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Abstract

T cell-dependent B cell responses typically develop in germinal centers. Antibodies generated 

during such responses are isotype-switched and high-affinity to the antigen due to somatic 

hypermutation of antibody genes. B cell responses to purified polysaccharides are T cell-

independent, do not result in the formation of bona fide germinal centers, and the dominant 

antibody isotype produced during such responses is IgM with very few or no somatic mutations. 

Activation-induced cytidine deaminase (AID) is required for both somatic hypermutation and Ig 

isotype-switching in humans and mice. To test the extent to which unmutated polysaccharide-

specific IgM confers protective immunity, we immunized wildtype and AID−/− mice with either 

heat-killed Salmonella enterica serovar Typhi (S. Typhi) or purified Vi polysaccharide (ViPS). We 

found that wildtype and AID−/− mice immunized with heat-killed S. Typhi generated similar anti-

ViPS IgM responses. As expected, wildtype but not AID−/− mice generated ViPS-specific IgG. 

However, the differences in the antibody-dependent killing of S. Typhi mediated by the classical 

pathway of complement activation were not statistically significant. In ViPS-immunized wildtype 

and AID−/− mice the ViPS-specific IgM levels and S. Typhi bactericidal antibody titers at 7, but 

not at 28 days post-immunization were also comparable. To test the protective immunity conferred 

by these immunizations, mice were challenged with a chimeric S. Typhimurium strain expressing 

ViPS. Compared to their naïve counterparts, immunized wildtype and AID−/− mice exhibited 

significantly reduced bacterial burden regardless of the route of infection. These data indicate that 

an unmutated IgM response to ViPS contributes to protective immunity to S. Typhi.

Keywords

AID; IgM; Salmonella; B cells; Vi polysaccharide; Typhoid

¶ Correspondence should be addressed to Kishore R. Alugupalli, Department of Microbiology and Immunology, Sidney Kimmel 
Medical College, Thomas Jefferson University, 233 South 10th Street, BLSB 726, Philadelphia, PA 19107. Phone: 1-215-503-4554; 
Fax: 1-215-923-4153 kishore.alugupalli@jefferson.edu.
§K.P & I. P-C contributed equally

HHS Public Access
Author manuscript
J Immunol. Author manuscript; available in PMC 2019 June 15.

Published in final edited form as:
J Immunol. 2018 June 15; 200(12): 4078–4084. doi:10.4049/jimmunol.1701348.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Antibodies are essential for protection against a wide range of infectious agents and toxins. 

In fact, protective immunity conferred by most vaccines is antibody-mediated. The 

capability of antibodies to recognize a broad range of antigens is attributed to diversity of the 

pre- and post-immune B cell antigen receptor (BCR) repertoire. Preimmune BCR diversity 

is generated by somatic recombination of variable (V), diversity (D), and joining (J) gene 

segments and by the addition and deletion of non-template nucleotides at the junctions of the 

V-D, D-J and V-J gene segments by terminal deoxynucleotidyl transferase (TdT) during B 

cell development in the bone marrow (1). Diversification of the post-immune BCR repertoire 

is mainly generated in the germinal centers of secondary lymphoid organs (2). In the 

germinal centers, somatic hypermutation (SHM) of the variable regions of the Ig genes 

combined with selection processes give rise to the affinity maturation of antibodies to a 

given antigen. In addition, DNA rearrangement can also occur in the heavy chain constant 

region of the Ig genes by class-switch recombination (CSR) resulting in the generation of 

other isotypes such as IgG. In mice as well as humans the processes of SHM and CSR 

require activation-induced cytidine deaminase (AID) (3, 4). The antibody diversity generated 

by AID following antigen encounter is considered an important component for defense 

against a wide range of pathogens. Protein antigens such as tetanus, diphtheria and pertussis 

toxins are processed and presented to T cells by antigen-presenting cells. Vaccines 

comprised of protein antigens typically generate affinity-matured, and isotype-switched 

antibody responses. Therefore, protein antigens are commonly referred to as T cell-

dependent (TD) antigens.

