receptor (BCR) diversity increases by several orders of magni-
tude due to the action of terminal deoxynucleotidyl transferase (TdT) during V(D)J re-
combination. Unlike adults, infants have limited BCR diversity, in part due to reduced ex-
pression of TdT. Since human infants and young mice respond poorly to polysaccharide
vaccines, such as the pneumococcal polysaccharide vaccine Pneumovax23 and Vi poly-
saccharide (ViPS) of Salmonella enterica serovar Typhi, we tested the contribution of TdT-
mediated BCR diversity in response to these vaccines. We found that TdT�/� and
TdT�/� mice generated comparable antibody responses to Pneumovax23 and survived
Streptococcus pneumoniae challenge. Moreover, passive immunization of B cell-deficient
mice with serum from Pneumovax23-immunized TdT�/� or TdT�/� mice conferred pro-
tection. TdT�/� and TdT�/� mice generated comparable levels of anti-ViPS antibodies
and antibody-dependent, complement-mediated bactericidal activity against S. Typhi in
vitro. To test the protective immunity conferred by ViPS immunization in vivo, TdT�/�

and TdT�/� mice were challenged with a chimeric Salmonella enterica serovar Typhimu-
rium strain expressing ViPS, since mice are nonpermissive hosts for S. Typhi infection.
Compared to their unimmunized counterparts, immunized TdT�/� and TdT�/� mice
challenged with ViPS-expressing S. Typhimurium exhibited a significant reduction in the
bacterial burden and liver pathology. These data suggest that the impaired antibody re-
sponse to the Pneumovax23 and ViPS vaccines in the young is not due to limited TdT-
mediated BCR diversification.
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Infants and very young children do not respond efficiently to bacterial polysaccharide
(PS) antigens and as a consequence suffer severe infections from PS-encapsulated

bacterial pathogens, such as Streptococcus pneumoniae and Salmonella enterica serovar
Typhi. Reports from the CDC indicate that 21.6 million cases of typhoid fever due to S.
Typhi infection occur each year, resulting in 226,000 deaths, especially in children (1).
Invasive pneumococcal diseases kill over 1.5 million people each year globally, and the
majority of those deaths occur in young children (2). S. pneumoniae has more than 94
serotypes (based on antigenically distinct PSs), but most pneumococcal diseases in
humans are associated with 23 of these serotypes. The single-dose, nonconjugated
Pneumovax23 vaccine confers protection against the 23 most prevalent pneumococcal

Received 21 March 2018 Returned for
modification 15 April 2018 Accepted 26 June
2018

Accepted manuscript posted online 2 July
2018

Citation Belde V, Cravens MP, Gulandijany D,
Walker JA, Palomo-Caturla I, Alugupalli AS,
Sandilya VK, Mahmoud T, Bäumler AJ, Kearney
JF, Alugupalli KR. 2018. Terminal
deoxynucleotidyl transferase is not required for
antibody response to polysaccharide vaccines
against Streptococcus pneumoniae and
Salmonella enterica serovar Typhi. Infect Immun
86:e00211-18. https://doi.org/10.1128/IAI
.00211-18.

Editor Liise-anne Pirofski, Albert Einstein
College of Medicine

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Kishore R.
Alugupalli, kishore.alugupalli@jefferson.edu.

* Present address: Tamer Mahmoud,
MedImmune, Gaithersburg, Maryland, USA.

MICROBIAL IMMUNITY AND VACCINES

crossm

September 2018 Volume 86 Issue 9 e00211-18 iai.asm.org 1Infection and Immunity

https://doi.org/10.1128/IAI.00211-18
https://doi.org/10.1128/IAI.00211-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:kishore.alugupalli@jefferson.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00211-18&domain=pdf&date_stamp=2018-7-2
http://iai.asm.org


serotypes in adults, but it does not induce an optimal antibody response in young children
or young mice (3). Like pneumococcal diseases, typhoid is a vaccine-preventable disease (4,
5). Two types of licensed vaccines are currently available: a live attenuated S. Typhi vaccine
and a subunit vaccine composed of Vi polysaccharide (ViPS), e.g., Typhim Vi. The live
attenuated vaccine is not recommended for children less than 6 years of age due to safety
concerns. Although subunit vaccines are known to be very safe in children, the ViPS vaccine
does not induce an adequate antibody response in young children (5).

