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Typhoid Vi-conjugate vaccines (Vi-TCV) have been developed to control typhoid fever in children in endemic regions. Previously, in a human challenge model of typhoid, Vi-TCV was administered prior to deliberate ingestion of Salmonella Typhi by healthy adult volunteers in the UK. Vi-specific antibody-dependent neutrophil phagocytosis (ADNP) was associated with protection against enteric fever in this model, but it is not known if ADNP is induced by vaccination of children. We measured ADNP in a cohort of Nepalese children receiving a Vi-TCV in a field study to investigate whether functional antibody responses were also present in children in an endemic setting. Furthermore, we investigated relationships between the functional antibody measures and other properties of the antibody response, including Vi-IgG and IgA titres, and Fc region glycosylation. Antibody-dependent neutrophil phagocytosis significantly increased in children aged 9 months to 15 years between the day of vaccination and 28 days following administration of Vi-TCV (D28). The magnitude of ADNP was also comparable with the levels of ADNP induced by plasma from vaccinated UK adults. Neither IgG nor IgA antibody titres significantly correlated with ADNP scores at D28; however, increased vaccine-induced ADNP was associated with decreased levels of IgG1 sialylation. These data suggest that vaccination with Vi-TCV produces functional antibody responses in children, which associate with specific glycosylation patterns of the Fc region.
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Introduction

Typhoid fever is a gastrointestinal infection caused by the bacterium Salmonella enterica serovar Typhi (S. Typhi), which invades through the gastrointestinal mucosa to cause systemic disease. Typhoid fever predominately affects children in low and middle-income countries where access to clean drinking water is limited (1, 2). In 2017 there were an estimated 10.9 million cases of typhoid fever resulting in approximately 116,000 deaths (3). Within Nepal, S. Typhi is the dominant cause of bloodstream bacterial infections (4), and annual incidence has been estimated up to 449 cases per 100,000 (95% CI, 383 to 521) (3). Antibiotic resistance for S. Typhi is on the rise in several South Asian countries, with nearly 65% of S. Typhi strains in Pakistan being reported as extensively drug-resistant (XDR) between 2012 and 2018 (5, 6). Given the high prevalence of typhoid fever, and increasing antimicrobial resistance, effective vaccination campaigns are needed now more than ever (7, 8). In 2018, a Vi-conjugate vaccine (Vi-TCV), which targets the Vi polysaccharide capsule of S. Typhi, was approved by the WHO, and recently demonstrated clinical efficacy of 81.6% in a field study involving over 20,000 Nepalese children (9, 10).

If correlates of protection can be identified, smaller immunogenicity cohorts can be used to bridge likely vaccine efficacy to new populations, bypassing larger scale efficacy studies and aiding new product development and vaccine deployment (11). In a human challenge model of typhoid fever, potential correlates of protection were assessed, including; Vi-antibody levels, cellular responses to vaccination, antibody-antigen binding, and Fc-mediated (fragment crystallisable) antibody effector functions (12, 13). A higher fold change in antibody-dependent phagocytosis (ADNP) was measured in participants who appeared protected from typhoid fever when compared with diagnosed individuals, from baseline to 28 and 114 days post-Vi-TCV vaccination (p=0.06, and p=0.047 respectively) (11). An increase in the neutrophil oxidative burst, which occurs downstream of phagocytosis, was also significantly higher in protected individuals at D28 (p=0.014), suggesting that antibody-induced neutrophil function may contribute to vaccine-mediated protection.

Fc-mediated effector functions, such as ADNP, are determined in part by antibody subclass and isotype, which allows the selective binding of antibodies to Fc receptors. The Fc region is modified co- and post-translationally by the glycosylation pathway which induces a large structural and functional diversification of the proteome. For IgG antibodies, N-linked glycosylation occurs on the conserved asparagine located in position 297 of the constant heavy domain (14). IgG glycosylation gives rise to a diverse range of possible IgG glycoforms, including diantennary glycans with varying levels of galactosylation, fucosylation, sialylation and bisecting N-acetylglucosamine (GlcNAc).

