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 25 

One Sentence Summary: Prime-boost vaccination with S. Typhi Vi capsule induces convergent 26 

antibodies whose function depends on specificity and avidity.  27 

Abstract:  28 

Vaccine development to prevent Salmonella Typhi infections has accelerated over the past decade, 29 

resulting in licensure of new vaccines, which use the Vi polysaccharide (Vi PS) of the bacterium 30 

conjugated to an unrelated carrier protein, as the active component. Antibodies elicited by these 31 

vaccines are important for mediating protection against typhoid fever. However, the characteristics 32 

of protective and functional Vi antibodies are unknown. In this study, we investigated the human 33 

antibody repertoire, avidity maturation, epitope specificity, and function after immunizations with 34 

a single dose of Vi-tetanus toxoid conjugate vaccine (Vi-TT), and after a booster with plain Vi PS 35 

(Vi-PS). The Vi-TT prime induced an IgG1-dominant response, while the Vi-TT prime followed 36 

by the Vi-PS boost induced IgG1 and IgG2 antibody production. B-cells from recipients who 37 

received both prime and boost showed evidence of convergence with shared V gene usage and 38 

CDR3 characteristics. The detected Vi antibodies showed heterogeneous avidity ranging from 39 
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10µM-500pM, with no evidence of affinity maturation after the boost. Vi-specific antibodies 40 

mediated Fc effector functions, which correlated with antibody dissociation kinetics but not with 41 

association kinetics. We identified antibodies induced by prime and boost vaccines that recognized 42 

subdominant epitopes, indicated by binding to the de-O-acetylated Vi backbone. These antibodies 43 

also mediated Fc-dependent functions, such as complement deposition and monocyte 44 

phagocytosis. Defining strategies on how to broaden epitope targeting for Salmonella Typhi Vi 45 

and enriching for antibody Fc functions that protect against typhoid fever will advance the design 46 

of high efficacy Vi vaccines for protection across diverse populations.  47 

 48 

Introduction 49 

Vaccines are designed to induce a protective immune response against pathogens through the 50 

induction of functional antibodies (1). Correlates or surrogates of protection are often based on 51 

antibody levels (e.g. Haemophilus influenzae type b, hepatitis B vaccines) (2), though in many 52 

cases, protective antibody thresholds are difficult to reproduce. Few vaccines have mechanistic 53 

correlates, such as those measured in a serum bactericidal assay (e.g. meningococcal vaccines) or 54 

opsonophagocytosis assay (e.g. pneumococcal vaccines) (1, 3). As such, increased attention is 55 

needed on not only the quantity but also the quality of the antibody response. Where quantitative 56 

antibody features fail, qualitative features such as specificity and affinity play a significant role in 57 

protection against various pathogens including HIV-1, Malaria, Zika, and others (4-7). In addition, 58 

antibody repertoire sequencing and single cell B-cell receptor (BCR) sequencing have provided 59 

insight into antibody development and selection upon immunization. Studying antibody responses 60 

after immunization and infection is therefore important to determine the antibody specificities that 61 

impart protection or control, and ultimately for the development and optimization of vaccines. 62 

One of the more recently developed vaccines for the prevention of typhoid fever is a Vi typhoid 63 

conjugate vaccine (Vi-TCV), in which Vi capsular polysaccharide antigen (Vi PS) is conjugated 64 

to tetanus toxoid (Vi-TT). Vi-TT induces immune responses that target Vi PS of Salmonella 65 

enterica subspecies enterica serovar Typhi (S. Typhi) (8). This bacterial pathogen infects 10-13 66 
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million people annually (9) and is evolving to display extensive antibiotic resistance (10, 11). 67 

Immunogenicity of Vi-TT was established in a non-endemic population using a controlled human 68 

infection model (CHIM), where the efficacy was found to be comparable to the licensed plain Vi 69 

PS vaccine (Vi-PS) (12). Following this, a Vi-TT efficacy of 82% was observed in a randomized, 70 

controlled trial in typhoid-endemic Nepal (13). Both studies reported an increase in anti-Vi IgG 71 

antibodies after immunization, however, estimates on thresholds of Vi IgG required for protection 72 

have been difficult to reproduce for decades (14, 15). Recently, we reported that Vi PS specific 73 

IgG1 avidity and IgA magnitude and fold-change were associated with protection in a CHIM study 74 

(16, 17). Although Vi vaccination is widely used to protect against typhoid fever, data on repertoire 75 

and functionality of antibodies induced after Vi immunization are currently limited. Understanding 76 

how to broaden the specificities and functional antibody repertoire will inform further immunogen 77 

design to protect against typhoid fever.  78 

The Vi PS antigen constitutes one of the major virulence factors of S. Typhi as it shields the 79 

bacterial cell from the innate immune system upon entry through the gastrointestinal tract (18, 19). 80 

The Vi PS antigen is a linear homopolymer of α-1→4- galacturonic acid with variable O-81 

acetylation (60-90% in naturally occurring S. Typhi) at the C-3 position and a fixed N-acetyl at the 82 

C-2 position (20, 21). Immunogenicity and antigenicity data have shown that the immunodominant 83 

epitope of Vi PS is the C-3 O-acetyl group. This has been explained through molecular dynamics 84 

simulations showing that the O-acetyl is solvent exposed and bulky, thus burying the 85 

polysaccharide backbone and occluding alternative epitopes (22). However, partial de-O-86 

acetylation (~45% O-acetylated Vi) has been shown to increase immunogenicity of Vi PS antigen 87 

(20) possibly owing to increased flexibility in the polysaccharide backbone (22). These studies 88 

have resulted in a WHO standard for formulation of Vi vaccines to include Vi PS antigen with at 89 
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least 52% (2mmol/g Vi) of monomers O-acetylated at C-3 (23). Despite the immunodominance of 90 

the C-3 O-acetyl group, studies have shown that the vaccine still induces rabbit and human sera 91 

that exhibit binding to de-O-acetylated Vi PS antigen, albeit at very low levels (20, 22). The 92 

binding to de-O-acetylated Vi PS antigen following vaccination indicates that vaccine-elicited 93 

antibodies also target non-O-acetyl alternative epitopes, likely the C-2 N-acetyl and/or the C-5 94 

carboxyl, which has been shown by one mouse monoclonal antibody (24, 25). These epitopes may 95 

be subdominant but still solvent exposed (SEE) or buried beneath the bulky O-acetyl group and 96 

occluded (SEO). To date, the repertoire of antibodies generated toward Vi PS antigen and their 97 

functional relevance in humans has not been explored.  98 

Here we evaluate the B-cell repertoire of antibodies elicited by Vi vaccination in humans, 99 

determine which epitope specificities are present, investigate their avidity for Vi PS antigen, and 100 

establish their ability to mediate Fc-dependent effector functions. We show evidence of a 101 

heterogeneous antibody response with regards to antibody repertoire, IgG subclass distribution, 102 

and affinity maturation following both prime (Vi-TT) and boost (Vi-PS). We identified Vi PS 103 

antigen-specific antibodies using selection strategies based on sequence convergence and the 104 

expansion and persistence of B-cell lineages. At least four subdominant, alternative epitopes 105 

targeted by vaccine-elicited antibodies were identified including two epitopes that are shielded by 106 

the O-acetyl group and two epitopes that are exposed regardless of the presence of O-acetyl. 107 