Impaired responses to PS antigens in the very young have been attributed to several
factors, such as delayed marginal zone B cell development, low expression of comple-
ment receptor CR1/2 on marginal zone B cells (6, 7), Bruton’s tyrosine kinase-mediated
B cell antigen receptor (BCR) signaling (8, 9), and a restricted BCR repertoire (10, 11). The
ability of B cells to recognize a broad range of antigens is attributed to the diversity of
the preimmune BCR repertoire. This diversity is generated by a complete usage of all
variable (V), diversity (D), and joining (J) gene segments as well as by the addition of
nontemplate (N) nucleotides at the junctions of the V-D, D-J, and V-J gene segments by
terminal deoxynucleotidyl transferase (TdT) during the V(D)J recombination process
(12).

T cell-independent (TI) type 1 antigens, such as bacterial lipopolysaccharide (LPS), at
high concentrations activate B cells primarily by stimulating mitogenic receptors, e.g.,
Toll-like receptors (TLRs), rather than BCRs. Therefore, the antibodies generated by such
stimuli are not necessarily antigen specific. On the other hand, TI type 2 (TI-2) antigens
are capsular PSs, including those present on a variety of clinically important human
pathogens, such as Streptococcus pneumoniae (13, 14). Unlike protein antigens, poly-
saccharide (PS) antigens are generally not processed and presented in the context of
major histocompatibility complex class II on antigen-presenting cells (13, 14), and as a
result, germinal center reactions are not developed upon PS immunization (15, 16).
Nevertheless, PS antigens can induce a fairly rapid and antigen-specific antibody
response in adults primarily by extensively cross-linking the BCR of antigen-specific B
cells (13, 14). Therefore, PS-specific antibody responses are largely dependent on the
breadth of the preimmune BCR repertoire.

The human B cell repertoire is developmentally regulated. Notably, fetal B immu-
noglobulin gene rearrangements use third-heavy-chain complementarity-determining
regions (HCDR3s) shorter than those from adults (17, 18). The developing B cells of
human infants also express significantly reduced levels of TdT compared to B cells of
older children (19). Consistent with this, the B cells of infants but not older children
express antibody V genes with reduced numbers of N nucleotides at the junctions of
the V-D, D-J, and V-J gene segments (19). Therefore, it was previously hypothesized that
infants and young children respond poorly to PS antigens due to reduced BCR
junctional diversity (10, 11). In support of this hypothesis, adult mice deficient in TdT do
not generate an efficient antibody response to �-1,3 dextran, a PS antigen expressed on
several microorganisms, including Enterobacter cloacae (11). To gain a better under-
standing of why human infants and young mice respond poorly to bacterial PS
antigens, we sought to evaluate the contribution of TdT-mediated BCR diversification
to antibody responses.

RESULTS AND DISCUSSION
Antibody responses to �-1,3 dextran are impaired in TdT�/� mice. Antibody

responses to PS antigens are T cell and germinal center independent (15, 16). PS-
specific antibody responses are largely dependent on the breadth of the preimmune
BCR repertoire rather than the postimmune repertoire, which is typically shaped by
somatic hypermutation in the germinal centers. Therefore, TdT-mediated junctional
diversity could be a contributing factor in recognizing PS antigens but not protein
antigens, which can induce a germinal center response. This is supported by the
efficient antibody response of TdT�/� mice to keyhole limpet hemocyanin, a very
immunogenic protein antigen (20). In contrast, the antibody response to �-1,3 dextran
is significantly reduced in TdT�/� mice (11). To confirm this finding, we immunized
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TdT�/� and TdT�/� mice intravenously (i.v.) with E. cloacae, which expresses �-1,3
dextran. We found that TdT-deficient mice, as previously shown (11), are significantly
impaired in the �-1,3 dextran antibody response compared to TdT-sufficient mice (Fig.
1A). To examine whether antibody responses to isolated PS antigens, which are
commonly used in vaccines, are also impaired in TdT-deficient mice, we immunized
mice with B1355 dextran, a homopolymer of D-glucose predominantly with �-1,3
linkages (21, 22). Compared to TdT-sufficient mice, the TdT-deficient mice were signif-
icantly impaired in responding to �-1,3 dextran in the context of isolated PS immuni-
zation (Fig. 1B).