Through conformational changes, Fc glycosylation can influence the binding strength of antibodies to Fc receptors, and thus the magnitude of downstream cellular activity (13, 14). Generally, a loss of galactose, sialic acid and fucose is associated with increased inflammation and disease severity (15). For example, afucosylated IgG has been shown to associate with severe COVID disease and increased macrophage inflammation (16, 17). Whilst the manipulation of Fc glycoforms to alter function has long been utilised in monoclonal therapeutics, the implications of Fc glycosylation following vaccination is only just being investigated (18, 19). In 2016, Mahan et al. showed that HIV vaccination induced more inflammatory IgG glycoforms, including agalactosylation and asialylation, that were associated with higher antibody-dependent cellular cytotoxicity (ADCC) (20). However, it is not yet well understood how glycosylation influences ADNP in either infection or vaccine induced responses.

In this study we measure the capacity of vaccine induced antibodies to mediate neutrophil phagocytosis in a subset of children aged 9 months - 15 years of age in the Phase 3 TyVAC Nepal Study who are to be targeted for Vi-TCV vaccination (10). In addition, we compare antibody driven neutrophil responses in this cohort with those adults vaccinated in the UK to see if there are differences in ADNP post-vaccination between populations. Furthermore, in order to understand factors which may influence ADNP, we examine the relationships between participant age, Vi-antibody titres and Fc antibody glycosylation, and ADNP.



Materials and Methods


Study Design


Vi-TCV Vaccination in Nepalese Children

To examine the efficacy of the Vi-TCV vaccine amongst populations endemic for typhoid fever, children aged 9 months-16 years were vaccinated with Vi-TCV (Typbar-TCV, Bharat Biotech) in a Phase 3, double-blind, randomized controlled trial. For full details of the study see Shakya et al. (CTR: ISRCTN43385161) (10). Vaccinations took place in Lalitpur Metropolitan City, Kathmandu Valley, Nepal between the 20th of November 2017 and the 9th of April 2018. Children enrolled in the study were randomised in a 1:1 ratio to receive either the Vi-TCV or control meningitis vaccine (MenAfriVac, Serum Institute of India PVT Ltd). Blood sampling was performed at day 0 (pre-vaccination), and 28 days following vaccination for participants in the immunogenicity cohort. For our study we randomly selected 77 participants from the immunogenicity cohort who received a Vi-TCV vaccine. These participants also included 24 children who had glycosylation profiles measured who had previously been randomly selected for analysis.



Vi-TCV Vaccination in UK Adults

Healthy UK-based adults aged between 18 and 60 years with no history of typhoid fever or vaccination, were given a single dose of either a Vi tetanus conjugate vaccine (Typbar-TCV, Bharat Biotech), Vi-PS vaccine (Typhim Vi; Sanofi Pasteur), or a control (MenACWY) vaccine (MENVEO; GlaxoSmithKline), randomised 1:1:1 in a double-blind trial as previously described (CTR: NCT02324751) (21). In order to assess efficacy of the Vi-TCV vaccine, 28 days after vaccination, participants were challenged with a dose of 1-5 x 104 CFU of S. Typhi in bicarbonate solution and monitored for a diagnosis of typhoid fever.

Participants were diagnosed with typhoid infection on presentation with a continuous fever of 38°C or higher for 12 h or longer, or by positive S. Typhi blood culture within 14 days after challenge. Blood samples were collected for serum and plasma separation at day 0 (pre-vaccination) and 28 days following vaccination (D28), before S. Typhi challenge. Thirty-seven participants received the Vi-conjugate vaccine. For the ADNP assay in our study, we randomly selected plasma from a subset of 16 Vi-TCV vaccinated individuals who were not diagnosed with typhoid fever during the study.




