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Vaccine development to prevent Salmonella Typhi infections has accelerated over the past decade, 

resulting in licensure of new vaccines, which use the Vi polysaccharide (Vi PS) of the bacterium 

conjugated to an unrelated carrier protein as the active component. Antibodies elicited by these 

vaccines are important for mediating protection against typhoid fever. However, the characteristics 

of protective and functional Vi antibodies are unknown. In this study, we investigated the human 

antibody repertoire, avidity maturation, epitope specificity, and function after immunization with 

a single dose of Vi-tetanus toxoid conjugate vaccine (Vi-TT) and after a booster with plain Vi 

PS (Vi-PS). The Vi-TT prime induced an IgG1-dominant response, whereas the Vi-TT prime 

followed by the Vi-PS boost induced IgG1 and IgG2 antibody production. B cells from recipients 

who received both prime and boost showed evidence of convergence, with shared V gene usage 

and CDR3 characteristics. The detected Vi antibodies showed heterogeneous avidity ranging 

from 10 μM to 500 pM, with no evidence of affinity maturation after the boost. Vi-specific 

antibodies mediated Fc effector functions, which correlated with antibody dissociation kinetics 

but not with association kinetics. We identified antibodies induced by prime and boost vaccines 

that recognized subdominant epitopes, indicated by binding to the de–O-acetylated Vi backbone. 

These antibodies also mediated Fc-dependent functions, such as complement deposition and 

monocyte phagocytosis. Defining strategies on how to broaden epitope targeting for S. Typhi Vi 

and enriching for antibody Fc functions that protect against typhoid fever will advance the design 

of high-efficacy Vi vaccines for protection across diverse populations.

INTRODUCTION

Vaccines are designed to induce a protective immune response against pathogens through 

the induction of functional antibodies (1). Correlates or surrogates of protection are often 

based on antibody levels (e.g., Haemophilus influenzae type b, hepatitis B vaccines) (2), 

although in many cases, protective antibody thresholds are difficult to reproduce. Few 

vaccines have mechanistic correlates, such as those measured in a serum bactericidal 

assay (e.g., meningococcal vaccines) or opsonophagocytosis assay (e.g., pneumococcal 

vaccines) (1, 3). Hence, increased attention is needed on not only the quantity but also 

the quality of the antibody response. Where quantitative antibody features fail, qualitative 

features such as specificity and affinity play a crucial role in protection against various 

pathogens including HIV-1, malaria, Zika, and others (4–7). In addition, antibody repertoire 

sequencing and single-cell B cell receptor (BCR) sequencing have provided insight into 

antibody development and selection upon immunization. Studying antibody responses after 

immunization and infection is therefore important to determine the antibody specificities 

that impart protection or control and, ultimately, for the development and optimization of 

vaccines.

One of the more recently developed vaccines for the prevention of typhoid fever is a Vi 

typhoid conjugate vaccine (Vi-TCV), in which Vi capsular polysaccharide antigen (Vi PS) is 

conjugated to tetanus toxoid (Vi-TT). Vi-TT induces immune responses that target Vi PS of 

Salmonella enterica subspecies enterica serovar Typhi (S. Typhi) (8). This bacterial pathogen 

infects 10 million to 13 million people annually (9) and is evolving to display extensive 

antibiotic resistance (10, 11). Immunogenicity of Vi-TT was established in a non-endemic 

population using a controlled human infection model (CHIM), where the efficacy was found 
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to be comparable to the licensed plain Vi PS vaccine (Vi-PS) (12). After this, a Vi-TT 

efficacy of 82% was observed in a randomized, controlled trial in typhoid-endemic Nepal 

(13). Both studies reported an increase in anti-Vi immunoglobulin G (IgG) antibodies after 

immunization; however, estimates on thresholds of Vi IgG required for protection have been 

difficult to reproduce for decades (14, 15). Recently, we reported that Vi PS–specific IgG1 

avidity and IgA magnitude and fold change were associated with protection in a CHIM 

study (16, 17). Although Vi vaccination is widely used to protect against typhoid fever, data 

on repertoire and functionality of antibodies induced after Vi immunization are currently 

limited. Understanding how to broaden the specificities and functional antibody repertoire 

will inform further immunogen design to protect against typhoid fever.

The Vi PS antigen constitutes one of the major virulence factors of S. Typhi as it shields 

the bacterial cell from the innate immune system upon entry through the gastrointestinal 

tract (18, 19). The Vi PS antigen is a linear homopolymer of α−1→4-galacturonic acid with 

variable O-acetylation (60 to 90% in naturally occurring S. Typhi) at the C3 position and 

a fixed N-acetyl at the C2 position (20, 21). Immunogenicity and antigenicity data have 

shown that the immunodominant epitope of Vi PS is the C3 O-acetyl group. This has been 

explained through molecular dynamics simulations showing that the O-acetyl is solvent-

exposed and bulky, thus burying the polysaccharide backbone and occluding alternative 

epitopes (22). However, partial de–O-acetylation (~45% O-acetylated Vi) has been shown to 

increase immunogenicity of Vi PS antigen (20), possibly owing to increased flexibility in the 

polysaccharide backbone (22). These studies have resulted in a World Health Organization 

standard for formulation of Vi vaccines to include Vi PS antigen with at least 52% [Vi (2 

mmol/g)] of monomers O-acetylated at C3 (23). Despite the immunodominance of the C3 

O-acetyl group, studies have shown that the vaccine still induces rabbit and human sera that 

exhibit binding to de–O-acetylated Vi PS antigen, albeit at very low levels (20, 22). The 

binding to de–O-acetylated Vi PS antigen after vaccination indicates that vaccine-elicited 

antibodies also target non–O-acetyl alternative epitopes, likely the C2 N-acetyl and/or the 

C5 carboxyl, which has been shown by one mouse monoclonal antibody (mAb) (24, 25). 

These epitopes may be subdominant but still solvent-exposed (SEE) or buried beneath the 

bulky O-acetyl group and occluded (SEO). To date, the repertoire of antibodies generated 

toward Vi PS antigen and their functional relevance in humans have not been explored.