Efficient antibody responses to Pneumovax23 in mice deficient in TdT. To test
whether the lack of TdT-mediated junctional diversity is also the basis for the inefficient
antibody responses to pneumococcal PS (PPS) antigens, we immunized adult TdT�/� or
TdT�/� mice with Pneumovax23. We found that the levels of Pneumovax23-specific
IgM or IgG in immunized TdT�/� and TdT�/� mice were comparable at all time points
tested (Fig. 2A and B). We also found that both TdT�/� and TdT�/� mice generated
indistinguishable IgM and IgG responses to pneumococcal PS serotype 3 (PPS3) (Fig. 2C
and D). To test whether those anti-Pneumovax23 responses confer similar levels of
protection, we challenged TdT�/� and TdT�/� mice with serotype 3 (i.e., PPS3) pneu-
mococcus strain WU2. Compared to their unimmunized counterparts, both immunized
TdT�/� and immunized TdT�/� mice survived the pneumococcal challenge (Fig. 2E and
F). The differences in the survival of immunized TdT�/� and TdT�/� mice were not
statistically significant (Fig. 2E versus F). These findings indicate that TdT is not required
for generating an efficient and functional antibody response to pneumococcal PS
antigens.

To test whether antibodies from TdT-deficient mice are sufficient to confer protec-
tion, serum from Pneumovax23-immunized TdT�/� or TdT�/� mice was transferred to
B cell-deficient mice. These mice were challenged with serotype 3 pneumococcus strain
WU2 as described previously (23). B cell-deficient mice that did not receive serum
succumbed to infection, whereas mice that received immune serum from TdT�/� mice
survived (Fig. 3). Although TdT�/� mouse serum recipients did not display 100%
survival, there was no significant difference between the survival of TdT�/� and TdT�/�

mouse serum recipients (Fig. 3). These data indicate that polysaccharide antibodies
generated without junctional diversity can confer protection against S. pneumoniae.

PPS14 is less immunogenic than PPS3 in mice (24). To test whether TdT-mediated
junctional diversity plays a role in the antibody response to a less immunogenic PPS
serotype, we immunized TdT�/� or TdT�/� mice with PPS14. Remarkably, we found
that PPS14-specific IgM and IgG responses were significantly higher in TdT-deficient
mice than in TdT-sufficient mice (Fig. 4). These data suggest that impaired responses to
certain PPS serotypes in the young are not due to a lack of junctional diversity. There

FIG 1 Antibody responses to �-1,3 dextran require TdT. TdT�/� or TdT�/� mice were immunized i.v. with
E. cloacae strain MK7 (3 � 108 bacterial cells) (A) or i.p. with B1355 dextran (B), and the levels of �-1,3
dextran-specific IgM were measured by ELISA as described previously (11). Each dot represents an
individual mouse, and the bars represent the mean antibody level. Statistically significant differences
were determined using two-way analysis of variance with the Bonferroni posttest. *, P � 0.05; **, P �
0.01; ****, P � 0.0001; n.s., not statistically significant.
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is mounting evidence that the effect of the diversifying activity of TdT is subtle and is
better measured at the level of clonal populations. It was shown previously that the
presence or absence of TdT had contrasting impacts on B cell repertoire development,
depending on the response studied. For example, the generation of the mouse germ
line stereotyped response to phosphorylcholine is favored by the absence of TdT
expression in neonatal life (23). This window of limited diversity is ablated in TdT short
isoform-transgenic mice, where enforced expression of TdT exerts its diversifying
activity in fetal and neonatal repertoires and prevents production of the dominant T15
idiotype antiphosphorylcholine antibodies that are protective against S. pneumoniae
infection (23). In contrast, TdT�/� mice, which have the opportunity to produce N-less
CDR3s even in adult bone marrow, were shown to generate a more robust T15 idiotype
antibody response than wild-type mice (25). However, the dominant clones that
respond to �-1,3 dextran were highly dependent on TdT activity to add critical residues
in the CDR3 responsible for the generation of clones, giving rise to higher-affinity
antibodies (26). Thus, TdT expression may enhance (11, 26) or impair (23) antibody
responses to certain antigens.