Antibodies targeting the exposed epitopes can mediate antibody-dependent monocyte 108 

phagocytosis (ADMP) and complement deposition (ADCD) with a magnitude that significantly 109 

correlates with antibody-antigen off-rate kinetics.  110 

Results  111 
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Vi-PS and Vi-TT immunizations induce a diverse antibody response with differences in variable 112 

heavy chain and subclass usage 113 

A total of twelve participants were recruited to be immunized with Vi-TT, followed by a Vi-PS 114 

boost, and ten participants completed the study. A subset of eight participants was selected based 115 

on peripheral blood mononuclear cell (PBMC) availability. Paired data after both immunizations 116 

was available for only three of these eight participants, while for the remaining five participants, 117 

data was available only after the Vi-PS boost. IgG-positive plasmablasts collected from 118 

participants 7 days post-prime with Vi-TT (n = 3) and 7 days post-boost with Vi-PS (n = 8) were 119 

used for single-cell BCR sequencing (fig. S1). Importantly, humoral responses measured following 120 

Vi-PS boost represent both memory B-cell responses induced by the Vi-TT prime in addition to 121 

naïve B-cell responses induced by the Vi-PS boost. As Ig subclasses are major determinants of 122 

antibody functionality, we investigated the subclass distribution within identified BCRs. After Vi-123 

TT primary immunization, the predominant subclass was IgG1 (81.9% – 86.5%), with a small 124 

percentage of IgG2 (10.2% - 15.9%). In the paired samples after the Vi-PS boost, IgG1 (50.1% – 125 

65.6%) remained the most prevalent, but increased percentages of IgG2 antibodies (28.1% - 126 

46.5%) were observed. IgG2 sequences were also prevalent in the additional non-paired Vi-PS 127 

samples (38.8% - 80.0%), compared with IgG1 (17.2% - 49.3%). IgG3 and IgG4 formed a very 128 

small proportion of the total BCRs identified (up to 13.2%) (Fig. 1A).  129 

 130 

 131 

 132 

 133 

 134 
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 135 

Fig. 1. Sequence characteristics of BCRs from IgG-positive plasmablasts isolated after Vi-136 

TT primary or Vi-PS boost immunization A) Subclass distribution for n=3 participants, in 137 

response to prime (Vi-TT) and boost (Vi-PS) in a paired fashion. B) Heavy chain CDR3 length 138 

after Vi-TT prime (n=3) or Vi-PS-boost (n=3), showing paired samples only. C) – E) Individual 139 

heavy chain CDR3 length after Vi-TT prime or Vi-PS boost. Grey lines are based on a normal 140 

distribution with the mean and standard deviation of the CDR3 length data for that particular 141 

sample. F) Ig Heavy chain variable region usage in paired samples, comparing Vi-TT prime and 142 
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Vi-PS boost. Four heavy chain regions of interest are shown. Further regions are shown in 143 

supplementary figure S4.  144 

 145 

 146 

To further characterize the observed heavy chain sequences, additional features corresponding to 147 

functionally mature antibodies were investigated. The complementarity-determining region 3 148 

(CDR3) lengths after both Vi-TT prime and Vi-PS boost immunizations showed the expected 149 

Gaussian distribution, with little difference (Fig. 1B). The heavy chain CDR3 length 150 

distributions for individual vaccinees included sharp peaks at particular lengths, suggesting that 151 

there were marked expansions of specific B-cell clones after immunization (Fig. 1C-E, fig. S2). 152 

All six CDR3 length distributions deviate from a normal distribution (Shapiro-Wilk Normality 153 

test (p<0.001 for each)). In addition, some of the heavy chain V genes were over-represented 154 

after either the Vi-TT prime or the Vi-PS boost immunization (Fig. 1F, fig. S3), suggesting that 155 

the prime and booster shots elicit antibody responses with different characteristics. These 156 

differences (Fig. 1) could be due in part to recall of memory cells following the boost. Thus, the 157 

Vi-TT primary immunization largely induced an IgG1 immune response, while the Vi-PS boost 158 

induced a response with both IgG1 and IgG2. In addition, the sequence analysis indicated that 159 

clonal expansion occurred after both immunizations.  160 

 161 

Selection based on convergence, expansion and persistence results in successful identification of 162 

Vi-specific antibodies 163 

To identify Vi PS antigen-specific antibodies within the studied repertoires, antibodies were 164 

selected for expression as recombinant protein based on three approaches. Antibodies from 165 



  

 

                         

8 

 

individual participants were grouped into families based on the same predicted VH/JH and VL/JL 166 

germline gene usage and with VH and VL CDR3 sequences of equal lengths. The first approach 167 

was to favor the largest expanded families. As expansion of antigen-specific plasmablasts is 168 

expected seven days after immunization, larger families are more likely to represent the humoral 169 

response to the vaccine. Most families contained only one or two sequences, with only a small 170 

proportion showing greater expansion (Fig. 2A, fig. S4). Only families expanded following the 171 

Vi-PS booster immunization were selected in this approach. The second approach was to identify 172 

antibody family persistence by selecting families which were observed after the prime 173 

immunization and also present and expanded in the same participant after the Vi-PS boost (Fig. 174 

2B). The persistent observation of a family after both immunizations is consistent with activation 175 

by the Vi component of both vaccines instead of the TT component of the Vi-TT prime. In the 176 

third approach, antibodies were prioritized based on convergence across participants (Fig. 2C). A 177 

total of 96 families were selected based on a combination of expansion, persistence, and 178 

convergence (Fig. 2D), and one representative of each family was picked to generate 96 179 

monoclonal antibodies (mAbs). 180 
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Fig. 2. Selection strategy for the identification of Vi-specific monoclonal antibodies A) Family 182 

size of sequences identified in participant 8624 after Vi-PS boost. Families with fewer than 3 183 

sequences were excluded for the purpose of visualization. B) Example of a family from 8624, 184 

selected based on a combination of expansion and persistence. C). Example of a selected 185 

convergent antibody pair. D) Indicates the strategy used to select each of the 96 monoclonal 186 

antibodies, split by each of the different donors. Antibodies categorized on the basis of persistence 187 

were also expanded. E) Vi binding of n=96 isolated monoclonal antibodies by BLI where blue dots 188 

indicate mAbs isolated from prime time-point. F) Frequency of Vi binding monoclonal antibodies 189 

for each of the selection strategies employed, as measured by BLI. G) Shows Vi Status of the n=96 190 

selected monoclonals, stratified by CD62L status. 191 

 192 

 193 

Out of 96 generated mAbs, 53/96 (55%) were positive for Vi PS antigen binding by BioLayer 194 

Interferometry (BLI) ranging from low level binding at the 0.08nm positivity cut-off to high 195 

binding with a maximum of 13.22nm (Fig. 2E). For one out of eight participants, none of the 196 

selected antibodies bound to Vi PS antigen. Antibodies selected for convergence had the highest 197 

rate of Vi PS antigen binding (63%), followed by 50% for persistence and 47% for expansion (Fig. 198 

2F). This is consistent with the induction of convergent antibody responses (similar antibodies in 199 

different participants) by Vi vaccines. While selection of the mAbs was carried out independently 200 

of the CD62L status of the plasmablast that was used for BCR sequencing, CD62L-positive 201 

plasmablasts were associated with a higher frequency of Vi PS antigen binding (p<0.008, Fig. 2G): 202 

