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Vaccines against typhoid fever have been shown to be safe and effective in field

trials. The mechanism through which the vaccines protect remains elusive.

Recent data have implicated antibody glycosylation, and specifically

afucosylated antibodies, as an important factor in vaccine-induced effector

function for a range of viral infections, however this has not been evaluated for

vaccines against bacterial infections such as Salmonella typhi. Here, we studied

antibody glycosylation after either Vi-conjugate or Vi-polysaccharide vaccine in

a UK cohort who were then challenged with virulent S. typhi, and compared

findings to antibody glycosylation after Vi-conjugate vaccine in Nepalese

children living in a typhoid endemic region. We compared vaccine-induced

responses and correlated these measures with antibody-dependent function.

Robust antigen-specific antibody galactosylation and sialylation modifications

were induced by both vaccines in UK adults, with Vi-conjugate vaccine inducing

Vi-specific glycan changes of highermagnitude than Vi-polysaccharide. Among

those individuals diagnosed with typhoid fever after challenge, a distinct glycan

profile was correlated with disease severity. Elevated galactosylation and

sialylation was correlated with increased antibody-dependent phagocytosis

by macrophages and neutrophils among UK adults. While bulk IgG

glycosylation differed between Nepalese children and UK adults, vaccination

with the Vi-conjugate vaccine overcame these differences to result in similar Vi-

specific antibody glycosylation profiles 28 days after vaccination in both

cohorts.
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Introduction

Typhoid fever is caused by infection with Salmonella Typhi

and particularly affects regions of the world with inadequate

water supply and poor sanitation. An estimated 11million people

suffer from typhoid fever each year and in 2017 approximately

136,000 people died of the disease (Stanaway et al., 2019).

Currently licensed typhoid vaccines have significant

limitations. One of the licensed vaccines is Ty21a, an oral live

attenuated vaccine, which is unsuitable for administration in

young children because the capsular formulation makes it

difficult to swallow. The other is an injectable polysaccharide

vaccine based on the main immunogenic S. Typhi antigen, Vi

(Vi-PS), which is not effective in early childhood.

In 2018 the WHO announced pre-qualification of the first

protein conjugate vaccine against typhoid (Typbar TCV) following

a successful safety and efficacy trial among UK participants in a

controlled human infection model (CHIM) (Jin et al., 2017). This

tetanus toxoid-conjugate vaccine (Vi-TCV) also utilises the main

immunogenic S. Typhi antigen, Vi. High efficacy of Vi-TCV was

confirmed in a Phase 3 trial in 10,005 Nepalese children, both after

1 year (81.6%; 95% CI, 58.8–91.8; (Shakya et al., 2019); and after

2 years (79.0%; 95% CI 61.9–88.5, (Shakya et al., 2021), and

additionally in Bangladesh (Qadri et al., 2021) and Malawi

(Patel et al., 2021).

Attempts to characterise a measurable correlate of

protection which could be used to inform boosting

intervals and future vaccine development, found that in

healthy UK adults challenged with live S. Typhi, Vi-TCV

and Vi-PS vaccinations had distinct protective signatures

(Jin et al., 2021)). A combination of Vi-specific

Immunoglobulin (Ig) A, avidity, IgG, and Antibody-

Dependent Neutrophil Phagocytosis (ADNP) were

associated with protection and reduced disease severity

after vaccination, however a reliable signature with a

protective threshold was not found (Jin et al., 2021). These

findings led to this study where alternative characteristics of

antibodies were investigated.

Unlike subclass selection, which irreversibly changes the

crystallisable fragment (Fc) region of antibodies, glycosylation

(the addition of sugar moieties to the CH2 domain of the Fc)

represents a mechanism by which the immune system can fine-

tune antibody effector function (Thomann et al., 2016). IgG

glycosylation involves the post-translational modification of the

conserved N-linked glycosylation site at asparagine position

297 of the Fc region of the antibody. This modification is

harnessed in therapeutic monoclonal antibody development to

improve the management of cancer (Pereira et al., 2018) and

autoimmune diseases (Mastrangeli et al., 2019). Manipulation of

antibody glycosylation can impact immunoglobulin stability,

pharmacokinetics (PK) and, in particular, effector functions

by modifying Fcγ receptor (FcγR) binding affinity (Irvine and

Alter, 2020). Glycosylation is a dynamic process, dependent on

the local availability of enzymes, sugar precursors, and cellular

signals. While the majority of the glycans attached to IgG consist

of diantennary glycans, large variations between individuals and

with pathological conditions are found in four main

glycosylation features. These features include the levels of

galactosylation and sialylation, and the presence of a core

fucose and a bisecting N-acetylglucosamine (GlcNAc). The

best-characterised functional immunoglobulin glycan

alterations include a loss of fucose which increases IgG

affinity for FcyRIIIa and b by up to 17-fold (Shields et al.,

2002; Dekkers et al., 2017), and Fc sialylation which plays a

role in affinity maturation of antigen-specific IgG1 generated by

influenza vaccination (Wang et al., 2015). Antibody glycosylation

often forms part of analyses called ‘systems serology’ whereby

many measures of antibody features and functions are analysed

using computational methods to mine data in an unbiased way in

order to better understand immune responses to vaccination and

disease (Chung and Alter, 2017).