Vi-IgG and IgA ELISA

Anti-Vi IgG titers were measured using a commercial vaccine enzyme-linked immunosorbent assay (ELISA) kit (VaccZyme, Binding Site) according to the manufacturer’s instructions. Anti-IgA titres were measured using a modification to the same commercially available kit, replacing the Typhi Vi-IgG conjugate with a Vi-IgA conjugate. ELISA titres were measured in plasma obtained on day 0 (pre-vaccination), and 28 days post-vaccination and the data has been published previously (21, 22).



Bead-Coupling to Vi-Antigen

2.5 µl of biotinylated 1 mg/ml Vi-antigen (NIBSC) was added to 10 µl of red fluorescent NeutrAvidin™-Labelled microspheres (Thermofisher) per plate and incubated overnight at 4°C, or for two hours at 37°C. Prior to the assay, the beads are washed twice with 0.1%, and 5% BSA, before being resuspended in 1 ml of RPMI per plate.



Antibody Dependent Neutrophil Phagocytosis Assays

Plasma samples were first heat inactivated at 56°C for 30 min. Plasma was diluted in RPMI at 1:320 for assessment of antibody-mediated neutrophil phagocytosis. Samples were then incubated for 2 hours with Vi-coupled red fluorescent microspheres (Thermofisher) in 96-well plates.

Leukocytes, including neutrophils were isolated from sodium heparin treated blood from healthy anonymised UK donors using ammonium-chloride-potassium (ACK) lysis buffer (Thermofisher). 5 x 104 leukocytes were added to each well of antibody-opsonised beads. Cells were pelleted and stained with APC-Cy7 anti-CD14 (Clone MyP9, BD Biosciences, Franklin Lakes, USA), Alexa Fluor 700 anti-CD3 (Clone UCHT1700, BD Biosciences, Franklin Lakes, USA) and Pacific Blue anti-CD66b (Clone G10F5, Biolegend, San Diego, USA).

Leukocytes were washed and analysed using a BD LSRFortessa X-20 for flow cytometry. FlowJo v10.6 software was used for gating cell populations. The phagocytic score was calculated as the mean fluorescent intensity (MFI) of red beads within gated neutrophils (CD14, CD3 negative, CD66b positive), multiplied by the percentage of bead-positive gated neutrophils.



Vi-Specific IgG Capture and Glycopeptide Analysis

Vi-specific IgG was captured using NeutrAvidin plates (Thermofisher), coated for 2 hours 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 three times with 200 µl 0.5X PBS, 200 µl of 1:20 diluted (in 0.5X PBS) plasma was incubated for 1 hour at room temperature and then the sample transferred to another Vi-coated blank well for another 1 hour incubation. After each incubation, wells were washed once with 200 µl 0.5X PBS and three times with 200 µl freshly made 25 mM ammonium bicarbonate (Sigma). Following the washes, 50 µl of 100 mM formic acid (Sigma) was added and 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 2 eluates from the same sample were pooled.

Samples were dried using a vacuum centrifuge for 2-3 hours at 50/60°C, and shipped to LUMC for processing as below for total IgG. Briefly, samples were resolubilised in 20 μl 50 mM ammonium bicarbonate (Sigma) while shaking for 5 min. Twenty 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.



Total IgG Glycopeptide Analysis

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 plasma (in PBS) was added to each well. Plates were incubated for 1 hour with shaking at 750rpm. 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 hours at 60°C in a vacuum centrifuge before resolubilisation in 20 μl 50 mM ammonium bicarbonate (Sigma) while shaking for 5 min. Twenty μl of 0.05 μg/μl tosyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma) in ice-cold purified water was added per well, incubated at 37°C overnight, and stored at -20°C until MS analysis.