70% of the selected CD62L-positive plasmablasts were positive for Vi PS antigen binding, while 203 

only 40% of the CD62L-negative plasmablasts were positive for Vi PS antigen binding. Out of the 204 
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96 mAbs, only two were found to bind TT (fig. S5). Combined, these data indicate that the 205 

selection strategy performed here was successful and could potentially be improved by 206 

incorporating CD62L status. To investigate maturation of the antibody response to Vi, we 207 

examined the number of somatic hypermutations in the variable regions of the antibody heavy and 208 

light chains following prime and boost. The range of the mutation rate for post-prime mAbs was 209 

between 11-34 mutations and 2-47 mutations post-boost (fig. S6). This level of somatic 210 

hypermutation is consistent with recruitment of both naïve and memory B-cells shown in other 211 

vaccine regimes for influenza, streptococcus pneumoniae, etc (26-28). The mutation rate range 212 

was broader post-boost with the Vi-PS vaccine; however, only three monoclonal antibodies were 213 

selected from the post-prime group so median levels of mutations could not be compared between 214 

groups (fig S6).  215 

 216 

Vi polysaccharide antibodies exhibit heterogeneous avidity and affinity maturation is not 217 

detected 218 

To further characterize the binding and functional properties of Vi-specific mAbs, we first 219 

measured the avidity of each antibody to Vi PS antigen by BLI. Most mAbs avidities were within 220 

a range of 103-105 (M-1s-1) for on-rate and 10-2-10-4 (s-1) for off-rate. Overall, avidity measurements 221 

of the 53 mAbs, that were positive for binding to the polymeric Vi PS antigen, ranged from 10 µM 222 

to 500pm (Fig. 3A) and Vi binding response magnitude showed moderate negative correlation 223 

with KD (r=-0.60, p<0.0001, Fig. 3B), indicating a positive correlation with avidity. Only three 224 

antibodies were selected after prime with Vi-TT; these exhibited an avidity in the 1 µM range, 225 

similar to that of mAbs isolated from the same participant post-boost (Fig. 3C and D). Similarly, 226 

polyclonal sera collected following Vi-TT prime and Vi-PS boost showed no evidence of 227 
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maturation (Fig. 3E). Therefore, within this sample set, there was no evidence of avidity 228 

maturation of Vi antibodies following repeat vaccination.  229 

 230 

Fig. 3. No evidence for affinity maturation of Vi polysaccharide antibodies following repeat 231 

vaccination. A) Isoaffinity plot indicating avidity measurements for mAbs (n=53) to polymeric 232 

Vi polysaccharide by BLI. Diagonal lines indicate the K
D
 values shown. B) Spearman correlation 233 

of Vi antibody avidity and binding response to Vi antigen. Negative correlation represents decrease 234 

in K
D
 which corresponds to an increase in avidity. C) Avidity measurements (K

D
) of Vi

 
binding

 
235 

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

 
binding

 
mAbs 236 

stratified by participant with blue indicating mAbs from prime time points. E) Total serum (T1 237 

n=10, T2 n=8, T3 n=10) was used to measure residual Vi antibody binding after NaSCN exposure 238 

for 15 minutes in ELISA, as a proxy for avidity measurements. The avidity index was calculated 239 
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as Absorbance at 1M NaSCN / (Absorbance at 0M NaSCN - Absorbance at 5M NaSCN). T1 = 28 240 

days post-prime, T2 = before Vi-PS boost, T3 is 28 days after Vi-PS boost. 241 

 242 

 243 

Vi vaccines induce convergent B-cell responses with shared CDR3 characteristics 244 

Evidence of inter-donor B-cell sequence convergence in the anti-Vi immune response allowed for 245 

successful selection of 53 Vi-specific mAbs. To further investigate the level of convergence, we 246 

examined the sequence characteristics, avidity, and epitope binning of each group of convergent 247 

mAbs. We compared heavy chain sequences with the same VH gene segment among the seven 248 

donors from whom Vi PS antigen binding antibodies were successfully isolated. Using a cutoff for 249 

heavy chain CDR3 identity of 75% or greater (29), we identified five convergent groups of 250 

antibodies (G1-G5). Each convergent group included antibodies from two or more individual 251 

donors and six out of seven donors were represented in at least one group, suggesting convergent 252 

responses to the Vi PS antigen are common among vaccine recipients. Frequent use of VH3-23 and 253 

Vκ3-11/ Vκ3-15 was observed in convergent groups (Fig. 4A). Within groups that shared VH and 254 

VL, all groups (G1-G5) shared a high level of CDRH3 sequence similarity (ranging from 76.5% 255 

to 100%) (Fig. 4B). Cross-competition of antibodies within each group provided further evidence 256 

that antibodies showing evidence of convergence target similar sites on Vi PS (Fig. 4C). In nearly 257 

all instances, no blocking was observed with a convergent pair when the higher avidity antibody 258 

bound after the lower avidity antibody (an example being lower avidity antibody AB-007972 259 

versus higher avidity AB-007981 in G2) whereas when the high avidity bound first, the secondary 260 

antibody was blocked. Competition seen between mAbs of different convergent groups, in addition 261 
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to within groups, is consistent with overlapping epitopes amongst the Vi binding antibodies (fig. 262 

S7). Another possibility is that steric hindrance impedes binding to an adjacent but distinct site.  263 

 264 

Fig. 4. Convergent development of Vi-specific antibody sequences among Vi vaccine 265 

recipients. A) Monoclonal antibodies (n=12) from vaccinees with the same variable heavy chain 266 

gene segment were grouped and tested for similarity on the amino acid level by calculating the 267 

Levenshtein edit distance. Sequences from vaccinees with ≥75% identity were defined as a 268 

convergent group (G1-G5). Convergent groups based on variable heavy and light chain gene 269 

segment usage with participant, timepoint, H- and L-CDR3 sequence, and antibody avidity for Vi 270 
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antigen. Bold black letters indicate identical amino acids, teal letters indicate amino acids with 271 

similar chemical characteristics, and pink letters indicate different amino acids. Chemical 272 

characteristics were defined by grouping amino acids based on electrically charged, polar 273 

uncharged, and hydrophobicity. B) Quantification of H-CDR3 sequence similarity by BLOSUM62 274 

calculation of similarity index. C) Cross-competition of convergent antibodies within convergent 275 

groups by BLI, where 1
st
 mAb was bound to Vi to complete saturation before association with 2

nd
 276 

mAb. Red indicates self-blocking, pink indicates cross-blocking, and green indicates no blocking.  277 

 278 

                     279 

Monoclonal antibodies derived from Vi vaccination can target subdominant epitopes 280 

To further resolve the epitope specificity of Vi mAbs derived by vaccination, we employed a 281 

chemical modification to eliminate the immunodominant O-acetyl group at the C3 position and 282 

expose the polysaccharide backbone (Fig. 5A). The international standard (16/126) for Vi 283 

polysaccharide is 94.3% O-acetylated (30). Treatment with ammonium hydroxide (NH4OH) was 284 

titrated to determine the concentration at which the O-acetyl groups are completely removed. At 285 

1.0M NH4OH, the Vi PS antigen was completely de-O-acetylated (Fig. 5B, fig. S8) leaving a new 286 

C3 1H in its place. Out of 53 mAbs, 47 exhibited C3 O-acetyl-dependent epitope specificities, 287 

including AB-008053 where binding to the Vi PS antigen was reduced by over 75% upon de-O-288 

acetylation (Fig. 5C and D, right). However, six mAbs (about 10% of the total pool) bound equally 289 

or with higher binding to de-O-acetylated Vi PS antigen as compared with native Vi PS antigen 290 