Here, we evaluate the B cell repertoire of antibodies elicited by Vi vaccination in 

humans, determine which epitope specificities are present, investigate their avidity for Vi 

PS antigen, and establish their ability to mediate Fc-dependent effector functions. We 

show evidence of a heterogeneous antibody response with regard to antibody repertoire, 

IgG subclass distribution, and affinity maturation after both prime (Vi-TT) and boost (Vi-

PS). We identified Vi PS antigen–specific antibodies using selection strategies based on 

sequence convergence and the expansion and persistence of B cell lineages. At least four 

subdominant, alternative epitopes targeted by vaccine-elicited antibodies were identified 

including two epitopes that are shielded by the O-acetyl group and two epitopes that 

are exposed regardless of the presence of O-acetyl. Antibodies targeting the exposed 

epitopes can mediate antibody-dependent monocyte phagocytosis (ADMP) and antibody-

dependent complement deposition (ADCD) with a magnitude that significantly correlates 

with antibody-antigen off-rate kinetics.
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RESULTS

Vi-PS and Vi-TT immunizations induce a diverse antibody response with differences in 
variable heavy chain and subclass usage

A total of 12 participants were recruited to be immunized with Vi-TT, followed by a Vi-PS 

boost, and 10 participants completed the study. A subset of eight participants was selected 

on the basis of peripheral blood mononuclear cell (PBMC) availability. Paired data after 

both immunizations were available for only three of these eight participants, whereas for 

the remaining five participants, data were available only after the Vi-PS boost. IgG-positive 

plasmablasts collected from participants 7 days after prime with Vi-TT (n = 3) and 7 days 

after boost with Vi-PS (n = 8) were used for single-cell BCR sequencing (fig. S1). Humoral 

responses measured after Vi-PS boost represent both memory B cell responses induced by 

the Vi-TT prime in addition to naïve B cell responses induced by the Vi-PS boost. Because 

Ig subclasses are major determinants of antibody functionality, we investigated the subclass 

distribution within identified BCRs. After Vi-TT primary immunization, the predominant 

subclass was IgG1 (81.9 to 86.5%), with a small percentage of IgG2 (10.2 to 15.9%). In the 

paired samples after the Vi-PS boost, IgG1 (50.1 to 65.6%) remained the most prevalent, but 

increased percentages of IgG2 antibodies (28.1 to 46.5%) were observed. IgG2 sequences 

were also prevalent in the additional nonpaired Vi-PS samples (38.8 to 80.0%), compared 

with IgG1 (17.2 to 49.3%). IgG3 and IgG4 formed a very small proportion of the total BCRs 

identified (up to 13.2%; Fig. 1A).

To further characterize the observed heavy-chain sequences, additional features 

corresponding to functionally mature antibodies were investigated. The complementarity-

determining region 3 (CDR3) lengths after both Vi-TT prime and Vi-PS boost 

immunizations showed the expected Gaussian distribution, with little difference (Fig. 1B). 

The heavy-chain CDR3 length distributions for individual vaccinees included sharp peaks at 

particular lengths, suggesting that there were marked expansions of specific B cell clones 

after immunization (Fig. 1, C to E, and fig. S2). All six CDR3 length distributions deviate 

from a normal distribution (Shapiro-Wilk normality test, P < 0.001 for each). In addition, 

some of the heavy-chain V genes were overrepresented after either the Vi-TT prime or the 

Vi-PS boost immunization (Fig. 1F and fig. S3), suggesting that the prime and booster shots 

elicit antibody responses with different characteristics. These differences (Fig. 1) could be 

due, in part, to recall of memory cells after the boost. Thus, the Vi-TT primary immunization 

largely induced an IgG1 immune response, whereas the Vi-PS boost induced a response 

with both IgG1 and IgG2. In addition, the sequence analysis indicated that clonal expansion 

occurred after both immunizations.

Selection based on convergence, expansion, and persistence results in successful 
identification of Vi-specific antibodies

To identify Vi PS antigen–specific antibodies within the studied repertoires, antibodies were 

selected for expression as recombinant protein based on three approaches. Antibodies from 

individual participants were grouped into families based on the same predicted VH/JH and 

VL/JL germline gene usage and with VH and VL CDR3 sequences of equal lengths. The 

first approach was to favor the largest expanded families. Because expansion of antigen-

Dahora et al. Page 4

Sci Immunol. Author manuscript; available in PMC 2023 February 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specific plasmablasts is expected 7 days after immunization, larger families are more likely 

to represent the humoral response to the vaccine. Most families contained only one or 

two sequences, with only a small proportion showing greater expansion (Fig. 2A and fig. 

S4). Only families expanded after the Vi-PS booster immunization were selected in this 

approach. The second approach was to identify antibody family persistence by selecting 

families that were observed after the prime immunization and also present and expanded in 

the same participant after the Vi-PS boost (Fig. 2B). The persistent observation of a family 

after both immunizations is consistent with activation by the Vi component of both vaccines 

instead of the TT component of the Vi-TT prime. In the third approach, antibodies were 

prioritized on the basis of convergence across participants (Fig. 2C). A total of 96 families 

were selected on the basis of a combination of expansion, persistence, and convergence (Fig. 

2D), and one representative of each family was picked to generate 96 mAbs.

Of 96 generated mAbs, 53 (55%) were positive for Vi PS antigen binding by biolayer 

interferometry (BLI) ranging from low-level binding at the 0.08-nm positivity cutoff to 

high binding with a maximum of 13.22 nm (Fig. 2E). For one of eight participants, none 

of the selected antibodies bound to Vi PS antigen. Antibodies selected for convergence 

had the highest rate of Vi PS antigen binding (63%), followed by 50% for persistence 

and 47% for expansion (Fig. 2F). This is consistent with the induction of convergent 

antibody responses (similar antibodies in different participants) by Vi vaccines. Although 

selection of the mAbs was carried out independently of the CD62L status of the plasmablast 

that was used for BCR sequencing, CD62L-positive plasmablasts were associated with a 

higher frequency of Vi PS antigen binding (P < 0.008; Fig. 2G): 70% of the selected 

CD62L-positive plasmablasts were positive for Vi PS antigen binding, whereas only 40% of 

the CD62L-negative plasmablasts were positive for Vi PS antigen binding. Of the 96 mAbs, 

only 2 were found to bind TT (fig. S5). Combined, these data indicate that the selection 

strategy performed here was successful and could potentially be improved by incorporating 

CD62L status. To investigate maturation of the antibody response to Vi, we examined the 

number of somatic hypermutations in the variable regions of the antibody heavy and light 

chains after prime and boost. The range of the mutation rate for post-prime mAbs was 

between 11 and 34 mutations and 2 and 47 mutations after boost (fig. S6). This level of 

somatic hypermutation is consistent with recruitment of both naïve and memory B cells 

shown in other vaccine regimes for influenza, Streptococcus pneumoniae, etc. (26–28). The 

mutation rate range was broader after boost with the Vi-PS vaccine; however, only three 

mAbs were selected from the post-prime group, so median levels of mutations could not be 

compared between groups (fig. S6).