Recently, differential antibody glycosylation has been associated

with differences in antibody function and severity of SARS-CoV-2

(Larsen et al., 2021), as well as between SARS-CoV2 vaccination

(Van Coillie et al., 2022) and infection (Farkash et al., 2021). Given

the magnitude of functional change possible via alterations of

antibody glycosylation state, modifications to vaccination

approaches which impact on glycoform populations, could

enable fine tuning of resultant immune responses.

To further investigate the correlates of protection of different

types of vaccines, we aimed to understand the similarities and

differences in vaccine-induced IgG glycosylation and

functionality against the same antigenic target (Vi) in two

different formulations; Vi-TCV and Vi-PS. We report data

from three time points of a Phase 2b S. Typhi vaccine CHIM

study in the UK (Jin et al., 2017), and compare Vi-TCV-induced

IgG glycosylation between a S. Typhi naïve UK population and

an endemic population, using samples from a subset of Nepalese

children receiving Vi-TCV in a Phase 3 efficacy study (Shakya

et al., 2019). We characterise total IgG Fc glycosylation and

compare those measures to Vi-specific IgG Fc glycosylation and

measures of function.

Materials and methods

UK phase 2b clinical trial

Stored serum samples from a single-centre, randomised

controlled, phase 2b study, using an outpatient-based human

typhoid infection model, were used for this study. The clinical

trial has been reported by Jin et al. (Jin et al., 2017). Briefly, healthy

adult volunteers aged between 18 and 60 years, with no previous

history of typhoid vaccination, infection, or prolonged residency in

a typhoid-endemic region were recruited. Participants were

randomly assigned to receive a single dose of Vi-conjugate (Vi-
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TCV; Typbar-TCV, Bharat Biotech, Hyderabad, India; n = 37), Vi-

polysaccharide (Vi-PS; TYPHIM Vi, Sanofi Pasteur, Lyon, France;

n = 35), or a control meningococcal vaccine. Both Vi vaccines

contained 25 μg of Vi-antigen per 0.5 ml dose. Approximately

1 month post vaccination, participants ingested live S. Typhi and

were assessed with daily blood culture over a 2-week period.

Typhoid infection was defined as persistent fever of 38°C or

higher for 12 h or longer or S. Typhi bacteraemia. Trial

registered with ClinicalTrials.gov, number NCT02324751. A

total of 103 participants completed follow-up; 35 in the Vi-PS

group, 37 in the Vi-TCV group and 31 in the control arm. Samples

used in this study were taken pre-vaccination (D0), 1-month post-

vaccination (D28), and 28 days post S. Typhi challenge (PC) from

the 35Vi-PS and 37Vi-TCV recipients. Overall, 13/35 participants

who received Vi-PS and 13/37 who received Vi-TCV were

diagnosed with typhoid fever.

Nepal phase 3 clinical trial

Stored plasma samples from a participant-masked and

observer-masked individually randomised phase 3 clinical

trial of Vi-TCV vaccine in Lalitpur, Nepal were used for this

study. With a protective efficacy against blood culture-

confirmed typhoid fever at 2 years of 79.0% (95% CI

61.9–88.5), this study enrolled 20,019 participants aged

9 months to 16 years randomised (1:1) to either receive a

single dose of Vi-TCV or a control meningococcal vaccine

(trial is registered at ISRCTN registry, ISRCTN43385161,

(Shakya et al., 2019)). A randomly selected subset of

35 participants with samples taken for immunology were

used in this study (mean age 10.1 years (range 0–15 years).

Timepoints used in this study are pre-vaccination (D0) and

1 month post vaccination (D28).

Vi-specific IgG capture and glycopeptide
analysis

Vi-specific IgG was captured using NeutrAvidin plates

(Thermofisher), coated for 2 h at room temperature with

100 µl biotinylated Vi (commercially biotinylated WHO

international Standard Vi polysaccharide of C freundii

NIBSC code: 12/244) at 1.25 μg/ml in 0.5X PBS. After

washing plates three times with 200 µl 0.5X PBS, 200 ul of

1:20 diluted (in 0.5X PBS) sample was added and incubated for

1 hour at room temperature, and then the sample transferred

to another Vi-coated blank well for another 1-h incubation.

After each incubation, wells were washed once with 200 µl

0.5X PBS and three times with 200 ul freshly made 25 mM

ammonium bicarbonate (Sigma). Following the washes, 50 µl

of 100 mM formic acid (Sigma) was added and plates were

incubated at room temperature for 5 min with agitation. After

transferring the 50 µl eluate to a clean V-bottom 96-well plate,

another 50 µl 100 mM formic acid was added, incubated for

5 min with agitation and the two eluates from the same sample

were pooled.

Samples were dried using a vacuum centrifuge for 2–3 h at

50/60°C, and shipped to LUMC for processing as below for

total IgG.

Total IgG glycopeptide analysis

IgG was purified in duplicate using affinity bead

chromatography, based on a protocol described previously

(Bondt et al., 2014; Plomp et al., 2018). For IgG purification,

2 μl of Protein G Sepharose 4 Fast Flow beads (GE

Healthcare) were added per well on an Orochem filter

plate and washed three times with PBS. 20 μl of 1:

20 diluted sample (in PBS) was added to each well. Plates

were incubated for 1 h with shaking at 750 rpm. Using a

vacuum manifold, the samples were washed three times by

adding 400 μl PBS, followed by three times 400 μl of purified

water. Antibodies were eluted from the beads by addition of

100 μl of 100 mM formic acid (Sigma) incubating for 5 min

with shaking, and centrifuging at 100 × g for 2 min. Samples

were dried for 2 h at 60°C in a vacuum centrifuge before

resolubilisation in 20 μl 50 mM ammonium bicarbonate

(Sigma) while shaking for 5 min. 20 μl of 0.05 μg/μl tosyl

phenylalanyl chloromethyl ketone (TPCK)-treated trypsin

(Sigma) in ice-cold purified water was added per well, and

the samples were incubated at 37°C overnight.