(Fig. 5D, left). Of those six mAbs, three displayed similar binding response and avidity to the 291 

native Vi PS and de-O-acetylated Vi PS antigens including AB-07988 (Fig. 5E, fig. S9A), 292 

indicating at least one subdominant, alternative epitope that is exposed (SEE) and independent of 293 
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the O-acetyl group. In addition, three mAbs bound with greater binding and avidity to the de-O-294 

Vi PS antigen compared with the native Vi PS antigen including AB-08049 (Fig. 5F, fig. S9B), 295 

indicating at least one subdominant epitope that is occluded (SEO) by the C3 O-acetyl and is less 296 

solvent accessible.  297 
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 299 
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Fig. 5. Antibodies derived from Vi vaccinees recognize de-O-acetylated Vi A) Molecular 300 

structure of Vi polysaccharide monomer with C3 O-acetyl conversion to 
1
H following NH4OH 301 

treatment. B) Increasing signal intensity of 2D NMR spectra centered around 1.9 ppm (
1
H) and 302 

26.5 ppm (
13

C) where new C3 
1
H-

13
C bond appears as a function of increasing amounts of NH4OH 303 

treatment (n=7) of polysaccharide for de-O-acetylation. C) Binding sensorgram of AB-008053 304 

IgG1 to ViPS and De-O-ViPS, where Vi is immobilized on biosensor and dipped into wells 305 

containing antibody. D) Heat map of binding response of all Vi binding mAbs (n=53) to ViPS and 306 

De-O-ViPS antigens. Asterisk indicates mAb was selected post Vi-TT prime. Left: mAbs with 307 

equal or greater binding to De-O-ViPS compared with ViPS (n=6). Right: mAbs with diminished 308 

binding to De-O-ViPS compared with ViPS (n=47). E, F) Example binding sensorgrams of mAbs 309 

interacting similarly (E) to ViPS (left) and De-O-ViPS (right) or better (F) to De-O-ViPS with 310 

corresponding avidity measurements indicated. Ф indicates lower antigen density used for 311 

antibody titration to reliably measure rate constants. 312 

 313 

 314 

Competition experiments with the anti- O-acetyl antibody AB-008053 further defined the epitope 315 

specificities of these six alternate specificity mAbs. After Vi PS antigen binding was saturated by 316 

AB-008053, the further increase in binding signal mediated by AB-007986 and AB-007981 317 

indicates that these mAbs have specificity for an epitope that is exposed (SEE) and non-adjacent 318 

to the C3 O-acetyl group (Fig. 6A). AB-007988, which bound with equal binding and avidity to 319 

the Vi PS and de-O-acetylated Vi PS antigens as well (Fig. 5E), was slightly blocked by AB-320 

008053 in the competition assay (Fig. 6A). This suggests that AB-007988 binds an epitope 321 

adjacent to, but not dependent on, the C3 O-acetyl group, and that perhaps steric hindrance by AB-322 
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008053 inhibited binding of AB-007988. This is confirmed by performing the competition in the 323 

reverse orientation where AB-007988 associated first, followed by AB-008053 (fig. S10A). All 324 

three mAbs that bound with higher binding and avidity to de-O-acetylated Vi PS compared with 325 

the native Vi PS antigen were blocked by the anti- O-acetyl mAb AB-008053 (Fig. 6B), confirming 326 

that the epitope specificity of these mAbs is shielded by the C3 O-acetyl group. Further, a cross-327 

competitive assessment of the six alternative epitope mAbs with each other confirmed that AB-328 

007988 binds a distinct SEE epitope from the SEE epitope bound by AB-007986 and AB-007981 329 

(Fig. 6C). In addition, there are two SEO epitopes, one that is only partially occluded by the O-330 

acetyl group and was bound by AB-007973, and one that is completely occluded by the O-acetyl 331 

group and was bound by AB-008049 and AB-007985 (Fig. 6C). These experiments indicate that 332 

AB-007973 and AB-007988 bind overlapping but non-identical epitopes where the AB-007988 333 

epitope is more solvent accessible, and the AB-007973 epitope is slightly more occluded.  334 



  

 

                         

20 

 

 335 

Fig. 6. ViPS monoclonal antibodies recognize exposed and occluded epitopes A) Competition 336 

sensorgram of O-acetyl targeting mAb AB-008053 as antibody 1 followed by antibodies (n=3) 337 

targeting a subdominant but exposed epitope (SEE) as antibody 2 B) Competition sensorgram of 338 

O-acetyl targeting mAb AB-008053 as antibody 1 followed by antibodies (n=3) targeting a 339 

subdominant and occluded epitope (SEO) as antibody 2 C) Cross-competition matrix of SEE 340 

(n=3) and SEO (n=3) targeting mAbs against each other with colored gradient, blue indicating no 341 

blocking and pink indicating cross-blocking. 342 

 343 
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 344 

Vi antibodies mediate Fc-dependent effector functions 345 

To identify the capacity of Vi binding antibodies to mediate Fc-dependent effector functions, we 346 

evaluated the Vi-specific mAbs in in vitro monocyte phagocytosis and complement deposition 347 

assays (fig S11 and 12). Vi-specific mAbs mediated a broad range of antibody-dependent 348 

monocyte phagocytosis (ADMP) and antibody-dependent complement deposition (ADCD) 349 

activity, with the mAbs specifically targeting an SEE epitope amongst the highest performers for 350 

both ADMP and ADCD (Fig. 7A and B). On the contrary, mAbs that targeted an SEO epitope 351 

occluded by the C3 O-acetyl group performed poorly, likely due to the inaccessibility of the 352 

epitope (Fig. 7A and B). Capacity to mediate ADMP was moderately associated with capacity to 353 

mediate ADCD (Fig. 7C, r=0.51, p=0.0001). 354 

 355 

The association rate (on-rate) of mAbs to Vi PS antigen had no impact on ADMP (fig. S13A, r=-356 

0.01, p=0.9452) or ADCD (fig. S13B, r=0.26, p=0.063); however, the dissociation rate (off-rate) 357 

of mAbs to Vi PS antigen was highly, negatively correlated (slower off-rate corresponds to higher 358 

function) with potency of ADMP (Fig. 7D, r=-0.50, p=0.0002) and ADCD (Fig. 7E, r=-0.74, 359 

p<0.0001). ADMP was weakly correlated with antibody avidity (Fig. 7D, r=0.38, p=0.005); 360 

however, ADCD was highly correlated with antibody avidity (Fig. 7E, r=-0.76, p<0.0001). In fact, 361 

in the current experimental set-up, Vi mAbs with avidity lower than 500 nM did not mediate 362 

ADCD with Vi PS antigen-coated beads (Fig. 7E). These results indicate that antibodies targeting 363 

any epitope that is accessible, not merely the immunodominant C3 O-acetyl group, can mediate 364 

Fc-effector function in a manner dependent on the antibody-antigen off-rate.  365 
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 366 