TdT is not required for antibody responses to ViPS of S. Typhi. To test whether
TdT is also dispensable for antibody responses to other bacterial PS vaccines, we
immunized adult TdT�/� and TdT�/� mice with ViPS, the critical component in the

FIG 2 Pneumovax23 immunization of mice sufficient or deficient in TdT results in a comparable antibody
response and confers protection against S. pneumoniae. Adult TdT�/� and TdT�/� mice were immunized
i.p. with 10 �g of Pneumovax23. Blood samples were obtained at 0, 7, 14, 21, and 28 days postimmu-
nization. (A to D) Pneumovax23-specific (A and B) or PPS3-specific (C and D) IgM and IgG levels were
determined by ELISA. Each dot represents an individual mouse, and the bars represent the mean
antibody level. The data represent pools from two independent experiments. Statistically significant
differences were determined using two-way analysis of variance with the Bonferroni posttest. n.s., not
statistically significant. (E and F) At 4 weeks following Pneumovax23 immunization, mice were infected
i.p. with 5,000 CFU of S. pneumoniae strain WU2 and survival was monitored. Survival statistics were
performed using the log-rank (Mantel-Cox) test, and P values are indicated within the plots.
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current typhoid subunit vaccine, Typhim Vi. In adult mice, administration of a single
dose of ViPS induces a robust anti-ViPS IgM and IgG response (27). We found that ViPS
immunization results in comparable ViPS-specific IgM and IgG responses in both
TdT�/� and TdT�/� mice (Fig. 5A and B). Since the IgM and IgG responses peaked at
7 and 28 days postimmunization, respectively, we chose these time points for evalu-
ating complement-dependent serum bactericidal activity against S. Typhi. We found
that the immune sera from both TdT�/� and TdT�/� mice exerted similar bactericidal
activity against S. Typhi, and the differences in the serum bactericidal titers were not
statistically significant at either time point (Fig. 5C and D).

S. Typhi is a human-restricted pathogen, and experimental models to test the
efficacy of typhoid vaccines are currently limited (28). S. Typhimurium causes a typhoid-
like systemic disease in mice. Therefore, S. Typhimurium infection in mice is widely used
as an experimental model to understand certain aspects of human typhoid (29).
Investigating the role of ViPS-specific antibody responses using S. Typhimurium is
limited by the fact that, unlike S. Typhi, S. Typhimurium does not express ViPS. A
chimeric strain of S. Typhimurium (RC60) was previously engineered to express all
genes that are necessary for ViPS synthesis, export, and regulation in S. Typhi and was
shown to exhibit cell surface and other characteristics of S. Typhi (30). To test the
ViPS-mediated protective immunity, unimmunized or immunized TdT�/� and TdT�/�

mice were challenged with RC60 on day 28 postimmunization, and the bacterial burden
in the blood, liver, and spleen was measured 3 days later. Compared to unimmunized
mice, we found a significant decrease in the bacterial burden in immunized TdT�/� and
TdT�/� mice (Fig. 6A); however, no significant differences in bacterial burden between
immunized TdT�/� and TdT�/� mice were observed. It was previously shown that

FIG 3 Immune serum from TdT-deficient mice confers protection against S. pneumoniae. B cell-deficient
mice were injected with 0.25 ml of serum from either TdT�/� or TdT�/� mice immunized with
Pneumovax23. Mice were infected i.p. with 500 CFU of S. pneumoniae strain WU2, and survival was
monitored. Survival statistics were performed using the log-rank (Mantel-Cox) test. **, P � 0.01; n.s., not
statistically significant.

FIG 4 Increased anti-PSS14 antibody responses in TdT-deficient mice. TdT�/� or TdT�/� mice were
immunized i.p. with 1 �g of PPS14, and the levels of PPS14-specific IgM and IgG were measured by ELISA.
Each dot represents an individual mouse, and the bars represent the mean antibody level. Statistically
significant differences were determined using two-way analysis of variance with the Bonferroni posttest.
****, P � 0.0001.
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mouse complement is not effective in activating the classical complement pathway on
certain nontyphoidal Salmonella serovars, including S. Typhimurium (31). Therefore, it
is important to note that in the in vitro serum bactericidal assay (SBA) we used baby
rabbit serum as a source of complement. Thus, the decrease in bacterial burden in
ViPS-immunized mice could be due to other defense mechanisms, such as antibody-
mediated opsonophagocytosis, as previously suggested (31, 32).

The liver lesions observed in S. Typhimurium infection in mice (33–37) are very
similar to those described for human typhoid patients (38–40). We confirmed that
systemic infection of naive mice with live S. Typhimurium strain RC60 resulted in
extensive liver damage, as shown by large areas of hepatocyte necrosis and infiltration
of mononuclear cells (Fig. 6D and E). In contrast, TdT�/� and TdT�/� mice immunized
with ViPS had significantly reduced necrotic regions in the liver (Fig. 6F and G).
Moreover, the infiltrated regions in the ViPS-immunized mice were significantly re-
duced compared to those in unimmunized mice (Fig. 6H). These data suggest that TdT
is not essential for generating an efficient and functional antibody response to ViPS.