NanoLC-ESI-QTOF-MS(/MS) analysis

Trypsin-treated IgG samples were analyzed by nanoLC-MS

(Ultimate 3000 RSLCnano system; Dionex/Thermo Scientific,

Breda, the Netherlands) coupled to a quadrupole-TOF-MS

(MaXis HD; Bruker Daltonics, Bremen, Germany) and MS data

was acquired as described previously with minor modifications

(Falck et al., 2016). The LC system was equipped with an Acclaim

PepMap 100 trap column (particle size 5 μm, pore size 100 Å,

100 μm × 20mm, Dionex/Thermo Scientific) and an Acclaim

PepMap C18 nano analytical column (particle size 2 μm, pore size

100 Å, 75 μm × 150 mm, Dionex/Thermo Scientific).

Glycan data processing

Glycopeptides were identified based on their m/z, retention

time and literature (Falck et al., 2016). Next to an IgG1 Fc

glycopeptide cluster, a joint IgG2 and IgG3 Fc glycopeptide

cluster was detected, as the method does not resolve IgG2 and

3. Due to low intensity of IgG4 in the Vi-specific IgG samples,
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IgG4 was not quantified in the current data. Glycopeptides were

quantified using LaCyTools 1.1.0-alpha (build 190207b) software

as described previously (Jansen et al., 2016), applying the

following quality criteria for analyte quantification: mass error

between −10 and 10 ppm, IPQ above 0.35, signal-to-noise above

9 in at least 20% of the samples per cohort. Vi-specific IgG

samples were excluded from the analysis when the total absolute

abundance of the curated glycopeptides was below the value

observed in the negative plasma controls. Total area

normalization was performed to obtain relative abundancies

of the individual glycoforms per IgG subclass. Supplementary

Figures S7, S8 show method repeatability based on a cohort-

independent standard (method standard) as well as a cohort-

specific Typhoid-positive control (Positive control), showing

very high method repeatability over the two cohorts. Derived

glycosylation traits galactosylation (gal), sialylation (sia),

bisection (bisec) and fucosylation (fuc) were calculated by

summing the relative abundances of the respective individual

glycans.

The mass spectrometry proteomics data have been

deposited to the ProteomeXchange Consortium via the

PRIDE partner repository with the dataset identifier

PXD037251.

Vi-IgG and IgA ELISA

IgG and IgA Vi-specific antibody titers were measured using

a commercial enzyme-linked immunosorbent assay (ELISA) kit

(VaccZyme, Binding Site) according to the manufacturer’s

instructions for IgG and with modifications for IgA. Data has

been published previously (Jin et al., 2017; Shakya et al., 2019;

Shakya et al., 2021).

Functional assays

Antibody dependent monocyte, and neutrophil

phagocytosis (ADCP, ADNP), neutrophil oxidative burst

(ADNOB), NK cell activation (ADNKA), complement

deposition (ADCD), and serum bactericidal activity (SBA)

were carried out on UK samples at all timepoints studied here

and are reported separately by (Jin et al., 2021). ADNP was

investigated for Nepalese samples and are reported by

(Johnson et al., 2021). Methods for these assays are

included in Supplementary Materials.

Serum cytokines

A custom 9-plexMerckMilliporeMilliplex® human cytokine

detection kit was used for analysis of inflammatory cytokines;

Fractaline, IFNγ, GROa, IL10, sCD40L, IL1B, IL8, IP10, and

TNFα. Analysis was carried out according to manufacturer’s

instructions and bead acquisition and analysis of median

fluorescence intensity was performed using Bio-Plex manager

software version 6.1.

Statistical analyses

Stata version 14.1 (Stat Crop, Texas), GraphPad Prism 8, R-

4.1.2 (https://www.r-project.org/) and SIMON software version

0.2.1 (https://genular.org) were used for statistical analysis,

graphical representation of data and integrative analysis

(Tomic et al., 2021).

Unless otherwise stated, Kruskal Wallis test was used for

comparison of groups with adjustment for multiple testing using

Dunn’s multiple comparisons test where appropriate. The

Wilcoxon signed rank test was used to explore the differences

between total and antigen-specific glycans in paired samples, and

between study timepoints. The Kruskal Wallis test was used to

explore differences between UK and Nepalese cohorts with

respect to age, sex and anti-Vi antibody titres. The Mann-

Whitney U test was used to compare the number of

diagnosed individuals between the two vaccine arms among

UK volunteers, and to explore missing data between

independent study arms.

Pairwise correlations were calculated and visualized as a

correlogram using SIMON software 0.2.1 (Tomic et al., 2021).

Spearman’s rank correlation coefficient was computed and

indicated on the correlogram by the heat scale. The

significance test of correlation coefficients was performed, and

values shown on the correlogram were adjusted for multiple

testing using the Benjamini–Hochberg correction at the

significance threshold FDR <0.05.

t-SNE and clustering analysis

The t-distributed stochastic neighbour embedding

(t-SNE) and clustering was performed to analyse the pre-

processed integrated dataset using SIMON software. Visit,

study, vaccine, group, diagnosis, and sex were used as

grouping variables, and thus, were excluded from the

analysis. Additionally, due to the large variation between

the two cohorts, age variable was excluded from the analysis.