Fig. 7. ViPS antibodies mediate non-neutralizing Fc effector functions which are highly 367 

associated with slow antibody dissociation rates A) Antibody-dependent monocyte 368 

phagocytosis (ADMP) scores and B) antibody-dependent complement deposition (ADCD) scores 369 

for Vi binding monoclonal antibodies (n=53) where blue indicates antibodies that bind to 370 

subdominant exposed epitopes (SEE, n=3) and pink indicates antibodies that bind to subdominant 371 
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occluded epitopes (SEO, n=3). C) Spearman correlation of ADMP and ADCD scores for Vi 372 

monoclonal antibodies (n=53). (D) Spearman correlations of ADMP with antibody off-rate (left) 373 

and avidity (right). E) Spearman correlations of ADCD with antibody off-rate (left) and affinity 374 

(right). Negative correlations represent decreases in off-rate and K
D
 which corresponds to 375 

increases in avidity. 376 

 377 

 378 

Discussion  379 

Recent analyses of immune correlates for typhoid Vi PS vaccines suggest that protection from 380 

typhoid is mediated by high titers of high avidity IgG and IgA antibodies in combination with 381 

antibody-mediated innate immune cell function (12, 16, 17). Although Vi antibodies correlate with 382 

protection against typhoid, the properties of the vaccine-induced humoral immune response to Vi 383 

remain unknown. In this study, we isolated plasmablasts from individuals primed and boosted with 384 

Vi vaccines and evaluated the repertoire, avidity maturation, epitope specificity, and functionality 385 

of Vi mAbs. Our findings highlight that Vi vaccination elicits convergent, functional antibodies 386 

that target both immunodominant and subdominant Vi epitopes, and that ability to mediate Fc 387 

effector function is largely associated with antibody dissociation kinetics.  388 

After both prime (Vi-TT) and boost (Vi-PS), the predominant antibody subclass expressed by B-389 

cells was IgG1, the most common antibody subclass in serum. A Vi-PS boost resulted in an 390 

increase in IgG2-expressing plasmablasts likely from new marginal zone or B1 B-cells induced 391 

directly by the unconjugated, T-independent polysaccharide. Previously it has been reported that 392 

polysaccharides are likely to induce an IgG2 response (31-33), which has also been observed for 393 

the Vi-PS vaccine (16). The number of IgG3 sequences detected in this study is lower than would 394 
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be expected based on antibody data (16). Responses evaluated following Vi-PS would include 395 

boosting of existing memory B-cells induced by the conjugate prime as well as newly activated B-396 

cell clones, consistent with the broad range of somatic hypermutations in the antibody variable 397 

regions (range=2-47). Therefore, while the prime-boost strategy allows for a robust humoral 398 

response to be generated toward Vi, this strategy does make it difficult to determine whether the 399 

Vi-PS vaccine response evaluated here is a typical response for Vi-PS immunization. The prime-400 

boost strategy does allow the direct comparison of repertoires within the same individual. Here, 401 

we highlighted four of the IgHV genes for which a difference in frequency was observed between 402 

the Vi-TT and Vi-PS vaccines. IgHV3-23 is one of the most commonly observed genes (34) and 403 

antibodies using this region have previously been described to recognize other polysaccharides 404 

such as the Haemophilus influenzae type b (Hib) polysaccharide (35). Allelic variances in IgHV3-405 

23 were also shown to influence antibody binding and effector function towards this antigen (35).  406 

Using the selection criteria of convergence, persistence, and expansion, we isolated 96 mAbs of 407 

which 52 were positive for binding the 94.3% O-acetylated Vi PS antigen, with one additional 408 

binding to de-O-acetylated Vi PS antigen only, for a total of 53. Only two mAbs bound to TT; 409 

therefore, the remaining 41 mAbs have either an unidentified antigen-specificity or the affinity of 410 

these antibodies for Vi is too low to measure by BLI. The mAbs which had measurable binding 411 

responses for Vi exhibited a range of KD from around 10 µM to around 500 pM; however, the 412 

measurement of KD is representative of avidity not true affinity due to the size of the Vi polymer 413 

and binding by full IgG molecules. Future studies to measure affinity would require digestion of 414 

mAbs into single Fab fragments and synthesizing the Vi minimal epitope, shown to be a hexamer 415 

(36), rather than using the native Vi PS antigen which contains greater than 10,000 units (37). 416 

Therefore, the measured avidity must be higher than the true affinity of these mAbs, which are 417 
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likely to be near the lower range of 10 µM, similar to most other isolated polysaccharide mAbs 418 

against other pathogens (38, 39). There was no evidence of affinity maturation at the population 419 

level, also reported in a CHIM study following Vi vaccination (16), and there is unlikely to be 420 

affinity maturation occurring on the individual level within a clonal lineage. Here we selected one 421 

representative mAb from each expanded or persistent family; therefore, the changes within clonal 422 

lineages cannot be examined. However, these results are not unexpected as boosting with 423 

unconjugated Vi polysaccharide, a T cell independent antigen, is unlikely to drive affinity 424 

maturation (40, 41).  425 

Naturally occurring S. Typhi isolates exhibit Vi PS where 60-90% of monomers are O-acetylated 426 

(21), and currently licensed Vi based vaccines require a threshold of >52% O-acetylation (23). 427 

Previous studies have established that vaccination with highly O-acetylated Vi still induces low 428 

level polyclonal antibody responses to other unknown epitopes on the polysaccharide backbone 429 

(20, 22), but the functional relevance of these subdominant responses, if any, has not been 430 

described. Here we show that around 10% of the selected Vi PS plasmablast pool are specific for 431 

subdominant, non-O-acetyl epitopes, and that these antibodies appear post-prime, post-boost, and 432 

in more than half of the donors, indicating that these responses are common. However, whether 433 

these antibodies arise due to new epitope exposure via Vi conjugation to TT, which has been shown 434 

to change the conformation and flexibility of other vaccine antigens, is unknown (42, 43). We 435 

show that although the O-acetyl group is the immunodominant epitope, antibodies arise that target 436 

at least four distinct, alternative epitopes, two that are subdominant but solvent exposed (SEE) and 437 

two that are completely or partially occluded from the surface (SEO). The level of convergence 438 

and competition between Vi binding mAbs suggests that likely only a small number of overlapping 439 

and adjacent epitopes exist on the Vi PS. Possible epitope specificities are presumably limited 440 
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because of the nature of the antigen as a homopolymer with a small repeating monomer. Epitope 441 

mapping using additional site-directed modifications of the polysaccharide would define the 442 

epitope specificities of these mAbs and determine whether the mAb binding sites are identical or 443 

are competing by steric hindrance due to recognition of overlapping epitopes. 444 

 445 

We observed that mAbs targeting the subdominant exposed epitopes were among the highest 446 

performers for ADMP and ADCD, indicating that responses toward subdominant regions may be 447 

functional in preventing or controlling typhoid fever. However, mAbs targeting the subdominant 448 

epitope occluded by O-acetyl groups performed poorly for ADMP and ADCD likely due to the 449 

inaccessibility of the epitope for binding. Partial de-O-acetylation of Vi (~45-60%) increased 450 

immunogenicity of Vi (20) by increasing the flexibility of the polysaccharide backbone (22), and 451 

de-O-acetylation also exposes new epitopes. We found that antibodies to these exposed 452 

subdominant epitopes (SEE) mediated potent antibody-dependent Fc effector functions providing 453 

rationale to test the role of these antibodies in protection against or control of S. Typhi infection.  454 