Vi polysaccharide antibodies exhibit heterogeneous avidity, and affinity maturation is not 
detected

To further characterize the binding and functional properties of Vi-specific mAbs, we first 

measured the avidity of each antibody to Vi PS antigen by BLI. Most mAb avidities 

were within a range of 103 to 105 (M−1 s−1) for on-rate and 10−2 to 10−4 (s−1) for 

off-rate. Overall, avidity measurements of the 53 mAbs that were positive for binding to 

the polymeric Vi PS antigen ranged from 10 μM to 500 pM (Fig. 3A), and Vi binding 

response magnitude showed moderate negative correlation with KD (r = −0.60, P < 0.0001; 
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Fig. 3B), indicating a positive correlation with avidity. Only three antibodies were selected 

after prime with Vi-TT; these exhibited an avidity in the 1 μM range, similar to that of 

mAbs isolated from the same participant after boost (Fig. 3, C and D). Similarly, polyclonal 

sera collected after Vi-TT prime and Vi-PS boost showed no evidence of maturation (Fig. 

3E). Therefore, within this sample set, there was no evidence of avidity maturation of Vi 

antibodies after repeat vaccination.

Vi vaccines induce convergent B cell responses with shared CDR3 characteristics

Evidence of interdonor B cell sequence convergence in the anti-Vi immune response 

allowed for successful selection of 53 Vi-specific mAbs. To further investigate the level 

of convergence, we examined the sequence characteristics, avidity, and epitope binning of 

each group of convergent mAbs. We compared heavy-chain sequences with the same VH 

gene segment among the seven donors from whom Vi PS antigen binding antibodies were 

successfully isolated. Using a cutoff for heavy-chain CDR3 identity of 75% or greater 

(29), we identified five convergent groups of antibodies (G1 to G5). Each convergent group 

included antibodies from two or more individual donors, and six of seven donors were 

represented in at least one group, suggesting that convergent responses to the Vi PS antigen 

are common among vaccine recipients. Frequent use of VH3–23 and Vκ3–11/ Vκ3–15 was 

observed in convergent groups (Fig. 4A). Within groups that shared VH and VL, all groups 

(G1 to G5) shared a high level of CDRH3 sequence similarity (ranging from 76.5 to 100%) 

(Fig. 4B). Cross-competition of antibodies within each group provided further evidence that 

antibodies showing evidence of convergence target similar sites on Vi PS (Fig. 4C). In nearly 

all instances, no blocking was observed with a convergent pair when the higher-avidity 

antibody bound after the lower-avidity antibody (an example being lower-avidity antibody 

AB-007972 versus higher-avidity AB-007981 in G2), whereas when the high avidity bound 

first, the secondary antibody was blocked. Competition seen between mAbs of different 

convergent groups, in addition to within groups, is consistent with overlapping epitopes 

among the Vi binding antibodies (fig. S7). Another possibility is that steric hindrance 

impedes binding to an adjacent but distinct site.

mAbs derived from Vi vaccination can target subdominant epitopes

To further resolve the epitope specificity of Vi mAbs derived by vaccination, we used a 

chemical modification to eliminate the immunodominant O-acetyl group at the C3 position 

and expose the polysaccharide backbone (Fig. 5A). The international standard (16/126) 

for Vi polysaccharide is 94.3% O-acetylated (30). Treatment with ammonium hydroxide 

(NH4OH) was titrated to determine the concentration at which the O-acetyl groups are 

completely removed. At 1.0 M NH4OH, the Vi PS antigen was completely de–O-acetylated 

(Fig. 5B and fig. S8), leaving a new C3 1H in its place. Of 53 mAbs, 47 exhibited C3 

O-acetyl–dependent epitope specificities, including AB-008053, where binding to the Vi 

PS antigen was reduced by over 75% upon de–O-acetylation (Fig. 5, C and D, right). 

However, six mAbs (about 10% of the total pool) bound equally or with higher binding to 

de–O-acetylated Vi PS antigen as compared with native Vi PS antigen (Fig. 5D, left). Of 

those six mAbs, three displayed similar binding response and avidity to the native Vi PS 

and de–O-acetylated Vi PS antigens including AB-007988 (Fig. 5E and fig. S9A), indicating 

at least one subdominant, alternative epitope that is exposed (SEE) and independent of 
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the O-acetyl group. In addition, three mAbs bound with greater binding and avidity to the 

de–O-Vi PS antigen compared with the native Vi PS antigen including AB-008049 (Fig. 5F 

and fig. S9B), indicating at least one subdominant epitope that is occluded (SEO) by the C3 

O-acetyl and is less solvent accessible.