Before the t-SNE analysis (2,000 iterations, perplexity 30,

and theta 0.5), data was pre-processed using transformation

methods available in SIMON software (Tomic et al., 2021).

Center (mean subtracted) and scale (standard deviation

divided), and missing values were imputed based on

median values (medianImpute). The generated t-SNE map

was analyzed using model-based clustering algorithm

(mclust; seed number 1337; 4 clusters allowed) (Fraley and

Raftery, 2002). To visualize variation of measured features
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across the t-SNE embedding space, we performed

hierarchical clustering on t-SNE maps using Euclidean

distance, agglomerative hierarchical clustering with Ward.

Results

Sera from 72 UK adults with no history of S. Typhi

infection were taken before (baseline; D0) and 28 days after

(D28) vaccination with a single dose of Vi-PS (n = 35) or Vi-

TCV (n = 37), and again 28 days after deliberate ingestion of

virulent S. typhi (Post Challenge; PC). Sera from 35 randomly

selected Nepalese children (with stratification for sex) from a

Phase 3 clinical trial were included, with samples taken at

baseline (D0) and 28 days after (D28) vaccination with a single

dose of Vi-TCV (Figure 1). In the UK cohort, among the Vi-PS

arm, 37% of participants were female, with a mean age of

34 years, and among the Vi-TCV arm, 49% of participants

were female, with a mean age of 31.7 years (Table 1). The

mean age of the Nepalese children was 10.1 years (Table 1).

Table 2 shows a summary of missing data for Vi-specific

IgG glycan measures. The table details the number of

samples from which Vi-specific glycosylation data was

successfully reported by timepoint. At baseline (D0), only

7/72 (10%) UK participants had measurable Vi-specific IgG

glycosylation and this was evenly split between Vi-PS and Vi-

TCV vaccine groups. At D28 and after challenge (PC),

successful reporting of glycan measures increased (43% for

FIGURE 1
Study design schematic. Study design schematic. Created with Biorender.

TABLE 1 Cohort demographic and baseline IgG and IgA titres for Vi-PS (UK adults) and Vi-TCV (UK adults and Nepalese children).

UK Nepal p value

Vi-PS (N = 35) Vi-TCV (N = 37) Vi-TCV (N = 35)

Sex

Female (%) 13 (37%) 18 (49%) 19 (54%) 0.45 K-wallis

Male (%) 22 (63%) 19 (51%) 16 (46%)

Mean age, years (range) 34.0 (18.5–59.0) 31.7 (18.1–58.6) 10.1 (0–15) 0.0001 K-wallis

Number (%) diagnosed with typhoid fever
after challenge (UK only)

13 (37%) 13 (35%) N/A 0.86 Mann-Whitney

Mean Vi IgG titre at baseline (range, N) 10.9 (3.7–67.4, 35) 10.1 (3.7–80.4, 37) 17.2 (3.7–136.0, 35) 0.045 K-wallis

Mean Vi IgA titre at baseline (range, N) 3.6 (1.6–45.8, 34) 3.5 (1.6–52.5, 33) 1.8 (1.6–3.9, 35) 0.91 K-wallis
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recipients of Vi-PS at both D28 and PC, and 89% and 92% for

recipients of Vi-TCV at D28 and PC respectively).

Individuals with valid Vi-specific IgG glycan measures had

higher Vi IgG titres as measured by Elisa for both vaccine

groups (overall the median Vi-IgG titre was 7.9 EU for

individuals with missing glycan data, and 423 EU for

individuals with valid glycan data, p < 0.0001).

Fifty-one percent of Nepalese infants had detectable Vi-

specific IgG glycosylation at baseline (D0) and 97% at

D28 post vaccination with Vi-TCV (Table 2). Again,

individuals with valid Vi-specific IgG glycan measures had

higher Vi igG titres as measured by Elisa (median Vi-IgG

titre was 3.7 EU for individuals with missing glycan data, and

1281 EU for individuals with valid glycan data, p < 0.0001).

Partial separation of UK and nepalese
cohorts by unsupervised clustering
analysis

Visualisation of cohorts using t-SNE plots from integrative

analysis of all timepoints for all shared parameters (Figures

2A–D) shows partial separation of Nepalese and UK study

participants (Figure 2D) but no separation based on sex

(Figure 2B) or vaccine received (Figure 2C). Unsupervised

clustering analysis reveals 4 distinct immunophenotypic

groups (Figure 2E). Cluster 1 is dominated by individuals

from UK cohort having higher total IgG galactosylation

(specifically, higher digalactosylated glycans (G2) and a

reciprocal decreased level of agalactosylated glycans (G0);

Figure 2F). Cluster 2 and 3 are again dominated by UK

adults and characterised by a preponderance of intermediate

(G1) galactosylated total IgG. Cluster 4 mostly overlaps with

the Nepalese cohort (Figure 2E), and the heatmap (Figure 2F)

reveals that this cluster is characterised by highly

agalactosylated total IgG glycoforms, a high number of sialic

acids per galactose residue (for total IgG), and pronounced

differences in galactosylation between Vi-specific and

total IgG.