However, there are classes of bacterial antigens that can induce antibody responses without 

T cell-help. These are referred to as T cell-independent (TI) antigens (5–7). TI type 1 (TI-1) 

antigens, the prototype of which is bacterial lipopolysaccharide (LPS), at high concentration, 

activate B cells primarily by stimulating mitogenic receptors e.g. Toll-like receptors (TLRs) 

rather than BCR. Therefore, the antibodies generated by such stimuli are not necessarily 

antigen-specific. On the other hand, TI type 2 (TI-2) antigens are polymeric antigens, such 

as capsular polysaccharides, present on clinically important human pathogens such as 

Streptococcus pneumoniae and Salmonella enterica serovar Typhi (S. Typhi). Unlike protein 

antigens, polysaccharide antigens are typically resistant to degradation and do not bind 

MHC II, therefore T cell help for polysaccharide-specific B cells is limited (5, 6), and 

germinal center reactions are not established (8, 9). Nevertheless, polysaccharide antigens 

can induce efficient antibody responses primarily by cross-linking the BCR of antigen-

specific B cells (5, 6).

The Vi Polysaccharide (ViPS) is a TI-2 antigen expressed on S. Typhi, the causative agent of 

typhoid in humans (10–12). ViPS is a virulence factor (13–16) and also a protective antigen 

(17). Global estimates reported by the Centers for Disease Control indicate that 21.6 million 

cases of typhoid fever occur each year resulting in 226,000 deaths (18, 19). The rapid 

emergence of multiple drug-resistant strains of S. Typhi is now complicating the treatment 

of this disease using antibiotics (20, 21). Typhoid is a vaccine-preventable disease and 

vaccination of high-risk populations is considered the most promising strategy for control of 

S. Typhi (10–12). Two types of licensed vaccines are currently available: a subunit vaccine 
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composed of plain ViPS, (Typhim Vi® or Typherix®) and a live attenuated S. Typhi vaccine 

containing a mixture of non-viable (5–50×109) and viable (2–10×109) bacteria (Vivotif®) 

(22).

Since antibodies produced during pure polysaccharide immunization are not affinity matured 

and the isotype is mainly IgM, due to the lack of a bona fide germinal center formation, we 

hypothesize that unmutated IgM response to ViPS should control the infection in AID−/− 

mice as efficiently as in wildtype mice. To test the extent to which unmutated ViPS-specific 

IgM confer protective immunity we immunized wildtype and AID−/− mice with either heat-

killed S. Typhi or purified ViPS to determine the impact of unmutated IgM in control of 

Salmonella in a murine model of Typhoid.

Materials and Methods

Mice

The Institutional Animal Care and Use Committee has approved these studies. Mice were 

housed in micro-isolator cages with free access to food and water and were maintained in a 

specific pathogen-free facility. AIDCre/Cre (stock no. 007770) mice on a C57BL/6J 

background were purchased from The Jackson Laboratories (Bar Harbor, ME). In these 

mice, Cre recombinase cDNA was inserted into exon 1 of AID (23). These mice exhibit the 

same phenotype as those of AID−/− mice generated by neomycin insertion in exon 1 of AID 

(3) and we have referred the AIDCre/Cre as AID−/− mice. Disruption of the gene encoding for 

AID is confirmed by PCR as described (23). Age-matched (8–12 wk old) wildtype 

C57BL6/J mice (stock; 000664) were purchased from The Jackson Laboratories and were 

also bred in house.

Immunization

Two and half micrograms of Vi Polysaccharide (ViPS; Lot 5 PDMI 158299 obtained from 

the U.S. Food and Drug Administration, Silver Spring, MD 20993) dissolved in 100µl 

Dulbecco’s phosphate-buffered saline [(DPBS); Mediatech, Herndon, VA] was used to 

immunize mice intraperitoneally (i.p.). This ViPS was isolated from Citrobacter freundii 
strain WR7011 (O29 serotype)(24), and is structurally identical to the ViPS from S. Typhi 

(25, 26). Previously, immunization of this ViPS in the range of 0.25 – 50 µg in 100 µl PBS 

was shown to induce comparable anti-ViPS antibody response (26, 27). For whole bacterial 

immunization, mice were injected i.p. with 3×108 heat-killed S. Typhi strain Ty2. Blood 

samples were obtained 0, 7, 14, 21 or 28 days following immunization and stored at −20°C.