Competition experiments with the anti–O-acetyl antibody AB-008053 further defined the 

epitope specificities of these six alternate specificity mAbs. After Vi PS antigen binding 

was saturated by AB-008053, the further increase in binding signal mediated by AB-007986 

and AB-007981 indicates that these mAbs are specific for an epitope that is exposed (SEE) 

and non-adjacent to the C3 O-acetyl group (Fig. 6A). AB-007988, which bound with equal 

binding and avidity to the Vi PS and de–O-acetylated Vi PS antigens as well (Fig. 5E), 

was slightly blocked by AB-008053 in the competition assay (Fig. 6A). This suggests that 

AB-007988 binds an epitope adjacent to, but not dependent on, the C3 O-acetyl group 

and that perhaps steric hindrance by AB-008053 inhibited binding of AB-007988. This 

is confirmed by performing the competition in the reverse orientation where AB-007988 

associated first, followed by AB-008053 (fig. S10A). All three mAbs that bound with 

higher binding and avidity to de–O-acetylated Vi PS compared with the native Vi PS 

antigen were blocked by the anti–O-acetyl mAb AB-008053 (Fig. 6B), confirming that the 

epitope specificity of these mAbs is shielded by the C3 O-acetyl group. Furthermore, a 

cross-competitive assessment of the six alternative epitope mAbs with each other confirmed 

that AB-007988 binds a distinct SEE epitope from the SEE epitope bound by AB-007986 

and AB-007981 (Fig. 6C). In addition, there are two SEO epitopes, one that is only 

partially occluded by the O-acetyl group and was bound by AB-007973 and one that is 

completely occluded by the O-acetyl group and was bound by AB-008049 and AB-007985 

(Fig. 6C). These experiments indicate that AB-007973 and AB-007988 bind overlapping 

but nonidentical epitopes, where the AB-007988 epitope is more solvent accessible and the 

AB-007973 epitope is slightly more occluded.

Vi antibodies mediate Fc-dependent effector functions

To identify the capacity of Vi binding antibodies to mediate Fc-dependent effector functions, 

we evaluated the Vi-specific mAbs in in vitro monocyte phagocytosis and complement 

deposition assays (figs. S11 and S12). Vi-specific mAbs mediated a broad range of ADMP 

and ADCD activity, with the mAbs specifically targeting an SEE epitope among the highest 

performers for both ADMP and ADCD (Fig. 7, A and B). On the contrary, mAbs that 

targeted an SEO epitope occluded by the C3 O-acetyl group performed poorly, likely 

because of the inaccessibility of the epitope (Fig. 7, A and B). Capacity to mediate ADMP 

was moderately associated with the capacity to mediate ADCD (r = 0.51, P = 0.0001; Fig. 

7C).

The association rate (on-rate) of mAbs to Vi PS antigen had no impact on ADMP (r = −0.01, 

P = 0.9452; fig. S13A) or ADCD (r = 0.26, P = 0.063; fig. S13B); however, the dissociation 

rate (off-rate) of mAbs to Vi PS antigen was highly, negatively correlated (slower off-rate 

corresponds to higher function) with potency of ADMP (r = −0.50, P = 0.0002; Fig. 7D) 

and ADCD (r = −0.74, P < 0.0001; Fig. 7E). ADMP was weakly correlated with antibody 

avidity (r = 0.38, P = 0.005; Fig. 7D); however, ADCD was highly correlated with antibody 
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avidity (r = −0.76, P < 0.0001; Fig. 7E). In the current experimental setup, Vi mAbs with 

avidity lower than 500 nM did not mediate ADCD with Vi PS antigen–coated beads (Fig. 

7E). These results indicate that antibodies targeting any epitope that is accessible, not merely 

the immunodominant C3 O- acetyl group, can mediate Fc effector function in a manner 

dependent on the antibody-antigen off-rate.

DISCUSSION

Recent analyses of immune correlates for typhoid Vi PS vaccines suggest that protection 

from typhoid is mediated by high titers of high-avidity IgG and IgA antibodies in 

combination with antibody-mediated innate immune cell function (12, 16, 17). Although 

Vi antibodies correlate with protection against typhoid, the properties of the vaccine-induced 

humoral immune response to Vi remain unknown. In this study, we isolated plasmablasts 

from individuals primed and boosted with Vi vaccines and evaluated the repertoire, avidity 

maturation, epitope specificity, and functionality of Vi mAbs. Our findings highlight that 

Vi vaccination elicits convergent, functional antibodies that target both immunodominant 

and subdominant Vi epitopes, and that ability to mediate Fc effector function is largely 

associated with antibody dissociation kinetics.

After both prime (Vi-TT) and boost (Vi-PS), the predominant antibody subclass expressed 

by B cells was IgG1, the most common antibody subclass in serum. A Vi-PS boost resulted 

in an increase in IgG2-expressing plasmablasts likely from new marginal zone or B1 B cells 

induced directly by the unconjugated, T-independent polysaccharide. Previously, it has been 

reported that polysaccharides are likely to induce an IgG2 response (31–33), which has also 

been observed for the Vi-PS vaccine (16). The number of IgG3 sequences detected in this 

study is lower than would be expected based on antibody data (16). Responses evaluated 

after Vi-PS would include boosting of existing memory B cells induced by the conjugate 

prime and newly activated B cell clones, consistent with the broad range of somatic 

hypermutations in the antibody variable regions (range, 2 to 47). Therefore, although the 

prime-boost strategy allows for a robust humoral response to be generated toward Vi, this 

strategy does make it difficult to determine whether the Vi-PS vaccine response evaluated 

here is a typical response for Vi-PS immunization. The prime-boost strategy does allow the 

direct comparison of repertoires within the same individual. Here, we highlighted four of the 

IgHV genes for which a difference in frequency was observed between the Vi-TT and Vi-PS 

vaccines. IgHV3–23 is one of the most commonly observed genes (34), and antibodies using 

this region have previously been described to recognize other polysaccharides such as the H. 
influenzae type b (Hib) polysaccharide (35). Allelic variances in IgHV3–23 were also shown 

to influence antibody binding and effector function toward this antigen (35).

Using the selection criteria of convergence, persistence, and expansion, we isolated 96 

mAbs, of which 52 were positive for binding the 94.3% O-acetylated Vi PS antigen, with 

1 additional binding to de–O-acetylated Vi PS antigen only, for a total of 53. Only 2 

mAbs bound to TT; therefore, either the remaining 41 mAbs have an unidentified antigen 

specificity or the affinity of these antibodies for Vi is too low to measure by BLI. The 

mAbs that had measurable binding responses for Vi exhibited a range of KD from around 

10 μM to around 500 pM; however, the measurement of KD is representative of avidity not 
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true affinity due to the size of the Vi polymer and binding by full IgG molecules. Future 

studies to measure affinity would require digestion of mAbs into single Fab fragments and 

synthesizing the Vi minimal epitope, shown to be a hexamer (36), rather than using the 

native Vi PS antigen, which contains greater than 10,000 U (37). Therefore, the measured 

avidity must be higher than the true affinity of these mAbs, which are likely to be near the 

lower range of 10 μM, similar to most other isolated polysaccharide mAbs against other 

pathogens (38, 39). There was no evidence of affinity maturation at the population level, 

also reported in a CHIM study after Vi vaccination (16), and there is unlikely to be affinity 

maturation occurring on the individual level within a clonal lineage. Here, we selected one 

representative mAb from each expanded or persistent family; therefore, the changes within 

clonal lineages cannot be examined. However, these results are not unexpected as boosting 

with unconjugated Vi polysaccharide, a T cell–independent antigen, is unlikely to drive 

affinity maturation (40, 41).