Properties that influence antibody-mediated effector functions include epitope-paratope 455 

interactions as well as Fc-FcR interactions. We found that potency of monocyte phagocytosis  and 456 

complement deposition were significantly correlated with antibody off-rate, but not with on-rate, 457 

consistent with a prior study (44) and distinct from neutralization which was linked to association 458 

rates (45, 46).   459 

This study has several limitations. The focus of the antibody kinetics and functional 460 

analyses are limited to Vi IgG1 mAbs, without analysis of additional isotypes and subclasses. 461 

Given that a large proportion of antibodies mounted against Vi PS post-vaccination with Vi-PS 462 

are of the IgG2 subclass and that allosteric changes can influence binding kinetics (47) (48), further 463 
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studies with the natural antibody isotype and subclass are needed. Additionally, since Vi PS IgA 464 

correlated with protection in a CHIM to study typhoid (16), an assessment of the IgA+ plasmablast 465 

pool and characterization of IgA specificity and function is warranted. Other limitations of this 466 

study include the small number of participants from which plasmablasts were isolated (n=8) and 467 

the small number of prime time-point antibodies and prime-boost paired samples to assess affinity 468 

maturation. However, the presence of high avidity antibodies following the boost and the finding 469 

that function is dependent on maturation of the antibody off-rate provides evidence that boosting 470 

may elicit more kinetically and functionally mature antibodies. High avidity antibodies with 471 

antibody Fc effector functions correspond with protection from disease in a typhoid CHIM (16, 472 

17). Serum bactericidal activity did not correlate with protection; however, the role of complement 473 

activation as part of a polyfunctional response is not fully understood (49). There is room to 474 

improve on the efficacy of the Vi-TT vaccine regimen to move from 82% and 85% efficacy in 475 

Nepal and Bangladesh, respectively (13, 50) to an ideal of 100% in diverse populations, including 476 

immunocompromised individuals. The results from this current study provide rationale to test 477 

whether a boost immunization provides better protection than a single dose vaccination alone to 478 

achieve maximum efficacy in all populations. While the Vi-PS boost in this study enriched Vi-479 

specific plasmablasts to study Vi-specific immunity, likely a boost with Vi-TT would provide the 480 

most robust affinity maturation while maintaining the critical memory B-cell pool.  481 

In summary, we identified that antibodies to both dominant and subdominant epitopes mediated 482 

in vitro phagocytosis and complement deposition.  Moreover,  functional responses correlated with 483 

antibody dissociation rate from Vi. Broadening the antibody epitope targeting and Fc mediated 484 

effector functions for S. Typhi Vi is a promising strategy for improving Vi vaccine regimens with 485 

higher efficacy in different populations. 486 
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 487 

Materials and Methods 488 

Study design 489 

The objective of our study was to characterize the human antibody response induced by a prime-490 

boost vaccination strategy against Salmonella Typhi virulence factor Vi polysaccharide, and to test 491 

the hypothesis that diverse and subdominant epitope specificities could mediate antibody Fc 492 

effector functions. We sorted and sequenced plasmablasts from vaccinated individuals (n=8) after 493 

prime and boost and selected a pool (n=96) of sequences to express as monoclonal antibodies. We 494 

examined the convergence in B-cell responses by examining V gene usage and CDR3 495 

characteristics between vaccinees. Using different forms of the Vi polysaccharide antigen (O-496 

acetylated and de-O-acetylated), we defined the specificity of vaccine-derived monoclonal 497 

antibodies and the avidity maturation of these antibodies following prime and boost. Finally, we 498 

investigated the ability of these antibodies to mediate Fc-effector functions in cell-based assays 499 

and established the relationship between Fc-function, specificity, and avidity.  500 

Sample Collection: We analyzed twelve participants, from a completed clinical trial (12), who 501 

were primed with a Vi-TT vaccine (Typbar-TCV, Bharat Biotech, Hyderabad, India). PBMCs 502 

were acquired before immunization and 7 days post-immunization. Serum was available pre-503 

immunization and 28 days post-immunization with Vi-TT. Five participants were orally 504 

challenged with S. Typhi, 28 days after receiving the initial immunization. Challenge did not 505 

increase antibody responses toward Vi (51).  506 

All participants received a boost with a plain Vi-PS vaccine (TYPHIM Vi, Sanofi Pasteur, Lyon, 507 

France). The Vi-PS boost was administered between 19 and 23 months after the initial Vi-TT 508 
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immunization. PBMCs were acquired pre-immunization, 7 days post-immunization and serum was 509 

available 28 days post-immunization with Vi-PS. 510 

 511 

All volunteers provided written informed consent before enrollment. The study protocol was 512 

approved by the sponsor (University of Oxford), the South Central Oxford A Ethics Committee 513 

(14/SC/1427), and the Medicines and Healthcare Products Regulatory Agency (Eudract 2014-514 

002978-36).  515 

 516 

Single cell BCR sequencing  517 

PBMC samples were selected for BCR sequencing based on sample availability. Single CD62L- 518 

or CD62L+ plasmablasts (CD19+CD20-CD38hiCD27+CD3-CD14-IgA-IgM-IgD-) were 519 

individually sorted into wells of 384-well plates using a FACSAria Fusion (BD Biosciences, 520 

USA). Generation of barcoded cDNA, PCR amplification, and sequencing of IgG genes were 521 

performed as described previously (52) with the following modifications: biotinylated Oligo(dT) 522 

and RT maxima H- (Fisher Scientific Company) were used for reverse transcription, cDNA was 523 

extracted using Streptavidin C1 beads (Life Technologies), and DNA concentrations were 524 

determined using qPCR (KAPA SYBR® FAST qPCR Kit for Titanium, Kapabiosystems). V(D)J 525 

assignment and mutation identification was performed using a variant of SoDA (53). 526 

 527 

Plasmid generation and expression of monoclonal antibodies  528 

Variable heavy and light chain DNA sequences were synthesized and cloned into the respective 529 

human IgG1 heavy chain or endogenous light chain expression plasmid. The matched pair of 530 
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heavy and light chain plasmids were transiently co-transfected into HEK-293 cells. Antibody 531 

supernatants were harvested 7 days post-transfection, purified using Protein A affinity 532 

chromatography and filtered through a 0.2 µm filter. The final elution buffer for all antibodies 533 

was 100 mM HEPES, 100 mM NaCl, 50 mM NaOAc, pH 6.0. Nomenclature for isolated 534 

antibodies includes AB-00 followed by a four number string. For graphing purposes, AB-00 may 535 

be omitted.  536 

 537 

Vi-biotinylation and bead coupling 538 

The International Standard for Citrobacter freundii Vi PS (NIBSC 12/244) with a 94.3% O-539 

acetylation level was biotinylated by Expedeon (Cambridge, UK). A biotin binding assay (HABA) 540 

was carried out to confirm successful biotinylation. It was estimated that each Vi PS molecule 541 

contained 14 biotins after the modification procedure. 542 

PE-neutravidin beads (Life technologies) were coated with Vi by incubating 2.5µg of biotinylated 543 

Vi with 10ul of beads for a duration of 2 hours at 37 degrees. Beads were washed twice with 1ml 544 

of PBS 5% BSA (microcentrifuged at 13000rpm for 2 minutes) and taken up in 1ml of RPMI for 545 

each 10ul of original bead volume. Coupled beads were used for functional measurements.  546 