Enzyme-linked immunosorbent assay (ELISA)

ViPS-specific IgM and IgG were measured by incubating 96-well microtiter plates (Nunc 

MultiSorp 467340; Nunc A/S, Roskilde, Denmark) with 2 µg/ml of ViPS in DPBS overnight 

at room temperature. All plates were washed and blocked with 2% Bovine serum albumin 

(BSA) in PBS pH 7.2 (blocking buffer) for 2 hours at room temperature. Blood from 

immunized mice was diluted to 1:25 for IgG detection and 1:50 for IgM detection in 

blocking buffer, samples were centrifuged (800 × g for 10 min.) and cell-free supernatant 

was used. The dilutions, 1:25 for IgG and 1:50 for IgM were chosen after evaluating various 
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serum dilutions within the linear range by ELISA (data not shown). Bound IgM or IgG was 

measured using HRP-conjugated goat anti-mouse IgM or IgG (Bethyl Laboratories, 

Montgomery, TX). Since ViPS-specific mouse IgM and IgG reference standards are not 

available, and the ViPS-specific antibodies in mice are likely to be of oligoclonal nature with 

varying affinities, the antigen-specific antibody levels in the present study were interpreted 

as ng/µl “equivalents” using normal mouse serum IgM or IgG standards (Bethyl 

Laboratories, Montgomery, TX), as described previously (28–30).

Serum bactericidal assay (SBA)

SBA was performed as previously described (31). In brief, log-phase cultures (OD600 of 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 

– 5.0 × 104 colony forming units (CFU) per ml in DPBS. The expression of ViPS was 

assessed by slide agglutination test using a commercial Vi monoclonal antibody reagent 

(Statens Serum Institute diagnostica A/S, Denmark; Lot 188L-8). Serum samples were heat-

inactivated by incubating at 56°C for 30 minutes prior to use in the assay. Ten microliters of 

S. Typhi strain Ty2 in DPBS (250–500 CFUs) were added to each well of a round-bottom 

polypropylene 96-well plate containing 50 µl of heat-inactivated serum in serial dilutions, 

12.5 µl baby rabbit complement (Pel-Freeze, Rogers, AR), and 27.5 µl DPBS. Triplicate 

samples of each dilution were incubated for 120 minutes at 37°C with gentle rocking and 10 

µl of this mixture were plated on LB agar plates for counting CFUs. Serum bactericidal 

antibody titers are defined as the reciprocal of the highest dilution that produced 50% killing 

in relation to control wells containing complement, but no mouse serum. Naïve mouse 

serum served as a negative control and serum from either mice immunized with heat-killed 

E. coli strain W3110 expressing pDC5 plasmid, which contains the genes necessary for the 

synthesis and export of ViPS (32), or S. Typhi Anti-Vi human IgG standard (Lot R1, 2011; 

U.S. Food and Drug Administration, Silver Spring, MD 20993) as two independent positive 

controls.

Infections

To test the relative protection conferred by ViPS immunization, mice were infected with a 

chimeric strain of S. Typhimurium (strain RC60) that expresses the S. Typhi genes necessary 

for ViPS synthesis, export and regulation as in S. Typhi (33). Strain RC60 was grown to an 

OD600 of ~1.0 in LB broth containing 10 mM NaCl. The expression of ViPS was assessed 

by slide agglutination test using a commercial Vi monoclonal antibody reagent (Statens 

Serum Institute diagnostica A/S, Denmark; Lot 188L-8). Bacteria were washed twice in 

DPBS and 100 µl of DPBS containing ~3×104 CFUs was injected i.p. or i.v. Three days 

post-infection 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 anti-coagulant and bacterial burden in the blood and tissue homogenates was 

measured by counting CFUs on LB agar plates.

Histopathology analysis

Liver tissues obtained on day 3 post-infection were fixed in 10% buffered formalin and 4 µM 

paraffin-embedded sections were stained with hematoxylin and eosin. The specimen slides 
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were scanned at 20× magnification on Aperio CS2 Scanscope® (Leica Biosystems Inc.), and 

total, necrotic and infiltration areas composed of lymphocytes and other mononuclear cells 

in the entire specimen was quantified using Aperio ImageScope® software (Leica 

Biosystems Inc.).