NanoLC-ESI-QTOF-MS Analysis

Samples were thawed and thoroughly mixed. Two hundred nl of total IgG or 5 μl of Vi-specific IgG glycopeptide samples were injected into an Ultimate 3000 RSLCnano system (Dionex/Thermo Scientific, Breda, the Netherlands) coupled to a quadrupole-TOF-MS (MaXis HD; Bruker Daltonics, Bremen, Germany). The LC system was equipped with an Acclaim PepMap 100 trap column (particle size 5 μm, pore size 100 Å, 100 μm × 20 mm, 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). Glycopeptides were identified based on their m/z, retention time and literature (23).



Statistical Analysis

Data from this study was analysed using R version 4.00. Phagocytosis data were first tested for normality using Shapiro-Wilk normality test. The Wilcoxon paired test used for comparisons between non-parametric groups, including comparisons between time points and the Wilcoxon test (unpaired) was used to test for comparisons between study cohorts. Correlation analyses of glycosylation data used Spearman’s r correlation, with 95% CI. Fold change in ADNP from baseline to D28 was calculated using the formula:


	






Results


ADNP Increases From Baseline 28 Days After Vi-TCV Vaccination in Nepalese Children, and Is Comparable to Responses in UK Adults

To assess the Vi-specific ADNP response in children vaccinated with Vi-TCV in Nepal, plasma samples from children vaccinated in the TyVAC study were analysed for their capacity to induce neutrophil phagocytosis at baseline and 28 days post-vaccination (n = 77). These data show that ADNP significantly increased 28 days following Vi-conjugate vaccination (p <0.0001) (Figure 1), with an average 3.6-fold increase in ADNP from baseline.




Figure 1 | ADNP measured 28 days following Vi-TCV vaccination in Nepalese children. Anti-Vi ADNP was measured for 77 participants prior to and 28 days post-vaccination. The Y axis shows the phagocytic score which was calculated from bead+ neutrophils, multiplied by the MFI of the red fluorescent beads. Samples were run in technical duplicate and presented are the mean values. Each box plot shows the median and interquartile ranges per time point, and the Wilcoxon paired test was used to determine statistical significance between time points **** = (p <0.0001).



In order to compare anti-Vi ADNP responses between an adult population vaccinated in the UK and children vaccinated in Nepal, we measured ADNP for a subset of both Nepalese and UK vaccinated volunteers within the same assay (n = 17, n =16, respectively). UK participants were selected who had received the Vi-TCV vaccine and who were not diagnosed with typhoid fever in the human challenge study. Participants from the TyVAC study were selected randomly from the initial ADNP cohort. As previous functional antibody assays had been published using serum that was not collected in the TyVAC Nepal study, we reran the ADNP assay using UK participant plasma, alongside the Nepal samples.

Twenty eight days following Vi-TCV vaccination, ADNP increased in both groups when compared with baseline (p<0.0001, p < 0.001) (Figure 2). When comparing ADNP responses between cohorts there was no significant difference between the median ADNP responses at D28 in Nepalese children when compared with UK adults (Figure 2). In addition, whilst there were higher baseline ADNP levels in the UK adults compared with Nepalese children (p=0.02), the fold changes between baseline ADNP and D28 were not significantly different between study cohorts. Therefore, ADNP is induced by plasma antibodies from children vaccinated in Nepal in a similar magnitude as seen in UK adult vaccinees.




Figure 2 | Comparison of ADNP between Nepalese and UK vaccines. Anti-Vi ADNP was measured pre, and 28 days post Vi-TCV vaccination in participants from the TyVAC Nepal study (n =17) and adults vaccinated in the UK (n = 16). The phagocytic scores were calculated from bead+ neutrophils, multiplied by the MFI of the red fluorescent beads. Samples were run on the same day and in technical duplicate. Presented are the mean phagocytic score per participant, pre and 28-days post vaccination. Box plot shows the median and interquartile ranges for each time point, and the Wilcoxon paired test was used to determine statistical significance between time points, **** = (p < 0.0001), *** = (p < 0.001).