Naturally occurring S. Typhi isolates exhibit Vi PS where 60 to 90% of monomers 

are O-acetylated (21), and currently licensed Vi-based vaccines require a threshold of 

>52% O-acetylation (23). Previous studies have established that vaccination with highly 

O-acetylated Vi still induces low-level polyclonal antibody responses to other unknown 

epitopes on the polysaccharide backbone (20, 22), but the functional relevance of these 

subdominant responses, if any, has not been described. Here, we show that around 10% of 

the selected Vi PS plasmablast pool are specific for subdominant, non–O-acetyl epitopes 

and that these antibodies appear after prime, after boost, and in more than half of the 

donors, indicating that these responses are common. However, whether these antibodies 

arise because of new epitope exposure via Vi conjugation to TT, which has been shown 

to change the conformation and flexibility of other vaccine antigens, is unknown (42, 43). 

We show that although the O-acetyl group is the immunodominant epitope, antibodies 

arise that target at least four distinct, alternative epitopes, two that are subdominant but 

solvent-exposed (SEE) and two that are completely or partially occluded from the surface 

(SEO). The level of convergence and competition between Vi binding mAbs suggests 

that likely only a small number of overlapping and adjacent epitopes exist on the Vi PS. 

Possible epitope specificities are presumably limited because of the nature of the antigen 

as a homopolymer with a small repeating monomer. Epitope mapping using additional 

site-directed modifications of the polysaccharide would define the epitope specificities of 

these mAbs and determine whether the mAb binding sites are identical or are competing by 

steric hindrance due to recognition of overlapping epitopes.

We observed that mAbs targeting the subdominant exposed epitopes were among the highest 

performers for ADMP and ADCD, indicating that responses toward subdominant regions 

may be functional in preventing or controlling typhoid fever. However, mAbs targeting the 

subdominant epitope occluded by O-acetyl groups performed poorly for ADMP and ADCD 

likely because of the inaccessibility of the epitope for binding. Partial de–O-acetylation of 

Vi (~45 to 60%) increased immunogenicity of Vi (20) by increasing the flexibility of the 

polysaccharide backbone (22), and de–O-acetylation also exposes new epitopes. We found 

that antibodies to these exposed subdominant epitopes (SEE) mediated potent antibody-

dependent Fc effector functions, providing rationale to test the role of these antibodies in 

protection against or control of S. Typhi infection.
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Properties that influence antibody-mediated effector functions include epitope-paratope 

interactions and Fc-FcR interactions. We found that potency of monocyte phagocytosis and 

complement deposition were significantly correlated with antibody off-rate, but not with 

on-rate, consistent with a prior study (44) and distinct from neutralization, which was linked 

to association rates (45, 46).

This study has several limitations. The focus of the antibody kinetics and functional 

analyses is limited to Vi IgG1 mAbs, without analysis of additional isotypes and subclasses. 

Given that a large proportion of antibodies mounted against Vi PS after vaccination with 

Vi-PS are of the IgG2 subclass and that allosteric changes can influence binding kinetics 

(47, 48), further studies with the natural antibody isotype and subclass are needed. In 

addition, because Vi PS IgA correlated with protection in a CHIM to study typhoid 

(16), an assessment of the IgA+ plasmablast pool and characterization of IgA specificity 

and function is warranted. Other limitations of this study include the small number of 

participants from which plasmablasts were isolated (n = 8) and the small number of 

prime time point antibodies and prime-boost paired samples to assess affinity maturation. 

However, the presence of high-avidity antibodies after the boost and the finding that function 

is dependent on maturation of the antibody off-rate provides evidence that boosting may 

elicit more kinetically and functionally mature antibodies. High-avidity antibodies with 

antibody Fc effector functions correspond with protection from disease in a typhoid CHIM 

(16, 17). Serum bactericidal activity did not correlate with protection; however, the role 

of complement activation as part of a polyfunctional response is not fully understood 

(49). There is room to improve on the efficacy of the Vi-TT vaccine regimen to move 

from 82 and 85% efficacy in Nepal and Bangladesh, respectively (13, 50), to an ideal 

of 100% in diverse populations, including immunocompromised individuals. The results 

from this current study provide rationale to test whether a boost immunization provides 

better protection than a single-dose vaccination alone to achieve maximum efficacy in all 

populations. Although the Vi-PS boost in this study enriched Vi-specific plasmablasts to 

study Vi-specific immunity, likely a boost with Vi-TT would provide the most robust affinity 

maturation while maintaining the critical memory B cell pool.

In summary, we identified that antibodies to both dominant and subdominant epitopes 

mediated in vitro phagocytosis and complement deposition. Moreover, functional responses 

correlated with antibody dissociation rate from Vi. Broadening the antibody epitope 

targeting and Fc-mediated effector functions for S. Typhi Vi is a promising strategy for 

improving Vi vaccine regimens with higher efficacy in different populations.

MATERIALS AND METHODS

Study design

The objective of our study was to characterize the human antibody response induced by a 

prime-boost vaccination strategy against S. Typhi virulence factor Vi polysaccharide and to 

test the hypothesis that diverse and subdominant epitope specificities could mediate antibody 

Fc effector functions. We sorted and sequenced plasmablasts from vaccinated individuals (n 
= 8) after prime and boost and selected a pool (n = 96) of sequences to express as mAbs. 

We examined the convergence in B cell responses by examining V gene usage and CDR3 
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characteristics between vaccinees. Using different forms of the Vi polysaccharide antigen 

(O-acetylated and de–O-acetylated), we defined the specificity of vaccine-derived mAbs 

and the avidity maturation of these antibodies after prime and boost. Last, we investigated 

the ability of these antibodies to mediate Fc effector functions in cell-based assays and 

established the relationship between Fc function, specificity, and avidity.