Statistical analysis

Data presented throughout depict pooled data from at least two independent experiments. 

Statistics were performed using the Prism 5 software program (GraphPad Software, Inc., La 

Jolla, CA).

Results

Efficient ViPS-specific IgM responses occur in mice deficient in AID

To test whether an efficient antibody response can be generated against ViPS in the complete 

absence of SHM and CSR, we immunized mice sufficient or deficient in AID with heat-

killed S. Typhi. We found that wildtype and AID−/− mice produced comparable levels of 

anti-ViPS IgM (Fig. 1A). The gradual decrease of ViPS-specific IgM in wildtype mice was 

concurrent with a reciprocal increase of ViPS-specific IgG, indicating the occurrence of an 

efficient isotype switching of the antigen-specific IgM to IgG (Fig. 1B). As expected, ViPS-

specific IgG was not generated in AID−/− mice (Fig. 1B).

For the initiation of the classical pathway of complement activation and the eventual lysis of 

the bacterial cells by the formation of the membrane attack complex, the binding of 

antibodies to target antigens on the bacterial surface is essential. Since AID−/− mice 

generated a comparable anti-ViPS specific IgM response by 7 days post-immunization (Fig. 

1A), and ViPS-specific IgG levels at this time point in the wildtype mice were not 

significantly different from baseline, we tested whether the unmutated IgM antibodies 

present in the immune serum of AID−/− mice exert bactericidal activity against S. Typhi via 

the classical pathway of complement activation. Using a previously established serum 

bactericidal assay (31), we found that immune serum obtained on day 7 post-immunization 

from wildtype and AID−/− mice exerted comparable S. Typhi bactericidal activity (Fig. 1C). 

Although there is a difference in the levels of ViPS-specific antibody isotypes at 28 days 

post-immunization (Fig. 1A & B), the difference in the serum bactericidal titers between 

wildtype and AID−/− mice at this time point were not statistically significant (Fig. 1D).

Whole bacterial immunization results in much more complex immune responses compared 

to the antibody response to isolated ViPS. For example, certain bacterial products can act as 

adjuvants and immune responses to other antigens can obscure the evaluation of protection 

mediated by anti-ViPS responses. Polysaccharide subunit vaccines are often contaminated 

with TLR ligands (34). In fact, individuals immunized with one of the current ViPS subunit 

vaccines, Typherix® also develop antibodies to LPS serotypes O-9, indicating the presence 

of S. Typhi LPS in the vaccine (35). It is important to note that TLR agonists also can induce 

AID expression and that BCR signaling can synergize in this process (36, 37). Thus, AID 

could also play a role in TI responses by promoting not only Ig isotype switching to IgG3 

but also somatic mutations in V regions of polysaccharide-specific antibody genes. Since 
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O-9 antigen-specific antibodies could interfere with our interpretations on the ViPS-specific 

IgM response, we have immunized mice with ViPS isolated from Citrobacter freundii 
(whose O serotype is 29), to test the impact of CSR and SHM under bona fide TI conditions. 

As observed in the whole bacterial immunization (Fig. 1A), we found that the ViPS-specific 

IgM responses in wildtype and AID−/− mice are comparable at 7 days post-immunization 

(Fig. 2A). At this peak IgM response time point, the differences in serum bactericidal titers 

were not statistically significant (Fig. 2C). ViPS-specific IgM in wildtype mice decreased 

more precipitously than in AID−/− mice (Fig. 2A) and this change was concurrent with a 

gradual increase of ViPS-specific IgG (Fig. 2B), indicating the occurrence of an efficient 

isotype switching in AID-sufficient mice. Interestingly, the serum bactericidal titers in AID
−/− mice were significantly lower at 28 days post-immunization (Fig. 2D) suggesting that 

IgG could play an additive role at later time points under TI immunization conditions as 

shown previously in the pneumococcal polysaccharide response (38).

Immunization of AID−/− mice with heat-killed S. Typhi Ty2 or ViPS can confer protection in 
vivo

S. Typhi is a human-restricted pathogen and experimental models to test the efficacy of ViPS 

or other Typhoid vaccines are currently limited (39). Salmonella enterica serovar 

Typhimurium (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 (40). 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 and possesses a longer LPS than S. Typhi. To overcome these 

limitations, a chimeric strain of S. Typhimurium (RC60) was previously engineered (33). 