TdT expression early in life temporally coincides with IL-7-dependent B lymphopoi-
esis. For example, human fetal B cell precursors have reduced expression of both IL-7
receptor � (IL-7R�) and TdT (19). Furthermore, humans with IL-7R� mutations have
reduced expression of TdT in their pro-B cells (19). We have previously shown that
murine antibody responses to Pneumovax23 require IL-7 (3). Recently, we have found
that IL-7-deficient mice are also impaired in responding to ViPS (41). Since the data
from the present study obtained using these two bacterial PS vaccines show that TdT
is dispensable for the generation of protective antibody responses, it is likely that IL-7
plays a role in generating antibody responses to some PS antigens independently of
TdT. Mice deficient in IL-7R� signaling have a restricted immunoglobulin repertoire,
partly because they are inefficient in their usage of distal VH gene segments during
V(D)J recombination (42), similar to the inefficiency of the usage of distal VH gene
segments seen in newborn mice (43). Human pro-B cells that develop early in life

FIG 5 Immunization with Vi polysaccharide results in comparable antibody and bactericidal responses in
TdT-sufficient and -deficient mice. (A and B) TdT�/� and TdT�/� mice were immunized i.p. with 2.5 �g
of ViPS, and the levels of ViPS-specific IgM (A) and IgG (B) were measured by ELISA. Each dot represents
an individual mouse, and the bars represent the mean antibody level. The data represent pools from two
independent experiments. Statistically significant differences were determined using two-way analysis of
variance with the Bonferroni posttest. n.s., not statistically significant. (C and D) Serum bactericidal
antibody titers against S. Typhi strain Ty2 were determined at 7 (C) and 28 (D) days postimmunization.
Each dot represents an individual mouse, and the bars represent the geometric mean. Statistically
significant differences were determined by the Mann-Whitney test.

Belde et al. Infection and Immunity

September 2018 Volume 86 Issue 9 e00211-18 iai.asm.org 6

http://iai.asm.org


express mainly proximal VH rather than distal VH segments (19). It was previously shown
that the majority of adult human B cells that bind to PPS serotypes 14 and 4 utilize
distal VH genes VH3-74 and VH3-48 (44), whereas those that bind to PPS serotypes 6b
and 23f utilize the VH3-23 located in the center of the human Ig heavy-chain locus (45,
46). We have recently found that the majority of ViPS-binding B cells of adult wild-type

FIG 6 Comparable reductions in bacterial burdens and liver damage in TdT�/� and TdT�/� mice immu-
nized with Vi polysaccharide. TdT�/� and TdT�/� mice were immunized with ViPS as described in the
legend to Fig. 5. (A) At 4 weeks after immunization, mice were infected i.p. with 3 � 104 CFU of
ViPS-expressing S. Typhimurium strain RC60, and at 3 days postchallenge, the bacterial burden was
determined as described in Materials and Methods. (B to G) Livers from naive uninfected mice (B and C),
naive infected mice (D and E), and ViPS-immunized and infected mice (F and G) were analyzed for
histopathology. Asterisks, necrotic lesions; arrows, areas of cellular infiltration. (H) Quantification of liver
damage in multiple mice. Each dot represents an individual mouse, and the bars represent the geometric
mean. The data represent pools from two independent experiments. Statistically significant differences
were determined by the Mann-Whitney test. **, P � 0.01; *, P � 0.05; n.s., not statistically significant.
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mice express immunoglobulin heavy-chain sequences containing distal VH gene seg-
ments, the most frequent of which were VH1-53 and VH1-55 (41). Therefore, the reasons
for the impaired anti-PS responses in the young could be attributable to a restricted Ig
repertoire due to an inefficient expression of distal VH genes. Adjuvants that increase
the breadth of preimmune BCR diversification by increasing the usage of distal VH

segments could help overcome the impaired responses to certain PS vaccines in infants
and young children.