When measuring anti Vi-IgG and Vi-IgA titres at baseline, there was no significant difference between our subset of UK and Nepal based vaccinees; however the titres were largely at the lower limit of detection of the ELISA assay (data not shown). Twenty eight days following vaccination, Vi-IgG titres were significantly higher in the Nepalese cohort, while no difference was observed in Vi-IgA titres (Supplementary Figure 1).



Baseline ADNP Levels Increase With Age Amongst Children in Nepal

To better understand ADNP responses at both baseline and 28 days following vaccination in Nepalese children, we investigated if anti-Vi ADNP responses differed by age. We compared phagocytosis scores prior to, and 28-days after Vi-TCV vaccination in children between 0-4, 5-9 and 10-15 years of age (Figure 3) who received typhoid vaccination. At baseline, prior to vaccination, ADNP activity was higher along with increasing participant age (Figure 3A); the oldest children, 10-15 years of age, had significantly higher levels of ADNP when compared with children aged 5-9 (p<0.05) and children aged 0-4 (p<0.0001). These children also had higher levels of Vi-IgG at baseline when compared with younger children aged 5-9 (Supplementary Figure 2A). Twenty eight days following vaccination, however, plasma from all children had a similar capacity to induce neutrophil phagocytic activity, and there was no significant difference in ADNP between age groups (Figure 3B). Subsequently, due to the lower baseline in the younger children, the fold change in ADNP between baseline and D28 also differed between age groups (Figure 3C).




Figure 3 | Differences in ADNP by age of vaccinated children in Nepal. (A, B) Participants were separated into groups aged 0-4 (n= 21), 5-9 (n= 24) and 10-15 years of age (n= 32). Phagocytic scores were then calculated from bead+ neutrophils, multiplied by the MFI of the red fluorescent beads, at pre and post-vaccination time points, respectively. Box plots display the median and interquartile range for each age group, and differences in anti-Vi ADNP responses between age groups were compared using the Wilcoxon test, **** = (p < 0.0001), *** = (p < 0.001). ** = (p < 0.01) * = (p < 0.05). Samples were run in technical duplicate and displayed are the mean phagocytic scores (C) The fold change in anti-Vi ADNP calculated for children in each age group following Vi-TCV vaccination. Fold change was calculated using the mean phagocytic scores pre and 28-days post Vi-TCV vaccination.





ADNP Does Not Correlate With Vi-IgG or Vi-IgA Titres in Nepalese Children

Higher levels of serum Vi-antibodies are associated with increased exposure to S. Typhi (24, 25). We therefore postulated that higher Vi-IgG or Vi-IgA titres could be driving the higher pre-vaccination ADNP levels observed in children as they age. For Vi-IgG, we did measure higher antibody titres in the older age group (10-15 years) when compared with younger children (5-9 years) at baseline (Supplementary Figure 2A). However, the correlation between Vi-IgG titres and ADNP responses pre-vaccination was weak (R =0.24, p=0.044) (Figure 4A). Additionally we did not observe a significant difference in baseline Vi-IgA titres between children as they aged in our cohort of children (Supplementary Figure 2B). No correlation was observed between baseline ADNP and Vi-IgA titres (R =-0.075, p=0.54) (Figure 4B).




Figure 4 | ADNP does not correlate with Vi-IgG or Vi-IgA titre. (A, B) Scatterplot displaying anti-Vi phagocytic scores with Vi-IgG, and Vi-IgA titres at baseline (pre-vaccination), and 28 days post-vaccination. (C, D) Scatterplot displaying anti-Vi phagocytic scores and Vi-IgG and Vi-IgA and titres 28 days post-vaccination, respectively. The phagocytic scores were calculated from bead+ neutrophils, multiplied by the MFI of the red fluorescent beads. Samples were run in technical duplicates and presented are the mean phagocytic scores and ELISA units (EU/ml) per participant (n = 77).