RC60 expresses all genes that are necessary for ViPS synthesis, export and regulation as in 

S. Typhi and additionally has a deletion of FepE, which controls the length of the LPS. 

Strain RC60 was shown to exhibit cell surface and other characteristics of S. Typhi (33).

A previous study by Saxen demonstrated a role for S. Typhimurium-specific IgM in 

protection against Salmonella following i.p. challenge but not i.v. challenge (41). However, 

those IgM antibodies are generated by immunizing whole S. Typhimurium, that does not 

express ViPS. To test the impact of ViPS-specific IgM in protective immunity to murine 

typhoid, naïve or immunized wildtype and AID−/− mice were challenged with a relatively 

high dose (2×104 CFUs) of strain RC60 either i.p. or i.v. on day 28 post-immunization. The 

bacterial burden in the blood, liver, and spleen was measured 3 days later as described 

previously (42), since mice on C57BL6 background succumb to Salmonella infection by 5 

days post-infection at this infectious dose due to the presence of a susceptible Nramp1 allele 

(42–44). Compared to naïve mice, we found a significant decrease in bacterial burden after 

immunization with either heat-killed S. Typhi Ty2 (Fig. 3A and C) or with ViPS (Fig. 3B 

and D) in both wildtype and AID−/− mice. Although i.v. infection resulted in an order of 

magnitude more bacterial burden compared to i.p. infection, the route of infection did not 

impact the relative control of bacterial burden (Fig. 3AB vs CD). However, compared to 

immunized wildtype mice, immunized AID−/− mice had significantly more bacterial load in 

the liver and spleen of i.p. infected (Fig 3A and B) but not i.v. infected mice (3C and D).
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Comparable reduction of liver damage in wildtype and AID−/− mice immunized either with 
heat-killed Ty2 or ViPS

While liver biopsies are rare in typhoid-infected patients, biopsies have been collected in 

cases where typhoid was not initially considered (45). These rare cases provided insight into 

the histopathology of typhoid in humans. Typhoid-induced liver lesions consist of 

mononuclear cell infiltrates, congestion of sinusoids and altered staining with little/no 

steatosis in hepatocytes proximal to the lesion (46–48). Interestingly, the liver lesions 

observed in S. Typhimurium infection in mice (49–53) appear very similar to those 

described for human typhoid patients (46–48). We confirmed that systemic infection of 

naïve 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. 

4C&D) compared to the livers of naïve uninfected mice (Fig. 4A& B). Remarkably, the 

reduction in mononuclear infiltration and necrotic regions in the livers of AID−/− mice 

immunized either with heat-killed Ty2 or ViPS were comparable to that in wildtype mice 

(Fig. 4E through H). This reduction in liver pathology was evaluated in several mice and was 

statistically significant compared to unimmunized mice (Fig. 4I). Remarkably, compared to 

immunization with ViPS, immunization with whole bacteria resulted in more striking 

decrease in liver necrosis in both wildtype and AID−/− mice, suggesting that other protective 

responses beside anti-ViPS antibodies, induced by whole bacterial immunization also play a 

role in vivo (Fig. 4I).

Discussion

B cell responses to purified polysaccharide antigens are T cell-independent and do not 

induce sustained GC formation (8, 9). Although the antibody isotypes produced during such 

responses are predominantly of the IgM isotype, IgG3 is also considered as a signature for 

TI responses (54). A low frequency of somatic mutations in V regions can occur with BCR 

signaling even in the absence of T cell-help (55–57). Nevertheless, we found that anti-ViPS 

IgM can be generated even in the absence of AID and these antibodies were efficient in 

killing S. Typhi via the classical complement pathway. S. Typhi expresses O9 LPS, and 

induction of anti-O9 antibodies occur in humans immunized with ViPS subunit vaccine, due 

to contaminated LPS in ViPS purified directly from S. Typhi (35). Since we immunized 

mice with purified ViPS from C. freundii (25, 26) not S. Typhi, a role for anti-O9 antibodies 

in the observed serum bactericidal activity (Fig. 2C or D) is unlikely. Moreover, under high 

levels of ViPS expressing conditions such as our S. Typhi culture conditions, O9 antibodies 

are not expected to exert anti-bacterial activity as demonstrated previously (58). AID−/− 

immunized with ViPS also showed a significantly reduced bacterial burden (Fig. 3B&D) and 

liver damage (Fig.4). Together, our results suggest that CSR and SHM of antibody genes are 

not absolutely essential for antibody-mediated protection, and that unmutated antibodies to 

ViPS contribute significantly towards controlling murine typhoid.