MATERIALS AND METHODS
Mice. The Thomas Jefferson University Institutional Animal Care and Use Committee approved these

studies. Mice were housed in microisolator cages with free access to food and water and were
maintained in a specific-pathogen-free facility. TdT�/� mice were generated previously (47) and were
backcrossed onto a BALB/c mouse background for more than 10 generations. Two independent studies
confirmed that the TdT�/� mice had increased numbers of N nucleotides between their VH-DH and DH-JH

junctions and that such nucleotides were absent in TdT�/� mice (47, 48). In the present study, we used
TdT�/� and TdT�/� littermates for a controlled comparison, and the disruption of the gene encoding TdT
was confirmed by PCR. B cell-deficient mice (mb1-cre) on the C57BL6 mouse background (49) were
originally generated by Michael Reth (Max Planck Institute of Immunobiology, Freiburg, Germany) and
obtained from Ann Feeney (The Scripps Research Institute, La Jolla, CA). The genotype of the mb1-cre
mice was confirmed by PCR. All mice were bred in the Thomas Jefferson University’s Laboratory Animal
facility, and 8- to 12-week-old mice of both sexes were used.

Immunization. Mice were immunized intravenously (i.v.) with 108 paraformaldehyde-fixed Entero-
bacter cloacae strain MK7 bacteria in 100 �l of Dulbecco’s phosphate-buffered saline (DPBS; Mediatech,
Herndon, VA). Fifty micrograms of �-1,3 dextran (B1355; a gift from A. Jeanes) dissolved in 100 �l DPBS
was used to immunize mice intraperitoneally (i.p.). Two and a half micrograms of unconjugated Vi
polysaccharide (ViPS; lot 5 PDMI 158299, obtained from the U.S. Food and Drug Administration, Silver
Spring, MD) dissolved in 100 �l DPBS was used to immunize mice i.p. The ViPS used for immunization
was isolated from Citrobacter freundii strain WR7011 (O29 serotype) (50) and is structurally identical to the
ViPS from S. Typhi (51, 52). Previously, immunization with this ViPS in the range of 0.25 to 50 �g in 100
�l phosphate-buffered saline (PBS) was shown to induce an anti-ViPS antibody response comparable to
the response induced by ViPS from S. Typhi (52, 53). Ten micrograms of the 23-valent pneumococcal
polysaccharide (PPS) vaccine (Pneumovax23; Merck & Co. Inc., Whitehouse Station, NJ) or 1 �g of PPS14
(197-X; American Type Culture Collection, Manassas, VA) was dissolved in 100 �l DPBS and used to
immunize mice i.p. as described previously (3). Blood samples were obtained at 0, 7, 14, 21, and 28 days
following immunization and stored at �20°C.

ELISA. For measuring �-1,3 dextran-specific IgM, 96-well enzyme immunoassay/radioimmunoassay
plates (Costar 9017; Corning Inc., Corning, NY) were coated with 50 �l of dextran B1355 (1 �g/ml).
Pneumovax23-, PPS3-, or PPS14-specific IgM and IgG were measured by coating 96-well plates (Nunc
MultiSorp 467340; Nunc A/S, Roskilde, Denmark) with 50 �l of either Pneumovax23 (5 �g/ml), PPS3 (5
�g/ml; 169-X; American Type Culture Collection, Manassas, VA), or PPS14 (5 �g/ml). ViPS-specific IgM and
IgG were measured by incubating 96-well microtiter plates (Nunc MultiSorp 467340) with 50 �l of ViPS
(2 �g/ml) in DPBS overnight at room temperature. All plates were washed and blocked with 2% bovine
serum albumin (BSA) in PBS (pH 7.2) for 2 h at room temperature. For measuring Pneumovax23-, PPS3-,
and PPS14-specific antibody responses, serum samples were preincubated with C-polysaccharide (5
�g/ml; Statens Serum Institut Diagnostica A/S, Denmark) to decrease background binding (54). The
serum dilutions for measuring the antibody response to each polysaccharide were chosen after evalu-
ating various serum dilutions within the linear range by enzyme-linked immunosorbent assay (ELISA)
(data not shown). The chosen serum dilutions were as follows: �-1,3 dextran-specific IgM, 1:250;
Pneumovax23-specific IgM, 1:250; Pneumovax23-specific IgG, 1:50; PPS3-specific IgM, 1:100; PPS3-
specific IgG, 1:50; PPS14-specific IgM, 1:60; PPS3-specific IgG, 1:30; ViPS-specific IgM, 1:50; and ViPS-
specific IgG, 1:25. Blood samples were diluted and centrifuged (16,000 � g for 10 min), and the
supernatant was used. Since each of the PS-specific mouse IgM and IgG reference standards is not
available and the PS-specific antibodies are likely to be of an oligoclonal nature with various affinities, the
antigen-specific antibody levels in the present study were interpreted as nanogram-per-microliter
equivalents using normal mouse serum IgM or IgG standards (Bethyl Laboratories, Montgomery, TX), as
described previously (3, 55, 56).