Following vaccination, we investigated the relationship between Vi-antibody titre and ADNP. Twenty eight days after vaccination there is both an increase in Vi-antibody titres and phagocytosis scores (Supplementary Figure 3). Vi-IgG titre also increased with age (Supplementary Figure 2D). Yet as with pre-vaccination ADNP, there was no correlation between ADNP and Vi-IgG (R =0.018, p=0.89) and Vi-IgA (R =0.17, p=0.16) antibody titres (Figures 4C, D). Therefore, differences in ADNP magnitude at baseline and following vaccination are not solely due to antibody quantity and may be driven by other changes in antibody quality such as Fc receptor binding or modulation by Fc glycosylation.



Vi-Specific Antibody Fc Glycosylation Associates With ADNP Following Vaccination

Glycosylation profiles including galactosylation, sialyation and fucosylation, were measured in a randomly selected subset (n =24) of plasma samples from Nepalese children aged 9 months – 15 years. Due to the similarities in amino acid sequence in the Fc region proximal to the asparagine at position 297, IgG2 and IgG3 cannot be distinguished from each other, and were therefore recorded together. LC-MS was used to measure Fc glycopeptides, providing IgG subclass-specific glycosylation profiles for both Vi-specific antibodies and the total IgG antibody compartment (26).

We first assessed the correlation between Fc glycan traits of Vi-specific IgG1 and Vi-IgG2/3 at D28 with ADNP fold change from baseline (Figures 5A, B). We observed that lower percentages of sialylated Vi-IgG1 antibodies correlated with higher levels of ADNP induced at D28 from baseline (R = 0.47, p=0.021), (Figure 5C). A lower percentage of terminal galactose residues, on the Fc domain of Vi-IgG1 28 days post-vaccination, also correlated with ADNP at D28 (R = 0.38, p=0.067) (Figure 5D), however this was not statistically significant. Moreover, when breaking down galactosylation levels into the percentage of agalactosylated (G0), monogalactosylated (G1), and digalactosylated (G2) Vi-IgG1 antibodies; a higher percentage of monogalactosylated Vi-IgG1 correlated with levels of ADNP at D28 from baseline (R = 0.48, p=0.028), whereas the percentage of digalactosylated Vi-IgG1 inversely correlated with ADNP (R = -0.047, p=0.021) (Supplementary Figures 4B, C).




Figure 5 | Correlations of Vi-IgG glycosylation states with ADNP fold change. Spearman’s correlation of the percentage of Vi-IgG1 (A), and Vi-IgG2/3 (B) sialylation, galactosylation, and GlcNAc bisection at day 28, with the fold change in ADNP between baseline and D28, as well as the participant age (n =24). The colour of the square indicates the strength of the correlation (Rho) and the p-value is noted within each box. Correlation of the percentage of Vi-IgG1 sialylation (C), galactosylation (D), and sialic acid per galactose residues (S/G) (E) at day 28, respectively, with the fold change in ADNP between baseline and D28 (n =24). Shown for each graph are the Spearman’s Rho and p-values for significance. In addition, the black line indicates the linear regression, and the shaded area shows 95% confidence intervals for the model.



When measuring Fc glycosylation of Vi-IgG2 and 3 at D28, we observed similar patterns as seen with Vi-IgG1 and ADNP, whereby lower percentages of sialylation and galactosylation were associated with an increase in ADNP from baseline, however these were non-significant (Figure 5B). Furthermore, when investigating the associations of G0, G1 and G2 galactosylation levels with ADNP, monogalactosylation of Vi-IgG2/3 also correlated with ADNP fold change (R= 0.43, p=0.038) (Supplementary Figure 4E).