The absence of functional AID in patients is characterized by the absence of 

immunoglobulin CSR and SHM, and significantly increased serum IgM levels (4). Similarly, 

AID−/− mice also have a 2–3-fold increase in basal levels of IgM (3). A striking observation 

was that the necrotic regions of unimmunized AID−/− mice were significantly smaller than 
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that in unimmunized wildtype mice (Fig. 4). This can be attributed to naïve AID−/− mice 

having 2–3 fold higher levels of total IgM than naïve wildtype mice (3). This finding is 

consistent with the fact that “natural” IgM produced in mice without any apparent antigen 

stimulation has a significant role in protective immunity (59, 60). In fact, passive 

immunization of mice with high doses of polyclonal human IgM can reduce S. Typhimurium 

burden in various tissues (61). Since Salmonella antigens recognized by “natural” IgM are 

not known, it remains to be determined how high levels of natural IgM contribute to 

protective immunity to typhoid.

Although AID is well characterized for its selective expression in activated mature B cells 

such as those in germinal centers, AID expression in developing B cells in bone marrow has 

been discovered. This expression appears to regulate central tolerance of B cells in both 

mice and humans and alter the BCR repertoire (62–65). For example, AID−/− mice are 

unable to purge certain auto-reactive B cells (62) and have significantly increased anti-DNA 

antibodies compared to wildtype mice. Unlike DNA, ViPS is not a self-antigen and the IgM 

of naïve wildtype or AID−/− mice show similar background reactivity to ViPS (Fig. 1). 

However, upon immunization with either ViPS or heat-killed S. Typhi both wildtype and 

AID−/− mice generate comparable levels of anti-ViPS IgM by 7 days post-immunization, 

suggesting that the altered preimmune BCR repertoire of AID−/− mice is unlikely to 

influence the conclusions of the present study.

It has been shown that Salmonella induces a significant B cell response at extra-follicular 

sites, without notable GCs (66, 67). At these sites SHM occurs efficiently leading to the 

generation of high affinity antibodies to Salmonella antigens (66). Although we found that 

antibody responses generated by ViPS or whole bacterial immunization in AID−/− mice can 

exert anti-Salmonella activity ex vivo (Figs. 1 C&D, 2 C&D), in the in vivo challenge 

model, we found that wildtype mice had significantly lower bacterial burden in liver and 

spleen compared to that in AID−/− mice (Fig. 3A&B). This indicates that isotype switched 

antibodies could also contribute to protective immunity in murine typhoid. In fact, it has 

recently been shown that IgG1 is required for optimal protection in the murine model of S. 
Typhimurium infection (68).

We have previously shown that B1b cells, a subset of mature B cells can generate a long-

lasting T cell independent IgM memory to Borrelia hermsii and that unmutated IgM specific 

to B. hersmii is sufficient to control bacteremia in vivo (28). Recently, it has been reported 

that IgM+ memory B cells that have a lesser amount of SHM were found to be longer-lived 

than hypermutated IgG+ memory B cells, indicating that antigen-specific unmutated IgM B 

cells can persist as memory B cells and confer long-lasting immunity (69). Although ViPS 

and NP-Ficoll, a widely used synthetic model polysaccharide antigen are also recognized by 

B1b cells in mice (29, 70, 71), the antibody response induced by these antigens is short-

lived, suggesting that hypermutated and isotype-switched antibodies influence IgM memory 

to TI-2 antigens. In fact, it has previously been shown that AID−/− mice can generate a 

heightened antigen-specific IgM response to NP-Ficoll upon reimmunization, which is 

indicative of the persistence of unmutated IgM memory B cells to TI-2 antigens (72).
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While polysaccharide conjugate vaccines induce prolonged immunity, they require 

administration of multiple doses to boost the primary response, and are prohibitively 

expensive for countries where Typhoid and pneumococcal diseases are endemic. 