Sample collection

We analyzed 12 participants, from a completed clinical trial (12), who were primed with 

a Vi-TT vaccine (Typbar TCV, Bharat Biotech, Hyderabad, India). Of the 10 participants 

who completed the study, 40% were female, and the mean age of participants was 

39 ± 12 years (±SD). PBMCs were acquired before immunization and 7 days after 

immunization. Serum was available before immunization and 28 days after immunization 

with Vi-TT. Five participants were orally challenged with S. Typhi 28 days after receiving 

the initial immunization. Challenge did not increase antibody responses toward Vi (51). 

All participants received a boost with Vi-PS (TYPHIM Vi, Sanofi Pasteur, Lyon, France). 

The Vi-PS boost was administered between 19 and 23 months after the initial Vi-TT 

immunization. PBMCs were acquired before immunization and 7 days after immunization, 

and serum was available 28 days after immunization with Vi-PS.

All volunteers provided written informed consent before enrollment. The study protocol 

was approved by the sponsor (University of Oxford), the South Central Oxford A Ethics 

Committee (14/SC/1427), and the Medicines and Healthcare Products Regulatory Agency 

(Eudract 2014–002978-36).

Single-cell BCR sequencing

PBMC samples were selected for BCR sequencing based on 

sample availability. Single CD62L− or CD62L+ plasmablasts (CD19+ 

CD20−CD38hiCD27+CD3−CD14−IgA−IgM−IgD−) were individually sorted into wells of 

384-well plates using FACSAria Fusion (BD Biosciences, USA). Generation of barcoded 

complementary DNA (cDNA), polymerase chain reaction (PCR) amplification, and 

sequencing of IgG genes were performed as described previously (52) with the following 

modifications: Biotinylated Oligo(dT) and RT maxima H− (Fisher Scientific Company) 

were used for reverse transcription, cDNA was extracted using Streptavidin C1 beads (Life 

Technologies), and DNA concentrations were determined using quantitative PCR (KAPA 

SYBR FAST qPCR Kit for Titanium, Kapa Biosystems). V(D)J assignment and mutation 

identification were performed using a variant of SoDA (53).

Plasmid generation and expression of mAbs

Variable heavy- and light-chain DNA sequences were synthesized and cloned into 

the respective human IgG1 heavy-chain or endogenous light-chain expression plasmids 

(LakePharma Inc.). The matched pair of heavy- and light-chain plasmids was transiently 

cotransfected into human embryonic kidney (HEK)–293 cells. Antibody supernatants were 

harvested 7 days after transfection, purified using protein A affinity chromatography, and 

filtered through a 0.2-μm filter. The final elution buffer for all antibodies was 100 mM 

Hepes, 100 mM NaCl, and 50 mM NaOAc (pH 6.0). Nomenclature for isolated antibodies 
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includes AB-00 followed by a four-number string. For graphing purposes, AB-00 may be 

omitted.

Vi-biotinylation and bead coupling

The International Standard for Citrobacter freundii Vi PS (NIBSC 12/244) with a 94.3% 

O-acetylation level was biotinylated by Expedeon (Cambridge, UK). A biotin binding assay 

(HABA) was carried out to confirm successful biotinylation. It was estimated that each Vi 

PS molecule contained 14 biotins after the modification procedure.

Phycoerythrin (PE)–neutravidin beads (Life Technologies) were coated with Vi by 

incubating 2.5 μg of biotinylated Vi with 10 μl of beads for a duration of 2 hours at 37°C. 

Beads were washed twice with 1 ml of phosphate-buffered saline (PBS) and 5% bovine 

serum albumin (BSA; microcentrifuged at 13,000 rpm for 2 min) and taken up in 1 ml 

of RPMI for each 10 μl of original bead volume. Coupled beads were used for functional 

measurements.

Biolayer interferometry

BLI measurements were collected with ForteBio Octet RED384 instruments. Kinetics of Vi 

mAbs binding to Vi PS or de–O-Vi PS were analyzed by BLI as previously described (16) 

with modifications. Briefly, native Vi PS antigen or de–O-acetylated Vi PS (5 μg/ml) was 

immobilized to ForteBio aminopropylsilane (APS) biosensors via hydrophobic interaction, 

followed by washing sensors with 10X Kinetics Buffer (10X KB) (ForteBio, USA) to coat 

unoccupied sensor area and minimize nonspecific interactions. A baseline was established in 

1X KB, and then Vi-loaded sensors were dipped into wells containing Vi mAbs (in 1X KB) 

to monitor mAb association. Dissociation was monitored by dipping Vi mAb–associated 

sensors back into the 1X KB wells used to collect the baseline time course. Each mAb 

was titrated seven places starting at 10 μg/ml, twofold. Parallel blank sensors that were 

also washed in 10X KB and dipped in Vi mAbs were used to subtract out nonspecific 

interactions. At least four of seven reference subtracted binding curves were globally fit 

using ForteBio Data Analysis 10.0 software to determine antibody binding response (nm), 

on-rate (ka), off-rate (kd), and observed avidity (KD). Fitting window was adjusted to 

minimize effects of upward drift/rebinding in the dissociation phase.

Competition experiments were conducted by immobilizing Vi PS antigen (5 μg/ml) to APS 

biosensors at very low density (0.01-nm loading threshold). After washing with 10X KB, 

sensors were dipped into wells containing antibody 1 at 10 μg/ml (in 1X KB) to bind to 

complete saturation. Sensors were then dipped into wells containing a second Vi mAb at 10 

μg/ml (in 1X KB). Last, sensors were dipped back into wells containing 1X KB to allow 

dissociation. No blocking is described as an increase in binding signal upon dipping into 

antibody 2. Blocking is described as a flat line or decrease in binding signal upon dipping 

into antibody 2.

Enzyme-linked immunosorbent assay

Serum Vi IgG antibodies were quantified using the VaccZyme Human Anti-S typhi Vi IgG 

ELISA Kit (VaccZyme, Birmingham, UK). Specificity of mAbs was determined using the 
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VaccZyme Human Anti-S typhi Vi IgG ELISA Kit and a tetanus toxoid IgG enzyme-linked 

immunosorbent assay (ELISA) kit (VaccZyme, Birmingham, UK). Total serum antibody 

data were published previously as part of the main study (12).