As sialyation biosynthetically occurs following galactosylation, and the two have been shown to correlate in previous studies (27), we investigated if sialyation and galactosylation of Vi-specific antibodies correlated. We observed a strong correlation between the percentage of galactosylation and sialyation of Vi-IgG1 (p<0.0001) (Figure 5A), confirming that the two processes are linked. To understand if there was a sialyation specific effect on ADNP, we correlated the number of sialic acid residues per galactose (S/G) with ADNP fold change from baseline. For Vi-IgG1, we observed a significant correlation between lower percentages of sialyation per galactose and ADNP at D28 (R = 0.43, p=0.035) (Figure 5E). Thus, suggesting, that for Vi-IgG1, sialyation of the Fc region may have a specific effect on the capacity for antibodies to induce ADNP following vaccination, in conjunction with galactosylation.

To confirm that these associations with ADNP were driven by Vi-specific antibodies and not by glycosylation profiles of all non-Vi specific IgG antibodies, we correlated total IgG glycosylation profiles at D28 with ADNP. No associations with antibody-induced neutrophil function were observed (data not shown). Furthermore, we did not correlate fucosylation levels of the Fc domain 28 days following vaccination with ADNP due to the consistently high fucosylation levels across participants (Supplementary Figure 5). We also examined if age was a factor in driving glycosylation states at D28 and associations with ADNP, as glycosylation states at baseline have been known to vary with the age of children and adolescents (28). Therefore, we tested for interactions between age and Vi-IgG1 galactosylation and sialylation in a linear model to predict ADNP fold change. This model showed that the interaction between the two glycosylation profiles with age, respectively, was non-significant (p=0.95, p=0.64).




Discussion

The capacity of antibodies to induce neutrophil activity, including phagocytosis, has been shown to associate with protection following Vi-TCV vaccination prior to S. Typhi exposure in a UK based human challenge model (21). Our findings demonstrate that Vi-TCV vaccination also gives rise to a significant increase in capacity for Vi-specific antibody-dependent neutrophil phagocytosis amongst Nepalese children aged 9 months - 15 years. We found that the level of ADNP activity reached after vaccination was unaffected by age, despite differences in pre-vaccination Vi-IgG titres and ADNP levels. Encouragingly, 28 days after vaccination, ADNP activity measured in plasma from these children was present at similar levels to ADNP activity measured in plasma from UK adults. In addition, we found that lower abundances of sialic acid of Vi-specific IgG1 correlated with higher levels of ADNP 28 days following immunisation.

Antibody-induced neutrophil effector functions provide important immune responses against S. Typhimurium infections, localizing Salmonellae to the gut (29). Conversely, during infection with S. Typhi, the Vi capsule enables the bacterium to evade antibody-mediated neutrophil responses (30, 31), and in vitro models of S. Typhi have shown its ability to evade the oxidative burst and phagosome maturation within monocytes and neutrophils after phagocytosis (32, 33), ultimately resulting in bacterial dissemination. Vaccination with Vi-TCV however induces gut homing plasma cells that produce Vi-specific antibodies (34). Given the increase in ADNP following vaccination, these antibodies may have a role in activating Fc receptors on neutrophils to bring about phagocytosis, thus overcoming the natural ability of S. Typhi to evade neutrophil-mediated responses. Consequently, ADNP may be playing a mechanistic role in vaccine-mediated protection.

In order to better understand which antibody isotypes may be driving neutrophil phagocytosis, we correlated Vi-IgA and Vi-IgG titres with ADNP. Previous analyses demonstrated that Vi-IgA antibody levels were associated with vaccine-mediated protection (13). Neutrophils express the highest levels of the IgA receptor, CD89, of any phagocytic immune cell type (35, 36) and IgA has also been shown to be the primary isotype responsible for monoclonal-induced phagocytosis of tumour cells by neutrophils (37). In the context of SARS-CoV-2 infection, high levels of IgA and ADNP have both been associated with increased inflammation (38), highlighting the potentially synergistic effect these pathways may play in disease as well as protection. It is therefore possible that Vi-IgA and ADNP could be acting in tandem, with Vi-IgA mediating ADNP following vaccination. Whilst there is an increase in ADNP from baseline following vaccination, together with increasing Vi-IgA and IgG titres, neither Vi-IgA nor Vi-IgG titres correlated strongly with post-vaccination or baseline anti-Vi ADNP responses in Nepalese children.