Vaccination with Vi-TCV induces vi-
specific glycan changes of higher
magnitude than Vi-PS among UK
vaccinees

AmongUK adults, Vi-TCV andVi-PS vaccines both gave rise to

altered glycan traits in Vi-specific IgG compared to those for total

IgG at 28 days post-vaccination, with similar directions of effect for

the two vaccines (Figure 3). Vi-specific IgG1 is more fucosylated

than total IgG1, Vi-specific IgG1 and IgG2/3 aremore galactosylated

and sialylated than total IgG1 and IgG2/3, and Vi-specific IgG1 and

IgG2/3 are less bisected than total IgG1 and IgG2/3 (Figure 3,

Supplementary Figure S1). While the direction of the glycosylation

effects between total and Vi-specific IgG is the same for Vi-PS and

Vi-TCV recipients, Vi-TCV elicits a greater deviation than Vi-PS

vaccination for IgG2/3 galactosylation (p = 0.020), IgG1 and IgG2/

3 sialylation and bisection (IgG1 p = 0.002 and p = 0.038 and IgG2/

3 p = 0.0005 and p = 0.0002 for sialylation and bisection respectively;

Figure 3).

Disease severity correlates with a distinct
Vi-specific IgG glycosylation profile
among UK adults challenged with virulent
S.typhi

While there were no differences in Vi-specific antibody

glycan relative abundance between individuals who were

diagnosed (Vi-TCV 13/37 and Vi-PS 13/35) or not with

typhoid fever (Supplementary Figure S2) nor any

differential deviation between Vi-specific IgG compared to

total IgG (Supplementary Figure S3), there were specific

glycan profiles that associated with disease severity among

diagnosed individuals.

Glycan profiles of Vi-specific antibodies measured 28 days

after vaccination (which was also the day of S. Typhi challenge

(D28)) were correlated with measures of disease severity for the

UK CHIM participants who were diagnosed with typhoid fever

(Figure 4A). Disease severity, as measured by CRP or peak

temperature (which were positively correlated with each other;

rho = 0.43, p = 0.02) were themselves positively correlated with

TABLE 2 Summary of missing data for Vi-specific IgG glycan measures
among UK Vi-PS and Vi-TCV vaccinees split by challenge
outcome, and Nepalese Vi-TCV vaccinees. Table shows the number
and percentage of samples (out of total samples analysed) fromwhich
Vi-specific glycosylation data was successfully reported by
timepoint. nTD - volunteers who remained free of typhoid fever
after challenge, TD - participants who were diagnosed with
typhoid fever after challenge with virulent S. typhi. Timepoints -
D0 - Day 0, baseline (day of vaccination), D28 - Day 28 after
vaccination, PC - Post Challenge, 28 days after controlled human
infection.

UK
cohort

Typhoid fever diagnosis Nepal cohort

nTD TD Total Total

Vi-PS Vi-TCV

D0 3/22(14%) 0/13(0%) 3/35(9%) D0 18/
34(53%)

D28 12/22(55%) 3/13(23%) 15/35(43%) D28 33/
34(97%)

PV 12/22(55%) 3/13(23%) 15/35(43%)

Vi-TCV

D0 1/24(4%) 3/13(23%) 4/37(11%)

D28 23/24(96%) 10/13(23%) 33/37(89%)

PC 21/24(88%) 13/13(100%) 34/37(92%)
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Vi-specific bisection (IgG1 rho = 0.45 and 0.65, IgG2/3 rho =

0.47 and 0.38, for CRP and peak temperature respectively) and

negatively correlated with IgG1 Vi-specific galactosylation and

sialylation (rho = −0.30 and −0.38 for galactosylation and

rho = −0.38 and −0.42 for sialylation, for CRP and peak

temperature respectively; Figure 4A). Bacterial burden at the

time of diagnosis (as measured by the number of colony forming

units (CFU) cultured from clinical samples) was positively

correlated with Vi-specific IgG1 fucosylation (rho = 0.44),

galactosylation (IgG1 rho = 0.74, IgG2/3 rho = 0.44)) and

sialylation (IgG1 rho = 0.63, IgG2/3 rho = 0.39) and

negatively correlated with bisection (IgG1 rho = −0.55, IgG2/

3 rho = −0.44). Where correlations were statistically significant

for all measures, the direction of correlation of glycan traits with

measures of inflammation (CRP and peak temperature) were the

opposite of the correlations between glycans and the ability of the

pathogen to replicate (measured by CFU/ml; Figure 4A despite

neither CRP and CFU, nor peak temperature and CFU having

significant correlations (0.3127 p = 0.1463 and rho = 0.019 p =

0.9315 respectively).

FIGURE 2
Integrative analysis of only shared glycan and immunological parameters for UK and Nepalese cohorts. All timepoints are included. Each dot
represents one sample and samples are closer together if they aremore similar. All samples (A). No clear separation can be seenwhen data are split by
sex (B) or vaccine type (C). Separation of the UK andNepalese cohorts can be seen in (D). Unsupervised clustering analysis shows 4 clusters (E) and (F)
shows a heat map of cluster attributes. Heat map colour scale bar depicts values from −5 to 5.
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Antibody-dependent phagocytosis
correlates with increased Vi-specific
antibody galactosylation and sialylation
and coincides with lower circulating
inflammatory cytokines

Pair-wise correlations between Vi-specific IgG

glycosylation and measures of antibody function were

investigated by correlating the glycan profile at 28 days

post vaccination, and antibody function at 28 days post

vaccination (Figure 4B). Among UK participants receiving

either Vi-PS or Vi-TCV vaccines, Vi-specific IgG

fucosylation, galactosylation and sialylation were

positively correlated with functional properties involving

phagocytic cells. Specifically, fucosylation of IgG1,

galactosylation of both IgG1 and IgG2/3 and sialylation of

IgG1 were positively associated with phagocytosis by

macrophages (ADCP). Similarly, galactosylation and

sialylation of IgG2/3 was positively correlated with

neutrophil phagocytosis (ADNP) and IgG2/3 sialylation

with neutrophil oxidative burst (ADNOB).