Identification of the mechanisms persistence of long-lasting unmutated antibody responses 

could help in the development of subunit vaccines that are safe, cost-effective, require fewer 

doses, and will likely result in greater global accessibility and higher compliance in the 

broader population.
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Figure 1. Immunization with heat-killed S. Typhi results in comparable bactericidal antibody 
responses in wildtype and AID−/− mice
Adult (8–14 wk old) wildtype or AID−/− mice were immunized i.p. with heat-killed S. Typhi 

strain Ty2 (3×108 bacterial cells) and levels of ViPS-specific (A) IgM and (B) IgG were 

measured by ELISA. Each dot represents an individual mouse and the bar represents 

median. The data represents pool of two independent experiments. Statistical differences 

were determined using Two-way ANOVA with Bonferroni post-test. **** denotes p<0.001 

and n.s. denotes not significant. Serum bactericidal antibody titers against S. Typhi strain 

Ty2 were determined at (C) 7 and (D) 28 days post-immunization. Each dot represents an 

individual mouse and the bar represents geometric mean. Statistical differences were 

determined by Mann-Whitney test.
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Figure 2. Immunization with Vi polysaccharide (ViPS) induces ViPS-specific IgM and 
bactericidal antibody responses in AID−/− mice
Adult (8–14 wk old) wildtype or AID−/− mice were immunized i.p. with ViPS (2.5 µg) and 

levels of ViPS-specific (A) IgM and (B) IgG were measured by ELISA. Each dot represents 

an individual mouse and the bar represents median. The data represents pool of two 

independent experiments. Statistical differences were determined using Two-way ANOVA 

with Bonferroni post-test. **** denotes p<0.001; *** p<0.005, and n.s. denotes not 

significant. Serum bactericidal antibody titers against S. Typhi strain Ty2 were determined at 

(C) 7 and (D) 28 days post-immunization. Each dot represents an individual mouse and the 

bar represents geometric mean. Statistical differences were determined by Mann-Whitney 

test.
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Figure 3. Reduced bacterial burden in wildtype and AID−/− mice immunized either with heat-
killed S. Typhi or with Vi polysaccharide
C57BL/6J mice sufficient or deficient in AID were immunized with (A&C) heat-killed S. 
Typhi or (B&D) ViPS as in Fig 1 and 2. Four weeks after immunization mice were infected 

with 3×104 CFUs of ViPS expressing S. Typhimurium strain RC60 either (A&B) i.p. or 

(C&D) i.v., and three days post-infection bacterial burden was determined. Each dot 

represents an individual mouse and the bar represents median. The data represents pool of 

two independent experiments. Statistical differences were determined by Mann-Whitney 

test. *** p<0.005; **p<0.01; *p<0.05 and n.s. denotes not significant. Note: In panels C & 

D, the control unimmunized wildtype and AID−/− mice were identical.
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Figure 4. Reduced liver damage in wildtype and AID−/− mice immunized either with heat-killed 
S. Typhi or with Vi polysaccharide (ViPS)
C57BL/6J mice sufficient or deficient in AID were immunized with heat-killed S. Typhi or 

ViPS as in Fig 1 and 2. Four weeks after immunization mice were infected i.p. with 3 × 104 

CFUs of ViPS expressing S. Typhimurium strain RC60 and three days post-challenge livers 

were analyzed for histopathology. (A & B) naïve uninfected; (C&D) naïve infected; (E&F) 

heat-killed S. Typhi (Ty2) immunized and infected; (G&H) ViPS immunized and infected. 

Necrotic lesions are indicated with asterisk and cellular infiltration areas are indicated with 

arrows with in the picture. (I) Quantification of liver damage in multiple mice. Each dot 

represents an individual mouse and the bar represents median. The data represents pool of 

two independent experiments. Statistical differences were determined by Mann-Whitney 

test. **** p<0.0001; *** p<0.005; **p<0.01; *p<0.05 and n.s. denotes not significant.
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