 547 

BioLayer Interferometry (BLI) 548 

BLI measurements were collected with ForteBio Octet RED384 instruments. Kinetics of Vi mAbs 549 

binding to Vi PS or de-O-Vi PS were analyzed by BLI as previously described (16) with 550 

modifications. Briefly, native Vi PS antigen or de-O-acetylated Vi PS (5 µg/ml) was immobilized 551 

to ForteBio aminopropylsilane (APS) biosensors via hydrophobic interaction, followed by 552 
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washing sensors with 10X Kinetics Buffer (10X KB) (ForteBio, USA) to coat unoccupied sensor 553 

area and minimize non-specific interactions. A baseline was established in 1X KB, and then Vi-554 

loaded sensors were dipped into wells containing Vi mAbs (in 1X KB) to monitor mAb 555 

association. Dissociation was monitored by dipping Vi mAb associated sensors back into the 1X 556 

KB wells used to collect the baseline time-course. Each mAb was titrated 7 places starting at 10 557 

µg/ml, 2-fold. Parallel blank sensors that were also washed in 10X KB and dipped in Vi mAbs 558 

were used to subtract out non-specific interactions. At least 4/7 reference subtracted binding curves 559 

were globally fit using ForteBio Data Analysis 10.0 software to determine antibody binding 560 

response (nm), on-rate (ka), off-rate (kd), and observed avidity (KD). Fitting window was adjusted 561 

to minimize effects of upward drift/rebinding in the dissociation phase.  562 

Competition experiments were conducted by immobilizing Vi PS antigen (5 µg/ml) to APS 563 

biosensors at very low density (0.01 nm loading threshold). After washing with 10X KB, sensors 564 

were dipped into wells containing 10 µg/ml (in 1X KB) of antibody 1 to bind to complete 565 

saturation. Sensors were then dipped into wells containing a second Vi mAb at 10 µg/ml (in 1X 566 

KB). Lastly, sensors were dipped back into wells containing 1X KB to allow dissociation. No 567 

blocking is described as an increase in binding signal upon dipping into antibody 2. Blocking is 568 

described as a flat line or decrease in binding signal upon dipping into antibody 2.  569 

 570 

ELISA  571 

Serum Vi IgG antibodies were quantified using the VaccZyme Human Anti-S typhi Vi IgG ELISA 572 

kit (VaccZyme, Birmingham, UK). Specificity of mAbs was determined using the VaccZyme 573 

Human Anti-S typhi Vi IgG ELISA kit and the tetanus toxoid IgG ELISA kit (VaccZyme, 574 
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Birmingham, UK). Total serum antibody data was published previously as part of the main study 575 

(12). 576 

Total serum avidity was measured using a modified Vi ELISA in combination with NaSCN. Nunc 577 

Maxisorp U-bottom plates were coated using streptavidin (Thermo Scientific, 43-4301) at 2 µg/ml 578 

overnight at 37 degrees, followed by a 1 hour incubation with biotinylated Vi at 2 µg/ml for 1 hour 579 

at room temperature (RT). The plate was blocked with PBS 1% BSA for 1 hour at RT. Serum 580 

dilutions were chosen to ensure that the binding of the samples was in the linear phase of their 581 

titration curve. Samples from the same person were tested on one plate. Serum samples, diluted in 582 

PBS, 1% BSA, 30% Brij 35, were incubated for 1 hour at 37 degrees and incubated with several 583 

concentrations of NaSCN (5M, 1M, 0.5M, 0.25M, 0.125M, and 0M) for 15 minutes at RT. IgG 584 

antibodies bound to the plate were detected with Mouse monoclonal anti-human IgG Fc-Alkaline 585 

Phosphatase (Abcam, ab99764), incubated for 1 hour at 37 degrees. Residual binding was detected 586 

using the combination 4-Nitrophenyl Phosphate (pNPP) Liquid Substrate System (Sigma Aldrich, 587 

N7653) and a 3M NaOH stop solution.  588 

The avidity index of each sample was calculated as a percentage of residual binding: xM /(0M – 589 

5M), where x was a concentration of NaSCN in between 0M and 5M. 590 

 591 

De-O-acetylation of Vi polysaccharide  592 

Vi PS was de-O-acetylated using a method from Hitri et al (22) adapted from the method described 593 

by Szu et al (20). Briefly, one vial of the International Standard for Vi PS NIBSC 12/244 was 594 

rehydrated in water (1mg/ml) and was diluted in airtight tubes with 10M ammonium hydroxide 595 

(NH4OH) to a final concentration of 50 mM, 150 mM, 300 mM, 500 mM, and 700 mM for partial 596 
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de-O-acetylation, and 1M or 1.5M NH4OH for full de-O-acetylation. Samples were capped and 597 

incubated at 37℃ for 18 hours. Solvent was evaporated and the de-O-acetylated Vi PS (de-O-Vi 598 

PS) pellet was re-hydrated in water overnight before use. For NMR experiments, Vi PS was 599 

rehydrated before and after de-O-acetylation with deuterated water (D2O). 600 

 601 

Nuclear Magnetic Resonance Spectroscopy (NMR) 602 

NMR was performed on a Bruker 16.4 Tesla spectrometer (Bruker, USA) with a BBO room 603 

temperature probe. Before measurement, individual samples were exchanged/lyophilized two 604 

times, each time resuspending the polysaccharide in 600 µL D2O. The O-acetylation level of 605 

control (untreated), 0.05 M, 0.15 M, 0.3 M, 0.7 M, 1.0 M, and 1.5 M NH4OH-treated Vi PS 606 

solutions were investigated by 2D-dimensional 1H–13C Heteronuclear Single Quantum 607 

Coherence (HSQC) spectroscopy analyses. Quantification of the N- and O-acetyl signals were 608 

possible in the 1H–13C HSQC as they are well-resolved. The intensity of the N- and O-acetyl 609 

crosspeaks (~1H at 1.9 ppm) was used to determine the ratio of O- to N-acetylation. 1H–13C HSQC 610 

two-dimensional experiments were performed using the hsqccetgpsisp2.2 pulse sequence, with a 611 

1J(CH) coupling constant of 145 Hz. Processing was done using Topspin 4.0.1 (Bruker, USA). 612 

 613 

Antibody-Dependent Monocyte Phagocytosis (ADMP)  614 

The capacity of mAbs (concentration: 1µg/ml) to mediate ADMP was performed as previously 615 

described in THP1 cells (54). The phagocytic score for each sample was determined by multiplying 616 

the % of bead-positive cells with the GMFI (geometric mean fluorescence intensity) of the bead-617 
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positive cells. Debris and doublets were removed by manual gating before carrying out these 618 

calculations. 619 

 620 

Antibody-Dependent Complement Deposition (ADCD)  621 

ADCD was performed as previously described (55), with the following modifications. MAbs 622 

(1µg/ml) were incubated with antigen coated beads for 15 minutes at 37 degrees and then with 623 

complement (low-tox guinea pig complement (Cedarlane, CL4051)) for 15 minutes at 37 degrees. 624 

The plate was centrifuged at 1000g for 3 minutes at 4 degrees,  plates were washed with 200µl/well 625 

of PBS with 15mM EDTA, incubated with FITC-conjugated Goat IgG Fraction to Guinea Pig 626 

Complement C3 (MP Biomedical, 855385) for 20 minutes, and the wash step was repeated.  627 

Complement deposition was assessed by determining the GMFI of anti-C3 intensity on PE-628 

positive beads (BD Fortessa X20). Doublets and debris were removed by manual gating before 629 

carrying out these calculations. 630 

Quantification and Statistics 631 

The sequence similarity index of CDRH3 sequences in convergent antibody groups was calculated 632 

by EMBOSS-Needle using pairwise alignment and BLOSUM62 (BLOcks Subsitution Matrix 62) 633 

with residue-specific and hydrophilic gap penalties (open gap penalty = 10, extended gap penalty 634 