IgG1 fucosylation was also positively associated with

antibody-dependent complement deposition (ADCD).

Conversely, Vi-specific IgG bisection negatively correlated

with phagocytosis by macrophages (ADCP) and neutrophils

(ADNP; Figure 4B). No glycan state showed an association

with any measures of NK cell activation (ADNKA) or serum

bactericidal activity (SBA) (Figure 4B).

To investigate the impact of Vi antibody titres upon the

relationship between glycan and functionality, a

multivariable regression model was run for all significant

findings in Figure 4B, to include Vi IgG titre tertile (low;

mean 76.23 EU, medium; mean 333.23EU and high; mean

1427.15EU). After adjusting for levels of Vi IgG, all

FIGURE 3
Percentage difference in glycan relative abundance between total IgG and Vi-Specific IgG for fucosylation (A), galactosylation (B), sialylation (C)
and bisection (D) 28 days post vaccination. Triangles denote a significant difference between total and Vi-specific (blue–Vi-PS (n = 15) and red-TCV
(n = 33) vaccinees). Circles denote no significant difference between total and Vi-specific (blue–Vi-PS and red–TCV vaccinees).
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associations between glycan and function remained

statistically significant however the regression coefficients

were reduced. Therefore, the association between glycan and

functionality was partially, but not completely explained by

Vi antibody level.

Among UK volunteers for whom both glycan and cytokine

measures were available at 28 days post vaccination, all cytokines

investigated were negatively correlated with Vi-specific IgG2/

3 galactosylation, and all except GROA (CXCL1) and CD40L

were negatively correlated with Vi-specific IgG1 galactosylation

(Figure 4C). All except CD40L were positively correlated with Vi-

specific IgG2/3 bisection and all except CD40L and IL1b were

negatively associated with Vi-specific IgG2/3 sialylation

(Figure 4C). CD40L was positively associated with Vi-specific

IgG1 fucosylation.

Vi-TCV vaccination induces Vi-specific
glycan profiles among nepalese children

Aside from the different ages of participants in the UK

(n = 72, mean age 32.8 (range 18.1–59.0)) and Nepal (n = 35,

10.1 (range 0–15); p < 0.001; Table 1), the cohorts were

comparable in terms of sex and baseline Vi-specific IgA

antibody titre. Vi-specific IgG antibody titre was slightly

higher in the Nepal participants (Table 1). In terms of

glycosylation, the Nepalese cohort displayed lower baseline

levels of total IgG galactosylation (IgG1 median Nepal (n = 35)

71.4%, median UK (n = 72) 79.4%, p < 0.0001, IgG2/3 median

Nepal (n = 35) 42.9%, median UK (n = 72) 69.1%, p < 0.0001,

(Supplementary Figure S4), consistent with previous

observations between IgG Fc galactosylation and life

circumstances, urbanization and economic development

(De Jong et al., 2016). Furthermore, a minor difference in

total IgG fucosylation (higher in Nepalese children) was

observed, an effect that can be explained by the age

difference between the cohorts (De Haan et al., 2016).

Vi-TCV vaccine gave rise to altered glycan traits in Vi-

specific IgG compared to those for total IgG at 28 days post-

vaccination in the same direction for both UK adults and

Nepalese children. Vi-specific IgG1 is more fucosylated than

total IgG1, Vi-specific IgG1 and IgG2/3 are more galactosylated

and sialylated than total IgG1 and IgG2/3, and Vi-specific

IgG1 and IgG2/3 are less bisected than total IgG1 and IgG2/3

(Figure 5). The magnitude of difference between Vi-specific IgG

and total IgG was similar between the UK and Nepalese cohorts

with the notable exception of galactosylation. Nepalese children

had a greater difference between Vi-specific and total IgG

galactosylation compared with UK adults (Figure 5) due to

the lower levels of total IgG galactosylation among Nepalese

children. At 28 days after vaccination with Vi-TCV, there were

no differences in the levels of Vi-specific IgG1 or 2/

3 galactosylation between the UK and Nepalese cohorts

(Supplementary Figure S5).

FIGURE 4
(A) Heat map showing correlations between measures of disease severity and Vi-specific IgG1 and IgG2/3 glycosylation as measured 28 days
after vaccination among the UK individuals that were diagnosed with typhoid fever after challenge (and for whom glycosylation data was available at
D28) (n = 13; 3 for Vi-PS and 10 for Vi-TCV). (B)Heatmap showing correlations betweenmeasures of antibody functionality and Vi-specific IgG1 and
IgG2/3 glycosylation as measured 28 days after vaccination for all UK individuals (whether diagnosed or not with typhoid fever) for whom
glycosylation data was available at D28 post vaccination (n = 15 for Vi-PS and n = 33 for Vi-TCV; total n = 48). (C) Heat map showing correlations
between circulating cytokines and Vi-specific IgG1 and IgG2/3 glycosylation as measured 28 days after vaccination for all UK individuals for whom
both cytokine and glycosylation data was available at D28 post vaccination (n = 20 for IgG1 measures and n = 24 for IgG2/3 measures). The scale
shows spearman rho values ranging from -1 to 1. Only significant (p < 0.05) findings are coloured.
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The only measure of function that was shared between UK

adults and Nepalese children is ADNP (Supplementary Figure

S5). An association has previously been reported between a lower

percentage Vi-specific IgG1 and IgG2/3 sialylation and

galactosylation, with increased induction of ADNP 28 days

after Vi-TCV vaccination in this Nepalese cohort (Johnson

et al., 2021). Here, we do not see any similar associations

between sialylation/galactosylation and ADNP among the UK

Vi-TCV recipients (Supplementary Figure S6).