SBA. The serum bactericidal assay (SBA) was performed as previously described (57). In brief,
log-phase cultures (optical density at 600 nm [OD600], 0.5 at 37°C) of S. Typhi strain Ty2 were prepared
in Luria-Bertani (LB) broth with 10 mM NaCl. Bacterial cells were washed in DPBS, and the bacterial cell
density was adjusted to 2.5 � 104 to 5.0 � 104 CFU per ml in DPBS. The expression of ViPS was assessed
by a slide agglutination test using a commercial Vi monoclonal antibody reagent (lot 188L-8; Statens
Serum Institut Diagnostica A/S, Denmark). Serum samples were heat inactivated by incubation at 56°C
for 30 min prior to use in the assay. Ten microliters of S. Typhi strain Ty2 in DPBS (250 to 500 CFU) was
added to each well of a round-bottom polypropylene 96-well plate containing 50 �l of heat-inactivated
serum in serial dilutions, 12.5 �l baby rabbit complement (Pel-Freeze, Rogers, AR), and 27.5 �l DPBS.
Triplicate samples of each dilution were incubated for 120 min at 37°C with gentle rocking, and 10 �l of
this mixture was plated on LB agar plates for counting of the number of CFU. Serum bactericidal antibody
titers were defined as the reciprocal of the highest dilution that produced 50% killing in relation to that
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in control wells containing complement but no mouse serum. Naive mouse serum served as a negative
control, whereas S. Typhi anti-Vi human IgG (lot R1, 2011; U.S. Food and Drug Administration, Silver
Spring, MD) served as a positive control.

Infections. For pneumococcal infections, 5 � 103 CFU of S. pneumoniae WU2, a serotype 3 strain (58,
59), was injected i.p., and the survival of the immunized mice was monitored. To test the relative
protection conferred by ViPS immunization, mice were infected with a chimeric strain of S. Typhimurium
(strain RC60) that expresses the genes necessary for ViPS synthesis, export, and regulation in S. Typhi (30).
Strain RC60 was grown to an OD600 of �1.0 in LB broth containing 10 mM NaCl. The expression of ViPS
was assessed by a slide agglutination test using a commercial Vi monoclonal antibody reagent (lot
188L-8; Statens Serum Institut Diagnostica A/S, Denmark). The bacteria were washed twice in DPBS, and
100 �l of DPBS containing 3 � 104 CFU was injected i.p. At 3 days postinfection, the liver and spleen were
collected and the tissues were processed using a Minilys tissue homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France). Blood was collected into anticoagulant, and the bacterial burden in the
blood and tissue homogenates was measured by counting of the number of CFU on LB agar plates.

Passive immunization. The protection mediated by passive immunization was determined as
described previously (23). Seven TdT�/� or TdT�/� mice were immunized with 10 �g of Pneumovax23
(3). At 40 days postimmunization, mice were sacrificed and serum was collected. Pooled serum was filter
sterilized (pore size, 0.22 �m), and 250 �l of this filter-sterilized serum was injected i.p. into B
cell-deficient mice (49). Three hours later, mice were infected i.p. with 500 CFU of S. pneumoniae (strain
WU2), and the survival of the infected mice was monitored for 10 days.

Histopathology analysis. Liver tissues obtained on day 3 postinfection were fixed in 10% buffered
formalin, and 4-�m paraffin-embedded sections were stained with hematoxylin and eosin. The specimen
slides were scanned at a �20 magnification on an Aperio CS2 ScanScope scanner (Leica Biosystems Inc.);
total, necrotic, and infiltration areas composed of lymphocytes and other mononuclear cells in the entire
specimen were quantified using Aperio ImageScope software (Leica Biosystems Inc.).

Statistical analysis. The data presented throughout depict pooled data from at least two indepen-
dent experiments unless otherwise noted. Statistical analyses were performed using Prism (version 5)
software (GraphPad Software, Inc., La Jolla, CA).
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