0.5). For the selection of antibodies for protein expression based on convergence, the BLOSUM62 635 

similarity was calculated for pairs of antibodies from different donors. Putative convergent 636 

antibodies were required to have greater similarity than that observed between pairs of unrelated 637 

antibodies (56).  638 
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CDR3 lengths were examined  by the Shapiro-Wilk normality test R software [version 3.6.1]. The 639 

relationship between CD62L expression on plasmablasts and antibody Vi-specificity were 640 

evaluated by Fisher’s exact test and the relationship between the functional and kinetic 641 

measurements were evaluated by Spearman correlation analysis in SAS software [Version 9.4 of 642 

the SAS System Copyright © 2002-2012 by SAS Institute Inc., Cary, NC,  USA] 643 

Supplementary Materials 644 

Fig. S1 – Example gating strategy for sorting of IgG+ plasmablasts from human vaccinee 645 

PBMCs.  646 

Fig. S2 – Heavy chain CDR3 length after Vi-TT primary immunization or Vi-PS-boost 647 

immunization 648 

Fig. S3 – Sequence characteristics of BCRs from IgG-positive plasmablasts after Vi-TT primary 649 

or Vi-PS boost immunization  650 

Fig. S4 – Sequence characteristics of BCRs from IgG-positive plasmablasts after Vi-TT primary 651 

or Vi-PS boost immunization, focusing on Ig heavy chain variable regions  652 

Fig. S5 – Monoclonal antibody binding to tetanus toxoid 653 

Fig. S6 – Somatic hypermutations in sequences of Vi-positive monoclonal antibodies  654 

Fig. S7 – Antibodies across different families have similar epitope specificities. 655 

Fig. S8 – Full 1H–13C HSQC NMR analysis of Vi polysaccharide solutions as function of 656 

increasing NH4OH treatment. 657 

Fig. S9 – Monoclonal antibodies derived by vaccination target non-O-acetylated Vi 658 

Fig. S10 – Vi PS monoclonal antibodies recognize exposed and occluded epitopes 659 
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Fig. S11 – Example of the ADMP gating strategy 660 

Fig. S12 – Example of the ADCD gating strategy. 661 

Fig. S13 – ADMP and ADCD potential are not associated with antibody on-rate. 662 

Data S1. BCR sequencing information. 663 

Data S2. Full kinetic and functional measurements for all monoclonal antibodies. 664 

Data S3. Raw experimental data by figure panel for graphs with n≤25 data points.  665 
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Fig. S2 – Heavy chain CDR3 length after Vi-TT primary immunization or Vi-PS-boost immunization.  

A B Prime (Vi-TT) Boost (Vi-PS) Prime (Vi-TT) Boost (Vi-PS) 

Fig. S3 – Sequence characteristics of BCRs from IgG-positive plasmablasts after Vi-TT 
primary or Vi-PS boost immunization  A) Ig heavy chain variable region usage, showing samples 
that were paired between immunization (n=3). B) Ig heavy chain junction region usage, showing 
samples that were paired between immunizations (n=3).  
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Fig. S4 – Sequence characteristics of BCRs from IgG-positive plasmablasts after Vi-TT 
primary or Vi-PS boost immunization, focusing Ig heavy chain variable regions  AIg heavy 
chain variable region usage, showing the usage after the Vi-TT prime and Vi-PS boost immunizations 
for the 3 individuals for who data after both vaccines was available.  
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Fig. S6 – Somatic hypermutations in sequences of Vi-positive monoclonal antibodies.  A) 
Number of somatic hypermutations in V heavy and V light chain after either primary immunization 
with Vi-TT (n=3) or after a boost with Vi-PS (n=50). B) Total number of somatic hypermutations in 
both chains after prime and boost. The number of mutations shown contains both silent and non-
silent mutations. The horizontal line indicates the median.  
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Fig. S7 – Antibodies across different families have similar epitope specificities. Cross-
competition between representative mAbs from each convergent family where ViPS antigen is 

immobilized at low density on biosensor, following by saturated binding of 1
st
 mAb, followed by 

binding of 2
nd

 mAb. Red indicates self-blocking, pink indicates cross-blocking, and green 
indicates no blocking.  
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Fig. S8 – Full 
1
H–

13
C HSQC NMR analysis of Vi polysaccharide solutions as  function of 

increasing NH
4
OH treatment. 2D NMR spectra of (A) untreated, (B) 0.05 M NH

4
OH-treated, (C) 

0.15 M NH
4
OH-treated, (D) 0.3 M NH

4
OH-treated, (E)  0.7 M NH

4
OH-treated, (F) 1 M NH

4
OH-treated, 

and (G) 1.5 M NH
4
OH-treated  C. freundii Vi solutions. The x- and y- axis contain the NMR 

resonances arising from 
1
H and 

13
C, respectively, representing 

1
H-

13
C direct bonds. Panel H 

represents the increasing signal (centered around 1.9 ppm (
1
H) and 26.5 ppm (

13
C) – dotted red box 

in each panel) as function of increasing amounts of NH
4
OH treatment.  
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Fig. S9 – Monoclonal antibodies derived by vaccination target non-o-acetylated Vi. A) Binding 
sensorgrams of monoclonal antibodies that bind with similar avidity to Vi polysaccharide (left) and 
de-O-acetylated Vi polysaccharide (right) with corresponding avidity measurements indicated. B) 
Binding sensorgrams of monoclonal antibodies that bind with weaker avidity to Vi polysaccharide 
(left) compared to de-O-acetylated Vi polysaccharide (right) with corresponding avidity 
measurements indicated.  

Fig. S10 – ViPS monoclonal antibodies recognize exposed and occluded epitopes Competition 
experiments performed by immobilizing low level ViPS antigen to biosensor, dipping into antibody 1 until 
binding is completely saturated, and then dipping into antiobdy 2. A) Competition of SEE mAbs in reverse 
orientation with SEE mAbs as antibody 1 and AB-008053 as antibody 2. B) Competition of SEO mAbs in 
reverse orientation with SEO mAbs as antibody 1 and AB-008053 as antibody 2.  
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Fig. S11 – Example of the ADMP gating strategy. Initially, single cells are gated, followed by a 
selection of bead-positive cells. The gate for the bead-positive cells is based on a negative control 
THP-1 sample without any beads. Both the percentage of bead-positive cells and the intensity of 
the beads are used to calculate the phagocytic score. 
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Fig. S12 – Example of the ADCD gating strategy. Initially, single beads are gated, after which 
the anti-guinea pig C3-FITC intensity is measured using geometric mean fluorescent intensity. 

A B 

0 500 1000 1500 2000

1×103

1×104

1×105

1×106

1×107

ADMP OVG vs On-Rate

ADMP

k
a
 (

M
-1

s
-1

)

r=-0.01
p=0.945

0 500 1000 1500 2000 2500

1×103

1×104

1×105

1×106

1×107

ADCD vs On-Rate

ADCD
k

a
 (

M
-1

s
-1

)

r=0.26
p=0.0629

Fig. S13 – ADMP and ADCD potential are not associated with antibody on-rate. Spearman 
correlations of A) ADMP score and Vi on-rate. B) ADCD score and Vi on-rate.  