Discussion

Here, in samples from vaccine clinical trials run in the UK

and Nepal (including controlled human challenge with virulent

S. typhi in UK volunteers), we saw no changes in the

glycosylation profile of total circulating IgG for either cohort

after vaccination with Vi-PS (UK) or Vi-TCV (UK and Nepal).

This finding is in line with data from other vaccines (Selman

et al., 2012; Vestrheim et al., 2014). Nor do we see changes in total

IgG after challenge with virulent S. Typhi in the UK volunteers.

Since the antibodies produced in response to vaccines likely

constitute a tiny fraction of the bulk circulating

immunoglobulins, and exposure to S. Typhi in a challenge

model does not result in induction of Vi-specific IgG

(Waddington et al., 2014), this finding is unsurprising but

nonetheless an important observation, and the first such

following a controlled human challenge.

Changes in antibody glycosylation are associated with a

variety of physiological states, including pregnancy and

autoimmune diseases such as rheumatoid arthritis (Arnold

et al., 2007). Factors which shape Fc-glycan profiles are not

well understood. However, as an important regulator of humoral

immune activity, manipulation of glycosylation has been used to

FIGURE 5
Percentage difference in glycan relative abundance between total IgG and Vi-Specific IgG among UK Vi-TCV recipients (n = 33) and Nepalese
Vi-TCV recipients (n = 33), 28 days post vaccination. Fucosylation (A), galactosylation (B), sialylation (C) and bisection (D). Triangles denote a
significant difference between total and Vi-specific glycan trait, Circles denote no significant difference between total and Vi-specific (Blue–Nepal.
Purple—UK).
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fine tune monoclonal antibody function for increased cellular

cytotoxicity, extended half-life and a range of other

pharmacokinetic features (Reichert et al., 2016). Most is

known about functional attributes associated with a lack of

core fucose on IgG which are known to cause elevated

antibody dependent cellular cytotoxicity (ADCC) via

increased IgG-Fc receptor IIIa (FcγRIIIa) affinity (Shields

et al., 2002; Ferrara et al., 2011) but also elevated

galactosylation and sialylation, independent of fucosylation

changes, are associated with increased C1q binding and

downstream complement deposition (Dekkers et al., 2017).

Specifically, it has been found that galactosylation induces

hexamerization of human IgG1 which enhances the classical

complement cascade (van Osch et al., 2021). While findings from

in vitro studies of glycoengineered monoclonal antibodies are

critical to understanding the mechanism by which glycan

changes can affect function, less is known about in vivo

alterations in an infection or vaccination setting.

While most serum IgG antibodies are highly fucosylated at

birth (~98%) and slightly decrease to ~94% fucosylation in

adulthood (De Haan et al., 2016), some antibodies, such as

alloantibodies against foetal red blood cells and platelets, show

very low (down to 10%) IgG-Fc-fucosylation (Wuhrer et al.,

2009; Kapur et al., 2014). A growing body of data points towards

induction of afucosylated antibodies produced in response to

infection or vaccination specifically with surface epitopes of

enveloped viruses, but not for non-surface exposed antigens

or for non-enveloped viruses and protein subunit vaccines

(Larsen et al., 2021). In this study, antibodies specific to

the Vi vaccine antigen have a different glycosylation profile to

bulk IgG antibodies 1 month after vaccination. The same

antigen administered in different contexts (unmodified

polysaccharide or conjugated to a protein) gives rise to

antigen-specific IgG Fc-glycan profiles skewed from bulk IgG

to different degrees, despite both vaccines eliciting similar

protection following experimental infection in the UK cohort,

and robust vaccine-specific antibody responses (Jin et al., 2017).

Here we saw high levels (~98%) of total IgG1 fucosylation, and

even higher levels (~99%) of vaccine-specific IgG1 fucosylation

after vaccination using the surface-exposed bacterial

polysaccharide Vi antigen in two different formulations in the

UK cohort, and the same was seen after Vi-TCV in the Nepalese

cohort. This finding is in keeping with the observation that

highly afucosylated antibodies were not seen in response to

inactivated influenza, pneumococcal, meningococcal or

tetanus vaccines (Selman et al., 2012; Vestrheim et al., 2014).

Vaccination with mRNA SARS-CoV19 elicited higher levels of

afucosylated anti-spike IgG in infection-naïve individuals than

virus-exposed people, and levels of afucosylation correlated with

post-boost anti-spike IgG levels (Van Coillie et al., 2022). Here,

we did not see a significant alteration of the glycan/functionality

relationship when Vi antibody titre was added into regression

analyses.