Total serum avidity was measured using a modified Vi ELISA in combination with NaSCN. 

Nunc MaxiSorp U-bottom plates were coated using streptavidin (Thermo Scientific, 43–

4301) at 2 μg/ml overnight at 37°C, followed by a 1-hour incubation with biotinylated Vi 

at 2 μg/ml for 1 hour at room temperature (RT). The plate was blocked with PBS and 1% 

BSA for 1 hour at RT. Serum dilutions were chosen to ensure that the binding of the samples 

was in the linear phase of their titration curve. Samples from the same person were tested 

on one plate. Serum samples, diluted in PBS, 1% BSA, and 30% Brij 35, were incubated for 

1 hour at 37°C and incubated with several concentrations of NaSCN (5, 1, 0.5, 0.25, 0.125, 

and 0 M) for 15 min at RT. IgG antibodies bound to the plate were detected with Mouse 

monoclonal Anti-Human IgG Fc (Alkaline Phosphatase) (Abcam, ab99764) and incubated 

for 1 hour at 37°C. Residual binding was detected using the combination 4-Nitrophenyl 

Phosphate (pNPP) Liquid Substrate System (Sigma-Aldrich, N7653) and a 3 M NaOH 

stop solution. The avidity index of each sample was calculated as a percentage of residual 

binding: x M/(0 M − 5 M), where x was a concentration of NaSCN in between 0 and 5 M.

De–O-acetylation of Vi polysaccharide

Vi PS was de–O-acetylated using a method by Hitri et al. (22) adapted from the method 

described by Szu et al. (20). Briefly, one vial of the International Standard for Vi PS 

NIBSC 12/244 was rehydrated in water (1 mg/ml) and was diluted in airtight tubes with 

10 M ammonium hydroxide (NH4OH) to a final concentration of 50, 150, 300, 500, and 

700 mM for partial de–O-acetylation and 1 or 1.5 M NH4OH for full de–O-acetylation. 

Samples were capped and incubated at 37°C for 18 hours. Solvent was evaporated, and the 

de–O-acetylated Vi PS (de–O-Vi PS) pellet was rehydrated in water overnight before use. 

For nuclear magnetic resonance (NMR) experiments, Vi PS was rehydrated before and after 

de–O-acetylation with deuterated water (D2O).

NMR spectroscopy

NMR was performed on a Bruker 16.4 Tesla spectrometer (Bruker, USA) with a BBO RT 

probe. Before measurement, individual samples were exchanged/lyophilized two times, each 

time resuspending the polysaccharide in 600 μl of D2O. The O-acetylation level of control 

(untreated) and 0.05, 0.15, 0.3, 0.7, 1.0, and 1.5 M NH4OH-treated Vi PS solutions was 

investigated by two-dimensional 1H-13C heteronuclear single quantum coherence (HSQC) 

spectroscopy analyses. Quantification of the N- and O-acetyl signals were possible in 

the 1H-13C HSQC because they are well resolved. The intensity of the N- and O-acetyl 

crosspeaks [~1H at 1.9 parts per million (ppm)] was used to determine the ratio of O- 

to N-acetylation. 1H-13C HSQC two-dimensional experiments were performed using the 

hsqccetgpsisp2.2 pulse sequence, with a 1J(CH) coupling constant of 145 Hz. Processing 

was done using TopSpin 4.0.1 (Bruker, USA).
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Antibody-dependent monocyte phagocytosis

The capacity of mAbs (concentration, 1 μg/ml) to mediate ADMP was performed as 

previously described in THP1 cells (54). The phagocytic score for each sample was 

determined by multiplying the percent of bead-positive cells with the GMFI (geometric 

mean fluorescence intensity) of the bead-positive cells. Debris and doublets were removed 

by manual gating before carrying out these calculations.

Antibody-dependent complement deposition

ADCD was performed as previously described (55), with the following modifications. mAbs 

(1 μg/ml) were incubated with antigen-coated beads for 15 min at 37°C and then with 

complement (Low-T ox Guinea Pig Complement, Cedarlane, CL4051) for 15 min at 37°C. 

The plate was centrifuged at 1000g for 3 min at 4°C; plates were washed with PBS (200 

μl per well) with 15 mM EDTA and incubated with fluorescein isothiocyanate–conjugated 

Goat IgG Fraction to Guinea Pig Complement C3 (MP Biomedicals, 855385) for 20 min, 

and the wash step was repeated.

Complement deposition was assessed by determining the GMFI of anti-C3 intensity on 

PE-positive beads (BD LSRFortessa X-20). Doublets and debris were removed by manual 

gating before carrying out these calculations.

Quantification and statistics

The sequence similarity index of CDRH3 sequences in convergent antibody groups 

was calculated by EMBOSS Needle using pairwise alignment and BLOSUM62 (Blocks 

Substitution Matrix 62) with residue-specific and hydrophilic gap penalties (open gap 

penalty, 10; extended gap penalty, 0.5). For the selection of antibodies for protein expression 

based on convergence, the BLOSUM62 similarity was calculated for pairs of antibodies 

from different donors. Putative convergent antibodies were required to have greater 

similarity than that observed between pairs of unrelated antibodies (56).

CDR3 lengths were examined using the Shapiro-Wilk normality test R software (version 

3.6.1). The relationship between CD62L expression on plasmablasts and antibody Vi 

specificity was evaluated by Fisher’s exact test, and the relationship between the functional 

and kinetic measurements was evaluated by Spearman correlation analysis in SAS software 

(version 9.4 of the SAS System, copyright 2002–2012 by SAS Institute Inc., Cary, NC, 

USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Sequence characteristics of BCRs from IgG-positive plasmablasts isolated after Vi-TT 
primary or Vi-PS boost immunization.
(A) Subclass distribution for n = 3 participants, in response to prime (Vi-TT) and boost 

(Vi-PS) in a paired fashion. (B) Heavy-chain CDR3 length after Vi-TT prime (n = 3) or 

Vi-PS-boost (n = 3), showing paired samples only. (C to E) Individual heavy-chain CDR3 

length after Vi-TT prime or Vi-PS boost. Gray lines are based on a normal distribution with 

the mean and SD of the CDR3 length data for sample shown. (F) Ig heavy-chain variable 

region usage in paired samples, comparing Vi-TT prime and Vi-PS boost. Four heavy-chain 

regions of interest are shown. Further regions are shown in fig. S4.
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Fig. 2. Selection strategy for the identification of Vi-specific mAbs.
(A) Family size of sequences identified in participant 8624 after Vi-PS boost. Families with 

fewer than three sequences were excluded for the purpose of visualization. (B) Example of 

a family from 8624, selected on the basis of a combination of expansion and persistence. 