These data suggest that qualitative antibody properties such as Fc glycosylation may be affecting the magnitude of antibody-dependent neutrophil phagocytosis. We observed distinct Fc glycan characteristics of Vi-specific IgG1 antibodies measured 28 days following vaccination, which associated with an increase in ADNP post-vaccination, featuring a lower abundance of sialic acid on the Vi-IgG1 Fc domain. Furthermore, an increase in the number of sialic acid residues per galactose, also correlated with reducing ADNP levels. Sialylation of IgG Fc has been associated with reduced FcγRIIIa binding and ADCC function of IgG1 (39, 40), and sialylation is also responsible for anti-inflammatory effects of intravenous immunoglobulin treatments (41).

As well as IgG sialylation, antigen-specific Fc galactosylation has been demonstrated to influence Fc-mediated antibody effector functions against pathogens such as HIV (42), and agalactosylation has been implicated in increasing inflammation within active tuberculosis (43, 44). In this context we show that both Vi-IgG sialylation, and, to a lesser extent, galactosylation levels associate with ADNP activity after Vi-TCV vaccination. Removal of sialic acid and galactose on IgG Fc has been shown to induce a conformational change in the IgG Fc hinge region, resulting in antibody structures that are more accessible to Fc receptors, and thus stronger binding of IgG to Fc receptors (45). Through greater cross-linking of Fc receptors, increased binding of immunoglobulin to Fc receptors has been shown to impact responses downstream from ADNP in other studies, including the oxidative burst (46, 47). We did not find significant associations with Vi-IgG2 and 3 sialylation with ADNP at Day 28, however glycosylation states displayed a similar relationship as seen in with Vi-IgG1. IgG1 has the highest affinity for Fc γ receptors, therefore it is possible that this is a greater driver of ADNP compared with Vi-IgG2 and 3 (48).

While our study did not measure IgA Fc glycosylation, reduced sialylation on IgA has been demonstrated to increase Fc-mediated neutrophil and monocyte responses within inflammatory rheumatoid arthritis (49, 50). Given the role IgA plays in limiting S. Typhi infection, and its associations with vaccine mediated-protection and neutrophil responses (51, 52), future studies investigating the role of IgA Fc glycosylation and downstream effector functions post-vaccination could help understand the potential relationship between IgA and ADNP further. Our study also used neutrophils from healthy adults in the UK. Neutrophil function in target vaccine populations may differ, as neutropenia, for example, may be more common in African and South Asian populations where HIV prevalence is high (53). Monitoring vaccine efficacy in these subgroups should therefore be considered when deploying the Vi-conjugate vaccine in different regions.

Due to the low abundance of Vi-antibodies at baseline, we did not examine changes in glycosylation between baseline and Day 28 with ADNP in this study. Several studies have shown that antigen-specific IgG Fc sialylation and galactosylation increases after vaccination (54, 55). Future work evaluating the impact of Vi-TCV vaccination on Fc glycosylation states from baseline will therefore help understand the influence vaccination has on this response.

In this study, we show that vaccination increases ADNP in Nepalese children, and that ADNP associated with Vi-IgG1 Fc sialyation measured at Day 28. Fc-mediated antibody functions are increasingly recognised in evaluating vaccine immunity to many infections, including typhoid fever, HIV, and SARS-CoV-2 (40, 56). Furthermore, recent research has shown that the adjuvant and site of vaccine delivery can alter antibody glycosylation profiles, and thus function (57). Decoding factors driving Fc-mediated effector functions could therefore provide pathways for targeted vaccine design and implementation, including emerging typhoid and paratyphoid vaccine candidates (58).
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