The same Vi-TCV vaccine administered to two populations

with different ages, and pre-vaccination pathogen exposure (UK

adults and Nepalese children) gave rise to similar Vi-specific

glycosylation relative abundance 28 days post vaccination despite

very different baseline total IgG galactosylation profile. The low

total IgG galactosylation among Nepalese children is likely due to

generally increased immune activation, and specifically,

prevalence of parasitic infections (de Jong et al., 2021). The

dynamic immune environment provided by circulating cytokines

at the time of antibody production is likely to be influential in the

control of antibody glycosylation in vivo. Although we do not

have data on inflammatory cytokines for the Nepalese cohort, for

the UK cohort, we see an overwhelmingly positive association

between cytokines associated with chemoattraction and immune

activation measured 28 days post vaccination, with decreased Vi-

specific IgG1 and IgG2/3 galactosylation. In turn, these cytokines

are also negatively correlated with IgG2/3 sialyation which is

unsurprising, given that galactosylation is a prerequisite for

sialylation. A major caveat in the cytokine/glycan relationship

is that the half-life of IgG is approximately 21 days (Vidarsson

et al., 2014), and so the cytokines circulating at the time of

glycoform measurement is likely not representative of the

immune environment when the antibodies being measured

were actually produced by plasma cells. A detailed time course

would be able to distinguish any temporal differences, but that

was beyond the scope of this study.

In this study, we did not see a link between Vi-specific

antibody glycosylation and development of typhoid fever

following experimental challenge. For individuals diagnosed

with typhoid fever, we did however see a negative correlation

between disease severity (as measured by CRP and peak

temperature) and galactosylation and sialylation, and a

positive correlation between disease severity and bisection.

This finding was the opposite of what was seen for the ability

of the bacteria to replicate (as measured by CFU/ml). With many

infectious diseases a fine balance exists between sufficient

magnitude of host immune response required to clear a

pathogen, and too much response which can lead to host

immune-pathology and pathogen escape. The high levels of

sialylation of intravenous immunoglobulin (IVIG) are the

determinant of Fc-type II FcR binding (CD23 and DC-SIGN)

and are the reason for the anti-inflammatory qualities of IVIG

(Anthony et al., 2008a; Anthony et al., 2008b; Anthony and

Ravetch, 2010). In keeping with this, here, we see sialylation to be

associated with lower CRP and peak temperature but also with

poorer control of bacteria among UK individuals who developed

disease after infection. Additionally, we see a consistently clear

co-dependent profile of galactosylation and sialylation, due to the

dependence of terminal sialylic acid upon the presence of

galactose in the glycan structure (Reily et al., 2019).

Associations seen between antibody-specific glycoforms and

antibody-dependent neutrophil phagocytosis (ADNP), reported

as an important component of a protective signature among UK
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vaccine participants who underwent controlled infection with

virulent S. Typhi (Jin et al., 2021), were different between UK and

Nepalese cohorts. A causal link between glycan alterations and

neutrophil function is plausible; addition of galactose to a

monoclonal antibody increased affinity for all FcγRII (CD32)

which are highly expressed on neutrophils (Subedi and Barb,

2016). Many possible confounders such as antibody affinity,

subclass and subtype were not investigated here. Additionally,

the ADNP assay was not carried out on all samples concurrently.

Since this assay uses fresh human cells as the source of

neutrophils, the fact that different donor cells were used is

likely a significant source of variation.

Human challenge models, while useful controlled

experimental settings for evaluating correlates of vaccine-

induced protection, and for intensive collection of clinical

data, are not able to recapitulate many aspects of natural S.

Typhi infection. The important differences between the cohorts

studied here, including age, pre-existing pathogen exposure, and

the baseline total IgG galactosylation already mentioned, are

compounded by the lack of consistency in the time interval

between vaccination and infection and the dose of challenge or

natural inoculum. Given this, it is difficult is disentangle the

differences seen between the two cohorts with respect to their

glycosylation profile and antibody function. Further

investigation of these antibody characteristics as a nested case

control study of Nepalese children who were diagnosed, or not,

with typhoid fever as part of the Phase 3 clinical trial would be

ideal to tease these apart.

In summary, while antibody glycosylation in response to

viral infections and vaccines has been studied extensively, far

less is known about bacterial infections and vaccines. While

this study does not find a robust correlate of vaccine-induced

protection in IgG antibody glycosylation, it adds important

data to the literature in this field. This study is the first to show

a greater magnitude vaccine-specific glycosylation skewing for

the same vaccine antigen in a protein-conjugated form

compared to that of a polysaccharide formulation. It is also

the first report of antibody glycosylation in a controlled

human challenge model; we show that infection with

virulent S. typhi does not alter vaccine-specific IgG

glycosylation. Vi-specific IgG glycosylation at challenge is

not clearly associated with disease outcome but a clear

profile is associated with severity if diagnosed with typhoid

fever in the UK cohort. Finally, we show a consistent vaccine-

induced skewing when two very different cohorts were

vaccinated with the conjugated Vi vaccine, and the vaccine

was able to overcome the large differences in total antibody

galactosylation between the UK and Nepalese cohorts. The

role of Fc glycoform modulation during evolution of humoral

immune responses is an exciting prospect for vaccine

development. The highly complex relationships between

IgG glycoforms and functionality and how to manipulate

those, require further research but are likely influenced by

a range of factors including cohort demographics, baseline

exposure and immunity, vaccine type and adjuvant, as well as

the inflammatory environment in which plasma cells mature.

Controlled human challenge studies, paired with natural

infection studies in pathogen-endemic regions could be

useful going forward to tease apart these highly complex

interactions.
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