(C) Example of a selected convergent antibody pair. (D) Strategy used to select each of 

the 96 mAbs, split by each of the different donors. Antibodies categorized on the basis of 

persistence were also expanded. (E) Vi binding of n = 96 isolated mAbs by BLI, where 

blue dots indicate mAbs isolated from prime time point. (F) Frequency of Vi binding mAbs 
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for each of the selection strategies used, as measured by BLI. (G) Vi status of the n = 96 

selected monoclonals, stratified by CD62L status.
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Fig. 3. No evidence for affinity maturation of Vi polysaccharide antibodies after repeat 
vaccination.
(A) Isoaffinity plot indicating avidity measurements for mAbs (n = 53) to polymeric 

Vi polysaccharide by BLI. Diagonal lines indicate the KD values shown. (B) Spearman 

correlation of Vi antibody avidity and binding response to Vi antigen. Negative correlation 

represents decrease in KD, which corresponds to an increase in avidity. (C) Avidity 

measurements (KD) of Vi binding mAbs stratified by Vi-TT prime/Vi-PS boost. (D) Avidity 

measurements (KD) of Vi binding mAbs stratified by participant, with blue indicating mAbs 

from prime time points. (E) Total serum (T1, n = 10; T2, n = 8; T3, n = 10) was used 

to measure residual Vi antibody binding after NaSCN exposure for 15 min in ELISA, as 

a proxy for avidity measurements. The avidity index was calculated as absorbance at 1 M 

NaSCN/(absorbance at 0 M NaSCN − absorbance at 5 M NaSCN). T1, 28 days after prime; 

T2, before Vi-PS boost; T3, 28 days after Vi-PS boost.
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Fig. 4. Convergent development of Vi-specific antibody sequences among Vi vaccine recipients.
(A) mAbs (n = 12) from vaccinees with the same variable heavy-chain gene segment were 

grouped and tested for similarity on the amino acid level by calculating the Levenshtein edit 

distance. Sequences from vaccinees with ≥75% identity were defined as a convergent group 

(G1 to G5). Convergent groups based on variable heavy- and light-chain gene segment usage 

with participant, time point, H- and L-CDR3 sequence, and antibody avidity for Vi antigen. 

Bold black letters indicate identical amino acids, teal letters indicate amino acids with 

similar chemical characteristics, and pink letters indicate different amino acids. Chemical 

characteristics were defined by grouping amino acids based on electrically charged, polar 

uncharged, and hydrophobicity. (B) Quantification of H-CDR3 sequence similarity by 

BLOSUM62 calculation of similarity index. (C) Cross-competition of convergent antibodies 

within convergent groups by BLI, where the first mAb was bound to Vi to complete 

saturation before association with the second mAb. Red indicates self-blocking, pink 

indicates cross-blocking, and green indicates no blocking.
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Fig. 5. Antibodies derived from Vi vaccinees recognize de–O-acetylated Vi.
(A) Molecular structure of Vi polysaccharide monomer with C3 O-acetyl conversion to 1H 

after NH4OH treatment. (B) Increasing signal intensity of two-dimensional NMR spectra 

centered around 1.9 ppm (1H) and 26.5 ppm (13C), where new C3 1H-13C bond appears 

as a function of increasing amounts of NH4OH treatment (n = 7) of polysaccharide for 

de–O-acetylation. (C) Binding sensorgram of AB-008053 IgG1 to Vi PS and De-O-Vi 

PS, where Vi is immobilized on biosensor and dipped into wells containing antibody. (D) 

Heatmap of binding response of all Vi binding mAbs (n = 53) to Vi PS and De-O-Vi PS 

antigens. Asterisk indicates that mAb was selected after Vi-TT prime. Left: mAbs with 

equal or greater binding to De-O-Vi PS compared with Vi PS (n = 6). Right: mAbs with 
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diminished binding to De-O-Vi PS compared with Vi PS (n = 47). (E and F) Example 

binding sensorgrams of mAbs interacting similarly (E) to Vi PS (left) and De-O-Vi PS 

(right) or better (F) to De-O-Vi PS with corresponding avidity measurements indicated. Ф 
indicates lower antigen density used for antibody titration to reliably measure rate constants.
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Fig. 6. Vi PS mAbs recognize exposed and occluded epitopes.
(A) Competition sensorgram of O-acetyl targeting mAb AB-008053 as antibody 1 followed 

by antibodies (n = 3) targeting a subdominant but exposed epitope (SEE) as antibody 2. (B) 

Competition sensorgram of O-acetyl targeting mAb AB-008053 as antibody 1 followed by 

antibodies (n = 3) targeting a subdominant and occluded epitope (SEO) as antibody 2. (C) 

Cross-competition matrix of SEE (n = 3) and SEO (n = 3) targeting mAbs against each other 

with colored gradient, with blue indicating no blocking and pink indicating cross-blocking.
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Fig. 7. Vi PS antibodies mediate non-neutralizing Fc effector functions that are highly associated 
with slow antibody dissociation rates.
(A) ADMP scores and (B) ADCD scores for Vi binding mAbs (n = 53), where blue 

indicates antibodies that bind to subdominant exposed epitopes (SEE, n = 3) and pink 

indicates antibodies that bind to subdominant occluded epitopes (SEO, n = 3). (C) Spearman 

correlation of ADMP and ADCD scores for Vi mAbs (n = 53). (D) Spearman correlations of 

ADMP with antibody off-rate (left) and avidity (right). (E) Spearman correlations of ADCD 
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with antibody off-rate (left) and affinity (right). Negative correlations represent decreases in 

off-rate and KD, which corresponds to increases in avidity.
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